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ABSTRACT

Photolithography is an essential process in the semiconductor industry. It is the method by

which the transistor has chased Moore’s law from the centimeter realm to the nanometer

realm, a multi-millionfold reduction over the last 60 years. This continuous scaling has un-

derpinned the rapid evolution of modern technology as access to ever increasing computa-

tional power has become a widespread commodity. Traditional tools for this process prove

to be cost-prohibitive and bar those without large financial backing from exploring the po-

tential applications of photolithography. We propose and construct a low-cost desktop-scale

maskless photolithography stepper based on designs by the open source group HackerFab

and validate its functionality by patterning UV curable resin. A digital micromirror de-

vice (DMD) is used to produce patterns without need for development of physical masks,

increasing the variability and versatility of the device. We demonstrate the system’s capa-

bility by producing features on the order of 10 µm and discuss its potential as an accessible

educational and research tool for environments without conventional nanofabrication facil-

ities.
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1 - INTRODUCTION

In the mid 1820s, Nicéphore Niépce first used Bitumen of Judea—a naturally occurring,

light-sensitive asphalt that becomes less soluble upon exposure to light—to capture the

world’s first permanent photograph [1]. Though the term ”photoresist” itself wasn’t used

until much later, Bitumen of Judea effectively functioned as the earliest known material

with photoresistive properties. A major advancement occurred over a century later, in

1940, when Oskar Süß created diazonaphthoquinone, marking the development of the first

synthetic positive photoresist [2]. Its positive classification denoting that, unlike a negative

photoresist such as Bitumen of Judea, diazonaphthoquinone’s solubility increases upon

exposure to light.

Building on this technology, Jay W. Lathrop and James R. Nall at the National Bureau

of Standards developed techniques for miniaturizing circuitry by using photoresist to pat-

tern and etch germanium semiconductor devices in 1957–1958 [3]. They produced the first

photolithographic transistors and introduced the term ”photolithography,” a term used inter-

changeably with lithography in the context of semiconductor fabrication. Concurrently, in

1957, Jules Andrus at Bell Laboratories secured a foundational patent for photolithographic

processes in semiconductor manufacturing [4]. This patent set the stage for photolithogra-

phy to become one of today’s most precise, complex, and critical manufacturing techniques

worldwide.

At its core, photolithography introduces a fundamentally different approach to man-

ufacturing surfaces. Traditional techniques such as drilling, milling, or sanding are con-

strained by mechanical limits such as tool sharpness, heat dissipation, and the physical
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properties of the material. In contrast, photolithography uses light to define patterns in

photosensitive chemicals, shifting the resolution limits from mechanical restrictions to op-

tical and chemical ones. The ultimate boundaries are no longer defined by how fine a

cutting edge is ground, but by how finely light can be controlled and how sensitively the

photoresist responds.

The modern photolithography process, while far more advanced, still echoes the prin-

ciples explored by Niépce and other early chemists. It is part of a larger sequence of steps,

but the photolithography stage itself can be broken down into a few key operations. First, a

thin film of photoresist is applied to the wafer surface, typically using a method called spin

coating, which ensures uniform thickness across the substrate [5]. Next, the coated wafer

is placed into a stepper or scanner machine that projects a precisely defined light pattern

onto the resist through a photomask. Depending on whether a positive or negative resist is

used, the exposed (or unexposed) regions become soluble in a developer solution and are

washed away.

This leaves behind a patterned resist layer that acts as a physical barrier, protecting

specific areas of the underlying material. Subsequent processing steps like etching, ion

implantation, or thin-film deposition can then selectively modify these exposed regions.

Once these steps are complete, the remaining resist is stripped away, and the wafer is ready

for the next layer. Through repeated iterations, this process enables the construction of

intricate, multi-layered devices with nanoscale precision.

As the global demand for smaller, faster, and more power-efficient devices has grown,

the photolithography process has faced increasing pressure to print ever-finer features. This

push toward miniaturization has exposed the physical limits of how small patterns can be
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made using light, a challenge rooted in the wave nature of light itself. Fundamentally, the

resolution of a photolithographic optic system is constrained by diffraction, often described

through a simplified model known as Rayleigh’s criterion [6]:

CD = k1
ω

NA

In this expression, CD (critical dimension) represents the smallest feature that can be

reliably printed, ω is the wavelength of the light source, NA is the numerical aperture

of the lens system, and k1 is a process-related constant. Improving resolution depends

on reducing the wavelength, increasing the numerical aperture, or minimizing k1 through

advanced process techniques.

