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Successful high-temperature bhotonic structure design requires a thorough theoretical understand-
ing in several disciplines. In this review, we examine many thearstical questions, as well as published
examples of these structures. Research on this topic started .with studies of Bragg mirrors, and
progressed rapidly as a result of developments in the field of photonic ¢rystals. The practical appli-
cations, which have benefited most from this research, have been ceramic thermal barrier coatings
for gas turbines, and selective emitters for thermophotovaltaic applications. Materials and fabrication
research has allowed for the construction of one-, two- and three-dimensional structures which can
operate under extreme temperatures in excess of 1000 °C. Boundary condition approaches can be
used to extract the transmission spectra of reqular and irregular photenic structures. In particular, it
is possible to estimate the propagation of waves in unorganized granular materials and in materials
with large pores, where the average size exceeds the mean photon wavelength. Further, we exam-
ine the relationship between structure disorder, photon mean free path, and radiation heat trans-
fer. Finally, we outline varicus numerical techniques used for solving photonic structures, including
time and frequency domain techniques, discretization methods, and semi-empirical approaches. By
means of an example, we discuss practical steps helpful for the optimization of such structures.
A design example for high-temperature photonic structure with low layer count is presented.

Keywords: Photonics, High-Temperature Materials, Thermal Barrier Coatings, Thermophoto-
voltaics, IR Sources.
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HTPS are further required to have a bandgaps in the Multilayer refractory metal oxide stacks, built out
infrared regime, while operating at temperatures up to of alternating layers of high and low refraction index
1000 °C or higher. HTPS may not exhibit significant materials, constitute the simplest one dimensional HTPS.
phase, chemistry or microstructure changes under pro- The layer thicknesses and index contrasts of the metal
longed exposure at high remperatures as shown in Figure 2. oxide stacks can be used to reflect radiated energy of
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a required wavelength range, prescribed by the temperature
of the external radiation source. The two main applications
of one dimensional HTPS are thermal barrier coatings
(TBC), used for the wansfer of fuel energy into electric-
ity, and thermophotovoltaics (TPV), used for the transfer
of thermal energy into electricity. It was demonstrated that
periodicity of silicon based HTPS can be used to control
emission spectra for TPV,

As an example of three-dimensional HTPS, silicon emit-
ters of IR radiation were studied after initial work on
photonic crystals by Yablonovich? and John.* In the {ol-
lowing years, efforts were undertaken to design high power
emitters of narrowband IR radiation corresponding to the
absorption band of photovoltaic (PV) diodes. These struc-
tures were initially fabricated from refractory metals to
remain stable at high temperatures in vacuum.’ Refractory
metal designs did not have the main drawback of earlier
rare earth selective emitters, which had uncontrollable high
emission spectral bands.’

One focus of this review is oo the mechanism of pho-
ton heat transfer. There is an ecology motivated trend
towards higher operation temperatures in order to increase
the efficiency of gas turbines. Though some important
applications such as thermal barrier coatings require a con-
sideration of other mechanisms of heat transfer, there are
many good reviews devoted to phonon thermal conductiv-
ity. High temperature conditions imply significant radiation
heat transfer (Radiation Thermally Protective Coatings,
RTBC). According to some estimates, the increase of the
radiarion reflectance by means of nanolayered coatings,
provided they do not exhibit significant sintering, may
decrease the surface temperature of gas turbine blades by

up to 180 °C, which could lead to a significant improve- -

ment of blade lifetime.® The need for highly structured
protection coatings to reduce radiation heat transfer and
for use in optical sensors for non-intrusive menitoring has
been discussed.’ ,

An efficient RTBC must possess the properties of a good
omnidirectional reflector (ODR). A good ODR is a coating
with high reflection (R > 99.5%) for all angles of inci-
dence for both polarizations over a wide spectral range.®*
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sical electromagnetics, cellular automarta for electromagnetics, irregular grid worlds, etc.).

There are different approaches for reducing radiative
heat transfer.” There are no known reflective layers capable
of withstanding long-terin erosion conditions on gas tur-
bine blades. Direct introduction of IR absorbers into oxide
protection coatings can lead to an increase of phonon ther-
mal conductivity. The fabrication of multilayer photonic
coatings can meet significant technological problems in
providing high-quality interface structures on protection
coatings, in order o achieve significant reflectivity.

This review starts with a characterization of the require-
ments of stable materials and structures, capable of with-
standing high temperature environments. In the extreme.
we consider environments in excess of 1000 °C, but we
also consider some structures designed for the significantly
lower temperatures around 400 °C, in particular well stud-
ied silicon based structures.

We consider expressions of radiative heat conductivity.
the temperature dependence of photon mean free path, and
the influence and monitoring of photonic structure imper-
fections such as nano- and microporosity. Several pub-

- lished HTPS are described with a short description of the

fabrication methods in each figure caption. Methods for
simulating photonic structures with comesponding exam-
ples are also discussed.

2. MATERIAL SCIENC‘E ASPECT OF HIGH
TEMPERATURE PHOTONIC STRUCTURES

High temperature stability is unquestionably the most crit-
ical issue of photonic structure design. This means that not
only refraction index, madulation periods and other optical
properties, but also melling point, thermal stability, oxi-
dation stability and mechanical properties become critical
parameters (see Table I). Any HTPS has to be designed as
a part of a complex system where the interactions between
all components must be taken into account to ensure that
the system will be able to run smoothly during its entire
lifetime. :

HTPS constituents must withstand stresses  arising
from maximum operating temperature, number of cycles,
heating and cooling rates. temperature gradients, and

J. Comput. Theor. Nanoscl. 5, 862-883, 2008
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Table I Physical properties of some mentioned in this review materials (7, is melting point, ¥ is density, x is thermal conductivity at 300 K, a is

coefficient of thermal expansion a1 300 K, # is refraction index).

Material n T.°C p.gcm™ w, Wm'K! ®, m K-
ALO, L60, 1.76 {at 1 pm)® 2050 3.98 33 4.6
CeO, 2.3 at 800 nm 2100 7.63 2.93 8
HfO, 1.98 2900 10.2 1.95 6.5 X
si0, 1,95, 1.45 (at | pom)'™ 1600 2.20 1.36 0.6 m
Z:O, 2.10 2715 5.89 3 103 <
Y,0, 1.9 (at £ pmy® 2390 5.01 8 15 m
YSZ 202 {at 1 gem)"* 2715 6.05 2 1.6 E
MgO 1.72 (at | gm)'™® 2800 3.58 40-50 9.8
YAG-YIG 220 (x=0ar | pm)™ 1970 4546 ~5108 9.1
Y,Al Fe, O, L8 (x=5at A=oc)™ :
La, ,Nd MgAl,,O,, 177 (a1 A = 00} > 1830 4.03 17108 10,110
Mullite, 3A1,0, - 2Si0, 1.64 1810 3.05 6 54
W 3.00 (ar | pem)™ 3422 19.25 173 4.5
Si 3.33 1414 2.33 149 26
3.62 (at | wm)"® ]
Ti 335 Gat 1 )™ 1670 461 22 8.6
SiC 2.35 2830 N 37 4.3
Graphite 2.77 (a1 700 rm)"'? * 2.16 160 7.8

*For graphite T (glass point) > 1300 K, T (decomposition icmperature) 39004000 K.

mechanical loads. To give an example of what could be the
current requirements for HTPS, the following figures could
be taken from the state of the art gas trbine industry. Gas
temperature in a combustor may run between 1700 and
2000 Kelvin,' the radiant flux from gas and soot is around
230000 W m? correspond to a blackbody temperature
of 1419 K."" Next generation TBC materials are expected
o operate at surface temperatures as high as 1900 K.°
The failure requirements of TBC materials are formulated
as compliance to withstand strains due to thermal expan-
sion mismatch between ceramic coatings and underlying
metal alloys, thermodynamic compatibility between TBC
and TGO, and “prime reliant” propertes.”

The design of the whole sysiem (Fig. 1) should allow
that:
(1) the HTPS itself is able to resist high temperatures dur-
ing the entire system operating life without having a sig-
nificant alteration of its photonic properties;
(2) the hot gas environment will not degrade the photonic
structure material and its photonic properties;
(3) there is no reaction between the photonic structure and
the underlying materials that can lead to failure of one
of the constituents or to a degradation of the photonic
properties. These three conditions are discussed in more
detail in the following sections.

2.1. Intrinsic High-Temperature Stability of
the Photonic Structure

HTPS constituents need mechanical and chemical stabil-
ity. They should be chosen such that their thermal expan-
sion mismatch is low enough to avoid thermal stresses
which lead to early structural failure (parameters for sev-
eral materials are given in Table I). Chemical reactions

J. Comput. Theor. Nanosci. 5, 862-893, 2008

between the components forming the photonic structure
could degrade the photonic properties of the coating,
reducing the thermal protection provided to the underlying
matertals and potentially leading to a temperature increasc.
an accelerated degradation, and finally an early failure of
the whole system.

At high temperatures, new chemical phases having dif-

ferent thermomechanical properties can form between con-
stituent layers and destabilize the photonic structure. One
possible approach for overcoming the problems of chem-
ical interaction between photonic structure constituents is
to form the photonic structure by high-temperature segre-
gation of two or more phases, causing the formation of

~ nanoclusters or nanodomains. This approach was applied
to incorporate paired-cluster rare-earth oxide dopants into
zirconia, see for example.'”

Interaction between HTPS
_and hot gas environment

<

¢ Intrinsic HTPS stability
HTPS

Interaction between HTPS
and underlying materials

Underlying materials

.

Fig. 1.

Schematic

presentation  of

lhe  sysiem substrate—high-

temperature photonic structure {(HEPS)—hot gas. The [ollowing types of
high-temperature interactions must be considered when designing HTPS:
(I) high-temperatore intrinsic “stability of the HTPS, (2) inleraction
of HTPS with hot gas environment, (3) interaction of HTPS with
underlying material. '
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One of the profound problems in the application of
Yitria Stabilized Zirconium (YSZ) for TBC applications is
phase transformations, occurring in the parent ZrQ,. It has
three polymorphic configurations: monoclinic, tetragonal.
and cubic, stable at T < 1170 °C, [170 < T < 2370 °C,
and T = 2370 °C, respectively. The volume contraction of
~5% during monoclinic-tetragonal transformation is suffi-
cient for mechanical fracture of TBC."

Photonic structures based on porosity modulation do not
exhibit chemical and thermo-mechanical incompatibility.
However, during high temperature operation, sintering and
foreign object damage (FOD) can lead to a change of pores
size and porosity distribution within the photonic struc-
ture that can reduce the thermal protection provided to
the underlying materials.'* The realization of oxide defect
cluster (ODC) materials shows considerable promise in
improving coating sintering resistance,'”'*-"7 Section 4.4.

Fibrous materials such as Ceramic Matrix Compos-
ites (CMC) could also be used to form the photonic
structures. Design of the photonic behavior could be
controlled by using weaving technology to adjust fiber
dimensions and arrangement, while also taking advan-
tage of the mechanical properties of a reinforced com-
posite structure.'® Various nanofibers have been produced
with dimensions suitable for use in photonic structures,
including transition-metal containing nanofibers,'” Si0O,
nanofibers,”” or TiO, nanowires.”! But the subjecting CMC
to high temperatures can significantly change the dimen-
sions of the HTPS and by this means influence its band gap
position. An estimation method of the elongation of fiber
structure dimensions and thermal conductivity (TC) for
fiber quartz ceramic structures was suggested.” As we will
see in Section 6.2, stable fibers with regular diameter can
be used for assembling two- and three-dimensional HTPS.

