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A B S T R A C T

Efficient thermal management remains a major constraint in high-power light-emitting diodes (LEDs), where 
most input electrical power is dissipated as heat, elevating junction temperature and accelerating lumen 
depreciation and package degradation. This review examines thermal interface materials (TIMs) used in LED 
packages and modules, organised into four hierarchical families: conventional conformable TIMs, bonded 
metallic interfaces, engineered composite systems, and architecture-driven or emerging concepts. Representative 
materials within these families, including greases, gels, pads, solders, phase-change materials, sintered Ag/Cu 
joints, transient liquid phase sintering systems, liquid–metal hybrids, polymer–ceramic nanocomposites, and 
nano-architected interfaces, are critically analysed.

Particular attention is given to the coupled roles of through-plane thermal conductivity, bond-line thickness, 
and interfacial contact resistance, which together determine the effective thermal resistance of TIM layers and 
the resulting LED junction temperature. Comparative tables and a quantitative design map relate material 
properties to LED-level performance and reliability considerations, including pump-out, voiding, corrosion, and 
thermo-mechanical fatigue. Finally, a conceptual roadmap is presented for an electrically insulating TIM based 
on aligned boron nitride nanotube/nanosheet–epoxy architectures, and a simplified one-dimensional thermal 
stack analysis illustrates the junction temperature reduction achievable when effective total thermal resistance is 
minimised at sub-100 µm bond lines.

1. Introduction

The global shift toward energy-efficient and sustainable lighting has 
accelerated the adoption of solid-state lighting technologies, particu
larly light-emitting diodes (LEDs) [1,2]. LEDs offer substantial advan
tages including lower power consumption, longer lifetimes, compact 
design, and enhanced durability compared to traditional light sources 
[3,4]. However, thermal management remains a critical challenge in 
high-power (HP) LEDs. Recent studies indicate that 60–85 % of the input 
electrical power in LEDs is dissipated as heat due to non-radiative losses 
[5]. If not efficiently removed, this heat leads to elevated junction 
temperature (Tj), reduced efficiency, spectral instability, and acceler
ated degradation mechanisms [6–15].

Driven by increasing chip power density and miniaturisation trends, 
interfacial thermal resistance (ITR) within HP LED packages has become 
a dominant factor governing Tj, optical stability, and long-term reli

ability. Consequently, there is strong industrial and academic interest in 
thermal interface materials (TIMs) capable of delivering low bond-line 
thickness (BLT), stable interfacial contact during ageing, and electrical 
insulation where required. Accordingly, the development of TIM tech
nologies has expanded from conventional formulations such as greases, 
gels, adhesives, pads, and phase-change materials (PCMs) toward 
metallic, composite, and nano-architected systems designed to achieve 
high through-plane thermal conductivity (k⊥) with mechanical 
compliance at sub-100 µm bond lines.

1.1. Scope and positioning of this review

Existing reviews have addresses either LED thermal management at 
package and system levels, or TIMs for general electronics applications 
[16–20]. In contrast, the present review focuses specifically on TIMs used 
in HP LED packaging, treating them as integral elements of a coupled 
thermo-mechanical reliability problem rather than as isolated bulk 
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materials. This focus is motivated by increasing power densities, stricter 
Tj limits, and the growing dominance of interface-controlled thermal 
resistance in LED performance.

The main contributions of this review are: (1) an LED–specific TIM 
selection framework based on Tj, junction-to-case/heat sink thermal 
resistance, and package-level metrics; (2) a targeted discussion of reli
ability mechanisms and testing standards relevant to LED packaging; 
and (3) the introduction of a design map linking BLT, k⊥, and ITR to 
identify practical performance windows.

The paper is organised to guide the reader from fundamentals to 
application-oriented design. Heat-flow pathways and performance 
metrics are introduced in Section 2, followed by reliability consider
ations and Arrhenius-type behaviour in Section 3. Section 4 presents a 
structured analysis of TIM materials and architectures for HP LED 
packaging. Section 5 develops a conceptual design framework, including 
simplified thermal analysis and reliability considerations, and Section 6
summarises key insights and future research directions.

1.2. Review approach

A structured narrative review methodology was adopted. The main 
literature survey was conducted using Scopus, Web of Science, IEEE 
Xplore and Google Scholar for the time window over the period from 
May 2024 to October 2025, using combinations of “thermal interface 
material”, “TIM”, “LED package”, “die attach”, “high-power LED”, 
“junction temperature”, and “thermal resistance” as keywords. Both 
foundational and recent studies were considered in order to capture 
historical development and emerging trends. In addition, selected newly 
published studies available up to April 2026 were incorporated during 

manuscript revision where they were directly relevant to the discussion. 
As this work is a narrative synthesis rather than a formal systematic 
review or meta-analysis, no formal risk-of-bias assessment was con
ducted; instead, the focus is on extracting design-relevant insights for 
thermal and interfacial engineering in LED packaging.

1.3. Structure of the paper

The remainder of this review is organised as follows. Section 2 out
lines heat-flow pathways in LED packages and defines the key perfor
mance metrics used to evaluate TIMs. Section 3 discusses reliability 
considerations relevant to LEDs, including ageing phenomena and 
Arrhenius-type acceleration concepts. Section 4 presents a structured 
analysis of TIM material systems and their architectural evolution for HP 
LED packaging, organised into conventional, bonded metallic, engi
neered composite, and architecture-driven or emerging concepts, 
together with comparative performance windows and selection guid
ance. Section 5 develops a conceptual design and fabrication framework 
for next-generation electrically insulating TIMs and illustrates, using a 
simplified one-dimensional (1D) thermal stack analysis, the Tj reduction 
achievable when the total interfacial thermal resistance of the TIM layer 
is reduced at sub-100 µm bond lines. This section also discusses degra
dation mechanisms, qualification considerations, and practical selection 
guidelines for reliability-aware TIM design in HP LED modules. Finally, 
Section 6 synthesises the key insights from the review and outlines 
future research directions for reliable, scalable, and manufacturable TIM 
solutions in HP LED systems.

Nomenclature

Symbol/Abbreviation Definition
◦C Degrees Celsius
A Pre-exponential factor (Arrhenius)
Ag Silver
Al2O3 Aluminium Oxide (Alumina)
AlN Aluminium Nitride
ASTM D5470 Standard test for thermal transmission of TIMs
BLT Bond-Line Thickness
BN Boron Nitride
BNNS Boron Nitride Nanosheet
BNNT Boron Nitride Nanotube
CAGR Compound Annual Growth Rate
CNT Carbon Nanotube
CTE Coefficient of Thermal Expansion
Cu Copper
DAA Die-Attach Adhesive
DIW Direct Ink Writing
EG Expanded Graphite
Ea Activation Energy (Arrhenius)
f Failure Rate (Arrhenius)
GaN Gallium Nitride
GNP/GNs Graphene Nanoplatelet/Graphene Nanosheet
HDPE High-Density Polyethylene
HP LED High-Power Light-Emitting Diode
h-BN Hexagonal Boron Nitride
ITR Interfacial Thermal Resistance
JESD51-14 Standard for LED junction-to-case thermal resistance 

measurement
kB Boltzmann’s Constant
k⊥ Through-plane Thermal Conductivity
LED Light-Emitting Diode

LM Liquid Metal
LINC Liquid-Infused Nanostructured Composite
MCPCB Metal-Core Printed Circuit Board
mm2⋅K⋅W¡1 Unit of areal thermal resistance
MWNT/SWNT Multi-Walled/Single-Walled Carbon Nanotube
Ni Nickel
PCTIM Phase Change Thermal Interface Material
PCM Phase Change Material
PDMS Polydimethylsiloxane
PET/PVC Polyethylene Terephthalate/Polyvinyl Chloride
PNC Polymer Nanocomposite
PPS Polyphenylene Sulphide
Q Total Steady-state Heat Dissipation
RC Thermal Contact Resistance
RTIM Effective Total Thermal Resistance of TIM
RTotal Total Thermal Resistance of the LED Package
R″ Areal Thermal Resistance
RC (material) Regenerated Cellulose
SiC Silicon Carbide
T Temperature (Arrhenius)
T-CNF TEMPO-oxidised Nanofibre Cellulose
TC Thermal Conductivity
TCA Thermally Conductive Adhesive
TiTj TitaniumJunction Temperature
TiC/WC Titanium Carbide/Tungsten Carbide
TIM Thermal Interface Material
TIM1 Die-attach thermal interface layer between the LED chip 

and the submount or package substrate
TIM2 Thermal interface layer between the package heat spreader 

(or substrate) and the heat sink
TLPS Transient Liquid Phase Sintering
TR Thermal Resistance
VOC Volatile Organic Compound
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2. TIMs and LED thermal management

Effective thermal management is critical for the performance and 
reliability of LEDs, as excessive Tj degrades luminous efficiency, accel
erate aging, and shorten device lifetime. TIMs play a central role in this 
process by minimising interfacial gaps between mating surfaces, thereby 
reducing thermal contact resistance (RC) and enabling efficient heat 
transfer from the LED junction to the heat sink. TIMs replace air within 
microscopic surface asperities (air TC ≈ 0.026 W⋅m− 1⋅K− 1) with mate
rials of higher TC, thereby lowering ITR, and improving heat dissipation 
to the ambient environment.

In HP LEDs, the thermal budget is often dominated by a limited 
number of series resistances: the die-attach layer, the substrate or heat 
spreader, and the spreader-to-heat-sink interface.

Fig. 1(a) and (b) illustrate the application of TIMs in a typical LED 
assembly, highlighting two principal thermal interfaces. TIM1 refers to 
the die-attach layer between the LED chip and the submount or package 
substrate, where high TC and thermo-mechanical fatigue resistance are 
critical. TIM2 refers to the package or spreader-to-heat-sink interface, 
where conformability and low contact resistance under limited clamp
ing pressure are typically dominant [21–29].

Fig. 1(c) illustrates the presence of microscopic gaps between mating 
layers and the function of TIMs in filling these voids. Soft materials such 
as greases, gels, adhesives, and PCMs conform easily to surface irregu
larities, whereas hard materials may offer mechanical robustness but 
risk incomplete gap filling and elevated interfacial resistance.

From a thermal-resistance perspective, achieving low RTIM requires 
more than selecting a material with high bulk TC. The effective inter
facial resistance depends on the combined influence of k⊥, BLT, and the 
real contact area established under the available clamping pressure. As 
illustrated conceptually in Fig. 1, a high-k material applied at excessive 
thickness may produce higher TR than a moderate-k material applied as 
a thin, well-conformed layer. Consequently, co-optimisation of k⊥, BLT, 
and interfacial contact behaviour is essential for reducing total interfa
cial resistance in LED modules [21,30–34].

