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Abstract

Purpose: The purpose of this study is to design and evaluate a low-cost, automated optical
inspection (AOI) system for detecting defects in silicon semiconductor wafers using a
repurposed Ender-3 3D printer and microscope camera.

Hypothesis: | hypothesized that a consumer-grade, programmable platform can be modified to
produce consistent, high-resolution wafer images that support effective manual defect
inspection, offering a cost-effective alternative to traditional AOI systems.

Method: The system was constructed by replacing the Ender-3 printer’s print head with a
microscope camera mounted on a custom CAD-designed bracket. G-code programming
enabled automated movement, while Python libraries including ToupCam and OpenCV
facilitated image capture, stitching, and autofocus. High-resolution images were captured at
defined positions across the wafer and stitched into mosaics for visual analysis. Test wafers
containing surface-level defects such as contamination were used to validate system
performance.

Results: The system consistently captured sharp, high-resolution images of silicon wafers and
successfully stitched them into coherent mosaics. Dynamic autofocus allowed for image clarity
across variable surface heights, and G-code automation ensured repeatable imaging. While
subsurface and low-contrast defects remained difficult to detect, the system effectively identified
visible irregularities like surface contamination.

Conclusion: This study demonstrates that a low-cost AOI system can fulfill essential imaging
tasks for wafer inspection. Though not yet suitable for industrial use, the setup lowers the barrier
to defect detection in research and educational settings. Future iterations may integrate
machine learning to enhance functionality, supporting broader adoption in resource-limited
environments.
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Semiconductor wafers, particularly those made from silicon, form the backbone of nearly
all modern electronic devices. These thin, highly purified discs of silicon are processed through
multiple steps to create integrated circuits, which power everything from smartphones to
aerospace systems. Due to the complexity and precision required during manufacturing, any
small defect in the wafer can lead to device failure, making defect detection a critical part of the
production process (Babian, 1987). Common defects in silicon semiconductor wafers include
surface contamination, micro-cracks, particle defects, and pattern misalignment (Doss et al.,
2022). Surface contamination might stem from dust or microscopic particles that settle during
the manufacturing process, while micro-cracks could form due to thermal stress or improper
handling (Israil et al., 2012). Particle defects often arise from impurities in the materials or
manufacturing environment, and even a slight misalignment in the etching process can cause
circuit patterns to fail, leading to costly waste. Detecting these defects early is essential to
maintaining product quality and minimizing financial loss. Traditionally, the inspection of
semiconductor wafers has relied on manual methods, such as microscopes, where trained
technicians visually scan for defects. While effective in certain scenarios, these methods are
slow, labor-intensive, and prone to human error, especially as wafers continue to decrease in
size and increase in complexity (Chen et al., 2020; Chien et al., 2020). As the demand for faster
production times and higher precision grows, the limitations of manual inspection become more
apparent.

To address the growing need for efficient defect detection, automatic inspection systems
are being developed to replace manual methods. These systems utilize advanced imaging
technologies, such as optical systems, and in some cases, machine learning algorithms to
detect and classify defects with greater speed and accuracy (Dash et al., 2023). Unlike
traditional manual inspection, these automated systems streamline the imaging process, rapidly
capturing detailed images so that technicians can focus solely on identifying defects,
significantly improving overall production efficiency. This system functions purely as an optical
imaging tool, producing high-resolution images for technicians to analyze, rather than
autonomously detecting or classifying defects. The goal of this study is to explain the building
process of such an automatic inspection system specifically designed for silicon semiconductor
wafers. This paper will focus on the technical aspects of the system’s construction and how it
leverages optical systems for defect detection. By explaining this process, this study aims to
offer insights into creating more efficient, scalable inspection systems for the semiconductor
industry.

