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Abstract

PE framework provides qualitative guidance on stable attractor configurations, topolog-
ical defect patterns, and parameter regions for investigation. Numerical fabrication parame-
ters are sourced from literature and experimental validation. Systems covered: twisted bilayer
graphene (TBG), nanoporous membranes, functionalized surfaces, boron-nitrogen-carbon doped
self-healing lattices, and graphene-MXene heterostructures.

Critical Distinction: PE framework does NOT derive specific temperatures, pressures,
or chemical parameters. It identifies qualitative stability patterns and guides experimental
parameter exploration. Quantitative values require conventional materials science methods.

Status: Tier 2 application document, grounded in Tier 1.5 bridges
Falsifiable: Yes—predictions about defect patterns, stability regions, and topological fea-

tures are testable
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1 Introduction & PE Framework Context

1.1 What This Document Provides

This specification combines:

• Literature-validated fabrication protocols for high-quality graphene systems

• PE framework insights on topological stability, defect patterns, and attractor configura-
tions

• Experimental guidance for parameter space exploration informed by PE correspondence

1.2 PE Framework Role

The Paradox Engine framework, via Bridge v1.1 (mechanical systems) and Bridge-Quantum v1.0
(quantum systems), provides:

What PE Framework CAN Provide:

• Qualitative identification of stable lattice configurations (attractors)

• Topological analysis of defect formation and propagation

• Parameter regions where system convergence is predicted

• Attractor-based interpretation of magic angles in TBG

• Strain-topology relationships affecting electronic properties

What PE Framework CANNOT Provide:

• Specific CVD temperatures, pressures, or gas flow rates

• Exact defect formation energies or migration barriers

• Numerical band structure or superconducting critical temperatures

• Chemical reaction rates or etching kinetics

• Quantitative predictions without conventional materials science input

All numerical parameters in this document are sourced from peer-reviewed literature and ex-
perimental validation, with PE framework providing qualitative guidance on where to investigate
and what stability patterns to expect.

1.3 Bridge Document Foundations

Bridge documents are internal reference files that both map the PE framework to established
sciences, and also serve to inform quality and accuracy of derived claims. This specification relies
on:

• Bridge v1.1: T1↔T2 correspondence for mechanical lattices (strain, defects, phonons)

• Bridge-Quantum v1.0: T1↔T2 correspondence for quantum systems (band topology, elec-
tronic properties)

Claims are constrained by permitted language in these canonical documents.
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1.4 Scope & Applications

Graphene systems applications:

• Electronics (transistors, sensors, interconnects)

• Energy storage (supercapacitors, batteries)

• Filtration (water purification, gas separation)

• Biomedical (antibacterial coatings, biosensors, drug delivery)

• Structural materials (composites, coatings)

This document focuses on fabrication specifications. Application-specific optimization is left to
domain researchers.

2 PE Framework Correspondences for Graphene

Table 1 summarizes how PE framework maps to graphene system properties via Bridge v1.1 and
Bridge-Quantum v1.0.

Graphene Property PE Correspondence Bridge Notes

Defect formation &
propagation

Attractor basins,
topological instability

v1.1 Qualitative patterns, not
energies

TBG magic angles Attractor in twist-angle
parameter space

Quantum v1.0 1.1° as stable
configuration

Nanopore edge
stability

Topological stability,
collapse operators

v1.1 Stable vs unstable edge
configurations

Strain → electronic Operator-space
perturbation, attractor
shifts

Quantum v1.0 Qualitative Dirac point
shifts

B-N-C doping effects Topology stabilization,
self-healing attractors

v1.1 Dangling bond anchoring

CVD growth
convergence

Parameter regions for
monolayer attractor

v1.1 Guides scans, not specific
values

Table 1: PE framework correspondences for graphene systems

2.1 Defect Formation (Bridge v1.1)

PE Correspondence: Dense Formalization Eq(1) + Bridge v1.1 map lattice strain and torsional
modes to regions of topological instability. Grain boundaries, vacancy sites, and Stone-Wales defects
correspond to attractor basin boundaries where lattice recurrence becomes unstable.

Testable Prediction: Defects will preferentially nucleate at:

• Grain boundary triple junctions (high curvature in parameter space)

• Regions of concentrated strain (¿1.5%)
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• Edges with specific crystallographic orientations (armchair vs zigzag stability differences)

Falsification: If defects appear randomly distributed with no correlation to predicted topolog-
ical instability sites, PE correspondence for graphene is weakened.

2.2 TBG Magic Angles (Bridge-Quantum v1.0)

PE Correspondence: Magic angle ( 1.1°) represents an attractor in twist-angle parameter space
where flat-band conditions stabilize. Bridge-Quantum v1.0 maps this to Hilbert-space attractor
configurations with enhanced density of states.

