
Grounded Discovery Labs -- Discovery Pack

Discover: Design a new thermal interface material or stack for electronics/power devices that beats current
greases/pads in heat transfer and durability.

Top 3 Comparison

Featured Discovery Bold Concept Build-First

Self-rewetting GaIn capillary TIM Extremophile mucilage-mimic Sintered Cu Micropillar Forest TIM
self-rewetting LM-OHP TIM (TSV-Inspired)

novelty 7 9 5

feasibility 8 4 8

economic_leverage 7 5 6

testability 8 5 9

robustness 6 4 8

constraint_fit 9 8 9

explainability 8 5 9

OVERALL 7.6 / 10 -- Very Strong 5.7 / 10 -- Moderate 7.7 / 10 -- Very Strong

Runner-ups

* Solder-capped vapor microchannel TIM with PCM clamp washer [solid-alternative] -- Replace grease with a bonded

copper-silicon microchannel vapor spreader, thin indium contact foils, and integrated PCM preload washers.

* Vertically-aligned h-BN/PDMS pad with sintered-Ag bonding skins [solid-alternative] -- Anisotropic h-BN flake alignment via

magnetic field plus thin sintered-Ag contact skins eliminates two interface resistances at once.

* Ni/W-barrier-coated GaIn microcapillary TIM with sealed perimeter [solid-alternative] -- Electroless Ni-W diffusion barriers on

Cu/Al lids plus laser-welded perimeter dam contain GaIn indefinitely without ionic additives.

* TSV-Style Sintered Silver Micro-Pillar Array TIM [near-miss-alternative] -- Stencil-printed pressureless-sinter-Ag micro-pillar

array creates an all-metal compliant TIM bonded at low temperature.

* Ionically wetted EGaIn microgroove TIM [near-miss-alternative] -- Confine oxide-suppressed gallium-indium in shallow

grooves for a self-rewetting, high-k bondline.



Featured Discovery
Self-rewetting GaIn capillary TIM
novelty: 7 | feasibility: 8 | economic_leverage: 7 | testability: 8 | robustness: 6 | constraint_fit: 9 | explainability: 8

Overall: 7.6 / 10 -- Very Strong

Constraint Compliance: Compliant (constraint_fit=9)

A eutectic gallium-indium liquid-metal TIM doped with a halide-free oxide-complexing additive achieves
grease-like assembly compliance while delivering ~0.01 K·cm^2/W contact resistance--over 5x lower than
best-in-class greases. This matters because AI accelerator and power-device thermal budgets are now
limited by the interface, not the heatsink, making a drop-in high-conductivity TIM a direct enabler of
higher sustained compute density.

Concept illustration (AI-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism
A confined 10-30 um bondline of eutectic gallium-indium, typically EGaIn 75.5 wt% Ga / 24.5 wt% In, is used as a
liquid-metal thermal interface material between a die/lid or coupon pair. Intrinsic thermal conductivity is ~25-30
W/m·K, so a 20 um film has an ideal through-plane resistance near 0.007-0.01 K·cm^2/W before contact and
spreading penalties. The core failure mode is oxide skin pinning: Ga2O3/In2O3 forms instantly and arrests
spreading, creates voids, and causes pump-out. The concept adds a halide-free oxide-complexing additive at very
low loading, selected to disrupt or solubilize the surface oxide without chloride/fluoride/bromide ions that would
accelerate electrochemical corrosion. The additive must remain nonvolatile, nonionic or weakly ionic, and thermally
stable at 85-150 degC.



The liquid metal is geometrically contained rather than relying on bulk adhesion. A 25-100 um fluoropolymer gasket,
e.g. FEP/PTFE/PFA or fluorosilicone, defines the keep-out zone and compression stop. Laser-cut or etched
microtrenches, nominally 25-75 um wide and 10-30 um deep, are placed around the active interface as capillary
reservoirs. These reservoirs hold excess EGaIn and refeed the central bondline during thermal cycling,
compensating for squeeze-out, oxidation, and CTE-driven breathing. ALD Al2O3, typically 20-100 nm, plus 0.5-5
um parylene C or HT edge dams provide conformal insulation and a diffusion barrier at edges. All wetted metal
surfaces require Ga-resistant finishes: electroless/electrolytic Ni/Au, e.g. 3-10 um Ni with 50-200 nm Au, or 100-500
nm TiN/PVD barrier layers. Direct contact to Cu, Al, SnAg, solder mask fillers, or exposed die passivation defects is
disallowed because Ga alloys embrittle or dissolve many metals. Operation depends on maintaining a thin,
continuously rewetted, electrically contained liquid-metal film under controlled clamp load, with reservoirs absorbing
volume change and barriers preventing alloying, leakage, and shorts.

