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Abstract: In this paper, we theoretically explore the spectroscopic features of various one-dimensional
photonic crystal (1D-PC)-based spectrally selective filters. The 1D-PC structure is composed of
alternating layers of titanium dioxide (TiO;) and graphene oxide (GO). Employing the transfer matrix
method (TMM), the impacts of the incidence angle, the number, and thicknesses of TiO, /GO layers in
various 1D-PC stacks on the spectroscopic features of the filters are explored in detail. The proposed
1D-PC structures are designed for practical use for thermophotovoltaic (TPV) applications to act
as filters that selectively transmit light below 1.78 um to a GaSb photovoltaic cell, while light with
longer wavelengths is reflected back to the source. The optimal design presented here consists of two
Bragg quarter-wave 1D-PC filters with different central frequencies stacked to form a single structure.
We demonstrate that our optimized 1D-PC filter exhibits a large omnidirectional stop band as well as
a broad pass band and weak absorption losses. These features meet the fundamental exigencies to
realize high-efficiency TPV devices. Additionally, we show that when integrated in a TPV system,
our optimized filter leads to a spectral efficiency of 64%, a device efficiency of 39%, and a power
density of 8.2 W/ cm?, at a source temperature of 1800 K.

Keywords: thermophotovoltaics; 1D-PC; selective filter; photonic band gap; device efficiency; transfer
matrix

1. Introduction

Thermophotovoltaic (TPV) technology has received widespread attention due to its
use in directly converting thermal energy radiated from a high-temperature source into
electricity using photovoltaic (PV) cells [1-5]. A TPV device is composed of a heat source
considered to be a perfect blackbody (BB), PV cells, and a selective filter. Unlike solar
photovoltaic systems, the heat source in a TPV system is significantly closer to the PV
diode, leading to a higher photon flux and power density as well as omnidirectional
transfer of radiated power. In addition, TPV systems require PV cells with low band gap
energy (Eg) semiconductors such as GaSb, InGaAs, and InGaAsSb because the temperature
of the source is typically between 1000 and 1800 K [6]. Moreover, the closeness of the
emitter to the PV cell authorizes photon recycling, leading to the enhancement of the
device efficiency. The system efficiency and power density can be dramatically improved
by the reflecting photon fraction having energies lower than the Eg of the PV cell to the
source and transmitting photons with higher energies to the PV cell. The heat source
absorbs the reflected light fraction and the energy can be recycled. Such energy recycling
processes can be accomplished by employing a spectrally selective filter deposited on
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the PV cell-front, and/or backside reflectors deposited on its backside [7]. Until now,
diverse highly efficient filter structures have been employed to enhance the performances
of TPV devices. These filter structures comprised rugate and plasma filters [8-11] as well
as distributed Bragg reflectors (DBRs) [12]. DBRs are layered structures in the form of
1D-PCs with a periodic refractive index along the normal to their surfaces [13,14]. Various
types of spectrally selective filters based on 1D-PC structures with diverse constituent
substances have been explored computationally and/or experimentally. Among these
selective filters, we cite those comprising 1D-PC structures based on alternating layers of
dielectric materials such as Si/SiO, [7,15,16] and TiO,/SiO, [17,18] PC structures. The
1D metal-dielectric PCs composed of Ag/SiO, are also of note [19]. Babiker et al. [16]
demonstrated 33.5% spectral efficiency at a source temperature of 1500 K for 1D Si/SiO,
filter structures. In another study [7], a spectrally selective filter including ten periods of
1D-PC structure composed of Si/SiO, layers was optimized and fabricated. This device
showed a power density of 2.1 W/cm? and spectral and system efficiencies of 40% and 24%,
respectively. Mbakop et al. [20] conducted a comparative study between the performances
of 5i1/5i0;- and TiO; /SiO,-based 1D-PC structures. They demonstrated that for the same
number of layers, the Si/SiO; structure exhibited a larger stop band in contrast to the
TiO, /SiO; structure. Recently, Gupta et al. [21] proposed a sub-band spectral filtering
structure integrated in a TPV device with a GaSb PV diode. Their optimized structure
demonstrated a prospect to reflect ~72% of the light radiated at a source temperature of
1500 K. More recently, Pirvaram et al. [22] employed a filtering structure composed of
ZrOy / ZrO;-aerogel 1D-PC to ameliorate the efficiency of a TPV system based on GaSb
PV cells. They reported that a power density of 8.5 W/cm? and spectral and system
efficiencies of 46% and 33%, respectively, were obtained for their optimized filter at the
emitter temperature of 1800 K.

