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Abstract:

The rapid evolution of display technologies; including OLED, LTPS, LTPO, and large-area TFT
architecture; has intensified the demand for highly precise, contamination-free, and thermally stable
manufacturing equipment [23], [24]. As substrate dimensions scale to Gen8.5, Gen10.5, and beyond, the
engineering of Chemical Vapor Deposition (CVD) process chambers requires advanced manufacturing
techniques capable of achieving micron-level tolerances, uniform plasma distribution, and robust thermal
management [1], [2]. This paper examines the precision manufacturing methodologies that underpin
next-generation display equipment, including ultra-high-accuracy machining, advanced welding and
bonding processes, plasma-compatible surface treatments, high-resolution metrology, and precision
alignment mechanisms. Emphasis is placed on the integration of these techniques into critical chamber
components such as Gas distribution shower heads, supporting plates, substrate heating plates, and
ceramic components. The study highlights how these manufacturing approaches collectively enhance
process uniformity, reduce defectivity, and enable the reliable production of high-resolution, large-format
displays [11], [25].

Keywords: Ultra-high precision machining, Forge welding, Friction stir welding, Hard anodizing,
Electropolishing, Coordinate measuring machine, Gas Distribution shower head, substrate heating plate.

1. INTRODUCTION

Modern display manufacturing relies on thin-film deposition processes that demand exceptional precision
in equipment design and fabrication [23], [24]. Chemical vapor Deposition (CVD) chambers must
maintain stable gas flow, uniform plasma density, and consistent thermal profiles across substrates
exceeding three meters in length [11]. Achieving such performance requires manufacturing techniques
that surpass conventional mechanical engineering practices. [1], [2].

This paper provides an academic analysis of the precision manufacturing methods essential for producing
high-performance display equipment, with a focus on their functional impact on process stability, yield,
and device quality.

2. ULTRA-HIGH PRECISION MACHINING FOR CHAMBER COMPONENTS

Ultra-high precision machining is foundational to the performance of Chemical Vapor Deposition (CVD)
chambers used in advanced display manufacturing. As substrate sizes scale to Gen8.5, Genl0.5, and
Genl1, the dimensional accuracy, surface integrity, and geometric fidelity of chamber components
become increasingly critical. Even micron-level deviations in diffuser pinholes, backing plate flatness, or
susceptor planarity can translate into measurable non-uniformities in gas flow, plasma density [1], [3],
and thermal distribution across multi-square-meter substrates. This section provides a detailed
examination of the machining technologies, tolerances, and process controls required to fabricate
next-generation chamber components.

IJFMR260167515 Volume 8, Issue 1, January-February 2026 1



https://www.ijfmr.com/

m International Journal for Multidisciplinary Research (IJFMR)

1JFMR E-ISSN: 2582-2160 e Website: www.ijffmr.com e Email: editor@ijfmr.com

2.1 CNC Multi-Axis Machining for Complex Geometries

Chemical Vapor Deposition chamber components—shower heads, ceramic parts, chamber lids, and gas
distribution plates—often incorporate intricate 3D geometries that cannot be produced using conventional
milling.

oo

Fig-1: (Multi Axis Machining concept)

Key Capabilities

Advanced 5-axis and 7-axis CNC machining enables simultaneous movement along multiple axes,
allowing the precise fabrication of deep pockets, curved surfaces, and complex compound angles required
in next-generation chamber components. These systems achieve sub-micron positioning accuracy using
linear motor drives, hydrostatic bearings, and laser-based feedback controls that ensure exceptional
geometric fidelity. To further maintain dimensional stability, machining is performed in thermally
controlled environments where ambient temperature is regulated within +0.1°C, preventing thermal
expansion effects and ensuring consistent accuracy across large-format components. [1], [2], [3].

Functional Importance

Precise multi-axis machining ensures uniform gap spacing between the shower head and substrate, a
critical parameter that directly influences gas velocity profiles and overall deposition uniformity [11].

. This level of accuracy also enables the formation of complex confiner geometries that tightly control
plasma confinement and edge exclusion, both essential for maintaining stable plasma behavior across
large-area substrates. Additionally, advanced machining techniques support the fabrication of large
aluminum or stainless-steel chamber bodies without introducing warpage or distortion, preserving the
structural integrity required for high-vacuum, high-temperature CVD operation.

2.2 Micro-Pinhole Drilling for Shower Heads
Gas Distribution shower heads are among the most critical components in Chemical Vapor Deposition

chambers, responsible for distributing precursor gases uniformly across the substrate. They often contain
10,000-50,000 pinholes, each with diameters as small as 100-200 pm.

