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Solar thermophotovoltaic (STPV) systems convert solar energy into electricity via thermally radiated photons at
tailored wavelengths to increase energy conversion efficiency. In this work, we report the design and analysis of
a STPV system with 2D photonic crystals (PhCs) using a high-fidelity thermal-electrical hybrid model that
includes the thermal coupling between the absorber/emitter/PV cell and accounts for non-idealities such as
temperature gradients and parasitic thermal losses. The desired radiative spectra of the absorber and emitter
were achieved by utilizing an optimized two-dimensional periodic square array of cylindrical cavities on a

Keywords: ) tantalum (Ta) substrate. Various energy loss mechanisms including re-emission at the absorber, low energy
Thlerm(’phf’to"f’lta‘c emission at the emitter, and a decrease in the emittance due to the angular dependence of PhCs were
solar . investigated with varying irradiation flux onto the absorber and resulting operating temperature. The modeling
Photonic crystals . . L. .

Tantalum results suggest that the absorber-to-electrical efficiency of a realistic planar STPV consisting of a 2D Ta PhC
Emitters absorber/emitter and current state of the art InGaAsSb PV cell (whose efficiency is only ~50% of the
Absorbers thermodynamic limit) with a tandem filter can be as high as ~10% at an irradiation flux of ~130 kwW/m? and

emitter temperature ~ 1400 K. The absorber-to-electrical STPV efficiency can be improved up to ~16% by
eliminating optical and electrical non-idealities in the PV cell. The high spectral performance of the optimized
2D Ta PhCs allows a compact system design and operation of STPVs at a significantly lower optical
concentration level compared with previous STPVs using macro-scale metallic cavity receivers. This work
demonstrates the importance of photon engineering for the development of high efficiency STPVs and offers a

framework to improve the performance of both PhC absorbers/emitters and overall STPV systems.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Solar thermophotovoltaic (STPV) systems use an intermediate
module that absorbs the solar radiation, and re-radiates photons at
high temperatures with tailored wavelengths toward a photovol-
taic (PV) cell (Fig. 1). By converting the incident solar radiation to a
narrow-band thermal emission matched to the spectral response
of the PV cell, STPVs have the potential to overcome the Shockley-
Queisser limit for the efficiency of PVs (~33% for 1sun) [1,2].
STPVs are also highly scalable for a wide range of power capacities,
have no moving parts, and allow solar energy storage and the use
of an alternative fuel to generate electricity.

Despite the significant potential of STPVs, very few experimental
results have reported the system-level efficiency of these systems.

* Corresponding authors at: Department of Mechanical Engineering, Kyung Hee
University, Yongin, 446-701, Korea. Tel: 82 (31) 201-3652.

** Correspondence to: Department of Mechanical Engineering, Massachusetts
Institute of Technology, 77 Massachusetts Avenue, 3-461B, Cambridge, MA 02139,
USA. Tel: 1 (617) 324-3311.

E-mail addresses: ysnam1@khu.ac.kr (Y. Nam), enwang@mit.edu (E.N. Wang).

0927-0248/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.solmat.2013.12.012

Meanwhile, of those reported, the efficiencies were relatively low
due to the poor performance of the emitter, absorber, and PV cell
and insufficient understanding of the highly coupled energy trans-
port processes among these components. A previous study using an
eutectic emitter demonstrated an overall solar-to-electrical effi-
ciency of ~0.025% [3] and a recent experiment with a cylindrical
tungsten (W) thermal cavity and germanium (Ge) PV cells demon-
strated an overall efficiency of ~0.7% with a high (~3000 x )
geometrical concentration factor [4]. With a similar cylindrical W
cavity layout, ~1% overall efficiency was achieved using gallium
antimonide (GaSb) PV cells [5].

One of the biggest challenges in developing high efficiency STPVs
is tailoring the spectral response of the absorber and emitter, which
operate at high temperatures (> 1000 K). Previous studies have
investigated various materials including metal-doped MgO, oxides
of rare earth materials and tungsten for TPV applications but they
have not yet approached the performance of an ideal emitter [6-10].
Recently, the use of photonic crystals (PhCs) with 1D periodic metal/
dielectric layers, 2D arrays of cavities and 3D woodpile structures
have been suggested to overcome this challenge [9-23]. The PhCs
have photonic band structures of propagating and decaying states
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Fig. 1. (a) Schematic of a planar STPV consists of PhC absorber and emitter, (b) Energy flow diagram of the STPV that converts solar radiation with a wide spectrum (c) into a

tailored spectrum matched to the spectral response of the PV cell (d).

in wavelengths comparable to the length scale of their periodic
structures [11,12] and allow narrow-band [13-18] or wide-band
thermal emission with sharp, tailored cutoff wavelengths [19-25].
In particular, metallic PhCs with a large band gap and high thermal
stability have provided new opportunities in high temperature
applications such as STPVs by amplifying absorption and emission
within the designed wavelength range while suppressing emission
outside [17,19,20,24,26-28]. Long wavelength reflection filters have
also been introduced to reflect low energy photons back to the
emitter [29-32].