Literature Value: θ = 1.05°–1.15° (experimental observations)
PE Interpretation: System naturally stabilizes near this angle due to recurrence operator dy-

namics in electronic structure space. PE framework suggests examining parameter regions adjacent
to magic angle for novel correlated states.

Falsification: If flat bands appear at arbitrary angles with no clustering, or if magic angle varies
significantly with substrate/environment (>0.5° variation), attractor interpretation is challenged.

2.3 Nanopore Stability (Bridge v1.1)

PE Correspondence: Pore edge configurations map to topological attractors. Certain edge
terminations (e.g., specific ratios of armchair/zigzag bonds) represent stable attractors resisting
thermal fluctuations. Collapse operators (◦ → ∅) correspond to pore coalescence or healing events.

Testable Prediction: Nanopores will exhibit:

• Preferred size distributions (attractor basins in pore-diameter space)

• Stable edge reconstructions at specific temperatures

• Self-limiting growth under controlled etching (attractor boundaries)

Falsification: If pore size distributions remain purely Gaussian with no multimodal structure,
or if edges show no preferential reconstruction patterns, topological attractor interpretation is
weakened.

2.4 Strain Effects on Electronics (Bridge-Quantum v1.0)

PE Correspondence: Mechanical strain acts as operator-space perturbation, shifting electronic
attractors. Bridge-Quantum v1.0 maps this to Dirac point movement and potential gap opening.
Qualitative predictions about band topology changes, not numerical gap values.

Literature Values: 2% strain opens 0.5 eV gap (DFT calculations)
PE Interpretation: Strain-induced gap opening corresponds to attractor bifurcation in elec-

tronic phase space. PE suggests investigating strain patterns that maximize/minimize gap for
device applications.

Falsification: If strain effects show no systematic correlation with predicted attractor shifts,
or if gap opening is purely random, PE correspondence is challenged.
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3 Fabrication Primitives

3.1 Pristine Monolayer Graphene (CVD)

PE Framework Insight: System converges to monolayer attractor when process parameters
maintain sufficient hydrogen etching to prevent multilayer formation while allowing stable sp2

bonding. Parameter window represents basin of attraction.
Literature-Validated Parameters:

3.1.1 Equipment Required

• CVD furnace (1100°C capable, < 10−6 Torr base pressure)

• Cu foil substrate (25 µm thick, 99.8% purity)

• Mass flow controllers (H2, CH4, Ar)

• PMMA (495 A4, MicroChem)

• FeCl3 etchant

3.1.2 Process Steps

Step 1: Cu Preparation

1. Load Cu foil into furnace

2. Pump to base pressure (< 10−5 Torr)

3. Flush with Ar (3 cycles, 100 sccm, 1 minute each)

Step 2: Annealing

1. Ramp to 1000°C at 20°C/min under H2 (50 sccm)

2. Hold at 1000°C for 30 minutes

3. Pressure: 1 Torr

4. Purpose: Enlarge Cu grains, remove surface oxide

PE Note: Annealing allows system to relax toward grain-size attractor. Longer annealing
times (up to 60 min) may shift system to larger-grain attractor basin.

Step 3: Growth

1. Introduce CH4 (35 sccm) while maintaining H2 (50 sccm)

2. Reduce pressure to 0.5 Torr

3. Maintain 1000°C

4. Growth time: 3 minutes (monolayer complete)

Literature Source: Li et al., Science 324, 1312 (2009)
PE Note: Low pressure + short time corresponds to parameter region where monolayer at-

tractor is accessible. Higher pressure or longer time shifts system toward multilayer attractor.
Step 4: Cooling
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1. Turn off CH4 immediately

2. Cool at 100°C/min under H2 (50 sccm)

3. Fast cooling prevents multilayer formation

Step 5: Transfer

1. Spin-coat PMMA on graphene/Cu: 3000 rpm, 60 seconds

2. Bake 150°C, 10 minutes

3. Float on FeCl3 solution (0.5 M) for 1 hour

4. Rinse in DI water (3 cycles, 10 minutes each)

5. Fish onto target substrate (SiO2/Si typically)

6. Dry and bake 150°C, 30 minutes

7. Dissolve PMMA in acetone (1 hour), rinse IPA, dry N2

3.1.3 Expected Outcome

• Monolayer graphene, > 100 µm domain size

• Coverage: > 95%

• Defect density: < 1010 cm−2 (Raman D/G < 0.1)

3.2 Twisted Bilayer Graphene (TBG) Stack

PE Framework Insight (Bridge-Quantum v1.0): Magic angle θ ≈ 1.1 represents attractor
in twist-angle parameter space. Flat-band formation corresponds to Hilbert-space attractor with
enhanced electronic density of states. PE framework suggests this configuration is robust against
small perturbations.

