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This study presents an overview of commonly used electronic materials and
nanocoatings, as well as the evolution and significance of emissivity of com-
monly used electronic materials and nanocoatings. In addition, some key
issues are addressed, such as accurate temperature measurements during
materials processing and control as well as thermal management in high-
power electronic device applications. Case studies of the optical properties of
bulk materials, multilayered structures, and electronic devices, mainly bolo-
meters, are discussed and analyzed for optimization.

INTRODUCTION

In present-day manufacturing, industries that
focus on materials processing have an acute
requirement of temperature measurement encom-
passing a wide variety of applications. To address
the needs of accurate process control in industry,
various types of sensors and devices have been
developed. The requirements of temperature moni-
toring can vary from as simple as the temperature of
an engine or a device to as complex as knowing the
temperature of a weld in laser welding applications.
Some of the challenging applications that require
temperature monitoring include the following: the
measurement of temperature of steel in a blast
furnace,1 the exhaust of power generating stations,
and emissions from rockets. Temperature mea-
surement techniques can be classified as follows2

and can be applied depending on the range and
accuracy of measurement that is essential in a given
process:

1. Thermometry
2. Probes
3. Noncontact probes

Thermometers are of two types based on the tech-
nique used: glass tube thermometers or bimetal
thermometers. The accuracy of measurement de-
pends, to a large extent, on the method of manu-
facturing as well as on the usage. Probes can be of
various types. First, probes were resistance ele-
ments, which used the relationship between resis-
tance and temperature for different elements,
leading to the development of the thermistor.

Resistance temperature detectors (RTDs) were
developed for higher accuracy; the device operates
based on changing resistance in pure metals. Plat-
inum RTD (PRTD) is the most accurate among
these devices with a range of temperatures from
�185�C to +480�C,3 but its response is much slower
and they have a higher cost. They are more suitable
for low-temperature applications. Thermistors
operate by changing electrical resistance with tem-
perature; they are small and relatively low cost.

Thermocouples, which are formed by two dissim-
ilar metals that are in physical contact with each
other at one or more points, are another type of
temperature sensors. They can be used to convert
the temperature gradient into electricity based on
the principle of the Seeback effect. The most
important parameter in designing a measurement
system is the dynamic response of its sensor. When
a thermocouple is subject to rapid change in tem-
perature, it will take some time to respond. If this
response time is more than the rate of change of
temperature, then the thermocouple used cannot be
considered as ideal for representing the dynamic
response to the fluctuations in temperature. The
time constant characterizes the response of any
function with respect to time. Each thermocouple
has different time constants depending on the
material and its size. Commonly used thermocou-
ples are iron-constantan and copper-constantan;
these thermocouples are relatively inexpensive.4,5

Noncontact temperature sensing is based on some
form of radiative heat transfer measurement, i.e.,
detection of the heat radiated from a device.
By measuring this heat, one can estimate its
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temperature from a distance of a millimeter to even
millions of light years. These types of devices oper-
ate by permitting the radiation that is incident on
an infrared sensitive element. Pyrometers are
instruments used for in situ noncontact tempera-
ture measurements and can be used in applications
such as processing silicon wafers or measuring the
temperature of steel exiting a blast furnace. A
schematic block diagram of operation of a typical
radiation pyrometer is as shown in Fig. 1. Visible
and infrared energy in the form of photons is emit-
ted from the hot object. This energy is collected by
an optical system that focuses it on to a detector,
which converts the collected energy into an electri-
cal signal to drive a temperature display or control
unit. Two types of detectors generally used are
thermal (thermopile) and photon (photomultiplier
tubes) detectors, in which the latter are much faster
than the former. Hence, to measure the tempera-
ture of small objects moving at fast speeds, one
should use a photon-type detector.6

Challenging applications of noncontact tempera-
ture sensing techniques are pulsed laser ablation
and rapid thermal processing (RTP). Pulsed laser
deposition is a physical vapor deposition (PVD)
technique using a high-power pulsed laser in high-
vacuum conditions. In this technique, the material
is vaporized from the target, wherein the incident
laser pulse penetrates into the surface of the
material. The depth of penetration is dependent on
the laser wavelength and refractive index of the
target material, with a value of about 10 nm for
most materials. Pulsed laser irradiation is used
widely in the rapid heating and cooling of surface
layers, with a little increase of temperature in bulk
materials. Temperature gradients, as a result of
short pulse irradiation, yield a very high rate of
surface cooling, which is usually studied in systems
such as pulsed laser melting of silicon as well as
during recrystallization of silicon on an insulator (in
which heating is performed with electron beams of
polycrystalline silicon to obtain single-crystal layers
on insulator). Experimental data on temperature
distribution due to the heating of silicon-on-insula-
tor (SOI) materials are not easy to obtain because
of the lack of suitable methods for temperature

measurement with high spatial and temporal reso-
lution. Conventional pyrometers and thermocouples
are not capable of nanosecond-resolved temperature
measurements over a large range of temperatures
due to complex optical properties of the surface
making emissivity unpredictable. Time-resolved
reflectivity (TRR) is a method used to study such
temperature distributions across the SOI films and
can overcome the limitations by aiding in character-
ization of scanned beam heating of the substrates.7

RTP is a widely used technique for the manufac-
ture of silicon devices, wherein short process times,
high-temperature ramp rates, and very high tem-
peratures are essential.8 During this process, tem-
perature uniformity across the surface of the wafer,
process repeatability, reproducibility, and accuracy
are keys to its successful operation. Temperature
uniformity across the wafer is affected by design
parameters such as wafer patterning, temperature
accuracy, and uniformity of irradiation. Tempera-
ture accuracy depends on the technique used for the
measurement. The use of thermocouples in tem-
perature measurement is highly intrusive; the del-
icate thermocouple wires make handling of wafers
especially difficult and pose problems in sealing
vacuum chambers.9

In this regard, pyrometers are the most suitable
choice of temperature-measurement techniques.10

Pyrometers can be used to measure the amount of
radiation emitted within a narrow window of
wavelength. However, to obtain an accurate mea-
surement of temperatures using these devices, one
should have knowledge of some key optical proper-
ties of the material that is being analyzed. Spectral
emissivity is defined as the ratio of the radiation
emitted by a given substrate to that of a blackbody
under the same conditions of temperature, wave-
length, angle of incidence, and direction of polari-
zation. It is a number between 0 and 1. It takes into
consideration the wavelength, transmittance,
absorptivity, absorption coefficient, reflectivity, and
so on.11 Ratio pyrometry is a technique of radio-
metric method that is used to eliminate like terms
from ratios of measured signals. Multiwavelength
imaging pyrometers (MWIPs) are designed to obtain
temperature profiles, remotely, of targets of un-
known wavelength-dependent emissivity. MWIPs
are based on the measurement of the temperature
and the emissivity, simultaneously, from the least-
squares fit of the signal taken from the radiometric
model of an infrared (IR) camera. The accuracy of
the least-squares-based MWIP technique of mea-
surement is dependent on the emissivity model se-
lected.12,13

The radiative properties of materials are of sig-
nificant interest in applications such as materials
process monitoring and control, noncontact tem-
perature sensors, pyrometry, infrared detectors
including bolometers, night vision, and so on.11

These properties are not easily available in the lit-
erature, and the results presented in this study can
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Fig. 1. Block diagram of a radiation pyrometer.
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be helpful in various applications including thermal
management of high-power electronic devices. The
need for having apt thermal management in elec-
tronics has led to the development of alternative
materials, techniques of manufacturing, and de-
signs to have a higher lifecycle of the electronic
devices; the cost is also a serious consideration.

