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Abstract: We investigate the influence of the degree of illumination coherence on through-
focus scanning optical microscopy (TSOM) in terms of metrological sensitivity. The
investigation reveals that the local periodicity of the target object is a key structural parameter
to consider when determining the optimal degree of illumination coherence for improved
metrological sensitivity. The optimal coherence conditions for the TSOM inspection of
several target objects are analyzed through numerical simulation.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Conventional high-numerical aperture (NA) optical microscopy is limited in resolution and
depth-of-focus (DOF) when measuring high-aspect-ratio and nano-scale structures. Recently,
through-focus scanning optical microscopy (TSOM) was proposed as a solution to this issue
of optical microscopy [1,2]. The prominent feature of the TSOM which is contrast to the
conventional optical microscopy is its computation-assisted indirect metrology scheme, which
requires TSOM to computationally interpret a measured TSOM image by comparing it to an a
priori prepared TSOM reference image database. In practice, differential TSOM images are
analyzed in terms of mathematically designed measures to explicitly extract the structural
features that they implicitly reflect. TSOM image databases are numerically constructed using
finely modeled optical scattering simulators to create reference targets based on a range of
structural parameters. TSOM image computation engines can also be constructed based on
the finite difference time domain (FDTD) method, finite element method (FEM) or Fourier
modal method (FMM).

To quantify the TSOM analysis, several quantitative measurement factors such as optical
intensity range (OIR), different TSOM image (DTI), and mean square difference (MSD) are
commonly used [1-6]. In practice, TSOM metrology uses MSD and OIR curves. In addition,
the combined use of MSD and OIR can be used to determine the metrological information of
the target sample. The difference of MSD becomes zero at the minimum point where the
specification of the target sample is matched to a reference target in the TSOM image
database. However, as the structural parameters deviate from the determination point, the
MSD or OIR values move away from the minimum point where the structure is selected.
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In order to commercialize TSOM technology, we need a reliable method of improving the
sensitivity of TSOM measurement to more sensitively differentiate structural variations in the
nano-structure sample than current state of the art systems can. Steeper curves of MSD or
OIR in response to nanoscale structural variations in targets would be advantageous for
measurement sensitivity. Sensitivity improvement in TSOM is made all the more critical by
other variables, such as the quantization and inherent detection noise of the charge coupled
device (CCD), smoothing out the meaningful signal variations in practice. Our previous work
showed that TSOM images are very sensitive to the illumination numerical aperture (INA)
and collection numerical aperture (CNA) of the TSOM system [7]. In optical metrology, the
use of incoherent illumination is well established. Therefore incoherent illumination has been
taken as a fixed instrumental condition even for TSOM metrology. The effect of the degree of
illumination coherence on metrology performance has not been considered in previous works.
However, it was perceived that the degree of illumination coherence is a crucial parameter
when fitting the numerical TSOM model to accurately predict experimental TSOM images
and that the value of MSD is influenced by the degree of illumination coherence [7].
Examining this point further, we could predict that the sensitivity of the MSD or OIR to
structural variation can be improved by the adaptive control of the degree of coherence [7].
The optimal choice of degree of illumination coherence might lead to a significant
performance improvement of TSOM metrology.

In this paper, we focus on the degree of illumination coherence and attempt to investigate
the possibility of improving the sensitivity of TSOM using coherence-controlled illumination.
This work is organized as follows. In section 2, TSOM images under coherent, incoherent,
and partially coherent illumination are presented and the influence of the degree of
illumination coherence on the TSOM image is elucidated. In section 3, the optimal conditions
of illumination for various targets are specified and the relationship between the local
periodicity of the target samples and the degree of illumination coherence is clarified in terms
of sensitivity improvement. Finally, concluding remarks are given in section 4.