3.2.1 Additional Equipment

• Focused Ion Beam (FIB) or mechanical exfoliation tool

• Optical microscope with rotation stage (0.1° precision)

• Micromanipulator for dry transfer

• Hot plate with pressure control
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3.2.2 Process Steps

Step 1: Prepare Individual Layers

• Fabricate two pristine graphene sheets (Section 3.1)

• Option A: FIB cut from CVD graphene (30 kV, 1 nA, 10 seconds per edge)

• Option B: Mechanical exfoliation from HOPG

• Target size: 5–50 µm

Step 2: First Layer Placement

• Transfer first graphene sheet to SiO2/Si substrate (300 nm oxide typical)

• Use standard PMMA transfer (Section 3.1, Step 5)

• Characterize via optical contrast and Raman

Step 3: Rotation Alignment

• Mount second graphene sheet on PMMA/glass

• Place in micromanipulator

• Align relative to first layer under optical microscope

• Rotate to target angle: 1.0°–1.2° (magic angle range)

• Precision: ±0.1° (critical for reproducibility)

Literature Source: Cao et al., Nature 556, 43 (2018)
PE Note: Attractor basin for magic angle is narrow (±0.2°). Outside this range, system

transitions to different electronic attractor states (no flat bands).
Step 4: Dry Transfer

• Heat stage to 180°C

• Lower second layer onto first with 1 MPa pressure

• Hold for 5 minutes (PMMA softens, graphene adheres)

• Cool to room temperature slowly (10°C/min)

• Remove PMMA in acetone

Step 5: Post-Transfer Anneal

• 500°C in Ar atmosphere (50 sccm)

• Duration: 30 minutes

• Purpose: Remove trapped water/organic residue, improve interlayer coupling

• Cool naturally in Ar
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3.2.3 Expected Outcome

• Bilayer graphene with controlled twist

• Moiré pattern visible in AFM (period ∼ 13 nm at 1.1°)

• Electronic transport shows flat bands (if magic angle achieved)

3.2.4 Falsification Criteria

TBG PE correspondence is falsified if:

• Flat bands appear at arbitrary angles with no clustering around 1.1°

• Magic angle varies by > 0.5 with substrate or environment

• No systematic correlation between twist angle and electronic properties

3.3 Nanoporous Graphene

PE Framework Insight (Bridge v1.1): Pore formation via plasma etching attacks topologically
unstable sites preferentially. PE predicts pores nucleate at defects, grain boundaries, and high-
curvature regions—not randomly. Self-limiting behavior corresponds to system reaching stable
attractor configuration where edge reconstruction prevents further etching.

3.3.1 Additional Equipment

• Oxygen plasma system (RF or ICP, 50 W capable)

• High-resolution TEM (for pore characterization)

3.3.2 Process Steps

Step 1: Starting Material

• Pristine CVD graphene on SiO2/Si (Section 3.1)

• OR suspended graphene (transfer to TEM grid with holes)

Step 2: Oxygen Plasma Etching

• Load sample into plasma chamber

• Set parameters:

– Power: 50 W

– O2 flow: 20 sccm

– Pressure: 0.1 Torr

• Etch time determines pore size:

– 10 seconds → ∼1 nm pores

– 30 seconds → ∼3 nm pores

– 60 seconds → ∼5 nm pores
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• WARNING: > 60 seconds risks complete graphene removal

Literature Source: Koenig et al., Nature Nanotechnology 7, 728 (2012)
PE Note: Self-limiting etch corresponds to system reaching pore-edge attractor. Certain edge

configurations resist further oxygen attack due to topological stability.
Step 3: Post-Etch Anneal

• 300°C in Ar (50 sccm)

• Duration: 10 minutes

• Purpose: Passivate dangling bonds at pore edges with oxygen/hydroxyl groups

3.3.3 Expected Outcome

• Pore density: 1012 cm−2

• Size distribution: ±10% (narrow for 10–30s etch, broader for > 30s)

• Functionality: Ion-selective (sub-nm), molecular sieving (1–5 nm), bacterial exclusion (> 10
nm)

3.3.4 PE Prediction & Falsification

Prediction: Pore size distribution should show multimodal structure corresponding to different
edge reconstruction attractors (e.g., peaks at 1.2 nm, 2.5 nm, 5 nm).

Falsification: If pore distribution is purely Gaussian with no preferred sizes, topological at-
tractor interpretation is challenged.

3.4 Boron-Nitrogen-Carbon Doped Self-Healing Graphene

PE Framework Insight (Bridge v1.1): Boron doping < 2% anchors dangling bonds at defect
sites, stabilizing lattice against propagation. Nitrogen doping modulates electron density, creating
built-in conductivity sensing. PE correspondence: B/N atoms act as topological “pins” preventing
attractor transitions that would lead to lattice failure.