These previous studies with PhCs, however, have focused on
component-level rather than system-level performance. Therefore
the realistic performance of STPVs and the energy loss mechan-
isms associated with the integration of these components have not
been fully investigated. Furthermore, the spectral performance of
the absorber/emitter and system-level thermal losses in STPVs are
strongly affected by the operating temperature which is deter-
mined by the complex energy transport among the components.
Therefore, accurate system-level analysis is critical for the devel-
opment of high efficiency STPVs.

In this work, we developed a high-fidelity axisymmetric thermal-
electrical hybrid system-level model for STPVs with a 2D Ta PhC
absorber and emitter. Our model includes radiative and conductive
thermal coupling between the absorber, emitter and PV cell, and
precisely accounts for non-idealities such as thermal losses through
the side wall and the gap between the emitter and PV cell. The
emitter/absorber spectra are tailored by varying the dimension of a
two-dimensional square array of cylindrical holes created on a Ta
substrate. Unlike previous studies, we designed the PhCs through a
global optimization process and included the angular dependence of
PhCs in the system level analysis. Using our model, we show that
~10% absorber-to-electrical STPV efficiency can be achieved with the
developed Ta PhCs and existing PV cells/filters at a relatively low
irradiation flux of ~130 kW/m? and emitter temperature ~ 1400 K
without introducing a complex macro-scale receiver cavity design.

2. Energy transport in a STPV

The simplified schematic and energy flow diagram of a planar
STPV is shown in Fig. 1. The concentrated solar energy is converted
into heat at the absorber and emitted at tailored wavelengths
through the emitter that is thermally coupled to the absorber. The
thermally radiated high energy photons create electron-hole pairs

and generate electricity at the PV cell while low energy photons
are wasted as heat. The photons reflected from the PV cell surface
or emitted from the cell are re-absorbed on the emitter, or lost to
the surrounding.

Due to the multiple energy conversion and transport steps in
STPVs, the overall efficiency is determined from the balance
between various component-level efficiencies:

n _ Haps < Aabs Qabs « | Qemit | « | Qemit,(E > Eg)l
overall He x Ac Haps < Agps Quabs [ Qemi
QCEU,(E > Eg) Pelec, max
| Qemit >l QeellE > Eg)

= Ncollector X MNabsorber > Nadiabatic ¥ Mspectral < Ncavity X Mcell
(1)

where H. and Hg,s represent the amount of solar irradiation flux
onto the collector and absorber surfaces, respectively. The A; and
Aaps are the areas of the collector and absorber. Qgps, Qemic and Qgey
represent the net amount of heat applied to the absorber, emitter
and PV cell surfaces, respectively. Pejecmax iS the maximum power
output produced by the PV cell whose band gap is E.

A certain amount of the solar irradiation onto the absorber is
lost due to the reflection, transmission, and the re-emission losses
at the absorber, and the ratio between the amount of absorption
(Qaps) and irradiation (Hgs x Agps) is defined as the absorber
efficiency ngpsorper = Qabs/(Haps < Aaps), Where Hgps is determined
by multiplying the concentration ratio and the solar constant,
Hgaps=C x Gs. The absorbed heat is transferred to the emitter via
thermal conduction while losing a certain amount of heat through
the side walls. The ratio of the net emission to absorption is
defined as the adiabatic efficiency, n.giapatic = |Qemicl/Qabs- AMONg
the total net thermal emission from the emitter, only high energy
(E>E,) photons can generate electron-hole pairs in the PV cell,
and the ratio of the high energy to the total net emission
represents the Specual Efﬁdency Mspectral = |Qemit,(EzEg)|/|Qemit|'
Part of the useful emission is lost between the emitter and PV
cell, and the ratio of the useful emission arriving at the PV cell
surface to the total useful emission defines the cavity efficiency
Neavity = Qeell € > Ep) /| Qemit.E > E|- Finally, electron-hole recombina-
tion, thermalization, and non-ideal optical/electrical performance
of the PV cell limit the conversion efficiency and the ratio between
the maximum power output to useful emission at the PV cell is
defined as the cell efficiency ncen = Pelec, max/Qcell > E,)- By multi-
plying these component level efficiencies, the system-level STPV

= Hcollector X MSTPV (abs — elec)>
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efficiency is obtained. We define the absorber-to-electrical STPV
efficiency nsrpy(aps — etecy» Which excludes the collector loss from the
overall efficiency as in Eq. (1) to focus on the effects of the 2D Ta
PhC emitter and absorber on the STPV performance.