2. TSOM images under partially coherent illumination

The TSOM image under partially coherent illumination can be modeled by the Fourier modal
method (FMM) as was proven in previous works [7—13]. The meaning of the essential
parameters such as INA, CNA, and the degree of illumination coherence in the FMM model
are depicted in Fig. 1.
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Fig. 1. (a) Schematic of an objective showing illumination and collection NA. Illustrations of
the incident lighting case of (b) coherent, (c) partially coherent, and (d) incoherent
illumination.
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where deg# is the parameter corresponding to the degree of coherence parameter. In our
simulation setup, deg# = 0 designates the incoherent field, while with deg# = maximum
value, the field is set to be coherent under the finite INA constraint. In these cases, the TSOM
fields under the incoherent and coherent illuminations are represented by the discrete
expression, respectively, by

|E,| = ’ZG: |E,_,g |2 (incoherent illumination), 2)
g=1

G
2E.,
g=1

These discrete representation of the coherent, partial coherent, and incoherent illuminations
are correspondingly illustrated by Figs. 1(a), 1(b), and 1(c). The INA and CNA indicate the
numerical aperture of the illuminating light and collection numerical aperture of the objective
lens system, respectively. The FMM calculates the reflection and transmission fields under
illumination of various degrees of coherence. In the case of coherent illumination, the entire
light source is incident on one bundle, as illustrated in Fig. 1(b). In partially coherent
illumination, each bundle of incident plane wave components of finite angular range is
supposed to be internally coherent, but different bundles are incoherent with respect to each
other. Figure 1(c) depicts multiple sets of narrow coherent converging beams incoherently
illuminating the target sample. The angular width of the converging beam is determined by
the degree of partial coherence. If the degree of coherence approaches complete incoherence,
the incoherent illumination condition is represented by Fig. 1(d), where each plane wave
component is statistically incoherent in the FMM. When the reflected diffraction fields of
each coherent bundle are summed, the incoherent property is reflected. The scattering field
induced by each coherent component in the illumination bundle is summed incoherently in
the entire space. In [7], Park et al., the FMM model featuring incoherent illumination produce
experiment-matched reliable numerical TSOM images. For successful TSOM metrology, the
system parameters of INA, CNA, and the degree of illumination coherence in the TSOM
model should be finely calibrated to match the numerical model to the actual experimental
system.
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Fig. 2. TSOM images obtained with coherent and incoherent illumination conditions using an
upgraded prototype of TSOM presented in ref [7].
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The TSOM images acquired using the upgraded prototype of the TSOM system presented
in ref [7], with coherent and incoherent illumination are shown in Fig. 2. The measured
semiconductor structures are a single line with 160 nm width and grating lines with 160 nm
width (800 nm pitch) of the same shapes as the structures 1 and 5 depicted in Fig. 4,
respectively. As shown in the upper row in Fig. 2, when using a coherent laser source, it can
be seen that the noise in the TSOM image is low, the TSOM image is clear and regular, and
the total OIR is very high, which agrees with the simulation expectation in this paper. In
particular, for grating lines on the right column in Fig. 2, the coherent TSOM image is
expected to be more sensitive to the structural factors of a target sample than the incoherent
TSOM image, because the lower-noise, clear and strong contrast TSOM image is obtained
under the coherent illumination when the interval of the sample grating is sufficiently wide to
have local periodicity. On the other hand, for a single line on the left column in Fig. 2, the
diffraction pattern of the target sample region is clear and it is easy to distinguish in the case
of the incoherent TSOM. This enables us to expect that the sensitivity of MSD is high when
an incoherent light is considered for single lined structures. In this paper, we investigate the
above expectation and the contrast point between single line and multiple lined structures
regarding TSOM metrology by numerical simulation.

Figure 3 presents the effect of the degree of illumination coherence on the TSOM images,
specifically the evolution of TSOM images of single- and multi-fin structures with a gradual
change of illumination from perfectly incoherent illumination to perfectly coherent
illumination. The TSOM images formed by illumination of different levels of coherency look
quite different. The single-fin structure has the dimensions of 40 nm width and 100 nm height
(Fig. 3(a)), while the multi-fin structure shown in Fig. 3(e) is specified by 160 nm width and
50 nm height, and 320 nm pitch. The corresponding TSOM images of the single fin and
multi-fin sample structures under incoherent, partially coherent and coherent illumination are
presented in Figs. 3(b)-3(d) and Figs. 3(f)-3(h), respectively. The TSOM images obtained
using the incoherent light source shown in Figs. 3(b) and 3(f) are familiar that can be found in
previous works [1-7]. The change due to increases in the degree of coherence is remarkable.
Under the perfectly coherent lighting condition, the portion containing information in the
TSOM image is highly concentrated, and as a result, the OIR is greatly increased. The TSOM
image with partial coherence is an intermediate pattern between the incoherent and coherent
TSOM images. The OIR is the absolute range of the differential signal normalized to perfect
reflection of the incident illumination and increases from 26.58 to 99.98 and from 68.00 to
100.00 with incoherent and coherent lighting, respectively.