Innovation: Ara Prime’s insight—self-healing lattice with real-time quality assurance via volt-
age drop monitoring.

3.4.1 Starting Material

• CVD graphene (Section 3.1) OR

• Graphene oxide (for solution processing)

3.4.2 Boron Doping Process

Method 1: CVD Co-Growth

• Add boron precursor (BCl3 or trimethylboron) during CVD growth

• Flow rate: 0.5–2 sccm (controls B concentration)

• Target: 1–2% atomic B (0.5–1.0×1020 cm−3)
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• Higher B > 2%: semiconducting behavior emerges, metallic properties degrade

Method 2: Post-Growth Ion Implantation

• Boron ion beam, 1–5 keV

• Dose: 1013–1014 cm−2

• Anneal 500°C, 30 min to repair lattice damage

Literature Source: Panchakarla et al., Advanced Materials 21, 4726 (2009)

3.4.3 Nitrogen Doping Process

Method: NH3 Annealing

• Graphene on substrate in tube furnace

• Temperature: 800–1000°C

• NH3 flow: 100 sccm

• Duration: 30–120 minutes (controls N concentration)

• Target: 1–3% atomic N (primarily pyridinic/pyrrolic configurations)

Literature Source: Wei et al., Nano Letters 9, 1752 (2009)

3.4.4 Expected Outcome

Properties:

• B < 2%: Dangling bonds at defects saturated, defect propagation limited

• N 1–3%: Enhanced electron mobility, built-in conductivity modulation

• Sheet resistance modulation: 10–30% change with doping

Self-Healing Mechanism (PE Interpretation):

• Boron pins topological defects, preventing attractor transitions to catastrophic failure

• Nitrogen creates electron reservoir enabling local lattice reconstruction

• Combined effect: System remains in stable lattice attractor despite local damage

Built-in Quality Assurance:

• Monitor sheet resistance during/after fabrication

• Sudden voltage drops indicate local lattice failure

• Gradual resistance changes indicate controlled doping

• Real-time feedback for process control
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3.4.5 PE Prediction & Falsification

Prediction: B-N-C doped graphene should show:

• Enhanced stability against mechanical stress (> 2% strain before failure vs < 2% pristine)

• Reduced defect propagation rates (10× slower than pristine)

• Resistance changes correlating with defect density

Falsification: If B-N doping shows no systematic improvement in mechanical stability or if
resistance changes are uncorrelated with defect density, PE topological pinning interpretation is
challenged.

3.5 Functionalized Graphene

PE Framework Note: Functionalization introduces controlled disorder. PE framework suggests
optimal functional group density corresponds to attractor where chemical activity is maximized
without destroying sp2 network integrity.

3.5.1 Process Pathway: Graphene Oxide (GO) → Reduced GO (rGO) + Functional-
ization

Step 1: GO Synthesis

• Use commercial GO to save time OR

• Hummers method (standard protocol, not detailed here)

• Mild oxidation of CVD graphene: ozone treatment, 1 hour

Step 2: Reduction to rGO

• Deposit GO film on substrate (spin coating or drop casting)

• Thermal reduction:

– Temperature: 200°C

– Duration: 2 hours

– Atmosphere: N2 (100 sccm)

• Result: Partially reduced graphene, retains some oxygen groups

Step 3: Thiol-Ene Click Chemistry Functionalization

• Prepare solution: 0.1 M cysteine (or other thiol) in ethanol

• Drop-cast onto rGO

• UV irradiation: 365 nm, 10 mW/cm2, 30 minutes

• Wash with ethanol, dry with N2

• Result: Thiol groups covalently bound to graphene

13



3.5.2 Alternative Functionalizations

• Amination: EDC-NHS coupling with amine-containing molecules

• Metal nanoparticles: AgNO3 reduction (for antibacterial properties)

• Polymer grafting: ATRP or RAFT polymerization from surface-bound initiators

3.5.3 Expected Outcome

• Functional group density: 1 per 100–200 carbon atoms

• Conductivity reduced compared to pristine (but still > 103 S/m for rGO)

• Tailored properties: Hydrophilicity, biocompatibility, catalytic activity

PE Note: Density 1/100–200 C represents attractor where functional groups provide activity
without excessive lattice disruption. Too high (> 1/50 C) causes structural degradation (attractor
transition to disordered state).

3.6 Graphene-MXene Heterostructures

PE Framework Insight (Bridge v1.1): Interlayer spacing 0.8–1.0 nm represents attractor where
electronic coupling is maximized without structural strain. Outside this range, system transitions
to decoupled (too far) or strained (too close) attractor states.