As chip power densities increase and packages become more 
compact, interface-level resistance increasingly governs Tj, optical sta
bility, and long-term reliability. Therefore, TIM selection in LED systems 
must consider not only TC but also electrical insulation requirements, 
thermo-mechanical durability, ageing behaviour, and compatibility 
with LED packaging architectures [18,35,36]. Recent studies further 
emphasise the importance of Tj control and phase-change thresholds in 
maintaining stable performance under cyclic loading conditions [37]. 
These reliability considerations are discussed in detail in Section 3.

3. Important factors for TIM

Selecting an efficient and reliable TIM for heat sink-based cooling 

systems requires careful consideration of several key factors, as sum
marised in Fig. 2.

3.1. Thermal conductivity

The bulk TC of a TIM determines its ability to transfer heat through 
the material. Since TIMs function as a thermal bridge in LED assemblies, 
high TC is essential for effective heat dissipation [38,39]. Composite- 
based TIMs, particularly polymer nanocomposites (PNCs), enhance 
heat transfer by incorporating high-TC filler, while the polymer matrix 
fills surface gapsasperities to improve contact [40]. Depending on me
chanical and curing behaviour, PNC-based TIMs are generally classified 
into hard systems (e.g., curable composites, metallic/solder interfaces) 
and soft systems (e.g., greases and gels) [41]. Representative TC values 
for TIMs employed in LED packaging are summarised in Table 2 (Section 
4).

TC is commonly measured using techniques are utilized such as 
transient plane source (TPS) method, laser flash analysis (LFA), and 3ω 
method, with the selection depending on material geometry and 
required accuracy [42,43]. In LED applications, heat flow is predomi
nantly perpendicular to the interface; therefore, k⊥ is more critical than 
in-plane TC. Consequently, the orientation and dispersion of nanofillers 
within composite TIMs strongly influence k⊥ and thus overall interface 
performance [44].

3.2. Electrical conductivity

Although TIMs primarily provide a thermal pathway, they may also 
serve secondary roles such as electrical insulation or mechanical 
attachment depending on the application. TIMs are generally cat
egorised as electrically insulating or conductive [45]. In LED modules, 
conductive TIMs may enable undesired current leakage between the LED 
chip and the heat sink, potentially compromising safety and long-term 
stability [41,46–48]. Consequently, electrically insulating composite 
TIMs are commonly preferred. Polymer matrices such as epoxy, poly
styrene, polyethylene, and polyvinyl alcohol combined with noncon
ductive fillers provide both electrical insulation and enhanced thermal 
transport [49–52]. For example, incorporation of boron nitride (BN) 
nanoparticles, nanosheets, or nanotubes into epoxy/alumina (Al2O3) 
composites significantly improves insulation while maintaining favor
able thermal performance [47,53–55]. These composite systems there
fore support thermal management while enhancing electrical reliability 
and package stability [56,57]. Their ease of processing and cost- 
effectiveness further support widespread application in LED systems 
[58].

Fig. 1. (a) 3D view of a LED lamp showing the placement of TIMs between mating layers. (b) Cross-section (2D general view) of a typical LED assembly. (c) 
Interfacial gaps without filler, with a hard filler, and with a soft filler.
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3.3. Thermal resistance (TR)

TR quantifies resistance to heat transfer across a material or inter
face. While TC is an intrinsic material property, the effective TR of a TIM 
depends on its intrinsic TC, BLT, and RC, which is influenced by surface 
roughness, flatness, clamping pressure, and compressive modulus 
[21,59]. The effective total thermal resistance of TIM (RTIM) can be 
theoretically expressed as equation (1). 

RTIM = Rbulk +Rc1 +Rc2,Rbulk =
BLT
kTIM

(1) 

where Rc1 and Rc2 are the RC at the two interfaces, kTIM is the TC of TIM, 
BLT is the mean bond line thickness (see Fig. 3). High-performance TIMs 
therefore require low BLT, high TC, and minimal RC [31–33]. Reducing 
RTIM directly enhances the heat transfer and overall LED package per
formance [30].

Because the conductive (bulk) component of ITR is governed by the 
ratio BLT/k⊥, it is useful to represent this relationship graphically. Fig. 4
therefore presents a design map linking BLT and k⊥ to the resulting areal 
bulk thermal resistance, R˝

bulk, providing a first-order framework for 
identifying acceptable areal bulk thermal resistance, R˝

TIM, windows in 
HP LED packages.

Several practical strategies can reduce TR of a TIM. These include 
decreasing the BLT, selecting materials with higher TC, and minimising 
RC through surface smoothing and controlled clamping pressure. 
Increased pressure enhances real contact area and reduces gap length, 
allowing the TIM to conform more effectively to surface asperities [60]. 
For soft TIMs, compression further reduces BLT and RTIM [21,61]. 
Employing thinner TIMs simultaneously reduces material consumption 
and improves thermal performance by directly lowering BLT [62].

Recent developments highlight engineered approaches that target 
simultaneous reduction of BLT and RC. For example, a boron nitride 
nanotube (BNNT)-modified (Aluminium Nitride/Aluminium Oxide) 
AlN/Al2O3–PDMS composites achieved reduced TR through improved 
filler dispersion and interfacial adhesion [63]. Surface functionalisation 
of graphite–copper interfaces significantly decreased RC, emphasising 
the importance of interface modification [64]. Self-adaptive liquid
–metal–epoxy composites that cure in situ demonstrated improved gap 

filling and reduced void formation under pressure. This behavior mini
mises BLT and reduces interfacial voids, leading to a lower overall TR 
[65]. Rheology-based predictive models have further enabled optimi
zation of BLT through viscosity control at high filler loading [66]. Ul
trathin BN/T-CNF/PVA composite films have also demonstrated 
enhanced TC and mechanical robustness, supporting their suitability for 
compact electronic systems [67].

These representative strategies, summarised in Table 1, illustrate the 
shift toward engineered TIM systems that integrate high TC, reduced 
BLT, and controlled interfacial contact resistance to improve LED ther
mal management.

3.4. Junction temperature

The junction temperature, Tj, strongly influences both the optical 
performance and the lifetime of an LED chip [30,68]. Reliability studies 
show that LED failure rates increase exponentially with Tj. This behav
iour is commonly described using an Arrhenius-type relation for ther
mally activated degradation processes [69,70]: 

f = Aexp
(

−
Ea

kBTj

)

(2) 

where f is the failure rate, A is the pre-exponential factor (assumed 
temperature-independent for a given failure mechanism), Ea is the 
activation energy of the dominant degradation process, kB is the Boltz
mann constant, and Tj is the junction temperature in Kelvin. This 
formulation assumes a single dominant thermally activated failure 
mechanism and is widely used to describe temperature-accelerated 
degradation in LED systems [71,72].

To quantify this sensitivity in a form directly relevant to LED oper
ating conditions, Fig. 5 presents the Arrhenius acceleration factor rela
tive to a reference Tj of 85 ◦C for representative activation energies 
typical of LED package and interfacial degradation processes. The log
arithmic scale highlights the rapid increase in failure rate as Tj rises 
beyond the recommended operating window. Elevated Tj also degrades 
LED optical performance. A 10 ◦C rise in Tj has been reported to reduce 
optical output power by approximately 5 %, decrease forward voltage 
by ~20 mV, and shift the dominant wavelength by ~2 nm [73,74].

The relationship between Tj and LED lifetime is illustrated in Fig. 6, 
based on experimental data for a HP LED operated at maximum 
continuous forward current. Lifetime decreases significantly once the Tj 

exceeds approximately 120 ◦C [75,76]. Long-term studies confirm 
accelerated degradation at elevated temperatures; for example, Caria 
et al. [77] observed lens darkening, silicone cracking, and solder fatigue 
in HP LEDs stressed above 120 ◦C.

For reliable operation, Tj should remain well below the absolute 
maximum rating (typically 150 ◦C) and ideally ≤85–105 ◦C. Tempera
tures approaching 120–125 ◦C accelerate package-level degradation and 
substantially shorten operational lifetime [13,77–80]. Consequently, 
effective thermal management is essential for maintaining Tj within safe 
limits and preventing premature lifetime reduction and catastrophic 

Fig. 2. Key factors and criteria guiding TIM selection for heat sink‑based cooling.

Fig. 3. Schematic illustration of a TIM filling the interfacial gap between two 
surfaces to minimise RC and facilitate heat conduction.
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failure.
Accurate determination of Tj is therefore critical. Indirect include 

forward-voltage monitoring, spectral shift methods, Raman spectros
copy, and liquid–crystal thermography [81,82]. More advanced ap
proaches such as transient thermal analysis and micro-Raman 
thermography provide improved spatial and temporal resolution [83].

Tj may also be estimated using the total thermal resistance of the LED 
package as: 

Tj = RTotal × Q +Ta (3) 

where Q is the total steady-state heat dissipation and Ta is the ambient 
temperature. The total thermal resistance RTotal, is obtained by summing 
the TRs of all package components along the heat-flow path from the 
junction to the ambient. This relationship highlights that any reduction 
in interfacial resistance, including that of the TIM layer, directly lowers 
RTotal and therefore reduces the resulting Tj under a given thermal load.

Fig. 7 presents an example R–C curve (thermal resistance versus 
thermal capacity) for a representative LED package, including the chip, 
solder joint, TIM, heat spreader, heat sink, and ambient environment 
[84].

Table 2 further summarises representative studies reporting LED- 

level thermal metrics associated with different TIM implementations, 
thereby illustrating how improvements at the interface level translate 
into measurable reductions in overall thermal resistance and Tj.

3.5. Phase-change temperature

The phase-change temperature defines the transitions at which a 
phase change TIM softens or melts, enhanced conformability and 
improved interfacial contact. In HP LED packages, this transition should 
occur within the normal operating Tj so that the material softens during 
operation and fills interfacial asperities, thereby reducing contact ther
mal resistance. However, the transition temperature must remain suf
ficiently above expected non-operating conditions, such as storage or 
transportation temperatures to prevent premature softening, leakage, or 
material migration.

This design constraint requires careful matching of the phase- 
transition temperature to the intended LED operating window. Exces
sively low transition temperatures may compromise mechanical stabil
ity and lead to pump-out or drip-related failures, whereas excessively 
high transition temperatures limit the material’s ability to conform 
under realistic operating conditions. The use of materials with 
controlled viscosity and shape stability can mitigate these risks when 

Fig. 4. Design map showing the relationship between BLT and k⊥ for the areal bulk thermal resistance (R˝
bulk ≈ BLT/k⊥, expressed in mm2⋅K⋅W− 1). Representative 

positions of major TIM systems (sintered Ag, solder, grease, PCM, pad and a target dielectric BN network) are indicated for comparison.

Table 1 
Recent advances in TIM strategies for reducing TR.

TIM system Approach Technical 
Strategy

BLT/RC Effect Thermal Properties Ref.