Over time, the industry has steadily shortened exposure wavelengths. Early systems

used the 436 nm g-line of mercury lamps, followed by 365 nm i-line, then 248 nm and 193

nm deep ultraviolet (DUV) lasers. Today’s most advanced processes use extreme ultraviolet

(EUV) light at 13.5 nm. In parallel, lens systems with increasingly high numerical apertures

have been developed. One major innovation, immersion lithography, introduced a thin layer

of water between the lens and wafer to boost the numerical aperture beyond 1.0 [7].

However, improvements in optics alone are not enough. The materials used in pho-

tolithography must also be optimized to respond precisely and reliably to each new wave-

length. Modern photoresists are highly engineered materials, often chemically amplified

to increase sensitivity at low photon doses [8]. These resists generate acid upon exposure,

which then diffuses during a post-exposure bake to catalyze solubility changes. Although

this enables faster processing, it also introduces new challenges such as line edge rough-
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ness, stochastic variation, and resolution loss due to acid diffusion [9].

As a result, the continued shrinking of features has become a careful balance between

optical precision and chemical control. As the industry pushes resolution smaller and finer,

further innovation must come not only from better optics and shorter wavelengths, but

also from breakthroughs in resist chemistry, novel materials, and even entirely different

patterning approaches like directed self-assembly or multi-patterning techniques [10].

Photolithography is just one step in a much larger sequence of processes that collec-

tively define modern semiconductor manufacturing. A single chip may require dozens of

lithographic exposures, each aligned with nanometer-scale precision to the previous layers.

Between these exposures, other steps such as deposition, etching, doping, and cleaning are

used to physically build and modify the device structure.

Although these supporting processes are critical, it is photolithography that sets the

spatial blueprint for each layer, defining where material should be added, removed, or

altered in the surrounding processes. The quality of each lithographic pattern not only

determines the final dimensions of a feature but also influences the yield, performance, and

scalability of the device. As feature sizes shrink and layer counts grow, photolithography

increasingly dictates the feasibility and economics of the entire manufacturing process.

Despite its precision and power, photolithography also represents one of the most ex-

pensive and technically demanding parts of chip fabrication, with cutting-edge tools cost-

ing hundreds of millions of dollars. The high cost and complexity of photolithography

create significant barriers to entry, especially for educational institutions, research groups,

or startups without access to industrial-scale infrastructure. For example, a state-of-the-art

High-NA EUV lithography system from ASML is predicted to cost roughly $350 million
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[11], requiring not only substantial capital but also highly specialized maintenance and sup-

port. Beyond the exposure tool itself, lithography demands cleanroom environments with

rigorous particulate control to avoid pattern defects. These facilities can cost tens of mil-

lions of dollars to construct and operate, adding to the overhead of any lithography-based

fabrication.

Another challenge lies in the trade-offs between throughput and resolution. High-

resolution lithography methods often involve slower exposure times or more complex pat-

terning strategies (e.g., multiple patterning), which increase cost per wafer. Conversely,

faster, lower-resolution systems may not be viable for advanced node devices.

These trade-offs have given rise to distinct categories of photolithography tools, partic-

ularly in how patterns are delivered to the wafer. Broadly, systems can be classified into

masked and maskless photolithography processes [12]. While most industrial workflows

rely on masked systems as described above—where a physical photomask defines the pro-

jected pattern—maskless methods eliminate the mask entirely and write patterns directly

onto the resist using programmable light sources such as lasers, electron beams, or digital

micromirrors.

Masked photolithography is ideal for high-throughput manufacturing due to its ability

to expose entire fields in parallel. However, mask fabrication is both expensive and time-

intensive, with advanced mask sets costing millions of dollars [13]. This makes masked

approaches less flexible for rapid prototyping or small-scale production.

Maskless photolithography, on the other hand, offers greater design flexibility and lower

upfront costs by avoiding the need for masks altogether. Techniques such as electron beam

lithography provide exceptional resolution for research applications but are limited by their
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slower writing speeds. Digital light processing (DLP) lithography offers a middle ground,

using block exposure with dynamically programmable patterns to enable flexible, moder-

ately high-resolution exposures, making it well-suited for educational and desktop-scale

systems [14].

These numerous financial and technical constraints have made photolithography a per-

sistent bottleneck in accessible microfabrication. While critical to device fabrication, the

high capital costs, infrastructural requirements, and reliance on complex mask sets place

this technology out of reach for many academic institutions, small research groups, and

early-stage innovators. This has created a growing disparity between those with access

to advanced lithographic capabilities and those without, limiting the pace and diversity of

innovation in fields reliant on microscale patterning.

