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Featured Application: The method for contrast enhancement presented in this work, can be
used to increase the image contrast of topographic structures. It might be an essential tool for
non-destructive testing in the quality management of microcontroller production, in the processing
of semiconductors or in the developement and characterization of MEMs. Even structures with low
height variance can be observed.

Abstract: The influence of the axial pinhole position in a confocal microscope in terms of the contrast
of the image is analyzed. The pinhole displacement method is introduced which allows to increase
the contrast for topographic imaging. To demonstrate this approach, the simulated data of a confocal
setup as well as experimental data is shown. The simulated data is verified experimentally by
a custom stage scanning reflective microscopy setup using a semiconductor test target with low
contrast structures of sizes between 200 nm and 500 nm. With the introduced technique, we are
able to achieve a contrast enhancement of up to 80% without loosing diffraction limited resolution.
We do not add additional components to the setup, thus our concept is applicable for all types of
confocal microscopes. Furthermore, we show the application of the contrast enhancement in imaging
integrated circuits.

Keywords: microscopy; confocal microscopy; contrast enhancement

1. Introduction

The patent by Minsky in 1961 was the first step in the development of confocal laser scanning
microscopy (CLSM) [1]. It was further investigated by Sheppard et al. giving one of the first theoretical
descriptions for example, also by White et al. who showed one of the first tissue and cell investigations
with CLSM and compared them to conventional systems [2,3]. Its optical sectioning capability enables
a true axial resolution and increases contrast and resolving power, giving the CLSM an advantage over
wide-field microscopy [4,5]. Due to this, CLSM has gained a reputation for medical and biological
applications, as well as for material science [6–8]. Multiple approaches were discovered to improve
CLSM, for example with the use of synthetic holography, two-photon absorption or laser induced
fluorescence effects [9–11].

One crucial part of the confocal microscope is the pinhole. It enables optical sectioning, enhances
the contrast and thus improves the lateral resolution [4,12]. Thus the pinhole was analyzed in various
publications dealing with the shape [13], size [14,15] and misalignment in lateral [16,17] and axial
direction [18]. The attributes of the pinhole’s behavior, its influence on the point spread function as
well as the optical transfer function of the CLSM are well-known and described in detail [15,18,19].

Effects of laterally displacing the pinhole were investigated in References [16,17,20,21] describing
an increase in Rayleigh resolution, edge effects and dark field microscopy effects for certain
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displacements and systems. The lateral light intensity distribution in the pinhole plane is commercially
used in airy scanning [22] or computationally enhanced and exploited in pixel reassignment [23].
Axial displacement of the pinhole was analyzed by Kimura et al. [18], showing the change of the axial
intensity distribution and describing the point spread function mathematically but not the effect on
images acquired by the CLSM. Other publications [20,21] showed edge effects with defocus of the
sample and due to their finite tube systems a defocus of the light at the pinhole plane, respectively.
In References [20,21] the axial misalignment for extended focus imaging and autofocus imaging was
tested. The results show an overshoot of intensity at the edges giving suggestions for using this as a
localization method. In Reference [7] a piezo moves the objective lens for ensuring that the target is
in the focal plane while the resulting defocus in the pinhole plane is not addressed. For improving
the optical sectioning, techniques such as two-pinhole confocal fluorescence and differential confocal
microscopy (DCM) are used [24,25]. In the first technique, two different pinhole types are implemented,
one conventional and a specifically designed pupil filter. The combination results in a synthetic image
with increased sectioning capability. In DCM the sample is defocused in such a way that its axial
plane corresponds to a position on the linear slope of the axial intensity distribution. This results in a
high sensitivity to height changes and, after a calibration, an increase in measurement accuracy for
these [25,26]. Nevertheless, all those methods need additional components, post processing or more
acquisition time. Others defocus the sample and thus decrease the resolution or do not address the
influence of pinhole displacement on the images.

In this paper, we show an easy to integrate method of contrast enhancement in reflection CLSM for
topographic structures with low height differences and thus low contrast. For this purpose, we apply
an axial shift of the pinhole or the associated lens. In contrast to other techniques, the resulting
images do not suffer from decreased resolution by sample defocus, the resolution of the system is
still diffraction limited. There is no need to add additional scanning procedures or post processing as
in the previously mentioned approaches. We present simulated data and experimental results and
demonstrate how to configure a CLSM system in a way to achieve higher contrast for topographic
investigations. Furthermore, we show the functionality of contrast enhancement for the application of
imaging integrated circuits. The presented approach can be an essential tool for quality management of
microcontroller production or in the processing of semiconductors. Due to the contrast enhancement,
even structures with low height variance can be observed and the flatness of a layer can be verified.

