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Abstract: Controlling overlay in lithography is crucial for improving the yield of integrated circuit
manufacturing. The process disturbances can cause undesirable morphology changes of overlay
targets (such as asymmetric grating), which can significantly impact the accuracy of overlay metrology.
It is essential to decouple the overlay target asymmetry from the wafer deformation, ensuring that the
overlay metrology is free from the influence of process-induced asymmetry (e.g., grating asymmetry
and grating imbalance). Herein, we use an asymmetric grating as a model and show that using
high-diffraction-order light can mitigate the impact of asymmetric grating through the rigorous
coupled-wave analysis (RCWA) method. In addition, we demonstrate the diffraction efficiency as a
function of the diffraction order, wavelength, and pitch, which has guiding significance for improving
the measurement accuracy of diffraction-based overlay (DBO) metrology.

Keywords: edge placement error; diffraction-based overlay; extreme ultraviolet (EUV) lithography;
measurement; alignment

1. Introduction

With the evolution of Moore’s Law, the feature of the semiconductor device continues
to shrink [1]. It is essential to reduce the edge placement error (EPE) to maintain the
performance and high yield of a device [2,3]. EPE serves as a metric for quantifying the
fidelity of lithography technology and the EPE budget decreases with the iteration of
the logic node [4–6]. EPE is a combination of critical dimension (CD) errors and overlay
errors [5–7]. With the increase of the process complexity, more space has been reserved
for components such as optical proximity error and photon and resist stochastics [5]. In
particular, for the most advanced node (e.g., EUV lithography), typically, EPE is dominated
by stochastics (>50%) [3,8]. In contrast, the overlay consumption decreases from 34% (for
9~13 nm logic nodes) to 21% (for 5~7 nm logic nodes) of the EPE budget [2,6]. Therefore,
the improvement of overlay performance is an efficient approach to reducing EPE.

Overlay refers to the alignment deviation of the patterns between different layers,
which has a significant impact on the quality of integrated circuits (e.g., short circuits
and open circuits) [9]. For single exposure, the overlay budget typically amounts to a
quarter of the half pitch, while for double patterning, the overlay budget is one-sixth of the
half pitch [5]. Currently, the accuracy required for measuring overlay needs to meet the
demand of the sub-nanometer level for chip manufacturing [10]. The control of overlay
mainly involves three steps: alignment, after-development inspection (ADI), and after-etch
inspection (AEI) [11]. The sampling requirement for ADI is relatively high (~4 wafers
per lot, with 800 measurement points per wafer); the sampling requirement for AEI is
slightly low (~2 wafers measured within a few days, with 104 measurement points on

Appl. Sci. 2024, 14, 4440. https://doi.org/10.3390/app14114440 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app14114440
https://doi.org/10.3390/app14114440
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app14114440
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14114440?type=check_update&version=2


Appl. Sci. 2024, 14, 4440 2 of 12

each wafer) [12]. Overlay metrology can be used to detect unwanted positional shifts and
process variation between layers. It is an important part of the process control in advanced
semiconductor manufacturing [13].

To ensure high yield, inline metrology is crucial in high-volume manufacturing
(HVM) [14]. HVM overlay advanced process control is mainly based on optical metrol-
ogy at the ADI step, such as imaging-based overlay (IBO) and diffraction-based overlay
(DBO) [15]. In addition, a high-voltage scanning electron microscope (SEM) was used at
the ADI and AEI steps, as well as AEI in die overlay measurement [15,16]. However, SEM
has the problem of low throughput and destructive testing. IBO has played a crucial role
in overlay metrology, but it faces numerous challenges [17]. DBO is receiving the most
attention because of its superior measurement accuracy [18,19]. Various methods have been
proposed for DBO, such as multi-wavelength measurement [20] and DBO target design
(e.g., µDBO and cDBO) [21].

