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ABSTRACT

The manufacturing execution system has evolved from a transactional shop-floor tool into a strategic orchestration platform
at the heart of modern gigawatt-scale solar cell production. As heterojunction cell lines have grown in throughput, metrology
density, and process complexity, the digital infrastructure that coordinates recipe delivery, captures wafer genealogy, and
enforces statistical process control has become the single most consequential system for production yield, reliability, and
commercial agility.

This article presents the design, deployment, and operational outcomes of an MES architecture specifically engineered for
Heterojunction cell manufacturing at REC Solar’s 1 GW Singapore facility. The architecture spans five integrated layers -
equipment fabric, data integration, real-time SPC, genealogy and traceability, and orchestration - each addressing a specific
class of manufacturing control problem. Deployment across forty-two process tools and twenty-three inline metrology
stations was completed between October 2021 and November 2022. Outcomes include a reduction in recipe deployment
latency from 184 minutes to 4 minutes, end-to-end wafer genealogy coverage lifted from 45% to 100% across six data
categories, mean time to detect process excursions shortened from 480 minutes to 6 minutes, and sustained process capability
of Cpk > 1.58 on all eight primary cell parameters. The estimated annualized commercial impact is approximately $12.4
million at current production volume.
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CHAPTER1
I THE CASE FOR ARCHITECTURAL RIGOR

For most of the commercial history of photovoltaic cell manufacturing, the manufacturing execution system was treated as
a necessary but unglamorous piece of back-office infrastructure - a transaction log to track lots, a rudimentary recipe
distributor, a reporting tool for month-end operational metrics. This view reflected the underlying simplicity of early
production lines, where process steps were few, tool fleets were small, and the commercial pressure to extract every last
fraction of a percent of efficiency had not yet materialized. Under those conditions, the MES could afford to be a background
utility; the real technical work of the factory happened on the process tools themselves and in the laboratories where new
cell architectures were engineered.

The commercial landscape of 2023 does not resemble those early conditions. A modern heterojunction cell line at gigawatt
scale comprises twelve to sixteen distinct process steps, each instrumented with one or more inline metrology stations, each
generating streams of high-frequency data that collectively exceed thirty-four million measurements per production day.
Every process tool carries dozens of tunable parameters, each of which can be updated through a recipe that must be
simultaneously consistent across the tool fleet, traceable back to its engineering authorization, and enforceable against
unauthorized drift. Every wafer that passes through the line must be identifiable by a unique serial number, linkable to the
incoming wafer lot, the paste lot used in its metallization, the recipe revision active at each process step, the operator on
shift, and the final cell efficiency measured at flash test. Every statistical anomaly that emerges in the inline data must be
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detected within minutes rather than hours, attributed to a probable cause, and communicated to an engineer with enough
context to act on it before the anomaly has cascaded into a lot-wide yield loss event.

In this environment, the MES is no longer a background utility. It is the central nervous system of the factory. Its architectural
choices - which data it ingests, how it orchestrates recipe deployment, how it correlates events across Heterojunction process
tools, how it balances reliability against flexibility - determine whether the factory can realize the performance of its
underlying cell technology or whether that performance is lost to operational friction. Engineering effort spent on the cell
process without corresponding investment in the MES is engineering effort left on the table.

Presentation Layer
A Dashboards - Operator Ul - Engineering tools - Mobile apps

| Orchestration Layer

4 Recipe manager - Workflow engine - State machine - Rules engine

| Genealogy & Traceability

4 Wafer lineage - Equipment events - Material consumption - Audit log

v Real-Time SPC Layer

Streaming analytics - Control charts - CUSUM - Alert dispatcher

Data Integration Layer
OPC-UA - SECS/GEM - REST APIs - Equipment connectors - MQTT

Equipment Shop-Floor Fabric

PLCs - Inline metrology - Process tools - Sensors

Figure 1.  The five-layer MES architecture deployed at REC Solar’s Singapore facility. Each layer addresses a
distinct category of manufacturing control problem, from physical equipment integration at the base to operator-facing
dashboards at the top.

< Why Heterogeneity Raises the Stakes

The term “Heterojunction” in this article refers to three distinct axes of diversity in modern cell manufacturing that the MES
must absorb without losing coherence. The first axis is process-tool diversity - the production line combines sputtering tools,
PECVD reactors, screen printers, co-firing furnaces, laser systems, and optical inspection stations, each supplied by a
different vendor, each speaking a different combination of industrial communication protocols. The second axis is product
diversity - a mature cell line concurrently manufactures multiple cell architectures, each with its own recipe set, each with
specific metrology gates and acceptance criteria. The third axis is data diversity - measurements range from scalar sensor
readings taken every second to high-resolution wafer maps generated every few seconds to electroluminescence images
produced at wafer cadence.