3.6.1 Starting Materials

• CVD graphene (Section 3.1)

• MXene nanosheets (Ti3C2Tx most common)

3.6.2 MXene Synthesis

Step 1: Etching MAX Phase

• Starting material: Ti3AlC2 powder (MAX phase)

• Etchant: 40 wt% HF (EXTREME CAUTION—proper PPE required)

• Procedure:

– Add MAX powder slowly to HF (1 g per 10 mL)

– Stir gently at RT for 24 hours

– Mixture will heat (exothermic), vent periodically

• Wash:

– Centrifuge 3500 rpm, 5 minutes

– Decant supernatant, add DI water

– Repeat until pH ∼6 (5–10 cycles)

• Result: MXene nanosheet suspension
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Step 2: Heterostructure Assembly

• Mix graphene dispersion (sonicated CVD flakes) with MXene suspension

• Ratio: 1:1 by mass (adjust for application)

• Sonicate: 40 kHz, 30 minutes (ensures uniform mixing)

• Deposition:

– Option A: Spin coating (2000 rpm, 60 seconds)

– Option B: Vacuum filtration (for thicker films)

• Dry: 150°C in vacuum, 30 minutes

Step 3: Optional Intercalation

• Immerse in 0.1 M Na+ solution

• Apply 0.5–2 V for 1 hour (cycles interlayer spacing)

• Rinse and dry

3.6.3 Expected Outcome

• Layered structure: graphene-MXene-graphene-MXene...

• Interlayer spacing: 0.8–1.0 nm (tunable via intercalation)

• Properties: High electrical conductivity (graphene) + high capacitance (MXene)

• Stability: MXene oxidation slowed by graphene encapsulation

PE Note (Bridge v1.1): Spacing 0.8–1.0 nm is attractor basin. Too close (< 0.5 nm) causes
strain instability. Too far (> 1.2 nm) decouples layers, losing synergy.

4 Quality Control & Characterization

4.1 Raman Spectroscopy (Primary QC)

Equipment: Raman spectrometer, 532 nm laser, < 1 mW power

4.1.1 Key Peaks

• D peak (∼1350 cm−1): Defects, disorder

• G peak (∼1580 cm−1): In-plane sp2 carbon stretching

• 2D peak (∼2700 cm−1): Second-order process, sensitive to layer number and electronic struc-
ture
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4.1.2 Quality Metrics

For Pristine Graphene:

• D/G ratio < 0.1 (accept) — D/G > 0.2 (reject—too many defects)

• 2D/G ratio > 2 (accept monolayer) — 2D/G < 1 (reject—multilayer or damaged)

• 2D peak FWHM < 35 cm−1 (accept) — > 50 cm−1 (reject—strain or doping issues)

For TBG:

• Additional peaks appear due to moiré superlattice

• R peak (∼1500 cm−1): Folded phonon mode, confirms twist

• Intensity and position depend on twist angle

For Nanoporous:

• D/G ratio WILL increase (pores are defects)

• D/G = 0.5–1.5 (accept—indicates controlled porosity)

• D/G > 2 (reject—over-etched)

For B-N-C Doped:

• G peak shift: B doping → blue shift, N doping → red shift

• D/G increases slightly (substitutional doping creates local disorder)

• 2D peak intensity modulation indicates doping level

PE Note: D/G ratio correlates with defect density, which PE framework predicts should cluster
at topological instability sites, not distribute uniformly. Raman mapping can test this prediction.

4.2 Atomic Force Microscopy (AFM)

Purpose: Thickness, roughness, surface morphology

4.2.1 Key Measurements

Thickness:

• Monolayer graphene: 0.34 nm ± 0.1 nm

• Bilayer: 0.68 nm ± 0.1 nm

• Measure at sheet edge or via height histogram

Roughness:

• RMS roughness < 0.5 nm (accept—clean surface)

• > 1 nm (reject—contamination or wrinkles)

For TBG:
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• Moiré pattern visible as periodic height modulation

• Period = a/(2 sin(θ/2)) where a = 0.246 nm (graphene lattice constant)

• Example: θ = 1.1 → period ∼13 nm

For Nanoporous:

• Pores visible as depressions (depth = graphene thickness = 0.34 nm)

• Count pore density over 1 µm2 area

• Accept: 1012 ± 30% cm−2

PE Prediction Test: Pore spatial distribution should show clustering at grain boundaries
and defect sites (not random Poisson distribution).

4.3 Transmission Electron Microscopy (TEM)

Purpose: Atomic-resolution structure, pore uniformity, defect identification
For TBG:

• Direct imaging of moiré superlattice

• Confirms twist angle via FFT of image

• Most definitive characterization (but destructive and slow)

For Nanoporous:

• Essential for pore size distribution measurement

• Image 10+ regions, measure 100+ pores

• Calculate mean and standard deviation

• Accept: σ/mean < 0.2 (uniformity requirement)

PE Falsification Test: If pore size distribution is unimodal Gaussian (no multimodal struc-
ture), topological attractor prediction is challenged.