BNNT–PDMS with AlN/ 
Al2O3

Filler modification with BNNTs Filler 
Engineering

Achieves ultralow BLT via improved 
filler–matrix adhesion

Enhanced through-plane heat conduction [63]

Graphite–Copper (Treated 
Interface)

Surface functionalization of 
copper

Interface 
Engineering

RC reduced from 87.96 to 20.26 mm2⋅K. 
W− 1; 7 ◦C lower operating temperature

Improved interfacial thermal 
conductance [64]

In-situ Cured LM–Epoxy 
Composite

Pressure-induced adaptive 
curing

Self-Adaptive 
Composite

BLT minimised (~2.19 mm2⋅K.W− 1); 
cured composite prevents LM leakage

kTIM up to 10.05 W⋅m− 1⋅K− 1; stable pad 
form; strong adhesion (0.497 MPa)

[65]

Polymeric TIMs (Rheology- 
Based Design)

Predictive modeling using 
MDTS model

Rheology- 
Guided Design

Enables BLT estimation across filler 
loads; captures filler–matrix interactions

Accurate BLT prediction under pressure; 
design optimisation

[66]

Nanosized BN/PVA/T-CNF 
Ultrathin Film

Nanoscale BN exfoliation + T- 
CNF reinforcement

Ultrathin Hybrid 
Film

Ultrathin (~50 µm) with strong filler 
dispersion and low RC

In-plane: 11.13 W⋅m− 1⋅K− 1; Through- 
plane: 1.22 W⋅m− 1⋅K− 1; flexible and 
robust

[67]
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properly selected for the application temperature range [21,88]. For 
example, phase-change TIMs with transition temperatures in the range 
of 53.84– 61.37 ◦C [88], 66.8–73.2 ◦C [89], and approximately 77 ◦C 
[90], have been reported to provide effective thermal management 
while maintaining stability under non-operating conditions. Therefore, 
appropriate selection of the phase-change temperature is essential for 
maintaining low interfacial resistance, ensuring thermal reliability, and 
preserving long-term optical performance in LED modules.

3.6. Other factors

In addition to TC and ITR, several secondary properties critically 
influence the long-term performance of TIMs in LED packages. Me
chanical properties, including creep resistance viscoelastic stability, and 
thermo-mechanical fatigue behavior, directly affect bond-line stability 
during thermal cycling. Chemical stability is equally important, partic
ularly with respect to oxidation, hydrolysis, and compatibility with 
metallised substrates. Electrical characteristics such as dielectric 
strength and dielectric constant must also be considered in electrically 
insulating LED architectures. Furthermore, spreading behaviour, 

wetting characteristics, and resistance to contamination influence 
interfacial integrity and manufacturing reproducibility. From an in
dustrial perspective, processability, dispensing behaviour, curing re
quirements, and overall cost strongly impact scalability and commercial 
viability [21,91,92].

Therefore, optimal TIM selection in LED systems requires a multi- 
criteria approach that balances thermal, mechanical, electrical, chemi
cal, and manufacturing considerations rather than prioritising bulk TC 
alone. In this context, an ideal TIM must combine high TC, thermal 
stability, electrical insulation (where required), corrosion resistance, 
mechanical compliance, and processability [39,93].

4. Material systems and architecture evolution of TIMs for HP 
LEDs

This section reviews emerging TIM strategies for HP LED applica
tions, including advanced composites, phase-change materials, liquid 
metals, and two-dimensional material-based architectures. These ap
proaches aim to reduce interfacial thermal resistance while enabling 
improved reliability, conformability, and multifunctional performance.

TIM technologies for HP LED packaging have evolved through a clear 
materials and interface progression driven by increasing heat flux, 
stricter reliability requirements, and packaging constraints. Early 
implementations relied mainly on soft greases and gels, which offered 
low contact resistance and simple processing but were limited by pump- 
out, dry-out, and long-term stability concerns [51,94–96]. As thermal 
demands increased, ceramic-filled polymer TIMs based on fillers such as 
BN, Al2O3, and AlN became more widely adopted because they provided 
a useful balance between TC, dielectric performance, and manufactur
ability, although often with relatively high BLT and limited k⊥
[48,51,52,97,98]. This was followed by bonded metallic TIMs, including 
solder, sintered Ag/Cu, and TLPS systems, which enabled thinner bond 
lines and lower interfacial resistance, particularly for TIM1 in HP LED 
packages [22,27–29,99]. More recently, the field has shifted towards 
architecture-driven and adaptive TIM concepts, including aligned filler 
networks, nano-architected contacts, MXene-based systems, bio- 
inspired interfaces, and additively manufactured or switchable TIM ar
chitectures, all of which aim to co-optimise k⊥, BLT, interfacial contact, 

Fig. 5. Arrhenius acceleration factor of failure rate as a function of Tj, normalised to 85 ◦C.

Fig. 6. Relationship between Tj and the lifetime of an HP LED at maximum 
continuous forward current (representative trend),
adapted from [76].
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and reliability under realistic operating conditions [18,37,100–106].
Based on this evolution, TIM materials relevant to LED packaging (as 

illustrated in Fig. 8(a)) can be categorised as follows: (i) conventional 
bulk TIMs, (ii) bonded metallic TIMs, (iii) engineered composite TIMs, 
and (iv) architecture-driven and emerging TIM concepts. Table 3 sum
marises representative performance windows of major TIM systems in 
terms of k⊥, BLT, RTIM, dielectric behaviour, and typical LED interface 
(TIM1 or TIM2). Table 4 further complements this by outlining key 
functional characteristics, dominant reliability risks, and manufacturing 
considerations for each system listed in Table 3. Fig. 9 provides a 
qualitative radar comparison to assist material selection.

Historically, as illustrated in Fig. 8(b), TIM development in LED 
packaging has evolved in response to increasing chip power density and 
stricter thermal constraints. Early modules relied mainly on soft greases 
and gels to minimise interfacial thermal resistance at modest heat flux, 
but pump-out and ageing limited long-term reliability. With rising 
power density and insulation demands, ceramic-filled polymer systems 
became more prevalent due to their dielectric strength, compliance, and 
manufacturing compatibility. For die-attach applications, conventional 

solder and Ag-epoxy were increasingly replaced by sintered Ag/Cu and 
transient liquid-phase sintered (TLPS) joints to enable thinner bond lines 
and improved high-temperature stability.

More recently, advances in nanomaterials and interface engineering 
have enabled composite systems with engineered filler alignment, hi
erarchical networks, and nano-architected contacts that co-optimise k⊥, 
BLT, Rc, and thermo-mechanical reliability under thermal cycling 
[21–29,94,95,100,101,107–113]. The expanding adoption of high- 
brightness LEDs in automotive, display, general lighting, and smart 
systems has further intensified research on polymer composites, PCMs, 
and hybrid organic systems capable of combining high TC with me
chanical and chemical stability under demanding operating conditions 
[114,115]. In parallel, the integration of wide-bandgap semiconductor 
platforms such as gallium nitride (GaN) and silicon carbide (SiC), 
together with advanced packaging technologies, has resulted in higher 
heat flux densities and stricter ITR constraints, thereby defining new 
performance targets for next-generation TIM development [116,117].

Fig. 7. TR via thermal capacity (thermal R-C curve) of a typical LED package,
adopted from [84].

Table 2 
Representative TIM studies reporting LED‑level thermal metrics (RTotal and/or Δ Tj,). Note: Values are as reported by the cited studies and are not directly comparable 
unless test conditions are matched.

LED context TIM/interface Conditions Reported LED‑level outcome Study/ 
ref.

‘Big‑chip’ projector LEDs; 
die attach (TIM1)

Ag‑epoxy vs sintered 
nano‑Ag

Several die sizes; RTotal 
measured via wavelength 
shift

Example (PT39CX): RTotal 1.86 → 0.97 K/W (Δ = 0.89 K/W);
[22]

HP LED with AlN 
substrate; bonding layer 
ageing

Nano‑Ag vs Au80Sn20 vs 
SAC305 (TIM1)

350 mA; ageing at 100 ◦C 
up to 500 h

Before ageing: RTotal was 4.82 for (nano‑Ag), 7.84 (AuSn), 8.75 K/W (SAC). 
After 500 h ageing: 9.54, 13.98, 16.59 K/W, respectively; nano‑Ag shows 
least increase (+1.5 % in bonding‑layer Rth).

[85]

LED package cooling 
using nano‑pastes 
(TIM2)

Carbon nanotube (CNT) 
paste; graphene paste

Reported under comparable 
operating conditions

LED chip temperature reduced by 7.5 ◦C (CNT) and 5.5 ◦C (graphene) 
relative to baseline.

[86]

10 W power LED; 
heat‑sink interface

Graphene–epoxy composite 
TIM (TIM2)

Case study at 10 W Simulated Tj decreases from 72 ◦C to 67 ◦C after TIM insertion (Δ Tj ≈

5 ◦C). [87]
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4.1. Conventional bulk TIMs

Conventional TIMs remain widely used in LED packaging due to their 
process maturity and established reliability. These materials primarily 
reduce interfacial resistance through conformability or metallurgical 
bonding at the interface. Fig. 10 shows representative conventional TIM 
types commonly employed in LED modules.

4.1.1. Solders
Solder-based TIMs, supplied in paste or foil form, are widely used to 

create a thin, metallurgical bond lines between mating substrates. Un
like polymer-based greases or pads, solder TIM forms a metallic inter
face that minimises RC, thereby providing efficient heat conduction 

across the joint. Their TC typically ranges from 20 to 80 W⋅m− 1⋅K− 1, 
substantially exceeding that of conventional polymer TIMs (generally 
<10 W⋅m− 1⋅K− 1), making them particularly suitable for HP LEDs 
[21,33,121].

Due to their high thermal performance and structural stability, solder 
TIMs are extensively employed in HP electronics, power modules, and 
automotive systems operating under sustained thermal loads and envi
ronmental stress [99,122]. However, their relatively high elastic 
modulus compared with semiconductor substrates can generate signif
icant thermo-mechanical stresses during thermal cycling. This stiffness 
mismatch may lead to interface cracking, fatigue damage, and eventual 
delamination, compromising long-term package reliability [123,124].

To mitigate stress-induced failures, softer alloys such as indium- 

Fig. 8. (a) Hierarchical classification of TIM families for HP LED packaging. (b) Evolution of TIM concepts from conformable bulk systems to bonded, composite, and 
architecture-driven designs under increasing thermal and reliability demands.

Table 3 
Representative performance ranges of major TIM systems used in HP LED packages. Reported values represent indicative ranges and may vary with pressure, surface 
finish, and processing conditions [21,94,95,118].