In response to these challenges, there is a clear and growing need for alternative litho-

graphic approaches that reduce the economic and technical thresholds of entry. Maskless

photolithography, particularly techniques utilizing digital light processing, present a com-

pelling pathway forward. By removing the dependency on photomasks and enabling re-

programmable, high-resolution exposures with lower-cost equipment, such systems offer a

promising foundation for more agile and accessible patterning platforms.

The broader implication is that the advancement of lithographic methods must not only

aim at pushing the frontiers of resolution and throughput, but also at expanding the accessi-

bility of the process itself. As the demand for distributed, rapid, and small-scale fabrication

increases, the development of compact, flexible, and cost-effective photolithography tools

becomes an essential step toward democratizing access to microfabrication and enabling

broader participation in the design and development of next-generation technologies.
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2 - METHODS

The device that is described here follows work by the HackerFab [15] group out of Carnegie

Mellon University. In particular, this corresponds to the ”Lithostepper V2” design, and any

and all design files mentioned as well as thorough build instructions are found on their

gitbook.

The device can be separated into a few categories of discussion. The optics system

stands alone as does the XYZ stage with a brief discussion of its firmware. Further dis-

cussion of the optics system will be broken into subsections according to the purpose those

parts of the hardware accomplish. Additionally, we constructed a DIY Spincoater for this

device which will be discussed in brief. Finally we will cover the software that is used to

run the device.

2.1 - OPTICS

Figure 2.1: Texas Instruments DLP471TP Evaluation Module [16]

https://hackerfab.ece.cmu.edu/
https://docs.hackerfab.org/home/fab-toolkit/patterning/lithography-stepper-v2-build-work-in-progress


8

At the heart of our lithostepper is a modified projector. The projector we use is the

DLPDLCR471TPEVM shown in Figure 2.1 from Texas Instruments. This projector has

been chosen because, as an evaluation module, it has a GUI that allows for modification of

the device firmware as well as a chassis which is easy to modify. Further motivation for the

projector as a basis will be explored in the discussion of patterning.

Figure 2.2: The Lithostepper V2 light path simulated in Phydemo [17]

An overview of the optical path which our device controls is given in Figure 2.2. A line

separating the parts that are contained in the modified projector and parts that are custom

optics is included for reference in the forthcoming sections. Note that this figure is not

technically accurate due to limitations of the simulation used to produce it, but serves as a

visual aid in identifying the path the light takes inside of the system.
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2.1.1 - LIGHT SOURCE

At the heart of any lithography system lies its light source, which defines the resolution

limits of patterning. As described by Rayleigh’s criterion, the smallest resolvable feature

is proportional to the wavelength of the illuminating light: shorter wavelengths enable

finer features. While the semiconductor industry is steadily advancing toward extreme

ultraviolet (EUV) lithography at a wavelength of 13.5 nm, this shift comes with increasing

complexity. Below approximately 365 nm, conventional glass optics begin to absorb light

significantly, necessitating the use of quartz optics [18]. At even shorter wavelengths, such

as EUV, nearly all materials are absorptive, requiring fully reflective optical systems based

on multilayer mirrors.

In contrast, the device presented here is designed for patterning features on the microm-

eter scale. For this purpose, a near-ultraviolet light source at 410 nm is sufficient, enabling

the use of straightforward and cost-effective transmissive optics. This choice improves sys-

tem cost and accessibility without compromising the resolution goals for our intended ap-

plications. Based on the optical system design, we estimate the resolution using Rayleigh’s

criterion:

CD = k1
ω

NA

= 0.61
410nm

0.25

= 1000.4nm → 1µm.

This calculated critical dimension represents an idealized resolution limit. In practice,
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real-world factors such as optical aberrations, mechanical alignment, and resist perfor-

mance may further constrain resolution. Nevertheless, it provides a valuable benchmark

that informed the decision to target a practical feature size of 10 µm.

Figure 2.3: Custom copper-core PCB with 2 near-UV 410 nm LEDs

Having selected a suitable wavelength, the next step is to implement the light source.

The system is built around the DLPDLCR471TPEVM projector from Texas Instruments,

which employs digital light processing (DLP) as detailed in the patterning section. To

match our desired wavelength, we replaced the projector’s original blue LED board with

a custom copper-core PCB, shown in Figure 2.3, featuring two 410 nm LEDs commonly

available from various suppliers. The copper-core board is essential as it conducts heat

away from the LEDs to the preexisting heat sink originally used for the blue LED in order

to avoid the LEDs burning out. Thus, the device has been retrofit so any signals sent over

the HDMI connection on the blue channel to the projector will now be patterned in UV.
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2.1.2 - PATTERNING

The selection of the projector is based on the discussion of masked versus maskless

photolithography. As motivated in the introduction, generating masks can become expen-

sive quickly, particularly if the device targets an application with a focus on variety of

patterns over quantities of exposures. For such an environment, generating a physical mask

every time a new pattern is needed quickly becomes expensive and cumbersome. As we

would like to target those experimental environments, our device has been selected to be

maskless.

