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ABSTRACT

Thermal management on a variety of length scales is essential for many industrial, solar and computational systems. Here we explore the
thermal properties of a nearly perfect graphite absorber with both high emissivity and thermal conductivity which is fabricated by simple
one-step etching. The hemispherical reflectance of the absorber is around 1% in the visible range and the normal specular reflectance is less
than 1% from 1.5 pm to 10 um. The thermal conductivity of the absorber is measured above 630 Wm™K™*, which is 2.5 times larger than the
aluminum used in commercial heat sinks. Heat dissipation testing indicates that a device is 3.7 + 2 degrees cooler with the graphite absorber
as the heat spreader than a pristine graphite sheet and 9.1 + 2 degrees cooler than an Au-coated graphite sheet, primarily due to improved
radiation cooling. A theoretical analysis accounts for the results. Further analysis suggests that the radiative heat dissipation is more prominent
in the low-convection environment, especially for a convection coefficient below 10 Wm2K™.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
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I. INTRODUCTION

Thermal management is a crucial subject for both consumer
electronics and industrial electronics. High temperature can increase
the power consumption and hinder the performance of the device.
Studies suggest that decreasing the setpoint temperature by only one
degree in a data center can lead to a reduction of the power con-
sumption by 2-5%." There are three primary mechanisms for heat
transfer: thermal conduction, thermal convection and thermal radi-
ation. The thermal radiation power is proportional to the emissivity
of the surface. According to Kirchhoff’s radiation law, the emissivity
of an arbitrary body is equal to its absorptivity at thermodynamic
equilibrium, which means a perfect absorber is also a good heat
dissipation material.? Since a room temperature blackbody’s radi-
ation has a peak around 10 microns, broadband ultra-black mate-
rials (from VIS to mid-IR) are efficient for radiative heat trans-
fer® especially in natural convection and low-airflow applications.
Carbon can be an ideal black material for thermal management
among various platforms due to its high absorption and excellent

thermal quality. Vertically aligned carbon nanotube arrays (VANTA)
are the best-known material for approaching perfect absorption.*
They have been used to get an ultra-black absorber across a wide
spectral range from UV (200 nm) to far infrared (200 um) with
the reflectance well below 1%. Other ultra-black absorbers based
on highly ordered pyrolytic graphite (HOPG),” carbon-based coat-
ing® and carbon-coated black silicon” also show extremely high
absorption in the visible to near-infrared region. Thermal con-
duction is also an important heat transfer mechanism in portable
electronics, especially for thermal homogenization. But for most
ultra-black materials, the thermal conductivity is restricted to the
region below 100 Wm™'K ™87 which limits their applications
for heat transfer. Copper and aluminum are mostly used materi-
als for thermal dissipation due to their large thermal conductiv-
ity (401 Wm'K? and 237 Wm 'K respectively). Other materials
with thermal conductivity above 1000 Wm™' K™ such as graphi-
tized polyimide film,'? graphene fibers,'* graphene sheets'“"'7 have
also been produced. But to meet the challenge of thermal dissipa-
tion in compact electronics, it is urgent to obtain a material with
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both high thermal conductivity and high emissivity as a thermal
spreader.

In this paper, we report the cooling properties of nearly per-
fect absorber with high emissivity and thermal conductivity pro-
duced from a commercially available synthetic graphite sheet (Pana-
sonic Corporation). This broadband (from VIS to mid-IR) graphite
absorber can be fabricated easily by a one-step etching process.
The graphite sheet itself is flexible, light-weight and has excel-
lent thermal conductivity in the range from 700-1950 Wm™'K™.18
Combining the high emissivity and thermal conductivity, the ultra-
black graphite absorber (UGA) can be an attractive option for
various thermal applications such as mobile phone and wearable
electronics.

