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Abstract —  Semiconductor manufacturing requires
extreme precision, making careful control of contamination
critical to efficient production. The Particle Inspector via
Darkfield Illumination (P.L.D.I), sponsored by ASML, is
designed to quickly detect surface contaminants on reflective
surfaces. The system utilizes darkfield illumination to enhance
the visibility of small particles and a camera module,
periscope module, and electrical unit for both image
acquisition and processing. An automated algorithm
compares captured images to references and identifies
contaminants, providing a practical solution for
contamination detection in situations where more
conventional methods like brightfield microscopy fail.

Index Terms — Imaging, LED, object detection, optical

microscopy, surface contamination.

I. INTRODUCTION

The Particle Inspector via Darkfield Illumination
(P.ILD.I.) project was developed to address the need for
rapid contamination detection on opaque machine
components. The system is intended to inspect target
surfaces in less than two seconds per spot while detecting
contaminants in the range of 50 um - 300 pum. To improve
visibility of both transparent and opaque debris, such as
dust or fibers left behind from cleaning wipes, the design
employs darkfield illumination. This technique increases
contrast by emphasizing scattered light from particles that
would otherwise be difficult to detect under conventional
brightfield imaging. P.I.D.I. is organized into three main
subsystems: the camera module, the periscope unit, and the
electrical unit. The camera module contains the
illumination source and the optical detection path, which
are separated through a beamsplitter and guided by
dielectric mirrors to maintain proper alignment and
demagnification. The periscope unit redirects both the
illumination and detection paths, allowing the system to

inspect surfaces at the required geometry while remaining
modular for future magnification changes. The electrical
unit contains the processing and power electronics needed
to operate the optoelectronic components and execute the
contamination detection algorithm. By comparing a
captured image against a reference image, the system is
designed to automatically identify contaminants on
inspected surfaces.

II. SYSTEM COMPONENTS

Our project is composed of a number of subsystems
working together in order to achieve the desired results. In
order to represent this, this section will introduce the
components that make up each system.

A. System on Module (SoM)

The central part of the electrical unit is the processor
module. A LattePanda Mu is acting as the processor for this
project, making it a strong choice due to its higher
processing capability and compatibility with a full
Windows-based or Linux-based environment. With its Intel
processor architecture and support for high-speed memory
and storage, the LattePanda Mu provides sufficient
computational power for the contamination identification
software as well as the control of connected peripherals.
The LattePanda Mu is powered by a 45W AC/DC power
adapter, connected to an outlet.

B. 10 Board

With the LattePanda Mu being used as the main
processing module, and P.I.D.I. being assembled entirely
from off-the-shelf components, a carrier board was
necessary for integration. The DFR1142 Mu Lite Carrier
Board was selected for this purpose because it is
specifically designed to support the Mu and simplify
system integration. This made implementation more
straightforward while still providing the necessary
interfaces for the project’s peripherals and power
connections. The 10 Board offered 2 USB 3.2 sockets, 1
full-size HDMI 2.0 connector, 2 USB 2.0 sockets, as well
as USB-C and DC jack sockets for the power supply.

C. Touch Screen Display

The Waveshare 7” LCD Touchscreen Display Monitor
serves as the display for the entire project. Connected to the
LattePanda Mu Lite Carrier Board, it doesn’t just receive
video through the HDMI cable, but it also serves as the
control method for the electrical subsystem through the
Capacitive touch screen. The power demand also integrates
seamlessly, as the display monitor is powered on by the
same USB-A which enables touch controls when plugged



into the LattePanda Mu Lite Carrier Board, requiring just
the 5V/3A that it outputs.

D. Microcontroller

In order to control the LED, we require a microcontroller
to send the PWM signal to the LED Driver. For this task,
we went with the Arduino Nano ESP32. There were
multiple viable options for this task, but Arduino Nano was
the option we selected. The Arduino Nano is powered by
the 5V/3A USB 2.0 socket in the LattePanda Mu Lite
Carrier Board. Through this USB cable, the SoM and
Arduino communicate via UART. The Arduino is also
connected to the driver via its GPIO pins.