2.2. High-Temperature Interactions Between Photonic
Structure and Hot Gas Environment

In one of the potentially most interesting applications of
photonic structures, Thermally Protective Coatings (TBC),
the heat source is a hot gas composed of combustion prod-
ucts. Depending on the fuel used, the composition of the
hot gas can vary but usually contains NO,, water coming
froin the combustion of either H, or fossil fuels, CO/CO,,
Unburned Hydrocarbons (UHC), and soot produced by
combustion of fossil fuels. The gas can also contain impu-

rities coming either from the fuel or through the air inlet. -

Commonly found impurities are sulfur, chlorine, vana-
dium, sodium, magnesium, potassium or calcium.” Water
or corrosive products formed by impurities can react with
the photonic struclure leading to degradation of photonic
properties and its early failure, To protect the photonic
structure from the hot gas, a protective ceramic Thermal
Envirenmental Barrier Coating (TEBC) could be deposited
on the top of the photonic microstructure,

866
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2.3. High-Temperature Interactions Between Photonic
Structure and Underlayer Material

As an example of negative consequences of interactions
between protective coatings and substrates, TBC in gas
turbines can be considered, where failures occur at the
interface between the TBC and alloy substrate. This inter-
face contains a bond coat that increases adhesion between
the two materials and provides elements that will oxidize
at high temperatures. The oxidation of the bond coat gives
birth to an oxide scale, calied Thermally Grown Oxide
(TGQ), which acts as an environmental barrier prevent-
ing the underlying superalloy substrate from oxidizing.
Upon thermal cycling, stresses develop due to a thermal
expansion mismatch between the alloy, bond coat, TGO.
and TBC layers, as well as due to the TGO growth. This
can lead to crack nucleation, their subsequent growth and
finally to the TBC delamination.™

+ Similar phenomena are likely to cccuar in other protec-
tive photonic structures due to the high thermal expan-
sion of metallic substrates when compared 1o ceramics that
compose the photonic structure, Moreover, thermal pro-
tection systems or high temperature functional structures
are likely 10 have complex architectures comprising the
photonic structure and some intermediate layers praviding
environmental protection, thermal protection, adhesion, or
thermal stress accommodation; when designing the whole
systems, interactions between all of these layers have to
be considered.

Metallic photonic structures deposited on the metallic
substrates should have few problems due to mismatch of
coefficients of thermal coefficients expansion (CTE), but
may require as discussed earlier deposition of the TEBC
to protect the photonic structures from oxidation by hot
gas components. The protective TEBC can be used in
the temperature range of 1300 to 1400 °C. and for some
advanced compositions up to 1630 °C (3000 °F).* Use of
ceramic substrates for ceramic photonic structures could
overcome some of these difficulties, but depending on the
application, mechanical loads could become a problem.
For this reason, the Ceramic Matrix Composites (CMC)
have been considered a potential aiternative for high tem-
perature applications. Two types of CMC are usually con-
sidered: 8iC-8iC CMC and oxide-oxide CMC. The former
system has superior mechanical properties but is corrodible
by water and therefore require protection by an environ-
mental barrier.® Oxide-oxide CMC materials have shown
higher resistance to water vapor corrosion at high temper-
atures, allowing their in simple designs.”

3. RADIATIVE HEAT TRANSFER AT
HIGH TEMPERATURE

The energy of blackbody radiation emitted from a unit area
in a4 unit time £,{7T) obeys the Stefan-Boltzmann law,

E(Ty=0T" - (1

J. Comput. Theor. Nanosci. 5, 862—-893, 2008
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The heat radiation is more efficient with increasing tem-
perature. We shall see in this Section that this concerns
remperatures of 1000 °C and higher. The emitted IR
radiation is distributed over some interval according to
Planck’s taw.

SThe’ !
CB ehw,-’k”T —1 . (2)

u(w, T) =

Here  is the photon frequency, « is the radiation energy
per unit frequency interval per unit volume, and ¢ and
kg are the Stefan-Boltzmann and Boltzmann constants,
respectively. The position of the peak of this distribution
cheys the Wien’s Jaw

‘(\nmxT =2897.8 M - K . (3)

These equations should be modified for photonic crystals
(Section 6), where the dispersion of light is nonlinear. In
this section however, we consider the heat transport in a
common blackbody, assuming the linear dispersion law
w = ck (where k is the photon’s wave vector).

Let us begin our consideration with the general expres-
sion for thermal conductivity:

I
K, = S CSI (4)

Here Cy is the heat capacity per unit volume, S is velocity
of the particles, which are responsible for the heat trans-
port, and [ is their mean free path. The radiation compo-
nent of the heat conductivity is due to photon propagation.
Therefore, S = ¢/4/€ is the velocity of light in the media,
& is the dielectric constant, and / is the mean free path
(MFP) of photons. Taking into account the dependence of
these values on the photon frequency, we write the expres-
sion for radiation thermal conductivity (RTC) as follows:

L- 2
K, = ?ﬁ]r) Co(w)l{w)dw

R @ w* <
where Cy (w) = (enw;'kﬂT _ 1) (5)

mret AT

Behavier of the integrand at small frequencies is very
important for the integral valve. Indeed, if we assume that
the mean free path (MFP) is determined by the structure
disorder, then the MFP should foliow the Rayleigh law
llw) x w?, Cp{w) x ©?, and the integrand {5) has. a sin-
gularity at @ — 0.

This dependence has been discussed in paper.™ It was =

shown that bulk mechanisms of light absorption prevail at
small frequencies. They could arise from either the inter-
action of light with optical phonens or the electron-photon
interaction. In the latter case the effect should essentially
depend on temperature and the density of defects, which
serve as the donors of free electrons at high tempera-
tures. The simplest way to take this fact inte account
has been suggested in Ref. [27]. The authors introduce

J. Comput. Theor. Nanosci, 5, 862-893, 2008
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the curoft frequency w,, assuming !(w) =0, if w < w,.
Here w, is the absorption edge frequency, which can be
measured. For example for the Yttria-Stabilized Zirconia
(YSZ)., w,/2m = 6 x 10" Hz.*® Thus, the equation for
RTC can be written as:

4 ,x

Weae _, = x'e
K, = Tf
&)

¥ 7‘_4

2

fie
———(x)dx., where x=—— (6
Ty (x) ‘x where x=-— (&)

B

and O, =Aw,/k,. The dependence of x*e"/(e* — 1) an
the non-dimensional frequency x is presented in Figure 2.
We see that this factor in the integrand is significant over
the frequency interval

2k, T/ < w <8kyT/h (7)

The radiation component is most important, if this interval
belongs to the frequencies above cutoff, @ > w,. For YSZ
this corresponds to T > 1500 K.

The absorption coefficient of oxide materials used for
the fabrication of TBC is very important in the interval up
to about A =35 um, which is characteristic of the engine
operation temperature. The ZrQ, coatings can have low
absorption coefficients, as shown in Figure 3.1 Generally.
zirconia materials are translucent to thermal radiation in
relevant wavelength range.

The structure disorder reduces the MFP | of photons,
and, therefore, reduces the thermal conductivity. The effect
depends on relation between the characteristic size & of
the disorder and the photon wavelength A. If 4 < A, the
media can be considered as homogeneous on average. This
effective media can be obtained after averaging the optical
constants over the scale of the light wavelength. The scal-
tering occurs due to deviation of the local optical constant
from the average ones. It is very small for { 3> A, and it
obeys Raleigh’s law. This scattering obeys the Mie law
and will be considered in Section 8. In general, we can
assume

] 1 i i
S=—t (8)
[ Isn’mll !izlrge
s
°f
4t
=t
2}
1}
1 " L i N
2 4 3 ) 10

Fig. 2. Dependence of the function x*e*/(e* — 1) on non-dimensicanal
frequency x. : )
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Fig. 3. Spectral absorption and scattering coeflicients for zirconia.
Reprinted with permission from [10}, R. Siegel and C. M. Spuckler,
Mater, Sci. Eng. A 243, 150 (1998). © 1998, Elsevier.

where 1, and .. are MFP values obtained in Sections 7
and 8 respectively. An error can arise from pores of inter-
mediate size (d = A), when they comprise a considerable
part of total porosity.

& (w)

0.25§ (a) E=1
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4. 1D HIGH-TEMPERATURE PHOTONIC
STRUCTURES

In photonic structures, the dielectric permittivity &, (r) mod-
ulation governs the photonic band gap that is a prerequisite
for the HTPS properties. This is expressed by Maxwell’s
equations and the wave equation that follows from them:’

Vx|[VxE(r)]= f—zs,(r)

Let us consider the modulation of dielectric permittivit
g,(r) in a multilayer 1D HTPS, which can be achieved in
different ways including composition moedulation, densit
modulation, and porosity modulation.

The function of a one-dimensional HTPS has a depen-
dence on its location with respect to an emitter, for
example heated substrate. This dependence was studied
theoretically in Ref. {31], Figure 4. The quantitative results
(thermal power spectrum) were obtained for a one dimen-
sional PBGM (quarter-wave stack), and were extended
to two and three-dimensional PBGM using qualitative
approach, based on the model by John and Wang.* For
the one-dimensional case, if the lossless hotplate is abave
a heated hotplate, the quarter-wave stack can play the role
of an antireflection coating or passive filter at the band gap
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Fig. 4. Calculation results, illustrating emissivity 2(w) as a function of scaled frequency w/w, for three different locations of the PBGM with respect
10 the heated substratc as a function of the number of periods . (x) The emissivity of substrate {n = 340.03/) coated by a lassless PBGM film
(n, = +/2, n; = 2, Dotted line is emiitance of perfect blackbody substrate, dashed line is gray-body emillance of substrate. (b) - Substrate is lossless.
tiy = 1, absorbers are located in the absorption region n, = V2 +i+/2/100 with # =2 losses. (¢) Absorhers are Jocated in the high-index layers
i, = 2+0.02i with n, = +/Z and n, = | lossless. Reprinted with permission from [3t]. C. M. Comclius and I..P. Dowling, Phys. Rew. A 39. 4736

(1999). © 1999, American Physical Society.

868

J. Comput. Theor. Nanosci. 5, B62—883, 2008

Shi

fre
Sir
It

lay
dej
ine
e

s

1




et
Imt
S8,
T
30

08

A

Shidlover et al,

frequency, as shown in Figure 4(a). This effect becomes
stronger with an increase in the number of periods .
If the emitters are moved from the substrate into PBGM
layer, active enhancement and suppression may occur,
depending on location of emitters in the low {n,) or high
index {n,) regions. If emitters are in the low index region,
emission enhancement is highest at the high frequency
band edge, as in Figure 4(b). If emitters are in the high
index layers, the emission enhancement is strongest at the
low frequency band edge, as in Figure 4{c).

Consider the normal propagation of light through an
infinite 1D “sandwich” structure with layer parameters
(£1,d1). (2. dy). (&), d)), (&5.d5), ..., as in Figure 5. Let
ky =wE/c and k) = 0. /& /c be the wave vectors of
light in the appropriate layers, where k'is the Bloch wave
vector. This problem is similar to the well known Kronig-
Penney model for electrons in a 1D periodic structure of
square barriers. The relation connecting & and w is

cosk(d, +d,)=cosk,d, cosk,d,

ky+ky | .
- 1+k“smk1dlsmk2d2

L)
%)
This equation determines the dispersion of light in the
structure. At small & we have a linear dispersion law

d,+d,

where § = ¢ = =
Vedi+e,di+ (e +e1)d,d,

=Sk,

For k; =k, (in the homogenecous media), Eq. (9) reduces
to cosk(d, +d,) =cosk,(d, +d,), and we obtain a prim-
itive dispersion law k =k, = w /€//c. For k| # k, the
result depends on the right side of Eq. (9). The expression
(ki ++k3)/2k,k, is always preater than unity. This means
that the right side of Eg. (9} can be either less than or
greater than unity. If it is less than unity, then Eq. (9) yields
a real value for &, which corresponds to the extended state
of the photon_ 1f

2

k3 k3
Mita = sink,d, sink,d,| > |

cosk,d coskyd, — ——= T
2

then & is imaginary, and, therefore, the photonic state is
not extended; we are in the band gap.

sil df
£, s

&y, d;

Fig. 5. Normal propagation of light through an infinite one dimensional
“sandwich” (e, d ), {£,. d,). (g,. d\), (£,.d,). ...
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Assuming k| & k,. and thereby &, = ¢,, we can roughly
estimate the gap size as

(10)

2¢|ny — 4| wn]dl|
N 2
nd, +n,d, c

The value of a right side of Eq. (9) is presented in the
Figure 6(a). The regions, where this function is outside the
region [—1, 1], correspond to the gap. In Figure 6{a) these
regions aré [1.8,2.4] and [4.0, 4.4].

Analyzing Eg. (9) shows that wider gaps can he
expected if &, 3 k; while &d, =~ k.d,, as shown in
Figure 6(b). In this case, estimation from Eq. (9) vields

AA‘:( _2 Z"I)L (11)
ny | omd,

Equations (9)—(11) can easily be generalized for esti-
mation of the band gap position and band gap width for
oblique light incidence as a function of the thickness and
dielectric constants of individual layers. It is apparent that

to create a large gap photonic crystal, we have to choose
matertals with highly contrasting refraction indexés.

