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Abstract: A physical model for simulating overlay metrology employing diffraction based overlay (DBO) principles is built. It
can help to optimize the metrology wavelength selection in DBO. Simulation result of DBO metrology with a model based on
the finite-difference time-domain (FDTD) method is presented. A common case (bottom mark asymmetry) in which error sig-
nals are always induced in DBO measurement due to the process imperfection were discussed. The overlay sensitivity of the
DBO measurement across the visible illumination spectrum has been performed and compared. After adjusting the model para-
meters compatible with the actual measurement conditions, the metrology wavelengths which provide the accuracy and robust-
ness of DBO measurement can be optimized.
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1. Introduction

As well known that, the critical dimension continues to
shrink and the overlay control appears to become much
more challenging than before. Faced with such situation, ef-
forts are been made to seek for solutions to minimize the im-
pact of measurement shift in overlay detection induced by
process variations. Methods widely used in overlay metro-
logy can be roughly divided into image based overlay (IBO)
and diffraction based overlay (DBO). However with the de-
crease of the overlay budget, it becomes a challenge for IBO
to meet the rigid overlay requirement in advanced techno-
logy nodes!: 2. DBO was first proposed by Bischoff et al.
and this method is based on the light diffraction at grating
patterns shifted against each othert3l,

DBO has many advantages and is believed to have the po-
tential to become the major technique in overlay measure-
ment. Through the analysis of experiment results, total meas-
urement uncertainty (TMU) of DBO is proved to be in the
sub-nanometer rangel*-8l. With effectively zero TIS and excel-
lent tool-to-tool matching, DBO using normal incidence reflec-
tometry can avoid the major disadvantages of the estab-
lished IBO™!. DBO provides a promising solution to meet the
challenging overlay metrology requirement in double pattern-
ing technology (DPT) is also pointed outl'%, According to the
related research, it has been put forward that overlay metro-
logy recipe setup is quite critical for DBO, which means the
sensitivity of different wavelengths to the same film stack can
varied significantlyt"-14l. Given the widespread use and adv-
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antages of DBO, it is necessary for us to find an appropriate
wavelength set in metrology recipes.

In production, however, film stack and size of the over-
lay mark are diverse on different products and process flows.
It will be time-consuming and costly to find the optimal meas-
urement parameters through plenty of experiments without
clear direction. In addition, very often the mark deformation
caused by process imperfection such as chemical mechanical
polishing (CMP) and etch occurs, and it will result in metro-
logy shift in overlay detection. Detectors are unable to distin-
guish whether the detected asymmetric signal is caused by
overlay or resulting from the mark asymmetry induced by pro-
cess defects!'>-17], What we are aiming for is to reduce this
kind of interference to ensure the accuracy of DBO measure-
ment. Therefore, it is of great significance for us to establish a
DBO metrology model which can be used to observe sensitiv-
ity under different wavelength conditions. In the model, a
two-dimensional simulation domain by introducing the fi-
nite-difference time-domain (FDTD) method are created and
the intensity of +1 and -1 orders at different wavelengths
can be extracted. Knowledge required in model establish-
ment will be illustrated in Section 2, including principles of
DBO and related contents on FDTD. Section 3 will describe
the setup of this model. Then, optimized-wavelength selec-
tion on the basis of the simulation result will be discussed in
Section 4. Finally, Section 5 will conclude the paper.

2. Basis principles for model establishment

2.1. Principle of diffraction-based overlay

The differences of light intensity are measured and then
overlay can be obtained by calculations. When patterns of cur-
rent layer and reference layer are ideally aligned without
shift, that is, the overlay = 0, their overall effect is similar to a
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Fig. 1. (Color online) Schematic of the difference of + 1 and -1 diffraction order intensities when (a) d=0, (b) d > 0, (c) d < 0. (d) Liner relationship

between the difference of intensity and d.
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Fig. 2. Schematic of DBO mark. (a) The intentionally introduced bias d’ in marks. (b) A type of DBO mark that has been widely used.

reflection grating, and the reflected +/- diffraction order in-
tensities are equal. When overlay exists, conversely, the syn-
thesis effect of the top and bottom marks is asymmetric, and
+/- diffraction order intensities are different, as depicted in
Fig. 1. Under this circumstance, overlay has a certain relation-
ship with the difference of intensities. It might as well set
the intensity of the reflection spectrum be R (x, A), which is a
function of metrology wavelength A and grating position x. d
is the value of overlay.

