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Novel Approaches to Thermal
Management for Power LED
Packaging
Thermal management is crucial for the efficiency and reliability of LED products which have become very
popular during the past few years. For the past few decades carbon has been known for its good thermal
conductivity and as a result, different carbon carbon based materials are available on the market. One of
these materials with very special properties is CarbAl™. Nan Jiang, James P. Novak, and Zvi Yaniv from
Applied Nanotech Inc. will demonstrate novel approaches using this unique material.

High power LEDs are continually
replacing traditional incandescent
lighting due to reduced energy
consumption, high luminosity
and the ability to create form
factors not possible with
existing structures. However, a
primary obstacle to widespread
implementation of LED lighting
systems in established lighting
networks is thermal management.
Proper temperature control of
the p-n junction can enable
increased operational efficiency
while simultaneously extending
the LED lifetime. Herein, we
describe novel approaches
to thermal management that
incorporate various materials and
architectures aimed at reducing
the total thermal resistance
between the LED junction and the
ambient environment.
High-performance graphitic
carbon-based thermal
management materials now
appearing in the market have an
optimal combination of thermal
and mechanical properties.
These materials have high
thermal diffusivity, high thermal
conductivity, low density and
a low coefficient of thermal
expansion (CTE). One such
group of materials, CarbAl™
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can be derived using unique
surface engineering techniques.
These functionalized layers
include high-thermal conductivity
dielectric materials and additive
print processes to deposit circuit
conductors. The combination
of high-performance graphitic
carbon-based materials and
functionalized layers provide
considerable reduction in total
thermal interfaces in a power
LED package.

Introduction
High-intensity discharge (HID) lamps
represent a lighting application with
enormous potential for energy and
cost saving. High-intensity discharge
light sources are primarily installed in
large public areas where high levels of
illumination are required. These areas
include indoor overhead lighting—such
as arenas, warehouses, and parking
structures—and outdoor overhead
lighting, such as stadium and street
lights. Compared to mercury vapor or
high-pressure sodium lamps, LEDs
can exhibit two to four times greater
system efficiency as measured in
lumens of output per watt of input
power. With over 40 million HID fixtures
installed in the United States alone [1],
and 1.5 million new installations each
year, just the energy savings from

moving to LED-based systems could
save billions of dollars per year.
Additionally, LEDs can have more than
double the installation lifetime before
replacement, considerably reducing
replacement intervals and cost.
The primary obstacle to readily
implementing energy-saving LED
lighting systems in established
commercial and municipal lighting
networks lies in dealing with the waste
heat that is generated by high power
LEDs [2]. To produce the light output
that is needed for commercial
luminaries, high power LEDs are
needed. Even at the efficiency levels of
today’s state-of-the-art LEDs, they
consume in excess of 10 Watts each,
with the majority of that power
converted to heat at the
semiconductor junction of the device.
Unlike a light bulb that radiates its heat,
the heat is generated internally to the
structure of the LED package and
needs to be conducted away from the
LED junction as efficiently as possible
to maintain proper operation. Rises in
junction temperature in the LED result
in color shift, reduced light output, and
ultimately, reduced life of the LED.
One way of reducing the amount of
heat that is generated in an LED
luminary is to increase the number of
LEDs in the array. For a given light
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output level, a larger number of LEDs
allows them to be operated at a lower
current level and subsequent power
consumption. This moves the
operation of the LED to a more efficient
point on the Current vs. Light Output
efficiency curve, so the Lumens per
Watt efficiency increases and the
amount of heat for a given level of light
output is reduced. The high cost of
these leading-edge LEDs makes
increasing the LED count the less
desirable option in most cases.
Beating the heat and keeping the cost
down for a given design is the task of
every LED lighting engineer.
Approaches to thermal management
incorporate various materials and
architectures aimed at reducing the
thermal resistance between the LED
junction and the ambient environment [3].
Currently, there are several key areas
to address LED junction temperature.
These include:
1) reducing the number of thermallyresistant layers between the LED
junction and the environment,
2) reducing the thermal resistance of
said layers, and
3) using high thermal conductivity
materials as heat dissipation
substrates. If properly engineered,
new concepts in thermal
management can address each of
these key areas to maximize
performance of mechanical heat
conduction.
In this article, a group of highperformance graphitic carbonaluminum based thermal management
materials known collectively as
CarbAl™ will be reviewed, and the
corresponding surface
functionalization techniques developed
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for the purpose of meeting the tough
thermal management requirements of
high-output LEDs will be explained.
This combination of high-performance
graphitic carbon-based materials
combined with novel functionalized
materials and techniques are able to
provide new methods for thermal
management package designs that
define a route for improving overall
power LED performance.