Representative TIM Systems k⊥ (W⋅m− 1⋅K− 1) BLT (µm) Areal RTIM (mm2⋅K⋅W− 1) Dielectric LED interface

Greases 0.4–15 20–100 1–10 Usually yes* TIM2
Thermal Gels 2–12 100–500 3–20 Yes TIM2
Pads 0.8–25 200–1000 10–50 Yes TIM2
Adhesive Tapes (PSA) 0.2–3 50–200 10–50 Yes TIM2
PCMs 0.7–8.5 50–200 1–15 Yes TIM2
TCAs/Polymer DAAs 0.5–10 (up to ~ 35) 20–150 2–20 Often yes TIM1
Solders 20–80 10–50 <1–5 No TIM1
Sintered Ag/Cu 110–240 5–30 <0.5–2 No TIM1
TLPS 20–60 10–50 ~1–5 No TIM1
Liquid-Metal TIMs 10–80 <5–50 <1–5 No TIM2/niche TIM1
​ 5–40+ 50–150 ≤2–10 Yes TIM2/dielectric TIM1

*Some greases contain conductive fillers and may require insulation barriers.
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based or low-yield-stress alloys have been investigated. Nevertheless, 
these systems often exhibit limited thermal fatigue resistance and may 
be susceptible to void formation during reflow processing [125,126]. In 
addition, solder-based TIMs require elevated assembly temperatures, 
which can increase manufacturing complexity and impose compatibility 
constraints for temperature-sensitive components [127–129].

4.1.2. Thermal grease
Thermal greases (thermal paste TIMs), are widely used in LED 

packaging due to their ease of application, low cost, and ability to form 
thin bond lines form that reduces RTIM, typically to values on the order of 
~10 mm2⋅K⋅W− 1. Their high conformability enables effective filling of 
surface asperities, improving thermal contact between mating surfaces.

These materials generally consist of thermally conductive fillers such 
as metals (e.g., silver and copper) or ceramics (e.g., aluminum oxide, 
zinc oxide, and BN), dispersed within a low TC organic matrix phase (e. 
g., silicone grease or polymer-based materials). Recent developments 
include graphene- and carbon-nanotube (CNT)-enhanced greases 
designed to improve thermal transport. For instance, a graphene-loaded 
grease (15 wt%) achieved a TC of 13.4 W⋅m− 1⋅K− 1, demonstrating 
effective heat dissipation for LEDs below 50 W [130]. Similarly, incor
poration of 0.75 wt% CNTs increased TC by approximately 16 %, 
resulting in a reported 7.5 ◦C reduction in LED Tj[86].

Despite their advantages, thermal greases exhibit limitations under 
elevated temperatures. Their semi-fluid nature may lead to pump-out, 
phase separation, or bleed-out during thermal cycling, degrading long- 
term interface stability and reliability [48,96,131,132]. thermal 
greases exhibit limitations under elevated temperatures. Their semi- 
fluid nature may lead to pump-out, phase separation, or bleed-out 
during thermal cycling, degrading long-term interface stability and 
reliability [94,118].

4.1.3. Thermal conductive adhesives
TCAs are polymer-based TIMs formulated with thermally conductive 

fillers (e.g., ZnO nanowires, metallic or ceramic particles) dispersed 
within a polymer matrix. When cured under pressure or fastening, they 
form a durable bond layer between substrates [133]. Compared to other 
conventional TIMs, TCAs provide stronger adhesion and improved 
structural integrity at the interface [33,127]. Unlike gels and greases, 
TCAs can effectively adhere directly to chip surfaces without overflow 
issues, while also offering mechanical support between chips and heat 
sinks. However, TCAs typically exhibit moderate TC and therefore are 
often engineered high filler loadings to enhance heat conduction and 
reduce RC. At elevated temperatures, limitations may arise due to 
degradation, interfacial delamination, or long-term mechanical insta
bility [61,134,135].

A particularly critical application of TCAs in LED packaging is their 
use as die attach adhesives (DAAs), where they form the primary ther
mal and mechanical interface between the chip and submount (Fig. 11). 
DAAs in HP LEDs include (i) polymer-based TCAs (typically epoxy 
matrices filled with metallic or ceramic particles), and (ii) semi-sintering 
or fully sintering metal pastes that form metallic networks upon curing 
or sintering (see Section 4.2.1). In polymer DAAs, nano- or micro-fillers 
such as Ag nanoparticles/nanorods or Ni nanochains are incorporated to 
form percolating thermal pathways that enhance heat transport [136]. 
Because the die-attach layer lies directly along the principal heat-flow 

Table 4 
Functional characteristics and dominant reliability considerations of major TIM 
systems in LED packages [33,78,119,120].

Representative 
TIM systems

Key advantages Dominant 
reliability risks

Manufacturing 
complexity

Greases Thin BLT; 
excellent wetting; 
low cost

Pump-out; bleed/ 
dry-out; 
contamination

Very low

Thermal gels Conformable; 
reduced pump-out 
after cure

Cure shrinkage; 
ageing

Low–Moderate

Pads Easy handling; 
dielectric isolation

High BLT; creep; 
compression 
relaxation

Low

Adhesive tapes Fast assembly; no 
curing

Low TC; adhesive 
creep

Very low

PCMs Pad handling +
grease activation

Leakage; phase 
instability under 
cycling

Low–Moderate

TCAs/DAAs Structural bond +
insulation

Voiding; 
delamination; CTE 
mismatch

Moderate

Solders Low RC; 
metallurgical joint

CTE fatigue; 
voiding

Moderate–High

Sintered Ag/Cu Ultra-low RC; high- 
T stability

Process sensitivity; 
cost

High

TLPS High-T capability; 
thin BLT

IMC brittleness High

Liquid-metal Ultra-thin BLT; 
high wetting

Electrical shorting; 
Ga corrosion

Moderate

Architected 
composites

Co-optimised k⊥ & 
BLT; dielectric

Interface ageing; 
scalability

Emerging

Fig. 9. Qualitative radar comparison of representative TIM systems for HP LEDs (1–5 scale; 5 = best relative performance). Scores reflect relative literature trends 
and serve as a comparative selection aid alongside Table 3 and Table 4.
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path, its thermal resistance is governed by both intrinsic TC and process- 
dependent parameters such as BLT and voiding [137].

Reported bulk TC values for polymer DAAs are typically 0.5–10 
W⋅m− 1⋅K− 1, with optimised systems reaching ~ 20–35  W⋅m− 1⋅K− 1. 
Semi-sintering Ag DAAs can achieve ≈ 110–165  W⋅m− 1⋅K− 1, while full- 
sintered Ag exceeds 200–240  W⋅m− 1⋅K− 1 [127,136]. Although DAAs 
offer strong adhesion and manufacturability, their coefficient of thermal 
expansion (CTE) is generally mismatched to semiconductor die mate
rials (e.g., epoxy ≫ Si), and stress accommodation relies primarily on 
adhesive compliance rather than CTE matching. The high cost of Ag- 
based systems continues to motivate research into Cu-based sintering 
and alternative cost-effective or electrically insulating DAA chemistries 
for advanced LED designs [137,138].

4.1.4. Thermal gels
Thermal gels (also referred as putties or dispensable gap fillers) are 

particle-filled silicon-based composites containing thermally conductive 
metallic or ceramic fillers dispersed within a polymer matrix. These 
curable materials exhibit viscoelastic behaviour due to relatively weak 

bonding between fillers and the matrix, allowing them to combine 
liquid-like conformability with solid-like structural stability after curing 
[139,140].

During application, thermal gels flow easily to fill the interfacial gaps 
(similar to grease), subsequent curing forms a soft, cross-linked polymer 
network that mitigates pump-out under thermal cycling. However, their 
relatively low mechanical strength limits their ability to absorb signifi
cant thermomechanical stress [141,142].

Thermal gels share similarities with TCAs but are generally softer 
and provide weaker adhesion between substrates [33]. Their compli
ance makes them suitable for assemblies containing delicate or 
geometrically complex components where stress minimisation is critical 
[143]. In low-power LEDs (typically <50 W), where heat flux is mod
erate, thermal gels with TC values in the range of ~2–12 W⋅m− 1⋅K− 1 

may provide adequate thermal performance.

4.1.5. Thermal pads
Thermal pads (elastomeric pads or gap fillers) are composite TIMs 

comprising thermally conductive fillers (typically ceramic particles) 

Fig. 10. Conventional TIMs used in LED modules.

Fig. 11. Cross-sectional view of an LED package using DAA TIM at the LED chip-spreader interface (TIM1) and a solder TIM at the spreader-heat sink inter
face (TIM2).
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dispersed within silicone or other elastomeric matrices [33,95,118]. 
They are widely used due to of their ease of handling, low cost, and 
reliable compression behavior during assembly. In addition to the 
thermal management, thermal pads often provide electrical insulation 
between the chip and the heat sink, making them suitable for electrically 
sensitive applications [59,61,144]. They are commonly applied in low- 
power devices including LEDs, chipsets, and mobile processors 
[32,118,145,146].

Compared with other TIMs, thermal pads typically exhibit larger BLT 
values (≈200–1000 μm), which increases their intrinsic areal resistance. 
Proper conformability requires sufficient clamping pressure, and 
therefore pad softness plays a critical role in reducing the effective bond 
line during assembly. Increasing compliance generally requires lowering 
filler volume fraction; however, this reduces TC. Consequently, the 
thermal performance of pads is governed by a fundamental trade-off 
between conductivity and mechanical softness [32,118].

4.1.6. Thermal adhesive tapes
Thermal adhesive tapes, or pressure-sensitive adhesives (PSAs), are 

used to bond low-power LED chips to spreaders or heat sinks without 
mechanical fasteners. PSAs are supplied in rolls or as die-cut formats, 
with adhesive layer coated on both sides of a carrier substrate such as 
polyethylene terephthalate (PET), polyvinyl chloride (PVC), or silicone 
rubber. Their key advantages include low cost, rapid assembly, and 
elimination of post-curing processes. In addition, PSAs can provide 
electrical insulation between the LED and the heat sink.

However, their relatively low TC (~0.2–3 W⋅m− 1⋅K− 1), significantly 

limits their thermal performance. Reliability may also be compromised 
by CTE mismatch, surface contamination, adhesive creep under cyclic 
thermal loading, which can degrade interfacial stability over time 
[59,134,147–149]. Consequently, PSAs are generally restricted to low- 
power or low-heat-flux LED applications.

4.1.7. Phase change materials
PCMs combine advantageous features of both thermal greases and 

pads. A PCM consists of a matrix material with a melting temperature 
between room temperature and the device operating temperature. his 
enables pad-like handling at ambient conditions, while softening or 
melting during operation to form a thin, conformal interfacial layer 
similar to grease [150,151].

Beyond interfacial conformity, PCMs offer latent heat storage capa
bility, allowing absorption and release of thermal energy during tem
perature fluctuations [152,153]. Typical matrices include paraffins, 
polymers, or copolymers, often combined with thermally conductive 
fillers such as carbon-based nanostructures (nanofibers, nanoplatelets, 
graphene flakes), metals (Ag, Fe, Au, Cu), metal oxides (Al2O3, CuO, 
MgO, TiO2), and metallic nanowires [152,154].