Manufacturing Techniques

Laser micro-drilling using nanosecond or femtosecond lasers enables the formation of pinholes with
extremely low heat-affected zones, resulting in clean edges and minimal microstructural distortion. For
applications requiring deep, narrow pinholes with high aspect ratios, Electrical Discharge Machining
(EDM) provides superior capability, especially in hard or conductive materials where conventional drilling
is insufficient. Additionally, ultrasonic-assisted drilling enhances machining performance by reducing tool
wear and improving hole straightness, making it particularly effective for hard, brittle, or composite
materials while maintaining tight dimensional tolerances.
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Fig-2: (Micro Pinhole drilling Concept)
Critical Tolerances
 Diameter variation: £5-10 um
* Circularity: <5 um
* Positional accuracy: +15 pm across the entire diffuser plate
* Surface roughness inside pinholes: Ra < 0.4 pm

Impact on Chamber Performance

The precision of micro-pinhole fabrication directly influences gas flow conductance and plasma density
distribution across the substrate, making it a critical determinant of deposition uniformity. High-accuracy
pinhole geometry helps reduce center-peak deposition and edge roll-off, ensuring a more balanced
precursor distribution. Additionally, consistent pinhole dimensions enable linear flow conductance
behavior, which significantly improves process tuning, repeatability, and overall chamber matching in
high-volume manufacturing.

3. ADVANCED WELDING AND BONDING TECHNIQUES

Advanced welding and bonding techniques are essential for manufacturing high-performance Chemical
Vapor Deposition chamber components used in display fabrication. These chambers operate under
extreme thermal, mechanical, and plasma-chemical environments, requiring joints that exhibit exceptional
structural integrity, leak-tightness, thermal conductivity, and contamination resistance. As display
substrate sizes increase and process temperatures rise, traditional joining methods become insufficient.
This section provides a detailed examination of the welding and bonding technologies that enable
next-generation chamber performance.

3.1 Forge Welding for High-Efficiency Thermal Interfaces
Forge welding has emerged as a critical technique for fabricating substrate heating plates and cooling
plates that require direct fluid-to-metal thermal contact.

Technical Principles

Forge welding joins metals through solid-state diffusion under high pressure and controlled temperature,
enabling the formation of a robust joint without melting the base materials. Unlike conventional welding
methods, it does not require filler metals or fluxes, thereby eliminating potential contamination sources
and ensuring high-purity interfaces. The resulting bond is a homogeneous metallurgical structure with
minimal microstructural discontinuities, providing excellent mechanical integrity and reliability for
high-performance chamber components [9].

Applications in Display Equipment
* Used to fabricate multi-channel substrate heating plates.
» Eliminates stainless-steel tubing, enabling direct contact with the aluminum body.
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Performance Advantages

Forge-welded thermal plates deliver a significant performance advantage by improving thermal
conductivity by 20—40% compared to conventional tube-based cooling architectures. The solid-state bond
formed during welding minimizes thermal resistance at the interface, enabling rapid and efficient heat
extraction during high-power deposition processes. In addition, the homogeneous metallurgical structure
provides superior mechanical integrity under cyclic thermal loading, ensuring long-term durability in
demanding operating conditions. The resulting joints are inherently leak-free, a critical requirement for
maintaining vacuum integrity and reliable operation in high-temperature CVD environments.

Impact on Process Performance

Forge-welded thermal interfaces play a critical role in maintaining substrate temperatures below critical
thresholds, ensuring stable operation even during extended high-power deposition cycles. By enabling
efficient heat extraction, these structures prevent thermal bowing and localized overheating, both of which
can severely impact film uniformity and substrate integrity. Their superior thermal performance also
supports high-power plasma processes without introducing thermal drift, thereby preserving process
stability and repeatability across long production runs.

3.2 Vacuum Brazing for Dissimilar Metal Joining
Vacuum brazing is widely used for joining components that require high cleanliness, minimal distortion,
and compatibility with plasma environments.

Process Characteristics

* Performed in a high-vacuum furnace (107° to 10°¢ Torr).

» Uses a filler metal with a melting point lower than the base materials.
* Capillary action ensures uniform filler distribution.

Advantages

Vacuum brazing produces oxide-free joints with excellent mechanical strength by performing the bonding
process in a high-vacuum environment that prevents oxidation and contamination. The uniform heating
profile of the vacuum furnace minimizes thermal distortion, ensuring that even large or thin-walled
components retain their dimensional accuracy after joining. This technique is particularly well-suited for
bonding dissimilar metals—such as aluminum to stainless steel or copper to aluminum—where
conventional welding methods often introduce defects, residual stresses, or metallurgical
incompatibilities. [9].

Applications in Display Chambers

* Fabrication of gas distribution manifolds.

+ Joining cooling plates, heater assemblies, and multi-material confiner frames.
* Producing leak-tight vacuum components for high-temperature operation.