THERMAL MANAGEMENT IN ELECTRONICS

The electronic revolution in the twentieth century
started with silicon as a first generation semicon-
ductor, followed by application of second-generation
III-V group semiconductors, mainly GaAs and InP,
during the wireless revolution. At the start of the
twenty-first century, GaN and SiC, which are wide-
bandgap semiconductors, are being used in opto-
electronics applications in making blue light-emit-
ting diodes (LEDs). There are several advantages of
using SiC devices. The developed device fabrication
technology uses Diamond, which is another wide-
bandgap semiconductor (5.5 eV). It is the topic of
research in recent times, which is driven by the
need for light emitters. It can be used in high-tem-
perature and high-power device applications in
aircraft and space systems, deep well drilling, en-
ergy production centers, electronics in automotives,
and so on.14

Approaches to thermal management, being used
currently, introduce additional overhead because the
performance-enhancing electronics, which are used to
monitor the crucial hot components, must be present
in cooler areas. Therefore, these parts require longer
connecting wires and plumbing for the cooling sys-
tems, resulting in increased complexity. Some of the
critical problems in using the present-day Si power
devices for temperatures greater than 200�C are the
self-heating on account of flow of high current at high
power levels (causing leakage) and very high junction
temperatures internally in the devices.15

Electromigration is the gradual movement of ions
in a conductor due to the transfer of momentum
between electrons and diffusing metal atoms. This
effect is of high significance in microelectronics and
related structures in which high current densities
are used in relatively small areas due to the mini-
aturization of the circuits. It decreases the reliabil-
ity of integrated circuits (ICs) and can cause
eventual failure of circuits. The most common con-
ducting material used in silicon ICs is aluminum
because of its physical and chemical properties such
as good conductivity, the ability to adhere to the
substrate, and the ability to form Ohmic contacts
with silicon; however, it is highly susceptible to
electromigration. The reliability of circuits can be
improved by either doping aluminum with about 2–
4% copper or replacing it entirely with copper; the
latter can withstand higher current density than
aluminum.16,17

The following examples will be discussed in this
study: silicon on insulator, silicon on diamond

(SOD), silicon on sapphire (SOS), silicon on calcium
fluoride, and carbon-like materials.

Silicon on Insulator

Silicon on insulator (SOI) is a substrate-engi-
neered concept and was proposed around 1980 for
improving the performance of metal-oxide semicon-
ductor (MOS) devices leading, in particular, to ther-
mal management and confinement of charge15

mainly in niche areas such as high-temperature
electronics, aerospace, and military applications.18 In
SOI, a thin film of single-crystal silicon is formed on
top of electrically insulating silica, which in turn is
present on top of a thick silicon handling wafer.
‘‘Latch up’’ is a type of short circuit occurring in
improperly designed ICs, specifically leading to the
creation of low impedance path between power sup-
ply rails of metal oxide semiconductor field-effect
transistor (MOSFET) circuits, triggering a parasitic
structure disrupting proper functioning of the part
on account of overcurrent. In complementary metal-
oxide semiconductor (CMOS) technology, there are a
large number of intrinsic bipolar junction transis-
tors, which can create problems when n- and p-wells,
combined with the substrate, lead to formation of n-
p-n-p type of parasitic structures. The possible way
to prevent this is to design chips in which a layer of
insulating oxides surrounds the transistors. Most of
the SOI devices are inherently latchup resistant.19

Some of the techniques to develop SOI are based
on epitaxial growth and are termed as homoepit-
axial techniques in which an epitaxial layer of sili-
con is grown on a silicon wafer covered with an
insulator or heteroepitaxial technique if it is grown
on a crystalline insulator. Many techniques have
been developed for producing single-crystal silicon
on insulator. SOI can be produced from wafer of
bulk silicon by isolating a layer of thin silicon from
the substrate by the formation or oxidation of por-
ous silicon (FIPOS) or through ion beam implanta-
tion of oxygen into silicon (SIMOX).18

The SOI material can also be obtained by per-
forming a thinning operation of a silicon wafer
bonded to an insulator and a mechanical substrate
(BESOI). Thin-film SOI (TFSOI) devices have been
adopted by major chip manufacturers as they can
potentially overcome some of the key issues in sili-
con CMOS ICs, such as reduced junction areas,
simplified isolation, and steep slopes of subthresh-
old regimes. They enhance low-voltage operation
and simplify fabrication of circuit.15

However, optical characterization of SIMOX has
been a challenge because of the complexity of built-in
multilayers. Significant efforts have been made in
the literature to investigate the optical properties of
SIMOX. Also, the electrical characteristics of SIMOX
buried oxide are inferior to that of thermally grown
silica. The most important distinction between SI-
MOX buried oxide and thermally grown oxide is the
presence of excess silicon in the former case.18

Muley and Ravindra618



High-temperature electronics require high tem-
perature stability, high breakdown field, high
thermal conductivity, and high chemical stability so
as to decrease power losses, volume, and weight of
the system along with its associated cost. These
unique properties for high-temperature and high-
power applications can be achieved by using wide-
bandgap semiconductors that have better physical
and chemical characteristics than devices fabricated
from silicon. Diamonds have better properties in
this regard than most other materials proposed for
power electronics at high frequencies and high
temperatures. However, the challenging area is the
method of production of thin films of diamond over a
large area at low cost and single-crystal film with
low defect density.14

Silicon on Diamond

SOD is a candidate for the next generation of SOI
materials, which is an alternative SOI concept in
which thermally insulating silica has been replaced
by high thermal conductive diamond.20 Silicon on
diamond (SOD) is achieved by joining thin single-
crystal Si device layer to a highly oriented diamond
(HOD) serving as an electrical insulator, heat-dis-
sipating layer, and supporting substrate. Below
600 K, undoped diamond is a highly insulating
material. Diamond has conductivity about 10 times
that of silicon and about 1,000 times that of silicon
dioxide. The SOD approach has been shown by
Soderbarg et al.21,22 to be compatible with the
present-day silicon device fabrication technologies
and has demonstrated the fabrication of ICs without
degradation and cross contamination. Gu et al.23

have transferred the concept of SOD to 4-in. wafers,
aiming to improve radiation hardness of SOD with
respect to silicon.