DBO is traditionally performed by measuring the interference signal of the ±1st
diffraction order light that is diffracted by the top and bottom structures to obtain the value
of overlay [22]. The accuracy of the overlay could be influenced by the asymmetry of the
overlay target [13,23]. It is essential to decouple the overlay target asymmetry from the
wafer deformation, ensuring that overlay metrology is free from the influence of process-
induced asymmetry (e.g., grating asymmetry and grating imbalance) [6]. Optimizing
overlay target design is an accepted way to reduce the impact of the process (e.g., etching,
deposition, and chemical mechanical polishing) [13,24]. This method is designed before
exposure and process-induced asymmetric deformation of the overlay target occurs often.
Therefore, it is significant in improving the measurement accuracy for the asymmetric
grating that is produced after exposure.

Herein, we use an asymmetric grating as a model and demonstrate that using high-
diffraction-order light can mitigate the measurement impact of asymmetric grating. In
addition, we demonstrate the diffraction efficiency as a function of the diffraction order,
wavelength, and pitch. Additionally, we explore the overlay target materials.

2. Model Creation

For ADI, it is assumed that the morphology of the top grating is symmetrical (as
shown in Figure 1a), which consists of a uniform photoresist or anti-reflection coating, due
to undergoing various planar process steps such as spin-coating and resist coating [24,25].
In contrast, the asymmetric deformation of bottom grating frequently occurs [13]. The
tilt angle is represented by the symbol ϕ, the grating groove depth is represented by the
symbol h, the symbol p refers to the pitch, and the duty cycle is defined as a/p. The h
value was chosen to be 80 nm [26]. The duty cycle was 0.5. The pitch was chosen as
6000 nm, 3000 nm, 1600 nm, 1200 nm, 1000 nm, 900 nm, 800 nm, 700 nm, and 600 nm,
respectively. The wavelength ranged from 160 to 200 nm or 360 to 600 nm, depending on
the pitch. The light was linearly polarized and the grating axis was aligned parallel to the
laser polarization direction.

The diffraction values of the light intensity of positive (I+1top) and negative (I−1top)
diffraction order, generated by the top grating with symmetric morphology, were equal. The
use of multi-wavelength measurements to measure overlay in advanced DBO can ensure
that the interference between the top light and the bottom light (i.e., Itop and Ibottom) of the
composite light intensity source is enhanced at a certain wavelength. The error signal only
comes from the impact of the asymmetric bottom grating. Thus, we used an asymmetric
grating as a model to investigate how to mitigate the impact of asymmetric deformation
of the bottom grating (see Figure 1b) in the overlay metrology. The overlay error was
set to 0. At normal incidence, the asymmetric grating shows asymmetric diffraction into
the positive and negative diffraction orders. An error signal, caused by the asymmetric
grating, is expressed by the difference in the diffraction efficiency of positive and negative
diffracted light (±1st through ±4th diffraction order). To compare, we also provided the
error signal for the symmetric grating. Rigorous coupled-wave analysis (RCWA) is one
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of the widely used methods for the modeling of diffraction gratings [27]. The diffraction
efficiency was analyzed using RCWA. In this study, GSolver (GSolver V5.2) was employed
for the simulation [28].
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Figure 1. Schematic diagram of the cross section of (a) an overlay target and (b) diffraction from
an asymmetric bottom grating. ϕ: tilt angle, h: grating groove depth, p: pitch, and a/p: duty cycle,
normal incidence.