AR = R(x +d, A) = Rlx — d, A) ~ 2d x % oo . (1)

When overlay is relative small, Eq. (1) can be obtained,
which shows the relationship between the intensity of reflec-
tion spectrum and the overlay d, as Fig. 1(d) illustrates!'8l, A/
equals to the difference of intensity in reflection spectrum
and an approximate liner relationship can be acquired on con-
dition that dis small, that is:

Al = kd, 2)

kis a constant related to the structure of film stack and meas-
urement parameters which can be calculated by experiments.
It is called overlay sensitivity. What should be noted is that an
intentionally bias d’ need to be applied in order to obtain the
linear coefficient k because at least two equations are
needed to solve two unknowns, as Fig. 2(a) shows. So, Eq. (2)
can be rewritten as:

Alg = k(d - d),
{ , ©)
Alyg = k(d + d),
- { k= (Al+d - Al_d)/Zd, (4)
d= d’(A/+d + Al_d)/(AI+d - Al—d)'

Fig. 2(b) is a typical metrology mark used in DBO, which
consists of 1 : 1 dense lines in horizontal direction and 1 : 1
dense lines in vertical direction. Horizontal lines are used to
detect the misplacement in y direction and vertical lines for x
direction.
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Fig. 3. (Color online) (a) Electromagnetic field configuration in Yee cell. (b) Distribution of the electromagnetic component in space.

Table 1.

Space coordinates and time steps of £and Hcomponents in Yee cell.

Electromagnetic field component

Sampling of space components

x coordinate

ycoordinate

zcoordinate

Sampling of the time axis (t)

E node E, i+1/2 j k n
E, i j+172 k n
E, i j k+1/2 n

H node Hy i j+1/2 k+1/2 n+1/2
H, i+1/2 j k+1/2 n+1/2
H, i+1/2 j+1/2 k n+1/2

2.2. Contents on FDTD involved in model

FDTD solves the Maxwell differential equations rigor-
ously in time domain and is used widely in scattering model-
ing. In order to discretize the electromagnetic field, altern-
ately sampling E and H (electric field and magnetic field com-
ponents of the electromagnetic field) in time and space is the
key of this method. Every E component is surrounded by four
H components, and relatively, every H component is surroun-
ded by four E components. This method was first proposed
by Yee and the sampling cube has been called ‘Yee cell’ ['9],
Fig. 3 shows the electromagnetic field configuration and the
schematic of distribution of the components in space. The set-
ting of space nodes and time steps for each components in
Yee cell is shown in Table 1.

By means of the division, Maxwell's curl equations are
transformed into a group of difference equations and then
the result can be obtained by iterating the equations over
time. In order to make the calculation as accurate as possible,
central difference method is adopted in our model. Such an
operation has second-order accuracy, and the introduced er-
ror is much smaller than other differential methods!2% 211, The
sampling interval differs by half a time step. After setting
down the calculation area, the absorbing boundary condi-
tion needs to be given at the truncated boundary[?2. Taking
the requirements of the model into consideration, what we
apply is Mur absorbing boundary condition which has been
used widely when the wave propagation is close to normal
to the boundary!23l,

3. Simulation setup

Through the use of a two-dimensional (2D) FDTD meth-
od in the x-z plane, overlay is simulated by vertical illumina-
tion in -z direction and a comparison between the reflected
+ and - diffraction order intensities. In the simulation, a period-
ical boundary condition in the x direction is adopted, that is,
assuming the simulated grating has infinite periods and ad-
opt a second order Mur absorption boundary condition in
the top and bottom z boundaries. Parameters involved in the
model include pitch of the simulation domain, size of top
and bottom marks, refractive index and thickness of each lay-
er. Fig. 4 is a schematic of simulation domain in our model
and parameters we use are shown in the figure. Width of the
mark refers to that of the single mark line since periodical
boundary condition in the horizontal direction is employed.

