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Abstract

For high precision applications of optical microscopes, it is critical to
achieve symmetrical angular illumination intensity at the sample plane,
in addition to uniform spatial irradiance achieved by Kohler
illumination. A correlation between the angular illumination
asymmetry and the contrast in the image of a line grating target was
demonstrated as the target is scanned through focus. Using this
correlation, we present a novel, yet simple method of experimentally
evaluating the angular illumination asymmetry (ANILAS) at the
sample plane of an optical microscope across the field of view. This
ANILAS map is expected to be a useful method for assessing the
illumination condition of optical systems.
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1. Introduction

In the majority of optical microscopes emphasis is given to achieve uniform spatial irradiance
at the sample plane using the Koéhler illumination configuration [1-2]. In this configuration,
the illumination source is mapped onto the back focal plane. Each point on the back focal
plane uniformly illuminates the sample plane. This scheme essentially neutralizes source
intensity non-uniformities and produces spatially uniform irradiance at the sample. This is
usually sufficient for general microscopy. However, for three-dimensional objects, obtaining
Kéhler illumination with homogenous spatial irradiance is necessary, but not sufficient. It is
also necessary to achieve angular illumination symmetry. This is critical for high precision
metrology applications, where illumination asymmetry results in varied partial coherence as a
function of field position, resulting in changes in line width (CD) across the field [3, 4]. In
other words, angular illumination asymmetry results in a distorted optical irradiance profile
and will potentially lead to errors in measurements or lithographic exposure.
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Fig. 1. (a) A simplified schematic of Kohler illumination for reflection microscope with the
aperture stop at the back focal plane. (b) Homogeneous angular illumination at the sample
plane for (a). (c) Kohler illumination with aperture stop displaced axially and radially from the
back focal plane. (d) Inhomogeneous angular illumination at the sample plane for (c).

Several direct and indirect methods related to illumination analysis are available in the
literature [5-12], including optical lithography stepper and scanner applications. Methods



used include a pinhole camera, grating pinhole camera, linear phase grating, and source
metrology instrumentation for illumination analysis with a final goal of determining
illumination uniformity at the aperture stop (pupil plane). Illumination inhomogeneity at the
aperture stop directly results in angular illumination asymmetry at the sample plane. In this
paper, a novel method to measure angular illumination asymmetry (ANILAS) directly at the
sample plane (field plane) of optical microscopes by using a set of through-focus optical
images is presented. The proposed method has the potential advantages of low cost, high
speed, and simplicity, and does not require modifications to the optics. Sohn et al. [11]
proposed Kohler Factor 2 (KF2) for angular illumination homogeneity, whereas ANILAS
indicates angular illumination asymmetry.
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Fig. 2. Schematic representation of (a) Asymmetric and (b) Symmetric angular illumination
conditions. Simulated intensity profiles of an isolated line for (c) Asymmetric and (d)
Symmetric illuminations. NAI = negative angles of illumination, PAI = positive angles of
illumination, Line width=200 nm, Line height=200 nm, Illumination NA=0.4, collection
NA=0.8, Wavelength=546 nm, and Si line on Si substrate.

2. Effect of ANILAS

In this section, the influence of ANILAS on the formation of optical images is described. In
an optical microscope designed for Kohler illumination (Figs. 1(a) and (c)), the illumination
source is imaged at the back focal plane of the objective. Each point at the back focal plane
(or at a conjugate back focal plane) produces an illumination plane wave on the target at the
corresponding specific illumination angle. Aggregate spatial irradiance at the field plane is
the addition of radiant intensity produced by all the angles of illuminations. For this reason,
projected illumination irradiance at the field plane is spatially uniform and thus nullifies the
inhomogeneity in the source illumination (Fig. 1(b)) [1, 2].