Literature Review

In the literature review to follow, we will examine key aspects of defect detection in
semiconductor manufacturing. First, common defects in silicon semiconductor wafers and their
impact on production quality and reliability will be addressed. Understanding these
defects—such as surface contamination, micro-cracks, and pattern misalignment—is essential,
as they can significantly affect the performance of electronic devices. Next, optical inspection
techniques and their ability to help detect such defects will be explored. As traditional manual
inspection methods are increasingly replaced by automated optical systems, it is crucial to
examine how well these systems perform and where they may fall short, especially in
high-volume manufacturing environments. Finally, the integration of defect inspection systems
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into global semiconductor production processes will be explored, emphasizing the practical
challenges of implementation, such as adapting to rapid technological advancements and
navigating the complexities of global supply chain demands. Together, these themes contribute
to a comprehensive understanding of the critical need for effective and scalable automatic
inspection systems in semiconductor manufacturing.

Common Defects in Silicon Semiconductor Wafer

Wafer defects pose significant challenges in semiconductor manufacturing, impacting
both yield and device performance. Over time, defect density emerged as a critical quality
metric, with findings showing that wafers with lower defect densities correlate with higher device
reliability and manufacturing yield (Hatakeyama et al., 2008). Early studies have identified
several key defect types in silicon wafers, such as micro-cracks, dislocations, and
contaminations, as primary factors influencing the electrical properties of devices. Initial
research focused on categorizing these defect types and understanding their origins, revealing
that both inherent material properties and environmental factors—such as temperature
fluctuations during processing—contribute significantly to defect formation (Babian, 1987; Israil
et al., 2012).

As semiconductor technology advanced, the industry observed a growing diversity in
defect types, including crystalline misalignments and dopant irregularities. Crystalline
misalignments refer to imperfections in the alignment of the silicon crystal lattice structure, which
can disrupt the flow of electricity through the wafer, negatively affecting the performance of
electronic devices. Dopant irregularities, on the other hand, involve uneven distribution of
impurities intentionally added to silicon to enhance conductivity. These inconsistencies can
result in localized variations in electrical behavior, complicating circuit design and reducing
overall device efficiency. Addressing these defect types is crucial for maintaining product quality.
This increase led to the need for more nuanced defect classification to improve production
quality. More recent studies have focused specifically on classifying visible surface flaws using
deep learning—a subset of artificial intelligence that enables computers to recognize patterns in
complex data—and convolutional neural networks (CNNSs), a specialized type of deep learning
model designed to analyze visual information. These techniques allow researchers to classify
four main defect types: center, local, random, and scrape. This classification draws on Kaempf's
categorization system, which organizes defects based on observed structural patterns and
known causes, with further refinements informed by engineering insights. By grouping wafer
images into these distinct classes, researchers have enhanced their ability to develop targeted
defect mitigation strategies that improve wafer quality throughout production (Israil et al., 2012;
Chien et al., 2020).

By 2020, deep learning advancements allowed for more precise differentiation between
similar defect types, each impacting device performance in subtly different ways (Chien et al.,
2020). Additionally, machine learning algorithms were developed to analyze defect patterns and
trace their origins within the production process, helping manufacturers reduce specific
structural defects that could otherwise propagate during various manufacturing stages (Doss et
al., 2022). Recently, hybrid models that integrate defect morphology data—referring to the form
and structure of defects—with machine learning insights have emerged, providing a more
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comprehensive approach to predicting the long-term impact of particular defects on device
functionality. This emphasis on integrating morphological and analytical data showcases the
growing demand for more sophisticated defect classification and prediction techniques,
particularly as new materials and manufacturing innovations continue to introduce new defect
types (Dash et al., 2023).

Optical Inspection Techniques and their Effectiveness

Advancements in optical techniques have revolutionized defect detection in
semiconductor manufacturing by offering non-destructive and scalable solutions to identify
critical flaws. These techniques are especially critical for detecting micro-cracks, surface
irregularities, and contamination that can impact wafer reliability and device performance.
Among the foundational approaches is the laser-based optical inspection system, which uses
laser light to detect surface and near-surface defects with high precision. This method is
particularly effective for evaluating the quality of silicon carbide wafers—essential for power
device applications—by providing detailed, non-invasive assessments of their structural integrity
(Hatakeyama et al., 2008). Laser-based systems leverage precise beam alignment to detect
micro-level discrepancies in wafer surfaces, ensuring consistent quality in downstream
manufacturing stages.