E. Illumination Source

The project utilizes an illumination source to enhance the
brightness and contrast the sample. The most common
microscopy illumination sources are halogen lamps, arc
lamps, light-emitting diodes (LEDs) and lasers. Each
illumination source has its advantages for different
microscopy techniques and applications. These advantages
are due to the coherence, collimation, optical power and
power efficiency of each illumination source. Darkfield
illumination requires a power light source that emits bright
and incoherent light. This is due to the scatter produced off
an object can cause interference fringes at the image if a
coherent light is used as the illumination source. A green
wavelength is chosen due to achromatic doublets having the
best aberration performance in the green wavelength rage.
We chose to use a 10 W green LED from CHAZON for our
illumination system due to its high-power efficiency, size,
low coherence and cost. The LED is powered by utilizing a
constant current 9000mA driver and an 8-pack of NiMH
AA batteries. The LattePanda Mu Lite Carrier Board
controls the driver through a GPIO (PWM) pin.

F. Camera

The entire project design relies on the capabilities of the
Thorlabs CS165CU camera. The camera features a 4.968
mm x 3.726 mm sensor with a resolution of 1440 x 1080
pixels and a pixel size of 3.45 pm. Since we are imaging
particles in the range of 50 pm - 300 pm and due to our
estimated numerical aperture through our system, we are
not diffraction limited. As a result, the relatively large pixel
size is beneficial, as it improves the signal-to-noise ratio in
potentially low-light conditions. Another important factor
in our selection was the wide exposure time range (0.040
ms to 26,843 ms). Due to the high difficulty in estimating
the exact optical power efficiency of the system (a
combination of geometric losses, scattering efficiency, and
losses due to absorption), this large range ensures that we
can obtain a clear image regardless of the true efficiency.

The USB 2.0 interface and compatibility of the Thorlabs
CS165CU also allow for simple integration with our other
electrical components. Additionally, the sensor size itself
determines the acceptable magnification range, which
directly influences our selection of focal length for all
lenses used. Finally, the compact dimensions of 43.7 mm x
47.2 mm x 20.7 mm meet our strict size constraints while
remaining a fully off-the-shelf component. The Thorlabs
CS165CU is controlled by the LattePanda Mu Lite Carrier
Board via a python wrapper, and it is powered via a USB
cable taking SV/3A.

G. Lenses

The project uses ten biconvex within a 10 mm — 50 mm
diameter range achromatic doublet lenses to both relay light
to the reflective surface and send light from the object onto
the camera at the required magnification. While the exact
order and focal lengths of lenses cannot be shared, the
lenses range from 10 mm to 90 mm. We maximized lens
diameter to improve light collection, but the 10 mm — 50
mm diameter range size was the best compromise between
our strict size constraints and the off-the-shelf component
requirement. Choosing biconvex over plano-convex lenses
also gave us additional flexibility for lens placement. This
freedom helped simplify optical design by allowing us to
adjust the orientations and focal lengths while avoiding any
physical overlap with mirrors. Using solely off-the-shelf
components in our design means some aberrations are
perpetuated throughout our system, slightly limiting the
final field of view.

H. Reflective Opaque Surface

The project uses an aluminum disk as the reflective
opaque surface. A surface with largely specular reflections
in the visible spectrum is used to mimic materials
commonly found in semiconductor manufacturing. While
scratching easily, aluminum is also low-cost and simple to
acquire.

1. Beamsplitter

The project utilizes a beamsplitter to reflect the
illumination beam out of the camera module into the
periscope unit and transmit the detection beam from the
periscope unit into the detection path of the camera module.
This component must have a close to even reflectance and
transmittance ratio to ensure there is enough light to
illuminate the sample and enough light in the detection
path. One of the reasons we chose such a high-power LED
for illumination is that we would only detect about a quarter
of the illumination source power. We also must ensure that
the beamsplitter has the proper coating to be effective in the
visual spectrum. We will choose a beam splitter with



minimal wavefront distortion and beam deviation to ensure
the highest quality image possible. We will also try to
minimize the ghost reflections, which are the bright spots
created when light reflects multiple times between surfaces.
A 50:50 plate beamsplitter (BSW10) is chosen due to its
low image distortion in the visible range and durability. We
were originally planning to use a pellicle beam splitter for
its high performance and low ghosting, but we didn’t want
to risk damaging it in critical times due to its fragile nature.

J. Mirrors

Our project utilizes a total of seven mirrors, all with the
same purpose, bending the beams optical path by 90
degrees with the least amount of distortion possible. We use
two mirrors in the periscope unit, two in the illumination
path in the camera module and three in the detection path
in the camera module. Fused silica broadband dielectric
mirrors (BB1-E02) were chosen due to their high
reflectance and reasonable price.