Silicon on Sapphire

Silicon on Sapphire (SOS) has been used since the
1960s for applications such as rad-hard electronics
because of the full dielectric nature of the sub-
strate.24 They are produced by epitaxial growth of
silicon on (1 1-1 2)-oriented crystalline alumina
(sapphire) wafer. Because of the lattice mismatch
between silicon and sapphire, the density of defects
in the as-grown silicon film is high and is usually in
the form of stacking faults and (micro) twins, which
ultimately result in low values of resistivity, mobil-
ity, and lifetime near the interface. The low electron
mobility at the Si-sapphire interface results in
reduction of back-channel leakage current in n-
channel devices.18 Three-dimensional circuits have
been studied and successfully fabricated for applica-
tions such as a moving object detector, a character
recognition system using laser, or an e-beam
recrystallization leading to the formation of SOI de-
vices on top of processed devices via heteroepitaxial
growth of silicon. Solid-phase epitaxy and regrowth
(SPEAR) and the double solid-phase epitaxy (DSPE)

techniques are some of the important methods for
improving the crystalline quality of SOS films.24

Silicon on Calcium Fluoride

Silicon on calcium fluoride is another SOI struc-
ture, which is produced by epitaxial growth of CaF2

on silicon. However, because of the difference in
thermal expansion coefficients and lattice mismatch
of silicon and CaF2 over an appreciable temperature
range, it is common to grow essentially stress-free
silicon on top of calcium fluoride with a bottom
support of silicon wafer using molecular beam epi-
taxy or e-beam evaporation at about 800�C.18

Carbon-Like Materials

Because of the continued trend in miniaturization
of electronic devices, densified heat that is gener-
ated from parts of the device is likely to increase in
the future. The heat generated by these components
is not effectively dissipated to the surroundings,
leading to overheating of electronic components,
and ultimately, it begins to malfunction. Some of the
available approaches for thermal management of
devices are using in heat sink and fan arrange-
ments. A recent approach for heat transfer based on
radiative cooling has led to the development of
molecular fan (MF) coating with high surface
emissivity (emissivity value of about 0.98 with re-
spect to emissivity = 1 for a blackbody) for effective
heat dissipation in electronic devices.25 For high-
power and high-brightness LEDs, an inefficient
heat-dissipation device can cause heating problems
leading to lower light efficiency and lesser lifetime
of the device. Carbon-based materials such as dia-
mond and in-plane graphite have been known to
have high thermal conductivity values with thermal
transport being dominated by phonons. Graphene (a
single layer of carbon atoms of graphite in honey-
comb lattice) is known to have extremely high
thermal conductivity (as high as 10000 W/mK pre-
dicted by molecular dynamics simulations and
about 5000 W/mK measured experimentally), which
is caused by a large mean free path of phonons in
graphene. The high values of thermal conductivity
have been the driving force for use of carbon based
materials for thermal management applications.25

Graphene has been found to exhibit unique elec-
tronic properties.26 An ultrathin two-dimensional
layer of graphene permits ideal electrostatics for an
ultimately scaled down device.27 Graphene has ex-
tremely high quantum efficiency for interactions of
light matter and is strongly optically nonlinear.28

Along with excellent thermal and electronic char-
acteristics, graphene is found to have unique
mechanical properties and is about 300 times
stronger than steel. Graphene is found to have a
very high transmittance (about 85–90%) along with
a very low value of emissivity (about 2.3%) in the
visible to near-IR region of the optical spectrum.
These novel properties of graphene make it suitable
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as one of the thin-film layers in optoelectronic
devices.29 Table I shows the thermal conductivity
values for various materials of importance in
electronics.

IMPORTANCE OF COATINGS AND MULTI-
LAYERED STRUCTURES IN ELECTRONICS

In an industrial environment, there is a growing
need to control or reduce friction and wear, as well
as the corrosion of its components, to extend the life
of the device, conserve scarce material resources,
save energy, and improvise safety in engineering
applications. Nanocoatings such as thin films and
engineered surfaces have been developed and ap-
plied in industry for decades. Highly improvised
surface-related characteristics such as optical,
magnetic, electronic, and catalytic properties can be
obtained via nanocoatings. There are two types of
coatings based on the severity of applications: active
coatings, which are electrochromic, thermochromic,
photochromic, or magnetochromic, and passive
coatings, which are used mainly to address the issue
of corrosion as well as hydrophilicity of materials in
working environment. Electrochromic coatings, i.e.,
thin films that change their optical absorptance or
reflectance as a function of injected ions (H+ or Li+

ions), can be applied for products such as smart
windows, switchable motorcycle helmets, nonemis-
sive large area color displays for advertisements,
and antidazzling rear view mirrors.33 They are ap-
plied in ophthalmics, architectural glazing, instru-
mentation devices, and displays.34 Thermochromic
material coatings are applied to avoid overheating
in applications such as solar thermal collectors that
are used as renewable energy sources for domestic
hot water production and space heating. Photo-
chromic coatings change their color reversibly by
action of light and can be applied in light sensors in
optical devices and decoration of windows. Hybrid
coatings can have appropriate porosity and surface
activity that is essential to obtain both photochro-
mic as well as thermochromic effects.35

The presence of thin films on a substrate causes a
large fluctuation in the spectral reflectivity. A

typical example is the presence of an oxide layer on
top of silicon wafer surface that causes lower
reflectivity due to thin-film interference and, con-
sequently, an increase in total absorptivity as well
as emissivity. For very thin films, the optical prop-
erties approach that of the substrate. However,
multilayered films on wafers produce a dramatic
change in spectral reflectivity of the wafer. In this
case, the net effect on properties is less predictable
and one could even observe a reduction in emissivity
with respect to the bare substrate. At high temper-
atures, for thin-film structure, the change in spec-
tral reflectivity follows changes in the surface
conditions of the silicon substrate along with a shift
in the bandgap absorption edge. The deviation in
properties depends on the layer thickness of the
films, surface roughness or incident range of wave-
lengths. Various software programs such as Multi-
Rad36–39 and Scout40 have been developed to simu-
late the wavelength dependence of emissivity,
transmittance and reflectance as a function of
thickness of various layers in the structure. In this
work, the simulation of the radiative properties of
materials is based on Multi-Rad.