Il. EXPERIMENT AND RESULTS

The graphite absorber made from graphite sheet (35 mm x
10 mm x 25 pm) was fabricated by oxygen-plasma etching in an
inductively coupled plasma reactive ion etching (ICP-RIE) system.
The sample was placed on a silicon wafer holder which provided the
nanoparticle masks responsible for the formation of the structures.
The reactive gas was pure oxygen (O;) with a typical flow rate of 90
sccm. The ICP RF power and the RIE RF power were 100 W and
300 W respectively. The etching time was 10, 20, 30 and 60 min-
utes with a fixed chamber pressure of 30 mTorr (labeled as UGA-10,
UGA-20, UGA-30, and UGA-60, respectively). Fig. 1 shows the pho-
tograph and SEM picture of a UGA. Pillar-like structures are formed
on the surface. These structures on the graphite sheet are due to the
self-mask effect where silicon nanoparticles are sputtered from the
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substrate onto the carbon as we have described in detail elsewhere.'®
After 60-minutes etching, the height of the pillars can be up to 9 pm.
According to the effective medium theory, this textured surface will
cause a gradient refractive index between the graphite sheet and the
air boundary. As a result, impedance mismatch will be diminished
and the reflection will be suppressed following Fresnel’s law.

The absorptivity of A = 1 - R - T, where R is the reflectivity and
T is the transmittivity. So we characterize the absorptivity by mea-
suring the reflectivity and transmittivity. We used the Ocean Optics
STS-VIS spectrometer mounted with an integrating sphere ISP-
REF to measure the hemispherical (specular and diffuse) reflectance
from 450 nm to 850 nm. The reflectance was normalized to a stan-
dard whiteboard. In the mid-infrared region, a Bruker VERTEX 70
Fourier transform infrared (FTIR) spectrometer on an unpolarized
light source was used to measure the specular reflectance with a
gold mirror as the reference. The normal incident reflectance was
measured with a 15x objective with NA = 0.4. Fig. 2 shows the
total hemispherical reflectance and normal specular reflectance for
different absorbers in the VIS and IR region. As we can see, the
reflectances remain around 1% for UGA with etching time above
20 minutes in the VIS region. Meanwhile, in the IR regime, the
reflectance decreases as the etching time increases. This is caused by
the different height of the nanopillars on the graphite surface. The
nanopillars will get denser and higher on the sheet surface with the
etching time increasing (from several hundred nanometers to several
micrometers). Following by the decreasing of the material density
on the surface, the electron density and therefore the permittivity
will decrease.?? As a result, the refractive index of the device will
get closer to 1 on the air-graphite boundary. When the wavelength

FIG. 1. (a) A photograph of flexible graphite sheet with var-
ious reflectivity. From top to bottom: etched graphite, pris-
tine graphite and Au-coated graphite. (b) A tilted SEM pic-
ture of the as-prepared absorber which shows needle-like
structures. Scale bar: 1 cm in (a) and 10 um in (b).
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TABLE |. The thermal diffusivity, density and thermal conductivity for
different graphite absorbers.

UGA-10  UGA-20 UGA-30  UGA-60
o (mm?2s!) 772.6 828.0 843.7 858.9
p(gem™) 1.77 1.67 1.49 1.37
ke (Wm™'K™) 737 745 678 634

is larger than the size of the pillars, effect refractive index will
increase so as the reflectance. The reflectance can reach below 1% in
the range from 0.45 pm to 10 um for UGA-60, which is comparable
to the VANTA material in the same region. Further measurement
(not shown in the paper) in the IR region shows no transmission for
our absorbers. So the emissivity is ¢ = A =1 - R for all absorbers. The
different reflectances indicate that we can tune the emission of our
absorbers by controlling the etching time (see Fig. 1(b)).

These absorbers have relatively high thermal conductivity
among the ultra-black materials.>'" To ensure the thermal conduc-
tivity (k) of UGA, the laser flash method (Netzsch LFA 467)?' was
used to get the thermal diffusivity («). Then the effective thermal
conductivity is calculated using Equation: k. = apCp, where p s the
density of the sample, which is obtained by mass divided by volume.
Here we assume the thickness is 25 um for all absorbers, though
plasma etching will thin the sheet. So the actual density is larger than
the calculated number and so as the thermal conductivity. Cp is the
specific heat capacity obtained from differential scanning calorime-
try (TA Q200) and is measured as 0.593 Jg'°C™ at 25 °C. Table I
shows a, pand keff for different samples.