K. Collimating Lens

The collimating lens in our project is used to transform
the diverging rays of the LED to a set of parallel rays. This
collimated beam enables the maintenance of our
illumination source power and masks the annular stop
through the lens system to the opaque surface. The
divergence of the LED causes most of the rays to miss the
lens following the annular stop if the illumination source is
not collimated. We are looking for a lens with a short focal
length to fit in with our dimensional constraints and low
beam divergence. A best form spherical lens was chosen as

III. SYSTEM CONCEPT

A complete optical schematic, electrical wiring diagram
and software flowchart are provided to help the reader
understand the full functionality of the project.

A. Hllumination Subsystem

The illumination system utilizes a total of sixteen optical
components that are broken down into seven achromatic
doublet lenses, five mirrors, a beam splitter, an LED, a
collimating lens and an annular stop. The main goal of our
illumination system is to illuminate the opaque surface at
an oblique angle to enhance the contrast of the sample. We
will achieve this by creating an annular light beam that
slightly magnifies the annular stop mask in the camera
module then demagnifies the periscope unit via three 4f
systems. This magnification then demagnification is
essential in our project design since the periscope unit has
the detection and illumination optical paths that propagate
in opposite directions. The masking of the annular stop to
the back focal plane of the achromatic doublet closest to the
opaque surface illuminates the sample at oblique angles
increasing edge scattering resulting in a dark-field effect.
The LED will pulse on when the system is taking a picture
to avoid overheating.
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the collimating lens for our project due to its low , =
divergence and cost. We might end up changing this to a

different since our current collimated beam diverges more
than expected.

L. Housing

The housing and internal components were 3D printed to
support and organize the optical system within the required
size constraints. The structure consists of the camera unit,
periscope unit, and main casing, which work together to
maintain the proper positioning of the optical path. Custom
mounts are used throughout the system to hold lenses,
mirrors, and beam splitters in their designated locations,
with each mount tailored to its specific component to ensure
proper alignment. Since system performance is highly
dependent on optical alignment, these mounts play a critical
role in maintaining consistent functionality. The camera
unit also includes a compact adjustment mechanism that
allows fine tuning of the camera position to achieve proper
focus.
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Fig. 1.  Optical Schematic

B. Detection Subsystem

The detection subsystem consists of a total of thirteen
optical components, some of which are shared with the
illumination subsystem, namely three achromatic doublet
lenses, two mirrors, and the beamsplitter. The remaining
components, three additional achromatic doublet lenses,
three mirrors, and the camera, are unique to the detection
path. The main goal of the detection subsystem is to relay
the scattered light from the contaminants on the opaque



surface to the camera using a series of three 4f systems. As
the light propagates through these three 4f systems, the
image is successively demagnified so that the full intended
field of view at the object plane is mapped to the edges of
the camera's sensor, allowing the contaminants to be clearly
observed. The beam splitter reduces the light intensity
reaching the camera but does not change its direction of
propagation along the detection path and the mirrors are
used to maximize the available three-dimensional space
within the camera module. The camera then captures the
final image for analysis.

C. Electrical Subsystem

Due to the limitations of of-the-shelf components, the
electrical subsystem is simplified.
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The LattePanda Mu Lite Carrier Board controls all of the
electronic peripherals whilst also supplying power to the
touch screen, Arduino, and the camera. The LattePanda Mu
Lite Carrier Board is, in turn, powered by a 45W AC/DC
outlet adapter. The LED, in contrast, has its own power
supply comprised of 8 AA NiMH batteries generating
~9.6V. These batteries are wired to a Constant Current LED
Driver, which supplies the LED with the 10W, and the
constant 900mA, it requires. One last connection from the
PWM pin on the driver to Arduino’s GPIO pins is made.

The other subsystem within the electrical subsystem is
the software. This includes two major parts, the user
interface and the image processing algorithm.

Fig. 3 shows what the User Interface will look like,
consisting of 3 options. One button for setting the reference
image, another for capturing and analyzing the image, and
a third option for reviewing previous results.
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Fig.3.  User Interface

The image processing algorithm works on a reference
comparison system. Once a reference image has been
selected, the system will capture the image to be analyzed.
After the comparison and measurements are done, the
algorithm will make a decision and will output the results.
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Fig. 4.  Software Flowchart

IV. HARDWARE DETAIL

The following section will go into detail for each sub-
systems design in the project.