Functional Benefits

Vacuum-brazed and diffusion-bonded joints ensure long-term vacuum integrity by eliminating
micro-leaks and maintaining stable sealing performance under high-temperature and plasma-chemical
environments. The clean, oxide-free interfaces produced during bonding significantly reduce particle
generation, preventing contamination from joint surfaces during thermal cycling or plasma exposure. In
addition, the uniform metallurgical structure formed through these processes enhances thermal uniformity
across bonded components, enabling consistent heat transfer and improving overall chamber stability
during demanding deposition operations.
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3.3 Electron Beam Welding (EBW) for Deep, Narrow, High-Strength Joints
Electron beam welding is essential for components requiring deep penetration, minimal heat-affected
zones, and high structural rigidity.

Technical Overview

Electron beam welding operates by directing a focused beam of high-energy electrons onto the joint
interface, generating sufficient localized heat to melt the base material and form a deep, narrow fusion
zone. Because the process is performed in a vacuum environment, it inherently prevents oxidation and
contamination, ensuring a clean and stable weld pool. This combination of high energy density and
vacuum operation enables penetration depths of up to 50 mm while maintaining exceptionally narrow
weld widths, making EBW ideal for thick, high-strength chamber components that demand minimal
distortion and superior structural integrity. [8].
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Fig-3: (Electron Beam Welding concept)

Advantages

Electron beam welding offers significant advantages for large, high-strength chamber components by
producing minimal distortion through its highly localized heating profile, which limits thermal spread into
surrounding material. The process can generate high aspect-ratio welds, making it particularly well-suited
for thick chamber bodies that require deep, narrow fusion zones without compromising dimensional
accuracy. Moreover, the resulting welds exhibit mechanical strength comparable to the parent metal,
ensuring long-term structural stability under vacuum, thermal cycling, and plasma-chemical loads.

Applications

* Welding thick aluminum chamber bodies.

« Joining support plate assemblies requiring structural rigidity.

* Fabricating load-bearing frames for large-area substrate handling.

Impact on Equipment Performance

Electron beam—welded structures provide exceptional mechanical stability, ensuring that chamber bodies
maintain their dimensional integrity under both vacuum loading and repeated thermal cycling. By
minimizing distortion during the welding process, EBW significantly reduces warpage that could
otherwise disrupt plasma uniformity and compromise process repeatability. This high-strength,
low-distortion joining method ultimately enhances the long-term reliability of large-format chambers,
supporting consistent performance across extended production lifetimes.
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3.4 Friction Stir Welding (FSW) for Aluminum Chamber Structures
Friction stir welding is increasingly used for large aluminum structures due to its ability to produce
high-strength, low-distortion joints. [6],[7].

Technical Principles

Friction stir welding operates by using a rotating tool to generate frictional heat at the joint interface,
softening the material without causing it to melt. As the tool advances, the softened material is
mechanically stirred and consolidated, forming a high-strength solid-state joint with excellent structural
integrity and minimal distortion.
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Fig-4: (Friction Stir Welding concept)

Advantages

Friction stir welding offers significant advantages for large aluminum chamber structures because the
process occurs entirely in the solid state, eliminating melting and thereby avoiding porosity, cracking, and
other solidification-related defects. This makes FSW particularly well-suited for joining large, flat panels
commonly used in chamber bodies, where dimensional stability and low distortion are essential. The
resulting joints exhibit superior fatigue strength due to the refined, recrystallized microstructure formed
during the stirring process, ensuring long-term mechanical reliability under thermal cycling and vacuum
loading.

Applications

* Fabrication of large aluminum chamber walls.
* Joining diffuser support structures.

* Manufacturing vacuum-tight enclosures.

4. SURFACE ENGINEERING AND PLASMA-COMPATIBLE COATINGS

Surface engineering is a critical discipline in the design and fabrication of Chemical Vapor Deposition
chambers for display manufacturing. Plasma environments expose chamber components to intense ion
bombardment, reactive radicals, high temperatures, and cyclic thermal stresses. Without proper surface
treatments and coatings, components rapidly degrade, generating particles, altering process chemistry, and
compromising film uniformity. This section provides a comprehensive analysis of the surface engineering
strategies that enable long-term stability, contamination control, and plasma compatibility in
next-generation display equipment.

4.1 Functional Requirements for Plasma-Facing Surfaces
Plasma-facing components—including shower heads, support plates, substrate heating plates, and
chamber walls—must satisfy stringent performance criteria:
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Plasma-facing surfaces in CVD and PECVD chambers must exhibit high resistance to ion sputtering and
chemical etching to withstand prolonged exposure to reactive plasma species [11], [ 14]. Equally important
is the ability to maintain low particle generation under thermal and mechanical stress, ensuring that
chamber components do not contribute to defect formation during thin-film deposition. Stable surface
chemistry is essential to prevent contamination of sensitive films, while high thermal stability—typically
in the range of 400-600°C—allows components to operate reliably under elevated process temperatures.
Low outgassing characteristics further support vacuum integrity by minimizing the release of trapped
gases during operation. Together, these properties ensure minimal erosion over time, preserving the
dimensional accuracy and long-term performance of critical chamber components.