2. Technique

We call the investigated technique Pinhole Displacement Method (PDM). The procedure is
illustrated in Figure 1.

Figure 1. Schematic figure of the pinhole displacement, with L2 lens in front of the pinhole and detector
of the confocal microscope.
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For this method, the distance along the optical axis between the lens focusing light through the
pinhole and the pinhole is changed. This results in an axial shift of the focal spot related to the pinhole
plane and a detection of a decreased intensity signal at the detector. Due to practical reasons the lens
and not the pinhole itself is shifted which is also easier to implement in most CLSM systems. In an
infinity corrected CLSM system a shift of the pinhole in the range of a few micrometers is equivalent
to a shift of the lens.

3. Setup

The setup used for the experiment is based on an in-house built stage-scanning confocal
microscope in reflective geometry, which is shown in Figure 2. The laser source is a cost-effective
laser diode with a wavelength of λ = 405 nm, which is typically implemented in blu-ray players.
It is coupled into a single-mode fiber and thus enables a point-source beam profile. The light is
collimated by a large beam reflective collimator (LBC) and reflected by a beam splitter (BS). To focus
and collect the light from the sample, an aspheric lens (L1) with added correction glass and a numerical
aperture (NA) of 0.6 was chosen. A computer controlled movable xyz-stage is used to transport
the sample. The back reflected light transmits through the beam splitter and is focused through a
pinhole onto a silicon photodiode (PD). A transimpedance amplifier (FEMTO) is used to amplify the
signal from the PD. The entire setup is controlled using an XPS motion controller (Newport) and a PC.
Point-by-point-scanning enables an intensity recording for single points of the sample.

Controls

LBC

Laser

SMF

Stage

L2

L1

BS

Pinhole

PD

Figure 2. Schematic drawing of the reflection confocal laser scanning microscopy (CLSM); Laser:
laser diode λ = 405 nm, SMF: single-mode fiber, LBC: large beam collimator, BS: 50% beam splitter,
L1: aspheric lens, L2: plan achromat objective, PD: photodiode, Controls: transimpedance amplifier,
Newport XPS with A/D converter and PC with Matlab.

According to the Sparrow criterion, the system provides a resolution of 317 nm [27]. By modifying
the Sparrow criterion with the improvement factor of

√
2 used for confocal microscopes, the diffraction

limited resolution is 224 nm [28]. Thus, according to theory, the resolution limit of our system should
be in the range of 224–317 nm.
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During the experiment and for the simulation, different pinhole sizes are used. The equivalent
pinhole size in Airy units (AU) can be calculated via:

D =
1.22λ

NA
(1)

using an NAL2 = 0.1 and resulting in D = 4.94µm which corresponds to 1 AU [29]. We used different
pinholes, mainly with diameters of 50µm, 25µm and, for comparative measurements, 10µm and 5µm.
Corresponding AU sizes are about 10 AU, 5 AU, 2 AU and 1 AU.

4. Simulation

To demonstrate the principle of contrast enhancement and investigate the influence of aberrations,
simulations based on modeling electromagnetic field propagation have been performed. For that
purpose, the simulation software VirtualLab (Version 6.2.1.15) from LightTrans is used. A Gaussian
wave with a monochromatic wavelength of 405 nm is sent into a confocal system with two lenses
(L1, f1 = 2.78 mm and L2, f2 = 18.5 mm), an aperture and a power detector. We compare the detected
intensity of the top of the target structure with the reflection from the bottom, while moving the
aperture in axial direction. For this purpose, purely the height difference of the structures is considered.
The height of the structures is 40 nm. The contrast from both intensity recordings can be calculated
according to

C =
∆I
I

(2)

with ∆I range of signal and I average signal [6]. We show the effects of the contrast enhancement
for two cases, a confocal system with ideal lenses and with a real lens. For showing the fundamental
principle of contrast enhancement, ideal thin lenses without aberrations are simulated in the confocal
system. To analyze how aberrations could influence the experimental data, we replace the ideal lens
L1 in the simulations with a real lens as it is also used in the experiment. The real lens is simulated
according to the characteristics given by the manufacturer to investigate the influence of aberrations.
In Figure 3 both intensity distribution and contrast calculation are shown for ideal lenses and the
real lens.
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Figure 3. Simulations with an aperture size of 10 AU. (a) Simulation with ideal lenses. (b) Simulation
with a real lens and a magnification of the intensity difference from the top and bottom of the structures.