4.1. Multilayers with Composition Modulatien

Multilayered HTPS with refraction index modulation
(HTPS-RM) have been proposed for thermophotovoltaic
applications.> The authors have investigated a one-
dimensional 8i/Si0, photonic crystal (n(Si0,) = 1.3,

ENEVA
S

Fig. 6. Estimation of gap size using equations {10) and {(11). (a) Right
part of (9) for &, = d, =0.3, n; = 1.2, n, = 1.8. Estimation {[0) yields
A =10.3. (b) Right part of {9) for d, =0.5, d, =02, m=11n=3
Estimation (11) yields A =4.
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n(8i) = 4) as presented on Figure 7(a). They found good
agreement between the measured refiectance and the mod-
eling estimate, Figure 7(b).

In TBC studies, two strategies were used for deposition
of alternating layers with different chemical composition
(and different refraction index):* (a) deposition of layers
with constant layer thickness (400 nm for 7YSZ layers and
100 nm for AlL,O; layers), and (b} deposition of layers
with variable layer thickness (from 740 nm for 7YSZ and
765 nm for Al,O; near the substrate with the increment
of 5 nm to 90 nm for 7YSZ and 115 nm for Al;Oy near
the coating surface). Preliminary results show, that the IR
reflection spectrum of the coating in Figure 8 with vari-
able layer thickness (from 1 to 2.75 pm) is significantly
broader in bandwidth than the coaling ‘with constant layer
thickness (73% at 1.85 pm), and both multilayer coatings
have much broader reflection spectrum than a monolithic
coating, as shown in Figure 9. Multilayer coatings with
controlled refraction indices and thicknesses can be used to
reach a desired reflectance in a desired wavelength range.

(a)

()

07
0.6
0.5

Reflectance

0.4
0.3
0.2
0.1

Measured
Simulated -—-—

2 25 3
Wavelength (um)

Fig. 7. A one-dimensional Si/Si0, photonic crystal with arc-deposited
Si0, layer. {a) TEM cross-section. {(b) Measured and simulated nor-
mal incidence reflectance spectra. Reprinted with permission from [33],
F. O’Sullovan el al., J. Appd. Phys. 97. 033529 (2005}, © 2005, American
[nstitute of Physics. :
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2 um

Fig. 8. SEM image of a variahle layer thickness AlOy/7YSZ coating.
Reprinted with permission from |6]. M. J. Kelly et al.. fnr. J. Appl. Co
Technol. 3, 81 (2006). © 2006, Biackwell Publishing.

4.2. Multilayers with Density Modulation

Electron Beam Physical Vapor Deposition (EB-PVD) Y57
coatings have columnar morphology with a large gram
size of 100-250 wm and a significant preferred orienta-
tion in the middle of the coating, and a smaller grain
size of 5-10 uwm with no preferred orientation close to
the bond coat, depicted in Figure 10{a).** Plasma Spras

Multilayered TBC increases IR reflectance
fixed vs. variable spacing multilayers 3 hr @ 1000C

80
Fixed spacing gives
70 4« higher reflectance over
50 narrow wavelength range
&
—~ Variable spacing
g 507 gives higher
L:U 404 e DIl BYSZ " reflectance over
2 singlelayer -, wider wavalength
= -1 nge
& Fr—=smievaz (e
20 | = 5 mil fixed 8YSZ/AL 04
multilayers e
10 | — 4 mit variable 8YSZ/Al, O,
multilayers
D T T T T T
05 1 1.5 2 25 3 35

Wavelength, (nm)

Fig. 9. Comparison of the hemispherical reflectance of coatings with
variable layer thickness. fixed layer thickness. and an 8YSZ monolayer.
Reprinted with permission from [6], M. §. Kelly el al. Jne. /. Appl. Ce
Technel. 3. 81 (2006} © 2006, Blackwell Publishing.
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Fig. 10.  Scheme iltustrating the typical microstructure of YSZ. coatings.
(a) Columnar EB-PVD coating. Grain size is 100-250 gm in-the middle
of coating, 1-2 um close o the substrate. Preferred orientation is clearly
seen. (b) APS coating. Splat moerphology is schematically shown. Splats
are separated by microcricks and pores. (c) Multilayer EB-PVD coaling,
deposited using the “in-and-our™ method (Figures (a) and {c) are taken
[rom [34]). Reprinted with permission from [34], J, Singh et al., Maier
Sei. Forum 455-456, 579 (2004). © 2004, Scientific.Net.

(PS) coatings have splat morphology with a splat thickness
of 1-2 pm, as in Figure 10(b). New multilayer coatings,
recorded in papers,®** have morphology somewhere
between columnar and splat as shown in Figure [0(c).
This hybrid coating morphology provides coating density
modulation (HTPS-DM). [n the case of regular periodicity
normal to the substrate, radiative and phonon thermal con-
ductivity decrease due to the presence of intersplat micro-
cracks and intersplat porosity.

As one would expect, the interfaces between the lay-
ers are very sharp in EB-PVD coatings deposited using
the “in-and-our” method (periodic translation of the sam-
ple away from the vapor cloud) and diffuse in coatings
deposited using the “shutter” method (periodic vapor flow
interruption during deposition) as illustrated in Figure 11.
In the latter case, microporosity near interfaces provide
frontiers between layers. Measurements of thermal con-
ductivity and hemispherical reflectance of multilayer coat-
ings of both types confirm this suggestion.

Multilayer YSZ and HfO,-26 wt% Y,0, materials
obtained by “in and ou” and “shutter” methods®* can
be also considered as an example of HTPS-DM because
the refraction indexes of HfO, and ZrQ, are very close.
The hemispherical reflectance of the multilayered “in and
our” multilayer at 1 pem wavelength increases from ~50%
to =63% and to =78% when going from a [-layer fo a
10-layer and to a 40-layer structure. At the same wave-
length, the hemispherical reflectance of “shusrer” materi-
als increases from 35% to 45% for 1-layer and 20-layer
respectively, shown in Figure 12. The difference in reflec-
tivity between “in and our” and “shutter” methods was
explained by the sharper interface and coating thickness of
the “shutter” method.

Individual layers in multilayer HTPS-DM obtained by
both “in and our” and “shutter” methods differ from single

J. Comput. Theor. Nanosci, 5, 862-893, 2008
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Fig, 11. SEM fracture patterns of 8YSZ deposited with density mod-
ulation (HEPS-DM). (1) Muldlayer coating obtained with “in-and-our”
method. (b) 40-Layer coating obtained with “shuiter” method [Si0),].
Reprinted with permission from [34], I. Singh et al., Marer. Sci. Forum
455156, 579 (2004). @ 2004, Scientific.Net.

layer bulk materials by many morphology features, lead-
ing to a significant decrease of phonon thermal conduc-
tivity. Local strain energy fields, lattice mismatch., surface
restructuring, presence of extended interfaces and micro-
porosity provide reason enough to dmmgmsh them from
HTPS-PM (Section 4.3).
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Fig, 12, [mprovemest of hemispherical reflectance with an increase in

the number ol layers in an HTPS-DM type structuse of EB-PVD YSZ.
Reprinted with permission from [35]. D. E. Wolff: ct al, Surf Coar.
Techn. 190, 132 (2005). © 2003, Elsevier.
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It is important to note, that HTPS-DM have distinct
advantages over HTPS-CM, TTPS-PM and monolayer
HTPS. First, there is no variation of the coating chemical
composition and structures with coating thickness. Second,
it is possible to lower the thermal conductivity. Finally, it
is easier to accommodate the mismatch between the coef-
ficients of thermal expansion (CTE) due to temperature
change.

4.3. Multilayers with Porosity Modulation

Madulation of porosity can be used as a possible mech-
anism for refractive index modulation. Suppose the pore
size is small in comparison with the wavelength of light
A = whe/2k,T. This allows us to introduce an effective
permittivity of the porous media and relate it to the poros-
ity p; of each layer i (i =1, 2).

pi(l =p)e—1)°
3[p+(1-ple]

Equation (12) is the particular case of the effective permit-
fivity of a mixture.®® It can also follow from Eq. (32}, later
in this paper. Equation (10) can then allow us to express
the gap value of the HTPS via structure porosity. Assum-
ing @ =4kz7T/k and wn d,/c~ 1, we find that the gap is
on the order of |p, — py|n- 4k, T /R, where n = /€ is the
refraction index of the dense material.

Since |p, —p;] < 1, the effect can only be expected in
materials with high refraction index. We know nothing
about experiments on such materials at high temperatures.
Nevertheless, peculiarities of the photonic bands of struc-
tures with porosity modulation have been observed in the
reflection spectra of porous silicon. Figure 13 presents the
structure used in paper.”’ Porosities of the layers are 50%
and 75% (80%), corresponding to refractive indexes of
2.15 and 1.43 (1.32), respectively. The reflectance spec-
trum of the structure is presented in Figure 14. The authors
observed a blue shift in the spectrum due lo oxidation of
silicon at 900 °C over a time span of 10 min, Other results
showed that porous SiQ), obtained after oxidation of Si at
800 °C can be used for developing a rainbow-like band
filter.*®

A periodic alternation of two different current densi-
ties can be used to fabricate multilayer porous silicon
structures.” The technique makes it possible to grow one
dimensional photonic structures with porosities varying
between 44% {n = 2.3) and 85% (n = 1.2). These struc-
tures could be used as mirrors as in Figure 15(a), or filters,
as in Figure 15(b). The transmission spectrum of the struc-
ture on Figure 13(a) is presented in Figure 16.

Great care must be taken in order to reliably predict the
lifetime of porous structures. as a result of well known
changes in microstructure due to high temperature ceramic
sintering and densification, as discussed in Sections 2.1
and 4.4.

g=p+(1—ple— (12)
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{a) o]

Fig. 13. An cxample of porous structure with poresity modulation,
(a) Schematic of a porous silicon nanostructure. Yellow and red calors
represent ayers ol high (lower refraction index) and low (high refraction
index) porosity, respectively; (b) and (c) are the SEM images of meso-
porous and macroparous silicon layers. Reprinted with permission from
[37], S. Weiss et al.. Oprics Express 13, 1090 (2005). © 2005, Oplical
Society of America.

4.4. Multilayers with Atomic Mass Modulation

The oxide defect cluster (ODC) design approach was
successfully applied for obtaining advanced TEBC with
significantly reduced long-term TC.'*'>"'" The modula-
tion of deposition conditions, described in Section 4.2
for multilayer YSZ and HfO,-26 wt% Y,0; materials
(*in and out” and “shutter” methods®*) could be used
for fabrication of multilayers with atomic mass mod-
ulation (concentration of ODC within separate layers.
alternating with “normal” TBC layers). To obtain ODC.

100

80

50"

40

Reilectance (%)

1000 1400 . 1800
Wavelength (nm)-

Fig. 14. Rellcctance spectrnm of the struciure shown in Figure 13.

Reprinted with permission from [37], 8. Weiss el al.. Opticy Express 13.
10590 (2003). © 2005, Optical Society of America.
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Fig. 15.  Porous multilayer Si structure, fabricated by alternating the
1 current density. (a) Cross-section SEM image of mirror structure.
I (b} Cross-section SEM image of filter structure. Reprinted with permis-
sion from [39], M. Qian et al., J. Cr Grewth 292, 347 {2006). © 2006,
Elsevier.

the EB-PVD method was used. The incorporation of mul-

: tidopant paired-cluster rare-carth oxides into the parent
i Zi0;-Y, 0, system was performed based on the analysis of
3 interatomic and chemical potentials, lattice strain energy,
; polarization and electro-neutrality of the whole oxide
i system. As an example of an advanced TEBC, the coat-

ing system included ZrQ,-Y,0,-Nd,04(Gd,0,, Sm,0,)-
Yb,0,(Sc,0;) on NiCrAlY or PrAl, with EB-PVD
. deposited onto superalloy or mullite/mullite + barium

0.6 -
0.5
G.4 -

0.3 1

0.2 4 “J

",
N 4\\\‘__‘
0.0+

a 1 2 3 4 )
Wavelength (nm)

Transmission (arb. units)

Fig, 16. Transmission spectrum of the structure shown in Figure [3(a).
3. Reprinted with permission from [39], M. Qian et al., J. Cr Grawth 202,
347 (2006). © 2006, Elsevier,
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Fig. 17. TEM pautern showing Nd-, Yb-, Sc-induced ODC {arrows) in
plasma-sprayed Zr0,-6 mol% (Y, Nd, Yb, 5¢),0, coating. Reprinted wilh
permission from [16]. D. Zhu et a).,, NASA/TM-2004-212480, January
(2004). © 2004, NASA. ‘

strontium aluminaosilicate {BSAS)Si coated SiC/SiC CMC
substrates.”® The TEM studies indicate the presence of the
5 to 100 nm sized ODC and nanophases in PS 13.5%
(Y, Nd, Yb),0; and EB-PVD Zr0,-12 to 14% (Y, Gd,
Yb),0;,,'¢ see Figure 17. The segregation of ODC can be
considered to be responsible for the observed significant
reduction of TC and improved high-temperature sintering
resistance. It is essential to stress that the real time moni-
toring of TC under realistic engine-like conditions of tem-
perature and heal flux were used for creation and study
of ODC structures. The formation of ODC, as one of the
approaches to thermodynamically stable structures with
controlled defect size, is the way to effectively attenuate
and scatter phonons as well as radiative photons in a wide
spectrum of frequencies.'>*17-2 On the other hand, it is
important to keep in mind that the TC and the TC rate in
ODC systerns show a clear minimum for the ODC concen-
tratton of about 10 mol% of total dopant content. The start
and character of ODC formation can be related to the posi-
tion of phase composition boundary between tetragonal
Zr0Q, and cubic ZrO,." Further studies of ODC formation
must be accompanied by more detailed observation (also

Fig. 18. An example of the concept TEBC system at 1650 °C for
ceramic matrix composition (CMC) combustor and vare applications.
Reprinted with permission from [25], D Zhu and R. A. Miller,
NASA/TM-2004-213129, Aungust (2004). © 2002, NASA.
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Fig. 19. ODR film, representing a 14-layer Fibanacei sequence of high
and low refraction index layers {Si and $i0,}. SEM fracture pattern. The
film was deposited using pulsed DC magneuon sputtering. Reprinted with
permission from 9], D. Lusk and F. Placido, Thin Solid Films 492, 226
(2005). ® 2003, Elsevier.

with TEM) of the high-temperature phase transformation
in the parent ZrQ, (or stabilized YSZ).™® A possible con-
cept of advanced TEBC system for 1650 °C is shown on
Figure 18.