One of the trends in overlay metrology is to use new materials for fabricating over-
lay targets, aiming to increase the signal-to-noise ratio (S/N) and sensitivity of overlay
measurement [15]. In this simulation, aluminum (Al) was applied for Layer A, and silicon
nitride (Si3N4) or silicon dioxide (SiO2) was applied for Layer B (see Figure 1), respectively.
The index of refractive (n) and extinction coefficient (k) versus wavelength of Si3N4 and
SiO2 were shown in Figure 2.
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It was assumed that the morphology of the bottom grating was linearly tilted. The
slope was set as 0.01 (or ϕ was set as 0.57◦). Layer A was divided into two parts—the tiled
top part (see the red triangle in Figure 3a) and the bottom rectangle. The tiled top part
was layered (with the number n-2 in Figure 3a). To obtain the optimal number of layers,
taking the material system of SiO2 for example, as shown in Figure 3b, we presented the
relationship between the normalized ratio and the number of layers (i.e., n-2) in various
diffraction orders (0th through ±4th diffraction order). Note that the layer number was
counted considering Layer B (i.e., layer 1) and the bottom rectangle part of Layer A (i.e.,
layer 2). It can be seen that after 80 layers, the normalized ratio becomes convergent and
n = 82 is employed here. Another key parameter in GSolver is the spatial harmonics, which
have a significant impact on computational accuracy. Thus, we presented the relationship
between the normalized ratio and the number of harmonics in various diffraction orders
(0th through ±4th diffraction order). As shown in Figure 3c, the normalized ratio becomes
convergent after 60, and thus, 80 is selected here.
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Figure 3. The creation of the model. (a) Geometrical shape of a layered overlay target; the relationship
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3. Results and Discussion

We investigated the diffraction efficiency for the symmetric and asymmetric gratings
in different diffraction orders at various pitches. In addition, two overlay target material
systems were explored.

3.1. Material System 1 (Layer A: Al, and Layer B: Si3N4)

Firstly, we conducted an analysis at the pitch of 3000 nm. As shown in Figure 4, for
the symmetric grating, the diffraction efficiency difference between positive and negative
diffraction orders is zero for every diffraction order. The diffraction efficiency of the ±1st
diffraction order is larger than the other diffraction order; the ±3rd diffraction order is
larger than that of the ±2nd and the ±4th diffraction order. When the grating undergoes
asymmetric deformation, the diffraction efficiency of the positive diffraction order and
negative diffraction order is no longer equal: the negative one is larger than the positive
one in this case. For the ±1st diffraction order, the diffraction efficiency increased with the
increase of the wavelength. For example, diffraction efficiency increased from 0.064 at a
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160 nm wavelength to 0.17 at a 200 nm wavelength for the −1st diffraction order (shown
by the red dashed line in Figure 4a). But for the −2nd diffraction order, the diffraction
efficiency decreased from 0.014 at a 160 nm wavelength to 0.011 at a 200 nm wavelength. For
the ±3rd diffraction order, a similar rising trend according to wavelength was found as the
±1st diffraction order. For the −4th diffraction order, the variations of diffraction efficiency
along the wavelength were gentler than the odd diffraction orders. It is 3.9 × 10−3 at a
160 nm wavelength and 3.5 × 10−3 at a 200 nm wavelength. The asymmetric deformation
has a significant impact on the diffraction efficiency for the ±1st diffraction order than the
higher diffraction order ones. The maximum error signal (defined as the difference in the
diffraction efficiency of positive and negative diffracted light) for higher diffraction orders
can reach two orders of magnitude smaller than the ±1st diffraction order one.
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To go a step further, we introduced an evaluation function (EF). It was defined as the
ratio between the difference and sum of diffraction efficiency in a fixed diffraction order
(i.e., m = 1, 2, 3, and 4) as follows:

EF =

∣∣∣∣DE+m − DE−m

DE+m + DE−m

∣∣∣∣
where DE+m is the diffraction efficiency of +m diffraction order (i.e., positive diffraction
order), DE−m is the diffraction efficiency of −m diffraction order (i.e., negative diffraction
order), and m is the diffraction order (i.e., 1 through 4).