Each of these diversity axes, considered alone, is a manageable engineering problem. The combination creates an
architectural challenge that cannot be addressed by piecemeal extension of a legacy MES. An MES designed for the
transactional era cannot gracefully absorb the data volumes of modern metrology without collapsing under latency. An MES
designed for a single product architecture cannot track multi-recipe genealogy without unmaintainable special cases. An
MES designed around a homogeneous tool fleet cannot scale its integration effort across a diverse supplier base without
accumulating technical debt at a rate that eventually overwhelms the engineering capacity that maintains it.
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ARCHITECTURAL PRINCIPLE
Heterogeneity is not a problem to be eliminated. It is the permanent operating condition of modern cell manufacturing.
The MES architecture must be designed from the outset to absorb heterogeneity without losing determinism - meaning
that identical inputs must produce identical outputs regardless of which tool variant, product recipe, or data modality
is involved in the transaction.
% Article Structure
The remainder of this article is organized into ten chapters. Chapter 11 describes the manufacturing environment and the
state of the pre-existing MES infrastructure that the new architecture replaced. Chapter I1I presents the five-layer architecture
in detail, describing the design decisions behind each layer. Chapter IV focuses on the recipe management subsystem, which
proved to be the highest-leverage single component. Chapter V addresses genealogy tracking, its schema, and its operational
use cases. Chapter VI describes the real-time SPC integration, including both the statistical engine and the alerting
infrastructure. Chapter VII covers the equipment integration strategy across Heterojunction protocols. Chapter VIII
discusses deployment, validation, and organizational change management. Chapter IX presents the measured production
outcomes. Chapter X concludes with lessons learned and future directions.

CHAPTER 11
II MANUFACTURING ENVIRONMENT AND THE LEGACY MES
% The Production Context
The REC Solar Singapore cell manufacturing facility operates a twelve-step heterojunction process flow across a fleet of
forty-two production tools and twenty-three inline metrology stations, producing approximately one-point-five gigawatts of
high-efficiency cells annually. The operational characteristics of the line that drive the MES design requirements are
summarized below.
PRODUCTION SCALE AND CADENCE
¢ Fleet throughput: Nominal aggregate throughput of three thousand six hundred wafers per hour per line, across two
parallel cell lines, for a daily wafer production of approximately one hundred seventy-two thousand wafers.
¢ Annual cell output: Approximately sixty-three million wafers processed per year at rated capacity, with a target
cell efficiency above twenty-three-point-five percent absolute.
¢ Process step count: Twelve primary process steps plus four inline metrology gates and two quality inspection
stations, yielding eighteen distinct stations per cell through which the MES must track each wafer.
¢ Unique wafer identification: Every wafer carries a laser-marked serial number assigned at the incoming wafer
station and read at each downstream station, enabling complete wafer-level genealogy across the production flow.
DATA VOLUME CHARACTERISTICS
¢ Measurement records per day: Approximately thirty-four million inline measurement records produced daily
across the full tool and metrology fleet, spanning scalar sensor data, wafer maps, and image data.
¢ Event stream volume: Approximately six-point-eight million manufacturing events per day, including tool state
transitions, recipe changes, operator actions, and quality gate decisions.
¢ Recipe catalog size: A maintained catalog of approximately one thousand four hundred active recipe definitions,
spanning four product architectures and three cell efficiency classes, requiring coordinated version control across the
active catalog.
¢ Data retention requirement: Ninety days of high-resolution data retained online for engineering access, with a
three-year archival retention for compliance and failure-analysis support.
% The Legacy MES State in 2021
At the start of the architectural redesign in late 2021, the pre-existing MES was a composition of three distinct systems
accumulated over six years of incremental expansion. The core was a relational-database-backed lot tracker that had been
procured in 2016 to support the original production ramp, extended over time with custom modules for recipe distribution
and inline metrology capture. Alongside the core MES, two auxiliary systems operated in parallel: a standalone statistical
process control application licensed from a semiconductor industry vendor, and a homegrown genealogy database built by
the engineering team to answer ad-hoc traceability questions.
The operational symptoms of this legacy arrangement were becoming unmistakable. Recipe deployment to the fleet required
manual file-copy operations performed by a production engineer, taking a median of one hundred eighty-four minutes from
authorization to fleet-wide activation. Genealogy queries spanning multiple stations required SQL joins across three systems
with inconsistent wafer identification schemes, producing answers with a significant fraction of missing records. Process
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excursions were typically detected only at the next shift review, an average of four hundred eighty minutes after their initial
occurrence. The engineering hours consumed by data reconciliation across the three systems had grown to an estimated
three-point-four full-time-equivalent engineers, representing pure technical debt maintenance with no forward progress on
manufacturing improvement.
The formal decision to pursue a full MES architectural redesign was made in October 2021 following a lot-wide yield
loss event attributable to a recipe misalignment that had persisted undetected across three tools for four hours. The
estimated direct impact of that single event was approximately $420,000 in lost product. The subsequent root-cause

analysis concluded that the legacy MES did not possess the architectural capability to prevent similar events at an
acceptable cost - and that incremental patching would only delay the inevitable redesign.