4.5. Quasiperiodic Dielectric Stacks

An omnidirectional reflector (ODR) in the IR wave-
length range (centered at 1540 nm), based on a Fibonacci
sequence {FS) of high and low refraction index layers was
modeled and fabricated.' This ODR has a 14-layer struc-
ture [substrate/(ABAY A, /air], where A is low and B is
high refraction materials (Si and 5i0), respectively, Fig. 19,
Table T). A top layer of low refraction index material A
with thickness d,,, was introduced. The thicknesses of lay-
ers d, = dg = 1393 nm and d,,, = 98 nm were found
in an QDR with bandwidth 1437-1618 nm = 181 nm at
R =99.5%. The observed small reduction of Rypg can
be explained by the absorption in Si layers. It was also
shown that the maximum possible ODR bandwidth A, =
384 nm from 1380 nm to 1764 nm was found for 28 peri-
ads, leading to significant increase of coating thickness
from 2.61 to 11.7 pm. The authors report a significant
dependence of reflectivity on the incidence angle. This
dependence is most pronounced at non-normal incidence,
where appreciable dependence on polarization is observed.

5. 2D HIGH-TEMPERATURE PHOTONIC
STRUCTURES

Modulation of the refraction index can be caused by mod-
ulating the dielectric permittivity, magnetic permeability
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or both. In Section 4 we considered the one dimensional
modulation of the refraction index. Here we shall general-
ize this consideration on the 3D photonic crystal, assuming
2D PC as the particular case. Let us restrict ourselves 1o
nonmagnetic materials assuming u =1 and £(r) to be u
periodic function of r.

Consider the problem of light propagation in a photonic
crystal. Maxwell’s equations for the electrical field can be

reduced to )

AE(r) + %s(r)E(r) —0 (13)

This equation resembles the Schridinger’s equation with
the periodical “potential” e{r)w’/¢’ and vector “wave
function” E(r). Therefore, its solution obeys the Bloch
theorem:

E(r) =Y € E[(ne* =T E{(G)e™ (14
: 7 G.7

Here Ej (r) is a Bloch amplitude: this is a periodic function
of r, which has been expanded into a Fourier series, 7 =
1,2 is the polarization index, €7 is the unit vector of the
polarization, and G is the reciprocal lattice vector, Tilde
denotes the Fourier transform of the corresponding value.
We can wrile

. 1 .
er) = Y 5(G), where 5(G) = ] e(r)e @ &'y
.

(feBZ
(15

Inserting of Egs. (14) and (15} into Eq. {13) results in
an eigenvalue problem, solution of which yields the pho-
tonic band spectrum. The field in the photonic crystal is
shown in Figure 20, and its photonic spectra are shown in
Figure 21.

In these figures, we examine a realistic photonic coating.
Real coatings must consist of a finite number of layers. For
demonstration, we examine a five layer structure consisting
of large holes in a dielectric, though more would be used
in practice. In the horizontal dimension, the structure is
infinitely periodic.

We assume a hypothetical material with a high relative
permittivity of 9. This allows us to achieve a narrow band-
width complete band gap in the case of an infinite photanic
crystal, as shown in the band diagram, where overlap-
ping E. and H. band gaps ensure that no light, regard-
less of polarization, can propagate in the material. In the
band diagram, the blue color represents the E. polariza-
tion, and red represents the H_ polarization, For the mate-
rial parameters and hole radius used (radius = 0,48 x lattice
constant), we oblain the complete band gap shown in
purple. .

The Poynting power patterns shown in Figure 20 repre-
sent wavelengths below, within, and above the E_ band gap
between the third and fourth E, bands,-at 3750, 4000, and
4300 nm respectively (corresponding fo normalized [re-
quencies of 0.533, 0.5, and 0.465), of an normally incident
E. polarized wave. -

J. Comput. Theor. Nanosci. 5, 862—893, 2008
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Although we are only using a small number of iay-
n ers, we can already observe from the transmission coef-
ficient curves in Figures 22(a and b} how the band gap
is formed. We show separately for cach polarization the
T transmission coefficient curves for varying angles of inci-

E dence. The band gap location around 4000 nm is clearly
d identifiable for each curve. Further tends, which are vis-
> ible in the band diagram of Figure 21, are identifiable in
the transmission curve incidence-angle progression, such
E as gap widening, as well as a shifting of the stop-band
c center frequency.
S One possibility for increasing the complete gap band-
i width is to create artificial stacks of photonic crystals, each
e with parameters tuned such that the crystal bandgap cov-
- ers a region of the total bandgap. This may be designed by
s means of a numerical optimization, and will be the subject
e of a further investigation. Such a study would be useful to -
n consider how fabrication inaccuracies may help increase

bandwidth at the cost of decreasing the quality of the stop
3 band.

P For photonic crystal of the cubic symmetry we can write
d an equation of the Bloch amplitude as follows
nt 1

AE{ " (’ ) + wrr(k)g(r)Ek n (f') ([6)
18 J. Comput. Theor. Nanosci. 5, 862-893, 2008

.

Here w, (k) is the frequency of the n-th photonic band
(Fig. 21). Bloch amplitudes can be normalized

f F(r) E.fr " (r)Ek ' (r) d r= Mﬁn " ak‘ k'
unit cell

where M = 45hw, (K}N;. and N,
tons in the unit cell.

Sometimes it is useful to consider propagation of light
in a periodic photonic crystal as propagation of a quasi-
particle where a free photon’s frequency depends on its
wave vector according to a sophisticated law. To do thal.
let us introduce the Wannier functions localized at the i-th
site of the crystal

is the number of pha-

1
W (r—R) = Wi 2e
p

here N is the total number of “atoms™
we find the light field of the form

Ety= 3 EXRIWI(r—R)e..

nR;.T

THEL L)

in the crystal, and

Then for the envelope £ (R[-) we obtain the equation

[Q,(=iV) = )£} (r) —

2o (r f') 0
(17)
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Fig. 21. Photonic band diagram for an infinite photonic crystal consist-
ing of a square lattice of holes with radius 0.48 times the lattice constant,
in a dielectric of relative permittivity 9. E. and H. modes are shown in
blue and red dots, and E_ and H. band gaps are shaded accordingly. An
overlap in E. and H_ band gaps produces the purple colored complete
band gap near normalized frequency 0.5, corresponding to 4000 nm.

where ,(—iV) is the Fourier transform of
1 .
0 (R)Y= — 2 —ikR;

n( 1) N ;wk.ne

Le., w} , after the substitution k — —i¥V,
i

Upror) = [ SIWE (- R)WI(r=R)&r  (18)

v

and &&(r) is a non-periodic addition to the dielectric per-
mittivity caused by a defect, if it exists in the crystal.

In the absence of defects and apart from the photonic
band gap we can assume w; , = Sk, where §, = ¢/ /ey
is the effective speed of light in the i-th band. Then
Q,(—iV) = —S52A, and the Eq. (17) reduces into the wave
equation ., '
w~ - -
?EEIX (r) =0
the solution of which is the linear combination of plain
waves ET(r) = exp(i(w/S,)r).

By introducing the envelope function we substi-
tute the problem of scattering and propagation of the
Bloch waves in the photonic crystal with the simpler
prablem of scattering and propagation of the plane waves
in the effective homogeneous space. Phenomenological

AE(r) +

876

-

b;hkfover et al,

()

Irans_effiot

g otam

Fig. 22. Polarization transmission coefficient curves for the five-layer
photanic crystal example. (a) E. polarization. (b) H_ polarization. The
darkest color corresponds to normal incidence, and the lightest calor
corresponds 10 an incidence of 80°. Very low transmission is apparent
near the location of the idealized band gap.

parameters of this space {speed of light in the photonic
bands as well as gap widths and positions) can be calcu-
lated after solving of Maxwell’s equations in the perfect
photonic crystal, as in Eq. (13). The effective potential of
the defect Eq. (18) is usually localized in the vicinity of a
lattice constant around de(r). To obtain the actual electric
field, and not its envelope, we multiply the envelope by
the Bloch amplitude:

E(r) =3 EJ(K)E( ,(re;

To consider the problem of the light reflection/refraction
at the boundary between the photonic crystal and a vacuum
ar between two photonic crystals, we have to impose the
boundary conditions for the envelopes of the light fields.
The simplest boundary conditions have been obtained in
paper.*! If we introduce the Cartesian coordinates with the
z-axis directed along the normal to the boundary, then

[E\] = 0! [E\] =0 *
sw® IE w?
|: 1 3 - :| + - (aEnx + Z Bli.n’Eli’J) =0 (]‘9)
Ll 33 ce n#n' o
aE ) 2/
|: a :| + w_q (aEli\'+ Z Bh‘ H'E'n'\‘) =0
82 € ’ n#£n" - ‘ ’
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Here the square brackets denote a discontinuity of the
appropriate values at the boundary.

The envelope function approximation for the Maxwell
equations has been suggested, and has been used to
study the influence of point defects on the optical
properties of PC,***! optical properties of the photonic

heterostructores,* 4 45.46

and waveguides.

5.1. Cylindrical Air Holes in Dielectric Media and
Dielectric Rods Arrays

Ordered porous dielectric materials, for example air holes
in a dielectric media or dielectric rods in air, are typ-
ical 2D photonic materials. To the best of our knowl-
edge, silicon and alumina are the only materials, which
could be obtained with extremely high pore quality, needed
for photonic applications.”’ We will give two examples
of obtaining porous alumina using anodic oxidation of
aluminum. The ordering during anodic aluminum oxida-
tion inte arrays of the hexagonal openings was realized
using preliminary spatial definition of the initiation sites
(indentation).*® Opening arrays of hexagonal, square, and
triangular shapes were obtained as shown in Figure 23.
Varying the opening size and interopening spacing in these
structures can lead to photonic films with band gaps cen-
tered between 200 and 1300 nm. The arrays have high
ordering guality, permitting their use as templates for the
fabrication (filtration) of metal nanoparticles with well
defined shape.

Two techniques were used for preparation of ordered
pore arrays in anodic alumina* In technique (1), as
a result of a two-step anodization process, the ordered
pore array was obtained with straight and ordered pores
extending though the whole film as seen in Figure 24.
The shown pore array can be characterized by pore diam-
eter of 200 nm, uniform inter-pore distance of 460 nm
and an aspect ratio of ~500. The main disadvantages of
technique (1) (difficulty in controlling the self-organization
stage of the process and multidemain film organization)
were overcome hy using technique (2), based on prepat-
tern guided anodization. As a result, the hexagonal lattice
of pares was obtained extending though the whole film.

(a) (b)

High-Temperature Photonic Structures. Thermal Barrier Coatings. Infrared Sources and Other Applications

i

:

Fig. 24.  Cross-section of the self-orgunized pore array in anodic alu-
mina obtained using a two-step anodization process. Reprinted with per-
mission {rem [49]. A, P Li et al. Elecirochem. Sol-51, Letters 3. 131
{2000}, & 2000. ECS.