Properties of Graphitic
Thermal Management
Substrate Materials
It is possible to design and
manufacture special graphitic
carbon-aluminum composite thermal
management substrates with a unique
combination of low density, excellent
thermal diffusivity, high thermal
conductivity, and a low coefficient of
thermal expansion that far exceed the
capabilities of conventional passive
thermal management materials.
Table 1 shows the comparison of
materials properties of two types of
carbon aluminum composites to other
commonly-used thermal management
materials and typical graphite foams.
Today, aluminum, copper, and their
alloys are the most widely used
thermal management materials.
CarbAl™ materials have a thermal
conductivity of 350-425 W/mK vs.
200 W/mK for Al and 390 W/mK for
Cu. On the other hand, comparing with
the commercial thermal management
graphite foams, CarbAlTM presents a
much higher thermal conductivity and
mechanical strength and much lower
cost. In terms of thermal diffusivity,
they have a thermal diffusivity of
2.55–2.9 cm2/sec vs. 0.84 cm2/sec for
aluminum and 1.1 cm2/sec for copper.

In general, a substance’s thermal
diffusivity is the key factor contributing to
fast heat transfer and rapid temperature
equilibrium. Thermal diffusivity can be
represented as follows:

α = k /( Cp*ρ)

(1)

whereby: α is the thermal diffusivity
(cm2/s); k is the thermal conductivity
(W/mK); Cp is the specific heat
capacity (J/gK); and ρ is the material
density (g/cm3).
The heat equation is the function of
thermal diffusivity:
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where t is time.
The 1-dimensional Green's function for
heat equation is defined as follows:
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that is the temperature field
evolutionary response for a δ-function
initial temperature at x = 0.
A normalized temperature–time curve
plotted according to equation (3)
shows that a high thermal diffusivity
will allow rapid diffusion of heat from
the point of creation to a dissipative
heat sink (Figure 1). In other words, a
material with high thermal diffusivity
can rapidly adjust the temperature to
that of its surroundings, preventing
overheating.
This point is especially important for
high-power, high-speed electronic
devices like power LEDs, where high

Performance comparison of CarbAlTM to other heat exchanger materials
Constant

units

Graphite Foam

Aluminum

Copper

CarbAlTM-N

CarbAlTM-G

Thermal diffusivity

cm2/sec

-

0.84

1.12

2.45

2.9

Thermal conductivity W/mK

220 - 245

203

390

425

351

CTE

ppm/K

0.69 – 1.02

24*10-6

17*10-6

< 7*10-6

2.0*10-6

Specific Heat

J/gK

-

0.9

0.385

0.75

0.69

Specific Gravity

g/cm3

0.48 – 0.90

2.7

8.9

2.3

1.75

Bending strength

MPa

2.1 – 2.7

80

350

40

24.5

Porosity

%

60 - 70

-

-

-

20 -25

Cost (in volume)

$

>> X

<<X

X

X

<X
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Figure 1:
Normalized
temperature-time
curve at a hotspot site
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have a thermal mismatch when
interfaced with materials currently used
for the heat sink and heat spreader (i.e.
Cu, Al). The thermal mismatch creates
stress by differences in thermal
expansion rates of materials. This has
a deleterious effect on the lifetime and
reliability of electronics. It can be seen
in Figure 2 that CarbAl™ materials
have a much closer match in CTE to
commonly-used semiconductor
materials, whereas Cu and Al, have
CTEs that are far from matching
semiconducting materials. Besides
eliminating thermally-induced
delamination and cracks, a lower CTE
allows direct attachment of bare chips
on the composite material to minimize
the number of material interfaces and
maximize heat dissipation, benefitting
a wide variety of thermal management
applications like power LED
packaging.

Figure 2:
Plot of CTEs for
various thermal
management
materials

Surface Engineered
Thermal Management
Circuit Boards
Like other metallic thermal conductors,
these materials are electrically
conductive. In order to make
electronics circuit boards, a dielectric
isolation is required to prevent
electrical shorts. One of the most
common approaches for construction
of PCBs is lamination of a dielectric
layer on the top of a thermally
conductive substrate followed by
laminating the Cu circuit traces on the
dielectrics. A good example of this
construction method for power
electronic substrates is direct bond
copper (DBC). A different method for
manufacturing that is easier to
manufacture, potentially reduces cost
and shows increased performance is
described below.

thermal diffusivity materials are
strongly required to modulate
temperature and eliminate “hot spots”
since temperature dramatically
impacts device lifetime. For highperformance carbon-based materials,
the speed to remove heat from a heat
source or "hot spot" is two to three
times higher than Cu and Al.
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Figure 2 is a chart comparing CTE and
thermal conductivity of thermal
management materials including
silicon. CTE and thermal conductivity
values for each material have been
normalized to Si, which was assigned
a value of 1. Figure 2 shows that
commonly-used semiconductor
materials such as Si, GaN and GaAs