CHAPTER III
IIT THE FIVE-LAYER ARCHITECTURE
The redesigned MES architecture is organized as five horizontal layers, each with explicit responsibilities and a well-defined
interface to the layers above and below it. The layered separation is deliberate - it is the primary mechanism by which the
architecture absorbs heterogeneity without losing determinism. Changes in one layer, whether driven by new equipment,
new product recipes, or new analytical capabilities, must not propagate arbitrarily into other layers. The contract between
layers is the stable element; the implementations within each layer are permitted to evolve.
« Layer I - Equipment Shop-Floor Fabric
The base layer comprises the physical equipment on the shop floor - the programmable logic controllers, metrology stations,
sensors, and process tools themselves. This layer is not owned by the MES team in the engineering sense; it is owned by the
equipment engineering and process engineering teams. What the MES layer architecture imposes on the shop-floor fabric is
a set of minimum capabilities that every tool in the fleet must meet in order to be eligible for full MES integration. These
minimum capabilities are:
¢ Industrial protocol support: Every tool must expose its control and data interfaces through one of the three
supported standard protocols - OPC-UA, SECS/GEM, or a REST-based tool API conforming to the internal
specification REC-TOOL-API version two.
¢ Recipe download capability: Every tool must accept recipe downloads from the MES without operator keystroke
intervention, with a checksum-verified acknowledgment returned to the MES upon successful recipe load.
¢ Event timestamping: Every tool must emit event timestamps synchronized to the factory NTP time server to within
one hundred milliseconds, enabling cross-tool event correlation at temporal resolutions relevant to manufacturing
analysis.
¢ Fault annunciation: Every tool must raise a distinguishable fault event through its communication interface within
five seconds of fault detection, enabling downstream alerting infrastructure to respond promptly.
¢ Serial traceability: Every tool that transports a wafer must read the wafer serial number at entry and report that
identifier with every subsequent event emitted for that wafer.
< Layer 2 - Data Integration
The data integration layer is the technical boundary between the Heterojunction shop floor and the homogeneous analytical
fabric above it. Its role is to translate the diverse protocols, data formats, and timing characteristics of the equipment layer
into a canonical internal representation that the higher layers can consume without knowing or caring about the equipment-
specific details. The translation is bidirectional: commands flowing down from the orchestration layer must be converted
into tool-specific protocol messages, and data flowing up from the tools must be converted into the canonical internal format.
INTEGRATION PATTERNS
1. Direct protocol binding: Native connectors for OPC-UA and SECS/GEM translate tool messages to canonical
format in place, with latency budgets of twenty-five milliseconds per message. This pattern is used for all scalar
sensor data and state transition events.
2. Adapter-translated binding: Tool-specific adapter services written in Python handle tools that expose non-standard
protocols or require data transformation. Typical use cases include vision-inspection tools that emit JPEG images
with custom metadata headers and legacy tools using Modbus register-based interfaces.
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3. Polling-based binding: For tools that do not support event-driven data emission, a polling service queries tool state
at a configurable cadence (typically one-hertz to ten-hertz) and generates synthetic events from state changes. This
pattern is used for approximately eighteen percent of the fleet.

% Layer 3 - Real-Time SPC

The real-time SPC layer consumes the canonical data stream from the integration layer and applies statistical process control
logic to detect anomalies as they emerge. The layer must process approximately thirty-four million incoming measurements
per day with a ninety-fifth percentile processing latency of five hundred milliseconds from measurement arrival to alert
generation. It must operate continuously without loss of state across planned and unplanned failures of individual processing
nodes.

The statistical engine implements three complementary detection methods operating in parallel on every measurement
stream. Shewhart X-bar and R charts with three-sigma action limits provide the primary detection mechanism for large,
sudden process shifts. Cumulative sum (CUSUM) charts with carefully selected reference values and decision thresholds
detect small sustained drifts that fall below Shewhart detection sensitivity. A machine-learning-assisted anomaly detection
module, built on a gradient-boosted regression framework, provides early warning for non-stationary process behavior that
neither classical method identifies quickly.

Real-Time SPC Funnel — From Raw Signals to Corrective Actions (Daily Volumes)

Raw measurements ingested
34.2 M / day
SPC rule evaluations
6.8 M/ day
Shewhart 30 violations detected
1,240 / day
CUSUM drift signals
340 / day
Operator alerts dispatched
92 / day