The monocrystalline pore arrangement can be seen from
the FFT diagram, Figure 25.

Most dielectric rod two-dimensional photonic struc-
tures of high quality have been designed for opiical
communication using lithographic techniques, such as the
rod array shown in Figure 2672 Among studies of
materials with periodic refractive index, the two dimen-
sional rod arrays in the self-organized composite crystals
Li;, Nb,_ TiO; should be mentioned, obtained by con-
ventionul floating zone melting crystal growth.” The crys-
tallographic relation was found between the Li, TiO; rods
and Li,  Nb,_ Ti O, matrix (phase M), as in Figure 27.
To obtain this material, the mixture of Li,CO,, Nb,O; and
TiO, was isostatically pressed in a vacuwm at 1120 °C for
three hours. The crystal growth was carried out in-a float-
ing zone melting crystal growth system. In the abtained
composite, the rod diameter is approximately 1 pum and

1 ".‘l“"""‘l‘l"‘"""""; ;:..:

B
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ATAYLY, "A'KVA.‘A'MVl'AVA'A'A'AJ‘l'A
"'A'.&"ﬁl‘iﬂ'&'&’.‘!&* YAVATAVAVAVAYLY,

Au"ﬂa‘kﬁfﬂﬂrﬂA*Aﬁm"t' 'A¢ )
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ATAVAVAYAY LY N AVAYATATLYAYLY S Wy
'.lTA'A'L"A'L'A’A"A!&'L’f&’.&‘w"c’,.ﬂ Y
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(e

Fig. 23, 2D porous alumina photonic crystals, obtained by anodic oxidation of Al afier spatial definition ol the initintion sites, Openings have
hexagonal (a}, square {b), and iriangular (c} arrangements. Bottom sides of the anodic alumina are shown. The scale bars of 600 nm are shown.
Reprinted with permission from [48], H. Masuda et al.,, Adv: Mater: 13, 189 (2001). © 2001, Wiley Inlerscience.
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Fig. 25. Monocrysialline pore array in porous alumina obtained using
prepattern guided anodization. Reprinted with permission from {49], A, P,
Li et ul., Electrochem. Sol.-St. Leters 3, 131 (2000). © 2000, ECS.

the distance between the rods is approximately 1-2 pm,
the longitudinal direction of the rod-like precipitates cor-
responds to the perpendicular to the growth direction. For-
mation of unusual precipitate can be explained on the basis
of a discontinuum precipitation mechanism {cellular pre-
cipitation), which can lead to the formation of a two-phase
lamellar aggregate.

5.2. Enhancement of IR by Periodic Surface
Meodulation

Surface modification was shown to be one of the ways to
enhance NWIR and MWIR.** These studies. which are

A KD FREEY
TN NN
: ¥ W BANY HIY
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A2 W3 BN YR Y Y
4 B % B YN YN DDY

CI TR T IR A

=
*»
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3 A
»

3 345 9B DIBYN
%

»

Fig, 26. Rod-type 2D photonic structure fabricared on a single crysial
silicon waler (~13 pm deep with 340 nm wide openings}. The struc-
ture represents an integrated circuit waveguide with a smowth sidewall
of aspect ratio of 50. Reprinted with permission from |50]. 8. H. G. Teo
et al., Appl. Phyvs. A 89, 417 (2007). © 2000. Springer.
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Fig. 27. Scheme of a sclf-organized microstructure in composiw
Li,. ,Nb,. ,Ti,0,. Reprinted with permission from [53]. Y. Yamamot:
et al.. J All. Comp. 385, 232 (2004). © 2004, Elsevier.

results of merged photonic erystal and frequency selective
surface approaches, design structures capable of emitting
narrowband MWIR at high power with the bandwidth of
light emitting diodes.””

Tt was shown that coherent IR sources over large dis-
tances in well defined directions can be fabricated using
periodic microstructure in polar materials (SiC).* Such
an antenna can radiate IR light in a narrow solid angle
when it is heated. A dependence of emission speclrum
on observation direction was also detected. This can be a

50 um

8 Fm—
Fig, 28. Periodic surface used for the study of the enhancement of ther-
mal sources by surface modification. {a} Grating on SiC substraic with
period d =0.354 (A = 11,36 wm}) and depth /1 = A/40 fabricated hy stan-
dard optical lithography. (b} Polar plot ol the emissivity of the grating
at A = 11.36 um for p-polarization. Experimental data are shown red.
and calculations are green. The measurcments are performed by record-
ing the emitted intensity in the far field as a function of emission angle
using an HgCtTe detector. The emission data were recorded for the sam-
ple in a local equilibrium at the temperature of 773 K, Reprinted with
permission from [54], 1.-J. Greflet el al.. Naqre 416, 61 (2002). © 2002,
Nature. 7 -
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consequence of the Wolf effect, or spatial correlation from
random sources.”®* The periodic structure producing a
strong emissive peak around A = 11.36 um is shown on
Figure 28(a), and the measurements of the thermal emis-
sion perpendicular to the line of the grating is shown
in Figure 28(b). The explanation of how random thermal
motion can generate u coherent current along the surface
can be found in the coherent properties of surface waves
such as surface-plasmon, polaritons or surface-phonon
polaritons, Summarizing the results,* the modification of
the surface profile can be used for tuning the direction and
the intensity of the emissivity of the surface at a given
wavelength, and for modification of the emission spectra
in a given direction. )

An interesting phenomena is thé formation of a
periodic  self-assembled nanoporous - network on  the
surface if the high-temperature ceramic is the compos-
tte 0.75(Zry 35 Ce; 12O, — 0.25(Lay Sty » YMnO,, calcined at
1025 *C for 4 hours, and sintered at 1400 °C for 6 hours.'?
The resulting structure is shown in Figure 29. The pores
have a diameter of 150-200 nm with a depth of the
porous structure of 100 nm. In spite of the pore size
being non-uniform, the pore distribution is quite periodic
with the period of 50-150 nm. Appearance of the peri-
odic surface siructure is not a resuit of non-homogeneous
constituent  segregation. as was shown by magnetic
measurements (the studied ceramic contained Mn). The
phase-transformation-driven self-assembly to achieve min-
imum strain energy is the most probable explanation of the
observed unusual phenomenon of surface periodic network
formatiorn.

5.3. Metal Thin-Film Periodic Hole Arrays

The coupling of the light into surface plasmon states
can be used as an explanation of enhancement effects
observed in metailic thin-film hole arrays. For exam-
ple, the thermally-stimulated MWIR emitter was con-
structed, shown in Figure 30, which emits within a

High-Temperature Photonic Structures. Thermal Bartier Coatings. Infrared Sources and Other Applications

narrow band of 8A/A < 0.2, and represent tetragonal hole
arrays in silicon®” but similar results were obtained for
arrays of different symmetries. The reflectivity dips werc
observed at a wavelength range of A — a. Generally, a
linear relationship between the lattice parameter @ and
peak emission position was observed. The activation of
surface-plasmon modes can explain the observed sharp
emission properties. Of course the use of higher tempera-
tures, which is necessary for higher power emission, will
require high-temperature stable fabrication materials. The
Transfer Matrix Method (TMM) was used for quantity-
ing transmission and reflection properties of the fabricated
devices. .

The emissive properties of devices comprising thin
Pt films on microstructured silicon profiles clearly indi-
cated the presence of resonance between the emissive
field and the mi'crostructure, Figures 31 and 327 Meu-
surements of reflectance and emission spectra as well
as rigorous coupled-wave analysis (RCWA) show that
emission spectra depend on the period of the designed
microstructure and can be used for the control of entission
spectra,

The narrowband IR source is developed using a
two dimensional metal-coated photonic lattice shown in
Figure 33.% The absorption and emission (at 300-400 °C)
were studied. The emission measurements revealed three
stronger peaks at ~3.9, 4,17 um (peaks at A < a), and
~441 um (A > a) and (wo weaker peaks at ~3.8] and
4.92 pm, seen in Figure 34. The coupled surface-plasman
model and band structure calculation were performed in
order to understand the physical reason of the ohserved
entission spectra and to selectively excite them.

The capability of a narrow band thermal emission at a
predicted wavelength was also demonstrated using a pho-
tonic device, shown in Figure 35, combining a silicon pho-
tonic crystal and sub-wavelength array of holes in a metal
film with period a.%' Tt is particularly remarkable that the
array of metal holes on a uniform substrate does not pro-
duce resonant absorption or emission.

Fig. 29, Nanoporous periodic structure on the surface of composite [).'."S(qu_,i,!Cco,3)03-0.1‘5(Lan,{Srnz}l\u‘ln()3 ceramic.” Reprinted with permission
from [13]. V. Sharma et al.. Appl. Phys. Ler. 90, 123110 {2007). © 2007, American Institie of Physics. ;
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Fig. 30. Photonic devices with periods @ = 2, 3, and 4 um, fabricated
using standard photelithographic technique and containing (.15 pm thick
deep reactive etched Au layers on Si. Reflectance, measured al room
temperature, is shown. Reprinted with permission from {57]. M. U. Pralle
et al., Appl. Phys. Len. 81, 4683 (2002). @ 2002, American Institute of
Physics.
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Fig. 31. Two dimensional periodic swucture on a (100) Si wafer
obtained by anisotropic etching and laser ablation. The whole structure.
including parallel to substrate {1 00) surfaces and inclined pyramidal (111)
surfaces are coated with =37 nm thick Pt layer. (a) Top view. {b) Cross-
section view. Reprinted with permission from [5]. H. Sai et al., /. Opr.
Soc. Amer A 18,1471 (2000). © 2001, Optical Society of America,
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Fig. 32. Calculated and measured emittance spectra for strisclure with
a=2.0 pm. The spectrumn was mcasured with a triglycine sulphate detec-
tor in normal mode. Absorbance spectrum was calculated for €, = 5°
{incidence angle) and , = 43° (polarizalion angle). Reprinted with per-
missien [rom [3]. H. Sal et al.. /. Opr. Soc, Amer. A 18, 1471 (2001).
® 2001, Optical Society ol America.
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Fig. 33. Two dimensional metallo-dielectric photonic erystal fermed by
2 hexagonal lanice of circular holes. A thin 100 nm Pl fitm was deposited
using e-beam evaporation onte the n-doped Si waler. The array of air
heles has been etched through the meral jayer. Period a is 4.2 o, hole
radius R is 103 pm, and total depth of air holes is § pm. Reprinted with
permission Irom [60], [ Puscasu et al.. /. Appl. Phyvs. 98, 013531 (2008).
© 2005. American [nstitute of Physics.

emission (a.u.)

1 1 1

3.0 35 4.0 4.5

£

1
5.0 55 6.0
wavelength pm
Fig. 34, Emission spectra from the hexagonal lattice structuee shown in

Figure 25. Reprinted with permissien from |60], 1. Puscasu et al., /. Appl.
Phys. 98. 013531 (2005). © 2005, American Institute of Physics.
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Fig. 35. Engitter, conisisting of a metal hole array and a silican photonic
crystal. Device was fabricated using standard photolithography and deep

Teactive ion-beam etching. (a} Top view showing hexagonal structare of

the hole array. {b) Cross-section. Pt filim is green, silicon photonic crystal
is grey, a = 4.2 um (phatonic sructures with @ = 3.4-6.2 pm produced
similar results), » =0.25, o = 1.05 pm, &, & 0.t um, eching depth
dy was varied, d, = 372 pm. Intermediate Si0, layer with thickness
d; = 0.1 pm was deposiled between Pt and Si layers. Reprinted wilh
permission from [61], R. Biswas et al., Phys. Rev. B 74, 045107 (2006).
© 2006, The American Physical Society,

6. 3D HIGH-TEMPERATURE PHOTONIC
STRUCTURES

The theory of the black body heat radiation is based on
linear dependence between the photon frequency and wave

vector
w=ck=2me/A (20)

Assuming that photons are placed in a cube of dimension
L, x L, xL_and using the Gibbs distribution of the photon
energies iw(k). we can obtain Plank’s-law (2). Actually.
this is the density of photonic states for the linear disper-
sion law (20). This [aw does not hold in photonic crystals
and, therefore, Plank’s law has to be modified.

The explanation is simple. All the radiation falling on
the crystal is absorbed there, and then reemitted according
to the photonic band spectrum. The spectrum of the pho-
tonic crystal contains gaps, and radiation is significantly
modified in the proximity of them. As a result, the peaks
of radiation should be expected at the peaks of the den-
sity of photonic states, which are usually close to the band
edges. Indeed, dw/dk = 0 at the band edges; this means
that the w(k) curve has a zero siope there. The longer the
horizontal part of the curve, the larger the corresponding
peak in the photonic density of states.