Depending on formulation and filler loading, PCMs typically achieve 
R˝

TIM on the range of ~1–10 mm2⋅K⋅W− 1 [141,155], making them 
suitable for HP LED interfaces (Fig. 12) [156,157]. However, repeated 
phase transitions may induce interfacial degradation or chemical 
interaction at mating surfaces, potentially affecting long-term reli
ability. Leakage or pump-out can also occur if operating temperatures 
exceed the designed phase-change range, representing a key limitation 

Fig. 12. Representative applications of PCMs in LED systems: (a) used as a TIM exhibiting pad-like handling and grease-like conformity; (b–c) integrated with heat 
sink–vapor chamber assemblies; and (d) incorporated as part of the encapsulation material.
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[120,158].
For LED applications, PCMs are particularly attractive where as

sembly pressure is limited or where a pad‑like handling form is 
preferred. Once activated, the molten phase reduces RC and compensate 
for surface non‑flatness. However, LEDs operating in outdoor or 
enclosed luminaires may experience significant ambient excursions; 
therefore, the phase-change temperature must remain above the highest 
expected storage or service temperature to avoid unintended softening, 
while still low enough to activate during initial burn-in [133,159–164]. 
Fig. 12 illustrates PCM integration as a TIM, in conjunction with heat 
sink–vapor chamber assemblies, and as part of encapsulation strategies.

4.2. Bonded metallic TIMs

Bonded metallic TIMs are characterised by heat transport dominated 
by continuous metallic pathways formed through sintering, liquid-phase 
interdiffusion, or soft-metal contact rather than polymer-mediated 
percolation. By minimising porosity, reducing BLT, and improving 
metallurgical bonding quality, these systems are designed to achieve 
very low R˝

TIM under the high heat-flux conditions typical of TIM1 in HP 
LED packages.

At the LED-package scale, advanced metallic interfaces commonly 
achieve k⊥ ≥Ȃf10 W⋅m− 1⋅K− 1 at BLT ≤100 µm and area lR˝

TIM ≤ 5 
mm2⋅K⋅W− 1 under moderate contact pressure, together with improved 
stability during thermal cycling and high-temperature operation. 
Contemporary studies emphasise that interfacial quality and micro
structural control, rather than nominal bulk conductivity alone, govern 
performance improvements in these metallic systems [18].

4.2.1. Sintered Ag and Cu
Nanoparticle Ag or Cu pastes densify into porous metallic joints 

through pressure-assisted (~230 ◦C, ≥ 10 MPa) or pressure-less 
(≤250 ◦C) sintering, forming ultra-thin BLT interfaces with low R˝

TIM. 
Joint-scale TC is primarily limited by residual porosity: typically, 
~100–200  W⋅m− 1⋅K− 1, with low–porosity Ag routinely >200 
W⋅m− 1⋅K− 1; representative values include ~224  W⋅m− 1⋅K− 1 (pressure- 
less nano-Ag), ~115  W⋅m− 1⋅K− 1 (~10 % porosity), and ~240 
W⋅m− 1⋅K− 1 in LED die attach. Pressure-assisted Ag sintering can reach ≈
200–300  W⋅m− 1⋅K− 1 depending on densification quality. Sintered Cu 
(including Ag-coated Cu) offers lower cost and ~150–200  W⋅m− 1⋅K− 1 

though inadequate oxide management degrades TC and reliability (can 
surpass ~200  W⋅m− 1⋅K− 1 with stringent oxide control). Both Ag and Cu 
sinters show robust HTS/PCT/TST performance in SiC/GaN power 
packages the principal trade-off lies between the higher cost and po
tential electromigration risk of Ag and the oxidation control and process 
complexity associated with Cu systems [22–26,29,107].

4.2.2. Transient liquid phase sintering
Ag–Sn, Cu–Sn, or Ag–In couples transiently melt and interdiffuse to 

form intermetallic-rich joints whose final solidus temperature exceeds 
typical LED operating temperatures, producing thin, reflow-robust bond 
lines at lower clamp pressures than sintering. Because intermetallic 
compounds dominate the microstructure, the effective k⊥ is generally 
lower than that of dense sintered Ag. However, TLPS joints offer 
excellent thermal and mechanical stability and are particularly suitable 
where assembly pressure is limited or solder-like manufacturing work
flows are required [27,28].

4.2.3. Indium foils and soft-metal interlayers
Bulk indium exhibits a room-temperature TC of approximately 86 

W⋅m− 1⋅K− 1, enabling thin, highly conformal, and readily reworkable 
metal contacts suitable for TIM 1.5 interfaces (located between the 
package heat spreader and the substrate) as well as for TIM 2 applica
tions. The R˝

TIM is governed by surface condition and clamp pressure: 
clean mating surfaces are required, and R˝

TIM decreases with increasing 

pressure; micro-embossed (patterned) foils concentrate load to promote 
localized plastic deformation, achieving a given R˝

TIM at lower pressures 
and continuing to decrease as interfacial creep occurs under sustained 
load. For high-cycle, multi-insertion use (e.g., burn-in/test), device-side 
aluminium-clad indium foils are supplied to prevent adhesion/residue 
and enhance handling durability, with only the added barrier layer 
representing a minor thermal penalty. Extrusion is controlled primarily 
through materials/operating choices, selecting an alloy whose melting 
point comfortably exceeds the maximum service temperature and 
avoiding excessive pressure [165,166].

In summary, sintered Ag maximizes thermal performance and high- 
temperature stability; sintered Cu balances cost and TC with careful 
oxide control; TLPS suits pressure-limited, reflow-compatible assembly; 
indium foils serve niches demanding the thinnest, most conformal, and 
reworkable bond lines.

4.2.4. Liquid metals and hybrids
Room-temperature Liquid Metals (LMs) based on gallium, indium, 

bismuth, tin, and their alloys have been deployed as TIMs in LED 
packages, commonly as pads or thin films that remain liquid at operating 
temperature to conformally fill asperities and eliminate interfacial voids 
[167,168]. Owing to metal-like TC (typically 1–80  W⋅m− 1⋅K− 1, with 
Ga–In alloys such as EGaIn ≈ 25–30  W⋅m− 1⋅K− 1) and extreme wetting/ 
compliance, LMs can achieve low BLT and minimise ITR even under 
modest assembly pressures [167,169,170]. In addition to their high TC, 
many LM TIMs (particularly gallium-based alloys) offer several advan
tages, including low vapor pressure, sub-cooling capability, biocom
patibility, environmental friendliness, softness, safety, high chemical 
stability, and small volume expansion [167,170,171].

Despite these advantages, practical implementation requires careful 
mitigation of Ga–Cu (and Ga–Al) corrosion and IMC, native oxide “skin” 
effects, leakage and fluid migration, and electrical shorting risks; 
therefore, barrier layers or encapsulation strategies are typically 
required. These interfacial challenges are fundamentally governed by 
oxide-layer formation and wettability effects, which strongly influence 
thermal transport and long-term stability [172,173]. Nickel barrier 
layers on copper effectively suppress Ga-induced corrosion. Further 
barriers to adoption include high density and relative cost, toxicity 
(particularly for In- and Bi-containing alloys), and end-of-life manage
ment concerns [167,174–176]. Hybridization strategies address these 
limitations while enhancing performance. Particulate-modified LMs (e. 
g., Ag-doped Ga and Bi–In–Sn alloys with ceramic additives such as 
WO3) raise bulk TC to ≳ 45 W ⋅m− 1⋅K− 1, increase viscosity to curb 
leakage/migration, improve interfacial bonding to copper, and demon
strably reduce LED Tj [177–179].

LM matrices loaded with surface-metallized diamond further boost 
heat dissipation with minimal leakage and are well-suited to HP LED 
modules [180]. Embedding LMs within polymers yields electrically safer 
constructs (LM-embedded elastomers (LMEE) and LM microgels) form
ing soft, printable pads that maintain thin BLTs and R˝

TIM ≲ 4–5 
mm2⋅K⋅W− 1 under moderate pressure, with promising cycling/strain 
tolerance [181]. However, electrically resistive LM–polymer composites 
typically exhibit limited effective conductivity (~5.3  W⋅m− 1⋅K− 1) 
[182].

Reliability data are encouraging: LM TIMs have withstood 3000  h at 
130 ◦C followed by 1500 thermal cycles between − 40 ◦C and 80 ◦C 
[183]. Beyond passive interfaces, LMs also enable compact active 
cooling of HP LEDs via low-power, nearly noiseless electromagnetic 
pumping [184].

4.2.5. Metal–diamond
Diamond’s exceptionally high intrinsic TC (≈ 2200 W⋅m− 1⋅K− 1) and 

very low CTE make it an attractive reinforcement for metal–diamond 
composites, most notably Cu/diamond and Ag/diamond, used in high- 
end heat spreaders and TIM blocks. Achieving high effective TC in 
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these systems depends critically on interfacial engineering to enhance 
wetting and minimise ITR at the metal–diamond boundary. Carbide- 
forming interlayers and coatings (e.g., W, Ti, and their carbides such 
as TiC and WC), together with suitable matrix alloying, are widely 
applied. When combined with hot pressing, pressure infiltration, or 
liquid-phase sintering, these approaches routinely yield bulk conduc
tivities above 500 W⋅m− 1⋅K− 1 at practical densities. Recent W-coated 
architectures report TC ≈ 640 W⋅m− 1⋅K− 1 at <50 vol% diamond, 
highlighting the effect of optimised interfacial design rather than dia
mond loading alone. Remaining challenges include raw material cost, 
coating and processing complexity, and the poor machinability of dia
mond composites, which together restrict large-scale adoption 
[108–110].

4.2.6. Metallic nanowires and foams
Metallic nanowires (Ag, Cu) and open-cell foams provide lightweight 

and conformal thermal scaffolds for heat management. Ag nano
wire–polymer composites exhibit lower wire–matrix ITR compared with 
carbon-based fillers, enabling substantial TC enhancement even at low 
volume fractions. However, recent studies indicate non-monotonic 
TC–loading behaviour governed by intra-network RC and junction 
resistance between adjacent nanowires, rather than filler loading alone.

Complementary approaches using Cu foams infiltrated with LMs or 
PCMs exploit capillarity and mechanical compliance to achieve effective 
TC ≥50 W⋅m− 1⋅K− 1, together with added vibration damping, attributes 
beneficial for TIM and thermal storage assemblies [44]. These findings 
highlight that interface quality, network continuity, and infiltration 
uniformity are crucial for translating the intrinsic metal conductivity of 
these scaffolds into device-level performance.

4.3. Engineered composite TIMs

Engineered composite TIMs rely on matrix-based systems in which 
heat transport is governed not merely by filler loading, but by the 
deliberate design of conductive networks, interfacial chemistry, and 
microstructural architecture. Unlike conventional polymer TIMs dis
cussed in Section 4.1, performance gains in these systems arise primarily 
from engineered percolation pathways, alignment strategies, hierar
chical structuring, and interfacial modification aimed at reducing ITR 
within thin BLTs [16,17,185–187]. Recent studies emphasize strategies 
such as filler orientation, hybridization, and hierarchical structuring, 
which not only improve thermal stability and mechanical integrity but 
can also reduce TR by more than 40 % compared to random dispersions 
[20,188–190]. Such architecture-driven approaches enable substantial 
reductions in TR while maintaining dielectric integrity and mechanical 
compliance required for HP LED packaging [191–193].