Figure 2.  Real-time SPC funnel showing daily transaction volumes at each stage of the detection and response
pipeline - from 34 million raw ingestion events down to 38 human-reviewed corrective adjustments per day.
« Layer 4 - Genealogy and Traceability
The genealogy layer maintains a comprehensive, persistent record of the manufacturing lineage of every wafer, every
consumable lot, every equipment event, and every recipe revision active during production. The layer is designed around a
graph-structured data model in which wafers, tools, consumables, recipes, and people are represented as nodes, and
manufacturing events are represented as directed edges connecting them. This graph representation enables efficient queries
of the form “which wafers were processed on Tool Seven between the recipe revision at 14:30 and the subsequent revision
at 16:45?” or “which paste lots contributed to the efficiency distribution of the cells currently in module assembly?”
GENEALOGY DATA CATEGORIES
& Wafer-to-station linkage: Every wafer is associated with every station it has passed through, with entry and exit
timestamps, tool identifier, and recipe revision active at the time. This linkage is the backbone of the genealogy graph.
¢ Equipment event log: Every state transition of every tool is recorded - idle-to-running, running-to-fault, fault-to-
cleared, recipe load events, and maintenance state transitions - enabling post-hoc analysis of tool health trajectories.
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¢ Material lot tracing: Every consumable lot (silver paste, screen mesh, squeegee, TCO target, wet-chemistry liquids)
is tracked from incoming qualification through consumption, with the specific wafers associated with each lot’s
production window.

¢ Recipe provenance: Every recipe revision is stored with its engineering authorization signature, deployment
timestamp, and the set of tools on which it was active, enabling exact reconstruction of the process state at any past
moment.

¢ Metrology result archive: Every inline measurement is stored with the wafer and station identifiers to which it
belongs, enabling later correlation of measurement patterns with downstream cell performance.

¢ Operator action log: Every significant operator action - manual recipe change, tool pause, quality hold release,
maintenance completion - is recorded with operator identity and timestamp for audit traceability.

Genealogy Data Coverage — Pre-MES Baseline vs. Post-MES Production Traceability
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Figure 3.  Genealogy data coverage before and after the MES redesign. Wafer-to-station linkage coverage improved
from 45% to 100%; process parameter capture coverage from 15% to 100% - a transformation that enables systematic
root-cause analysis previously impossible.

< Layer 5 - Orchestration

The orchestration layer is the highest layer in the MES stack and is where production logic - as distinct from infrastructure
- is expressed. The layer coordinates multi-tool workflows, enforces quality gate decisions, manages recipe release, and
provides the primary interfaces through which engineers, operators, and supervisors interact with the manufacturing system.
Crucially, the orchestration layer is designed to hold no permanent state beyond the minimum required for active workflow
execution - all persistent state resides in the genealogy layer below, where it is subject to the full audit and traceability
guarantees of that layer.

The layer is implemented as a collection of microservices, each responsible for a bounded domain of production logic. The
services communicate through an internal event bus and are deployable independently, allowing production-hot updates to
individual services without full system downtime. The services include the recipe manager, workflow engine, quality gate
enforcer, alert dispatcher, dashboard renderer, and the external-facing API gateway through which downstream systems
(ERP, business intelligence, supplier portals) access MES data.

CHAPTER 1V
IV RECIPE MANAGEMENT AS THE HIGHEST-LEVERAGE COMPONENT

R

< The Recipe Problem at Scale

Recipe management - the discipline of defining, versioning, authorizing, distributing, and enforcing the set of tool
parameters that defines how a product is made - is the highest-leverage single component of a modern MES. No other
component has such direct consequences for production outcomes: a recipe error propagates to every wafer processed under
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that recipe, and a delayed recipe update delays every corrective process improvement until it is deployed. The legacy MES
handled recipes as individual files manually distributed by production engineers. The redesigned architecture treats recipes
as first-class managed entities subject to full version control, authorization workflow, and automated deployment.
RECIPE LIFECYCLE STAGES

4.

9.

Authoring: A recipe engineer creates or modifies a recipe definition through a structured editing interface that
validates the proposed change against schema rules and engineering-defined parameter envelopes. The system
automatically versions each save.

Review and authorization: The proposed recipe enters a formal review workflow in which designated reviewers
with appropriate process domain expertise examine and explicitly authorize the change. No recipe can progress to
deployment without at least two independent authorizations.

Deployment planning: The authorized recipe is associated with a deployment plan that specifies which tools are
in scope, the desired activation window, and the rollback criteria under which the recipe would be automatically
reverted.

Fleet activation: On the scheduled activation timestamp, the recipe is pushed to every in-scope tool through the
tool integration layer. Each tool must acknowledge successful recipe load via checksum verification; the
deployment is considered complete only when all tools have confirmed.

Post-deployment monitoring: The SPC layer monitors output metrology for the affected tools during a
predefined validation window. Any deviation from expected behavior triggers an escalation to the recipe change
authors.

Archival: Superseded recipe revisions are retained indefinitely in the genealogy layer, enabling exact
reconstruction of the process state at any past production moment for audit or failure-analysis purposes.

RECIPE DEPLOYMENT PERFORMANCE
184 min median recipe deployment latency under the legacy MES (manual file copy, per-tool verification).
4 min median recipe deployment latency under the redesigned MES (automated fleet push with checksum
verification).
46% improvement in recipe deployment speed - enabling same-shift deployment of engineering changes rather than
next-shift latency.

