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Abstract. On-product overlay (OPO) is an important indicator of device yield. In this work, we
show that stressed thin films used in semiconductor manufacturing can be an important contribu-
tor to OPO at multiple length scales. Depending on the stress level, film thickness, and the mask
design, the overlay impact can be a few nanometers for the exposure of the next lithography layer.
A predictive compact model based on pattern density is developed to accurately predict this over-
lay impact. The model is then verified using short-loop dual damascene wafers with stress split.
The predictive model opens a new opportunity for model-based mask correction during optical
proximity correction to increase the overlay margin for subsequent lithography exposures.© 2022
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1 Introduction

Overlay error between an exposure layer and a reference layer, or simply overlay, is an important
indicator for the lithography scanner performance. In the most advanced nodes, the overlay error
margin is becoming so small that holistic solutions to minimize overlay error throughout the chip
manufacturing process are required. Overlay error can originate from both the lithography scan-
ner and the subsequent manufacturing processes. The overlay error as measured after a plasma
etching step is named on-product overlay (OPO), which represents the layer-to-layer connec-
tivity in a geometric sense. Therefore, optimizing OPO is more important than optimizing the
scanner overlay error alone, thus calling for a mask-scanner-process co-optimization in the holis-
tic lithography1 approach.

Understanding the different sources of OPO is essential for advanced overlay process
correction.2 One of the sources that contributes to OPO is thin-film stress. As an example,
to increase carrier mobility, the p-channel field-effect transistor and n-channel field-effect tran-
sistor are preferably stressed, either by inducing intrinsic stress, or by using thin-film stressor,
such as SiN.3 Figure 1 shows how stressed thin film produces OPO. When a wafer substrate is
deposited with a stressed thin film, the wafer shrinks or expands on the wafer table depending on
whether the stress is tensile or compressive. Such a shrinkage or expansion is uniform (up to
certain radius near the wafer edge where the wafer is no longer supported by the wafer table). The
first layer is then exposed on the photo resist of the uniformly shrunk or expanded wafer. During
the etching step, the resist pattern is transferred to the stressed thin-film layer. When pattern
density non-uniformity is present, the amount of the stress released during the etching step
is also not uniform because of the unequal amount of material removed, resulting in local expan-
sion and local contraction. At the next exposure step, if the top layer is exposed without proper
correction, the resultant grid mismatch is translated into the layer-to-layer overlay error. Such
grid distortion induced overlay error was reported in prior studies.4,5 Stobert et al.6 proposed
model-based correction during mask tape out flow on limited use cases. However, these studies
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did not address the mechanism of the short length scale local grid distortions and their link to
wafer scale fingerprints.

In this work, we revisit the mechanism of stress-induced grid distortion, and derive a pre-
dictive model for stress-induced OPO error using coarse grid pattern density map as input. The
compact model is fully predictive and does not require a fitting parameter. In the case of model-
based mask correction, the mechanical properties of the thin films on the substrate are used as
input; whereas in the case of overlay monitoring and scanner control, the wafer alignment data
can be used as input, without knowing the actual mechanical properties. To validate the model, a
set of wafers is produced with an in-house mask and a short-loop dual damascene flow. The
pattern density of the designed metrology targets is modulated by changing the pattern’s critical
dimension (CD). The metrology targets are then measured with critical dimension scanning elec-
tron microscope (SEM) to extract local overlay error. The obtained results are compared with the
predictive model. In addition, we also obtained wafer alignment sensor data to check the wafer
and field scale grid distortions. The results are also compared with the model.

2 Grid Distortion Model

2.1 Compact Model-based on Convolution

The aim of the work is to derive a compact model for stress-induced grid distortion. Therefore, it
makes sense to first neglect the exact patterns and use a mesh grid to represent the local stress on
each grid point ðk; lÞ. Within each grid cell, the stress σxxðk; lÞ and σyyðk; lÞ in x- and y-direction,
respectively, are viewed as constants. Assuming a linear-elastic material, the total displacement
at cell ði; jÞ can be expressed as the sum of displacements induced by each grid cell on the two-
dimensional (2D) plane, by assuming the superposition principal of elastic material

EQ-TARGET;temp:intralink-;e001;116;283

Uxði; jÞ ¼
X X

k;l¼−∞→þ∞
uxði − k; j − l; σxxðk; lÞ; σyyðk; lÞÞ

Uyði; jÞ ¼
X X

k;l¼−∞→þ∞
uyði − k; j − l; σxxðk; lÞ; σyyðk; lÞÞ; (1)

where ux and uy are the displacements at cell ði; jÞ in response to a stressed cell at ðk; lÞ with
stress σxxðk; lÞ, σyyðk; lÞ in x and y directions, respectively; and Uxði; jÞ, Uyði; jÞ are the total
displacements at cell ði; jÞ in response to a distributed stress on all other cells. We will later show
that the displacement function is separable:

