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Thermoreflectance 
Characterization of 
Thermal Materials for 
BSPDN and Bonded Stacks

Cross-validated AlN film conductivity and bonded-

interface transport for advanced integration

Temperature shows where. 

Measurements tell you why.
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Agenda –Why This is a Metrology Problem
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▪Why thermal materials matter in 

advanced architectures

▪Why thin-film thermal properties 

are hard to measure

▪How thermoreflectance

characterizes these materials

▪What we learn from AlN films 

and bonded oxide examples
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Agenda – Practical Problem Statement
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▪Dimension, complexity, and 
stacking make thermal 
management harder

▪Materials innovation is needed 
to manage local temperatures

▪Better characterization is 
needed to evaluate those 
materials

▪Non-destructive in-line thermal 
metrology remains limited

Nature Reviews Electrical Engineering volume 2, pages598–613 (2025) https://doi.org/10.1038/s44287-025-00196-0
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Dimensions, Complexity, and Stacking Make Thermal Problems Worse
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https://doi.org/10.1038/s44172-026-00590-y Communications Engineering (2026)5:28

▪ Higher power density makes 

more severe local hot spots

▪ 3D integration constrains 

heat-removal pathways

▪ Materials and interfaces at 

multiple length scales now 

shape performance
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BSPDN Makes Thermal Materials More Important
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▪ BSPDN improves routing, but 

increases thermal isolation

▪ Bonding oxides and BEOL 

dielectrics become part of the 

heat dissipation path

▪ Thermal-management 

materials must spread heat 

while preserving electrical 

isolation

Architecture is making materials in the stack more important to thermal performance.

Nature Reviews Electrical Engineering volume 2, pages598–613 (2025) https://doi.org/10.1038/s44287-025-00196-0
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Why Thin-Film Thermal Characterization is Essential
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different phonon modes and reduce thermal conductivity. A 

schematic diagram is shown in  Figure    5   capturing these var-

ious phonon scattering mechanisms, along with the electrical 

transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 

role in reducing lattice thermal conductivity, probably by effec-

tively scattering phonons that otherwise would have relatively 

long mean free paths. In many of these cases it has been clearly 

demonstrated that the reduction in thermal conductivity far 

exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 

Pb (two elements that have the same atomic mass as the Pb ions 

in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  

ErAs:InGaAs is another interesting example to study along 

these lines since the size distribution of ErAs nanoparticles in 

the matrix is not a strong function of the growth parameters 

and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 

volume fraction of the embedded nanoparticles can be easily 

changed from 0.01-6% without introducing defects or disloca-

tions. Thermal conductivity measurements show a reduction by 

as much as a factor of 3 compared to the bulk 

alloy [Figure  4 b].  

 The question remains as to why the inclu-

sion of nanodots can reduce the thermal 

conductivity below the alloy limit. Detailed 

calculations of phonon transport have been 

performed for ErAs:InGaAs materials, 

although the principles developed through 

these studies are fairly general and apply for 

other nanodot material systems as well. [  72  ,  82  ]  

Atomic scale defects in alloys scatter pho-

nons due to differences in mass or due to 

generation of strain fi elds, and the scattering 

cross-section follows Rayleigh scattering as 

 d  6 /   l   4 , where  d  is the nanodot diameter and 

  l   is the phonon wavelength. Hence, short 

wavelength phonons are effectively scattered 

in alloys, but the mid-to-long wavelength 

phonons can propagate without signifi cant 

scattering and thereby still contribute to heat 

conduction. By inclusion of nanoparticles, 

signifi cant reduction in lattice thermal con-

ductivity can be achieved by the additional 

scattering of mid- and long-wavelength pho-

nons by the nanoparticles. Calculations show 

that a wide size distribution of nanoparticles 

is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-

moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 

are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 

required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 

play an effective role in scattering these longer-wavelength phonons.  
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 

x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 

and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 

to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 

high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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▪ Bulk values do not reliably predict 
thin-film performance

▪ Deposition conditions, defects, 
texture, and thickness can change 
thermal conductivity