Recipe Deployment Latency — Pre-MES Baseline vs. MES-Driven Release (Fleet-Wide, 42 Tools)
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Figure 4.  Recipe deployment latency reduction over the project timeline. The legacy baseline of 184 minutes was

reduced to 4 minutes by Q4 2022 - a 46 improvement that fundamentally changed the cadence of process

improvement activities.

% The Subtler Benefits of Automation
The dramatic reduction in recipe deployment latency is the most visible outcome of the recipe management subsystem, but
it is not the most important one. The more consequential outcomes lie in the discipline that automation imposes on the recipe
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change process. Under the legacy manual workflow, informal recipe changes - adjustments made by an engineer at a single
tool to address a transient issue - frequently escaped formal authorization and persisted long after the original justification
had expired. These informal changes were a primary source of fleet-wide inconsistency and a common contributor to
difficult-to-diagnose yield problems. Under the redesigned workflow, no recipe change at any tool is possible without going
through the authorization pipeline. This does not mean engineers cannot adjust tool parameters; it means they cannot do so
without the change being captured, authorized, and visible to the entire engineering organization.
“Automation is not primarily about speed. Automation is primarily about discipline - the elimination of the
unsanctioned shortcut that accumulates into unmaintainable manufacturing complexity.”

CHAPTER V
V  GENEALOGY TRACKING IN PRACTICE
The genealogy layer described in Chapter III is not valuable in the abstract. It is valuable only to the extent that it supports
specific engineering queries that drive production improvement. This chapter describes the operational use cases that have
emerged in the year following genealogy layer deployment and the query patterns that have proven most impactful.
« Operational Use Cases
ROOT-CAUSE ATTRIBUTION OF YIELD EXCURSIONS
When a yield excursion is detected by the SPC layer or reported by downstream module assembly, the genealogy layer
supports rapid root-cause attribution by enabling the engineer to reconstruct the exact production conditions under which
the affected wafers were processed. Typical query patterns include:
¢ Cross-tool recipe correlation: Identify all recipes active on every tool during the window in which affected wafers
were processed, detecting cases where a recipe change on one tool coincides temporally with the yield degradation.
¢ Consumable lot correlation: Cross-reference the silver paste, screen, and TCO target lots in use at each affected
tool during the excursion window against the historical quality record of each lot.
¢ Operator shift correlation: Identify the shift pattern and operator rotation in effect during the excursion to exclude
or confirm operator-action-related causes.
¢ Equipment health correlation: Review tool maintenance history, fault logs, and scheduled maintenance events in
the preceding seventy-two hours for each affected tool.
SUPPLIER QUALITY INVESTIGATION
When a material supplier delivers a lot that subsequently correlates with downstream performance issues, the genealogy
layer supports a clean investigative trail from the incoming lot identifier to every wafer that consumed material from that
lot. The query pattern is straightforward but was effectively impossible to execute under the legacy MES without manual
database reconstruction. Typical investigative steps include:
¢ Lot-to-wafer expansion: Given the supplier lot identifier, enumerate every wafer whose processing window
overlapped with the active use window of that lot.
¢ Performance distribution comparison: Compare the cell efficiency distribution of wafers associated with the lot
under investigation against the baseline distribution from unrelated lot production.
¢ Cross-parameter correlation: Examine the distributions of the primary cell electrical parameters (Voc, Jsc, FF) to
identify which physical mechanism is being affected by the lot variation.
REGULATORY AND CUSTOMER AUDIT RESPONSE
Commercial customers in certain market segments - particularly utility-scale project developers and government-backed
deployment programs - require detailed production traceability as a contractual condition. The genealogy layer supports
audit response by enabling the production of traceability reports on demand, with reports generated by automated queries
against the canonical genealogy graph rather than by manual data compilation across multiple systems. Typical audit
scenarios include:
¢ Module-to-cell traceability: Starting from a module serial number deployed in a customer installation, reconstruct
the set of sixty cells embedded in the module and the production history of each.
¢ Lot-of-origin reports: Identify the incoming wafer lot, the paste lot, and the recipe revision set active during
production of each cell in the traced module.
¢ Operator attestation reports: Identify the operators on shift during each production step and generate attestation
records in the form required by the applicable customer or regulatory specification.

THE COMPLIANCE DIVIDEND
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The genealogy layer was not designed primarily to meet compliance requirements, but its existence has reduced the
engineering effort required to respond to customer audits from an estimated eighty engineering-hours per audit to
approximately four engineering-hours per audit. At the current audit cadence of approximately eighteen customer
audits per year, the annual savings exceed one thousand three hundred engineering-hours - a fraction that has been
redirected to forward-looking manufacturing improvement work.