There are two unknowns need to be solved in the actual
measurement environment as revealed in Egs. (3) and (4),
that is, the coefficient or sensitivity k and the d, therefore it is
compulsory to set an intentionally bias d’ in the overlay
mark. As a parameter, nevertheless, d is something we set in
the model and hence d’, which is needed in original method,
can be skipped in simulations. As far as this difference is con-
cerned, it will not have any impacts on the discussion based
on the simulation result that will be carried out below. The
grid size in the simulation is 1 x 1 nm?2. Besides, when the dir-
ection of illumination is from top to bottom, it is stipulated
that when the top mark is shifted to the left of the bottom
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Fig. 4. (Color online) Schematic of simulation domain in our model.
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Fig. 5. Flow chart of the model (when perform the simulation).

mark, the overlay carries a positive sign, and vice versa. Fig. 5
is the flow chart of the model.

Simulations based on a typical film structure which is
used in manufacturing are performed through this model.
The bottom of this mark is silicon substrate, the intermediate
layer consists of several oxide layers and other materials, and
the top mark is formed by photoresist. The results are shown
in Fig. 6. A good linear relationship between the difference of
intensity and d at a fixed wavelength can be seen.

4. Simulation result and wavelength optimization

Due to the effect of stress and mechanical imperfection,
planarization by CMP is not ideal. Specifically, the surface of
the bottom overlay mark always have a small slope after
polishing, as Fig. 7 depicts and this phenomenon (bottom
mark asymmetry) also occurs in process of etch and depos-
ition[24], Mark deformation will contaminate the diffraction sig-
nals and detectors cannot tell whether the detected asymmet-
ric signal is caused by real overlay or resulting from the mark
damage. In this case, Egs. (3)-(4) are rewritten as follows:
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3 0006 ==\ =650 nm +A=750nm
&
2
B o_
c
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Fig. 6. (Color online) A linear relationship between the difference of
light intensity and d in a sort of typical film stack can be seen at a
fixed wavelength.

Al_g = k(d—d') + Algya,

Al+d = k(d + d') + AIBMAa (5)
Al
Aoverlay = E;MA.

Fig. 8 shows the schematic of bottom mark asymmetry in
film stack, which will introduce a small shift (Aoverlay) in
DBO signal. At present, choosing the appropriate wavelength
is one of the major solution to reduce the impact of bottom
mark asymmetry in DBO measurement. From Eq. (9), it proves
that a larger k can make the error signal caused by mark asym-
metry smaller which means measurement recipes with high k
values are able to provide reduced sensitivity to bottom mark
asymmetry. In order to improve the robustness and accuracy
of measurement, it is essential to pick a measurement
wavelength falls in the region where k is large. Several kinds
of film structures used in manufacturing were simulated
through this model. Swing-curves corresponding to stacks
are obtained in Fig. 9.

The wavelength varies from 400 to 800 nm and the differ-
ence signal between the +1 and -1 orders are collected,
which is linear with k, as a function of wavelength under the
fixed overlay condition. Consequently, the swing-curve also
can be seen as the result of k along with the change of
wavelength. The bands covered by the light box are picked
wavelengths that has been optimized. Maximizing k is one
of the important criteria that is currently applied in DBO re-
cipe selection.

Although the advantage of DBO lies in the fact that it is
not sensitive to the focal distance, therefore robust against

B Q Xu et al.: Selection of DBO measurement wavelength for bottom mark asymmetry ......
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Fig. 7. (Color online) Schematic of overlay marks damaged by CMP: (a) after ideal CMP process, (b) after actual CMP process (mark deformation).
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Fig. 9. (Color online) Simulated swing-curves on 4 different film stacks and the wavelength selection preferences.

metrology equipment variation. But it seems that it lacks
ability to isolate overlay signal that is caused by the mark de-
formation. In contrast, IBO seems to be able to avoid the ef-
fect of mark deformation through focus adjustment, i.e., IBO
can be optimized to reduce the effect of bottom mark tilt.
But the focusing may become quite hard in this case.

5. Conclusion

An FDTD-based overlay measurement model is de-
veloped by introducing DBO method and principle involved
in the model establishment has been discussed. The model
can be utilized to simulate in groups of individual overlay

metrology situations and be implemented to find optimized
measurement wavelength in DBO. Selection of high k re-
cipes enables DBO measurement be immune to mark asym-
metry. Zero-crossing areas in the swing-curve should be
avoided for DBO signal formation, where measurement res-
ults can be very unstable. In our future work, we will further
explore other alternatives to reduce overlay shift induced by
the mark deformation.
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