Gradient-indexed optics, another established method, utilizes lenses with varying
refractive indices to detect defects across large areas of wafer surfaces, enabling
high-throughput inspection and scalability for industrial environments (Kim, 2024).
High-throughput inspection refers to the ability to analyze a high volume of wafers efficiently,
allowing manufacturers to meet industrial-scale production demands while maintaining
accuracy. While these methods are robust, researchers continue to explore newer techniques
like Reflective Speckle-based Lens-less Imaging Microscopy (Re-SLIM), which bypasses
traditional lenses by analyzing light interference patterns (speckles) to characterize defects.
Re-SLIM offers advantages such as lower system complexity and cost, while providing precise
defect detection at high resolutions (Lee et al., 2024). This emerging method holds potential for
widespread adoption, particularly for its ability to streamline inspection processes. This is
focused primarily on environments requiring high resolution imaging with simplified system
designs.

Despite these advancements, limitations in optical inspection persist. For example,
optical systems struggle with detecting subsurface defects or those that exhibit minimal contrast
against the wafer’s background, which remain critical sources of manufacturing inefficiencies
(Babian, 1987). While computer vision-based systems, such as those designed for real-time
ceramic flaw detection, demonstrate promising accuracy in identifying surface irregularities and
cracks, their application in semiconductor manufacturing presents distinct challenges. These
challenges stem from the significantly higher variability in defect types found in semiconductors,
which often include subsurface defects that optical systems struggle to detect effectively.
Additionally, the stringent precision demands of semiconductor production require these
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systems to achieve micron-level accuracy, which exceeds the typical capability of many
ceramic-oriented inspection systems. As a result, adapting such systems for semiconductors
necessitates further refinement to address these unique complexities and ensure consistent
detection across diverse manufacturing scenarios (Cumbajin et al., 2024).

While optical inspection continues to evolve, the balance between speed, sensitivity, and
cost remains a central challenge. By comparing the strengths and limitations of existing
systems, such as laser-based techniques, gradient-indexed optics, and lens-less
methodologies, researchers can better tailor solutions to the specific needs of semiconductor
manufacturing. These advancements not only improve defect detection accuracy but also
contribute to the more reliable production processes, ensuring higher yields in an industry
defined by precision and scalability.

System Integration and Manufacturing Concerns

The integration of defect inspection systems into global semiconductor production lines
involves more than just technical implementation; it requires harmonization with manufacturing
workflows, scalability, and adherence to industry constraints. These systems must not only
detect defects but also provide actionable insights in real-time to optimize production efficiency.
Automated defect detection systems are increasingly designed with real-time capabilities that
integrate image acquisition, data processing, and operator feedback into a seamless process,
enabling immediate corrections and reducing downtime (Cumbajin et al., 2024). For instance,
one system leverages programmable logic controllers (PLCs) to coordinate communication
between high-precision cameras and robotic handling units, emphasizing the importance of
synchronization in maintaining production throughput (Chen et al., 2020). Such systems
highlight how integration involves not just standalone defect detection but also broader
operational coordination.

The global production patterns of the semiconductor industry further complicate system
integration. Supply chains are inherently interconnected, with silicon wafers and other key
materials sourced globally, often across multiple continents. Inspection systems must
accommodate these complexities, ensuring that wafers meet uniform quality standards
regardless of their origin (Ou et al., 2024). Furthermore, variations in defect density among
wafers can significantly impact the reliability and yield of finished devices. To address these
challenges, manufacturers increasingly adopt in-line inspection systems, which allow for defect
detection and analysis to occur within the production process itself, rather than post-production.
This approach reduces the risk of defective wafers advancing through the manufacturing
pipeline, saving both time and resources (Kim, 2024).

However, achieving seamless integration is not without challenges. One notable concern
is the availability of high-quality datasets for training and refining automated systems. Data
confidentiality agreements with industrial partners can restrict access to real-world defect
samples, limiting the system’s ability to generalize across diverse manufacturing scenarios
(Cumbaijin et al., 2024). Additionally, these systems often face technical barriers when
attempting to detect low-contrast or subsurface defects, which are less visually distinct but can
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have a profound impact on device functionality. To overcome this, hybrid systems combining
optical inspection with machine learning algorithms are being explored, providing enhanced
defect detection capabilities that extend beyond traditional optical techniques (Hatakeyama et
al., 2008).