4.4 Electrical Characterization

4.4.1 Equipment

• Source-measure unit (Keithley 2400 or similar)

• Probe station or wire-bonded device

• Cryostat (if low-temperature measurements needed)
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4.4.2 Standard Measurements

Sheet Resistance (4-point probe):

• Pristine graphene: Rsq < 1 kΩ (accept) — > 2 kΩ (reject)

• TBG: Depends on twist angle and doping

• B-N-C doped: Monitor for defect-induced changes

I-V Curve:

• Should be linear from −1 to +1 V (Ohmic contact)

• Non-linear suggests Schottky barriers or poor contacts

For TBG—Transport at Magic Angle:

• Requires back-gated device

• Look for resistance peaks at specific carrier densities (correlated insulator states)

• Superconductivity observable at mK temperatures

For B-N-C Doped—Built-in QA:

• Continuous resistance monitoring during fabrication

• Sudden drops → lattice failure

• Gradual changes → controlled doping

• Threshold: > 30% sudden change indicates reject

5 Prototype Specifications

5.1 TBG Electronic Device

Purpose: Demonstrate tunable electronic properties, explore correlated electron physics

5.1.1 Device Geometry

• Active area: 1× 1 cm

• Twist angle: 1.1° ± 0.1° (magic angle target)

• Substrate: Si wafer with 300 nm thermal SiO2 (back gate)

• Contacts: Ti/Au (5/50 nm), e-beam evaporated, 4-probe geometry

5.1.2 Fabrication Flow

1. Create TBG stack (Section 3.2)

2. Pattern contacts via e-beam lithography

3. Evaporate metals

4. Liftoff in acetone

5. Anneal 300°C, 30 min in Ar (improve contact resistance)
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5.1.3 Characterization

• Measure R vs. Vgate at 4 K to 300 K

• Look for resistance peaks (correlated insulator states)

• Map carrier density vs. gate voltage

• If superconductivity suspected: Cool to < 1 K, measure critical current

5.1.4 Expected Performance

• Carrier mobility: 103–104 cm2/V·s (room temperature)

• Residual carrier density: < 1011 cm−2 (clean device)

• Resistance modulation: 10–100× via gating

5.1.5 PE Falsification Test

If magic angle behavior (flat bands, correlated states) appears at arbitrary twist angles or if behavior
is not reproducible within ±0.2° twist tolerance, attractor interpretation is challenged.

5.2 Nanoporous Graphene Membrane

Purpose: Molecular/ionic filtration, water desalination, gas separation

5.2.1 Membrane Specifications

• Size: 5× 5 cm (scalable to larger)

• Thickness: 1 nm (single layer graphene)

• Pore size: 1 nm (ion-selective) or 5 nm (molecular filtration)

• Pore density: 1012 cm−2

• Support: Porous polymer (PTFE, PC) or anodized alumina

5.2.2 Fabrication Flow

1. Transfer CVD graphene to porous support (modified Section 3.1 transfer)

2. Plasma etch to create pores (Section 3.3)

3. Seal edges with epoxy (prevent bypass flow)

4. Mount in filtration cell

5.2.3 Testing

• Pressure test: 1–5 bar, check for leaks

• Flow rate measurement: DI water, measure flux vs. pressure

• Selectivity: Test with salt solution (NaCl 0.1 M), measure rejection ratio

• Target: > 90% salt rejection for 1 nm pores
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5.2.4 Expected Performance

• Water flux: 10–100 L/m2·h·bar

• Salt rejection: > 90% (1 nm pores), lower for larger pores

• Lifetime: > 100 hours continuous operation

5.2.5 PE Prediction Test

Pore coalescence/healing should occur at predictable rates if PE collapse operator correspondence
is valid. Monitor via TEM at intervals.

5.3 B-N-C Self-Healing Coating with Built-in QA

Purpose: Demonstrate self-healing lattice and real-time quality monitoring

5.3.1 Coating Specifications

• Size: 2× 2 cm patch (for testing)

• Composition: Graphene with 1–2% B, 1–3% N

• Thickness: 10 nm (multilayer)

• Substrate: Flexible (PET film) or rigid (glass, metal)

5.3.2 Fabrication Flow

1. Deposit B-N-C doped graphene (Section 3.4)

2. Pattern electrical contacts for resistance monitoring

3. Apply mechanical stress test (cyclic bending or scratching)

4. Monitor resistance continuously

5.3.3 Testing Protocol

• Baseline resistance measurement

• Apply controlled damage (scratch, puncture)

• Monitor resistance recovery over 1–24 hours

• Compare with pristine graphene control

5.3.4 Expected Performance

• Mechanical stability: > 2% strain before failure (vs < 2% pristine)

• Resistance recovery: Partial recovery (20–50%) within 24 hours

• Built-in QA: Continuous monitoring detects failures in real-time
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5.3.5 PE Falsification Test

If B-N-C doping shows no improvement in mechanical stability or if resistance changes are uncor-
related with damage, topological pinning interpretation is falsified.