EQ-TARGET;temp:intralink-;e002;116;162

uxði; j; σxx0; σyy0Þ ¼ σ0ux1ði; jÞ þ σΔ0ux2ði; jÞ
uyði; j; σxx0; σyy0Þ ¼ σ0uy1ði; jÞ þ σΔ0uy2ði; jÞ; (2)

where σ0 ¼ σxx0þσyy0
2

and σΔ0 ¼ σxx0−σyy0
2

denote isotropic and anisotropic stress, respectively; ux1,
ux2, uy1, uy2 are kernel functions that describe the displacement responses at ði; jÞ when the
system is subjected to isotropic stress σ0 and anisotropic stress σΔ0 at the center cell (0,0), respec-
tively. Now, we convert the cell index to continuous Cartesian coordinates,

Fig. 1 Mechanism of stress-induced overlay error between two layers. Local distortion is created
when a stressed film is etched. The exposure grid of the second top layer mismatches the distorted
bottom layer grid.
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EQ-TARGET;temp:intralink-;e003;116;735

Uxðx; yÞ ¼
ZZ

½σðx0; y0Þux1ðx − x0; y − y0Þ þ σΔðx0; y0Þux2ðx − x0; y − y0Þ�dx0 dy0

Uyðx; yÞ ¼
ZZ

½σðx0; y0Þuy1ðx − x0; y − y0Þ þ σΔðx0; y0Þuy2ðx − x0; y − y0Þ�dx0 dy0; (3)

where σ and σΔ denote isotropic and anisotropic stress distribution, respectively. Using convo-
lution notation, the above formulae can be written as

EQ-TARGET;temp:intralink-;e004;116;650

Uxðx; yÞ ¼ σðx; yÞ ⊗ ux1ðx; yÞ þ σΔðx; yÞ ⊗ ux2ðx; yÞ
Uyðx; yÞ ¼ σðx; yÞ ⊗ uy1ðx; yÞ þ σΔðx; yÞ ⊗ uy2ðx; yÞ: (4)

The convolution operation makes the calculation fast to perform in an algorithm by utilizing the
fast Fourier transform algorithm. It is easy to spot the computation will rely on the kernel func-
tions ux1, ux2, uy1, and uy2.

2.2 Kernel Functions

The physical system in consideration is a constant thickness thin film attached to a substrate
where a square inclusion region of the film is initially stressed, as shown in Fig. 2. The substrate
is restricted to not move in the z-direction on the bottom side, representing the wafer in a well
clamped state. Similar systems were studied in various literatures,7–10 however, no direct solution
is found for the exact system of interest. Here we construct an approximate solution using
analytically solved systems.

2.2.1 Long-range kernel considering the 2D film-substrate system

First consider a thin film without substrate. The thin film has a stressed circular inclusion of
radius a centered at the origin of the Cartesian coordinate. The initial stress of the inclusion
region is σ1 in x-direction and σ2 in y-direction. For the region outside the inclusion area
(r ≥ a), the displacement field of the film is8,11

EQ-TARGET;temp:intralink-;e005;116;369

uf;xðx;yÞ ¼
1þ νf
4Ef

x

�
σ1 þ σ2

2

�
2ð1− νfÞ

a2

r2

�
þ σ1 − σ2

2

�
4
x2 − νfy2

r2
a2

r2
þð1þ νfÞ

3y2 − x2

r2
a4

r4

��

uf;yðx;yÞ ¼
1þ νf
4Ef

y

�
σ1 þ σ2

2

�
ð1− νfÞ

a2

r2

�
−
σ1 − σ2

2

�
4
νfx2 − y2

r2
a2

r2
þð1þ νfÞ

y2 − 3x2

r2
a4

r4

��
;

(5)

Fig. 2 The physical system used to derive the kernel functions comprises of a thin film attached to
a substrate. The bottom surface of the substrate is restricted to not move in z-direction, mimicking
a clamped wafer. The film is coarse grained into mesh grid cells. The center cell at (0,0) is initially
internally stressed by ðσ1; σ2Þ in x - and y -direction, respectively.
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where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
denotes the radial distance to origin; Ef is the elastic modulus of the film;

νf is the Poisson ratio of the film; and subscript f denotes the thin film.
Now consider the thin film is attached to a “clamped” substrate whose z-direction movement

is restricted. Assuming the stress field is equally distributed along z-direction, and assuming the
thin film is much thinner than the substrate and no delamination, the force balance requires