TSOM (incoh) OIR26.58 TSOM (pcoh) with deg3 OIR88.15

1

3 1 3
40nm
v 2 095 2 095
£ £’ T
T+ 100nm g oo § 0o E
@ of @0 )
% 085 ¥ 085§
N ¢ { N N
08
2 2 08
075
3 ~ 3 075
45 -4 05 0 05 1 15 45 4 05 0 05 1 15
x-axis [um] x-axis [um)
(a) (b) ()
o T SOM dsfect (incoh) OIRE8.00 o g SOM defect (pcoh) OIR93.41
1 1 1
320 nm 160 nm
V v 09
= = 5 . 5
I‘—SD nm E E E
=5 07 2
2 0 2 0 2
5 06§ 3
M M M
5 05 5 K
0.4 4
-10 -10
3 2 -1 0 1 2 3 3 2 -1 0 1 2 3 3 2 A 0 1 2 3
x-axis [um] x-axis [um] x-axis [um]
(e) (f) (8) (h)

Fig. 3. TSOM images for the structures (a) and (e) according to the degree of coherence,
incoherent: (b) and (f), partially coherent: (c) and (g), and coherent illumination: (d) and (h).
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3. Effect of illumination coherence on TSOM measurement sensitivity

TSOM is indirect metrology using a numerical TSOM database and searching algorithm [14—
16]. To quantify TSOM analysis, several quantitative measurement factors such as optical
intensity range (OIR) different TSOM image (DTI), metric value (MV), and mean square
difference (MSD) have been developed [1-6,14,16].

This study investigates changes in the sensitivity of the measurement factor, specifically
MSD, according to the degree of coherence. The results can be used to determine the optimal
conditions for TSOM inspection and measurement. Currently, semiconductor measurements
using TSOM metrology are performed by a systematic comparison of DTI images using the
MSD function of Eq. (4) and determination of the minimum value thereof [1-6,14],

N
MSD = %Z (TSOM]ref.], ~TSOM[comp.], )2 , 4)
i=1

and the variation of the DTI without significantly changing its shape is quantified by the OIR
[4.6],

max (TSOM[ref.], ~TSOM[comp.],|i =1,2,--,N)
OIR = %100 (5)
—min (TSOM][ref.], ~TSOM[comp.] | j =1,2,-+,N)

where, TSOM[ref.] and TSOM[comp.] are the simulated TSOM images from the reference
target and the target for comparison, and N is the total number of pixels in the image. In the
TSOM system used for metrology, the reference image is one of the numerically constructed
TSOM database images reflecting extremely fine structural variations in critical dimension
(CD), height, pitch and so on. To determine the reference TSOM image that matches to the
measured TSOM image, a parametric search is conducted by plotting the MSD while
changing the structural parameters of the TSOM target structure and finding the reference
TSOM image that minimizes the MSD. The parameters of that selected numerical TSOM
image are then considered to be the measurement values of the real target structure. The issue
is how sensitive is the MSD to variations in the structural parameters of the target structure
[17,18].