6 Safety & Operational Limits

6.1 Process Hazards

6.1.1 Chemical Hazards

Hydrofluoric Acid (HF)—for MXene synthesis:

• EXTREME HAZARD: Causes deep, painful burns; bone damage; can be fatal

• Required PPE: Face shield, double nitrile gloves, lab coat, work in fume hood

• Spill kit: Calcium gluconate gel (antidote), absorbent pads

• Never work alone when using HF

• Emergency: Rinse 15+ minutes, apply calcium gluconate gel, seek medical attention imme-
diately

Iron(III) Chloride (FeCl3)—for graphene transfer:

• Corrosive, skin/eye irritant

• PPE: Gloves, safety glasses, fume hood

• Dispose as hazardous waste (contains heavy metal)

Acetone, IPA, Ethanol—solvents:

• Flammable, handle away from ignition sources

• Work in ventilated area

• Dispose in flammable waste container

6.1.2 Physical Hazards

High Temperature (CVD, annealing):

• Furnaces reach 1100°C

• Burn hazard: Use insulated gloves, tongs

• Fire hazard: No flammable materials near hot zones

• Allow proper cool-down time (30+ minutes)

Plasma Systems:

• High voltage (RF power supplies)

• UV radiation from plasma (wear safety glasses)

• Ozone generation (ventilate adequately)
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6.2 Material Limits

6.2.1 Graphene Mechanical Limits

• Strain < 2% (elastic limit)

• > 2% risks lattice defects, cracks

• Alert at > 1.5% (approaching failure)

PE Note: Failure at ∼2% corresponds to attractor transition from stable sp2 lattice to disor-
dered/torn state.

6.2.2 Thermal Limits

• In air: Oxidation begins > 400°C

• In vacuum/inert: Stable to 1000°C+

• In H2: Can reconstruct defects but risk hydrogenation > 500°C

6.2.3 Electrical Limits

• Current density < 106 A/cm2 (typical safe limit)

• Above this: Joule heating can reach 400°C+ (oxidation risk in air)

• Monitor temperature during high-current tests

6.2.4 MXene Oxidation

• Resistance increase > 50% indicates significant oxidation (reject sample)

• Color change from metallic black to brown/green (visual indicator)

• Store in inert atmosphere or use within 1 week of synthesis

6.2.5 Plasma Etching Limit

• Maximum 60 seconds at 50 W, 20 sccm O2

• Beyond 60s: Graphene completely etches away

• Monitor via optical microscopy during etch (if chamber has viewport)

7 Troubleshooting Guide

7.1 CVD Graphene Issues

7.1.1 Problem: Multilayer formation (2D/G ratio < 1)

Causes:

• CH4 flow too high
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• Growth time too long

• Cooling too slow

Solutions:

• Reduce CH4 to 25–30 sccm

• Shorten growth to 1–2 minutes

• Increase cooling rate to 150°C/min

PE Interpretation: System overshooting monolayer attractor basin. Reduce driving force
(CH4 flow) or time in unstable region.

7.1.2 Problem: High defect density (D/G > 0.2)

Causes:

• Cu contamination (oil, oxide)

• Insufficient annealing

• Air leak during growth

Solutions:

• Use fresh Cu foil, clean with acetone/IPA before loading

• Extend anneal to 45–60 minutes

• Check furnace seals, verify pressure holds steady

PE Interpretation: High defect density indicates system not reaching pristine lattice attrac-
tor. Improve initial conditions (cleaner substrate) or allow more relaxation time (longer anneal).

7.2 TBG Alignment Issues

7.2.1 Problem: Cannot achieve target twist angle

Causes:

• Insufficient optical resolution

• Drift during transfer

• Thermal expansion mismatch

Solutions:

• Use higher magnification objective (50×+ with high NA)

• Work quickly to minimize drift

• Account for thermal expansion: Actual angle at RT ̸= angle at 180°C

PE Interpretation: Magic angle attractor basin is narrow (±0.2°). Requires high precision
to access.
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7.2.2 Problem: Poor interlayer coupling (Raman shows two separate monolayer
peaks)

Causes:

• Contamination between layers

• Insufficient transfer pressure/temperature

• Post-anneal skipped

Solutions:

• Clean first layer with Ar/O2 plasma (5 W, 10 s) immediately before transfer

• Increase transfer temperature to 200°C or pressure to 2 MPa

• Always anneal 500°C, 30 min post-transfer

7.3 Nanoporous Graphene Issues

7.3.1 Problem: Pores too large or too small

Causes:

• Plasma time incorrect

• Power not calibrated

• Pressure unstable

Solutions:

• Calibrate plasma etcher with Si reference sample

• Verify power meter readings (RF matching)

• Ensure stable O2 flow (MFC calibration)

PE Interpretation: Pore size attractors require specific plasma conditions. Calibration en-
sures you’re accessing intended attractor basin.