Another pressing concern is scalability. Semiconductor production is characterized by its
high volume and fast-paced nature, necessitating inspection systems capable of operating at
industrial speeds without sacrificing precision. Advanced robotics, such as those employing
dual-arm coordination to streamline wafer handling, are being developed to meet these
demands. By using two robots to transfer wafers and mark defects simultaneously, these
systems significantly improve throughput and operational efficiency (Chen et al., 2020).
Moreover, high throughput web inspection systems have demonstrated feasibility of integrating
similar automated technologies into semiconductor manufacturing lines, providing a template for
future innovations in defect detection (Kim, 2024).

Finally, economic pressures and technological advancements exert additional strain on
system integration. As consumer demand for smaller, more powerful devices grows,
manufacturers must innovate rapidly while maintaining cost-effectiveness. Inspection systems
must balance sensitivity and speed with affordability, a task made more difficult by fluctuating
trade networks and supply chain vulnerabilities (Ou et al., 2024). This balance is especially
critical when ensuring that the cost of implementing advanced inspection technologies does not
outweigh the benefits of improved defect detection.

By addressing these manufacturing concerns—real time integration, dataset limitations,
scalability, and economic pressures—researchers and engineers can create defect inspection
systems that not only meet the technical demands of semiconductor manufacturing but also
align with its global economic and logistical realities.

Conclusion

The ongoing advancements in semiconductor manufacturing demand innovative
solutions for defect detection, particularly as the complexity of wafer designs increases.
Automated optical inspection systems have emerged as a transformative approach, leveraging
precision imaging technologies to address the limitations of manual methods. While significant
progress has been made in identifying and classifying defects, challenges such as subsurface
detection, scalability, and seamless integration persist.

This study contributes to the field by detailing the design and construction of a custom
automatic optical inspection system tailored for silicon semiconductor wafers. The methods
section to follow will outline the development process, including the selection of optical
components, the integration of imaging technologies, and the calibration of the system for
enhanced defect detection. While this system automates the imaging process, it does not
independently identify defects; rather, it provides high-resolution images that technicians can
analyze, expediting the inspection process and reducing manual workload. By bridging
theoretical advancements with practical implementation, this work aims to offer a scalable and
efficient solution to one of the semiconductor industry’s most pressing challenges. In a world
increasingly dependent on semiconductor technology, improving the inspection process for
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silicon wafers is a step toward greater efficiency and reliability in the industry. By leveraging
advanced optical systems, this research demonstrates the potential to provide an efficient
solution to the challenges associated with defect detection, ensuring higher quality outcomes in
production. This endeavor not only addresses the needs of a growing technological landscape
but also inspires future innovation in automating critical manufacturing processes.

Methods
System Modifications and Setup

The goal of this study was to design and construct an automated optical inspection
system for detecting defects in silicon semiconductor wafers. The methodology employed in
this study was experimental research, as it involved systematically modifying and testing the
components of the inspection system to achieve the desired functionality. This approach was
ideal for addressing the research question because it allowed for direct observation and
evaluation of the system’s performance in detecting wafer defects under controlled conditions.
The system was built by extensively modifying an Ender-3 printer to function as an imaging
platform for wafers. The Ender-3 printer was selected for its adaptability and precise motion
control, which made it an ideal base for an automated imaging system. As shown in Figure 1
below, the unmodified printer provided the structural framework necessary for integrating optical
components and software-driven automation.

Figure 1: Base Ender-3 printer before modifications. This 3D printer served as the foundation for the automated optical
inspection system, providing a movable platform for precise image capture.
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Following the assembly of the printer, the stock print head and attached fan were
carefully removed to accommodate a new imaging device. The Z-axis limit switch was adjusted
to ensure compatibility with the height of the camera system.