EQ-TARGET;temp:intralink-;e006;116;671ufs;x ¼ uf;x
Efhfð1 − νsÞ
Eshsð1 − νfÞ

; ufs;y ¼ uf;y
Efhfð1 − νsÞ
Eshsð1 − νfÞ

(6)

where subscript fs denotes the film-substrate system, Es is the elastic modulus of the substrate,
νs is the Poisson ratio of the substrate, hf and hs are the film thickness and substrate thickness,
respectively. In the far field approximation (r ≫ a), the circular shape can be viewed as a square,
following the area equivalence

EQ-TARGET;temp:intralink-;e007;116;576πa2 ¼ dxdy: (7)

In addition, the fourth-order term can be neglected for far field approximation (r ≫ a).
Combining Eqs. (5)–(7) and neglect the ða∕rÞ4 term

EQ-TARGET;temp:intralink-;e008;116;520

ufs;xðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

x
x2 þ y2

�
σ1 þ σ2

2
þ σ1 − σ2

2
·
2ðx2 − νfy2Þ
ð1 − νfÞr2

�
dx dy

¼ F1ðx; yÞ
σ1 þ σ2

2
dx dyþ F2ðx; yÞ

σ1 − σ2
2

dx dy;

ufs;yðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

y
x2 þ y2

�
σ1 þ σ2

2
−
σ1 − σ2

2
·
2ðy2 − νfx2Þ
ð1 − νfÞr2

�
dx dy

¼ F3ðx; yÞ
σ1 þ σ2

2
dx dyþ F4ðx; yÞ

σ1 − σ2
2

dx dy; (8)

where F1, F2, F3, and F4 are kernel functions
EQ-TARGET;temp:intralink-;e009;116;381

F1ðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

x
x2 þ y2

F2ðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

x
x2 þ y2

2ðx2 − νfy2Þ
ð1 − νfÞðx2 þ y2Þ

F3ðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

y
x2 þ y2

F4ðx; yÞ ¼
ð1þ νfÞð1 − νsÞhf

2πEshs

y
x2 þ y2

2ðνfx2 − y2Þ
ð1 − νfÞðx2 þ y2Þ : (9)

If the kernel functions are converted to polar coordinates, it is easy to spot the kernel functions
scale with 1∕r [by taking x ¼ r cosðθÞ y ¼ r sinðθÞ]. The slowly decaying functions indicates
non-local long-range effect on the displacement field when integrated in the convolution cal-
culations. Therefore, the kernels are named long-range kernel functions. Similarly, the following
paragraph will derive a set of kernel functions that scale with 1∕r2. These fast decaying functions
indicates local short-range effect and are thus named short-range kernel functions.

2.2.2 Short-range kernel approximated by 3D semi-infinite elastic body
inclusion problem

In the close proximity of the stressed region (<100 mm), the substrate with 775-μm thickness can
be viewed as a semi-infinite elastic body. Assuming no z-displacement on the top of the film, the
system can be approximated by a full 3D elastic body with a spherical inclusion considering the
z-plane symmetry. The 3D body inclusion problem was solved by.12,13 For a given inclusion of
radius a and internal stress σ1, σ2, and σ3 in x-, y-, and z-direction, respectively, the displacement
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field outside the inclusion area (R ≥ a) is

EQ-TARGET;temp:intralink-;e010;116;723

2E
ð1þ νÞ

ux
x

¼ 2ð1 − 2νÞ
3ð1 − νÞ

�
a
R

�
3

σ1 þ
2

5ð1 − νÞ
�
a
R

�
5

ðσ1 − σÞ

þ 1

ð1 − νÞ
��

a
R

�
3

−
�
a
R

�
5
��

x2

r2
σ1 þ

y2

r2
σ2 þ

z2

r2
σ3 − σ

�

×
2E

ð1þ νÞ
uy
y

¼ 2ð1 − 2νÞ
3ð1 − νÞ

�
a
R

�
3

σ2 þ
2

5ð1 − νÞ
�
a
R

�
5

ðσ2 − σÞ

þ 1

ð1 − νÞ
��

a
R

�
3

−
�
a
R

�
5
��

x2

r2
σ1 þ

y2

r2
σ2 þ

z2

r2
σ3 − σ

�

×
2E

ð1þ νÞ
uz
z
¼ 2ð1 − 2νÞ

3ð1 − νÞ
�
a
R

�
3

σ3 þ
2

5ð1 − νÞ
�
a
R

�
5

ðσ3 − σÞ

þ 1

ð1 − νÞ
��

a
R

�
3

−
�
a
R

�
5
��

x2

r2
σ1 þ

y2

r2
σ2 þ

z2

r2
σ3 − σ

�
; (10)

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
denotes the radial distance to origin within an xy-plane, and

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
denotes the radial distance to origin in 3D coordinates.