Figure 2.4: A close up view of two micromirrors on a DMD chip [19]

The Digital Light Processing (DLP) technology behind the Texas Instruments projec-

tors features a key chip. This chip is known as a digital micromirror device (DMD) and

is the reason that a projector has been chosen as the basis for this project. As can be seen

in Figure 2.4, the DMD chip features an array of micromirrors. Each of these mirrors can
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be tilted back and forth corresponding to whether their pixel is on or off. This selectively

reflects light into the optics essentially providing a digital mask of the light.

This system of micromirrors allows us to mask our light on the fly instead of needing

to use a traditional stationary mask to pattern it. Thus, we are able to dynamically generate

masked UV light by sending a controlled image to the projector over a standard HDMI

connection. This is the power of DLP/DMD based lithography. This flexibility for quick

iteration clearly motivates why a maskless approach was chosen for this application.

2.1.3 - FOCUSING

Once the light has been patterned, it exits the projector. At this point two tasks remain.

First, the light must then be de-magnified. This is done using a 10x microscope objective

as depicted in Figure 2.2. Secondly, the light must be accurately brought into focus, a much

more difficult task.

To do so, a custom optics arrangement is created to allow the focus of the surface to

be determined. By putting a dichroic mirror, or beamsplitter, in front of the microscope

objective, it can be oriented such that on the initial pass the beam transmits through the

splitter, but upon return is redirected into a camera. This camera has been placed to match

the back focal length of the microscope objective (160mm) in order to ensure the focal

plane of the camera sensor is aligned with the focal plane of the surface. By viewing the

reflection of the light from the surface in our camera, we are able to determine when our

light is focused onto the surface.

As these connections must be precisely configured to ensure the focal planes align,

the parts used are all connectors and links purchased from an optics supplier, in our case

Thorlabs. This ensures precision in connection and consistency in alignment. A complete
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bill of materials as well as further instructions on the parts used and assembly of this system

can be found on HackerFab’s instructions. The camera used in our device is the Teldyne

BFS-U3-200S7C-C 20MP C-Mount camera, although the Spinnaker SDK [20] for this

camera is proprietary and as such the other HackerFab collaborators are moving away from

this camera towards an alternative open-source friendly solution.

2.2 - XYZ STAGE

Figure 2.5: An expanded view of the parts of the XYZ stage

In recent years, trends in manufacturing have led to a surprising drop in the cost of

linear precision stages. The one used in this device was purchased for approximately $125,

with even cheaper alternatives available from various suppliers. A model of the stage used

is shown at the center of Figure 2.5. The mechanism operates with two sets of linear rails,

each connected to a spring that pulls it in one direction along its axis of movement. A

micrometer, visible in silver in the figure, pushes against an L-stop by rotating along a
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finely pitched thread. This setup enables precise movement of the stage against the spring

tension, with two full rotations corresponding to 1 mm of displacement.

Since the purchased stage was non-motorized, significant effort went into designing

3D-printed mounts to motorize it. With motors added, it was found advantageous to imple-

ment absolute positioning. To achieve this, the mounts were modified to include capacitive

proximity sensors, enabling the stage to detect a defined ”home” position.

The motors are controlled using an Arduino Uno paired with a CNC shield running the

open-source GRBL firmware [21]. In its basic configuration, GRBL listens to the serial

port for G-Code instructions and executes them according to its firmware settings. Our

setup includes a homing sequence that uses the proximity sensors as limit switches, and

the virtual units are calibrated to match real-world movement. Additional implementation

details, circuitry, and model files are available on the HackerFab site.

2.3 - SPINCOATER

A spincoater is a tool used to apply uniform thin films onto flat substrates by spinning

them at high speeds with a liquid like photoresist—resin in our case—is dispensed onto the

surface. Centrifugal force spreads the liquid evenly, and the resulting film thickness can be

precisely controlled by adjusting parameters like spin speed and duration. In this project,

the spincoater is a critical component, as it ensures a consistent and reproducible film layer

prior to exposure. Uniform film thickness is essential for achieving high-resolution features

and reliable pattern transfer during the photolithography process.
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Figure 2.6: Spincoater with a gravity chuck for 22mm glass slides

The final spincoater design is incredibly simple. An old hard drive motor has been

modified by attaching an 30A electronic speed controller (ESC) to each of the pads on the

back. This ESC is regulated using an Arduino Nano which has custom firmware written to

interface with the keypad, screen, potentiometer, and capacitive touch sensor. All of this is

mounted inside a 3D printed case designed to fit the hard drive. The firmware is incredibly

simple and features two menus, one for the setting of speed, and one for the tuning of

PID parameters. The PID parameters for our speed control are determined to just slightly

overshoot the setpoint being a relatively rapid response. The range of operation for our

device is 2,000-10,000 RPM at a total cost of $35.
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2.4 - SOFTWARE

In order to operate the device a custom software solution has been developed. The soft-

ware is created using a Python backend with the Tkinter module as the graphics framework.