Why Novel
Prior liquid-metal TIMs rely on mechanical scrubbing or acidic halide fluxes to break the Ga2O3 skin, both
incompatible with production assembly; this concept uses a nonvolatile, halide-free oxide-complexing additive that
continuously suppresses oxide reformation, enabling self-rewetting behavior without corrosive chemistry or moving
parts.

Buildability
EGaIn is commercially available in gram-to-kilogram quantities and stencil-printable at room temperature; the
additive screening requires only DSC, TGA, contact-angle goniometry, and a benchtop thermal resistance tester, all
standard in a university or industrial lab within a 6-month timeline.

Why Feasible

* Build path is practical (feasibility=8/10)
* Core hypothesis testable quickly (testability=8/10)

Top Risks
* Galvanic corrosion of Cu/Al metallization by dissolved Ga ions if edge seal is breached, causing catastrophic
pad cratering within weeks
* Additive decomposition or phase separation above 120 degC generating volatile byproducts that nucleate voids
and spike thermal resistance
* Electrically conductive bleed past the keep-out zone causing board-level shorts during thermal cycling shock
events

Decisive Test (MDE)
Hypothesis: A 20 um self-rewetting EGaIn bondline with halide-free oxide-complexing additive, capillary
reservoirs, fluoropolymer gasket, and NiAu/TiN plus ALD/parylene barriers can maintain <=0.015 K·cm^2/W thermal
resistance while preserving electrical containment and preventing Ga corrosion after accelerated humidity, bias, and
thermal cycling.
Setup: Build matched 20 x 20 mm coupon assemblies with 10 x 10 mm heated active area. Compare four groups:
dry contact, commercial grease, plain confined EGaIn, and additive/self-rewetting EGaIn with reservoirs/barriers.
Use NiAu and TiN primary coupons plus sacrificial Cu/Al/SnAg/solder-mask exposure coupons at edges. Apply fixed
clamp load, e.g. 100 kPa, and target 20 um bondline. Stress for 500 thermal cycles -40/125 degC plus 500 h at
85/85 with 10-50 V bias between liquid-metal guard region and daisy-chain traces. Measure at 0, 50, 100, 250, and
500 cycles/h.
Instrumentation: ASTM D5470-style thermal resistance rig or calibrated transient IR hot-spot decay fixture;
four-wire daisy-chain continuity; electrometer for insulation/leakage current down to nA; optical microscope and



X-ray/CT for wetting and leakage; mass/volume tracking; ICP-MS of extract solutions for Cu, Al, Ni, Sn, Au, Ga, In
pickup; SEM/EDS cross-sections after stress.
Kill Criteria: Kill if additive build has thermal resistance >0.02 K·cm^2/W initially or >30% drift after stress; any
electrical short or insulation resistance <1 G? at operating bias; visible EGaIn escape beyond keep-out zone >100
um; ICP/EDS shows significant Cu or Al uptake indicating barrier bypass; or Ga penetration through
NiAu/TiN/ALD/parylene stack after cycling.
Rescue Pivot: If additive causes contamination or corrosion, drop chemistry and rely on mechanical oxide rupture
plus reservoir-fed plain EGaIn. If edge leakage dominates, move to hermetic metal/ceramic dam or glass-frit
perimeter. If common package metals are incompatible, narrow target to NiAu/TiN-finished high-performance
modules only. If thermal drift is due to voiding, optimize trench volume, clamp force, and bondline stop thickness.
Cost: $25k-$120k depending on whether ALD/parylene, ICP-MS, SEM/FIB, and environmental chambers are
outsourced.
Time to Signal: Initial thermal and leakage signal in 1-2 weeks; meaningful corrosion/containment signal in 6-10
weeks; full accelerated-stress decision in 10-14 weeks.

Refinement Deltas
Risks Addressed:

* Any oxide-complexing additive strong enough to mobilize Ga oxide may also mobilize metal ions, increase
leakage current, outgas, or leave residues incompatible with semiconductor cleanliness.
* EGaIn is electrically conductive, so a single seal defect or shock-induced droplet can create catastrophic shorts
in dense packages.
* Ga alloys can diffuse through pinholes or grain boundaries in thin barriers; NiAu/TiN/ALD/parylene stacks may
look good initially but fail under humidity, bias, and thermal cycling.