Polymer-based matrices including epoxies, silicones, and thermo
plastics form the foundation of these composite systems. Their intrinsic 
TC is low (≈ 0.2–0.25 W⋅m− 1⋅K− 1 for unfilled epoxies), and therefore 
conductive fillers are required to establish effective heat pathways. 
Epoxy remains widely adopted due to its chemical resistance, mechan
ical robustness, electrical insulation, and formulation flexibility 
[51,95,194].

Current performance improvements in polymer composites are 
increasingly governed by microstructural and interfacial engineering 
rather than filler loading alone. Filler shape, orientation, contact quality, 
and interfacial chemistry strongly influence ITR and percolation 
pathway formation [18,36,195]. Based on filler size, polymer TIMs can 
be classified as micro-, meso-, and nanocomposites [196]; among these, 
PNCs are the most extensively investigated because they combine high 
TC with electrical insulation, low density, and ease of processing, 
making them highly suitable for LED packaging applications [58].

Thermal transport in PNC TIMs is governed by four coupled factors: 
(i) filler loading and percolation behaviour, (ii) ITR at polymer–filler and 
filler–filler contacts, (iii) filler geometry (size/shape, aspect ratio) and 
orientation, and (iv) dispersion quality and rheology that ultimately 

determines BLT and void formation. Effective medium models that ac
count for ITR, such as the Nan–Birringer–Clarke–Gleiter model, describe 
the sharp increase in TC near the percolation threshold and its saturation 
at high filler concentrations where ITR and voids dominate [195,197]. 
Since the TC of the polymer matrix is far below that of typical fillers 
(>500 W⋅m− 1⋅K− 1), TC increases with filler content (Fig. 13); however, 
excessive loading leads to high viscosity, agglomeration, and porosity, 
which reduce workability and reliability [102,198–200].

Reducing ITR through surface passivation, coupling agents, or 
phonon-bridge interlayers is often more effective than further increasing 
filler content, particularly for thin BLTs typical of LED packaging [201]. 
High-aspect-ratio fillers such as h-BN platelets, CNTs, or BNNTs reduce 
percolation thresholds and junction density, while multimodal particle 
size distributions enhance packing density and connectivity [202,203]. 
Hybrid or synergistic systems (Fig. 14), where smaller fillers bridge gaps 
between larger flakes, create additional parallel heat-transfer routes 
[204,205]. Filler orientation is equally critical; parallel alignment can 
produce up to a fivefold increase in TC compared with perpendicular 
arrangements. Orientation control can be achieved through tensile 
stretching, electrospinning, freeze casting, electric or magnetic fields, 
hot pressing, nozzle-shear 3D printing, or ultrasonic standing waves, 
exploiting filler anisotropy to establish ordered conductive networks 
[102,161–163]. Although additive manufacturing improves scalability, 
maintaining consistent filler alignment under industrial production 
rates remains a challenging [163,164].

Based on structural design and filler type, advanced PNC TIMs can be 
broadly classified into three principal groups: electrically insulating 
ceramic composite networks, architected carbon-based frameworks, and 
hybrid multiscale filler systems. Collectively, these categories illustrate 
that achieving high thermal performance in HP LED packages requires 
coordinated optimisation of filler selection, network architecture, and 
interfacial engineering under practical constraints of electrical 

Fig. 13. Synergetic effect of fillers in a hybrid TIMs.
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insulation, processability, and reliability.

4.3.1. Electrically insulating ceramic composite networks
When dielectric integrity is critical, ceramic-filled PNCs such as BN 

or AlN–epoxy composites are preferred because of their superior elec
trical insulation and stable TC [97,98]. Across polymer-based TIMs, 
thermal transport depends on constructing aligned and densified con
duction networks while minimising interfacial losses within thin bond 
lines. For dielectric applications, oriented ceramic architectures are 
particularly effective. Uniaxially aligned h-BN/TPU laminates contain
ing approximately 67 vol% BN achieve k⊥ ≈ 43 W⋅m− 1⋅K− 1, and 
compliant BN networks provide about 19 W⋅m− 1⋅K− 1 at ≤40 vol% 
[206,207].

AlN offers high intrinsic TC but is highly moisture-sensitive; hydro
lysis to Al2O3 can reduce composite TC by roughly 5–6 times. This 
limitation is typically mitigated using hydrolysis-resistant passivation 
such as dense SiO2 or polymer-derived ceramic coatings, which also 
enhance filler–polymer adhesion and long-term stability [198–201]. 
However, at high filler fractions, AlN composites often exhibit reduced 
electrical insulation that may persist even after silica coatings [93,200].

Common fillers employed in these systems include carbonaceous 
materials (graphite, graphene, diamond, CNTs), and ceramics (BN, SiC, 
AlN, Al2O3, BeO) [144,202,208,209]. For example, in Al2O3/epoxy 
systems, increasing filler size from 10 μm to 150 μm at 50 wt% improves 
TC by about 70 %, while increasing size from 10 μm to 44 μm at 75 wt% 
yields approximately 84 % improvement [159,160,210]. For electrically 
insulating TIM designs, aligned BN or passivated AlN fillers are 
preferred, using scalable alignment techniques such as shear or doctor- 
blade lamination for through-plane orientation, or magnetic-field 
alignment. Surface modification of AlN is essential to maintain hydro
lysis resistance.

4.3.2. Architected carbon-based composite TIMs
Architected carbon frameworks provide highly conductive pathways 

but may compromise insulation in LED packages. In practice, aligned 
CNT networks, such as infiltrated vertically aligned CNT (VACNT) ar
rays, typically achieve k⊥≥ 8 W m− 1 K− 1 when dense architectures and 
strong interfacial bonding are obtained. VACNT arrays act as compliant, 
spring-like pillars that conformally bridge surface roughness; their array 
height, packing density, and tip/root bonding strongly influence both 
TR and cycling reliability [211–213].

Graphene-filled polymers generally exhibit TC values between 0.3 
and 10 W⋅m− 1⋅K− 1, whereas oriented 3D graphene frameworks in ep
oxies can exceed 30 W⋅m− 1⋅K− 1 (≈35–62 W⋅m− 1⋅K− 1). Vertically ori
ented graphene foams, graphene papers, and pyrolytic graphite sheets 
provide continuous through-plane heat pathways with k⊥ ≈ 22–30 
W⋅m− 1⋅K− 1 and exceptional in-plane spreading of ≈700–1000 
W⋅m− 1⋅K− 1. Their high electrical conductivity requires dielectric isola
tion layers, for example, Al2O3 coatings, to prevent short-circuiting in 
LED packages [211–213].

Carbon fillers are attractive due to their low density and extremely 
high intrinsic TC (Single-Walled Carbon Nanotube (SWNT) ≥3000 
W⋅m− 1⋅K− 1; Multi-Walled Carbon Nanotube (MWNT) ≈3000 
W⋅m− 1⋅K− 1; graphene ≈3080–5150 W⋅m− 1⋅K− 1), enabling large con
ductivity enhancements even at low loadings, such as a 125 % TC in
crease at ~1 wt% SWNT in epoxy. Nevertheless, high ITR often restricts 
composite performance [93,214–217]. In high-flux applications, archi
tected graphene or CNT frameworks are advantageous, provided that RC 
is minimised through bonding and surface control, and electrical isola
tion is ensured using thin ALD-deposited Al2O3 or BN coatings 
[206,218–221].

Time-domain thermoreflectance measurements have been used to 
quantify and improve thermal boundary conductance at multilayer 
graphene–Si interfaces through interface modification, supporting gra
phene–Si integration in semiconductor and LED packages [222–226].

4.3.3. Hybrid and multiscale filler networks
Hybrid filler networks that combine multiple filler types, sizes, and 

morphologies can exploit synergistic effects to achieve both high TC and 
electrical insulation. By integrating 1D, 2D, or multimodal particle 
systems, these architectures densify conduction pathways, reduce 
percolation thresholds, and mitigate ITR while maintaining process
ability. In particular, boron nitride nanosheets (BNNSs), which are 2D 
plate-like structures with high intrinsic TC and excellent dielectric 
properties, can be combined with 1D BNNTs to form 1D–2D hybrid 
bridges that enhance thermal percolation. Such BNNT–BNNS compos
ites, as well as AlN-sphere/BN-flake blends, achieve TC values of 
approximately 10 W⋅m− 1⋅K− 1 at processable filler loadings while 
maintaining electrical insulation [227]. In general, achieving ~10 
W⋅m− 1⋅K− 1 in BNNT–PNCs requires either high overall BN loading or 
strongly aligned percolated architectures, which often increase viscosity 
and reduce mechanical compliance.

BNNTs combine low dielectric constant and excellent oxidation 
resistance, but high ITR and limited percolation often restrict TC in PNCs 
to ~1–4 W⋅m− 1⋅K− 1 at ≤30–40 wt% (e.g., epoxy-impregnated BNNT 
sheets reach ~2–3 W⋅m− 1⋅K− 1) [228–230]. Architected or hybrid net
works can partially overcome these limitations. BNNT–BNNS/epoxy 
composites achieve ~2.6–3.4 W m− 1 K− 1 at 1 wt% BNNT + 30 wt% 
BNNS, and integrating BNNTs into functionalized BNNS frameworks 
yields k⊥≈ 5.8 W⋅m− 1⋅K− 1 at 40 wt% with in-plane TC ≈ 50 W⋅m− 1⋅K− 1 

[227,231]. Exceptional co-networks such as BNNT–cellulose nanofiber 
papers can reach >20 W⋅m− 1⋅K− 1 at ~ 25 wt% BNNT [214].

Metallic fillers provide only modest TC gains and generally require 
50–70 vol% to reach 1–5 W⋅m− 1⋅K− 1, while also facing oxidation and 
insulation limitations. Typical ranges include Al–epoxy 1–4 W⋅m− 1⋅K− 1 

(up to 3–4 W⋅m− 1⋅K− 1 at high loadings) and Cu–epoxy 2–8 W⋅m− 1⋅K− 1; 
metal–graphene hybrids can reach 9–13 W⋅m− 1⋅K− 1 [39,98,232–237].

As RC can dominate at low BLT, interfacial engineering through 
coupling agents, conformal coatings, and phonon-bridge structures can 
be more effective than adding extra filler, lowering RC by about 70 % to 
≈38 mm2⋅K⋅W− 1 [201]. Regardless of composition, the overall thermal 
performance of a TIM is often constrained by RC at the bonded in
terfaces, which is highly sensitive to surface roughness, wetting 
behaviour, and the level of applied clamping pressure.