The effect is not appreciable in free space, where the
horizental part in the curve is absent. There are two cases
that have to be considered in particular. First, we con-
sider photonic crystals composed of diclectrics with large
dielectric permittivity. In this case the effect is due to the
flattening of the band spectrum in the vicinity of the gap
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Fig. 36. Lower bands of a photonic crystal (bold blue curve) and a
bare material {dashed red curve). k. is the wave vector correspond-
ing the edge of the Brillouin zone. The differences (ky, — &) and (&, —
&) are proportional 1o the number of phosonic states il the frequency
interval A.

considered above. Figure 36 schematically demonstrates
the effect. The number of photonic states in some interval
A is proportional to the corresponding intérval of the wave
vectors. This interval for the photonic crystal ky, —k; is
larger than that for the bare material k, — k.

This effect has been observed in the experiments on
the three-dimensional photonic crystal fabricated of silicon
rods and having diamond symmetry.? In Figure 37, we
see an increase of the infrared emission for the frequen-
cies below the gap, and a decrease in the gap region. In a
second example, the photonic crystals could be composed
of metals, whose dielectric permittivity is either negative
[e = —24.8+ 0.8 {Au), e = —33.54+3.1i (Ag)|, imag-
inary [& = 4.3+ 19.4i (W)] or both [e¢ = -22.54-22.7i
{Pd)].% If the metal occupies a significant part of the crys-
tal, the effective dielectric permittivity of the photonic
crystal (32) is also negative or imaginary. This means that
the low frequency long wavelength photons can’t prop-
agate through this crystal, and only the photons, whose
frequency is close to the gap, can spread. The wavelength
of such photons is comparable with the crystal. lattice
constanit.

To understand propagation of short wavelength photons ~

in the metallic photonic crystal, we begin with a photon
localized in a unil cell. Its Jocalization is due to reflec-
tion from each side of the metal rods surreunding the
cell. This localization would be perfect. if the rods were
infinitely thick. Finiteness of the rod thickness allows the

4 The data correspond to a photon cnergy of 1.5 €V or a wavelength
of A=0.827 pm in vacuum.
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Fig, 37. Measured (hermal emission specira of a three dimensional sil-
icon phetonic crystal of differemt numbers of layers (# =3, 4, and 3).
Solid black and dashed lines correspond to the theorctical bare silicon
and black-body cmission spectra, respectively. Reprinted with permission
from [62], 8.-Y. Lin et al., Phys. Rev B 62, R2243 (2000}. © 2000.
The American Physical Society.

photon wave field to penetrate into neighboring cells. Such
“tunneling” explains the light wave propagation in second
type photonic crystals.

Consider light propagation in a one dimensional metal-
lic photonic crystal. This could also be a two or three
dimensional cubic photonic crystal, if light propagates
along the [1 O 0] direction. The photonic spectrum of
this crystal obeys Eq. (9), where & =1 and &, is the
dielectric constant of the metal, ,/&; = ny -+ ik, &, is
the thicknesses of the metal rod, and { =4, +d, is the
unit cell. Assuming the thicknesses of the metal rod to be
large, exp(wkyds/c) > 1, and |&;| » I, we can rewrite
Eq. (9) as

0‘+' ko

2coski= (cosk d+ —sink d) it e+ whnd /¢

(21)

In this equation k,exp(wkyd,/c) 3 1. which means the
value of k is real, if sink,d, < 1. In the zero approxima-
tion sink,d, = 0; this corresponds to the hght localization
menticned above.

The solution of Eq. (21) can be real only if n; =1
This means that g, is real, but negative. Therefore, the
reflection of light on the meial surface occurs without

J. Comput. Theor. Nanosci. 5, 862-893, 2008
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its absarption. Otherwise, the light wave would attenuate,
because of energy dissipation due to Joule heating. Assum-
ing 1y = 0, we can write the solution of Eq. (21) as
w N 2 v
o0 ——— 4+ (=¥ rcoskl (22)
c dy  kod,
where N = 1,2, 3, ... (we assume N % 0 to make the fre-
quency (22) positive),

4
=
kgd,

o= Whoda/d N

is a hopping parameter (/ << 7/d,|, ds < d,}. The disper-
sion relation (22) is typical for a tight binding madel of
the electron band structure. .

In general, the solution of Eq. (21) is

LU_’.’TN

¢ T - (ky —ing)d, "

where 1= el(r)’iu(l’zj( e G(nm(,u’yd,)‘\‘ (23)

ok
(=) —L  preoskl,
kg —imy

The assumption ny, <€ k, is characteristic of the good con-
ductors: gold, silver, and copper, For most of metals these
values are of the same order s, ~ ;. Solutions @ of
Eq. (21) for real k (in the infinite crystal) are complex.
This corresponds to a broadening of the spectrum. More-
over, broadening of the non-physical solution N = 0 in
Eq. (22) @ = —2c¢/kyd,, if it exceeds this value, could
appear in the appropriate density of the photonic states.

Emission spectra of the tungsten photonic crystals
have been investigated theoretically by El-Kady et al.®
Figure 38(a) presents a band spectrum of the tungsten
Lincoln-log photonic crystal. We see that the first photonic
band of the crystal starts with a nonzero frequency. As
a result, the density of the photonic states and emission
spectrum contain only two peaks around the band edges,
as seen in Figures 38 and 39.

The wings in the experimental curves are probably due
to a broadening of the photonic spectra mentioned above
(for ngsten ny, = 3.48, k, =2.79 for A =10.827 um in
vacuum). Moreover, they could arise from surface photonic
states, Such stales with complex wave vector have to exist
at the photonic crystal boundary and participate in photon
emission. These states have not been taken into account in
the modeling. Another possible reason for the broadening
is tails of the photonic states in the gap arising in imperfect
photonic crystals.

6.1. Tangsten Emitters in Near- and Mid-Infrared for
Thermal Photovoltaic Power Generation

On of the aims of application of phatonics in photovoltaics
(TPV} is to suppress radiation below the band gap £,. This
can be accomplished by the construction of refractory met-
als with an electrically heated photonic structure enhancing
radiation within distinct a photonic band. The emitters for
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Fig. 38. (a) Calculated photonic spectra of free space (dashed Tine) and
photonic crystal (solid line). (b) Caleulated density of states of free space
(dashed ling) and photonic crystat {dots); the solid line is the least-squares
fit 1o the dats. Reprinted with permission from |63], [ El-Kady et al..
Phys. Rev. 872, 195110 (2005). © 2003, The American Physical Saciciy.
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Fig. 39.  Culculated black body emission specira of free space (dashed
line} and photonic crystal (solid line) for 7 =500 K (a), T =600 K (b),
and T =700 K {c). Dash-dotted lines are (he experimental spectra.
Reprinted with permission from [63), I. El-Kady et al_ Phys, Rev. B 72,
195110 (2008). © 2005, The American Physical Society.
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incandescent lamps, based on photonic tungsten structures
are also patented.™

In order tw achieve this objective, the 3D tungsten
photonic crystals with a complete photonic band gap at
different wavelengths have been fabricated. The photonic
crystal shown in Figure 40(a) suppresses photonic emis-
sion at A > 3 um (photonic band gap) and shows the peak
at A= 1.5 wm (SWIR range) within a narrow spectral band
of AA=0.9 wm at the temperature of 7 & 1535.% The
calculated absorption spectrum shows low absorption for
A>3 pm, and two peaks of ~40% at A= 2.5 um and of
=80% (high plateau) at A = 1.5-1.9 um in Figure 40(b).
This fabricated photonic tungsten emitter has a complete
photonic band gap and can trap the light in all direc-
tions for both polarizations. The measured photonic emis-
sion is 2.3 times narrower than blackbody radiation at
T = 1500 K and has its peak at the lower wavelength of
A= 1.5 um, Figure 41. The estimated optical-to-electric
conversion efficiency of the suggested three dimensional
photonic tungsten emitter is # 7 34%. and electric power
density =14 W/cm® at T = 1535 K, which exceed the
efficiency of power of conventional emitters (blackbody.
structured tungsten, Eu,0,).%% As indicated in paper,* the
designed tungsten photonic emitter is capable of provid-
ing nearly two hundred times stronger peak power of

(a}
(b) LA ARAAT LALA) LA b bhARE LLLAS REAR] LELAL MLAM LALA LRAD
[A=1.5-1.9um 8LlayerTungsten 7
1 o 3D Photonic-Crystal
L Theo .
o 08L (Theory) E
[ F i
c I 4
o 086[ A=2.5 pm 3
2 r | ]
3 04L 3
g . Com.plale ap
02F Photonic Band Gap .
0 FPTPI PETTT TOTP PP PY TN T Fwywa swvars buum e o b d o s PR TRER]

0 2 4 B g8 10 12
Wavelength (um)

Fig. 40. Threc dimensional tungsten photonic emiiter designed using
modified silicon technology. (a) SEM patern. Separation rod has a =
1.5 pm, rod width w = 0.5 pm, and rod height = 0.75 pm. Tungsien
rods represent the 110 chains of 1 diamond lattice. (b) Calculated absorp-
tion spectrum of §-layered 3D wngsten photonic erystal. Reprinted with
permission trom [65], S. Y. Lin ct al., Appl. Phys. Len. 83, 350 (2003).
@ 2003, American Institnte of Physics.
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Fig. 4. Comparison of measured emission power of the tungsten phe-
tonic emitter from Figure 40 at effective temperatures of 190, 1320,
1440, and 1535 K with blackbody radiation {dotted line}. The GaSb band
gap position is also shown. Reprinted with permission from [65], §. Y.
‘Lin et al., Appl. Phys. Letr. 83, 380 (2003). © 2003, American Institul:
of Physics.

A0 Wem? pm™" at A= 1.5 pm at T2 1500 K than the
peak power of 0.2 W em™ pm™' at A & 450 nm-of solar
radiation reaching the earth. At the same time, subsequent
experiments show,® that the temperature distribution takes
place in the electrically heated tungsten photonic samples
and a relatively small varjation in temperature can lead to
large changes in the emission intensity.

Using the same microlithography process, tungsten lat-
tices with complete photonic band gaps at broader wave-
lengths are also feasible. The tungsten photonic lattices
with photonic band gap A between 3 and 20 um (MWIR.
LWIR and Far-IR) are reported.*®-% The structures pos-
sess very strong attenuation of 230 dB at 12 um, a sharp
absorption peak at the photonic edge, and very high trans-
mission in the allowed band.”” The dominance of light
emission in a narrow band at a constant energy conversion
was underlined.®®

Notice that TPV cells can efficiently operate indepen-
dently on weather conditions and can be considered as a
complimentary technology to solar energy.®

6.2, Organized Fiber Structures

Depending on the high-temperature stable fiber properties.
different methods can be used for fiber organization in
HTPS. As the simplest way, methods of self-assembling
can be considered. Self-assembly was used for the organi-
zation of inoreanic fibers at high temperature, for example
of transition metal inorganic nanotubes.™ The structurally
well-organized fiber mats of SCS-6 silicon carbide fibers
were produced using High Isostatic Pressure (HIP) consol-
idation at 116 MPa.”! :

Fabrication of woven structures is also a possibility to
obtain two- or three-dimensional photonic structures, as
an alternative to lithography methods. Materials made of
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Fig. 42. Top view of a rectangular woven structure. Reprinted with per-
mission from [18], Y.-C. Tsal et al., £ Phys.; Condens. Matter 10, 753
(1998). © 1998, Institute of Physics.

fibers woven into 3D structure with micrometer cross-
sections can possess full three-dimensional photonic band
gaps in the mid-IR range, which allows woven structures
to suppress electromagnetic waves in any direction.” For
example, rectangular woven structures such as the one in
Figure 42 can be fabricated, having the full 3D photonic
band gap in mid-IR and working as photonic insulator,
provided the lattice parameters (fiber size) can be adjusted
to match the incident wavelength and that fiber with suit-
able dielectric constants can be found.

In the course of modeling properties of fiber assem-
blies, the randomly homogeneous model structure with

7

Fig. 43. Randomly homogenecous fibrous structure with orthogonally
arranged fibers used for modeling the infuence of high-temperatuze on
the TC of fiber composites. Reprinted with permission from [22], N. AL
Bozhkoy and A. A. Ivanov, J Eng. Phys. 541 {1990). Translated from
Inzhenerno-Fizicheskii Zhurnal 58, 714 {1990). © 1990, Plenum Publish-
ing Corporation.
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orthogonally arranged fibers in Figure 43 was considered
and the calculation of the influence of high-temperature
elongation of fiber structure TC (see also Section 2.1)
was performed for the fiber quartz ceramic structures (for
example via the change of fiber length, fiber diamerer).
This model can be used for estimation of the radiative
conductivity of imperfect fibrous composites.?