In order to run the simulations for ideal lenses and a real lens under comparable conditions,
the minimal spot size is measured in the pinhole plane for each case. The minimal spot size in focus is
1.6µm for the ideal lenses and 5µm for the real lens which are thus equivalent to 1 AU. The simulations
are done with a 10 AU pinhole which corresponds to a size of about 16µm in the ideal and 50µm in
the real case. The contrast originates from intensity differences from top to bottom of the structures
which can be seen in Figure 3. The intensity distribution for the ideal lenses is symmetric for both
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directions of displacement. Aberrations are probably causing the asymmetry in the intensity graph of
the real lens. Nevertheless, the contrast enhancement for the real lens is higher than for the ideal lenses.
Especially at the slopes of the intensity curve the contrast shows its maximum. Due to the asymmetric
intensity distribution in the real case, the contrast shows a similar behavior.

A simulation of depth scans at the focus, PDM far and PDM close positions in z-direction can be
seen in Figure 4.
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Figure 4. Simulation of depth scans in z-direction in focus (black), with pinhole displacement far (blue)
and close (red) using a 10 AU pinhole and ideal lenses.

The in-focus depth scan intensity distribution is acquired at the perfect in-focus pinhole position,
while the pinhole in the other two curves is shifted closer or further away from the upper lens.
Therefore, the focal point of the upper lens is not at the maximum of both PDM depth scans but at the
slope, in the picture at z = 0 AU.

5. Test Chart and Application

In the experiment low contrast structures which are slightly above the diffraction limit of our
confocal setup are investigated. As a test target to analyze the resolution and basic characteristics
of the optical system, a custom-built silica test structure is chosen. Different patterns in the range
from 200 nm to 500 nm were etched in silica substrate by electron beam lithography, the depth of
the composition is about 40 nm. The size of the structure is written in nanometer near the pattern,
as shown in Figure 5.

Figure 5. Sketch of a part of the used test chart, showing 300 nm and 350 nm structures.

The size was verified using a scanning electron microscope. For instance the actual size of the
250 nm bars was typically measured to be 252 nm.

The second sample used for the experiment is an Application Specific Integrated Circuit (ASIC)
specifically developed for security evaluation of various cryptographic implementations. Further
information about the application of the ASIC is given by Moos et al. [30]. It is manufactured using a
90 nm CMOS Low Power MS RF process and consists of nine metal layers. As a proof of principle for
the contrast enhancement method, the final back end of line layer which is one of the last processing
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steps of the ASIC is examined. The layout of the back end of line layer is shown in Figure 6, the used
material is copper.

50 m

Figure 6. Design of the back end of line of the ASIC , the width of the lines of the writing is 10µm.

For our sample, the surface was intentionally damaged to simulate potential faults in manufacturing.

6. Experiment

For a systematic investigation of the PDM the setup is aligned properly using the 50µm (10 AU)
pinhole and an image of the test target is recorded in focus. A depth scan of the target along the optical
axis proves the focal plane to be in the maximum of the axial intensity distribution. In the next step,
the upper lens (L2) is moved further away from the pinhole which results in a change of the focal spot
in relation to the pinhole and thus a decrease of the recorded intensity. By reviewing the axial intensity
distribution, it is evident that the focal plane shifted to the left slope of the depth scan, this shift of the
lens is called PDM far. For all pinhole displacements, the lens is moved until the intensity drops to
76% of the in-focus intensity at this point. The process and the resulting depth scans (along the optical
axis) are shown in Figure 7. Accordingly, a shift of the lens closer to the pinhole results in a change of
the focal plane to the right slope of the depth scan and is designated PDM close.
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Figure 7. Z-scan of the sample with maximum intensity in focal plane (black curve), PDM far (blue)
and PDM close (red) using the 10 AU pinhole.