Table 5 summarizes representative composite TIMs relevant to LED 
applications, grouped according to filler class. In general, hybrid filler 
systems demonstrates higher effective k⊥ than single-filler formulations 
due to improved network connectivity and reduced interfacial losses. 
For LED interfaces between metal-core printed circuit boards (MCPCBs) 
and heat sinks, as well as for encapsulation regions, dielectric ceramic- 
based systems (e.g., BN, AlN, Al2O3) are typically preferred because 
they combine high thermal conduction with electrical insulation. In 
contrast, metal- or carbon-based composites may achieve higher 
intrinsic conductivity but require dielectric barrier strategies in practical 
LED assemblies to avoid short-circuiting.

4.4. Architecture-driven and emerging TIM concepts

4.4.1. Nano-architected and contact-engineered interfaces
Beyond bulk TC, contact engineering through micro and nano ar

chitectures such as liquid-infused nanostructured composites (LINC), 
bridged or vertically aligned nanowire arrays, and graphene–nanowire 
“sandwich” joints has achieved record low ITR values. In LINC designs, 
double-sided vertically aligned Cu nanowire scaffolds infused with a 
tailored thermal liquid exhibit ITR < 1 mm2⋅K⋅W− 1 under moderate 
contact pressures and maintain excellent thermal cycling durability 
between − 55 ◦C and 125 ◦C [100].

Complementary bridged constructs, exemplified by 3D graphene–Cu 
nanowire sandwich joints, combine compliant low-stiffness nanowire 
contacts with highly conductive carbon layers, achieving TR of 
approximately 0.24 mm2⋅K⋅W− 1 while enduring more than 1000 ther
mal cycles. These results highlight the potential of contact-engineered 
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architectures for reducing interface losses and improving the reliability 
of high-performance TIM assemblies [101].

4.4.2. MXene–enabled architectures
Among emerging two-dimensional materials, MXenes have recently 

attracted attention for TIM applications due to their unique structural 
and interfacial properties. 2D MXenes, particularly Ti3C2Tx, provide 
high-aspect-ratio flakes with surface terminations that promote disper
sion, interfacial coupling and network formation in composite TIM 
systems. Although dense MXene films exhibit only modest room- 
temperature TC (approximately 3 W⋅m− 1⋅K− 1) on their own, archi
tected aerogels, laminates, and hybrid structures incorporating BN, 
graphene, or polymer matrices can generate more effective heat trans
port pathways while retaining the thin, conformal; character desirable 
for interfacial applications. Recent work on Ti3C2Tx MXenes/graphene 
hybrid films further shows the interfacial self-assembly can produce 
uniform and continuous ultra-thin heterostructures through a scabble 
route, highlighting the boarder potential of MXene-based hybrid sheets 
and interlayers for next-generation thermal-management architectures 
[250].

MXene frameworks may also serve as multifunctional hosts in com
posite thermal systems. In particular, MXene-containing aerogels and 
bio-mimetic composite structures have been explored not only for heat 
transport, but also for phase-change integration, mechanical compli
ance, and multifunctional behaviour. This broadens the role of MXenes 
from simple conductive fillers to architecture-defining components 
within advanced TIM concepts [251,252].

However, oxidation susceptibility and intrinsic electrical conduc
tivity remain significant major limitations for LED-relevant TIM use. 
Recent studies emphasise that trapped water, reactive surface sites, and 
defect-rich structures can accelerate oxidation and degrade long-term 
performance. Accordingly, surface passivation, polymer encapsulation, 
defect-minimised synthesis, and electrically insulating hybridisation 
strategies remain essential, particularly for HP LEDs [253]. At the same 

time, emerging developments in additive manufacturing, interfacial 
engineering, and multifunctional MXene composites suggest that these 
materials may become increasingly important in adaptive, printable, 
and architecture-driven TIM systems [254,255].

4.4.3. Shape-stable and advanced phase-change TIM architectures
Advanced phase-change TIMs (PCTIMs) increasingly employ shape- 

stabilised architectures such as expanded graphite (EG), BN networks, 
MXene aerogels, and polymer microcapsules that suppress melt leakage 
while enabling pressure-activated wetting during softening, thereby 
reducing interfacial resistance and pump-out compared with neat waxes 
or oils. Designed for thin BLT and compatibility with common surface 
finishes, these composites offer improved lateral heat spreading and 
cycling stability, particularly when combined with EG/BN frameworks 
or microencapsulated PCMs [111].

A key design parameter is precise melt-point selection. When the 
phase-change temperature aligns with the device operating window (for 
example, in LEDs), PCTIMs provide effective transient thermal buffering 
during power cycling [112]. Form-stable PCM membranes that remain 
solid in the off state but melt under thermal stress conform to surface 
asperities, filling voids and enhancing k⊥ [113]. In HP modules, 
embedding PCMs within high-conductivity scaffolds such as copper 
foams mitigates surge-induced thermal excursions, lowering peak Tj by 
approximately 35 ◦C [256]. Overall, these developments emphasise 
shape stability, controllable wetting, and targeted melting temperature 
as complementary strategies for reliable, low-BLT PCTIMs with minimal 
leakage and durable performance.

4.4.4. Smart, adaptive, bio-inspired TIM concepts
Emerging bio-inspired TIMs utilise gecko-like dry adhesives and 

mussel-inspired surface chemistries to maximise real contact area at low 
clamping loads while maintaining removability. These interfaces can 
simultaneously damp vibration and reduce RC. Smart TIMs integrate 
stimuli-responsive polymers activated by temperature, strain, or mag

Table 5 
Representative composite TIMs for LED modules with reported k⊥ and electrical insulation characteristics.

Matrix Filler(s) Fraction† k⊥ (W⋅m− 1⋅K− 1) Electrical insulation Ref.

▾ Metal filler TIMs (use only with an electrical barrier in LED modules)
Epoxy Ag 77 wt% or 28 vol% 3.0 No [238]
Epoxy Al 50 vol% Not reported — cured > uncured ​ [39]
Polyacrylate (UV–cured) Cu nanowires (ultralong) 0.9 vol% 2.46 No [239]

▾ Carbon filler TIMs (conductive—use only with a barrier)
Epoxy Graphite 30 wt% 1.7 No [240]
Epoxy GNP 25 wt% 2.67 No [241]
Silicone GNs 1.5 wt% 2.7 No [235]

▾ Ceramic filler TIMs (dielectric—preferred for LED TIMs)
Epoxy Al2O3 50 wt% 0.35–0.65 Yes [210]
HDPE BN (platelets) 35 vol% 0.87 Yes [242]
Epoxy BN (modified) 60 wt% 1.052 Yes [243]
Epoxy AlN 40 vol% 1.3 Yes [200]
Epoxy Al2O3 75 wt% 2.06 Yes [51]
Epoxy BNNT 30 wt% 2.77 Yes [93]
Epoxy AlN 57 vol% 3.39 Yes [244]
CNF BNNT 40 wt% 4.71 Yes [214]

▾ Hybrid filler TIMs (mostly dielectric; check composition)
HDPE BN + Al2O3 35 vol%+7 vol% 1.02 Yes [242]
PPS ‡ BN + MWCNT 50 wt%+1 wt% 1.74 No (CNTs) [245]
Epoxy BN + AlN 40 vol% 2.4 Yes [246]
Epoxy Al2O3 + BNNS 65 vol% 2.43 Yes [53]
Epoxy BN + Al2O3 + SiC 60 vol% 4.3 Likely Yes* [247]
Epoxy BN + Al2O3 5.32 vol%+ 68.82 vol% 4.4 Yes [248]
PDMS BNNS + RC 27.05 vol% BNNS 5.13 Yes [249]

y wt is weight fraction, and vol. is volume fraction.
‡ PPS = polyphenylene sulfide; RC = regenerated cellulose.
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netic fields, functioning as thermal switches or self-healing matrices. 
LM-based elastomers are notable examples, offering adaptive thermal 
pathways and simplified maintenance strategies for next-generation 
thermal management systems [105].

Overall, emerging TIM technologies are increasingly focused on 
multifunctionality and interface engineering rather than solely max
imising bulk thermal conductivity. Hybrid architectures combining 
high-conductivity fillers, compliant matrices, and adaptive interfaces 
are particularly promising for next-generation HP LED systems. In this 
context, materials such as liquid metals, MXene-based composites, and 
phase-change-enabled structures represent key directions for future 
development.

5. Conceptual design and fabrication roadmap for an LED-grade 
electrically insulating TIM

This section presents a conceptual design and manufacturing road
map illustrating how an electrically insulating, high-k⊥ TIM could be 
realised for HP LED applications. The approach is not reported as an 
experimentally validated process within the present manuscript but 
serves to integrate the material, architectural, and reliability principles 
discussed in Sections 3 and 4.

The development target us an LED-grade dielectric TIM capable of 
achieving k⊥ ≥ 10 W⋅m− 1⋅K− 1 at a BLT of approximately 50–150 µm, 
while maintaining electrical insulation and mechanical compliance. The 
stages outlined below describe a feasible pathway toward this perfor
mance window.

5.1. Performance target definition and 1D thermal stack analysis

To define an LED-relevant performance target for an electrically 
insulating TIM, a simplified 1D steady-state thermal resistance model is 
employed to quantify the Tj benefit of reducing RTIM. This analytical 
estimate provides a first-order design benchmark linking k⊥, BLT, and 
RC to Tj control.

Consider a representative interface area A = 1 cm2 and steady heat 
dissipation Q = 30 W, typical of compact HP LED modules. A baseline 
polymer-based TIM layer with k⊥ = 3 W⋅m− 1⋅K− 1 and BLT = 150 µm 
yields a bulk thermal resistance, which corresponds to Rbulk of 0.5 
K⋅W− 1. If RC of 10 mm2⋅K⋅W− 1 are assumed at each interface, RTIM be
comes 0.7 K⋅W− 1 (see Eq. (1)).

In contrast, an aligned BNNT/BNNS–epoxy concept achieving k⊥ =

10 W⋅m− 1⋅K− 1 at a reduced BLT of 75 µm results in a Rbulk of approxi
mately 0.075 K⋅W− 1. Assuming improved RC of 5 mm2⋅K⋅W− 1 at each 
interface due to enhanced conformity and surface wetting, RTIM becomes 
0.175 K⋅W− 1.

The resulting Tj reduction is therefore: Δ Tj = Q⋅Δ RTIM ≈ 15.7 ◦C.
Although this calculation is illustrative and RTIM remains strongly 

dependent on clamping pressure, surface finish, and ageing conditions, 
the estimate clearly demonstrates that simultaneous reduction of BLT 
and RC can yield substantially larger thermal benefits than increasing 
filler loading alone. The analysis therefore supports a practical design 
target of achieving k⊥≥ 10 W⋅m− 1⋅K− 1 at BLT ≤100 µm with controlled 
RC in electrically insulating LED TIMS.