These requirements drive the selection of advanced coatings and surface treatments tailored to the plasma
species (e.g., SiHa, NHs, NFs, Oz, Ar) and process conditions.

4.2 Ceramic Coatings for Plasma Erosion Resistance
Ceramic coatings are the most widely used surface engineering solution for plasma-facing components
due to their exceptional hardness, chemical inertness, and thermal stability.

4.2.1 Aluminum Oxide (AL:Os) Coatings
AlL:0Os is commonly applied to aluminum chamber components using:

* Plasma-spray deposition
* Anodizing (hard anodize)
* Sol-gel ceramic coatings

Advantages

Aluminum oxide (Al2Os) coatings provide a robust and cost-effective surface protection solution for
plasma-exposed chamber components due to their high hardness, typically in the range of HV 1000-1500,
which offers strong resistance to mechanical wear and erosion. [10]. Their excellent resistance to
fluorine-based plasmas makes them suitable for many CVD and PECVD environments where aggressive
chemistries are present. Al:Os also maintains good thermal stability up to approximately 500°C, ensuring
reliable performance under elevated process temperatures. Combined with low cost and scalable
manufacturing methods such as plasma spraying, anodizing, and sol-gel deposition, these characteristics
make Al.Os a widely adopted coating for non-critical or moderately stressed plasma-facing surfaces.

Limitations

While aluminum oxide coatings offer good plasma resistance and thermal stability, plasma-sprayed Al=Os
coatings exhibit certain limitations that must be considered in high-performance CVD environments. The
plasma-spray process inherently introduces moderate porosity, which can act as initiation sites for erosion
or chemical attack during prolonged plasma exposure. These coatings may also develop micro-cracks
under repeated thermal cycling due to differences in thermal expansion between the coating and substrate
[14]. As aresult, their overall erosion resistance is lower compared to yttrium oxide (Y20s), making them
less suitable for the most aggressive plasma chemistries or long-duration high-power processes.

4.2.2 Yttrium Oxide (Y20:) Coatings
Y20:s is the gold standard for plasma-compatible coatings in advanced CVD/PECVD systems.

Advantages

Yttrium oxide (Y20s) coatings are widely regarded as the most robust plasma-facing protection for
advanced CVD and PECVD systems due to their exceptional resistance to fluorine-based etching, which
significantly slows erosion in aggressive plasma chemistries. Their very low sputter yield under ion
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bombardment further minimizes particle generation, ensuring stable long-term chamber performance.
With a high melting point of 2410°C, Y-Os maintains structural integrity even under elevated thermal
loads. Additionally, its chemical stability in both oxidizing and reducing plasma environments makes it
suitable for a wide range of deposition and cleaning processes, providing unmatched durability and process
consistency. [13].

Applications

» Shower Head surfaces

» Support plates

* Plasma-exposed chamber walls

Performance Impact

Yttrium oxide coatings significantly enhance chamber performance by reducing particle generation by
50-80%, a critical improvement for maintaining low-defect thin-film processes. Their exceptional
resistance to plasma erosion extends component lifetime by a factor of 2—4x, reducing maintenance
frequency and improving tool uptime. By stabilizing surface conditions and minimizing wear-induced
variability, Y»Os coatings also improve chamber matching and process repeatability, enabling more
consistent film properties across multiple tools and production cycles.

4.3 Anodizing and Hard-Coat Treatments for Aluminum Components
Aluminum is widely used in chamber construction due to its low weight and high thermal conductivity.
However, bare aluminum is unsuitable for plasma exposure.

Hard Anodizing (Type I1I)

Hard-anodized aluminum surfaces provide a dense, protective oxide layer typically in the range of 25—
75 um, offering a substantial barrier against mechanical wear and chemical attack in plasma-exposed
environments. With hardness values reaching HV 500-600, these anodic films deliver significantly
improved abrasion resistance compared to conventional anodizing. The resulting surface exhibits good
wear resistance, making hard anodizing a practical and cost-effective choice for non-critical chamber
components that require enhanced durability without the complexity or expense of advanced ceramic
coatings.

Benefits

Hard-anodized aluminum remains a cost-effective surface treatment option for chamber components that
are not directly exposed to high-energy plasma but still require moderate protection. Its anodic oxide layer
provides reliable corrosion resistance in humid or chemically active environments, making it suitable for
plasma-adjacent surfaces such as frames, covers, and structural panels. This balance of affordability,
durability, and environmental resistance makes hard anodizing a practical choice for secondary
components where advanced ceramic coatings are unnecessary. [10].