The results indicate the effective thermal conductivity of our
absorbers can be higher than 634 Wm™ K™, which is 2.5 times larger
than aluminum which is commonly used for thermal management.
Considering the high emissivity and high thermal conductivity, it
is expected these absorbers can be used for heat dissipation. To
demonstrate the role of radiative thermal dissipation of these per-
fect absorbers, a control experiment was conducted. In the experi-
ment, three graphite sheets with low, medium and high emissivity
were used as a heat spreader. To get a low-emissivity graphite sheet,
we sputtered a thick gold layer (100 nm) on the pristine graphite
sheet. The pristine (also sputtered a 100 nm gold layer underneath
the sheet for comparison) and UGA-60 graphite sheet were used as

ARTICLE scitation.org/journall/adv

medium- and high-emissivity heat spreaders respectively. The emis-
sivity of the Au-coated graphite sheet, pristine graphite sheet and
UGA-60 sheet are shown in Fig. 2.

The inset in Fig. 3(a) shows the schematic configuration for the
experiment. A polyimide (PI) heater (1.2 cm x 3.9 cm) was used to
heat a silicon plate. The UGA-60, pristine graphite sheet and Au-
coated graphite sheet were attached to the plate with silver paste,
respectively. A T-type temperature monitor with accuracy + 1 °C
was placed on the surface of the silicon plate to detect the temper-
ature change. The device was placed on a styrofoam and the whole
device was placed in a PMMA box to maintain the identical environ-
ment for all experiments. By varying the input current to the heater,
the temperature of the silicon plate was measured at steady-state.
Fig. 3(c) shows the measured temperature change as a function of
input power. Compared to the one with Au-coated graphite sheet,
silicon plate is 5.4 + 2 °C cooler with pristine graphite sheet and 9.1
+ 2 °C cooler with UGA-60 at around 80 °C. This is a great enhance-
ment as the reliability of circuits is exponentially dependent on the
operating temperature of the device. Higher temperature will dra-
matically hinder the performance of electronics. In the experiment,
as all graphite pristine sheets have similar thickness and both ther-
mal conductivities are much larger than air, the effective convection
and conduction coefficient can be treated as the same in all experi-
ments. So the temperature decrease is mainly caused by the radiation
effect as the emissivity of UGA-60 and pristine graphite sheet are
larger than the Au-coated graphite sheet.

To better understand the mechanism for the temperature dif-
ference in the experiments, a simple model can be applied to explain
the results. According to the conservation of energy principle, the
total input power is equal to the output power for an object at steady
state. In our case, the output power (Py,) is composed of radiation
loss (P,,4) and nonradiation loss (convection and conduction loss,
Ponrad)- The total heat loss power can be written as Pjyss = Prag +
P, onrad- And the total input power can state as:

Pin :Peﬂ:Pmd"'Pnonmd (1)

Here P, means the input electric power and can be calculated as P,
= I’R. yy means the efficiency of the electro-thermal conversion.

For an object at temperature T, the radiation power can be
determined by the Planck’s law:
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Here A is the surface area of the object. [d€Q = 21 /g/ * dBsind is the
angular integral over a hemisphere. h is Planck’s constant, kp is the
Boltzmann constant, ¢ is the speed of light, A is the wavelength and
e(A, 0) is the emissivity of the object. The net radiation loss power
is the difference between the object and air radiation power. Assum-
ing the emissivity of the object is a constant over a hemisphere, the
radiation loss power of the object can be written as:

o 1 2
Praa = An( [ e 1 )

AS etkpT — 1
©2h* 1
- ?mis(l)d/\) 3)
0 el — 1

For the nonradiative effect, heat dissipation power can be
written as:

Pronrad = Ahnanmd(T - TO) (4)
Here h,,,rqq is the effective heat coefficient for convection and
conduction.