σ ¼ ðσ1 þ σ2 þ σ3Þ∕3 is the mean initial stress.
For the semi-infinite elastic body problem, we take the above solution for z ≥ 0 region

(note the positive direction is defined downward in Fig. 2). Because of the free surface at
z ¼ 0, the initial z-stress can be assumed zero, i.e., σ3 ¼ 0, rearranging the terms and neglect
the ða∕RÞ5 term

EQ-TARGET;temp:intralink-;e011;116;443

us;xðx;yÞ¼
1þνs

2Esð1−νsÞ
x

a3

ðr2þz2Þ3∕2
�
σ1þσ2

2

�
3−4νs

3
−

z2

r2þz2

�
þσ1−σ2

2

�
x2−y2

r2þz2
þ2−4νs

3

��

us;yðx;yÞ¼
1þνs

2Esð1−νsÞ
y

a3

ðr2þz2Þ3∕2
�
σ1þσ2

2

�
3−4νs

3
−

z2

r2þz2

�
þσ1−σ2

2

�
x2−y2

r2þz2
−
2−4νs

3

��
:

(11)

In far field approximation (r ≫ a), the semi-spherical shape can be viewed as a cuboid,
following the area equivalence

EQ-TARGET;temp:intralink-;e012;116;325

2πa3

3
¼ dxdyhf: (12)

Substituting into Eq. (11) and rearranging the terms,

EQ-TARGET;temp:intralink-;e013;116;270

us;xðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
x

ðr2 þ z2Þ3∕2
�
σ1 þ σ2

2

�
1 −

3

3 − 4νs

z2

r2 þ z2

�

þ σ1 − σ2
2

�
2 − 4νs
3 − 4νs

þ 3

3 − 4νs

x2 − y2

r2 þ z2

��
dx dy

¼ G1ðx; yÞ
σ1 þ σ2

2
dx dyþ G2ðx; yÞ

σ1 − σ2
2

dx dy

us;yðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
y

ðr2 þ z2Þ3∕2
�
σ1 þ σ2

2

�
1 −

3

3 − 4νs

z2

r2 þ z2

�

þ σ1 − σ2
2

�
−
2 − 4νs
3 − 4νs

þ 3

3 − 4νs

x2 − y2

r2 þ z2

��
dx dy

¼ G3ðx; yÞ
σ1 þ σ2

2
dx dyþ G4ðx; yÞ

σ1 − σ2
2

dx dy; (13)

where G1, G2, G3, and G4 are kernel functions
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EQ-TARGET;temp:intralink-;e014;116;735

G1ðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
�
1 −

3

3 − 4νs

z2

r2 þ z2

�
x

ðx2 þ y2 þ z2Þ3∕2

G2ðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
�
2 − 4νs
3 − 4νs

þ 3

3 − 4νs

x2 − y2

r2 þ z2

�
x

ðx2 þ y2 þ z2Þ3∕2

G3ðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
�
1 −

3

3 − 4νs

z2

r2 þ z2

�
y

ðx2 þ y2 þ z2Þ3∕2

G4ðx; yÞ ¼
ð1þ νsÞð3 − 4νsÞhf

4πEsð1 − νsÞ
�
−
2 − 4νs
3 − 4νs

þ 3

3 − 4νs

x2 − y2

r2 þ z2

�
y

ðx2 þ y2 þ z2Þ3∕2 : (14)

2.2.3 Combining the kernel functions of the 2D system and the 3D system

In the last step, the kernel functions are assembled. Because the 2D system already considers the
mean x and y-displacement of the film-substrate system, the redundant mean displacement field
calculated from the 3D system should be removed. For convenience, the displacement as calcu-
lated for the 3D system at half the substrate thickness, i.e., at z ¼ hs∕2, is taken out. Plugging the
kernel functions back to Eq. (4) yields the final result

EQ-TARGET;temp:intralink-;e015;116;520

Uxðx; yÞ ¼ σðx; yÞ ⊗
�
F1 þG1ðz ¼ 0Þ − G1

�
z ¼ hx

2

��
þ σΔðx; yÞ

⊗
�
F2 þG2ðz ¼ 0Þ − G2

�
z ¼ hx

2

��

Uyðx; yÞ ¼ σðx; yÞ ⊗
�
F3 þG3ðz ¼ 0Þ − G3

�
z ¼ hx

2

��
þ σΔðx; yÞ

⊗
�
F4 þG4ðz ¼ 0Þ − G4

�
z ¼ hx

2

��
: (15)