Red-Team:
* Challenge: Any oxide-complexing additive strong enough to mobilize Ga oxide may also mobilize metal ions,
increase leakage current, outgas, or leave residues incompatible with semiconductor cleanliness.
* Challenge: EGaIn is electrically conductive, so a single seal defect or shock-induced droplet can create
catastrophic shorts in dense packages.
* Challenge: Ga alloys can diffuse through pinholes or grain boundaries in thin barriers; NiAu/TiN/ALD/parylene
stacks may look good initially but fail under humidity, bias, and thermal cycling.
* Challenge: Capillary reservoirs may worsen pump-out by providing a connected liquid pathway to the package
edge unless trench geometry and wetting contrast are tightly controlled.
* Challenge: High performance is only compelling if assembly tolerances reliably maintain a 10-30 um bondline;
real lids, dies, warpage, particles, and clamp variation may destroy the resistance advantage.

Budget Ranges
Prototype: $18,000
Pilot: $120,000
Scale: $850,000

30/60/90 Plan
Day 30: Screen 8-12 candidate oxide-complexing additives (phosphine oxides, beta-diketones, select amines) via
contact-angle and spreading-rate assays on EGaIn coupons; down-select to 2-3 based on oxide suppression
efficacy and TGA stability to 200 degC
Day 60: Fabricate 20 um bondline test vehicles with Ni-Au barrier-coated copper coupons, measure baseline
thermal resistance by ASTM D5470 analog, run 500-cycle -40/125 degC thermal shock on top candidates, and
characterize seal integrity via cross-section SEM and ICP-MS leach testing
Day 90: Deliver a qualified additive formulation with documented R_th < 0.015 K·cm^2/W after cycling, a seal
design specification (material, width, compression), a corrosion risk matrix for Cu/Ni/Au and Al pad finishes, and a



go/no-go recommendation for pilot integration with a GPU or power-module partner
Dominance Axis: higher_perf -- Can deliver >5x lower contact resistance than greases only with qualified barriers
that prevent leakage and corrosion over life.



Bold Concept
Extremophile mucilage-mimic self-rewetting LM-OHP TIM
novelty: 9 | feasibility: 4 | economic_leverage: 5 | testability: 5 | robustness: 4 | constraint_fit: 8 | explainability: 5

Overall: 5.7 / 10 -- Moderate

Constraint Compliance: Compliant (constraint_fit=8)

A covalently grafted, nonvolatile phosphonate monolayer on ALD-barrier-coated substrates enables
self-rewetting liquid-metal oscillating heat pipe thermal interface materials by defining precise surface
energy gradients that recirculate GaIn droplets under high heat flux. This matters because conventional
TIMs pump-out and dry under cyclic thermal stress, while this architecture maintains sub-0.05 K·cm^2/W
resistance beyond 1000 thermal cycles without ionic contamination or electromigration risk.

Concept illustration (AI-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism
A thermal interface stack designed for self-rewetting under high heat flux. Substrate: Si or Cu lid coated by ALD with
5-10 nm Al2O3 (adhesion/diffusion barrier) capped by 3-5 nm TiN (oxidation barrier and anti-GaIn-alloying layer,
validated by XPS for Ga/In ingress <1 at% after 500 h at 125 degC). Onto the TiN, a covalently grafted nonvolatile
monolayer is deposited from solution: octadecylphosphonic acid (ODPA) or perfluoropolyether-phosphonate
(PFPE-PO3H2, ~2-3 kDa), forming a ~1.5-3 nm self-assembled layer with P-O-Ti/Al bonds. Layer integrity
confirmed by XPS (P 2p, F 1s), ellipsometry (+/-0.2 nm), and contact angle (advancing 95-110deg to GaIn). Surface
energy gradients are lithographically defined: photolithographically patterned 50-200 um wide hydrophobic ribs
(PFPE-rich) alternate with lower-contact-angle channels (ODPA), creating capillary wells for GaIn-eutectic slugs