For an ideal optical microscope, (i) illumination angles are symmetric to the optical axis,
and (ii) the radiant intensity of any two symmetrically opposite illumination angles are the



same. However, there could be deviations from this ideal illumination. This is illustrated in
Fig. 2 using two variations of illumination. For the sake of simplicity, only two
symmetrically opposite illumination planes are shown in the figure. The symmetrically
opposite illumination directions can have different or equal irradiances as shown in Fig. 2(a)
and (b), respectively. Both of the illumination schemes produce uniform magnitude of
irradiance across the field of view (FOV). However, the illumination scheme in Fig. 2(a) has
asymmetric angular illumination. As expected, the simulated optical images (using a rigorous
coupled wave-guide analysis model (13)) for this asymmetric illumination produced an
asymmetric profile for a Si line protruding from a Si substrate (a three-dimensional object) as
shown in Fig. 2(c), while the symmetric illumination produced a symmetric profile as shown
in Fig. 2(d). It can be expected that asymmetric illumination results in inaccurate
measurement results. Therefore, it is critical to obtain symmetric angular illumination for
high precision applications of optical tools, in addition to spatially uniform irradiance.
Evaluating ANILAS is the first step.
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Fig. 3. Back focal plane intensity is represented by a matrix of numbers in the simulations.
Simulations were made using three fill factors at the back focal plane. (a) Complete circular,
(b) right semicircular and (c) left semicircular fill factors.

3. ANILAS analysis

For an incoherent light source (in an optical microscope), each individual plane wave
independently illuminates a target and produces an image. The final image is the incoherent
sum of all the individual images formed by all the illuminating plane waves [14]. For
ANILAS analysis, the Koéhler illumination is divided in the following way. All the angles of
illumination to the right and the left of the normal to the sample plane are bundled into
positive (PAI) and negative (NAI) angles of illumination, respectively (Fig. 2(b)). The total
illumination at any location is the sum of all of the PAI and the NAI. This implies that the
final image is formed by incoherently adding the images formed by all of the NAI and the
PAL.
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Fig. 4. Simulated through-focus image intensity profiles of a line grating. The lower
overlapping curves in each window are the intensity profiles for only negative and positive
angles of illuminations. The above curve is the intensity profile for all the angles of
illumination. Each window is at a different focus position with a focus step height of 200 nm.
X (0 nm to 600 nm) and Y (0 to 0.5) axes scales are kept constant for all the windows. The
profile of only one pitch is shown in the figure. Input parameters for the simulation: Line
width = 200 nm, Line height = 200 nm, Pitch = 600 nm, Illumination NA = 0.4, Collection
NA = 0.8, lllum. Wavelength = 546 nm, Si line on Si substrate.

Using this division of illumination, the image formation of a line grating target as it is
scanned through the focus using the rigorous coupled wave guide (RCWA) optical simulation
model [13] is studied. In the RCWA model, the illumination at the back focal plane is
represented by a matrix of numbers that fill or tile a circle as shown in Fig. 3. Each number in
the circular matrix produces an illumination plane wave at its corresponding angle of
incidence. The magnitude of the number determines the intensity of the illuminating plane
wave. For this simulation study, the sample plane normal coincides with the optical axis. The
simulated images for three sets of values of back focal plane fill factors were analyzed. In
the first type of illumination, the circular back focal plane was illuminated with uniform
intensity. This resulted in all the angles of illumination having equal projected radiant
intensity on the target. In the second type of fill factor, only the right half of the back focal
plane was uniformly illuminated, resulting in only the PAI. In the third type, only the left half
of the back focal plane was uniformly illuminated resulting in only the NAI. The through—
focus image intensity profiles for the three types of illuminations are shown in Fig. 4.