In recent years, titanium dioxide (TiO;) become one of the most attractive materi-
als [23-27] that have been used to prepare functional 1D-PCs [28-32]. TiO; has a relatively
large refractive index; therefore, when combined with materials with low refractive index,
it results in a PBG. On the other hand, graphene oxide (GO) has excellent electrical and
optical properties, good thermal conductivity, high mechanical strength, and a wide specific
surface area [33,34]. GO is easily prepared and inexpensive, and it has a low refractive
index, which is about 1.3 in the wavelength interval ranging from visible to near-infrared.
Hence, the combination of GO with TiO; in a 1D-PC ensures a big difference between the
refractive indices allowing a wide and high stop band.

In the present work, various 1D-PCs based on GO/TiO, stacked structures were
designed and optimized for use as a spectrally selective filter for TPV applications. The
TMM approach was employed to compute the optical response of these structures. The
influence of several key parameters, such as number and thicknesses of the PC layers,
and the incidence angle on the optical features of the filtering structures was explored in
detail. Moreover, the optimized 1D-PC filter was integrated in a TPV system. Finally, the
spectral and device efficiencies, as well as the power density was estimated using an ideal
thermodynamic approach.

2. Model and Theory

In this study, a thermophotovoltaic (TPV) system was made up of a planar thermal
source and a PV diode separated by an airgap of width Ly, as reported in [7,22] (see
Figure 1). The source was assumed to be an ideal blackbody (BB) with a refractive index of
ngg = 1.0. The PV cell consisted of a GaSb cell with a refractive index of npy = 3.9 and
gap energy of Eg = 0.7 eV, which corresponded to a cut-off wavelength of A = 1.78 um.
A 1D-PC structure was positioned in front of the photodiode (see Figure 1) to enable the
photons with wavelengths below A, to pass through it, while reflecting all other photons
back to the blackbody source.
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Figure 1. TPV system with blackbody emitter (BB) and a front side 1D-PC selective filter positioned
in front of the PV diode that extends to +oo.

The electrical power density produced by a TPV device and its efficiency can be
computed using an ideal thermodynamic approach, as detailed in [6,35]. Within the
framework of this model, the photodiode was an ideal semiconductor where an electron—
hole pair could be generated if the energy of the incident photon fiw was greater than energy
gap Eg. The power transmitted from a blackbody at temperature Tgp to the photodiode can
be expressed according to the ideal thermodynamic model as follows:

® . 2 2 ® 2 2
N5 W fuw — Nn%,wW hw N
Prog = 41313%2 — Th3(w)dw — 412/%2 — Tz (w)dw (1)
eXP(kBTBB) -1 wq eXP( ks Tpy ) -1

where w is the photon angular frequency, Tgp is the blackbody temperature, e is the electron
charge, V is the voltage across the PV diode terminals, 7 is the reduced Planck’s constant,
and kg is Boltzmann’s constant. Ti3 and T3; are the average transmittance from the source
to the photodiode and from the photodiode to the source, respectively. The amount of
electrical power produced in the PV diode can be written as:

2 w? B _ T ndw? B —
i “ Ti3(w)dw — | 25 “ T51(w)dw 2
472c2 fiw 1 472c2 fiw—eV 1
exp(kBTBB> N wg exp( kgTpy ) -

The first and second terms in the above equation represent the photon flux transferred
from the source to the photodiode and from photodiode to the source, respectively. Hence,
the device efficiency can be expressed as follows:

P,
nrpv = PPV 3)
rad

Moreover, in the case of a blackbody emitter, the spectral efficiency can be calculated
according to [36] as follows:

Here Ri3(w) = 1— Ti3(w) is the average reflectance of the filter. #spec(TpB, Wg)
specifies the ratio of the transmitted power below the cut-off wavelength to the total
radiated power that attains the photodiode—filter system.
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According to Planck’s law, the spectral intensity of a blackbody source at temperature
T is given by [37]:
27thc?