The main high-temperature characteristics which are
practically important for fibers and fiber-forming materi-
als are the relaxation and phase transition termperatures
in the amorphous regions (know as the glass point 7).
crystalline structural regions (the melting point T}, and
the upper temperature level of thermal stability, which is
determined by the nominal decomposition temperature 7.
Inorganic fibers based on SiC, BN, AIN, Si0,, AL O;, and
ZrO, have high resistance to heat and fire and can used
at temperatures of 800-1000 °C, and briefly even up to
1300-2000 °C. The meltmg point of these inorganic fibers
is within the range of 1700-2800 °C.7

7. PROPAGATION OF ELECTROMAGNETIC
WAVES IN IMPERFECT PHOTONIC
MATERIALS

There are two basic types of unintentional imperfection
defects in photonic crystals. First, long range distortions
in the lattice constant arise due to a variation in the sizes
of the units composing the crystal. In the closely packed
lattices this ieads to an appreciable deviation of the lat-
tice constant over long distances, depicted in Figure 44(a).
Another reason for a long-range distortion can arise from
the polycrystalline nature of a real crystal.™” Second,
impertections may arise due to point defects, such as the
presence of foreign particles of different dielectric con-
stants, depicted in Figure 44(b). .

Structural defects lead to a scattering of the electro-
magnetic Bloch wave, as has been observed in number of
experiments. Figure 45 presents the transmission spectra
of a.opal photonic crystal built of silica particles as well
as results of modeling based on the photonic band calcu-
lation for the corresponding perfect crystal.™ We see that

(a) ' (b)

Fig. 44.  Schemes illustraling models of tong- and short-range imperfec-
tions in photontc crystals. (a) Long- range distortion of the crystal lattice
caused by impurity of different size. (k) Shortrange distortion of the
crystal lattice caused by impurity of different diclectric permittivity.
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Fig. 45. Experimental (solid lines) and 1heoretical {dashed lines) zero-
order (ransmission spectra (a) lor infiltration with ethanol and {b) with
cyclohexane. The spectra marked | represent normal incidence (n50°),
while the spectra marked 2 show the case of incicence at us30°. The
calculations predict significantly stronger attenuation and narrower spec-
tral width of stop band features even though the calculated thickness of
the structure was smaller @90 mm, corresponding to 384 close-packed
(111 layers with imerplane spacing of ¢5233 nm# than the actual thick-
ness of the sample {23300 mm). Reprinted with permission {rom [74].
V. N. Asiraiov et al., Phys, Rev B 66. 165215 (2002). © 2002, American
Physical Society.

experimental dip is wider and shallower than the theoret-
ical dip of the perfect crystal. A similar result has been
obtained in another study, shown in Figure 46.” The one
dimensional model of the structure disorder used in this
paper makes the results more realistic, but does not go far
enough (o explain the demonstrated effect.

This effect has been explained to be a result of Bloch
wave scattering at defects.” A widening of the trans-
mittance curve can be understood as the result of light
wave interaction with a tong-scale distortion. Such dis-
tortion effectively changes the lattice constant and shifts
the gap center frequency, making it pasition-dependent,
As a result, photons with perfect crystal gap frequency
can propagate without attenuation in some regions of the
imperfect crystal where the gap position is different. On
the other hand, some photons with frequency outside the
perfect crystal gap may propagate with attenuation in
some regions of the imperfect crysial. Thus. the long-~
range irregularities should lead to a widening of the dip in
the transmittance spectrum, and an increase of the in-gap
fransmittance.

Light propagation in structures with long-range irregu-
larities can be described by a wave equation with a posi-
tion dependent effective speed of light S. As a result the
width of the photenic band also becomes position depen-
dent. We can write this dependence as W = W, {14 Bdf),
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Fig. 46. Calculated transmission spectra for a photonic  crystal of
165-mm thickness with varying disorder, each ensemble averaged aver
200 realizations. The standard deviation & of the sphere diameter is
1-0%, 2-0.5%, 3-19, 4-2%, 5-3%. 6-4%, 7-5%, 8-10%. Thick solid
line % is the experimental spectrum. Upper insct: Scheme of sphere pack-
aging on the {110) plane of an fec lattice of opal, and corresponding
profile of refractive index calculated along the @111# direction. Lower
inset; A semilogarithmic plot of caleulated attenuation length j as a fune-
lion of disorder ¢/, Reprinted with permission {rom [76], Yu. A. Vlasos
et al., Phys. Rev. B 60, 1535 (1999). © 1999, American Physical
Society.

where W, is the bandwidth of the perfect crystal, 8f is
local deviation of the packing density, and 8 ~ 1 is con-
stant. Assuming a normal distribution of the random value
8f, we can write the transmission as”’

1 T gt 5
JLR=€A4“d, where oo = Ef. , e_gv/_a- Rt 7+§d‘f
(w?— W2 — W2 24
- asze -
., w3—1V3+A3 2 ,
and o":( 054 /2) B(8F%

Rough simplification of Eq. (24} yields

J]_R —~ 674A,«'S(_|—,8‘r5f‘){l ) (25)

for the mid-gap transmittance, and
——

\/ 5Ai]in = B)kmin \/Ef? (26)

for width of the dip.
Thus, long-scale irregularity leads to widening of the
curve and some decrease of its depth. An additional
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Fig. 47.  Transparency of a photonic crystal under normal ircidence. (a) The theoretical curve carresponds to the model of the perfect crystal. (b) The
theoretical curve corresponds to the model of short-range irregularity. (¢} The theoretical curve corresponds 1o the medel ol the long-range irregularity.
Reprinted with permission from [77], L. Braginsky and V. Shklover, Phvs. Rev. B 73, 085107 (2006). © 2006, The American Physical Society.

decrease of the dip can arise from scattering due to short-
scale irregularity in the pseudo-PBG photonic crystal. The
position of the mid-gap is determined by the edge of the
Brillouin zone, and therefore depends on the propagation
direction in the crystal. The gap width is small in photonic
crystals of low index materials. The gap is not absolute in
such materials and propagation may be prohibited in some
directions, but possible at the same frequency for other
directions.

If the frequency @ belongs to the photonic gap in the
direction of the normal » to the crystal boundary at z =0,
then propagation in this direction is prohibited. However,
mid-gap position depends on direction in the crystal, and
if the gap value is small, then the same w can be outside
the gap in some direction close to n. If so, then elastic
scattering of light can increase the in-gap transmittance.
Thus, transmittance of a thick film depends on the number
of scatterers along the decay direction, and not on the film
thickness itself. Estimation yields

Jon = Lm(f)(l — pmivdy 27)

vi, A
where L, is the mean free path of the photon regarding

to its scattering at the impurities [41]. It can be estimated
that
28 W
=7 AR
i
Figure 47 illustrates the effect of structure distortion.
The value of the band gap used in the theoretical model
was chosen from the experiment. The theoretical midgap
transmittance is four orders of magnitude smaller than
the measured transmittance, Figure 47(a). Figure 47(h)
demonstrates the effect of short-range irregularities. Such
trregularities can increase the midgap transparency, but
cannot cause broadening of the dip. Short-range scattering
changes the wave vector of the in-gap photon such that
it is no longer in-gap. The inverse process is improbable
in narrow-gap photonic crystals, The effect of long-range
itregularities is demonstrated in Figure 47(c). In agreement

L =

(28)
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with approximations (25) and {26), the long-range irregu-
larity causes a broadening of the gap.

8. PROPAGATION OF ELECTROMAGNETIC
WAVES IN NON-ORGANIZED NANO- AND
MICROGRANULAR MATERIALS ’

According to the approximation in (7), most of the ther
mal radiation energy at T > 1000 °C is transferred by
IR radiation with wavelength 5 pm < A < 20 pm. These
wavelengths are very large in comparison with the average
grain size in some ceramics {d ~ 100 to 500 nm). How-
ever, they are smaller than or roughly equal to the average
pore size in some porous materials (d ~ | to 50 gm).
To investigate propagation of waves in such materials, we
have to consider both limiting cases; materials with smalli-
scale irregularity (e.g., grains of ¢ < A) and materials with
large-scale irregularity (e.g., pores of d 3> A). The first
case will be addressed in this section.

Consider propagation in a granular material assuming
that the mean size of grains is much less than the wave-
length A and that the material has no periodic organiza-
tion with a period comparable to A, The first assumption
allows averaging of the electric and magnetic field devi-
ations caused by structural disorder over the scale of the
wavelength, '

Suppose we have a dielectric function

g, Cifr belongs to the grain
elr)= (29)

&y, if r belengs to the surrounding material

We can write e(r) = e+ §(r), where £ = pe, + (1 — p)e, is
an average dielectric permittivity and £(r) is its deviation,
so that (£(r)} =0 (where angle brackets mean averaging).
and p is the volume concentration of the grains. -

The electric and magnetic fields can also be written
as the sums of their average and fluctuation components,
E=E+e H=H-+h It has been proven that if differ-
ent components of the fields fluctuate independently, then
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the usual expression for the Poynting vectar helds for the
average values:”

(5= [E (r) < H(r)]
The average electric field obeys the equation
0 1 .
AE+ — (¢E+IT) = ——grad divIL, where
¢ £

() = IL,(r) = 3E,e7 [ [‘:j_ s —SPQZ}

Wp-k) &k

k? — ew?/c? . (30)
In deriving Eq. (30), we have assumed propagation
along the z-axis and an electric field polarization in the
x-direction. In Eq. (30), 82 = (&% = p(1 — p)(g, — &)
E_ is an amplitude of the electric field, p. is the wave
vector of light, and W (k) = f W(p)e ?*d>p is the Fourier
transform of the normalized correlation function W{r) =
(E(OE)/{ED. Tt is evident from Eq. (30) that the real
part of II is the correction to the average permittivity &
while its imaginary part corresponds to wave attenuation.

For a rough estimate, let us assume an expression for
the correlation function W(p):

W (p) = exp(~p/R) (31)

where R is the correlation length (this value is approx-
imately comparable with the mean grain size). The
exponential correlation function (31) is more suitable for
a two-component grain structure than the commonly used
Gauss function. Equation (31) assumes that the dielectric
permittivity can be equal to &, or &,, but not an interme-
diate value.” ™ This is in agreement with Eq. (29). Note
that the Fourier transform of (31) has a power decay factor
with k. rather than an exponential one.

8T R?
(1+&2R2)

W (k) =

Assuming (w/c}R < 1 in Eq. (30), which means that the

wavelength exceeds the grain size, we obtain an effective
dielectric permittivity of
2

E=¢g —131-{-%119 Je(wRjcy (32)

The correction factor is p(l — p)(e, — &,)*/3e for an

effective permittivity with binary structure.” It is correct

when dielectric constants are close (g, =5 g,), or if one

of the compound components prevails {(p < 1 or p = 1).

The imaginary correction to the permittivity means that
the wave decay factor is
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Thus, the scattering length of the photon is

(@) =7 =397 R (0/c)* (33
in agreement with Rayleigh’s law.

‘Using the above analysis, we can estimate scattering of
waves in non-arganized granular media when the grain size
is significantly smaller than the light wavelength. It can also
be applied to porous materials with small pore size.

9. PROPAGATION OF ELECTROMAGNETIC
WAVES IN POROUS MATERIALS

In this section. we consider the propagation of waves in
materials with long-scale irregularity, in particular pores
where the average pore size is on the order of or larger
than the mean wavelength.

Let P(x)dx be the number of pores in the unit vol-
ume whose size is between x and x4 dx. If all pores
have the same diameter d, P(x) = N8(x —d), where N =
6p/(7d*), and p is the porosity. To estimate the MFP, we
assume a total cross-section of pores in a 1x 1 x/! paral-
lelepiped to have value equal to unity. Therefore

il

— Plx)xidx =1
7 ) (x)x"dx

where { = [(A) is the MFP of the photon. Thus,
S22 [ poxtdx (34)
4 J)

To relate P(x) with the correlation function W(r), intro-
duced in Section 8, note that the number of pores whose
size is less than 2r is ﬂfrP(x)dx, and their total volume
is (7/6) f}" P(x)x’dx. This value should be related o
p(1—p)[1-—W(2r)]. Therefore,

=W =gi®m fy P(x)x*dx, and
(35)
P(r) = -SRI
Hence
3 1- i ] oW
- x

For rough estimation we can assume W(,x:) =exp(—x/d).
Then

=

3p(l1—p) f“ W) o,
: b
A X
In this approximation, the MFP of photons with wave-
Iength much smafler than pore size is

2d
3p(1 —p)(y+1n %)

(a7

Elarge =

where v == 0.5772 is BEuler’s constant.
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Fig. 48. Thermal conductivity of YSZ coatings with (solid lines) and without radiative component for coalings with small and large pores diameter

(left: 0.5 pm, right: 100 gm).