A bracket for the AmScope microscope digital camera was designed using
computer-aided design (CAD) software and fabricated in a machine shop. This bracket was
used to securely mount the camera in place of the print head, ensuring stability during
operation. The modified printer was then connected to an I-INC computer running Linux to
handle imaging operations and software execution.

Imaging and Software Implementation

The ToupCam Python library was installed to enable continuous video streaming and still
image capture. The system was programmed to move the printer bed incrementally while the
camera remained stationary, capturing high-resolution images of the wafer surface at specific
intervals. These images were stored for further processing.

To address latency issues in image capture, multi-threading was implemented in the
Python code, which allowed for faster processing and reduced delays between photographs.
Additionally, OpenCV, a Python-based image processing library, was integrated to provide
advanced features such as autofocus and image stitching.

Room light reflections posed a challenge during imaging, so a cardboard shield was
installed around the camera to minimize interference and maintain consistent lighting. The
imaging process captured multiple overlapping images of the wafer surface, which were stitched
together using OpenCV to produce a seamless, high-resolution image map of the wafer.

Validation and Testing

Silicon wafers with controlled surface patterns and known defects were used as test
samples to evaluate the system's performance. Metrics such as image clarity, stitching
accuracy, and processing speed were recorded to assess the effectiveness of the imaging
process. The system’s autofocus feature was refined during these tests to account for variations
in surface reflectivity, ensuring accurate defect detection across the entire wafer.

Challenges and Refinements

Several challenges were encountered during the development process. Ensuring that the
camera remained perfectly parallel to the printer bed was critical to prevent image distortion. To
address this, the mounting bracket design was fine-tuned for precise alignment. Additionally, the
image stitching process initially proved inconsistent due to the high volume of photos captured
during each imaging session. This issue was mitigated by transferring the code to a
high-performance computer capable of managing the computational load without crashing.

Data Processing and Storage
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The captured images were stored in a folder for post-processing, including defect
identification and optical analysis. However, the image stitching process occasionally produced
incomplete results, highlighting the need for further refinement of the algorithms. Despite these
limitations, the system successfully demonstrated its capability to generate detailed wafer
surface maps, providing valuable insights for defect detection and analysis.

Safety Considerations

To ensure safe operation during system construction and testing, Personal Protective
Equipment (PPE), such as safety glasses and gloves, was used while handling sharp tools and
electrical components. Proper lab protocols were followed to avoid potential hazards.
Additionally, the system's electrical connections were tested to prevent short circuits or
equipment damage.

This study’s approach showcases the potential of transforming a standard 3D printer into
an automated optical inspection system for semiconductor wafers. The integration of hardware
modifications with advanced imaging technologies offers a scalable and cost-effective solution
for addressing the challenges of defect detection in semiconductor manufacturing.

Results

The modification of the Ender-3 printer into an automated optical inspection system
successfully enabled high-resolution imaging of silicon wafers, demonstrating the feasibility of
using a cost-effective and customizable platform to facilitate defect detection. The integration of
a microscope camera in place of the print head allowed for precise image acquisition at various
predefined positions, ensuring systematic and repeatable inspection of wafer surfaces. The
resulting images provided a detailed view of the wafer’s surface, capturing fine structural details
and potential defects with significant clarity. Figure 2 below illustrates the completed setup,
showcasing the full integration of optical and mechanical components designed for precise
wafer imaging,

Figure 2: The modified Ender-3 printer configured as an automated optical inspection system, featuring a microscope camera
for high-resolution imaging of silicon semiconductor wafers
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The imaging process was carried out using G-Code commands to move the printer head
and the printer bed incrementally, positioning the silicon wafer at exact locations under the
microscope camera. This controlled movement ensured that images were taken at consistent
intervals, reducing the possibility of overlapping errors or gaps in coverage. The precision of the
G-Code-based positioning was verified by repeatedly capturing images at the same predefined
points and confirming that the wafer’s features aligned across multiple trials. This consistency
highlights the system’s ability to provide reproducible imaging results, a crucial requirement for
semiconductor inspection applications.