CHAPTER VI
VI REAL-TIME SPC INTEGRATION

R

% The Detection Hierarchy
The SPC layer described in Chapter 11 operates on a three-tier detection hierarchy, each tier optimized for a different class
of process anomaly. The tiers operate concurrently on every incoming measurement stream, with higher tiers providing
coverage that lower tiers do not.
Tier 1 - Shewhart threshold detection: Standard three-sigma action limits on X-bar and R charts. Optimized for
rapid detection of large sudden shifts. Typical detection time for a one-sigma shift is forty-four wafer samples; for a
three-sigma shift, effectively one sample.
Tier 2 - CUSUM drift detection: Cumulative sum charts with reference value of half-sigma and decision threshold
of five-sigma. Optimized for detection of small sustained drifts. Typical detection time for a one-sigma drift is
approximately eight to ten samples - five times faster than Shewhart alone for small-magnitude anomalies.
Tier 3 - Machine-learning anomaly detection: Gradient-boosted residual model trained on the joint distribution
of process parameters and output efficiency. Flags non-stationary behavior that neither classical tier detects. Typical
detection time for subtle correlated parameter drifts is approximately four to six samples.
DETECTION PERFORMANCE

Mean Time to Detect Process Excursions — Detection Method Comparison
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Figure 5.  Mean time to detect process excursions under five different detection methods. The progression from
manual shift review (480 minutes) to MES ML-assisted detection (6 minutes) represents an 80% improvement in
response velocity - fundamentally changing what is economically recoverable after an excursion occurs.

< Alert Dispatch and Response
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Detection is not sufficient; timely communication of the detection to the engineer empowered to act on it is equally
important. The alert dispatch subsystem routes alerts through a prioritized channel hierarchy based on the severity of the
detected condition and the business hours status of the relevant engineering team. The channel hierarchy includes:
¢ In-application dashboard: All alerts, regardless of severity, appear within five seconds on the real-time engineering
dashboard. This is the primary channel during business hours.
¢ Mobile push notification: High-severity alerts and all alerts during off-hours are pushed to the mobile devices of
the on-call engineer and their backup. Push delivery latency averages twelve seconds from detection to device

notification.

¢ Automated email summary: Every alert generates an email record regardless of delivery channel, providing an
auditable trail of alerting history that cannot be lost through dashboard clearing.

¢ SMS escalation: Alerts of the highest severity tier that remain unacknowledged for ten minutes escalate to SMS
notification to the on-call engineer, their manager, and the production shift supervisor simultaneously.

Process Capability Improvement Across Key Inline Parameters
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Figure 6.  Process capability (Cpk) for eight primary cell parameters before and after MES/SPC integration. Every

parameter crossed the Cpk = 1.33 production minimum, and six of eight crossed the Cpk = 1.67 fully-capable threshold
- a transformation that materially reduces the frequency and magnitude of yield excursions.

«» Event Volume Characteristics

The SPC layer operates continuously under a substantial event volume. The volume is not uniformly distributed across the
production week; it concentrates during day shifts, reflects reduced activity during overnight shifts, and drops further during
weekend operations. Understanding this temporal distribution is important for capacity planning and staffing decisions.
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MES Event Volume Heatmap — Events per Hour, Typical Production Week
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Figure 7.  MES event volume heatmap across a typical production week. Peak event volumes coincide with shift-
change activity around 7-9 hours and 14-16 hours; event volumes on weekends are approximately 72% of weekday
levels, consistent with reduced but non-zero weekend production activity.

CHAPTER VII
VII EQUIPMENT INTEGRATION ACROSS HETEROJUNCTION PROTOCOLS
The equipment integration problem at a gigawatt-scale cell manufacturing facility is fundamentally different from the
integration problem at a semiconductor fab. In semiconductor manufacturing, the dominant equipment suppliers have largely
converged on SECS/GEM as the standard communication protocol, reducing the integration effort per tool to a matter of
configuration. In solar cell manufacturing, the equipment supplier ecosystem has not converged: different process steps are
dominated by different suppliers, and different suppliers use different protocols with different data models and different
semantic conventions.
< The Supported Protocol Set
The integration layer supports three primary protocols, each chosen for coverage of a specific segment of the tool fleet:
¢ OPC-UA: Used for approximately fifty-two percent of the tool fleet, predominantly the plasma-enhanced deposition
tools, the firing furnaces, and the newer metrology stations. OPC-UA provides native semantic richness and has been
adopted by most European equipment suppliers.
¢ SECS/GEM: Used for approximately thirty-one percent of the fleet, predominantly the sputtering tools and tools
sourced from suppliers with semiconductor industry heritage. SECS/GEM is mature but requires careful attention to
the details of each supplier’s implementation choices.
¢ Tool-specific REST APIs: Used for approximately seventeen percent of the fleet, predominantly the screen-printing
tools and several vision-inspection systems. REST-based integration is protocol-simple but requires per-vendor data
model translation.
< Equipment Qualification Protocol
Every tool entering the production fleet must pass a formal MES integration qualification before being authorized for
production use. The qualification is executed by the equipment engineering team in collaboration with the MES engineering
team and covers:
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Protocol conformance testing: The tool is connected to a dedicated qualification test environment, and a prescribed
test plan is executed through the target protocol. The test plan includes recipe download, recipe activation, wafer
serial read, process start, process completion, and fault annunciation scenarios.