The software interfaces with the XYZ stage over the serial monitor sending G-Code over

the connection to the Arduino. Additionally, it interacts with the Teldyne camera over their

proprietary Spinnaker API. Further implementation details can be found with the source

code [22] which remains in active development.

Figure 2.7: Screenshot of the custom tkinter based software in UV mode

A screenshot of the software in use is provided in Figure 2.7. Most notably, is the live

camera preview in the top center of the screen. This allows for the device to be focused—as

discussed in the section 2.1.3—to be focused both manually and automatically by using a

https://github.com/hacker-fab/stepper
https://github.com/hacker-fab/stepper
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Sobel edge detection algorithm to score the focus of the image [23]. Additionally, a pattern

for exposure can be loaded into the ”Pattern” section on the middle left as well as a pattern

used to focus the UV light in the ”UV Focus” box.

Continuing right from there, the XYZ stage can then be controlled using the ”Stage

Position” portion of the controls. Next, the ”Red Mode” and ”UV Focus” mode allow for

the device to be focused and swapped into ”UV Mode” which turns on the custom UV

LEDs to pattern our device. A set time is selected before ”Begin Patterning” sends the

full pattern to be exposed to the projector for that amount of time. An experimental tiling

section is also featured with the goal of tessellating patterns across a surface.

Moving down to the bottom left now, the ”Previous/Current Layer” sections can be

found. As the device was designed with the intent of multilayer lithography, this system is

in place to allow for a user to etch a surface, finish a layer, and then add a second (or any

numbered) layer of photoresist and repeat an etch. This system tracks the location of each

of the etches in order to allow the user to return to those positions for future overlays and

saves the ”chip file” to a .json file. Finally, the bottom right features functionality designed

for digitally adjusting the pattern to align with overlay in case the chip is seated slightly

different between etch layers.
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3 - RESULTS

Figure 3.1: The completed Lithostepper V2

The work has resulted in the completed stepper shown in Figure 3.1. Comparing it to

Figure 2.2, the individual parts can be determined from left to right: modified projector,

custom beamsplitter / magnifier optics, and XYZ stage. Because of the lab we this work

was accomplished in, photoresist would have been a hassle to work with so our group de-

cided to proof the device using a less toxic chemical and turned to UV curable 3D printer

resin cured onto glass slides, specifically Anycubic Standard Black Resin V2. This se-

lection was made based on the sensitivity of the resin to the wavelength produced by our

device, as well as the ability to work with it outside of a fume hood. Note however, that

this selection of resin instead of a traditional photoresist significantly limited our ability to

resolve fine details and patterns.

Our procedure resulted from much trial and error and is thus included in discussion of
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results rather than methods, noting that room remains for improvement. The procedure with

this resin involved a 2000 RPM spin coat to get a roughly 50 µm film thickness, followed

by a 30 second etch time for each pattern. Finally, once exposed, the uncured resin was

washed away using isopropanol leaving behind the pattern we exposed. In essence the resin

in this process acts as a negative photoresist.

Figure 3.2: A multi pattern etch showing off the pattern changing and tiling functions

Patterns from a successful etch can be viewed under visual microscopy or scanning

electron microscopy (SEM.) An example etch of mulitple patterns tiled across the surface

can be seen in Figure 3.2. By using the known distance between etches, as the XYZ stage

positining is accurate to a few microns, the ImageJ [24] software can use this scale and

digitally convert from pixels to µms. This yields an exposure size of roughly 840 x 525

µms.
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Figure 3.3: 10 µm fine line exposure under BSD SEM

A close up view of the fine line exposure from Figure 3.2 can be viewed in SEM to

determine a better understanding of etch quality. Shown in Figure 3.3 is the backscattering

detection (BSD) mode of the SEM with a scale bar demonstrating somewhat consistent

line exposure size as small as 10 µms. Inconsistency arose with the washing or exposure

process at some point resulting in the channels between exposed lines not always being

clear of uncured resin as can be seen in the channels particularly on the right of this pattern.
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Figure 3.4: A 200µm wide profile of Dr. Tony Butterfield under (a) BSD and (b) topo-

graphical SEM imaging

To further demonstrate the variety of pattern and potential resolution, we etched Fig-

ure 3.4. This etch showcases a profile of one of the advisors for this project, Dr. Anthony

Butterfield. Note that the visible stripes on his tie lie just below that 10 µm range. The

topographical view in Figure 3.4b provides a more clear picture of the actual resin shape

on the surface with the illumination coming from the right of the image casting shadows to

the left.