THIN FILMS AND OPTICS

When light is reflected in a thin film, both the
boundaries, one of top surface and the other of the
interface, have to be taken into account. In a thin
layer, light will be reflected back at the secondary
boundary, followed by transmission through the first
boundary. Hence, there will be a path difference
between the two waves (one traveling inside and one
reflected from the surface), and thus phase differ-
ence is observed, resulting in interference of the
waves. Hence, the reflectance is highly dependent on
the thickness of the films and the wavelength of
light. In Scout software, Fresnel’s equations are
used for studying the reflection and transmission of
electromagnetic waves at the boundary.40

Multi-Rad software was originally developed at
Massachusetts Institute of Technology (MIT) for
performing the calculations of the radiative prop-
erties of silicon related materials and structures. In
the present study, it has been used for calculating
the radiative properties of thin-film stacks. In
Multi-Rad, the thin film optics has been imple-
mented in the form of matrix method of multilayers.
The model assumes the following: (I) the layers are
optically smooth and parallel, and materials are
isotropic; and (II) constancy of the properties in
azimuthal direction. For a given multilayer stack,
one can calculate the radiative properties as a
function of wavelength and angle of incidence, at a
specific temperature.38 A material is defined using
its refractive indices n and extinction coefficients k.
Most of these fundamental optical parameters in
our studies have been based on Refs. 41–43.

The matrix method of multilayers is useful in
predicting the reflectance and transmittance of a

Table I. Thermal conductivities of various
materials used in electronics14,30–32

Material Thermal conductivity (W/mK)

Diamond 1000–2000
Graphite 25–470
Graphene 5000–1000
Silicon 150
SiC 490 @ 295 K
GaAs 80
GaN 140
CaF2 6.9
Sapphire (Al2O3) 27.21 @ 300 K
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multilayer stack for a specific wavelength and angle
of incidence. For a specific wavelength, the radia-
tion is treated as coherent so as to take interference
effects into consideration. One important assump-
tion of this theory is that the area of the surface on
which the radiation is incident is much larger than
the wavelength of the incident radiation (i.e., no
edge effects).39

A schematic of the layered structure is shown in
Fig. 2. N layer interfaces (circled) and N + 1 ‘‘lay-
ers’’ (squared) are shown, including the unbounded
transparent media on each side of the actual stack.
Ai and Bi are the respective amplitudes during the
forward and backward propagation of electric field
vectors on the left side of the interface i. The prime
notation on A0Nþ1 and B0Nþ1 indicates that these are
the amplitudes on the right side of the interface N.
Incident radiation on interface 1 is at an angle of
incidence h1 to the normal.

The equation, based on multilayer theory, which
relates the amplitudes on the left side of interface 1
with the amplitudes on the right side of interface N,
is:
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where Pi is the propagation matrix, Di is the
dynamical matrix, and mij is an element of the
transfer function matrix. Detailed derivation of
reflectance and transmittance using this theory has
been described in the literature.39

The spectral directional absorptance is calculated
by subtracting the reflectance and transmittance
from unity, and the spectral directional emittance is
calculated by assuming Kirchhoff’s law on a spectral
basis:

ak;h ¼ ek;h ¼ 1� Rk;h � Tk;h; (2)

where the subscripts k and h have been introduced
to indicate spectral and directional properties,
respectively. Spectral directional reflectance and
transmittance are denoted, respectively, as Rk,h and

Tk,h and can be calculated from the average of s and
p wave properties. If it is assumed that a given
emitter is in local thermodynamic equilibrium, then
Kirchhoff’s law is valid on a spectral basis, which is
characterized by a single temperature. In case of
high gradients of temperature across the emitting
wafer, or if the electrons and phonons are not in
local thermal equilibrium, then Kirchhoff’s law is
not valid.

CASE STUDIES

Three case studies have been presented in this
work, as follows:

1. Bulk materials analysis
2. Multilayered structures
3. Device applications

Case 1: Bulk Materials Analysis

In this case, we compared the optical properties of
emissivity, transmittance, and reflectance spectra of
materials that are of significant importance in
electronics.

Bulk Silicon and Aluminum

The most commonly used materials in electronics
industries are silicon and aluminum. Figure 3 shows
a plot of emissivities for commonly used thicknesses
of bulk Al and Si in the wavelength range of 1–20 lm.
It is observed that in the case of aluminum, the
emissivity is almost constant at about 0.01 for all the
thicknesses considered, 0.1–5000 lm. This is a typi-
cal metallic absorption spectra in the IR, as three
electrons per atom contribute to the conduction band
from the valence band levels 3s23p in the energy
range of 0–15 eV. The portion of spectrum of Al in the
far infrared, i.e., beyond 2.5 lm, is dominated by in-
traband absorption, with two strong absorption
bands at about 2.5 lm and 0.8 lm.41 This feature is
shown in Fig. 3a at 2.5 lm. Wiedemann–Franz law
can be applied for calculating the thermal conduc-
tivity of pure aluminum, relating it with the electrical
conductivity. In the case of silicon, as shown in
Fig. 3b, it is found that the emissivity increases from
a negligibly small value to about 0.7 with increase in
thickness of bulk silicon from 0.1 lm to 5000 lm. The
plot of emissivity versus wavelength for silicon shows
a significant peak at about 16.5 lm, which increases
with increasing thickness of silicon.

Carbon-Like Materials: Diamond, Graphite, and
Graphene

Carbon allotropes are finding significant applica-
tions in electronics because of their excellent phys-
ical, mechanical, electronic, and electrical
properties. As can be seen in Fig. 4a, emissivities of
bare substrates of carbon allotropes, natural dia-
mond, and graphite for different thicknesses, in theFig. 2. Schematic for matrix method of multilayers.38
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wavelength range of 0.4–20 lm, have been com-
pared. It is noticed that the emissivity increases
with an increasing thickness of the diamond in the
range of 500–5000 lm from 0 to �0.6. For the same
range of thickness, i.e., 500–5000 lm, absorption in
graphite is found to follow a single trend rising from
0.3 lm at 0.43 lm to 0.48 at 1.7 lm, and then the
emissivity values decrease linearly to �0.11 at
20 lm. Among the thicknesses considered, the
emissivity of diamond is found to be the highest for
a thickness of 5000 lm, showing the trend of
increasing linearly with wavelength from about 0 at
0.4 lm to 0.57 at 4 lm wavelength.

Figure 4b shows emissivity versus wavelength for
graphene as well as few layers of graphene (FLG) at
room temperature, which is found to be almost
constant with respect to wavelength in the range of
1–2 lm (temperature in �C).