Limitations

Despite its durability and corrosion resistance, hard-anodized aluminum is not suitable for direct plasma
exposure in high-power processes, where intense ion bombardment and aggressive chemistries rapidly
erode the anodic layer. Additionally, the brittle nature of the oxide film makes it susceptible to cracking
under rapid thermal cycling, especially when large temperature gradients develop between the coating and
the underlying aluminum substrate. These limitations restrict hard anodizing to plasma-adjacent or
low-stress regions rather than critical plasma-facing surfaces.
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4.4 Electropolishing and Surface Smoothing

Surface roughness is a major contributor to particle generation. Electropolishing removes micro-asperities
and produces ultra-smooth surfaces.

Technical Characteristics

Ultra-fine mechanical polishing and chemical-mechanical finishing techniques are used to achieve
extremely smooth surfaces with roughness values below Ra <0.1 pm, eliminating micro-asperities that
can trap particles or disrupt gas flow. These processes effectively remove embedded contaminants from
prior machining or handling, restoring a clean and stable surface for plasma exposure. By minimizing
surface defects and asperity-driven stress concentrations, such polishing significantly reduces initiation
sites for particle flaking, thereby improving chamber cleanliness and long-term process stability.

Applications

 Stainless steel chamber walls

» Gas manifolds

» Shower head back surfaces

* Substrate heating plate support structures

Impact

Surface cleaning and passivation treatments play a critical role in improving chamber readiness by
reducing particle contamination through the removal of machining residues, oxides, and embedded debris.
These treatments also improve vacuum pump-down times by eliminating adsorbed moisture and volatile
surface species, allowing the chamber to reach low-pressure conditions more rapidly and consistently.
[17]. In addition, passivated surfaces exhibit enhanced corrosion resistance, protecting chamber
components from humidity, chemical exposure, and long-term environmental degradation during
operation and maintenance cycles.

5. HIGH-RESOLUTION METROLOGY AND INSPECTION

High-resolution metrology and inspection are indispensable for ensuring the dimensional accuracy,
surface integrity, and functional reliability of Chemical vapor deposition chamber components used in
advanced display manufacturing. As substrate sizes increase to Gen8.5, Genl0.5, and Genll, even
micron-scale deviations in chamber geometry can lead to significant variations in gas flow, plasma
density, thermal uniformity, and ultimately thin-film quality. This section provides a comprehensive
analysis of the metrology technologies and inspection methodologies that enable the fabrication of
next-generation display equipment with uncompromising precision.

5.1 Role of Metrology in Display Equipment Manufacturing

High-precision metrology is essential for validating chamber components, ensuring that critical
dimensional parameters such as flatness, parallelism, and concentricity meet the tight tolerances required
for plasma uniformity and mechanical alignment. Surface roughness is carefully quantified to guarantee
particle-free operation, as even sub-micron asperities can become contamination sources during
high-energy plasma exposure. Internal geometries—including cooling channels, weld zones, and hidden
structural features—are inspected using advanced non-destructive techniques to verify flow uniformity
and joint integrity. Material integrity is assessed through microstructural analysis to detect porosity,
inclusions, or other defects that could compromise thermal performance or long-term reliability. Together,
these measurements ensure that components maintain the thermal and mechanical stability necessary for
consistent operation in demanding CVD and PECVD environments. [17], [19].

Given the extreme sensitivity of OLED, LTPS, and TFT processes, metrology is not merely a
quality-control step—it is a performance-defining discipline.
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5.2 Coordinate Measuring Machines (CMM) for Dimensional Accuracy
CMMs are the backbone of precision dimensional inspection for large and complex chamber components.

Capabilities

Coordinate measuring machines (CMMs) provide sub-micron measurement accuracy using high-precision
tactile probes or advanced scanning heads, enabling reliable verification of critical chamber components.
[19], [20]. These systems support full 3D geometric reconstruction of complex parts such as shower heads,
substrate heating plates, ceramic frames, and large chamber bodies, ensuring that all functional surfaces
and internal features meet stringent design tolerances. For manufacturing environments that require
consistent throughput, CMMs can be programmed with automated measurement routines, allowing
high-volume production lines to achieve repeatable, operator-independent inspection with minimal cycle
time variation.

Applications

* Verifying shower head flatness and pinhole positional accuracy.

» Measuring substrate heating plate planarity to ensure uniform substrate contact.
* Inspecting chamber body dimensions to maintain vacuum sealing integrity.

Performance Impact

High-precision dimensional inspection plays a critical role in ensuring chamber-to-chamber matching
across multi-tool fabs, allowing process engineers to maintain consistent hardware geometry and minimize
variability in plasma behavior. By detecting subtle geometric inconsistencies early—such as deviations in
flatness, parallelism, or internal feature alignment—these measurements help reduce process drift that
would otherwise accumulate over long production cycles. In addition, continuous or periodic metrology
data supports predictive maintenance strategies by identifying early-stage deviations before they evolve
into performance-limiting defects, thereby improving tool uptime and long-term process stability.