Figure 5 presents the evaluation function for an asymmetric grating at various wave-
lengths for different diffraction orders. For the odd diffraction order, the evaluation function
decreased with the increase of the wavelength. For the ±2nd diffraction order, the evalua-
tion function is not sensitive to the wavelength. The value of the evaluation function for the
±2nd diffraction order or the ±3rd diffraction order is smaller than that for the ±1st diffrac-
tion order throughout the whole wavelength range (i.e., 160–200 nm). In detail, at a 160 nm
wavelength, the evaluation function is 0.93, 0.023, and 0.40 for the ±1st, the ±2nd, and the
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±3rd diffraction order, respectively. But at a 200 nm wavelength, the evaluation function is
0.45, 0.034, and 0.13 for the ±1st, the ±2nd, and the ±3rd diffraction order, respectively. As
for the ±4th diffraction order, in the wavelength range from 160 to 165 nm, the evaluation
function value is smaller than that of the ±1st diffraction order. But from the 166 to 200 nm
wavelength, the evaluation function value of the ±1st diffraction order is smaller than that
of the ±4th diffraction order. The reason may be that, for the high diffraction angle at the
±4th diffraction order, it cannot meet the requirements of paraxial approximation of the
model. The evaluation function of the ±1st diffraction order is ~40 times larger than the
±2nd diffraction order at a 160 nm wavelength, indicating an effective method to weaken
the impact of asymmetric deformation by collecting certain high-diffraction-order light (i.e.,
the ±2nd diffraction order in this case).
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Subsequently, we decreased the pitch to 1600 nm. As shown in Figure 6, a similar
result was obtained for the symmetric grating as in the case of the pitch of 3000 nm. For
the grating with an asymmetric deformation, the diffraction efficiency of the positive one
(illustrated by a black dashed line in Figure 6) is smaller than the negative one (illustrated
by a red dashed line in Figure 6). The diffraction efficiency of the odd diffraction order
is on the increase with an increasing wavelength. For example, for the −1st diffraction
order, at a 160 nm wavelength, the diffraction efficiency is 0.049; at a 200 nm wavelength, it
increases to 0.17 (illustrated by a red dashed line in Figure 6a). The diffraction efficiency of
the negative even diffraction order has a trend to increase first and then decrease with the
increase of the wavelength. The value of the evaluation function for the ±3rd diffraction
order (shown by the yellow dotted line in Figure 7) is the smallest with a wavelength range
of 160 to 200 nm for a pitch of 1600 nm.
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tion orders. Pitch = 1600 nm.

Likewise, a pitch of 1000 nm was used. A similar result was obtained for the sym-
metric grating, where the diffraction efficiency of positive diffraction order is equal to
the negative one (see the yellow solid line and purple dashed line in Figure 8). For the
asymmetric grating, the diffraction efficiency of the negative diffraction order is larger than
the positive one. An upward trend of the diffraction efficiency with the increase of the
wavelength was observed for all diffraction orders at the pitch of 1000 nm. From Figure 9,
we can see that the ±3rd diffraction order shows the smallest value of evaluation function
than the other diffraction orders, except for the ±4th diffraction order at an approximate
196 nm wavelength.
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However, with a decrease of pitch (i.e., 600 nm), we cannot obtain the diffraction
efficiency value from the model of the ±4th diffraction order, but rather the ±1st, the
±2nd, and the ±3rd diffraction orders. For the ±1st and the ±2nd diffraction orders, the
diffraction efficiency takes on an upward tendency with the increase of the wavelength
(see Figure 10a,b). But for the ±3rd diffraction order, it displays the tendency to rise
up at the beginning and then decline when increasing the wavelength (Figure 10c). As
can be seen in Figure 10d, the ±3rd diffraction order exhibits the minimum value of the
evaluation function.
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At a given pitch, the optimal diffraction order can be selected to have the minimum
value of the evaluation function, thus mitigating the impact of asymmetric deformation on
overlay metrology. When the value of pitch is smaller than 1600 nm, the ±3rd diffraction
order is the optimal choice, but for a large value of a pitch (i.e., 3000 nm), the ±2nd
diffraction order can be considered.

3.2. Material System 2 (Layer A: Al, and Layer B: SiO2)

To expand the material-selecting scope for the overlay target, we carried out an analysis
of a second material system with Layer A of Al and Layer B of SiO2. To go one step further,
we continued to increase the pitch to 6000 nm in a broad wavelength range from 360 to
600 nm.