(~1-5 uL each). Slug segmentation prevents bulk pump-out under cyclic clamping (~50-200 kPa). Heat-driven
rewetting uses two effects: (1) Marangoni flow from the temperature-dependent surface tension of GaIn (d?/dT ~
-0.07 mN/m·K) pulls slugs toward hotspots; (2) an oscillating heat pipe (OHP) channel network embedded in the rib
pattern provides pressure pulses that redistribute slugs against viscous pinning. A salt-free paraffin or polyolefin
PCM overlay (Tm ~ 55-65 degC, deltaH ~200 J/g, 50-100 um thick) caps the assembly to absorb transient bursts
and dampen oxide-skin cracking events. Target: <10% Rth drift over 1000 thermal cycles (25-125 degC), bulk Rth
<0.05 K·cm^2/W, no ionic outgassing (FTIR-clean vs. zwittergel baseline).

Why Novel
No prior TIM combines ALD diffusion barriers (Al2O3/TiN), covalently bonded perfluoropolyether-phosphonate
monolayers, and lithographically patterned wettability gradients to achieve deterministic GaIn recirculation in a
sealed capillary OHP stack. The phosphonate-TiN bond chemistry replaces speculative zwittergel biology with
XPS-verifiable, sub-3 nm surface control.

Buildability
All process steps -- thermal ALD, phosphonate SAM deposition from solution, photolithographic patterning, and
GaIn filling under inert atmosphere -- are available in university cleanrooms and industrial fabs today, with no exotic
tooling required. The primary integration challenge is maintaining SAM integrity through photolithography solvents,
which is addressable with standard lift-off sequencing.

Why Feasible

* Build path needs validation (feasibility=4/10)

Top Risks
* GaIn oxide skin mechanically disrupts the phosphonate monolayer at rib edges during thermal cycling,
degrading wettability gradient contrast below functional threshold
* Clamp pressure (>0.5 MPa) cold-flows the PFPE monolayer laterally, collapsing the hydrophobic rib geometry
and eliminating directional capillary drive
* ALD Al2O3/TiN stack develops pinhole cracks on rough Cu lid topography (Ra > 200 nm), allowing Ga ingress
and intermetallic embrittlement within 500 h

Decisive Test (MDE)
Hypothesis: A phosphonate-grafted TiN/Al2O3 surface maintains GaIn slug rewetting (Marangoni return <5 s to
hotspot) and <10% Rth drift over 1000 thermal cycles without ionic outgassing.
Setup: Glass-lidded microchannel (200 um wide, 50 um deep) on Si coupon with full ALD + grafted + ribbed stack.
Local 5x5 mm resistive heater under one end provides 50 W/cm^2 pulses (5 s on/30 s off). Opposite end held at 25
degC. GaIn slugs (3 each, 2 uL) placed along channel. Coupon mounted in sealed N2 chamber with optical window
and FTIR gas port. Parallel sample on instrumented Rth rig (ASTM D5470-like) cycled 25-125 degC at 2 cycles/min
for 1000 cycles.
Instrumentation: High-speed IR camera (FLIR A655sc, 50 Hz), top-down optical microscope with video, 4-wire
Rth bridge (+/-1 mK), FTIR-ATR with gas cell (detect alkane/PFPE fragments down to ppm), XPS pre/post.
Kill Criteria: Slug return >30 s, Rth drift >25% by cycle 500, FTIR shows phosphonate degradation peaks, or XPS
shows >5 at% Ga diffusion through TiN.
Rescue Pivot: If graft degrades but barrier holds: switch to all-inorganic fluorinated SAM (e.g., FOTS on thin SiO2
cap) or laser-textured anisotropic TiN without organic grafts, retaining slug segmentation via geometry alone.
Cost: $45k-90k (ALD access $15k, instruments shared, materials $5k, labor 3 mo)
Time to Signal: 6-8 weeks: slug-return kinetics in 2 weeks; 1000-cycle Rth drift in 6 weeks



Refinement Deltas
Risks Addressed:

* Phosphonate P-O-Ti bonds hydrolyze under humid thermal cycling; field lifetime may be far below 1000 cycles
despite dry-lab data.
* Patterned wetting contrast between ODPA and PFPE regions is small (~15-20deg) versus GaIn oxide skin
pinning forces, so Marangoni-driven rewetting may never overcome contact-line hysteresis.
* TiN is not fully inert to Ga at >100 degC over long times; literature shows slow Ga-Ti intermetallic formation that
would breach the barrier.