Single-layer graphene is found to absorb �2.3% of
the incoming IR radiation, theoretically as well as
experimentally, which is attributed to the interband
absorption in a wide range of wavelengths spanning
from the visible to infrared.44 The values obtained from
our calculations are found to be �2.5% (as can be seen

in the emissivity plot in Fig. 4b) for single-layer
graphene, which is found to increase to �20% with
increasing number of layers to 10. Graphene has a very
low reflectivity, and most of the incident electromag-
netic waves are found to be transmitted (about 97%).

Materials for Optical Windows: Calcium Fluoride
(CaF2) and Sapphire (Al2O3)

Because of the high average transmission and
lower chromatic aberration with respect to other IR
materials, calcium fluoride is an excellent option
for optical windows and lenses for applications in
spectroscopy. In Fig. 5, a comparison of the emis-
sivity, transmittance, and reflectance for thick-
nesses (ranging from 1 lm to 2000 lm) of calcium
fluoride and sapphire, at room temperature, is
presented for the wavelength range of 1–20 lm.

It can be noted that in case of CaF2, the trans-
mittance is �1.0 up to a wavelength of �6.5 lm,
whereas it decreases to a negligible value in the
range of 10–20 lm. It shows a trend of decreasing
transmittance with increasing thickness of CaF2 as
shown in Fig. 5a. The emissivity of CaF2 is found to

Fig. 3. Emissivity versus wavelength (1–20 lm) for (a) bulk aluminum for thickness from 0.1 lm to 5000 lm, (b) various thicknesses of silicon
(0.1–5000 lm) and of aluminum (0.1–5000 lm) (temperature in �C).

Fig. 4. (a) Emissivity versus wavelength for diamond and graphite, and (b) emissivity versus wavelength for graphene up to 10 layers (tem-
perature in �C).
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increase with thickness and reaches a peak value in
the wavelength range of 8.5–15 lm.

In the case of sapphire, it is found that the
emissivity curves follow a trend such that all the
thicknesses of sapphire exhibit negligible and con-
stant emissivity in the wavelength range of 1–6 lm
as shown in Fig. 5b. Emissivity reaches its peak
value of 1.0 at a wavelength of �7 lm and exhibits
constancy up to 8.5 lm. The corresponding trans-
mittance for sapphire is found to have constant
values of 0.98 up to wavelength of �6 lm, inde-
pendent of thickness, and it is found to decrease at a
wavelength of 7.5 lm.

Thus, as expected, it is seen that both sapphire
and CaF2 are ideal infrared windows in the wave-
length range of 1–7.5 lm.

Materials Used for Manufacture of Blue LEDs (SiC
and GaN)

As noted, silicon carbide and gallium nitride are
the materials that are used widely for the manu-
facture of blue LEDs. In Fig. 6a, we have presented
a study of the comparison of emissivity, transmit-
tance, and reflectance spectra for silicon carbide and
gallium nitride for varying thicknesses. It is clear

Fig. 5. Emissivity, transmittance, and reflectance-versus-wavelength plots for calcium fluoride and sapphire for varying thicknesses at room
temperature (in �C).
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that emissivity increases with increasing thickness of
silicon carbide, and it is found to follow the same
trend for thicknesses higher than 500 lm, with cer-
tain deviations in wavelengths below 5 lm and be-
yond 15 lm. It is noted that for silicon carbide,
emissivity reaches �0.8–0.98 in the wavelength
range of 1–9.3 lm for thicknesses higher than
500 lm, whereas it is found to have a negligible value
(�0.024) at 11.6 lm. Corresponding transmittance
shows a negligible value from �10.5 lm to 13 lm,
and a reflectance plot shows a peak at �11.6 lm with
values lower on either side of the peak. Reflectance is
found to follow the same trend for all the thicknesses
from 50 lm to 1000 lm, with certain deviations below
�9.6 lm and above 13.7 lm wavelengths. The
reflectance spectra of SiC is found to exhibit a peak in
the wavelength range of�10.5–13 lm with a value of
�0.9–1.0, whereas it decreases to�0.1–0.5 in the rest
of the wavelength range. This is found to be in accord

with the experimentally determined reflectance in
the literature.45

Similarly, as seen in Fig. 6b for gallium nitride,
emissivity increases with an increase in thickness
from 0.5 lm to 5 lm in the wavelength range of 3–
10 lm. It is observed that there is no change in
emissivity for thicknesses beyond 5 lm for GaN,
and it saturates to an emissivity value of about 0.89.
Also, a constant increase in emissivity is to be noted
beyond 3-lm wavelength in all the cases. As seen in
the transmittance plots, an increase in thickness
beyond 3 lm leads to constant and low transmit-
tance at wavelengths in the range of 4–10 lm.

Case 2: Multilayered Structures

As discussed in the section pertaining to thermal
management of high-power electronic devices, it
is essential to obtain accurate values of their

Fig. 6. Emissivity, reflectance, and transmittance as a function of wavelength for (a) SiC and (b) GaN.
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temperature in specific spectral range. This leads
to the application of noncontact temperature-sens-
ing devices such as pyrometers. Accurate values of
wavelength and temperature-dependent emissivity
of a given material or structure are essential to
obtain temperatures using pyrometers. Here, we
present the trends in optical properties in the IR
wavelength range in case of SOD, SIMOX, SOI (Si
on CaF2), SOS, silicon on graphene, silicon on
graphite, and graphene on silicon. We have con-
sidered a multilayered structure as shown in
Fig. 7, in simulations of the optical properties of
SOD, SOI, SOS, silicon on graphene, and silicon on
graphite. The variation in optical properties with
changing substrate thickness from 100 lm to
500 lm has been shown.

Silicon on Diamond

We have simulated the structure as shown in
Fig. 7 using diamond as the substrate at room
temperature, and the corresponding plots are shown
in Fig. 8a. To study the effect of the variation of
thickness of silica on emissivity, we have used a
silica layer thickness of 1 lm instead of 2.5 nm, and
the corresponding results are shown in Fig. 8b. The
plots for SOD structure are compared with bare
silicon (50 lm) and SiO2/Si for understanding the
variations in emissivity with the addition of the
diamond layer as a substrate. It is clear from the
plots that at room temperature, the emissivity in-
creases with an increase in thickness of diamond,
with all other parameters kept constant. Also, it
follows a trend showing a decrease in emissivity for

wavelengths greater than 7.5 lm. A comparison of
Fig. 8a and b clearly indicates that an increase in
the silica layer thickness leads to enhanced emis-
sivity to 0.6 at 9.5 lm, which can be considered as a
signature peak of silica. Also, the emissivity in-
creases in longer wavelengths due to the presence of
the silica layer of 1 lm thickness.