AS exp(AllggT) -1

The transfer matrix method (TMM) [38] was used to simulate the optical features
of our designed 1D-PC configurations. In this approach, each layer of the system was
described by an interface matrix (I-matrix) and a propagation matrix (P-matrix). For the
1D layered structure, the P-matrix describing light propagation over the jth layer was
represented according to [38] by a 2 x 2 matrix as follows:

oK, 0
Pi(d;) = [ 0 oiKad; 1 (6)

Igg(A,T) = ©)

Meanwhile, the [-matrix that connects field components on either side of the j/k
interface can be expressed according to [38] by the following matrix:

1 1 Vik
I, = - j, -
- t,-,k{ o } )

where t; and r; are the Fresnel coefficients that are expressed for transverse electric (TE)
and transverse magnetic (TM) polarizations as in [38]:

TE %4 ™ _ 2VEVEA]

HE = , M ®)
T Y TR

q; — 9k €xqj — &k
1’]]:]5 1 rTM _ ] ] (9)

gi+a’ T e+ eige

with q; = ,/(sj — €45in20), where ¢, is the dielectric permittivity of the background
medium and 0 is the incidence angle.
The total transfer matrix can be written as:

S11 Si2 N
5= { So1 S ] = [ T(Tj=j1Pi(d)) Inva (10)

=1

Finally, the reflectance R, transmittance T, and the absorbance A can be extracted from
the Fresnel complex reflection and transmission coefficients as follows:

2

2
521 , A=1—-R-T. (11)

S11

1
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, T:\t|2:

The 1D-PC structures considered here are made of N alternating layers [LH]Y of
high- and low-index materials with refractive indices ny and n;, respectively, deposited
on a substrate with refractive index ng. The thicknesses dy and dj of the high- and
low-index material slabs were chosen to fulfill the Bragg quarter-wave stacks condition;
dyny = dpnp = Ag/4, where A is the band gap central wavelength at normal incidence.
It is well known that 1D-PCs can display total omnidirectional reflectance in the sense of
an overlapping band gap at all incident angles, which can be employed to enhance the
power conversion efficiency in TPV systems [39-41]. The wavelength Ay can be expressed
in terms of the lower limit of the stop band which was chosen to be equal to the cut-off
wavelength of the photodiode, according to [7].

1
Ao = Ag (12)
2 .. 1 —
Zan ()
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3. Results and Discussion

In this study, the high- and low-index material layers were chosen to be titanium
dioxide (TiO,) with a refractive index ny = 2.87 [42] and graphene oxide (GO) with a
refractive index ny = 1.328 [43], respectively. In our analysis, the spectroscopic features
of the TiO, /GO-based 1D-PC structures were investigated, as they related to the number
and the thicknesses of PC layers, as well as the incidence angle of the radiated photons.
The impact of each parameter among the above was also explored in detail. The basic
parameters used in our calculation are summarized in Table 1.

Table 1. Refractive indices of the different materials used in our calculations and the correspond-

ing references.

Material Refractive Index Reference
GaSb (PV diode) npy = 3.9 [7]
TiO, (High-refractive-index material) ny =287 [42]
GO (Low-refractive-index material) np = 1.328 [43]
Blackbody (Ideal thermal emitter) ngg = 1.0 [7]

First, we explored the effect of the number of periods on the reflectance spectrum of
our 1D-PC structure. As mentioned below, we chose the thicknesses of the layers to verify
the Bragg quarter-wave stacks condition, dyny = dpn; = Ag/4, where Ay is the band gap
central wavelength at normal incidence. To match the lower limit of the stop band to the
photodiode cutoff wavelength, the central wavelength could be calculated according to
Equation (12), so in this case A¢g = 2.34 um. Figure 2 displays the reflectance at normal
incidence of 1D-PC structures with configurations [LH]N at Ao = 2.34 um, N, extending
from three to six. In general, one can obviously observe that the reflectance level of the
structure increased by increasing the period number N. Particularly, the reflectance level
along the photonic band gap (PBG) exceeded 99% for N = 5. However, the width of PBG
narrowed slightly when increasing N from three to six layers. Hence, we chose N =5 as the
optimum value for the number of the PC periods. Note also that our 1D-PC filter displayed
numerous considerable reflection peaks within the transmission band due to the change
in the refractive-index profile. Such reflection ripples reduce the magnitude of radiated
power attaining the photodiode in a TPV device [7].