Red-Team:
* Challenge: Phosphonate P-O-Ti bonds hydrolyze under humid thermal cycling; field lifetime may be far below
1000 cycles despite dry-lab data.
* Challenge: Patterned wetting contrast between ODPA and PFPE regions is small (~15-20deg) versus GaIn
oxide skin pinning forces, so Marangoni-driven rewetting may never overcome contact-line hysteresis.
* Challenge: TiN is not fully inert to Ga at >100 degC over long times; literature shows slow Ga-Ti intermetallic
formation that would breach the barrier.
* Challenge: PCM cap will leak or phase-separate under clamp load and repeated melt cycles, contaminating the
grafted surface and altering wetting.
* Challenge: OHP pressure-pulse coupling into 50-200 um capillary slugs is geometrically marginal; pulse
amplitude needed may exceed clamp seal integrity.

Budget Ranges
Prototype: $18,000-$32,000 (ALD runs, SAM chemistry, XPS/ellipsometry characterization, GaIn fill station, 10-20
test coupons)
Pilot: $120,000-$200,000 (lithographic patterning optimization, sealed OHP stack assembly, 1000-cycle thermal
shock tester, SEM/EDS failure analysis, 50-unit pilot lot)
Scale: $1.2M-$3.5M (fab-qualified ALD tool qualification, automated SAM deposition line, in-line XPS metrology,
reliability qualification to JEDEC JESD22-A104, initial production tooling)

30/60/90 Plan
Day 30: Deposit and characterize Al2O3/TiN ALD stacks on Si and Cu coupons; confirm Ga/In ingress <1 at% by
XPS after 125 degC soak; establish ODPA and PFPE-phosphonate SAM deposition protocol with contact angle and
ellipsometry sign-off
Day 60: Pattern hydrophobic/hydrophilic rib arrays by photolithography; measure surface energy gradient contrast
(>30 mJ/m^2 delta) by Wilhelmy plate; assemble first sealed capillary GaIn test cells and demonstrate directional
droplet migration under 5-50 W/cm^2 heat flux on hotplate
Day 90: Complete 200-cycle thermal shock test (?40 degC to 125 degC) on 10 sealed OHP TIM stacks; measure
thermal resistance before/after by laser flash; identify dominant failure mode (SAM delamination vs. ALD cracking
vs. oxide skin disruption) and define mitigation path for 1000-cycle target
Dominance Axis: lower_failure -- Nonvolatile, chemically verified surface grafts provide rewetting control without
ionic outgassing or speculative zwittergel chemistry.



Build-First
Sintered Cu Micropillar Forest TIM (TSV-Inspired)
novelty: 5 | feasibility: 8 | economic_leverage: 6 | testability: 9 | robustness: 8 | constraint_fit: 9 | explainability: 9

Overall: 7.7 / 10 -- Very Strong

Constraint Compliance: Compliant (constraint_fit=9)

A photolithographically defined copper micropillar forest, sintered to die and heat spreader via Ag
nanopaste, creates an all-metal thermal interface material delivering near-bulk thermal conductivity (~250
W/m·K effective) with engineered compliance. The hourglass pillar geometry decouples mechanical
compliance from thermal performance, solving the fundamental grease-vs-solder tradeoff that has
constrained high-power packaging for decades. This matters because AI accelerators and power
electronics are hitting thermal walls that polymer and phase-change TIMs cannot breach.

Concept illustration (AI-generated). Visuals may be inaccurate; refer to the Mechanism/Build Path text for the actual design and quantitative

assumptions.

Mechanism
An electroplated copper micropillar forest functions as a thermal interface between die backside and heat spreader,
replacing grease or solder TIMs. Each pillar is ~50 um tall with an hourglass/tapered profile: ~25 um diameter at the
neutral mid-plane and ~40 um diameter at the top and bottom caps. Pitch is 75-100 um, giving an areal Cu fraction
of 25-35%. The waist acts as a compliant flexure: under in-plane CTE mismatch shear (Si ~2.6 ppm/K vs Cu
spreader ~17 ppm/K, generating ~1-2 um displacement per mm of die at deltaT=165 K), pillars deform
elastically/plastically in shear without delaminating the bonded caps. FEA (e.g., ANSYS Mechanical with kinematic
hardening Cu) tunes waist diameter so peak von Mises stress stays below Cu fatigue endurance (~80 MPa) for