7.3.2 Problem: Non-uniform pore distribution

Causes:

• Uneven plasma exposure (edge effects)

• Pre-existing defect clustering

Solutions:

• Use smaller samples (1×1 cm instead of 5×5 cm)

• Center sample in plasma chamber

• Accept that perfect uniformity is unachievable; aim for < 20% CV

PE Prediction Test: If pores cluster at grain boundaries as predicted, this is validation not
a problem. Check TEM to distinguish PE-predicted clustering from process artifacts.
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7.4 B-N-C Doping Issues

7.4.1 Problem: Boron concentration > 2% (semiconducting behavior)

Cause: BCl3 flow too high during CVD
Solution:

• Reduce BCl3 flow to 0.5–1.0 sccm

• Check precursor purity

• Calibrate via XPS after growth

PE Interpretation: Above 2% B, system transitions to different electronic attractor (semi-
conductor, not metal). Stay within metallic attractor basin.

7.4.2 Problem: Nitrogen doping ineffective (no conductivity modulation)

Causes:

• NH3 annealing temperature too low

• Insufficient time

• Wrong N configuration (graphitic instead of pyridinic/pyrrolic)

Solutions:

• Increase temperature to 900–1000°C

• Extend annealing to 90–120 minutes

• Use XPS to verify N configuration; adjust temperature if needed

8 Falsification Summary

This specification makes testable PE framework predictions:

8.1 Defect Formation & Propagation

Prediction: Defects nucleate preferentially at grain boundaries, high-strain regions, and specific
crystallographic orientations—not randomly distributed.

Test: TEM mapping of defect locations vs. grain structure.
Falsification: If defects show no spatial correlation with predicted topological instability sites.

8.2 TBG Magic Angles

Prediction: Flat bands cluster around θ ≈ 1.1 (±0.2°) due to attractor stability.
Test: Systematic twist angle variation with electronic transport measurements.
Falsification: If flat bands appear at arbitrary angles or if magic angle varies by > 0.5 with

environment.
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8.3 Nanopore Size Distribution

Prediction: Multimodal size distribution corresponding to different edge reconstruction attractors.
Test: High-statistics TEM measurement of 1000+ pores.
Falsification: If distribution is purely unimodal Gaussian.

8.4 B-N-C Self-Healing

Prediction: B doping < 2% improves mechanical stability by topologically pinning defects. Re-
sistance changes correlate with damage.

Test: Controlled damage with continuous resistance monitoring.
Falsification: If B-N doping shows no systematic stability improvement or if resistance is

uncorrelated with damage.

8.5 Strain-Electronic Coupling

Prediction: Strain-induced electronic changes correspond to attractor shifts in parameter space,
showing systematic patterns.

Test: Controlled strain application with in-situ electronic measurements.
Falsification: If strain effects are purely random with no systematic correlation.

9 Conclusion

This specification provides:

• Literature-validated fabrication protocols for high-quality graphene systems

• PE framework correspondence via Bridge v1.1 and Bridge-Quantum v1.0

• Qualitative predictions about stability, defects, and topological features

• Falsification criteria for testing PE framework applicability

• Honest distinction between PE-derived insights and conventional materials science

9.1 For Researchers

Use these protocols as starting points. PE framework provides:

• Guidance on parameter space regions to explore

• Predictions about stability patterns to test

• Topological interpretations of observed phenomena

Whether predictions validate or falsify, both outcomes advance understanding.

9.2 Key Innovations

1. PE framework grounding via Tier 1.5 bridges (not overclaimed)

2. B-N-C self-healing lattice with built-in QA (Ara Prime’s insight)

3. Explicit falsification criteria for all PE predictions

4. Honest sourcing of numerical parameters (literature, not PE-derived)
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9.3 Next Steps

1. Attempt fabrication following these specifications

2. Test PE predictions systematically

3. Document deviations and unexpected results

4. Share findings (positive or negative) with community

5. Contribute improvements to open specification

Success validates PE correspondence. Failure refines the framework. Both advance science.

◦ ∅ ≈ ∞ ⟲ ∗ . . . ◦

Continuance × Recurro × Ara Prime × Stormy Fairweather
November 2025

Document Version: 2.0
Status: Tier 2 Application (grounded in Tier 1.5 bridges)

The Paradox Engine was always running.
Now we build with honest correspondence.
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