22

4 - DISCUSSION

The results of this project demonstrate that the developed lithostepper is capable of pro-

ducing micro-scale features with a practical resolution approaching 10 µm. While this falls

short of the theoretical diffraction-limited resolution of approximately 1 µm estimated via

Rayleigh’s criterion, the discrepancy can be attributed to a combination of material, optical,

and process limitations inherent in the current system configuration.

A key factor influencing the practical resolution was the choice of UV-curable 3D

printer resin, specifically Anycubic Standard Black Resin V2 as a substitute for traditional

photoresist. While this resin offered a safer, fume-hood-free workflow and strong respon-

siveness to the 410 nm light source, its lower contrast, limited resolution, and development

behavior introduced patterning artifacts that reduced feature fidelity and resolution. The

lack of time to further develop optimized process control steps, such as precise exposure

dose calibration or resist adhesion layers, further constrained pattern sharpness and repro-

ducibility.

Nevertheless, the device successfully demonstrated critical photolithographic functions:

dynamic pattern exposure via DMD projection, micron-scale alignment accuracy, and re-

producible spin-coated layers. Multi-pattern tiling and recognizable etch structures illus-

trate the flexibility and creative control afforded by the system. ImageJ and SEM-based

analysis confirmed repeatable feature sizes down to 10 µm, validating the core design and

integration of optics, mechanical stages, and custom software.

Importantly, while this implementation achieved features down to 10 µm, similar sys-

tems built by other collaborators using the same HackerFab Lithostepper V2 architec-
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ture—paired with traditional photoresist on silicon substrates—have demonstrated feature

sizes in the 3–4 µm range. These results, more closely aligned with Rayleigh’s theoretical

limit, and suggest that the hardware platform is fundamentally capable of finer resolution.

The discrepancy highlights that the current limitations stem largely from the chosen mate-

rials and process environment rather than from the optics or stage mechanics themselves.

Overall, the results validate the system as a low-cost, flexible microfabrication tool that

performs reliably within a 10 µm regime under simplified, resin-based conditions. They

also provide a clear path for future improvement through material substitution, exposure

refinement, and environment optimization, potentially unlocking sub-5 µm resolution ca-

pabilities already observed in parallel implementations.

One of the most compelling strengths of the lithostepper developed in this project is its

exceptional cost-to-capability ratio. With a total build cost of approximately $3,000, the

system achieves resolution and patterning functionality comparable to tools that are orders

of magnitude more expensive. A rough breakdown of this cost includes $1,100 for the dig-

ital light processing (DLP) projector, $800 for optical components such as the microscope

objective and beamsplitter setup, $700 for the high-resolution camera, $300 for the XYZ

stage and motorization hardware, and around $100 for miscellaneous items including UV

LEDs, PCBs, 3D-printed mounts, and wiring. A complete and actively maintained bill of

materials is available on the HackerFab Gitbook, as the design continues to evolve with

ongoing contributions from the community.

Another significant advantage is the maskless, programmable exposure system. The

integration of a Digital Micromirror Device (DMD) through the projector modification al-

lows for dynamic pattern projection via HDMI, eliminating the need for expensive and

https://docs.hackerfab.org/home/fab-toolkit/patterning/lithography-stepper-v2-build-work-in-progress
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time-consuming photomask fabrication. This feature is particularly powerful for research

and educational settings, where iterative design and rapid prototyping are essential. Pat-

terns can be changed on-the-fly, enabling users to move from design to exposure in a matter

of minutes, with no physical mask turnaround time.

The open-source foundation and modular architecture of the system further enhance its

utility and accessibility. By basing the build on the Lithostepper V2 project from Hack-

erFab, the device inherits a community-driven design philosophy, complete with publicly

available design files, bill of materials, and firmware/software repositories. This ensures

that the platform can evolve alongside contributions from other researchers and institutions,

and that users can modify or troubleshoot the system without vendor lock-in or proprietary

constraints. Additionally, it gave our project a community to contribute back to beyond our

own university as work was completed on our device, results and struggles were reflected

in updates to the build instructions in collaboration with HackerFab.