As displayed in Figure 11, for all diffraction orders (i.e., ±1st through ±4th), the
diffraction efficiency difference between positive and negative diffraction orders of the
symmetric grating is zero (see the yellow solid line and purple dashed line in Figure 11).
The diffraction efficiency of the ±1st diffraction order is the largest. But for the asymmetric
grating, the diffraction efficiency of the positive and negative diffraction orders is no longer
equal, where the negative one (see the red dashed line in Figure 11) is larger than the
positive one (see the black dashed line in Figure 11), except for the ±4th diffraction order.
The diffraction efficiency shows a trend of decreasing with increased wavelength, except
for the +1st and the +3rd diffraction orders (see the black dashed line in Figure 11a,c).
For instance, at a 360 nm wavelength, the diffraction efficiency is 0.21, and at a 600 nm
wavelength, it decreased to 0.14 for the −1st diffraction order. For the −2nd diffraction
order, it is 8.5 × 10−3 at a 360 nm wavelength and 2.4 × 10−3 at a 600 nm wavelength.
The asymmetric deformation has a greater impact on the diffraction efficiency for the ±1st
diffraction order than for the other diffraction orders, just as in the case of material system 1.
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Figure 12 displays the evaluation function at various wavelengths and diffraction
orders for an asymmetric grating at the pitch of 6000 nm. From 360 to 486 nm, the ±4th
diffraction order has the minimum evaluation function; from 487 to 507 nm, the ±3rd
diffraction order exhibits the minimum evaluation function; and from 508 to 600 nm, the
±2nd diffraction order displays the minimum evaluation function.
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3.3. Summary of the Material Systems

As shown in Table 1, we presented a guideline for selecting the optimal diffraction
order considering the wavelength, pitch, and overlay target materials. We can see that the
optimal diffraction order is pitch-dependent. When the value of the pitch is smaller than
1600 nm, for the wavelength range from 160 to 200 nm, the ±3rd diffraction order is the
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optimal choice, but for a pitch of 3000 nm, the ±2nd diffraction order can be considered for
the Si3N4 material system. For the SiO2 material system, at a fixed pitch (e.g., 6000 nm), the
optimal diffraction order depends on the wavelength.

Table 1. Summary of selecting the optimal diffraction order considering wavelength, pitch, and
overlay target materials.

Wavelength/nm Pitch/nm The Optimal Diffraction Order

Layer A: Al and Layer B: Si3N4
160–200 3000 ±2nd
160–200 1600 ±3rd
160–200 1200 ±3rd
160–200 600–1000 (step size: 100 nm) ±3rd

Layer A: Al, and Layer B: SiO2
360–486 6000 ±4th
487–507 6000 ±3rd
508–600 6000 ±2nd

4. Conclusions

In conclusion, using the RCWA method, we demonstrated that selecting certain high
diffraction orders can mitigate the influence of asymmetric grating on overlay metrology.
We introduced an evaluation function to explain the asymmetric signal obtained from
the deformed grating. Compared with the ±1st diffraction order, the ±2nd and ±3rd
diffraction orders are optimal diffraction orders, but the ±4th diffraction order is not
robust. The asymmetric signal is pitch-dependent. For the wavelength range from 160 to
200 nm, when the value of the pitch is smaller than 1600 nm, the ±3rd diffraction order
is the optimal choice, but at a pitch of 3000 nm, ±2nd is the optimal one for the Si3N4
material system. For the SiO2 material system, at a fixed pitch (e.g., 6000 nm), the optimal
diffraction order depends on the wavelength. The diffraction order with the minimum
value of the evaluation function at different pitches, wavelengths, and overlay target
materials is provided, which is useful for future overlay metrology development. This
topic is significant in the improvement of advanced metrology for photolithography, thus
decreasing the EPE and, hence, enhancing the yield of HVM.
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