One of the key achievements of this system was the ability to stitch close-up images into
a larger, high-resolution mosaic. The OpenCV library was used to process and merge individual
images, creating a composite representation of the wafer’s surface. This feature is particularly
valuable in defect detection, as it allows for a holistic optical analysis of the wafer while
preserving the fine details necessary for identifying micro-cracks, contamination, or pattern
misalignment. The effectiveness of this approach was tested by stitching images from different
quadrants of the wafer and comparing them to manually captured high-magnification
photographs. The stitched images maintained sharpness and continuity, demonstrating that the
system could generate comprehensive surface maps without significant distortion or loss of
detail.

Beyond imaging capabilities, the system’s automation significantly enhanced the
efficiency of defect detection. Manual wafer inspection is often time-consuming and susceptible
to human error, whereas this automated setup streamlined the process by systematically
capturing images at preprogrammed positions. This not only reduced the time required for wafer
analysis but also ensured that no areas of the wafer were overlooked. The integration of
Python-based multi-threading further improved processing efficiency, allowing images to be
captured and stored without excessive delays. Figure 2a below illustrates an example of a
high-resolution image captured by the system, demonstrating its ability to produce clear and
detailed surface images for defect analysis. This feature proved particularly beneficial when
analyzing the silicon wafer, as it minimized downtime between imaging sessions allowing
technicians to solely worry about accurate defect detection rather than spending time imaging.

10
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Figure 2a: A high-resolution image of a single section of the silicon wafer captured by the automated optical inspection system,
showcasing the system’s ability to produce detailed surface images for defect analysis.

The autofocus functionality integrated into the system was another critical factor in
enhancing image quality. Initially, it was known that variations in wafer height and surface
reflectivity would pose challenges in maintaining sharp focus across all captured images.
However, the implementation of OpenCV-based autofocus algorithms allowed the system to
dynamically adjust focus before capturing each image. This resulted in consistently sharp
images, even when inspecting wafers with slight surface irregularities. The effectiveness of this
feature was validated by comparing autofocus-enabled images to those taken with a fixed focal
plane, with the former displaying significantly improved clarity and defect visibility.

During testing, various types of silicon wafers were analyzed using the system, including
those with known defects such as surface contamination. The system successfully captured
high-resolution images of surface irregularities, which were then examined by a viewer for
defect detection and analysis. As shown in Figure 2b below, the system was able to clearly
capture a fingerprint on the wafer’s surface, demonstrating its capability to detect contamination
and other surface defects. By comparing images captured by the system with reference images
from traditional inspection methods, it was observed that the automated setup could detect
defects with similar accuracy while significantly reducing the manual labor required. This
demonstrates the potential of integrating such a system into semiconductor manufacturing
workflows, where rapid and accurate defect detection is critical for maintaining product quality.

11
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Figure 2b: High-resolution image captured by the system, showing a section of a silicon wafer with a visible fingerprint in the
right corner, highlighting the system’s ability to detect surface contamination.

However, some limitations were identified during testing. One notable challenge was the
detection of low-contrast defects, such as subtle etching irregularities or faint contamination
spots. While the system performed well in identifying high-contrast defects like large surface
contamination areas, further refinement in image processing techniques may be needed to
enhance the detection of less visually distinct features. Future improvements could include the
implementation of machine learning-based image analysis to classify defects based on their
morphological characteristics.

Another limitation was the system’s reliance on image stitching for full-wafer inspection.
While the stitched images provided a comprehensive view of the wafer surface, occasional
misalignments in stitching introduced minor artifacts that could obscure certain details.
Addressing this issue may require enhancements in software calibration or alternative imaging
approaches, such as scanning-based image acquisition rather than discrete point captures.

Despite these limitations, the overall performance of the system demonstrated significant
advantages over traditional manual inspection techniques. The automation of the imaging
process not only improved efficiency but also ensured consistency in defect detection.
Additionally, the ability to systematically capture and store high-resolution wafer images
facilitates long-term analysis and the storage of wafer scans, allowing for better tracking of
defect trends over time.

The integration of this automated optical inspection system aligns with the increasing
demand for scalable, high-precision manufacturing solutions in the semiconductor industry. The
ability to capture detailed, repeatable images with minimal human intervention presents a
promising avenue for improving quality control in wafer production. As semiconductor

12
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manufacturing continues to advance, systems like this have the potential to become valuable
tools in ensuring the reliability and performance of electronic components.