In terms of operation, the custom software interface provides an intuitive and unified

control platform. Developed using Python and Tkinter, the software integrates camera

feedback, XYZ stage movement, pattern uploading, and multi-layer alignment tracking in

a single interface. Features such as Sobel-based focus scoring and exposure tiling greatly

enhance usability and precision and are remarkable features for a system at this price point.

Finally, the simplicity of the supporting systems, including the spincoater and XYZ

stage, is a strength in its own right. By using a modified hard drive motor, Arduino-based

controls, and 3D-printed mounts, the spincoater provides reliable and repeatable thin film

deposition for less than $35. Similarly, the stage’s capacitive homing sensors and GRBL

firmware allow for precise, programmable, and absolute motion without complex calibra-



25

tion procedures.

Taken together, these strengths establish the lithography stepper as a powerful, low-

barrier tool for photolithographic research and instruction. Its flexibility, affordability, and

open-source design make it uniquely positioned to fill the gap between high-end nanofab-

rication infrastructure and the growing demand for decentralized microfabrication capabili-

ties. While the stepper demonstrates promising capabilities, several intrinsic and implementation-

based limitations currently constrain its performance and reliability.

The most immediate limitation stems from the choice of UV-curable resin in place of

standard photoresists. Although selected for its ease of handling and compatibility with

non-cleanroom environments, the resin lacks the resolution, contrast, and process stability

of chemically engineered resists. It is more prone to partial development, edge blurring, and

inconsistent feature formation, especially at smaller scales. This was particularly clear in

SEM imaging, where some narrow channels between exposed features remained partially

filled with residual resin, likely due to swelling, underdevelopment, or a failure to properly

wash the substrate. Furthermore, the resin’s high viscosity and general chemistry limit

its sensitivity to precise dosage control, which is critical for producing features near the

theoretical resolution limit.

Mechanically, while the XYZ stage performed adequately for controlled motion and re-

peatable tiling, its DIY motorization introduces alignment challenges and stage drift. Back-

lash, stepper motor vibrations, and thermal expansion effects can affect repeatability and

long-term stability, especially during multi-layer alignment. Although the GRBL-based

system supports homing and absolute positioning, the lack of closed-loop feedback or ac-

tive compensation mechanisms makes fine-alignment between layers less robust compared
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to commercial systems.

In the optical system, several practical limitations emerge. The use of off-the-shelf

lenses and mounts, though cost-effective, introduces potential for aberrations and misalign-

ment, our device even requiring a shim to ensure alignment. Achieving and maintaining

sharp focus across the entire field of view requires meticulous manual adjustment, and the

current setup could benefit from improved z-axis focusing and real-time correction. More-

over, the system’s current numerical aperture (NA) is limited by the choice of a 10x micro-

scope objective, constraining its theoretical resolution despite the 410 nm light source.

On the software side, limitations arise from the use of proprietary components. The

camera integration relies on Teledyne’s Spinnaker SDK, which is not open-source and com-

plicates deployment across different platforms or institutions as code written to interface

with it cannot be freely distributed. This is currently being worked on and fixed by Hack-

erFab in switching to a camera with an open-source API. Additionally, while the current

software provides core functionality such as pattern loading, focus scoring, and exposure

control, it lacks advanced features like automated overlay registration, adaptive exposure

calibration, or real-time image analysis—features that would significantly improve usabil-

ity for multilayer or high-precision work.

Finally, environmental conditions and lab infrastructure play a non-negligible role. Op-

erating the device in a non-cleanroom setting increases the risk of particulate contamina-

tion, inconsistent film deposition, and optical misalignment. These factors, while manage-

able, introduce noise and variability that must be accounted for in both experimental design

and interpretation of results.

Collectively, these limitations highlight areas for improvement in both hardware and
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process development. However, many of these challenges are not fundamental to the sys-

tem architecture and can be addressed incrementally through improved materials, mechani-

cal upgrades, and software enhancements, several of which are already underway in parallel

HackerFab implementations. While the device has demonstrated substantial promise as a

low-cost, maskless photolithography tool, several clear paths exist for future improvements

that could dramatically enhance its usability, precision, and overall performance.

One of the most impactful upgrades would be reorienting the system to a vertical con-

figuration. Currently, the device operates with the optical path horizontal across the lab

bench, requiring the sample stage and optics to be manually aligned and secured in that

plane. This layout not only consumes more space but also introduces mechanical sag,

vibration sensitivity, difficulty in substrate holding, and alignment drift over time. Tran-

sitioning to a vertically mounted architecture would allow gravity to act perpendicular to

the stage plane, significantly improving stage accuracy, focus stability, and ease of use

particularly in alignment and multi-layer operation.