OIR is a very simple definition which is the absolute difference in the maximum and
minimum optical intensities present in a TSOM image or a DTI useful for quantitative
comparison and MSD is the total deviation of the target TSOM and the reference TSOM. As
seen in the mathematical definitions of MSD and OIR, the MSD senses the shape deviation of
the TSOM image from the reference TSOM, while the OIR senses the deviation of light
strength distribution contrast of the TSOM image. The single use of OIR does not
differentiate two images because two images of totally different shapes can have the same
OIR. But, for differentiating two images of extremely similar pattern, the OIR can be a
reliable measure to index two images.
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Fig. 4. Fin structures for numerical simulation.
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Fig. 5. TSOM images for the structural cases of Fig. 4 with the wavelength of 546nm, TM
mode.
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To numerically investigate this issue, we observe the MSD curves of the six simple Si fin
structures presented in Fig. 4. All fin structures are 100nm tall. The first and second structures
have one single fin with 40nm and 100nm widths, respectively. The third and fourth
structures have five and ten fins with 40nm width and 100 nm period, respectively. The fifth
and sixth structures have five fins of 100 nm width and wider periods of 200 nm and 300 nm,
respectively. The incoherent, partially coherent, and coherent TSOM images for the six cases
are presented in Fig. 5. In the simulation, the TSOM system is configured with the
wavelength of 546nm, transversal magnetic (TM) mode, INA 0.1, and CNA 0.6.
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Fig. 6. The variation of the (a)-(f) OIR and (g)-(1) MSD curves of the six structures in Fig. 4.
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For the simulation experiment, TSOM image databases of the six targets were created for
three levels of illumination coherence: incoherent, partially coherent, and coherent modes.
For the respective ten steps of degrees of coherence, two hundred TSOM images like those
presented in Fig. 5 were created for DTI calculations, corresponding to fin widths varying in
0.1 nm steps. The DTI values were obtained from each database (DB) according to the
reference widths of each structure, and their OIR and MSD values are plotted in Fig. 6 to
compare the changes in those values. The differences in OIR values between the reference
image and the DB image are calculated and those of the six target samples are shown in Figs.
6(a)—6(f) (left panel in Fig. 6). In the case of the OIR of the DTI images, it is apparent that the
OIR of the coherent lighting is more sensitive than that of the incoherent lighting. The OIR
values corresponding to partial coherence are in between those of the incoherence and
coherence graphs, as shown in the Fig. 6. Considering the difference between the OIR graphs
of the six samples, the larger the local periodicity, the more the difference between the
absolute value of OIR and the OIR slope depends on the coherence. In the plots in Figs. 6(g)—
6(1) (the right panel on Fig. 6), the structure is determined at the minimum value of the MDS
curve.

As shown in Fig. 6, the OIR graph increases or decreases sharply and linearly, and the
MSD graph has a parabolic curve pattern with a dip. Thus, the variation around the dip
(sample space with extremely small structural change) is round. Thus the MSD cannot easily
pinpoint the optimal point. At this microscopic tuning stage of analyzing very similar shaped
structures with small MSD differences, the OIR may be useful to find the dip of the MSD
curve. That is why previous TSOM papers recommend the combinatorial use of the MSD and
OIR. In actual TSOM for metrology, the parabolic curve of the MSD value around the true
value of the MSD is calculated, so the curvature value of the curve must be large. For
example, considering cases 1 and 2 (40nm and 100nm single fin structures), we can see that
the MSD sensitivity under incoherent illumination is better than that of coherent illumination
with respect to the true reference value. In other words, the incoherent TSOM is more
sensitive for structural changes in the single fin structures, so in such cases the use of
incoherent illumination is preferable to coherent illumination. This is an important feature for
increasing measurement accuracy and reinforcing robustness to noise in real TSOM systems.
This tendency continues to the multi-fin structures in cases 3 and 4. Figures 6(i)-6(j) indicate
that the MSD curves of the coherent cases tend to be lower than the curves of the incoherent
cases. That is, the incoherent TSOM increases sharply with distance from the reference value.
On the other hand, a notable switch is apparent in cases 5 and 6, in that the MSD curves of the
coherent cases tend to be higher than the curves of the incoherent cases and the coherent
TSOM increases more sharply with distance from the reference value.

In terms of MSD sensitivity, we can classify the six sample cases into two major
categories, namely cases 1-4 and cases 5-6. The MSD of the first group showed higher
sensitivity to incoherent illumination while the MSD of the second group exhibits higher
sensitivity to coherent illumination. The physical origin of this noticeable difference can be
qualitatively explained using the concept of local periodicity. Actually, for optical fields at
546nm, cases 3 and 4 of the first group can be seen as effective media [19]. Accordingly,
cases 3 and 4 can be equivalently to a single fin structure with an effective permittivity. They
are considered homogeneous structures without local periodicity or more generally, local
corrugation. From hundreds of numerical simulations, we could infer that the MSD sensitivity
of target structures with deep subwavelength structures that can be considered effective media
is higher with incoherent illumination than coherent illumination. On the other hand, the
structures of cases 5 and 6, feature a local periodicity, which results in a diffraction pattern
due to the homogenization of the effective medium. In such cases, the MSD of DTI by
coherent illumination is more sensitive. In the structure of case 3, the 100nm fin pitch is deep-
subwavelength length and then appears to be an effective medium of 440nm total width rather
than a periodic structure. In addition, the structures of cases 5 and 6 have respective 200 or
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300 nm pitches, and in such situations, a type of crack exists in a homogeneous medium,
which is more sensitive to coherent lighting. In the TSOM measurement of nanostructures,
local periodicity is a criterion used to judge whether the structure can be considered as an
effective medium and, therefore, which coherence level is more appropriate. According to our
simulation research, this phenomenon was classified according to whether the total width of
the structure is greater than 200 nm or not. This is because the sample can be recognized as an
effective medium only when its critical feature is smaller than a certain size. Given this
phenomenon, we can conclude that if the degree of coherence of illumination is adjustable,
we can dramatically improve the sensitivity of the TSOM technique.
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Fig. 7. MSD plots of the simulation structures: (a) INA 0.1 and (b)-(d) INA 0.3.