The following observations can be made from this result. Irradiance profiles formed by
only the NAI or only the PAI appear different. Their shapes change with focus position. The
final image formed from all the incident angles is the incoherent sum of the images formed
from only the NAI and from only the PAI. When the maximum and the minimum irradiances
of the images formed by only the NAI and only the PAI align (or are in phase), the resultant



final image has the highest contrast (window 7 in Fig. 4). Window 12 shows the instance
where there is out-of-phase overlap in the peak values, resulting in the lowest-contrast final
image. The images formed from only the negative or only the positive angles of illumination
by themselves do not produce the low contrast final images. However, when the irradiances
are added, they produce the low or high contrast final image. Because of the way negative
and positive illumination profiles add up, the contrast in the final image cyclically increases
and decreases several times as the focus height is scanned.
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Fig. 5. A typical simulated focus metric (FM) signature for line array exhibiting proximity
effects. Insets are intensity profiles at the indicated focus positions. The optical image has high
contrast at peaks 1 and 2, while it has very low contrast at point “a” as shown by an arrow.
Parameters for the simulation: Line width=140 nm, Line height=200 nm, Pitch=600 nm,
Illumination NA =0.4, NA=0.8, Wavelength=546 nm. Si lines on Si substrate. Zero position
represents top of the substrate.
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Fig. 6. Schematic intensity profiles for the NAI, the PAI, and all the angles of illumination at
the focus position “a” (in Fig. 5). Percentage of the left-half intensity compared to the right
half is indicated in the figure. Length of the profile equals to one pitch.



This cyclical behavior can be studied using a metric called the ‘focus metric' (FM) [15-
18]. The FM is defined here as the sum of the mean square slopes of the irradiances in an
optical image. A plot of the FM as the target moves through-focus is defined as the FM
signature. The FM signature typically has a single peak when imaging a target. The image at
the peak of the FM signature is usually considered to be the image at the best focus position.
However, under certain conditions, the FM signature of a line grating produces multiple FM
signature peaks as shown in Fig. 5 [15-18]. The original work of Talbot reported similar
appearing and disappearing line profiles as a function of focus position [19]. Because of the
high contrast of the final images at peaks 1 and 2, they have the high FM values. In the same
way, because of the low contrast of the final image at the valley point "a," the FM value is

nearly zero.

The example shown in Fig. 4 also exhibits a similar FM signature with multiple peaks.
The window 12 image focus position in Fig. 4 corresponds to point “a” in Fig. 5. By moving
the sample focus position in small incremental steps, a certain point is reached at point “a,”
where the sum of the images formed by the NAI and the PAI produces an almost constant
intensity, lowest contrast image, and hence has a nearly zero FM value. Further examination
of the images at this focus position provides additional insight into the illumination condition.
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Fig. 7. The FM signatures with reduced right-half back focal plane intensity. Percentage of the
right-half intensity compared to the left half is indicated in the figure.

Uniform illumination of the entire back focal plane (NAI=PAI) produces a constant
irradiance profile schematically shown in Fig. 6(a). The focus metric has near zero value.
However, when the intensity of all the PAI is uniformly reduced to, for example, 80 % of the
NAI, the incoherent sum of the profiles no longer produces a constant irradiance profile as
shown in Fig. 6(b). This results in a slightly higher contrast final image at point “a.” Further
reduction of the intensity of all the PAI uniformly continues to increase the contrast of the
final image. This analysis shows that increasing the irradiance differences between the NAI
and the PAI increases the FM value at point “a” (Fig. 5). Consequently, it can be observed
that the FM value at the valley point “a” increases with an increasing difference in the
magnitudes of NAI and the PAI irradiances; i.e. contrast at point “a” increases with increasing
angular illumination asymmetry. The simulated FM signatures using the different degrees of
ANILAS are shown in Fig. 7. As expected, the FM value at point “a” increased with



increasing irradiance difference. Hence, it can be concluded that the value of FM at point “a”
indicates ANILAS at the location of analysis in the FOV. Evaluating FM values (at point “a”)
across the FOV and plotting their values at their corresponding location results in an ANILAS
map and provides a convenient way of assessing the illumination condition at any location in
the FOV.
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Fig. 8. The experimental evaluation of the illumination (ANILAS). The right-side figure is a
two-dimensional projection of the left-side three-dimensional figure. (a) Poorly aligned
microscope and (b) Well aligned microscope. X and Y are distance axes representing 40 um
of the field of view in both (a) and (b).