2.3 Stress Distribution

The grid displacement as calculated in Eq. (15) shows a critical dependence on the spatial dis-
tribution of stress, both the isotropic stress σðx; yÞ ¼ ðσxx þ σyyÞ∕2 and the anisotropic stress
σΔðx; yÞ ¼ ðσxx − σyyÞ∕2. The simplest form of the stress equation is to assume the remaining
stress is proportional to the remaining stressed material. The fraction of patterned material is
commonly named as pattern density, denoted as ρðx; yÞ, which can be extracted from various
electronic design automation software using the detailed chip layout as input. In this case

EQ-TARGET;temp:intralink-;e016;116;286σxxðx; yÞ ¼ Cx½1 − ρðx; yÞ�σ0 σyyðx; yÞ ¼ Cy½1 − ρðx; yÞ�σ0; (16)

where σ0 is the initial film stress, Cx and Cy are correction factors. Practically, the remaining
stress percentage is smaller than the remaining material percentage. Therefore, Cx and Cy are
smaller than unity. The exact values are further dependent on the pitch and CD or the actual
shapes and the anisotropy of the printed patterns. These complications can be further solved
by finite element methods if needed. In this work, we take Cx ¼ Cy ¼ 1.

3 Experiment

To test the compact model, an in-house mask is used with custom designed patterns. The patterns
consist of two layers: An M-layer and a V-layer (representing metal-like and via-like layers,
respectively). Both layers are squares with the center of the squares perfectly aligned. The
V-layer square has a CD (side length) of fixed 50 nm placed at a fixed pitch of 400 nm. The
M-layer square has an adjustable CD to facilitate the pattern density requirements. An example is
given in Fig. 3. The test patterns are filled within a 200 μm × 200 μm area (except for the loca-
tions of optical targets). The circular pink stripe regions are filled with squares corresponding to
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70% pattern density (CD = 334.6 nm) while the other regions are filled 5% (CD = 89.4 nm).
It should be noted the actual pattern density as printed on wafer and etched would be different
from the designed nominal pattern density.

The stressed layer used in this experiment is SiN. The deposition condition is tuned to
achieve different stress levels. In the experiment, the tensile SiN film stress is measured to be
1.79 GPa; the neutral SiN film stress is measured to be −0.05 GPa; the compressive SiN film
stress is measured to be −2.82 GPa, based on in-line metrology tools. These numbers are cal-
culated from wafer warpage measurements. The SiN film is further split into different thickness
for different wafers. Three values used are 30, 50, and 90 nm.

A short-loop dual damascene flow is used to process the test wafers, as shown in Fig. 4. First,
the M-layer is exposed and etched into the stressed SiN. During the etching step, the stress is
partially released because of the removed SiN. At this step, the substrate is already expected to
distort. The wafers are sent to a different scanner for after-etch grid distortion measurements
using the built-in scanner alignment sensor (ASML ORION Alignment Sensor). Afterward, the
wafers are coated with hard mask and photo resist for V-layer patterning. A 6-parameter wafer
scale linear correction is applied during exposure (wafer shift, rotation, and scaling, two degrees
of freedom each), correcting the wafer scaling that is originated from the SiN film coating.
However, any substrate distortion beyond the linear wafer scaling is not corrected. Therefore,
the V-layer is expected to have a local overlay error with respect to the bottom M-layer. The
wafers are then etched in several steps to have the V-layer patterns transferred to the inter layer

Fig. 3 A snapshot of a layout of a test structure to study the stress-induced substrate distortion.
(a) 200 μm × 200 μm area with binary M-layer pattern density at either 70% or 5%. (b) An inset
region of the left figure showing how the M-layer pattern density is modulated. Red: M-layer and
blue: V-layer.

Fig. 4 Process flow of the test structure. (a) M-layer is patterned into the SiN layer; (b) after V-layer
is exposed and developed; and (c) V-layer pattern is transferred to the ILD layer.
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dielectric (ILD) layer. After this step, the test patterns are inspected with ASML’s HMI eP5
SEM metrology system. Both M-layer and V-layer are visible, enabling local overlay extraction
directly from the SEM images.

4 Results

4.1 SEM Image Data and Treatment

SEM images of 16 μm × 16 μm field-of-view are acquired for the region of interest. During data
treatment, the single SEM images are sliced into imagelets as shown in Fig. 5(d) for contour
extraction. The center of mass delta between the inner feature (V-layer) contour and the outer
feature (M-layer) contour is used as the overlay error. If the M-layer CD is close to the V-layer
CD, the edges are no longer separable and we cannot extract the overlay error; for larger M-layer
CD, this method provides a clear image based overlay measurement.