5.3 Laser Interferometry for Flatness and Parallelism
Laser interferometry provides nanometer-level resolution for measuring flatness, bow, and warpage [18].

Technical Principles

Laser interferometry is a highly sensitive optical metrology technique that uses coherent laser light to
generate interference patterns, allowing extremely precise detection of surface height variations. By
analyzing phase shifts in the reflected light, interferometers can measure deviations in flatness or
topography with nanometer-level precision—far beyond the capabilities of conventional mechanical
gauges. This makes the method particularly well-suited for inspecting large, flat components such as
susceptors, backing plates, and other planar chamber surfaces where even minute height variations can
influence thermal uniformity, plasma distribution, or substrate support stability.

Applications

* Ensuring susceptor flatness within +1-3 um across >2 m surfaces.
* Verifying parallelism between diffuser and substrate planes.

* Measuring thermal deformation after high-temperature cycling.

Impact on Process Performance

Precise control of component flatness and geometric alignment directly influences both thermal uniformity
and deposition uniformity, ensuring that heat transfer and precursor distribution remain consistent across
the entire substrate. Maintaining a stable, planar support surface also prevents substrate bowing, which is
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a common cause of non-uniform film thickness and localized process defects. In addition, accurate
geometry helps preserve consistent plasma confinement spacing, allowing the chamber to maintain a
stable electric field and uniform plasma density during operation.

5.4 X-Ray Computed Tomography (CT) for Internal Inspection
X-ray CT enables non-destructive inspection of internal structures that cannot be evaluated using external
metrology.

Capabilities

X-ray computed tomography (CT) enables true 3D volumetric imaging of chamber components with
micron-scale voxel resolution, allowing engineers to visualize internal structures that are inaccessible to
conventional inspection methods. This high-resolution imaging makes it possible to detect a wide range
of internal defects—including porosity, cracks, voids, weld discontinuities, and cooling-channel
blockages—that can compromise thermal performance, mechanical integrity, or vacuum reliability. By
providing a complete internal reconstruction without destructive sectioning, CT scanning offers a powerful
tool for validating complex assemblies and ensuring long-term reliability in advanced CVD and PECVD
equipment.

Applications

* Inspecting gun-drilled cooling channels in substrate heating plates and support plates.
* Verifying weld integrity in electron-beam-welded chamber bodies.

* Detecting inclusions or delamination in composite components.

Impact

Non-destructive evaluation of internal features—such as welds, cooling channels, and bonded interfaces—
is essential for preventing catastrophic failures during high-temperature operation, where hidden defects
can rapidly propagate under thermal and mechanical stress [16]. By verifying that coolant passages are
unobstructed and uniformly machined, these inspections ensure consistent coolant flow, which is critical
for maintaining thermal stability and preventing localized overheating. Early detection of internal
anomalies also reduces rework and scrap rates in manufacturing, enabling higher yield and more reliable
production of complex chamber components.

5.5 Optical Profilometry for Surface Roughness and Texture
Optical profilometry provides non-contact measurement of surface roughness and topography.

Technical Characteristics

Optical profilometry—using techniques such as white-light interferometry or confocal microscopy—
provides highly sensitive, non-contact surface characterization suitable for precision chamber
components. These instruments can achieve surface roughness measurements down to Ra <10 nm,
enabling detection of ultra-fine topographical features that influence plasma stability, particle generation,
and thin-film adhesion. In addition to point-wise roughness values, optical profilometers generate full 3D
surface maps, offering detailed spatial analysis of waviness, micro-defects, and localized wear patterns
that are critical for maintaining long-term chamber performance.

Applications

+ Evaluating diffuser pinhole entrance roughness.

* Inspecting plasma-facing surfaces for micro-cracks or erosion.
* Verifying electropolished stainless steel surfaces.
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Functional Importance

Achieving smooth, defect-free surfaces is essential for plasma-facing hardware because it directly reduces
particle generation by eliminating asperities where debris can accumulate or detach during operation. A
well-polished surface also improves plasma stability by minimizing micro-arcing sites, which typically
originate from sharp edges, pits, or surface irregularities that locally distort the electric field. In addition,
smoother surfaces provide a superior foundation for ceramic or PVD coatings, enhancing adhesion
strength and reducing the likelihood of delamination under thermal or mechanical stress.

5.6 In-Process Metrology and Statistical Process Control (SPC)
Modern manufacturing integrates metrology directly into machining and assembly processes.