This sequence of acquiring an in-focus, PDM far and PDM close image is repeated for all pinhole
sizes. During the experiments it was evident that the images for the displaced pinhole show a higher
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contrast than the in-focus images. In Figure 8 an image improved with the PDM far is shown along
with the corresponding in-focus image for the 10 AU pinhole.

(a) (b)

Figure 8. (a) In-focus image using a 10 AU pinhole. (b) Image with PDM far using a 10 AU pinhole.

Both images are captured in the focus plane, thus the sample’s z-position is always the same.
In both images the structures of 300 nm size can be distinguished from each other. However,
the enhanced contrast, achieved by the PDM, simplifies the recognition of single structures.

For further analysis we also perform a line scan with a fixed x-position on the images. The line
scans are shown in Figure 9.
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Figure 9. Line scans from the 300 nm specimen of the test target at a fixed x-position with a 10 AU
pinhole. (a) In-focus. (b) With PDM far.

To investigate the diffraction limited performance of the system, we analyzed the 250 nm structures
as shown in Figure 10.
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Figure 10. Image of the resolved 250 nm structure using a 1 AU pinhole and the PDM far.

We achieved the best performance with the 1 AU pinhole and the PDM, the clear separation of
the structure demonstrates a diffraction limited imaging system.

In the next step, a processed ASIC is placed under the confocal system. The images were taken
with a configuration of 10 AU pinhole in-focus and PDM far. They are shown in Figure 11.

(a) (b)

Figure 11. (a) In-focus image. (b) Image with PDM far using a 10 AU pinhole.

For emphasizing the characteristics of the PDM a line scan of the ASIC is shown for the in-focus
and the PDM far case in Figure 12.
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Figure 12. Line scans from the ASIC at a fixed x-position with a 10 AU pinhole. (a) In-focus. (b) With
PDM far, marked is the line where the contrast is especially high.
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Especially single characteristics or irregularities in the features of the line have a much higher contrast.

7. Discussion

The principle of contrast enhancement is visible both in the simulation and the experiments. It is
evident, that in the focus at the maximum intensity, the contrast is nearly zero for height differences
below about 80 nm, while moving out of focus the contrast increases, which is clearly recognizable in
Figure 3 and also in the experiment. While the simulation of ideal lenses shows a symmetric intensity
and contrast enhancement distribution around focus, the curves for the real lens are asymmetric.
Also the depth scans measured in the experiment and shown in Figure 7 are slightly asymmetric,
in contrast to the simulated depth scans of the ideal lenses in Figure 4. According to Wilson et al. [15]
the asymmetry of the depth scans is caused by aberrations. Additionally, Chen et al. [31] show the
asymmetry of depth scans depending on the combination and severity of the aberrations. The increase
of contrast is much higher in the simulation of the real lens than for ideal lenses, especially on the
left side, due to the spherical aberrations which influence the simulation of the real lens. We assume,
that the effect of aberrations is probably even higher in our experiments than in the simulation.
In contrast to the simulation, other aberration types, such as astigmatism and coma, may also be
present. Though, in the experiment, further effects occur such as diffraction from the steps, which are
not covered in the simple simulation and probably even increase the contrast of the test target images.
In summary, we simulated ideal lenses, to show the basic principle of contrast enhancement. In the
next step, we replaced the lower lens L1 by a real lens in the simulation and got a higher increase of
contrast, probably due to the spherical aberrations of the real lens. Then finally, we performed the
experiment and achieved an even higher contrast improvement that we attribute to a certain extent to
further aberrations in the experiment that are not covered in the simulations. However, the principal
effect of contrast enhancement can already be seen in the simulations.

For an evaluation of the PDM, we compare three characteristics: contrast, slope and intensity.
For the intensity value, we take the maximum intensity of the acquired image. For calculating the slope,
we take a line of the test target structures in vertical y-direction which is marked in Figure 8. The line
scan in x-direction from the normalized image is displayed in Figure 9. For reproducibility, we calculate
the maximum slope at every peak along the whole line and take the mean value. Along with the
increase of contrast for the PDM, images feature a decrease of intensity of about 24%. In comparison,
the contrast increase of the PDM far to the in-focus case is higher than the one of a smaller pinhole.
For emphasizing this, Figure 13a shows the comparison of the characteristics of the 10 AU pinhole in
focus, with PDM far and the 5 AU pinhole.