To study the effects of minor variations of silica
layer thickness at higher processing temperatures
(about 200�C), keeping the same substrate (i.e.,
diamond) thickness of 200 lm for all cases shows
that there is no change in the emissivity of SOD
structure in the wavelength range of 1–20 lm as
shown in Fig. 9.

It is observed in Fig. 10 that the emissivity satu-
rates at about 0.7, which is the same as that for
pristine silicon at 800�C. To study the effect of the
absence of silica layer on the top, we simulated the
structure as in Fig. 7, using diamond as the sub-
strate with thicknesses varying from 50 lm to
100 lm and silicon layer thickness is taken as 1 lm
(to consider the effect of thin film of SOD). The
corresponding results of emissivity versus wave-
length (1–20 lm) are shown in Fig. 11.

It is found that the emissivity increases with
thickness of diamond from 50 lm to 100 lm, keep-
ing the silicon layer thickness constant. Also, there
is no peak in longer wavelength regions because of
the absence of silica.

SIMOX

We have simulated the optical properties of the
SIMOX (Si/SiO2/Si) structure as shown in Fig. 12.

Fig. 7. Multilayered structure simulated for SOD, SOI, SOS, silicon on graphite, and silicon on graphene.

Fig. 8. Effect of variation of thickness of SiO2 on emissivity versus wavelength for (a) SiO2(2.5 nm)/Si(50 lm)/diamond (100–500 lm) and (b)
SiO2(1 lm)/Si(50 lm)/diamond (100–500 lm) (temperature in �C).
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The substrate thickness has been varied from
100 lm to 500 lm.

Trends in the variation of optical properties have
been observed for the SIMOX structure as a func-
tion of temperature at 30�C, 200�C, 400�C, 600�C,
and 800�C as shown in Fig. 13.

It is observed in Fig. 13 that by increasing the
thickness of the silicon substrate, at room temper-
ature, the peak emissivity of about 0.4 is noted at
�9.5 lm wavelength and another small peak at
�12.5 lm with emissivity of 0.25, followed by a
major peak at a wavelength of �16.4 lm with
emissivity of 0.4 for a silicon wafer thickness of
500 lm. It is also evident from the corresponding
plot of transmittance as a function of the wave-
length. With an increase in temperature, it is seen
that the peak emissivity at 16.4 lm is reduced to
�0.35, with no other major changes in its behavior
at room temperature. At 400�C, the peak emissivity
increases by �0.2 over the original values at wave-
lengths of 9.5 lm and 16.4 lm, whereas transmit-
tance is found to decrease by almost an equivalent
factor for the respective wavelengths. At 600�C,
peak transmittance is observed at a wavelength of
1.55 lm with a value of 0.37, whereas the emissivity
exhibits a steep slope at �2.5 lm, and the emissivity
peak is observed at 7.89 lm with a value of 0.97.
With an increase in temperature, one can observe a
trend in emissivity versus wavelength. The emis-
sivity values are independent of thickness of silicon
substrate for higher temperatures, whereas trans-
mittance continues to decrease with increasing
thickness of substrate at the same temperatures.
Our simulated results of emissivity are found to be
in good agreement with the experiments.15

Silicon on Insulator (SiO2/Si/CaF2)

We have simulated a multilayered structure as in
Fig. 7 with calcium fluoride (100–500 lm) as the
substrate, and the corresponding results of emis-
sivity and transmittance are plotted and shown in
Fig. 14 in the wavelength range of 1–15 lm.

It can be noted from Fig. 14 that the emissivity
values of silicon on insulator (calcium fluoride) are
negligible in the wavelength range of 1–8.5 lm,
while it increases with increase in wavelength in
the range of �8.5–15 lm with peak emissivity
varying from 0.3 to 0.6. This is evident also from the
transmittance versus wavelength plot, which shows
almost constant transmittance of �0.6–0.75 up to
about 8.5 lm, and it decreases after 10 lm. The
decrease in transmittance with an increase in the
insulator (calcium fluoride) thickness, at room
temperature, should be noted. This multilayered
structure can be modified to be used as infrared
windows in the wavelength range of 1–8.5 lm.

Fig. 9. Effect of variation of silica thickness (2.5 nm, 5 nm, 10 nm,
and 20 nm) on silicon (50 lm)/diamond (200 lm) at 200�C.

Fig. 10. Emissivity-versus-wavelength plot of SiO2 (2.5 nm)/Si
(50 lm)/diamond (100–500 lm) (temperature in �C).

Fig. 11. Emissivity-versus-wavelength plot of Si (1 lm)/diamond
(50–100 lm) (temperature in �C).

Fig. 12. SIMOX structure.
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Fig. 13. Evolution of emissivity and transmittance as a function of wavelength for SIMOX at 30�C, 200�C, 400�C, 600�C, and 800�C. (Fig. 13
continued on next page.)
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Silicon on Sapphire

We have simulated the radiative properties of
SOS multilayered structure, i.e., SiO2/Si/sapphire,
as in Fig. 7, using substrate material as sapphire,
varying its thicknesses from 100 lm to 500 lm, and
comparing their emissivities as well as transmit-
tance spectra in the wavelength range of 1–10 lm
as shown in Fig. 15.

It is noted from Fig. 15 that SOS transmits in the
wavelength range of 1.8–6.5 lm. Peak transmit-
tance is observed in the wavelength range of �2–
6 lm with �60% transmittance. It decreases in the
wavelength range of 6–8 lm. The corresponding
emissivity-versus-wavelength plot shows a strong
decrease in emissivity in the wavelength range of
�2–6 lm. These structures can also be used as
infrared windows.

SiO2/Si/Graphene

This multilayered structure is simulated as in
Fig. 7, with substrate material taken as graphene
(1–4 layers) at room temperature and compared with

silicon (50 lm) and SiO2(2.5 nm)/Si(50 lm). The
simulated emissivity as a function of wavelength for
this structure is shown in Fig. 16a. It is observed
that the effect of graphene is to increase the values of
emissivity at a given wavelength, and its value stays
linear over the entire wavelength range. The trans-
mittance is found to decrease slightly with an
increasing number of layers of graphene as shown in
Fig. 16c. As shown in Fig. 16b, a sharp decrease in
average reflectance from 0.45 to 0.32, at a wave-
length of 1.6 lm, is observed.

A comparison of emissivity of substrate as
graphite (Fig. 16d) versus graphene (Fig. 16a)
indicates that the values of emissivity are much
higher in the case of graphite substrate than in the
case of graphene at room temperature. The emis-
sivity changes slightly for 0.01-lm-thick graphite.
In Fig. 16d, there are specific features like flat pla-
teaus corresponding to emissivity of 0.65 for the
case of graphite substrate (0.4 lm thickness). Also,
a valley at a wavelength of about 1.5 lm and a peak
at a wavelength of about 1.6 lm are observed for the
graphite substrate.