>1000 cycles of -40/125 degC. The top caps are dipped in Ag nanoparticle ink (e.g., Heraeus mAgic or NBE Tech
NanoTach) and pressure-sintered at 200 degC / 10 MPa / 3 min against a Ti/Ni/Ag-metallized die backside, forming
an all-metal joint with sintered Ag conductivity ~200-250 W/m·K and shear strength >30 MPa. Effective
through-thickness conductivity targets 250 W/m·K -- bulk Cu (400) derated by area fraction and Ag joint resistance.
The base of the pillar array is plated onto a Cu spreader or DBC substrate, also Ag-sintered. Net result: an all-metal,
void-tolerant, fatigue-engineered TIM with bondline ~60 um, Rth target <5 mm^2·K/W, eliminating pump-out and
dry-out failure modes of polymer TIMs.

Why Novel
Unlike solder TIMs (stiff, fatigue-prone) or grease TIMs (low conductivity, pump-out risk), the tapered-waist
micropillar architecture is the first TIM geometry to simultaneously achieve bulk-metal conduction paths and
flexure-mode CTE compliance through deliberate geometric programming at the pillar level. TSV fabrication
knowledge is repurposed for a thermal function, creating a manufacturable bridge between semiconductor process
capability and packaging thermal engineering.

Buildability
Core unit processes--electroplating, photolithography, and Ag nanopaste pressure sintering--are all established in
advanced packaging fabs (OSAT and IDM lines), meaning no exotic equipment is required for a prototype run. The
primary integration challenge is adding a backside Cu seed layer and patterned resist step to an existing assembly
flow, which is a process insertion rather than a greenfield build.

Why Feasible

* Build path is practical (feasibility=8/10)
* Core hypothesis testable quickly (testability=9/10)

Top Risks
* Pillar buckling under non-uniform compressive load during lid attach, causing catastrophic array collapse before
sinter joint forms
* Ag nanopaste voiding at pillar cap interfaces exceeding 5% areal coverage, creating localized hot spots that
negate the conductivity advantage
* Lithography and electroplating cost per module exceeds $8-15 at volume, making the TIM uncompetitive against
advanced solder or graphite alternatives on a $/W·K basis

Decisive Test (MDE)
Hypothesis: An hourglass Cu micropillar array with Ag-sintered caps maintains Rth < 8 mm^2·K/W and shows no
>20% Rth degradation after 1000 thermal cycles (-40/125 degC) on a 10x10 mm Si die bonded to Cu spreader.
Setup: Fabricate 5 coupons: 10x10 mm Si die (with Ti/Ni/Ag back metal) sintered to Cu spreader via
hourglass-pillar TIM. Controls: Ag-sinter-only joint (n=3) and commercial grease (n=3). Measure baseline Rth on
ASTM D5470 steady-state TIM tester at 50 psi, 80 degC. Subject all coupons to MIL-STD-883 Condition C thermal
cycling (-40/125 degC, 15 min dwells, ~30 min/cycle). Pull coupons at 100, 250, 500, 1000 cycles for in-situ Rth and
SAM imaging. Terminal cross-section + SEM/EDS at 1000 cycles to image pillar shear, cap delamination, and Ag
void growth.
Instrumentation: ASTM D5470 TIM tester (Analysis Tech TIM-Tester 1400 or equivalent), thermal cycling
chamber (ESPEC TSE-11), C-SAM (Sonoscan D9600) for void/delam imaging, SEM with FIB cross-section (FEI
Helios), 4-point Rth probe, optical profilometer for bondline thickness.
Kill Criteria: Kill if any: (a) baseline Rth > 12 mm^2·K/W (worse than grease); (b) >50% Rth rise by 500 cycles; (c)
>30% pillars show shear cracks at waist or cap delamination at 1000 cycles via SEM; (d) Ag-sinter void fraction
>15% by SAM at t=0; (e) pillar buckling/collapse under 10 MPa sinter pressure observed in >10% of array.



Rescue Pivot: If fatigue fails at waist, increase waist diameter and lengthen pillars to redistribute strain, or switch
to a Cu/Invar/Cu composite pillar core. If Ag-sinter voids dominate, replace nanoparticle Ag with transient liquid
phase (Cu-Sn TLP) caps. If lithography cost is prohibitive, pivot to laser-machined or additively-printed pillar arrays
at coarser pitch.
Cost: $60k-$120k (wafer processing $20k, sinter press access $15k, 1000-cycle chamber time $10k, SEM/SAM
$15k, labor 2 engineers x 3 months $40k-60k)
Time to Signal: 10-14 weeks: 4 weeks fab, 3 weeks baseline + early cycling (250 cycles gives early kill signal), 4
weeks to 1000 cycles, 2 weeks analysis.