A. Main Housing

The main housing was designed in SolidWorks and
fabricated using 3D printing, and is composed of three
primary components: the camera unit (upper and lower
halves, sponsor provided dimensions), the periscope unit
(sponsor provided dimensions), and the main casing
(sponsor provided dimensions). The main casing is
designed to position and support both the camera and
periscope units, maintaining a fixed separation distance



between them, while also placing the periscope a sponsor
provided dimension above the objective surface.

Both the camera unit and periscope unit were designed
as hollow structures to allow for modular integration of the
internal mounts. This design enables the mounts to be easily
inserted, removed, and adjusted as needed, improving
accessibility and flexibility during assembly and alignment
of the optical components.
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Fig. 5. Housing Drawing

B. Optical Mounts

The 3D printed mounts used in this project were designed
in  SolidWorks and fabricated through additive
manufacturing to meet the specific requirements of the
system. These mounts are custom designed to securely hold
individual lenses, mirrors, LED, and beam splitters in their
specified positions within the housing. Each mount is
dimensioned to accurately fit its corresponding optical
component while also integrating properly within the
overall system layout. These custom mounts are critical for
maintaining precise alignment of all optical components,
ensuring consistent performance and reliability throughout
the system.
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C. Camera Adjuster

The camera adjusting mechanism was designed in
SolidWorks and fabricated using 3D printing to meet the
specific requirements of the system. It was developed to
allow for fine positional adjustments of the camera,
enabling precise focusing within the system. The adjuster is
composed of a rail and slider mechanism, chosen for its
compact size, smooth motion, and reliable performance.
The design provides approximately 10 mm of linear travel,
allowing for controlled and repeatable movement of the
camera to achieve accurate alignment and focus during
operation.
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Fig.7.  Camera Adjuster Drawing

D. Illumination Subsystem Breakdown

A sequential Zemax simulation and a ray trace of the
illumination subsystem are provided to help the reader
understand the design of the subsystem.
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As you can see in the Zemax model and in the ray trace,
relaying the annular stop to the back focal plane of the
condenser lens via 3 4f systems illuminates the opaque
surface at oblique angles. The annular stop size inner radius
is directly related to the angle of illumination from the
following equations :

— tan~1 _Rlenswb
Hdetection half—-angle — tan focal length (1)
Rinner mask = f tan edetection half—-angle (2)

Inner radius
Rp; =

- Magnification

3

The outer radius of the annular stop is not critical for the
angle of illumination but can increase the optical power of
the illumination to the sample. The physical stop must be
demagnified by the lenses in the periscope unit since they
are shared by the detection and the illumination subsystem.
This limits the size of the annular mask and illumination
angle since any magnification in the camera module causes
the annular stop to miss the working diameter of the lenses
which is also limited due to the dimensional constraints of
the enclosure.

D. Detection Subsystem Breakdown

A sequential Zemax simulation of the detection
subsystem is provided to help the reader understand the
design of the subsystem.

A preliminary ray trace of the detection subsystem was
also done in MATLAB, but due to the low complexity, the
Zemax simulation made it redundant to include.
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Detection Subsystem Sequential Zemax

While no numbers are included in the Zemax simulation,
the simulation confirmed both that our final field-of-view
was not being clipped by any of the mirrors and that our
design was working as expected with proper distance
between the optical components.



V. CONCLUSION

The Particle Inspector via Darkfield Illumination
(P.ILD.I.) is a success but there are some ways future
iterations can improve the design. Due to the specifications
from ASML to only use off the shelf components and
dimensional constraints, the performance of the prototype
suffered. Being able to use custom optical components
could increase the darkfield affect without affecting the
dimensional constraints. Being able to adjust the
dimensions would have also significantly improved the
performance of our design. Larger lens diameters would
allow us to use larger annular stop sizes which will result in
illumination from steeper angles resulting in a better dark-
field effect. Larger dimensions would also enable the use of
a traditional objective lens in the detection path increasing
image quality and field of view.

Overall, we are proud that our design can identify clear
particles in the range of 50 um - 300 um with dark-field
illumination but hope to improve future iterations via the
use of custom components.
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