Techniques

Modern precision machining systems incorporate multiple layers of in-process control to ensure that
chamber components consistently meet sub-micron tolerances. In-machine probing enables real-time
dimensional correction by measuring critical features during machining and automatically adjusting tool
paths to eliminate drift. Complementing this, integrated laser-scanning systems monitor tool wear and
edge degradation, allowing the CNC controller to compensate before dimensional errors accumulate.
Statistical process control (SPC) charts track machining variability over time, providing early visibility
into process drift and enabling proactive intervention. To further enhance accuracy, thermal compensation
algorithms continuously correct for temperature-induced deformation in machine structures, ensuring
stable, repeatable machining performance even during long production cycles.

Benefits

Thermally controlled machining environments and compensation systems significantly reduce
dimensional drift caused by thermal expansion, ensuring that critical chamber components maintain
sub-micron accuracy even during long machining cycles. By stabilizing machine temperature and applying
real-time correction algorithms, manufacturers achieve consistent machining quality across batches,
minimizing variability in flatness, parallelism, and feature geometry. Continuous monitoring of machine
behavior and dimensional trends also enables predictive maintenance for tooling and fixtures, allowing
early detection of wear or misalignment before they impact part quality or production yield.

6. PRECISION ASSEMBLY AND ALIGNMENT MECHANISMS

Precision assembly and alignment mechanisms are fundamental to the performance and reliability of
Chemical vapor deposition equipment used in advanced display manufacturing. As substrate sizes scale
to Gen8.5, Genl0.5, and Genll, the mechanical tolerances required for chamber assembly, mask
alignment, substrate handling, and confiner positioning become increasingly stringent. Even micron-level
deviations in assembly can lead to non-uniform gas flow, plasma instability, substrate bowing, and pattern
misalignment—directly impacting thin-film uniformity and device yield. This section provides a
comprehensive analysis of the precision assembly methodologies and alignment technologies that enable
next-generation display equipment.

6.1 Assembly Tolerances and System-Level Requirements

Achieving micron-level flatness between the shower head, substrate, and confiner surfaces is essential for
maintaining uniform gap spacing, which directly governs plasma density, gas flow distribution, and
deposition uniformity. Equally critical is sub-milliradian angular alignment of the entire chamber stack-up,
ensuring that all functional planes remain parallel and preventing localized field distortion or asymmetric
heating. Precision assembly systems also provide highly repeatable XY positioning for mask frames and
substrates, enabling consistent pattern alignment and high-yield processing across large-area panels. At
the same time, sealing interfaces must achieve vacuum-tight performance without inducing mechanical
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distortion, preserving geometric integrity under clamping loads. Finally, all assembled components must
maintain thermal stability during high-temperature operation so that flatness, alignment, and sealing
performance remain consistent throughout the process cycle.

These requirements drive the need for advanced assembly techniques, precision fixtures, and
high-accuracy alignment systems.

6.2 Precision Fixturing and Assembly Tooling
High-precision fixtures ensure that chamber components are assembled with minimal distortion.

Key Features

Granite-based assembly platforms provide an ultra-stable foundation with thermal stability and flatness
better than 2 um/m, ensuring that chamber components are aligned on a dimensionally invariant reference
surface. To maintain precise and predictable constraint, kinematic mounts are used to locate components
in defined degrees of freedom, eliminating over-constraint and ensuring repeatable alignment during
assembly or maintenance. For thin or large components that are prone to distortion under mechanical
clamping, vacuum clamping systems offer uniform, distortion-free holding forces that preserve geometric
integrity throughout the assembly process. Precision dowel pins and bushings further enhance repeatability
by providing accurate, slip-fit locating features that ensure consistent positioning across multiple assembly
cycles and multi-tool production environments.

Applications

» Assembly of shower heads-substrate heating plates-confiner stack-ups
+ Alignment of chamber lids and bodies

* Mounting of backing plates with controlled preload

Impact

Precision fixturing and controlled assembly workflows significantly reduce assembly-induced warpage by
minimizing uneven clamping forces and ensuring that components settle into their intended geometric
constraints without distortion. This level of control is essential for achieving chamber-to-chamber
matching, as consistent assembly geometry directly influences plasma spacing, thermal behavior, and
process uniformity across multi-tool fleets. By maintaining stable, repeatable alignment and minimizing
residual stresses introduced during assembly, these methods also improve long-term mechanical stability,
ensuring that critical interfaces retain their flatness, parallelism, and sealing performance throughout
extended operational cycles.

6.3 Torque-Controlled Fastening and Preload Management
Fastening is a critical but often overlooked aspect of precision assembly.