4.2 Extracted Overlay Data and Model Prediction

In the model prediction, the pattern density is calculated using the pre- optical proximity cor-
rection layout, at a 1-μmmesh grid size. We use 90-nm SiN film thickness and −2.82 GPa initial
compressive stress as input values to the model. The stress distribution after the M-layer etch is
modeled using Eq. (16). The film’s mechanical properties are assumed to be νf ¼ 0.28 (note the
elastic modulus Ef is not used in the calculations). The wafer substrate’s mechanical properties
are assumed to be Es ¼ 179 GPa, νs ¼ 0.278, and hs ¼ 775 μm, in-line with various literature
sources.14,15 The extracted overlay data is plotted in Figs. 6(a) and 6(b). To be noted, the overlay
data extracted from the small M-layer squares (low pattern density features) are excluded
because of their large measurement noise mentioned in the previous section. All the arrows
displayed in the figure comes from the large M-layer squares (high pattern density features).
It can be seen that on the edge of the high pattern density features, the overlay arrows are point-
ing into the low pattern density region. This is because of the relatively larger compressive stress
remaining in the low pattern density regions pushing the large pattern density regions outward,
resulting in local expansion of the low pattern density region and local contraction of the high
pattern density region. As shown in Fig. 4(b), the overlay is defined as V-to-M; therefore, the
measured overlay fingerprint for the locally contracted high density region points outward.
Figure 6(b) plots the modeled overlay of the high pattern density features.

To test the model’s performance, a correlation plot is shown Fig. 7(b). The modeled and
measured results show good correlation for overlay-X. Overlay-Y does not correlate very well
because the overlay signal in Y is much lower than the metrology uncertainty. The model residue,
defined as the difference between measurement and model, is plotted in Fig. 7(a). Compared
with the original overlay fingerprint, the model residue reduces overlay 3-sigma (3 times stan-
dard deviation) from 2.60 to 1.18 nm for overlay-X, and from 1.12 to 1.10 nm for overlay-Y.

Fig. 5 (a) Stitched SEM image of the designed test structure; (b) one SEM image as captured by
ep5 metrology system using 16 μm × 16 μm field-of-view; (c) a portion of the acquired SEM image;
and (d) individual features and extracted contours.
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The residue overlay variations are expected to be dominated by the metrology uncertainty, which
is approximately isotropic.

Some discrepancy between the model and the measurement is expected because of the coarse
grained pattern density map at a finite resolution of 1 um. Decreasing pattern density mesh size
can certainly improve accuracy at the cost of computational speed. Practically, we consider 1 to
5 μm mesh size sufficient to use.

A few other pattern density designs of 200 μm × 200 μm area are also measured. These
designs have different sized blocks of uniform pattern density ranging from 5% to 70%.
The results are summarized in Fig. 8. In all cases, the model residue significantly reduces the
overlay fingerprint. Compared with the original overlay plots, the overlay distribution in the
residue plot is much more uniform, and the large overlay error at pattern density jump locations
is not seen any more. To be noted, the “noise,” as indicated by the standard deviation of the
model residue, contains both random placement error and metrology noise. Smaller M-layer
patterns have more measurement uncertainty because of the lack of secondary electrons gen-
erated from the shaded V-layer patterns. This effect is especially visible in the third design in
Fig. 8, where the low pattern density blocks have a much higher measurement noise.

Fig. 7 (a) Quiver plot of the model residue defined as the difference between measurement and
model; the inset numbers are the 99.7% percentile and 3-sigma of the residue in nanometers and
(b) correlation plot between measured overlay and modeled overlay.

Fig. 6 (a) Quiver plot of the extracted overlay using SEM images of a 40 μm by 40 μm area of
interest, as labeled by the white square in Fig. 5(a). The stripes with higher and lower pattern
density are labeled on top of the figure with PD denoting pattern density (b) quiver plot of modeled
overlay at area of interest.
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4.3 Correlation to Thin-Film Stress and Thickness

Based on the model, the stress-induced local grid distortion and local overlay should be propor-
tional to the initial thin-film stress and thin-film thickness. This is tested by extracting the overlay
fingerprints of different wafers. Figure 9 compares the overlay fingerprint of a 40 μm by 40 μm
area of interest, corresponding to the white box area labeled in Fig. 5(a). Clearly, the measured
overlay scales with the product of SiN thickness and SiN stress. When the SiN changes from
tensile to compressive, the measured overlay fingerprint also flips direction.

Fig. 8 (a) Pattern density maps and inspected area; (b) quiver plot of overlay extracted from the
SEM images; (c) quiver plot of model residue; inset numbers are the 99.7% percentile and 3-sigma
values; and (d) correlation plots.