Figure 7 shows plots of the variations of MSD for the structures in Fig. 4 with changes in
the degree of illumination coherence under the same conditions as in Fig. 6 (wavelength of
546nm, TM mode, INA 0.1 and 0.3, and CNA 0.6). In this simulation, the MSD values were
calculated using comparative structures shifted extremely small 2 nm from the reference
width, so structures with widths of 40 and 42 nm, and 100 and 102 nm were used for the
comparison. As inferred in Fig. 6, the samples with a relatively large deviation from the
reference sample shows the monotonic evolution the MSD curve. We tried to inspect the
sample space close to the minimum deep of the MSD for the samples with tiny structural
deviations. We found that the MSD value for a specific sample with extremely small 2nm
deviation from the reference sample (near the widely round dip of the minimum spot of the
MSD curve) does not change in a perfect monotonic increasing or decreasing pattern with
changing the degree of coherence as presented in the simulation results of Fig. 7. Figure 7(a)
shows the graphs of the MSD values of the six samples (with 42nm and 102nm widths)
illuminated with fixed INA of 0.1 and changes in the degree of coherence. As the coherency
changes from incoherence to coherence, the MSDs of cases 1-4 decrease, while the MSDs of
cases 5-6 exhibit a slight increase. As the degree of coherence changes, the MSD values
increase or decrease, and increased MSD means more sensitivity to structural variations at
that degree of coherence. The variation of the MSD curves with INA 0.3 in Figs. 7(b)-7(d)
show larger gaps between incoherence and coherence, but, nevertheless, present similar
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characteristics in terms of sensitivity. The MSD is highest when incoherent lighting is applied
to cases 1-4. In cases 5-6, (Figs. 7(a), 7(c), and 7(d)), it is noteworthy that the MSD value
rises to its maximum value in a region of partial coherent lighting. In addition, for the non-
effective medium samples in cases 5 and 6, in Fig. 7(d), the MSD curves are almost flat as the
illumination changes from incoherent to partial coherent, but in the remaining cases 1-4
almost flat as it transitions from partially coherent to perfectly coherent. Moreover,
comparing the data corresponding to the INA of 0.1 and 0.3, we can see that the sensitivity of
the MSD is higher for coherent lighting when decreasing the INA. This phenomenon implies
that the smaller INA with coherent lighting produces larger MSD values and higher
sensitivity with non-effective medium samples of local periodicity. In other words, when the
diffraction pattern due to the periodicity of the target structure appears in the TSOM image,
the sensitivity for resolving structural discrepancies is high when coherent lighting is used.
However, for the case of aperiodic deep-subwavelength effective medium structures, it is
incoherent lighting that results in more sensitivity. Thus incoherent lighting is expected to be
more advantageous for measurement of aperiodic structures.

4. Conclusion

In conclusion, we have shown the possibility of TSOM metrology sensitivity improvements
through controlling the degree of the coherence of illumination. It is revealed that for the
effective medium structures, including single fin and deep-subwavelength multi-fin
structures, using incoherent illumination with high INA allows TSOM metrology to be more
robust than using a high degree of coherent illumination. On the other hand, non-effective
medium structures with local periodicity producing relatively strong interference in the
scattering field are more sensitive to higher coherent illumination in terms of MSD.
Elucidating an accurate interpretation of the relationship between the effective medium theory
and the local periodicity of target structures in terms of quantitative criteria requires further
theoretical research. In actual usage of the TSOM system, it is preferable to construct an
appropriate adaptive illumination system capable of controlling the INA and of switching
from partially coherent mode to incoherent mode according to the type of target sample. It is
hoped that coherence-controlled TSOM will develop to become a high-performance in-line
optical microscope inspection and metrology technique for state of the art semiconductor
devices, such as the recent three-dimensional (3D) nanoscale semiconductor structures
including silicon via (TSV) and fin field-effect transistors (Fin-FETs).
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