▪ Interfaces can distort the apparent 
response of the film

▪ Candidate materials must be 
measured in integration-relevant 
stacks whenever possible
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Why Thin-Film Thermal Characterization is Essential
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different phonon modes and reduce thermal conductivity. A 

schematic diagram is shown in  Figure    5   capturing these var-

ious phonon scattering mechanisms, along with the electrical 

transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 

role in reducing lattice thermal conductivity, probably by effec-

tively scattering phonons that otherwise would have relatively 

long mean free paths. In many of these cases it has been clearly 

demonstrated that the reduction in thermal conductivity far 

exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 

Pb (two elements that have the same atomic mass as the Pb ions 

in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  

ErAs:InGaAs is another interesting example to study along 

these lines since the size distribution of ErAs nanoparticles in 

the matrix is not a strong function of the growth parameters 

and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 

volume fraction of the embedded nanoparticles can be easily 

changed from 0.01-6% without introducing defects or disloca-

tions. Thermal conductivity measurements show a reduction by 

as much as a factor of 3 compared to the bulk 

alloy [Figure  4 b].  

 The question remains as to why the inclu-

sion of nanodots can reduce the thermal 

conductivity below the alloy limit. Detailed 

calculations of phonon transport have been 

performed for ErAs:InGaAs materials, 

although the principles developed through 

these studies are fairly general and apply for 

other nanodot material systems as well. [  72  ,  82  ]  

Atomic scale defects in alloys scatter pho-

nons due to differences in mass or due to 

generation of strain fi elds, and the scattering 

cross-section follows Rayleigh scattering as 

 d  6 /   l   4 , where  d  is the nanodot diameter and 

  l   is the phonon wavelength. Hence, short 

wavelength phonons are effectively scattered 

in alloys, but the mid-to-long wavelength 

phonons can propagate without signifi cant 

scattering and thereby still contribute to heat 

conduction. By inclusion of nanoparticles, 

signifi cant reduction in lattice thermal con-

ductivity can be achieved by the additional 

scattering of mid- and long-wavelength pho-

nons by the nanoparticles. Calculations show 

that a wide size distribution of nanoparticles 

is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-

moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 

are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 

required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 

play an effective role in scattering these longer-wavelength phonons.  
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x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 

and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 

to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 

high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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▪ Bulk values do not reliably predict 
thin-film performance

▪ Deposition conditions, defects, 
texture, and thickness can change 
thermal conductivity

▪ Interfaces can distort the apparent 
response of the film

▪ Candidate materials must be 
measured in integration-relevant 
stacks whenever possible

Gallium Nitride

Thermal conductivity varies with 

thickness, defect density, doping
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Thermoreflectance: What Each Method Gives You
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No single method gives you everything!
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Thermoreflectance: What Each Method Gives You
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Pros:

• Cross-plane

• Near surface TBR

Cons:

• Reduced in-plane 

sensitivity

• Dependence on 

heat capacity

Pros:

• Cross- & In-plane

• Depth resolution

Cons:

• Unconstrained 

fitting possible

• Dependence on 

heat capacity

Pros:

• No heat capacity

• Total resistance

Cons:

• Cross- & In-plane 

coupled

• Reduced individual 

TBR sensitivity

No single method gives you everything!
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What Thermal Properties Can We Separate?
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Interface Dominated Film Dominated

APL Materials 6, 058302 (2018)

Interface Dominated

▪ Total signal mainly 

R1 + R2

▪ Common for 

thinner films or 

strong boundary 

effects

▪ Useful for 

constraining total 

resistance

Film Dominated

▪ Total signal mainly 

from film resistance

▪ Enables extraction 

of thermal 

conductivity

▪ With the right stack 

can emphasize in-

vs. cross-plane 

thermal conductivity

Stack design determines which property can be extracted.