In our experiment, the emissivities of three graphite sheets can
be determined from Fig. 2 for wavelengths between 1.5 pm and
15 um. The areas covered by the heat spreader and the total area
of the device in the air are 3.5 x 10 m? and 4.9 x 10™* m? respec-
tively. The resistance of the heater in our experiment is 30 €. The
room temperature Ty is measured around 20.2 °C. Here we assume
#n and hy,p,r04 are same in all experiments for the same input power.
Using Eq. (1), (3), (4), we can solve 7 and hy,5,rq¢ sShown in Fig. 3(b).
1 and hypppeq are around 0.47 and 10.6 Wm2K! respectively. Low
energy conversion efficiency is mainly due to the resistance of the
wire. Hyonaq is comparable with the natural convection coefficient
of air and increases as the input power increases. This is reason-
able as higher input power will cause a higher temperature differ-
ence and consequently enhance the air-flow, so as the nonradiation
coefficient.

To verify the validity of our model, we calculated the emis-
sivity for the Au-coated graphite sheet. The calculated emissivity is
~0.15 smaller than the measured one. This result is ambiguous as
the scattering of the gold surface is pretty severe while the NA of the
objective used for measuring the reflection (emission) is only 0.4.
We measured the reflection of Au-coated graphite sheet with dif-
ferent NA objectives in visible region. It shows that the reflection is
~0.3 for NA = 0.3 and ~0.8 for NA = 0.9. Using the average emissiv-
ity of three sheets and average # and 5,44, We fit the experimental

0.2
Power (W)

0.3 0.4

data with our model. Fig. 3 shows the calculated results and these
calculated results fit well with measured ones.

In order to investigate the influence of emissivity and the non-
radiative coefficient to heat dissipation, we do some simulations in
which an object with a thin radiative heat spreader sheet on it is con-
sidered (see inset in Fig. 4(a)). All the parameters are the same with
the experiment. The total area of the object and the spreader are set
to be 4.9 x 10* m? and 3.5 x 10 m%. The initial temperature is set
to be 20.2 °C. And the emissivity ¢; is assumed to be equal to the Al
spreader and is set to be 0.1. Temperature difference (AT = T> - T;)
is calculated for spreaders with emissivity ¢; and &, by varying input
power. Fig. 4 shows the AT change as a function of input power
with various ¢; and hypuq. As can be seen from Fig. 4(a), for a
constant nonradiation coefficient (10.6 Wm?2K™), the higher the
emissivity of the heat spreader, the better the heat dissipation per-
formance. And the temperature difference increases with the input
power as the radiation effect is proportional to T¢. The temperature
can decrease ~20 °C for the input power around 0.4 W, as the emis-
sivity increases from 0.1 to 1, which shows great superiority of our
ultra-black absorber compared with metal-based heat spreader as
aluminum and copper films are poor emitters in the infrared range.
Moreover, for a constant Ae (e; = 1 and €, = 0.5), larger temperature
difference will occur for smaller convection and conduction coeffi-
cient, especially for nonradiation coefficient less than 10 Wm K™,
This shows our absorber is a promising candidate for heat dissipa-
tion application as the natural air convection coefficient is around
10 Wm K.

Ill. CONCLUSIONS

In brief, we report an ultra-black graphite absorber with high
emissivity and high thermal conductivity based on a commercially
available graphite sheet. A simple self-masked etching process is
introduced to fabricate the absorber and the emissivity can be tuned
by changing the etching time. The results show the hemispherical
reflectance of the absorber in the visible range is around 1% and the
normal specular reflectance is below 1% in the range from 1.5 um
to 10 um. Laser flash method confirms the thermal conductivity
of the absorber is above 630 Wm™'K'!, which is 2.5 times higher
than aluminum. Experiments indicate the absorber has a faster heat
transfer than aluminum foil and better heat dissipation performance
than pristine graphite sheet due to higher thermal conductivity
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and emissivity. Combining flexibility, lightweight and high thermal
conductivity, the ultra-black graphite absorber is a very promising
candidate for thermal management, especially in the low-convection
and low-airflow applications.
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