(a) (b)

Figure 13. Comparison of the image characteristics of the test chart. (a) For the 10 AU pinhole in-focus,
with PDM far and 5 AU pinhole in-focus and with PDM far. (b) For the 2 AU pinhole in-focus,
with PDM far and 1 AU pinhole in-focus and with PDM far.
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In Figure 13b the characteristics of the 2 AU and 1 AU pinholes are shown. The relative increase
of contrast and slope is for bigger pinholes higher than for smaller pinholes. Thus the PDM is probably
more efficient for bigger pinholes. Nevertheless, the absolute contrast and slope is the highest for the
PDM far of the 1 AU pinhole. Indeed, the image with the 5 AU pinhole in-focus has a higher intensity
than the 10 AU pinhole PDM far but still it demonstrates a higher contrast. The increase of contrast and
slope can also be seen in the line scans in Figure 9. In case of non-destructive testing of materials the
reduction of intensity can easily be compensated with an increase in laser power. However, the laser
power cannot be increased arbitrarily high, because semiconductor samples can suffer from a high
carrier creation by the laser spot, resulting in local hot spots distorting the image quality. Thus, the use
of low intensities is desired.

For a smaller pinhole, resolution and contrast increase, along with a decrease of intensity. Also the
contrast of PDM images is always higher than for their correspondent in-focus images. The contrast
increase of the PDM far is 37% compared to the in-focus case for the 10 AU pinhole. At the same time
the resolution measured by the slope is increasing with smaller pinhole and PDM far. Along with the
enhancement of the contrast, we see a higher slope for the PDM far than in the in-focus case. The best
outcome is given for 1 AU PDM far with a still diffraction limited resolution, the corresponding image
can be seen in Figure 10.

Also the images of the ASIC show an increase in contrast for the PDM far in Figure 14 of 24% and
in the slope for 13%.

Figure 14. Comparison of the image characteristics of the ASIC with the 10 AU pinhole in-focus and
with PDM far.

In this case, the slope is the maximum slope at a line scan crossing one of the squares, taken from
the normalized image.

As mentioned in the introduction, there are other papers reporting the increase of contrast
by dealigning the setup but by defocusing the sample [18,20,25,32]. However, in contrast to these
techniques, in our PDM there is no decrease in resolution as was reported in Reference [18]. In Figure 10
our system shows still a diffraction limited performance. Furthermore, the increase in contrast with
the PDM is much higher than in other reports. In the best cases, a slope increase of above 100% PDM
far is measured while Reference [32] shows a slope improvement of 60% but with additional defocus of
the sample. As can be seen in Figure 13, the increase in contrast of the PDM far for the 10 AU pinhole
is about 37% compared to the in-focus case. The highest contrast increase of 80% is measured for the
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1 AU PDM far compared to the in-focus case. The PDM achieves an even higher contrast than a smaller
pinhole in focus and also about the same resolution. Thus, the PDM substantially reduces the effort of
exchanging the pinhole to achieve a higher contrast and is in this regard to some extent superior to
smaller pinholes. For the final image acquisition, the optimal position for contrast enhancement needs
to be identified at the slope of the in-focus depth scan. Then the PDM is performed, the lens (L2) is
shifted to the according position and the target is scanned in the focus plane.

8. Conclusions

In this paper, we presented a contrast enhancement method to improve the visualization of
topographic structures in a confocal laser scanning microscope. The axial pinhole position was
changed with respect to the focal point. With this dealignment of the system, we were able to achieve
contrast enhancements up to 80% in the PDM far for the 1 AU pinhole compared to the in-focus case,
for a 10 AU pinhole the improvement is 37%. These results were verified with a simulation of the
system and shown in experiments on a test chart and in the application of imaging semiconductor
structures. Though the PDM is in principle a dealignment, we were able to increase the contrast of the
images and maintain a diffraction limited resolution of 250 nm.

The method can be easily implemented in confocal laser scanning microscopes, it only requires a
simple mechanical component to move the upper lens of the microscope. With this method a higher
contrast can be achieved without changing to a smaller pinhole. Furthermore, it can be a valuable tool
for the imaging of semiconductor structures.
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