Fig. 9 Overlay information of the same area measured on different wafers with different SiN film
thickness and stress levels. (Top) Scatter plot of overlay-x versus x -coordinate. (Bottom) Quiver
plot of overlay. (a)–(g) corresponds to different film thickness and stress levels: (a) 90 nm,
1.79 GPa (b) 50 nm, 1.79 GPa (c) 30 nm, 1.79 GPa (d) 50nm, -0.05 GPa (e) 30 nm,
−2.82 GPa (f) 50 nm, −2.82 GPa (g) 90 nm, −2.82 GPa.
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To further quantify the relation between local overlay fingerprint and stress level, the mea-
sured overlay data of the seven wafers are compared with the normalized model result defined as
overlay per GPa of film stress per nanometer of film thickness. The result is plotted in Fig. 10.
The root mean square error of all the fits are below 0.387 nm. The fitted slopes are expected to be
the product of the film stress and thickness of each wafer. The numbers are compared in Fig. 11
and they match relatively well, despite the expected discrepancies from the mismatch between
the actual stress and the nominal stress; the pattern density drift from litho bias and litho-etch
bias, and the linear stress model assumption used in Eq. (16).

4.4 Grid Distortion Measured by Alignment Sensor

Apart from the feature scale test patterns analyzed in the previous sections, the longer length scale
wafer distortions are directly measured using the built-in alignment sensor in the lithography
scanner. The measurement is done after the SiN etching step, as shown is Fig. 4(a). At the
M-layer exposure step, the wafer is exposed on the default grid, without correcting the uniform

Fig. 10 Measured overlay versus normalized modeled overlay defined as overlay per GPa of film
stress per nanometer of film thickness. The thick dashed lines are fitted results of the seven wafers
with different film thickness and stress.

Fig. 11 Inferred SiN stress × SiN thickness from the fitted slopes of each wafer and the nominal
product of the thin-film stress and its thickness.
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contraction or expansion induced by the SiN film. However, after the etching step, part of the
stressed SiN is removed, resulting in a partial stress release. When the etched wafers are measured
again with the alignment sensor, delta wafer contraction or expansion is expected. The alignment
readout results, which measure the wafer distortion grid versus the scanner’s default grid, are
given in Fig. 12 for seven wafers with different SiN stress and thickness values. To be noted,
the average scanner printing fingerprint is removed in the figure. Also shown in Fig. 12 is the
intra-field grid distortion as measured by the alignment sensor. This is calculated by first removing
the wafer scale linear magnification fingerprint, then taking a field average. In the selected region
of interest of roughly 8 mm × 10 mm area, the wafer grid distorts by a few nanometers.

To test the model accuracy, the measured grid distortion is compared with the model of all
seven wafers in Fig. 13. Because of the linearity of the model, the measurement is compared with
the normalized model. The fitted slopes are the expected product of SiN stress and SiN thickness.
In all seven cases, the model predicts very well the wafer grid distortion, with the root mean
square error ranging between 0.05 and 0.28 nm. The fitted slopes are compared with the product
of the nominal stress and nominal thickness in Fig. 14. The inferred product of thickness and
stress matches very well with the nominal values. Some discrepancies are expected, such as the
deviation from nominal values, pattern density drift from CD biases, and oversimplified stress
equations. Nevertheless, the discrepancies are very similar to those shown in Fig. 11, proving the
model’s consistency while hinting at common sources of error.

Fig. 12 Wafer alignment measurement result after SiN etching step of seven wafers. Top row:
wafer scale data showing mainly symmetric wafer magnification; bottom row: intra-field result with
wafer scaling fingerprint removed (red: measured; blue: model) displayed as quiver plots super-
posed on the pattern density map of an 8 mm × 10 mm area. (a)–(g) Film thickness and stress
levels: (a) 90 nm, 1.79 GPa (b) 50 nm, 1.79 GPa (c) 30 nm, 1.79 GPa (d) 50 nm, −0.05 GPa
(e) 30 nm, −2.82 GPa (f) 50 nm, −2.82 GPa (g) 90 nm, −2.82 GPa.

Fig. 13 Measured grid distortion (alignment position deviation) versus modeled grid distortion
per GPa stress per nanometer film thickness. The fitted slopes are the expected SiN stress ×
SiN thickness per wafer.
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4.5 Wafer Magnification Term Measured by Alignment Sensor

In addition to the above local distortion measurements, the alignment sensor also reports the full
wafer grid distortion map, as shown in the first row of Fig. 12. At wafer scale, the scaling finger-
prints can be fitted with linear wafer models to extract the wafer magnification term, which gives
the relative strain (release after dry etch) of the wafers in the clamped state. In these measure-
ments, the wafer magnification ranges from −0.6 to þ0.4 parts per million (ppm). These num-
bers are linked to how much stress is released during the etching process, by the equation as
follows:16

EQ-TARGET;temp:intralink-;e017;116;377εs ¼ −ð1 − υsÞΔσ0
hf
Eshs

; (17)

where εs is the strain of the substrate and Δσ0 is the stress release. According to Eq. (16),
assuming remaining stress fraction is equal to remaining material fraction, i.e., C ¼ 1, the stress
release is

EQ-TARGET;temp:intralink-;e018;116;297Δσ0 ¼ σ0 − Cð1 − ρÞσ0 ¼ ρσ0: (18)

Taking the average mask pattern density ρ ¼ 0.3006, the initial stress of the wafers can be
inferred from the measured wafer strain, as given in Fig. 15.