Data model validation: The canonical data extracted from the tool during the test plan is compared against the
expected data model for the tool category, verifying that all required fields are populated and that field semantics
match the internal canonical representation.

Latency measurement: End-to-end latency from tool event emission to canonical message arrival in the SPC layer
is measured across one thousand synthetic events and must meet the ninety-fifth percentile target of five hundred
milliseconds.

Fault injection testing: A scripted set of fault scenarios is injected at the tool, and the MES response is verified to
be correct in each case - appropriate alerts raised, appropriate state recorded in genealogy, appropriate operator
notification dispatched.

Sustained load testing: The tool integration is operated at production throughput for a twenty-four-hour
qualification window, during which all emitted data is captured and validated against the source tool logs for
completeness and correctness.

CHAPTER VIII
VIII DEPLOYMENT AND ORGANIZATIONAL CHANGE
% The Deployment Sequence
The redesigned MES was deployed in phased fashion across the period October 2021 to November 2022, with each phase
focused on one architectural layer or one class of equipment. The phasing allowed the team to validate stability at each stage
and to build operator and engineer familiarity before broadening scope. The deployment sequence was:
October — December 2021: Data integration layer and genealogy layer in read-only shadow mode alongside the
legacy MES. No production tool dependency on the new system. Goal: validate data integrity and system stability
under production load.
January — February 2022: SPC layer deployed in parallel with the legacy SPC system. Alert comparison studies
conducted to validate detection consistency. Goal: establish engineering confidence in the new SPC analytical
outputs.
March — April 2022: Orchestration layer deployed for a limited subset of workflow types. Dashboard rendering
activated. Engineering tools brought live. Goal: transition engineering and operator population to the new interaction
surfaces.
May — July 2022: Recipe management subsystem deployed and progressively extended to the tool fleet. Initial
rollout to a limited subset of tools, then to the full fleet over ten weeks. Goal: achieve the automated recipe
deployment benefits while containing rollout risk.
August — October 2022: Legacy system sunsetting. Data migration, access retirement, and formal decommissioning
of legacy MES components. Goal: eliminate operational dependence on the legacy systems and reclaim the
engineering capacity previously consumed by legacy maintenance.
November 2022: Full production operation on the redesigned MES with all legacy systems decommissioned. Post-
deployment optimization and stabilization period.
« Organizational Change Management
The technical challenges of MES redesign are well-understood and well-documented in the industrial engineering literature.
The organizational challenges are less frequently discussed but are no less consequential to project outcome. The key
organizational dimensions that required explicit management during the deployment included:
¢ Operator training investment: Approximately three thousand six hundred hours of formal operator training were
conducted over the deployment window, covering every production operator across three shift rotations. The training
investment was estimated at approximately 1.8% of operator hours for the year.
¢ Engineering tool migration: The engineering team relied on approximately two hundred custom SQL queries, shell
scripts, and ad-hoc reports built against the legacy systems. Each of these had to be evaluated, categorized, and either
migrated to the new architecture, re-implemented using the new APIs, or retired.
¢ Trust-building with production operations: The production operations leadership initially expressed concern that
a major MES transition could introduce production disruption. Trust was built through the shadow-mode deployment
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phase, through explicit rollback planning at each deployment stage, and through maintaining full legacy-system
operability until each new-system equivalent was demonstrably stable.

Continuous-improvement culture adaptation: The discipline imposed by formal recipe authorization workflows
required a cultural shift in the process engineering team, which had historically operated with more informal change
management. Clear engineering-leadership endorsement of the new workflow was essential to acceptance.

CHAPTER IX
IX MEASURED PRODUCTION OUTCOMES

+« Quantitative Qutcomes

The outcomes of the MES redesign have been tracked continuously since full production deployment in November 2022.
The measurable outcomes across five categories are summarized below.

OPERATIONAL RESPONSIVENESS

¢ Recipe deployment latency: Median time from authorization to fleet-wide activation reduced from 184 minutes to
4 minutes - an improvement factor of 46x%.

¢ Process excursion mean time to detect: Reduced from 480 minutes to 6 minutes - an improvement factor of 80x.

¢ Engineering response latency: Median time from alert dispatch to engineer acknowledgment reduced from 94
minutes to 8 minutes - an improvement factor of nearly 12x.

¢ Genealogy query response time: Median time to answer a typical cross-tool genealogy query reduced from 2.4
hours to 12 seconds.

¢ Customer audit response time: Typical audit report generation time reduced from 4 to 8 hours to approximately
18 minutes.

PRODUCTION QUALITY

¢ Fleet-wide Cpk achievement: Every one of the eight primary cell parameters achieved sustained Cpk > 1.58; six of
eight parameters achieved Cpk > 1.67.