Laser Thermal CONFIDENTIAL - Do not distribute without permission



laserthermal.com | 833-582-7787 | info@laserthermal.com

We Design the Stack to Isolate Material Properties
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Thick AlN on Si Thick AlN on Oxide/Si

Cross-Plane, k⊥ In-Plane, k∥

Oxide

Silicon
Silicon

AlNAlN

Maximize sensitivity to 

cross-plane thermal 

conductivity

Oxide thermally 

“shorts” heat, forcing 

in-plane sensitivity

▪ Stack design can be used as 

a metrology variable

▪ Instead of relying on one 

measurement, we utilize 

multiple measurements

▪ Increases confidence in 

results and variety of 

properties we can measure

Geometry determines sensitivity.
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TDTR Measures R1 and Bounds k⊥
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R1, m
2 K GW-1 k⊥ TC, 

W m-1 K-1

Uncertainty, 

W m-1 K-1

k∥ Assumption, W m-1

K-1

4.8 131.7 15.3 30

4.7 127.8 14.5 60

4.6 124.5 13.9 90

▪ Strongly sensitive to near-surface thermal resistance

▪ k⊥ weakly dependent on assumed k∥
▪ Response remains coupled to R2 and heat capacity

▪ TDTR alone cannot decouple all parameters

Silicon

AlN

R1

TDTR provides a reliable constraint 

on R1 and a bounded estimate of k⊥
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SSTR Isolates k∥
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Oxide

Silicon

AlN

k∥ = 61.1 +/- 5.4 W m-1 K-1 k∥ = 60.5 +/- 9.2 W m-1 K-1

SSTR and Beam Off-Set measurements yield same result.

Beam Off-Set, microns
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FDTR Separates k⊥, R1, and R2
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Silicon

AlN

k⊥ = 119.1 +/- 4.3 W m-1 K-1
▪ In-plane from SSTR/Beam Off-set used

▪ Sensitivity to cross-plane, R1, and R2 at 

different frequency regimes

▪ Matches TDTR values for R1 and k⊥ within 

uncertainty bounds

R1

R2

R1 = 4.8 +/- .2 m2 K GW-1

R2 = 7.5 +/- .5 m2 K GW-1
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Extension Beyond AlN – Bonded Interfaces
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Silicon

Aluminum

SiO2 + SiO2 + bond = keffective

S
e
n
s
it
iv

it
y

Maximum sensitivity to k⊥
(oxide+oxide)

Acknowledgment: Andrew Tuchman, Ilseok Son
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Extension Beyond AlN – Bonded Interfaces
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Silicon

Aluminum

SiO2 + SiO2 + bond = keffective

S
e
n
s
it
iv

it
y

Maximum sensitivity to k⊥
(oxide+oxide)

Use thermal conductivity to assess bond 

strength between a low bond-strength and 

a high-bond strength case.

Acknowledgment: Andrew Tuchman, Ilseok Son
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Extension Beyond AlN – Bonded Interfaces
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In areas of highest sensitivity, signals differ by ~ 0.6%.

Acknowledgment: Andrew Tuchman, Ilseok Son
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Extension Beyond AlN – Bonded Interfaces
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And are statistically significantly different.

Acknowledgment: Andrew Tuchman, Ilseok Son
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Extension Beyond Aluminum as a Transducer
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Resistivity (µΩ·cm) k∥ electrical (Wm-1K-1) k∥ (Wm-1K-1)

184 3.9 11

Titanium Nitride

Oxide

Silicon

▪ Direct measurement of TiN in-plane thermal conductivity.
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Extension Beyond Aluminum as a Transducer
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▪ Ruthenium as a transducer

▪ Investigating spacer/thickness 

effects on thermal resistance

▪ Temperature dependent 

measurements through, and back 

from, phase change transitions

Nature Communications | (2021) 12:774 | https://doi.org/10.1038/s41467-020-20661-8 |
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FASTR 150
150 mm XY Travel

Coupon Batch Testing
R&D and FA uses

Room Temperature – 400 ºC

FASTR 300
300 mm XY Travel

Manual Wafer Loading
Process Property Correlation
Wafer Scale Thermal Testing

FASTR 300 EFEM (LATTICE)
300 mm XY Travel

Automated Wafer Loading/Handling
Higher Throughput

Wafer Scale Thermal Testing

Available Now
First Prototype Q3 2026

Available Q1 2027
In Development

Prototype Q1 2027

Toward Manufacturing Relevant Thermal Metrology
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Key Takeaways
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▪ Advanced architectures increase the importance 

of thermal materials

▪ Thin-film properties need to be measured, not 

assumed

▪ Combinations of thermoreflectance techniques 

and stack design offer practical paths forward

▪ Thermal metrology is needed and will become 

increasingly important
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