4.6 Multiscale Consistency and Discussions

Comparing Figs. 11, 14, and 15, the model’s consistency can be checked across different length
scales. It is easy to notice the stress inferred by the measured wafer strain is 57% higher (slope =
1.57) than the nominal values; however, the stress inferred by local grid distortion (both at 9-mm
die scale and 40-μm feature scale) are only ∼10% higher than the nominal values. Such dis-
crepancy is expected because of the non-linear stress release behavior, as opposed to the assump-
tions used in Eq. (18). To verify the non-linear stress release behavior, simplified finite element
modeling (FEM) simulations are performed with results shown in Fig. 16. The non-linear stress
release can be approximately fitted as

EQ-TARGET;temp:intralink-;e019;116;109

Δσ0
σ0

¼ ρ0.68; (19)

Fig. 14 Inferred SiN stress × SiN thickness from the fitted slopes versus the nominal stress ×
thickness.
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as opposed to the original linear assumption with Δσ0
σ0

¼ ρ. According to the simulation result,

about 44% of stress is released during the etching step when 30%material is removed. Therefore,
the correction factor in Eq. (18) is Cðρ ¼ 30%Þ ¼ 1−44%

1−30% ¼ 0.80. Plugging this correction factor
back to Eqs. (17) and (18) modifies the slope in Fig. 15 to 1.07, much closer to the slopes
reported in Figs. 11 and 14. To be noted, if Eq. (19) can be assumed to work locally, we could
express the correction factor as

EQ-TARGET;temp:intralink-;e020;116;155CðρÞ ¼ 1 − ρ0.68

1 − ρ
: (20)

Such a correction factor also modifies the inferred initial stress from the local grid distortion data.
However, the modification is not as big. The inferred initial stress considering the non-unity
correction factor versus nominal values are given in Fig. 17 for all three cases at different length
scales. The data are very consistent, meaning the model is consistent across the length scales.

Fig. 15 Inferred SiN stress × SiN thickness from the measured wafer strain release (by alignment
sensor).

Fig. 16 Simplified FEM simulation to demonstrate the non-linear stress release (versus pattern
density) behavior and pitch dependency. The inset shows the configurations of the toy FEM
model.
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It should be pointed out that the above analysis was performed to explain the apparent
inconsistency in wafer scale strain data. However, such an analysis is not necessary for local
grid distortion prediction, as presented in Secs. 4.3 and 4.4. In practice, the pattern density varia-
tion is smaller (<20%) and the stress release can be assumed linear in the first-order approxi-
mation. Therefore, it is easy to add a constant correction factor C if necessary. Such a correction
factor can be obtained from a look-up table or figure as shown in Fig. 16, or obtained by running
a feature scale FEM simulation, or by simply experimental calibration. Nevertheless, even with-
out the correction factor, the model already works great for local grid distortions.

As a point of improvement, in the case of extreme anisotropic and arbitrary non-orthogonal
patterns, local shear stress variations may occur. This is currently not considered in the kernel
function derivations for simplicity.

5 Conclusions

In this work, the idea of using a pattern density-based compact model to predict wafer grid
distortion and overlay error is tested. The long-range nature of stress impact makes it practically
impossible to simulate a full chip with all the devices explicitly modeled. Based on the results,
even with only coarse grid pattern density as input, the grid distortion is already relatively well
predicted. The fast and compact model could enable multiple applications, ranging from active
and feedforward correction, to monitoring and smart sampling. The accuracy of the model can be
further improved by combining device scale FEM simulation results and include the pitch
dependency in the correction factors. Nevertheless, even without such calculations, the model
can already give good predictions to the intra-field and local grid distortions, with root mean
square error <0.42 nm (SEM) and <0.28 nm (alignment sensor), close to the baseline metrology
uncertainty.

With the predictive model, the actual stress impact on overlay can be estimated providing an
estimated chip layout. Based on the results above and realistic chip designs and design non-
uniformity, we expect about ∼1 nm of local grid distortion to happen at below 1-mm length
scale for realistic logic chip layout at middle-of-line layers. The predictive model as presented
in this paper enables process-aware design optimization and corrections.
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Fig. 17 Inferred SiN stress × SiN thickness by local grid distortion and global wafer strain after
considering the non-linear stress release behavior.
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