4. Experimental evaluation of ANILAS map

Based on this observation, an experimental illumination analysis was done for two
microscope alignment states. In the well-aligned microscope, the aperture stop is centered at
the back focal plane resulting in homogeneous angular illumination (Figs. 1(a) and 1(b)).
While, in the poorly aligned setup, the aperture stop was displaced axially and radially from
the correct back focal plane location, resulting in inhomogeneous illumination (Figs. 1 (c) and
1(d)). With these alignments, through-focus images of a line grating were acquired in two
perpendicular target orientations. In the analysis, the entire field of view was divided into a
grid of N rows and M columns, and the FM signatures were calculated for each sub field. The
resulting normalized minimum focus metric values at point “a” were obtained for each of the
M x N sub field locations for the two perpendicular orientations. A plot of the resultant
minimum FM values across the field of view shows the asymmetry in the angular
illumination.

The experimental results for the poorly aligned microscope are presented in Fig. 8(a). In
the three-dimensional image on the left side, the x-y axes represent the FOV and the z-axis
represents the magnitude of the FM value at point “a.” The results show that the poorly



aligned microscope has large angular illumination asymmetry across the field of view, as
illustrated in Figs. 1(c) and 1(d). For this configuration of the microscope, an arrow shows
the location in the field of view with the lowest value of the FM. Based on the discussion
above, this location in the field of view for this microscope setup should show the best
angular illumination symmetry; i.e. an image of a symmetric line at this location should
produce the best symmetric profile. The asymmetry in the illumination increases further one
moves away from the location of best symmetry. Figure 9 shows experimental verification of
the above generated ANILAS maps. For the poorly aligned microscope, it shows symmetric
line profiles only at the location indicated with an arrow mark, as evaluated by the ANILAS
method. The well-aligned microscope has much lower ANILAS, as shown in Fig. 8(b).
However, even this microscope setup has some angular asymmetry at the lower left corner of
the FOV.
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Fig. 9. Experimental verification of the ANILAS map for the poorly aligned microscope. (a)
and (c) are the optical images of the horizontal and the vertical line gratings, respectively. (b)
and (d) are the intensity profiles at the locations shown by rectangles in (a) and (c). Red
circles / ellipses represent the location of best symmetry and agrees with the analysis shown in
Fig. 8(a).

For this method to work, it is essential to select experimental conditions that produce an
FM curve similar to the one shown in Fig. 5. A suitable combination of grating pitch,
wavelength, illumination numerical aperture, and collection numerical aperture produces this
type of FM curve [15].

At this initial stage, for the lack of a better metric, the FM value (at point “a”) as defined
in the above procedure is proposed as the value of the ANILAS. A zero value of ANILAS
across the FOV represents an ideal microscope with no asymmetries in the illumination and is
best suited for critical applications such as metrology and lithography. Deviations from this
ideal illumination can have several variations, one of which can be as shown in Fig. 8(a), in
which there is also a near zero ANILAS value, but only at the location shown by the arrow
mark.



At this time, the smallest value of ANILAS that can be detected (sensitivity) is not
known, and hence further work is needed. Also not fully understood are all of the possible
parameters or conditions that affect the ANILAS map. However, the proposed ANILAS map
for a microscope is expected to provide a useful method for assessing illumination conditions,
which is especially needed for critical measurements. The procedure is simple, inexpensive,
fast, and makes frequent analysis a possibility.

5. Summary

A line grating, under certain conditions, produces multiple cycles of increased and decreased
contrast as a function of focus position. A plot of the image contrast (FM value) with focus
position produces multiple peaks. The value of FM at the valley (between two FM peaks)
depends on the angular illumination asymmetry (ANILAS). Based on this, a new method to
evaluate ANILAS has been proposed. A plot of ANILAS across the field of view of an
optical microscope generates an ANILAS map for that microscope condition that is expected
to provide a useful method of assessing the illumination condition. A theoretical explanation
and an experimental verification of the same have been presented.
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