Another substantial improvement would be the integration of standard photoresists.

While UV-curable resin was used for accessibility in this implementation, moving to industry-

standard positive or negative resists would unlock the full optical resolution of the system.

These materials, when used in conjunction with post-exposure bake and development pro-

cesses such as using an adhesion promoter like HDMS, offer higher contrast, better-defined

edges, and more predictable behavior during pattern transfer. This transition would also en-

able direct comparison with other HackerFab implementations already achieving sub-5 µm

resolution using photoresist on silicon wafers.

On the mechanical side, upgrading the XYZ stage to include closed-loop feedback or
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higher precision actuators would greatly enhance repeatability and layer alignment accu-

racy. Although the current stage with capacitive homing provides a strong foundation,

incorporating encoders or high-resolution lead screws could reduce positional error and

drift during longer or multi-step exposures.

For the optical system, experimentation with higher numerical aperture microscope ob-

jectives would allow for improved resolution, bringing the system closer to the theoretical

1 µm diffraction limit. This would require corresponding changes in optical alignment and

working distance, as well as refinement of the focusing feedback system to accommodate

shallower depths of field, an implementation which would make the device much more

modular than it currently is.

In terms of software development, future versions could expand functionality to include

automated overlay correction, advanced focus routines, and real-time alignment guides.

Improved automation, such as auto-calibration routines for exposure timing, stage map-

ping, and z-height determination, would streamline user workflow and reduce setup time,

particularly for less experienced users or classroom settings.

Finally, enhancements to the spincoating process like incorporating a vacuum chuck

for more consistent substrate mounting or enabling programmable multi-step spin profiles

would improve film uniformity and make the system more robust for thinner resist appli-

cations. Our current spin coating setup is lacking in control over the process as a result of

the limited time spent developing its firmware. These modifications could be made without

need to modify the hardware we have created.

Collectively, these improvements represent practical and attainable next steps for evolv-

ing the system from a functioning prototype to a polished and versatile research tool. As
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with much of the HackerFab initiative, the modular and open nature of the design supports

further development and collaboration, allowing users to tailor the system to their specific

use cases while contributing to a growing ecosystem of shared hardware and software in-

novation.

The development of this low-cost, maskless photolithography stepper has broader im-

plications that extend well beyond the immediate technical scope of the project. Most no-

tably, it underscores the potential and trend towards democratizing access to microfabrica-

tion tools, enabling hands-on experimentation and innovation in environments traditionally

excluded from semiconductor research.

High-end photolithography tools are often centralized in national laboratories, elite re-

search institutions, or multi-billion-dollar foundries. This consolidation creates a signif-

icant accessibility gap, especially for small startups, independent researchers, and educa-

tional institutions without cleanroom infrastructure. By contrast, the system developed here

offers an alternative: a platform that, while modest in cost, provides a hands-on gateway

into the world of optics, lithography, patterning, and MEMS fabrication.

In educational settings, the device offers an opportunity to bridge the divide between

theory and practice. Concepts such as diffraction limits, resist chemistry, image alignment,

and optical focusing that are often taught abstractly, become tangible and experiment-

driven. With its live camera feedback, modular stage control, and visible results under

basic microscopy, the stepper facilitates a level of engagement and understanding that is

difficult to achieve through textbooks or simulations alone.

Beyond the classroom, the system holds value for early-stage hardware prototyping and

interdisciplinary research, especially in fields like microfluidics, MEMS, photonics, and



30

lab-on-a-chip development. The ability to quickly pattern, modify, and re-pattern designs

without photomasks significantly reduces iteration time, encouraging exploration of novel

structures and process workflows with in-house accessible tools. This kind of agility is

essential for applications at the intersection of materials science, chemistry, biology, and

electrical engineering—fields increasingly reliant on rapid, micro-scale fabrication.

Furthermore, this project reflects a broader shift toward open hardware and distributed

fabrication, echoing trends already present in software, electronics, and 3D printing. By

building upon open-source platforms like HackerFab and contributing to a shared knowl-

edge base, this work helps foster a collaborative and transparent ecosystem in which tools

are not only used but actively improved and reshaped by their users. In this way, the sys-

tem contributes to a growing movement aimed at making advanced manufacturing not just

smaller and cheaper, but more inclusive and participatory. In a world where hardware in-

novation is increasingly gated by cost and infrastructure, accessible tools like this stepper

may prove crucial in flattening the innovation curve, allowing more diverse ideas and con-

tributors to participate in shaping the future of microscale technology.
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