0.5

— [LH]B
- = [LH| -

LT
iy

—3

R L LT * L

—
e

1 L

1.5 2 25 3 3.5 4 4.5 5 5.5 6
Wavelength (um)

Figure 2. Reflectance spectra at normal incidence of the filter configuration [LH]N with different
numbers of periods; the central wavelength is Ay = 2.34 um.
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To reduce the magnitude of the reflection peaks in the transmission band and ame-
liorate the efficiency of our structure, we followed the strategy proposed by O’Sullivan
et al. [7]. The first layer in front to air could be reorganized into an anti-reflection coating by
reducing the thickness dL to its half; thus, the structure would be [L/ 2][H][LH]*. Figure 3
displays the reflectance spectra of the original structure ([LH]’) as well as the adjusted one
([L/2][H][LH]%). Obviously, the adjusted filter exhibited lower reflection level within the
transmission band in contrast to the original one.

........ [LH]5
— [L/2)[H]ILH]*

2 25 3 35 4 4.5 5 55 6
Wavelength (um)

Figure 3. Reflectance spectra at normal incidence of the original filter configuration [LH]® and the
adjusted structure [L/ 2][H][LH]?; the central wavelength is Ag = 2.34 um.

We continued our optimization by proceeding to obtain a larger PBG with the purpose
of improving the efficiency of the device. It was reported in [4] that the PBG of a 1D-PC
filter could be made wider by superposing together multiple filter configurations, having
consecutive individual PBGs on top of each other. For this reason, we designed another 1D-
PC filter having a lower-edge PBG to coincide with the upper edge of the above designed
one. Since the spectral range of a PBG can be controlled by choosing the central wavelength
of the Bragg stack, we optimized a second filter having a PBG consecutive to that of the
above one. We found that the PBG of this filter was centered at about Ay = 3.3 pm. Figure 4
displays the normal-incidence reflectance spectra of our TiO, / GO-based filters with the con-
figuration [LH]? for two distinct values of the central wavelength Ag; = 2.34 um ([LHI’(A1))
and Ag = 3.3 um ([LH]°(Ag2)). So, the thicknesses of the PC layers corresponding to the
configuration [LH]?(Ag1) are dy = 203.8 nm and d; = 440.5 nm, and those corresponding to
the configuration [LHIP(Ag2) are dy = 287.5 nm and d;, = 621.2 nm. The reflectance spectra
calculated for the double-stack filter configuration (ILHP(A\o1)-ILHIP(Ag2)) as well as the
normalized radiated intensity of the blackbody at 1600 K are displayed in Figure 4. From
this figure, it is evident that both [LHI?(Ao1) and [LHI?(Ag2) configurations exhibited PBGs
centered around Ag; =2.34 pm and Agp = 3.3 um, respectively. As expected, the double-stack
filter configuration exhibited a wider PBG region that extended over the two PBG ranges of
the two individual filters.

Again, we needed to minimize the reflection oscillations in the pass band to ameliorate
the efficiency of the double-stack filter; accordingly, we followed the strategy proposed
in [4,7]. Thus, we considered several 1D-PC double-stack filters with various configurations
and different anti-reflection coating (ARC) layers labeled as [ARC]y [LHIN (Ao1)-[LHIN?(Agp)
[ARC],. Here [ARC]; and [ARC]; are anti-reflection coating layers at the beginning and end
of the structure, respectively, and N; and N are the numbers of periods in each stack within
the structures. The normal-incidence reflectance spectra for these structures were calculated
and are displayed in Figure 5. From this figure, it can be noted that wide PBGs with high re-
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flectance levels were achieved for all configurations. The only thing that made a difference
was the reflectance levels within the pass bands of the different structures. Among the pro-
posed structures, we expect that the configuration [L/ 21[HIILH]*(A\o1)-[LH]*(Ag2) [LI[H/2]
is the most suitable to be used as spectral filter for TPV systems because it possessed the

lowest reflectance level within the filter pass band.