Fig. 14. Emissivity and transmittance as a function of wavelength (1–15 lm) for silicon on insulator (calcium fluoride) structure—SiO2 (2.5 nm)/
Si (50 lm)/CaF2 (100–500 lm) (temperature in �C).

Fig. 13. Evolution of emissivity and transmittance as a function of wavelength for SIMOX at 30�C, 200�C, 400�C, 600�C, and 800�C. (Fig. 13
continued from previous page.)
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SiO2/Si/Graphite

We have simulated this multilayered structure as
in Fig. 7. Graphite is the substrate layer with
varying thicknesses of 0.01 lm, 0.1 lm, and
100 lm. Based on our simulations, above �0.3 lm
thickness of graphite, the values of emissivity are
constant and independent of thickness. The values
of emissivity are found to increase with an increase
in thickness of graphite from 0.01 lm to 0.1 lm. The
emissivity of graphite decreases above a wavelength
of �5 lm up to 20 lm, for thicknesses above 0.3 lm.
These trends are shown in Fig. 17.

Graphene/SiO2/Si

We have simulated this structure with a top layer
of graphene (1–10 layers thick)/SiO2(300 nm)/
Si(50 lm). The results of emissivity and transmit-
tanceasa function ofwavelength are shown in Fig. 18.

It is evident from Fig. 18 that the emissivity in-
creases with increasing layers of graphene from 1 to
10 layers almost linearly from �0.02 to 0.2, respec-
tively. It is observed that the emissivity is almost
constant for a particular structure within the
wavelength range of 1.2–2 lm. The corresponding

transmittance-versus-wavelength plots show a con-
stant decrease in transmittance for a given wave-
length as the number of layers of graphene is
increased, with a peak at a wavelength of about
1.6 lm and almost constant transmittance from
1.7 lm to 2 lm.

Case 3: Device Applications

We have simulated a multilayered bolometer de-
vice configuration as shown in Fig. 19. A bolometer
is a device that responds by changing its resistance
due to an increase in temperature on the interaction
with the incident thermal radiation.46 When power
is coupled to an electron system, electrons are dri-
ven out of thermal equilibrium along with phonons,
creating hot electrons; such a bolometer is called a
hot electron bolometer (HEB).47 It is essentially a
sensitive thermometer. It can be used with a spec-
troscope to measure the ability of some chemical
compounds to absorb wavelengths of infrared radi-
ation, by which one can obtain important informa-
tion about the structure of the compounds. Because
of its ability to absorb light from midinfrared to
ultraviolet with nearly equal strengths, graphene

Fig. 15. Emissivity, transmittance, and reflectance for SiO2 (2.5 nm)/Si (50 lm)/sapphire (100–500 lm) (temperature in �C).
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has found applications in optical detectors. Graph-
ene is typically well suited for HEBs because of its
small electron heat capacity and weak coupling of
electrons and phonons, which causes large light-
induced changes in electron temperature. Small
electronic specific heat makes it possible for faster
response times, higher sensitivity, and low noise
equivalent power. At low temperatures, usually in
the cryogenic range, electron–phonon coupling in
metals is very weak. The usual range of operation of
HEBs is cryogenic, whereas graphene-based HEBs
can be used at higher temperatures because of the
low electron–phonon scattering even at room tem-
perature and its highest known mobilities of charge
carriers at room temperature.46,48,49

However, the resistance of pristine graphene is
weakly sensitive to electron temperature. Various
approaches have been attempted to address this
issue in the literature. The first one is a dual-gated
bilayer graphene (DGBLG) bolometer,50 which
would have temperature-dependent resistance as
well as weak electron–phonon coupling in graphene.
Light absorption by DGBLG causes electrons to
heat up as a result of their small electron specific
heat, whereas the weak coupling of electrons and
phonons helps to create a bottleneck in the heat
path, decoupling the electrons from the phonon
path. Good light sensitivity causes a change of
resistance in the sample, which can then be con-
verted to detectable electrical signal. The second

Fig. 16. (a) Emissivity, (b) reflectance, and (c) transmittance as a function of wavelength in the wavelength range of 1–2 lm for SiO2/Si/
graphene structure, and (d) emissivity as a function of wavelength in the wavelength range of 1–2 lm for SiO2 (2.5 nm)/Si (50 lm)/graphite
(0.4 lm, 0.1 lm, and 0.01 lm) (temperature in �C).

Fig. 17. Emissivity of SiO2 (25 Å)/silicon (50 lm)/graphite (1 lm) (temperature in �C).
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approach, which is proposed in the literature, is to
use disordered graphene instead of pristine graph-
ene. Disordered graphene has been shown to exhibit
a highly temperature-dependent resistance. Also,
graphene film is separated from the electrical con-
tacts by a layer of boron nitride, which acts as a
tunneling barrier to increase the contact resistance
and hence thermal resistance, resulting in better
thermal isolation.46,50

It is to be noted that to obtain higher responsivity
of a device, one needs essentially to increase the
absorbance of the device. Various methods for
improving this characteristic are (I) multilayered
graphene, (II) surface plasmonics enhancement, or
(III) microcavity, with the latter two introducing
selectivity of the wavelengths.46 We have simulated
two types of graphene-based hot-electron bolometer
devices based on these concepts (Fig. 20).

In case 1, we simulated the bolometer structure
by changing the number of layers of graphene and
studying their corresponding emissivity (or absorp-
tion) to develop an understanding about its
responsivity. As shown in the emissivity plot in
Fig. 21, it is observed that for silicon (50 lm) and
SiO2 (0.3 lm)/Si(50 lm), the curves follow similar
trends, with the latter having emissivity (or
absorptance) (higher by 0.1) than the former. The
emissivity (or absorptance) is found to increase for
each added layer in the case of the bolometer con-
figuration. The increase in emissivity (or absorp-
tance) is found to be highest with copper layer of
2 nm on the top, in the wavelength range of 0.8–
2 lm for the bolometer structure. This shows an
improvement in the responsivity of the device. It is

Fig. 18. Emissivity and transmittance plots for Graphene (1–10
layers)/SiO2 (300 nm)/silicon (50 lm) (temperature in �C).