Challenges

Controlled fastening is essential in chamber assembly because uneven torque application can distort
chamber bodies, altering critical gap spacing and compromising plasma and thermal uniformity. Excessive
preload poses an equally serious risk, as it can warp sensitive components such as substrate heating plates
and shower heads, leading to non-uniform heating, gas flow imbalance, or premature mechanical fatigue.
Conversely, insufficient preload reduces joint rigidity and can result in vacuum leaks, micro-shifts, or
long-term mechanical drift that destabilizes process conditions. Together, these factors highlight the need
for calibrated torque tools, uniform tightening sequences, and well-defined preload specifications to
maintain geometric integrity and process stability.
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Techniques

Advanced fastening control systems are essential for maintaining geometric integrity in large
PECVD/CVD chamber assemblies. Digital torque wrenches with £2% accuracy ensure that each fastener
receives the precise preload required to avoid distortion or uneven clamping. For large-diameter bolts or
high-load interfaces, hydraulic tensioners provide exceptionally uniform preload by stretching the bolt
rather than relying on friction-based torque, resulting in far more consistent joint behavior. Cross-pattern
tightening sequences further minimize distortion by distributing loads symmetrically across the assembly,
preventing warpage of sensitive components such as shower heads, heating plates, and chamber bodies.
To refine these methods, Finite Element Analysis (FEA) is used to optimize bolt patterns, preload levels,
and tightening strategies, ensuring that mechanical stresses remain balanced and that the assembled
chamber maintains long-term stability under vacuum and thermal cycling.

Functional Benefits

Maintaining precise flatness and parallelism across mating chamber surfaces is essential for preserving
uniform gap spacing, which directly influences plasma density, gas flow behavior, and thermal balance.
[1], [2]. When these surfaces are properly aligned, they eliminate micro-gaps that can destabilize the
plasma by creating localized electric-field distortions or uneven conductance paths. At the same time,
high-quality surface contact ensures long-term sealing integrity, preventing vacuum leaks and maintaining
stable mechanical preload throughout repeated thermal cycles and maintenance operations.

6.4 Cleanroom Assembly and Contamination-Free Practices
Precision assembly must occur in controlled environments to prevent particle contamination.

Practices

Chamber assembly is performed within ISO Class 57 cleanroom environments to tightly control airborne
particulate levels and protect sensitive plasma-facing components from contamination. All personnel use
particle-free gloves, garments, and tools to prevent the introduction of fibers, oils, or debris during
handling and alignment. Prior to assembly, components undergo ultrasonic cleaning to remove machining
residues, embedded particles, and surface films, ensuring that every part enters the cleanroom in a pristine
state. For the most sensitive operations—such as sealing, coating, or alignment of precision surfaces—
HEPA-filtered laminar flow benches provide localized ultra-clean airflow, further reducing contamination
risk and supporting high-yield, defect-free chamber performance [21].

Benefits

Maintaining stringent cleanliness throughout chamber assembly and operation directly reduces defect
density in thin films by preventing particles from landing on the substrate during deposition. Clean,
particle-free environments also help prevent particle-induced plasma instability, which can arise when
contaminants disrupt local electric fields or trigger micro-arcing events. By controlling contamination at
every stage—from component preparation to in-situ chamber conditioning—manufacturers ensure
long-term chamber cleanliness, supporting stable plasma behavior, consistent film quality, and high-yield
production over extended tool lifetimes.

6.5 Alignment Verification and Post-Assembly Metrology
After assembly, alignment must be verified using high-resolution metrology.

Methods

Advanced dimensional-verification workflows combine multiple high-accuracy measurement
technologies to ensure that chamber assemblies meet stringent geometric requirements. Laser trackers
provide large-scale geometric verification, enabling precise measurement of chamber bodies, frame
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structures, and long-span assemblies with sub-millimeter accuracy over several meters [16], [17], [19].
For critical alignment features—such as datum bores, mask-frame locators, and shower-head interfaces—
CMM inspection delivers micron-level accuracy and repeatability. Interferometry is used to validate
flatness and parallelism of plasma-facing surfaces, ensuring uniform gap spacing and stable electric-field
distribution. Complementing these methods, digital image correlation (DIC) enables full-field deformation
analysis under mechanical or thermal loading, revealing subtle distortions that could affect plasma
uniformity, sealing integrity, or long-term mechanical stability.

Purpose

Post-assembly metrology plays a critical role in validating chamber performance by confirming that all
components have been assembled to the required geometric accuracy, including flatness, parallelism, and
alignment tolerances. These measurements also detect mechanical drift or preload-induced distortion that
may have occurred during fastening, thermal cycling, or handling, allowing engineers to correct subtle
deviations before they impact plasma behavior or sealing integrity. By verifying that the assembled
chamber meets all dimensional, mechanical, and cleanliness criteria, this final inspection step ensures full
readiness for process qualification and supports consistent, high-yield operation across production tools.

7. CONCLUSION

Precision manufacturing techniques are foundational to the development of next-generation display
manufacturing equipment. Through advanced machining, welding, surface engineering, metrology, and
alignment technologies, manufacturers can achieve the stringent performance requirements necessary for
OLED, LTPS, and TFT production. These techniques not only enhance equipment reliability and process
uniformity but also enable the scalable fabrication of high-quality displays that power modern consumer
electronics.
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