YT ¥ nvm..‘g‘_"" T 5
"-J-.’},’ — [LH] (AOW)
\“ ........ [LH]5()\02)
[ P— 5 5
: [LHI® (A, ) ILHIP(A )
. \:l— = Blackbody at 1600K
~ 'l‘. .
N i 1',\ ; e
~ ' [ ‘\: -
1: 1 N ’
-~ e 2\ /
~ 1 i !
~ ~ 1 -_'! : \ 'I
~ L:.... \‘ ‘I 7
VIS <\ L
V1 ‘«’ =~
I I I wA !
3 3.5 4 4.5 5 55 6

Wavelength (um)

Figure 4. The normalized radiated intensity of the blackbody at 1600 K and the reflectance spec-

tra at normal incidence of the filter configuration [LH]® for two values of the central wavelength
Ao1 = 2.34 um and Ay = 3.3 pum.

1 T N T —
0.8 7
8 H
] 5 5 |
5 ool ER 1, 1 it | [LHIP(Ay,)-ILHIP (A, )
8 === [U2]HILHI* Ay )-LLHIP(A )
204 = = [W2HILHI A )-LLHT (A IL/2]H]
02 ——  [L2JHILHI* (A ) ILHT* (A ILIH/2]
O | | | | | |
0.5

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

Wavelength (upm)

Figure 5. The normal-incidence reflectance spectra of double-stack filter with various configurations
and different anti-reflection coating layers.

We continued our analysis by exploring the dependency of the reflectance spectra on
the incidence angle. At oblique incidence, the spectroscopic behaviors of the filter depend
on the polarization state of the incident light. So, both transverse electric (TE) and transverse
magnetic (TM) polarizations were examined. Reflectance spectra for various incidence
angles for a double-stack filter configuration [L/ 2][HI[LH]*(Ao1)-[LH]*(Ao2) [L]I[H/2] are
displayed in Figure 6 for both TE and TM modes. This figure shows that TE and TM modes
manifested an identical stop band for normally incident waves. However, for waves with
oblique incidence angles, the optical response of the structure was significantly affected.
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This behavior is due to the fact that the interference condition related to the periodic
refractive-index profile, which changed with the incidence angle. Moreover, for TM and
TE waves the upper edge of the PBG shifted towards shorter wavelengths. According to
Figure 6, we can also note that for TM mode the stop band narrowed when the incidence
angle increased, and the upper edge shifted downward to the lower wavelengths more
quickly than for TE mode. Another interesting point is that in the case of TM mode the
reflectance level inside the PBG decreased when increasing the incidence angle, while it
remained high in the case of TE mode. These behaviors could be explained by the fact
that in case of TM waves, the surface current was proportional to the z component of the
wave-vector (k;), so the gap narrowed and began to disappear. However, in the case of TE
waves, the surface current was inversely proportional to k, so, the gap broadened with
the increase of 0, and the stop band persisted even for grazing incidences. In addition, the
TM stop band began to disappear at an incidence angle of approximately 80°, while in the
case of TE polarization, the stop band persisted even for incidence angles greater than 80°.
Broadly, the reflectance behaviors in Figure 6, calculated for oblique incidences, show that
the designed TiO, /GO-based 1D-PC preserved reasonable levels of spectroscopic features
even at an incidence angle of approximately 80°, maintaining both the critical stop-band
and pass-band characteristics.

(@)
TM mode

—_— p=°
- = 8=20°
........ 8=40°
—-=- §=60°
—— 0=80°

1 | ol
25 3 3.5 4 4.5 5
Wavelength (um)

(b)
TE mode

25 3 3.5
Wavelength (um)

Figure 6. Reflectance spectra of double-stack filter configuration [L/ 21[HIILH]*(Ao1)-[LHI*(Ao2)
[L][H/2] at various incidence angles for (a) TM mode and (b) TE polarizations.
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To estimate the ability of the different 1D-PC designs (detailed above) to ameliorate
the performances of the TPV devices, the power density and efficiency versus the emitter
temperature were computed for each of these configurations and the results are displayed in
Figure 7. This figure reveals that the TPV device integrating single-stack filter configuration
([L/2][H][LH]*(Ao1)) exhibited somewhat higher power density in contrast to those with
double-stack configurations. This was predictable since this structure had the lowest
reflectance levels within the transmission band.