Equations (36) and (37) yvield estimates of the mean free
path for the photons in materials with large-scale irregu-
larity. Note that in the opposite limiting case A 3 R, the
integral in (36) results in an /.. ~ Aexp(A/R). In this
case, /1. vanishes in Eq. (8).

A decrease in the porosity of YSZ yielding an increase
of the radiative component of heat transfer is shown in

Figure 48.

10. SIMULATION OF PHOTONIC
STRUCTURES

The entire design of high-temperature photonic struc-
tures is a typical multiphysics problem because several
disciplines of physics, such as electrodynamics, thermody-
namics, and mechanics are simultanecusly involved. Since
differential equations may be used for describing the dif-
ferent physical aspects, one may essentially take advantage
of very similar numerical methods that essentially integrate
coupled differential equations based on one and the same
numerical technique. Currently, several commercial mul-
tiphysics codes are available [http://www.comsol.com/],
[http:/fwww.cadfem.de/index. [810.0.htm]], |www.ansys.
com/products/multiphysics.asp|. All of them are based on
the Finite Elements Method (FEM).*? There are several
reasons for this. FEM is usually based on a tetrahe-
dral, unstructured mesh that can easily be obtained from
common CAD tools. All of the physical fields, such as
the electrodynamic field components, temperatures, and
stresses, can easily be approximated within a tetrahedral
element by means of linear, guadratic or higher order
functions. Therefore, once an FEM code is available, it is
relatively easy to add modules for the different disciplines
of physics. Finally, it is convenient for the users to work
with the same methods for solving all of the problems
involved.

However, when one focuses on the particular disci-
pline of electromagnetics, FEM is neither the only avail-
able method nor the most efficient one, in general.

J. Comput. Theor. Nancsci. 5, 862-893, 2008
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Electromagnetics is a rather wide area, described by
Maxwell’s partial differential equations together with
equations describing the material properties, the excitation
of the electromagnetic field, and additional conditions such
radiation conditions. Because of this, the efficiency of the
numerical method depends strongly on the material prop-
erties and on the geometry properties of the structure to
be analyzed. In particular, when non-linear materials are
involved, time-domain technigues such as Finite Differ-
ence Time Domain (FDTD),* Finite Integral Technique
in Time Domain (FIT-TD),* Finite Volume Time Domain
(FVTD).®> and FEM-TD® are best suvited. Because of its
simple implementation and fast iterative update schemes,
FDTD is most frequently applied when non-linear materi-
als are present. When material dispersion is strong, time
domain methods become either expensive or inaccurate,
and frequency domain methods are more favorable.
Although Finite Difference Frequency Domain

(FDFD)¥ codes are available, these are not frequently

applied. In the frequency domain, FEM and another class
of codes based on boundary discretizations are most
widely used. Boundary discretization means that only
the ‘boundaries between domains with different material
properties need to be discretized. Thus, the dimension of
the discretization space is reduced by ane. As a result,
boundary discretization methods lead to much smaller
system matrices than domain discretization methods. On
first sight, this leads to much smaller storage require-
ments and computation time, but the matrices of boundary
discretization methods are dense while those of domain
discretization methods are sparse. Whether a bound-
ary discretization method is more efficient than a domain
discretization method therefore depends on -the specific
implementation of the problem and its geometric details.
When the geometry is relatively simple and may be
defined analytically. one may derive and implement very
powerful “semi-analytic™ boundary discretization meth-
ods. These approaches usually suffer from a lack of
generality, and may only be applied to certain problems.
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Several techniques extend the semi-analytic approach to
overcome these limitations. Most prominent among these
are the Boundary Element Method (BEM)¥ and other
methods based on Boundary Integral Equations (BIE)*
the Generalized Multipole Technique (GMT),* with its
Multiple Multipole Program (MMP),”' the Method of
Auxiliary Sources (MAS),”* and the Method of Fictitious
Sources (MFS).%? All of these methods are general enough
to handle arbitrary geometries, may provide highly accu-
rate results, and exhibit very fast convergence—at least
when the boundaries are smooth enough—but tend to
become time consuming for complicated 3D problems.
Therefore, boundary discretization methods are best suited
when accurate results for simple 2D or axisymmetric 3D
problems with dispersive, linear malterials are desired,
while domain discretization methods are better suited for
obtaining not too accurate soluticns of 3D problems with
non-smooth geometry but dispersion-free materials.

Because of poor fabrication tolerances on the scale
of nanometers, the limited accuracy of results obtained
from domain discretization methods may seem to be of
minor inportance. This is not always true for the follow-
ing reason. The optimal design of highly complex struc-
tures containing photonic crystals requires the detailed
analysis of many different promising structures. Because
of the complicated behavior of photonic crystals, sim-
ple design rules are often missing and the only reason-
able way towards optimal solutions is to apply numerical
optimizers.> Numerical optimizers usually “design” thou-
sands of possible structures that must then be analyzed
by an appropriate field solver, which finally calculates the
guality or “fitness” of each structure and returns it to the
optimizer, Numerical inaccuracies of the field solver cause
some noise on the fitness function and can considerably
disturb the optimizer.”> As a result, the optimizer may tun
towards a sub-optimal solution or even towards an unreal-
istic solution that provides heavy numerical problems for
the field solver. Thus designing by optimization demands
an accurate field solver, When no highly accurate field
solver is available for a certain problem type, the numer-
ical optimizer must be designed in such a way that it is
not too disturbed by noise on the fitness function. Such
oplimizers are more difficult to design and less efficient in
seneral.

Because of the complexity of photonic structures, it is
reasonable to design them within several steps. The first
step is to analyze the band diagrams of hypothetically per-
fect photonic crystal structures that extend to infinity and
are perfectly periodic. When total reflection is desired for
a certain wavelength range. one must find a PhC siruc-
ture with a band gap that includes the desired wavelength
range, This is done by varying the crystal geometry and by
appropriately selecting the materials that are used for con-
strucling the photonic crystal. Currently, many powerful
codes for obtaining the band diagrams are available, The
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most prominent one is based on the Plane Wave Expansion
(PWE) method.*

In practice, photenic crystal structures must be finite.
Thermal barrier coatings must consist of a finite num-
ber of photonic crystal layers perpendicular to the sur-
face to be protected. Along the surface, the number of
photonic crystal layers may be huge. Therefore. it is rea-
sonable to study the impact of the finite number of las-
ers by another model that still extends to infinity along
the surface but is finite in the perpendicular direction
as shown in Figure 5. This allows one to determine the
required number of layers and to study the impact of fab-
rication tolerances, Consider the simple case of a Brage-
type photonic crystal coating with N layers consisting
of two dielectrics D, and 13, per layer. The structure 15
described by the two widths w, and w, of D, and [,
that are equal for all N layers. Because of the fabrica-

_tion tolerances, each width is disturbed by a few percent.

As a result, one has a model with 2N geometric param-
ters wy, Wy, Wia, Waa, Wiz, Wase - - - » Wiy Way. While this
is tedicus for the analysis of the impact of fabrication tol-
erances, it offers a way iowards improved coatings: By an
appropriate optimization of the 2D geometric parameters
one may obtain a better performance. This optimization
is very much similar to the optimization of anti-reflective
coatings for optical lenses,”” but with the opposite goal of
maximizing reflection instead of minimizing reflection.

In order to illustrate the procedure, we consider a rela-
tively simple cases of a five and ten layer dielectric slab
system, such as ones studied previously.”® In the case of
HTPS, the materials are chose a priori in order to meet
temperature requirements. For our example we will opti-
mize a high-temperature, high-contrast Ti-Si0O, structure,
The optimizer chooses the thickness of each layer so as o
minimize or maximize the refiection for a range of wave-
lengths. The most efficient and accurate solver for this
problem is the analytic one. FDTD will also work well.
but one must take care that fitness noise due to domain
discretization does not limit the performance of the opti-
mizer. This condition is satisfied when the FDTD results
are similar enough to analytical ones to the degree that any
error which arises from the discretization is less than the
integration error encountered when evaluating the fitness
from reflectance spectra. The benefit of the FDTD solu-
tion is that it is capable of tackling problems with complex
geometries and materials.

Figure 49 shows results for the optimized five and
ten layer systems. There are several resondnces visible al
higher frequencies, but their location is optimized so as o
maximize the reflectance over a broad spectrum. Because
of the addition degrees of freedom offered by the ten-layer
system, the number of resonances increases, and betier
inter-resonance reflection is achieved. If 'we further restrict
our optimization to a narrower band (between 1000 and
3000 nm), we can obtain even better in-band reflectance, at
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Fig. 49. Results of the FOTD optimizalien for the five and ten layer
system. Here, it is demonstrated that the higher number of degrees of
freedom which come with additional layers allows for an improvement of
performance, while adding additional resenances (o the reflectance behay-
ior. By demanding less broadband performance, better higher in-band
reflectance can be attained by the optimization.

the cost of reflectance outside the band. Consideration of
the optimization fitness convergence curve for the narrow-
band optimization of Figure 49 shows that it is possible
to obtain fast convergence for HTPS design when using
efficient optimizers like the simple evolutionary strategy.”

11. CONCLUSIONS AND QUTLOOK

The search for newer, more efficient thermal barrier coat-
ings is the focus of current HTPS studies. One dimensional
high temperature photonic structures for ceramic thermal
barrier coatings are studied most extensively. The appli-
cation of metallo-dielectric metamaterials as IR sources,
sensors, and spectral manipulators is one very promising
direction. Many studies are devoted to surface structures
for the control of spectral emissions from high-temperature
materials. As a result of these studies, metal films with
arrays of holes can be tuned to have band gaps at desired
wavelengths. The dependence of thermal conductivity on
photon mean free path is given. It was shown that long-
range irregularities lead to a widening of the dip in trans-
mittance spectra and increase the mid-gap transmittance of
photonic structures. On the other hand, while short-range
irregularities can increase the mid-gap transmittance, they

do not cause a broadening of the dip. Equations for the

scattering of electromagnetic radiation in non-organized
granular materials are proposed. From both a theoret-
ical and a technoiogical points of view, porous high-
temperature photonic structures appears to be the most
realistic technique for fabricating durable thermally pro-
tective coatings. Design of HTPS is a typical multiphysics
problem and can be handled using a number of finite
element based techniques. When a precise consideration

J. Comput. Theor. Nanosci. 5, 862-893, 2008
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of wave propagation is required, the application of more
sophisticated techniques is required. The design and opti-
mizalion of photonic structures may be based on the
analysis of the band diagram of a hypothetical structure
possessing a desired photonic behavior over a desired
wavelength range.

APPENDIX A

Glossary of Acronyms Used

BEM Boundary element methed

BIiE Boundary integral equations

CMC Ceramic matrix composite

CTE Coefficient of thermal expansion

EB-PVD Electron beam physicat vapor depasition

FDFD Finite difference frequency domain

FDTD Finite difference time domain

FEM Finite elements method

FEM-TD Finite elements method in time domain

FFT Fast fourier transformation

FIT-TD Finite integral technique in time domain

FOD Foreign object damage ’

FVTD Finite velume time domain

GMT Generalized multiple technique

HIP High isostatic pressure

HTPS High-temperature photonic structure

LWIR Long wavelength infrared radiation

MAS Method of auxiliary forces

MFP Mean free path

MFS Method of fictitious sources

MMP Muiltiple multipole program

MWIR Mid wavelength infrared radiation

opc Oxide defect cluster

ODR Omnidirectional reflector

PBGM Photonic band gap material

PBGM-DM  Photonic band gap material with
density modulation

PBGM-RM  Photonic band gap material with

' refractive index modulation

PBGM-PM  Photonic band gap malterial with
porosity modulation

PhC Photonic crystal

PS Plasma spray

PV  Photovoltaics

PWE Plane wave expansion

RTC Radiation thermal conductivity

SEBM Selective electron beam melting

SEM Scanning electron microscopy

TC Thermal conductivity '

TEBC Thermal and envirenmental
barrier coating

TEM Transmission electron microscopy

TGO Thermally grown oxide

™M Transfer matrix method

TPY Thermophotovoltaics -
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UHC

YSZ

Unburned hydrocarbons
Yitria stabilized Zirconia
(7YSZ means Zr0,-7 wi% Y,0;)
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