3. Model formulation

We developed a steady-state thermal-electrical hybrid system-
level STPV model using the finite element method and an
equivalent circuit model. The radiative heat transfer was coupled
with conductive and convective heat transfer on each infinitesimal
boundary element (dA) defined in a 2D axisymmetric framework
shown in Fig. 2:

- ﬁ) X (_ kVT) =rad +Gcony 0N dA, (2)

where q,,4 and q.,,, represent the net radiative and convective
heat flux applied to the dA, respectively. g o,y = hconv(Tins —T) for all
of the boundary elements and ¢4 is defined as ¢,4q 4, qrad.da, AN
radqs, according to the location of the elements (see Fig. 2).

On the absorber (Eq. (3)), the radiative heat flux applied to dA,
(Graa.qs,) Was determined from the absorption of incoming solar
radiation and re-emission loss:

radan, = /0 aa(DHp, (D7 — /O caEp(h. Tga,) — Ey(h Tinp)}A,

3

where Hgy, (1) is the irradiation flux onto dA, determined by
multiplying the standard solar spectrum for concentrated solar
applications (AM 1.5D) and the level of optical concentration.
E,(2, T) represents the spectral blackbody emissive power (emitted
energy/time/surface area/wavelength) from a surface whose tem-
perature is T and can be expressed as:

2rhc?

1) = steicrmar 17

4)

On the emitter (Eq. (5)), the heat flux applied to dA. was
calculated considering the emission loss and the absorption of
reflected and direct emission from the PV cell [33]:

Gatan, -~ | @B Tonpdi+ [ [ acd{pphan,
0 0o Ja,
+ Sp(/{)Eb(ﬂ, TdAp)}dFdAe —dAp dﬂ, (5)

where Hgy, (2) is the irradiation flux onto dA, (Fig. 2) and A, is the
area of PV cell. The temperature of the PV cell was fixed at 300 K
by assuming that the heat generated in the PV cell is dissipated
using a thermal management module attached to the backside of
the PV cell (see Fig. 1). The view factor, dFgs, _qs, quantifies the
probability that a photon emitted by the infinitesimal boundary
element dA, of the emitter reaches the element dA, of the PV cell,
which is described as:
€os 6. Cos Gy

Fap, —da, = e

dA,., )

where 6, and 6, are the angles between the surface normal vectors
and the line connecting dA. and dA, of length S. Since the
absorber/emitter module has a finite thickness, a parasitic radia-
tive loss through the side walls (with emittance &) is defined as:

radan = — /0 es){E(4, Tan) — Ey(A4. Tynp) }di 7

By substituting Eqs. (3)-(7) into Eq. (2) and calculating the
energy balance at the entire absorber/emitter module, the tem-
perature distributions at the absorber and emitter were calculated.
Then the total photocurrent generated at the PV cell (I,;) was
determined considering both the direct emission from the emitter

<S5

qrad,a + qconv

__labsorber side wall
t .
dAQ d‘ls I< Qrad ,8 + qconv
TQrad,e + qcunv

gT| emitter
r

Fig. 2. Schematic of the developed 2D axisymmetric finite element model that
consists of the absorber/emitter module and PV cell. Heat flux boundary conditions
are applied to the infinitesimal boundary elements located on the absorber, emitter
and side wall. r and t represent the radius and thickness of a circular absorber/
emitter module, respectively, and g represents the spatial gap between the emitter
and PV cell.

and indirect reflections between the emitter and the PV cell:

e A
= [ eRena{ecEati TorpeHane)} P, an 0

®

where Hgyy, (4) is the irradiation flux onto dA. and 7. represents
the external quantum efficiency of the PV cell. A, is the area of the
emitter. Then the current-voltage (IV) characterization of the PV
cell and the maximum electrical power output (P;;,qx) was obtained
from the equivalent circuit model:

=t =lo (exp () =1) — B4 P max =0 ©

For a realistic prediction, various optical and electrical cell
performance parameters such as internal (#;;,;) and external
quantum efficiency (7ex¢), reflectance of the cell front surface (p.),
saturation current (Ip), ideality factor (n;), series (Rs) and shunt
(Rsp) resistances were determined based on previous experimental
characterization [34,35].