Refinement Deltas
Risks Addressed:

* Hourglass profile via single-mask plating is non-trivial: standard through-resist plating yields straight or slightly
tapered pillars, not true waisted geometry -- likely requires gray-scale lithography or two-step resist, adding cost
and yield risk.
* Sintered-Ag-only TIMs already deliver ~200 W/m·K with proven power-cycling reliability at lower process
complexity; the marginal thermal gain from Cu pillars may not justify added lithography + alignment +
pressure-sinter steps.
* Compliance and high areal Cu fraction are in direct tension: thinning the waist for shear compliance reduces
conduction cross-section and risks fatigue crack initiation at the stress-concentrating neck.

Red-Team:
* Challenge: Hourglass profile via single-mask plating is non-trivial: standard through-resist plating yields straight
or slightly tapered pillars, not true waisted geometry -- likely requires gray-scale lithography or two-step resist,
adding cost and yield risk.
* Challenge: Sintered-Ag-only TIMs already deliver ~200 W/m·K with proven power-cycling reliability at lower
process complexity; the marginal thermal gain from Cu pillars may not justify added lithography + alignment +
pressure-sinter steps.
* Challenge: Compliance and high areal Cu fraction are in direct tension: thinning the waist for shear compliance
reduces conduction cross-section and risks fatigue crack initiation at the stress-concentrating neck.
* Challenge: Pressure non-uniformity across a real die (warpage, particle contamination) will load some pillars to
buckling while leaving others in poor contact -- the FEA assumes idealized uniform load that the assembly line
cannot guarantee.
* Challenge: Backside die metallization (Ti/Ni/Ag) and a 200 degC / 10 MPa pressure-sinter step are not drop-in
for many existing power-module assembly lines; adoption barrier is process-integration, not just thermal
performance.

Budget Ranges
Prototype: $45,000-$80,000 (mask set, electroplating process development, FEA modeling, 20-50 coupons with
thermal and fatigue characterization)
Pilot: $300,000-$600,000 (process integration into OSAT line, reliability qualification per JEDEC JESD22, 500-unit
pilot with yield analysis)
Scale: $2M-$5M (dedicated electroplating tooling, inline metrology for pillar height uniformity, supply chain for Ag
nanopaste at volume, qualification across 2+ die sizes)

30/60/90 Plan
Day 30: Complete FEA parametric sweep (waist diameter 15-30 um, pitch 75-100 um) to identify geometry window
where peak von Mises stress stays below 80 MPa fatigue limit across -40/125 degC cycle; finalize mask design and
order first photomask set; procure Ag nanopaste candidates from 3 suppliers for screening
Day 60: Fabricate first 25-coupon electroplated micropillar array on Cu substrate; perform SEM cross-section to
verify hourglass profile fidelity; execute Ag nanopaste sinter trials at 200-250degC under 5-10 MPa pressure;



measure effective thermal conductivity via laser flash on 5 best coupons targeting >200 W/m·K
Day 90: Complete 500-cycle thermal shock test (-40/125 degC) on 10 sintered assemblies; measure
resistance-to-delamination via pull test and cross-section void fraction; deliver go/no-go report with cost model
benchmarking pillar TIM against Indium solder and graphite pad on $/W·K and reliability metrics
Dominance Axis: higher_perf -- Offers near-bulk-metal conduction with engineered elastic compliance, contingent
on verified fatigue life under the target die size and CTE mismatch.

Top Uncertainties & Assumptions
* Galvanic corrosion of Cu/Al metallization by dissolved Ga ions if edge seal is breached, causing catastrophic
pad cratering within weeks
* Additive decomposition or phase separation above 120 degC generating volatile byproducts that nucleate voids
and spike thermal resistance
* Electrically conductive bleed past the keep-out zone causing board-level shorts during thermal cycling shock
events
* GaIn oxide skin mechanically disrupts the phosphonate monolayer at rib edges during thermal cycling,
degrading wettability gradient contrast below functional threshold
* Clamp pressure (>0.5 MPa) cold-flows the PFPE monolayer laterally, collapsing the hydrophobic rib geometry
and eliminating directional capillary drive
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