10 T T T .
— Without filter
— - = [L/2]HIILHT Gy,
81 - - - [W2IHILHI G, ILHE () N
= = [W2JHILH] (g JILHT (g, )IL/2]H] 4
6 == [L/2JHIILH] (1 JILHI (g, )ILIH/2] i
g é../
4 /7 |
e
//‘4///
o ad
2] _.4:;/";” |
-""'—‘4{4’/
?000 ' 12'00 ' 14|00 ' 1 SIOO ' 1800
Temperature (K)
(@)
50 . T T T
— Without filter
— - = [L2]H]ILHT ()
4070 - - L2HILH G ILHIG,,) ]
= = [L2IHIILH]T (g ILHT (3, )IL/2][H] PP
30 —-—--[L/2][H][LH]4(xm)[LH]4(AOZ)[L][H/2] ,_,"' . // P

N
o
]

10 -

0 T T T T T T '
1000 1200 1400 1600 1800
Temperature (K)
(b)

Figure 7. Calculated power density (a) and system efficiency (b) of GaSb TPV device vs. the source
temperature for various filter configurations.

In fact, according to Equation (2), we can deduce that at specific temperatures a higher
in-band transmittance (lower in-band reflectance) was associated with a higher power
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density. Thus, as the single-stack filter possessed a lower in-band reflectance than the
double-stack configurations, the power density was higher in the single-stack structure.
Nevertheless, the single-stack structure suffered from weak efficiency because of its tight
stop band, and we see from Figure 7b that the double-stack structures exhibited higher
efficiencies. Among the considered double-stack structures, the one with the configuration
[L/2][HI[LH]*(Ao1)-[LH]*(Ag2) [LI[H/2] exhibited higher power density and efficiency.
Spectral efficiency is another index ordinarily employed to measure the performances
of TPV devices integrating 1D-PC filtering structures. Subsequently, the spectral efficiencies
(17spec) of our 1D-PC designs with single and double-stack configurations were calculated,
and we present the results in Figure 8. The simulated spectral efficiencies versus source
temperature suggest that the double-stack configuration [L/ 2][HI[LH]*(A\o1)-[LHI*(Ag2)
[L][H/2] exhibited the best spectral efficiency compared to other configurations. So, it
manifested a better trade-off among efficiency, power density, and spectral efficiency.

70 T T T T T ! !
— Without filter |
60~ — -~ IL2IHILHI(,,) /_/_
© <+ [L2)HILHT (3, ILHE (1) o7
504 — — [L/2JHIILHI (0 JILHT (2, )IL/2][H] /,,-", 7.
== [L2JHILHI O ILHI QIR | 2 e 7]
40 s . -

Spectral efficiency (%)

!
1400
Temperature (K)

1800

Figure 8. Spectral efficiencies of various 1D-PC filter configurations for GaSb diode with A¢ = 1.78 um.

4. Conclusions

Using the TMM method, we investigated the spectroscopic properties of TiO, /GO-
based 1D-PC structures as spectrally selective filters for TPV applications. The 1D-PC
filters presented here were designed and optimized to selectively reflect and transmit the
out-of-band and in-band light fractions. We found that the stacking of two 1D-PC filters
with suitable periods could simultaneously lead to a wide omnidirectional stop band with
a broad pass band and weak absorption losses. Consequently, our proposed structure
met the main requirements to ensure high efficiency and high power density in the case
of TPV systems. The optimal design displayed in our analysis consists of a double-stack
1D-PC structure, denoted as [L/2][H][LH]*(Ag1)-[LH]*(Ag2) [LI[H/2]. The performance
improvements accomplished by employing the designed filters in a perfect TPV device,
including a GaAs PV diode and source in a parallel configuration, were specified. We
demonstrated that, when integrated in a perfect TPV device at a source temperature of
~1800 K, our optimized double-stack configuration augmented the spectral efficiency from
32% to 64%. Moreover, compared to the situation without a filter, the power density of
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the TPV device was reduced from 10 to 8.2 W/cm?, while the system efficiency was raised
from 21% to 39%.
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