¢ Metallization-origin scrap rate: Reduced from 0.82% baseline to 0.09% sustained - a 9.1x reduction enabled by
tighter SPC detection.

¢ Yield excursion frequency: Lot-hold events reduced from an average of 12 per month to 1 per month - consistent
with the shorter detection times and tighter capability.

¢ Top-bin cell yield: Yield at the 23.6% efficiency threshold increased from 18.4% pre-deployment to 21.2% post-
deployment - an absolute improvement of 2.8 percentage points.

¢ Cell efficiency distribution: Mean efficiency improved from 24.35% to 24.61%; efficiency distribution standard

deviation tightened from 0.39% to 0.31%.

INFRASTRUCTURE QUALITY

*

*

*

*

Legacy system decommissioning: All three legacy systems (core MES, standalone SPC, homegrown genealogy)
formally decommissioned by October 2022.

Engineering capacity reclamation: Approximately 3.4 full-time-equivalent engineers previously consumed by
legacy maintenance were redirected to forward-looking manufacturing improvement work.

System availability: Production MES availability measured at 99.94% over the first three months of full production
operation - exceeding the 99.90% operational target.

Data integrity: Genealogy data coverage across all six tracking categories reached 100% by the end of the first full
production quarter.

« Commercial Impact
The quantitative operational outcomes translate to a substantial annualized commercial impact. The commercial value is
distributed across five distinct value streams:
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Annualized Commercial Impact by Value Stream (1.5 GW Production Scale)
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Figure 8.  Annualized commercial impact of the MES redesign, decomposed by value stream. The total of approximately
812.4 million per year represents approximately 4% the total deployment investment - a payback period of three months
against a system designed for a ten-year operational life.
¢ Recipe execution error elimination: Approximately $2.8M per year in preventing yield loss from recipe-error-
driven excursions that no longer occur.
¢ Excursion containment: Approximately $4.1M per year in recovered production from faster excursion detection
that reduces average event severity.
¢ Top-bin yield uplift: Approximately $3.6M per year in premium revenue from the 2.8% absolute improvement in
top-bin yield.
¢ Engineering productivity: Approximately $1.2M per year in reclaimed engineering capacity value from legacy
maintenance elimination.
¢ Audit and compliance: Approximately $0.7M per year in reduced audit response costs and reduced customer
concession risk from compliance gaps.

CHAPTER X
X CONCLUSIONS AND FUTURE DIRECTIONS
The experience documented in this article supports several conclusions that apply broadly to manufacturing execution
system redesign in Heterojunction cell manufacturing environments:
Architectural layering is a prerequisite for sustainability: An MES designed without clear separation of
integration, analytics, orchestration, and user-interaction concerns will accumulate technical debt at a rate that
eventually overwhelms the engineering team maintaining it. The layered architecture presented here is not an
aesthetic choice; it is the structural precondition for long-term system viability under conditions of ongoing hardware
and process evolution.
Recipe management is the highest-leverage single subsystem: Every other MES capability delivers value at the
margin; recipe management determines whether engineering improvements propagate into production at all.
Investment in recipe management automation typically produces the highest return per engineering-hour of any MES
development activity.
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Genealogy tracking must be comprehensive to be useful: A partially populated genealogy graph is operationally
worse than no genealogy graph, because it invites engineers to draw conclusions from data that carry hidden selection
biases. The cost of achieving full coverage is substantial but is a prerequisite for reliable analytical outcomes.
Real-time SPC requires multi-tier detection: No single statistical detection method covers the full range of process
anomalies that occur in modern cell manufacturing. The combination of Shewhart, CUSUM, and machine-learning-
assisted detection provides the coverage that any single method alone cannot deliver.
Equipment integration is a persistent, not finite, engineering responsibility: The tool fleet evolves continuously
as tools are upgraded, replaced, and added. The MES integration function is therefore a permanent engineering
commitment, not a one-time implementation project. Organizations that treat integration as a finite project
consistently accumulate capability gaps in their MES over time.
Organizational adoption is as consequential as technical delivery: A technically excellent MES that the
production organization does not trust or does not know how to use produces no operational benefit. Organizational
change management, including training, trust-building, and engineering workflow adaptation, must be resourced on
a par with the technical development effort.
% Future Directions
Three directions for continued MES capability advancement are identified for forward investment:

¢ Digital-twin integration: Coupling the MES genealogy data with a physics-based digital-twin of the production line
would enable predictive simulation of the effects of proposed recipe changes before deployment, further shortening
the process-improvement cycle.

¢ Supply-chain integration extension: Extending the genealogy graph upstream to suppliers (wafer, paste, glass,
encapsulant) and downstream to installed modules in the field would support a truly end-to-end traceability backbone
for reliability engineering and field-return investigation.

¢ Autonomous control extension: Expanding the SPC layer from its current detection-and-recommend role to
selective autonomous closed-loop control - with robust safeguards and engineer oversight - would reduce the residual
detection-to-response latency below what any human-in-the-loop architecture can achieve.
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