The modified Ender-3 printer successfully functioned as an automated optical inspection
system for silicon semiconductor wafers, demonstrating its capability to enhance defect
detection processes. While certain challenges remain, the system’s core functionalities: precise
imaging, automated positioning, and high-resolution stitching provide a strong foundation for
further development. Future iterations may incorporate additional refinements such as enhanced
lighting controls, advanced image processing algorithms, and machine learning-based defect
classification to further improve the system’s accuracy and reliability.

Discussions and Conclusions

This study aimed to construct a low-cost, automated optical inspection (AOI) system for
silicon wafer imaging using a repurposed Ender-3 3D printer and microscope camera.

The successful adaptation of the Ender-3 printer into an AOI system illustrates a
promising step toward increasing access to defect detection tools in semiconductor research.
While traditional AOI systems rely on expensive, proprietary hardware and highly specialized
software, this project shows that an open-source, low-cost alternative can still deliver reliable
and reproducible imaging results (Kim, 2024). The use of programmable G-code movements,
dynamic autofocus, and image stitching not only increased precision but also highlighted how
customizable consumer-grade systems can be adapted for specialized tasks (Dash et al., 2023).
By showcasing that wafer-scale imaging is achievable without industrial infrastructure, this
project offers an innovative framework that could be adopted in academic labs, hardware
incubators, or resource-limited settings.

The results showed that the system successfully captured overlapping microscopic
images of wafers and stitched them into coherent mosaics. Autofocus functionality ensured
consistent image clarity across the wafer surface, despite minor variations in height. The
adaptation of G-code for automated movement allowed for reproducible scanning patterns,
minimizing the need for user intervention. These results align with prior research demonstrating
the effectiveness of optical inspection techniques in defect detection (Hatakeyama et al., 2008).
These findings indicate that the modified Ender-3 platform can fulfill basic inspection needs in
research environments where traditional AOI tools are inaccessible due to cost or space
limitations. This aligns with broader research in low-cost scientific instrumentation, which has
shown that consumer-grade components can be repurposed for specialized imaging tasks when
paired with open-source software and careful mechanical calibration (Dash et al., 2023).

The system lowers the barrier to entry for high-resolution wafer imaging and inspection,
making it especially valuable in educational, research, and prototyping environments. It also
serves as a proof of concept for how modular, programmable platforms can support automation
in laboratories that lack access to traditional capital equipment. Moreover, the project’s design
encourages iteration and scalability: future upgrades—such as more advanced optics,
cleanroom-safe materials, or Al-based defect detection—could further enhance its utility. This
standardizing of AOI tools can empower students, startups, and under-resourced labs to

13
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contribute meaningfully to materials science, electronics research, and fabrication process
development.

Limitations and Future Directions

However, when contextualized within the semiconductor industry, several limitations
emerge. The first major limitation is throughput: industrial AOI systems are optimized for
high-speed inspection, capable of analyzing full wafers in seconds or minutes, whereas this
system requires significantly longer scan times. Second, the resolution of the current optical
setup limits defect detection to relatively large surface anomalies; nanoscale or submicron
defects which are particularly relevant for modern nodes below 28nm remain out of reach. Third,
the system lacks environmental controls such as vibration damping, particle filtration, and
cleanroom compatibility, which are essential in fabrication lines to maintain wafer integrity.
Furthermore, unlike industrial AOI systems, which are often integrated into larger MES
(Manufacturing Execution System) networks for real-time data tracking, this system is
standalone and not yet compatible with industrial feedback loops.

As semiconductor technology continues to advance, the need for efficient, scalable
defect inspection systems will only grow. The system described in this study provides a
promising blueprint for addressing these challenges, paving the way for future innovations in
automated inspection that can improve manufacturing outcomes and ensure the continued
reliability of electronic devices. Through ongoing refinements and the integration of machine
learning-based defect classification, this system has the potential to set new standards for
defect detection in the semiconductor industry, ultimately contributing to a more efficient and
reliable global supply chain.
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