In the following example, modern
additive manufacturing processes is
demonstrated to generate highperformance thermally-conductive
substrates. The process begins with
the substrate material. Taking
advantage of its low CTE and excellent
thermal transfer characteristics, a
CTE-matching polymeric, thermallyconductive dielectric is applied by a
screen printing method. This method
eliminates the high-temperature,
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Figure 3:
Power LED circuit
boards using Al
and CarbAl™-G
substrate,
respectively

pressure-bonding required to bond
ceramics to metals. The print method
also allows for superior control over
material thickness. Thickness of the
dielectric layer can be reduced, thus
reducing the overall thermal resistance.
The final step is application of the final
circuit traces. This can be
accomplished through direct trace
lamination or direct additive printing.
By printing the necessary circuitry
directly onto a material that possesses
the highest thermal conductivity
available, two characteristics may be
maximized: thermal distribution across
the available surface area and
conduction of the heat as rapidly as
possible through the thickness of the
material to the next level of thermal
management. These functions are
critical to get the heat away from the
semiconductor junction in the LED as
quickly and efficiently as possible.
Figure 3 shows two power LED circuit
boards manufactured using a
lamination process onto both Al and
graphitic thermal management material
substrates, respectively. The boards
were populated with identical circuit

traces and components. With identical
power input (7.7 W) to each LED circuit
board, the temperature on the
CarbAl™-based LED circuit board was
much lower than that on the Al-based
circuit board. In fact, the actual
temperature difference is 8.7°C lower.
Of course, one can use Cu as a
substrate to achieve similar results, but
a similar Cu LED circuit board will be
five (5) times heavier, than and more
than twice as expensive as
CarbAl™-G. In an application with
multiple boards for a hanging overhead
application, weight and prices
differentials are significant.

Assembly of Engineered
Thermal Management
Circuit Boards
As mentioned previously, reducing the
number of thermally-resistant layers
between the LED junction and the
ambient environment must be
addressed for widespread use of
power LEDs. To fulfill this purpose and
exploit a much more advanced LED
circuit board, specially designed and
developed unique ceramic dielectric
inks and nano-Cu inks can enable

direct printing of a dielectric layer or example, Cu traces on CarbAl™
substrate to build fewer layered circuit
boards, since such a direct printing
approach can successfully eliminate
the highly thermally-resistant organic
adhesive layers that would be needed
when using lamination method. The
ceramic dielectric ink, in this example,
consists of ceramic filler particles and
a little amount of ceramic binder
material, having a thermal conductivity
of 4 W/mK that is more thermally
conductive than normal epoxy based
dielectric films. Moreover, the dielectric
layer formed by this ceramic ink has
excellent adhesion with CarbAl™
substrate and can sustain a working
temperature up to 500°C. On the other
hand, proprietary Cu nano-inks and
pastes can be fully cured and
transferred into highly-conductive
(resistivity < 3 μΩ cm) Cu traces at
around 400°C. The high temperature
stability nature of the ceramic dielectric
layer is particularly important for curing
Cu traces, and in contrast, most
polymer dielectric materials are not
compatible with Cu ink curing
processes due to their poor thermal
stability.
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Conclusions

Figure 4:
Directly printed
CarbAl™ PCB
using ceramic
dielectric and
nano-Cu inks

Advanced low CTE thermal
management materials have been
successfully developed, which have a
CTE smaller than 7 ppm/K, thermal
conductivity over 350-400 W/mK, and
thermal diffusivity 2.5–3 times higher
than that of Cu. The combination of
high performance graphitic carbonbased materials and functionalized
layers described above can provide
considerable reduction in total thermal
interfaces in a power LED package
while controlling potential issues of
delaminating due to CTE mismatch.
This type of package can drive
widespread implementation of
high-power LED lighting.

Figure 5:
Proof of concept
of directly printed
CarbAl™ LED
circuit board using
ceramic dielectric
and nano-Cu inks

PCBs have been developed with an
optimal combination of highperformance graphitic carbon-based
materials, ceramic inks, and nano-Cu
inks (Figure 4). Comparing the PCBs
with laminated circuit traces on top of
thermal insulators, these directlyprinted circuit boards are believed to
be very promising candidates for
power electronics applications due to
the reduced interface layers between

the highly-thermally conductive
dielectric substrate and heatsink, as
well as its low CTE nature. By a similar
approach, the proof-of-concept
directly printed CarbAl™ LED circuit
boards have been fabricated as well
(Figure 5), and fully-integrated
high-power LED lamps utilizing
directly-printed circuit boards are
being developed.
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