5.2. Conceptual fabrication pathway

To realise the performance window defined in Section 5.1, a scalable 
fabrication route must integrate material formulation, microstructural 
alignment, interfacial engineering, and manufacturing compatibility. 
The following staged pathway illustrates how an electrically insulating, 
high-k⊥ TIM could be fabricated for HP LED applications while main
taining thin BLT and mechanical compliance.

5.2.1. Material formulation
A latent-cure epoxy matrix is selected to ensure extended pot life and 

controlled curing kinetics, and compatibility with automated dispensing 
or film casting processes. The filler system is designed to construct a 
continuous through-plane thermal network while preserving dielectric 
integrity and processability. The proposed hybrid architecture 
combines: 

• 1D BNNTs to form the primary thermally conductive scaffold,
• 2D BNNSs to bridge inter-bundle gaps and enhance percolation, and
• Secondary ceramic fillers such as Al2O3 or AlN to improve packing 

density, dielectric strength, and dimensional stability.

To minimise ITR, silane coupling agents or polymer compatibilisers 
are incorporated to enhance filler–matrix adhesion and dispersion uni
formity. Rheological tuning is critical to achieve sufficient shear- 
thinning behaviour for vacuum infiltration or direct-ink writing 
(DIW), depending on the intended manufacturing scale [257].

5.2.2. Scaffold formation via freeze-casting
A pH-controlled aqueous BNNT/BNNS slurry is first prepared to 

promote uniform dispersion and minimise agglomeration. Unidirec
tional or radially controlled freeze-casting, followed by freeze-drying, 
produces a porous, vertically aligned scaffold with 50–70 vol% open 
porosity [55].

This architecture establishes a continuous through-plane network 
that reduces phonon scattering and enhances k⊥. The freezing direction 
governs orientation and anisotropy, thereby allowing tuning of the 
balance between k⊥ and in-plane thermal spreading.

The resulting porous framework acts as a mechanically compliant, 
thermally continuous skeleton that is subsequently infiltrated with the 
polymer matrix.

5.2.3. Epoxy infiltration and curing
The aligned scaffold is vacuum infiltrated with the low-viscosity 

latent-cure epoxy to ensure complete pore filling and minimise void 
formation. A two-stage curing cycle is employed: 

• An initial pre-cure at approximately 80 ◦C stabilise geometry, 
followed

• A post-cure at 130–150 ◦C under mild pressure to promote cross
linking and mechanical integrity.

The composite film is then cast or calendared to the desired BLT of 
50–150 µm using release liners, enabling straightforward handling and 
integration into MCPCBs or heat spreader interfaces. Cross-sectional 
imaging using scanning electron microscopy or X-ray computed to
mography should verify continuous vertical filler pathways and uniform 
matrix infiltration [258].

5.2.4. Additive manufacturing variant
As an alternative to freeze-casting, a shear-thinning DIW epoxy ink 

containing hybrid fillers at approximately 15–35 vol% may be directly 
printed into predefined pad geometries or mesoscale pillar structures.

Under assembly, these printed structures pressure to achieve the 
target BLT. While preserving vertical alignment of thermally conductive 
pathways. In situ dual-zone heating can initiate partial gelation during 
printing, followed by hot-press consolidation and final curing.

This approach enables pattern customisation, minimises material 
waste, and supports integration with automated LED assembly processes 
[259].

Fig. 14 summarises the sequential fabrication strategy integrating 
material formulation, scaffold alignment, matrix infiltration, and scal
able processing routes for LED-compatible dielectric TIMs.

5.3. Degradation mapping and reliability-aware selection

Reliable operation of HP LED modules depends not only on the initial 
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thermal performance of the TIM but also on its long-term stability under 
thermal cycling, humidity exposure, and mechanical loading. Different 
TIM classes exhibit distinct degradation mechanisms that can progres
sively increase interfacial thermal resistance or lead to mechanical 
failure. To assist reliability-aware materials selection, Table 6 maps 
common degradation modes of TIMs to their primary thermal conse
quences and typical LED-level symptoms. This practical linkage between 
material degradation and device behaviour helps identify potential 
reliability risks during TIM selection and system design.

5.4. Qualification and reliability framework

Thermal performance should be quantified using ASTM D5470 
steady-state methods to determine k⊥ and interface resistance as a 

function of clamping pressure. JESD51-14 testing under LED operating 
conditions further validates junction-to-case thermal resistance.

Reliability evaluation should include: 

• Pump-out and dry-out tests for cured and uncured systems,
• Hydrolysis and corrosion screening for AlN/BN composites,
• Thermal cycling between − 40 ◦C and 125 ◦C and high-temperature 

storage above 130 ◦C, and
• adhesion and mechanical compliance testing under repeated reflow 

or service cycles.

Compared with uncured greases or gels, cured BNNT/BNNS-epoxy 
systems are expected to demonstrate superior shape retention, lower 
RTIM, and improved long-term stability, making them suitable candi
dates for HP reliability-critical LED modules [260,261].

5.5. Practical design guidelines for HP LED TIMs

Drawing on the material systems surveyed in Section 4 and the 
design principles outlined above, the following practical guidelines are 
proposed to support reliability-aware selection and optimisation of TIMs 
in HP LED modules.

Prioritise total RTIM over bulk k⊥. A moderate k⊥ combined with thin 
BLT and low RC often yields superior thermal performance compared 
with very high k⊥ at excessive bond-line thickness. Interface control and 
mechanical conformity are therefore as critical as intrinsic material 
conductivity.

Match electrical insulation requirements to interface function. TIM1 die- 
attach layers may employ metallic solutions in electrically isolated 
package architectures, whereas TIM2 interfaces commonly require 
dielectric fillers or insulating barriers to prevent current leakage be
tween the LED substrate and the heat sink.

Treat reliability as a primary design constraint. Potential degradation 
mechanisms should be screened under representative power-cycling and 

Fig. 14. Illustration of the sequential fabrication stages for an LED-grade, electrically insulating TIM, from material preparation to LED packaging and end-use 
applications.

Table 6 
Practical mapping between common TIM degradation modes and LED‑level 
symptoms or failure modes, intended to support reliability‑aware materials 
selection.

TIM limitation/ 
degradation mode

Primary thermal 
consequence

Typical LED‑level symptom/ 
failure mode

Pump‑out/dry‑out 
(greases, some gels)

RTIM increases with time; 
localised hotspots

Accelerated lumen 
depreciation; colour shift; 
possible driver stress

Voiding/delamination 
(adhesives, solders, 
TLPS)

Localised TR and 
thermal‑cycling stress

Intermittent flicker; sudden 
failure; package cracking

Leakage/exudation 
(PCMs)

Loss of contact area; 
contamination of optical 
surfaces

Optical contamination, 
reduced luminous efficacy; 
maintenance issues

Oxidation/corrosion 
(Cu, LM with Al)

Increase in interfacial RC; 
interface embrittlement

Gradual rise in Tj; 
mechanical detachment over 
time

CTE mismatch/ 
fatigue (hard 
metallic joints)

Crack initiation and 
propagation; increase in 
RTIM

Step‑changes in TR; 
catastrophic open‑circuit

A. Rahmati Darvazi et al.                                                                                                                                                                                                                     Thermal Science and Engineering Progress 75 (2026) 104738 

17 



environmental conditions, including pump-out and dry-out in greases, 
leakage in PCMs, voiding and fatigue in soldered or TLPS joints, 
oxidation or corrosion in Cu- or Ga-based systems, and hydrolysis or 
creep in polymer composites.

Use LED-specific thermal metrics where available. Reporting junction- 
to-case thermal resistance, junction-to-sink resistance, clamping pres
sure, surface finish, and ageing history enables meaningful comparison 
between studies and supports translation to practical LED assemblies.

Co-design thermal and mechanical stacks. Surface flatness, clamping 
pressure, compliance layers, metallisation, and contact pressure distri
bution strongly influence RC and long-term stability. Mechanical inte
gration should therefore be considered concurrently with material 
selection.

6. Conclusion and outlook

TIMs are a critical determinant of thermal performance and reli
ability in HP LED packages, where interface-level heat transfer 
increasingly governs Tj and long-term device stability. This review has 
analysed the evolution of TIM technologies across four hierarchical 
families, including conventional conformable materials, bonded 
metallic interfaces, engineered composite systems, and emerging 
architecture-driven concepts.

Across these classes, the evidence consistently shows that LED-level 
performance is governed not only by intrinsic TC but by the coupled 
interaction of k⊥, BLT, and RC. Consequently, optimisation of micro
structure, interface wetting, and process control often yields greater 
reductions in RTIM than increasing filler loading alone. Approaches that 
minimise BLT, promote filler alignment, and enhance real contact area 
have proven particularly effective in maintaining Tj within the desirable 
operating range of approximately 85–105 ◦C.

For electrically insulating LED interfaces, ceramic-based PNC sys
tems incorporating BN or surface-passivated AlN fillers remain leading 
candidates due to their balanced thermal and dielectric performance. In 
contrast, bonded metallic TIMs such as sintered Ag, Cu, and TLPS joints 
provide ultra-low RC for TIM1 or TIM2 interfaces when issues related to 
oxidation, wetting, and CTE mismatch stresses are carefully managed. 
Emerging concepts including nano-architected contacts, LM hybrids, 
and shape-stable PCTIM architectures further demonstrate the potential 
to reduce interfacial losses, mitigate thermal transients, and improve 
reliability under cyclic loading conditions.

Looking forward, several directions appear particularly promising 
for LED-grade TIM development: 

i. Hierarchical dielectric composites, combining aligned BN networks 
with nanoscale bridges and toughened matrices to achieve high 
k⊥ while maintaining dielectric integrity at BLT < 100 µm.

ii. Data-driven formulation and optimization, including physics- 
informed machine learning approaches to explore the coupled 
design space of k⊥–BLT–RC–modulus–CTE and accelerate reli
ability screening.

iii. Scalable architecture-controlled manufacturing, such as freeze 
casting, vertical alignment, and DIW to enable ceramic or hybrid 
TIMs with k⊥ ≥ 10 W⋅m− 1⋅K− 1 at BLT values of approximately 
50–150 µm.

iv. Standardised reliability assessment, using protocols such as ASTM 
D5470 and JESD51-14 combined with durability testing for 
pump-out, leakage, hydrolysis, corrosion, and − 40 to 125 ◦C 
thermal cycling.

v. Package-level co-design: integrating TIM selection with semi
conductor package architectures, particularly GaN and SiC sys
tems, where surface finish, pressure distribution, and mechanical 
stack design strongly influence RC and long-term stability.

Overall, the future of TIMs for HP LED systems will depend on the 
integration of materials engineering, interface design, and scalable 

manufacturing strategies capable of delivering thin, reliable, and elec
trically safe interfaces. Such advances will enable lower Tj, improved 
efficiency, and longer service lifetimes in next-generation solid-state 
lighting systems.
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