Fig. 19. Bolometer device configuration.50
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clear that the influence of the copper layer on the
top is to increase absorptance to about 20%, as
compared with about 10% for the multilayered
structure with corresponding reduced transmit-
tance for the structure. Also, copper has a high
temperature coefficient of resistance value (about
4.29 9 10�3/�C)51 and, hence, can be considered as a
material that enhances the responsivity of the de-
vice by detecting a smallest change in temperature.
Also, because of the layer of bilayer graphene
(BLG), the device is expected to have a higher speed
of response, as BLG has a lesser electron–phonon
interaction and a very high mobility of electrons
even at room temperature.

In case 2, graphene was shown to be an excellent
material for electronic applications based on its
electron transport properties. However, there are
some limitations of graphene-based devices such as
an induction of surface optical phonons on graphene
that are in contact with substrate materials (com-
monly SiO2/Si), a greater reduction in carrier
mobilities than its free lying form, and the surface
roughness and inhomogeneity of charge carriers.52

Hence, a novel approach for suppressing surface
dangling bonds and surface charge traps has been
proposed by using hexagonal boron nitride (h-BN)

as a substrate for graphene, as h-BN has strong
ionic bonding in hexagonal lattice structure. It is
known that there is an �1.7% lattice mismatch be-
tween h-BN and graphene, and hence, there is little
electronic coupling with graphene. This approach
has been shown to endow the device with higher
electron mobilities as well as electron–hole charge
inhomogeneity.

In this case, we have simulated the bolometer
structure as shown in Fig. 22 based on the re-
search by Han et al.46 and the multilayered
structure considered by Wang et al.52 However, we
have considered using pristine graphene (instead
of disordered graphene) and varying the layer
thicknesses of graphene and hexagonal boron ni-
tride (h-BN) on the SiO2/Si substrate, and we
presented the evolution of their emissivity and
transmittance as a function of wavelength (1–
2 lm). Figure 23 shows the resistance-versus-tem-
perature plot for this bolometer.46 It is clear from
this figure that a pristine graphene layer has a
very low change in resistance with temperature.
Therefore, increasing the thickness of the graphene
layer can be considered as an alternative approach
to increase the absorption of the device and im-
prove its responsivity. Also, varying the thickness
of BN could lead to a change in emissivity of the
device and the responsivity.

As can be seen in Fig. 24a, the emissivity is found
to have an increasing trend with increasing thick-
ness of the BN layer from 20 nm to 2000 nm. The
corresponding optical transmittance is found to de-
crease with an increasing thickness of the BN layer
as shown in Fig. 24b.

Furthermore, we consider the thickness of boron
nitride layer as 2 nm on the SiO2/Si substrate. We
note that with an increasing number of layers of
graphene, up to 10 layers, the emissivity of the
device structure increases and a corresponding
decrease is observed in the optical transmittance
with respect to bare substrate (Fig. 25). This is
indicative of the improved device performance as a
bolometer. This is because, on increasing the num-
ber of layers of graphene, we expect the resistance ofFig. 20. Resistance as a function of temperature for BLG bolometer.50

Fig. 21. Emissivity (or absorptance) and transmittance as a function of wavelength for the various layers in the proposed bolometer configuration
(temperature in �C).
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the structure to change more effectively with tem-
perature (like in the case of graphite).

Another approach to address the issue of
increasing the ratio of change in resistance with
temperature is to replace the top layer of graphene
with graphite, which has a higher ratio of change in
resistance with temperature. It can act as a good
absorber of the incoming radiation, leading to better
performance of the bolometer. Figure 26 shows the

trends in emissivity as increasing with the thick-
ness of graphite in the wavelength range of 1–2 lm.
Graphite with a thickness of 0.01 lm is found to
have the highest emissivity in the wavelength range
of 1.5–2 lm. The emissivity is the highest for
graphite with a thickness of 1 lm in the wavelength
range of 1–1.5 lm. Emissivity trends are generally
found to be linear with little variations with wave-
length for a given substrate for near IR.

Fig. 22. Bolometer device structure with multilayered configuration graphene/BN/SiO2/Si.

Fig. 23. Temperature dependence of resistance of graphene-nanoribbon-based bolometer device.46

Fig. 24. Effect of variation of BN thickness on the (a) emissivity and (b) transmittance of bolometer structure configuration (temperature in �C).
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Figure 27 shows the effect of a variation of
graphite thickness on emissivity and transmittance
in the wavelength range of 1–20 lm. For a lower
thickness of graphite (0.001 lm), emissivity and
transmittance follow similar trends as the substrate
SiO2/Si with little increase in the value of emissivity
in the wavelength range of 1–20 lm. With increas-

ing the thickness of graphite above 0.5 lm, the
trends of emissivity and transmittance are found to
be constant and are independent of thickness.
Increasing trends in emissivity indicate better
responsivity of the device.

Fig. 25. Effect of change of thickness of graphene on emissivity and
transmittance as a function of wavelength (1–2 lm) (temperature in
�C).

Fig. 26. Effect of change of thickness of graphite on the emissivity and optical transmittance as a function of wavelength (1–2 lm) (temperature
in �C).

Fig. 27. Effect of change of thickness of graphite on emissivity and
optical transmittance as a function of wavelength (1–20 lm) for
bolometer configuration (temperature in �C).
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CONCLUSIONS

A comparison of the wavelength- and thickness-
dependent optical properties, mainly emissivity and
transmittance, has been presented for various bulk
electronic materials, coatings, and a graphene-
based bolometer. Because of its metallic character-
istics, aluminum is found to have lower emissivity
than silicon in the wavelength range of 1–20 lm.
With increasing thickness, the emissivity of silicon
increases. Diamond exhibits thickness-dependent
emissivity and saturates at 0.6 for thickness of
5000 lm and above. Graphite is found to have
emissivity that is independent of thicknesses. The
emissivity of graphene remains low and increases
with an increase in the number of layers. Sapphire
and CaF2 exhibit high transmittance and, as is
known, are ideal candidates for infrared windows.
In the wavelength range of 1–20 lm, SiC is found to
have emissivity that is independent of thickness
above 500 lm. The emissivity of GaN is indepen-
dent of thickness above 5 lm.

Multilayered structures such as SOD, SOS, SI-
MOX, silicon on insulator, silicon on graphene, sili-
con on graphite, and graphene on silicon have been
shown to have different emissivities as a function of
wavelength, thickness, and temperature. An inves-
tigation into the infrared properties of graphene-
based bolometer has been presented. In the case of a
dual-gated graphene bolometer, it is found that the
emissivity increases with the addition of layers.
Copper is found to improve the responsivity of the
device. For a BN-based hot-electron bolometer, the
emissivity is found to increase with an increase in BN
layer thickness. The effect of graphene is to increase
the emissivity of the bolometer structure. A compar-
ison of the emissivity of graphite and graphene shows
that graphite exhibits higher emissivity.
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