4. Results and discussion
4.1. Ultimate STPV efficiency

Fig. 3 shows the schematic of an ideal STPV operating with an
intermediate absorber/emitter module. The ultimate STPV effi-
ciency can be calculated by multiplying the solar-to-thermal
efficiency #,_,, and the thermal-to-electrical efficiency ny, _ ejec-
Since the theoretical maximum thermal-to-electrical efficiency is
equal to the Carnot efficiency operating between two heat reser-
voirs, the ultimate solar-to-electrical STPV efficiency becomes
[2,4]:

1ISTPV (sol — elec), max = "Isol — th, max ~MCarnot» (10)

where 5cgmor = (1 —Ting/Ta), Ta is the temperature of the inter-
mediate absorber/emitter module and T, is the surrounding (or
PV cell) temperature. The maximum solar-to-thermal efficiency
Nsol — th, max1S Obtained by assuming a black absorber (a and ¢ are
equal to 1) and fully concentrated solar irradiation (the solid
angles of solar radiation received by the absorber Qg,=r) as
follows:

oTa,—0Th Ta\*
nsol—th,maszAz‘l*( A) . (11)

4
o Tsun Tsun

The same maximum solar-to-thermal efficiency can be
obtained without the full solar concentration when the solid angle
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Fig. 3. Ideal solar-thermal engine with an intermediate absorber/emitter module.

of the re-emission from the absorber 2, is equal to Qg, by
introducing a perfect thermal cavity or angular selectivity. From
Egs. (10) and (11), the ultimate solar-to-electrical STPV efficiency
becomes:

TA 4 Tinf
MSTPV (sol — elec), max — 1- Teoun 1- ﬁ . (12)

Eq. (12) shows that the increase in T, improves the Carnot
efficiency but decreases the solar-to-thermal efficiency. The opti-
mal T, was found to be ~2544K and the resulting ultimate
efficiency was ~85.4% [2,4].

4.2. Planar STPVs with cutoff absorbers and emitters

In order to approach the ultimate STPV efficiency described in
Eq. (12), we need a monochromatic emitter with a perfect thermal
cavity or angular selective absorber. Realizing these absorbers and
emitters, however, is challenging with current technology, there-
fore, we focused on more practical spectrally selective cutoff
absorbers and emitters that suppress absorption and emission
beyond a cutoff wavelength. The radiative spectra of an ideal cutoff
absorber and emitter (e=1 at A < Aq, and e=0 at 1 > A,) is shown
in Fig. 4a.

In order to determine the optimal cutoff wavelengths for the
emitter and absorber, and to estimate the maximum potential of
planar STPVs with cutoff absorber and emitter, we obtained the
NsTPv(abs —elecyOf Planar STPV by varying the cutoff wavelength of
emitter A of the planar STPV (Fig. 4b). The band gap of the PV
cell was matched to the Aq. SO that all the emitted photons can
create electron-hole pairs in the cell. The cell front surface was
assumed to be a blackbody. Various optical and electrical non-
idealities of the PV cell except the radiative recombination were
neglected [36] and the view factor loss through the gap between
the emitter and PV cell was also ignored. For the absorber, the
cutoff wavelength 1., was determined to maximize the net
amount of solar energy absorption by balancing the solar absorp-
tion and re-emission loss. The optimal Aqq and resulting
obtained by varying optical concentration and absorber tempera-
ture are provided in Fig. 4c and Fig. 4d, respectively. In general, the
increase in irradiation flux (or optical concentration) and decrease
in absorber temperature provide a longer Aeq (Fig. 4c) and higher

naps DY reducing the relative portion of re-emission loss compared
with solar absorption (Fig. 4d).

Fig. 4b shows that the 5srpy(aps_elecy Of @ planar STPV with ideal
cutoff absorber, emitter and PV cell can exceed the Shockley-
Queisser limit, which agrees with the previous prediction based on
the detailed balance theory [37]. We note that the maximum
efficiency of planar STPVs with cutoff absorbers and emitters
(~42%) is much lower than the ultimate STPV efficiency
(~85.4%) calculated from Eq. (12) mainly due to the increase in
the re-emission and thermalization losses compared with the
ideal configurations assumed in Eqgs. (10)-(12).

The desired emitter cutoff wavelength i, . (and the band gap
of the PV cell) is affected by the amount of parasitic thermal losses
through the side walls of the absorber/emitter module (Fig. 4b).
Without any parasitic thermal loss through the sidewalls (i.e.,
effective wall thickness top=e(t/r)=0, where t and r represent the
thickness and radius of the absorber/emitter module), the optimal
Acute and band gap are at ~2.07 pm (0.6 eV). When the thermal
loss is introduced, the efficiency of STPVs with a shorter Acye
(larger band gap) decreases more rapidly, because they operate at
higher temperatures due to the limited amount of thermal emis-
sion. As the result, the optimal A, increases as the t.g increases.
For our analysis, the Aq: was determined to be ~2.25pm
(0.55 eV) since the te5 can be reduced to approximately 0.005 by
using a thin substrate with low emissivity (e.g., t/r=0.05 and
es~0.1). The Ay also matches well with the band gap of
the existing InGaAsSb PV cells (~0.55eV) [34,35]. The optimal
Acutq and resulting #,,s are marked as dashed lines in Fig. 4c and d,
respectively, for the planar STPVs whose Aqy. is fixed at 2.25 pm.

4.3. Optimized 2D tantalum photonic crystal absorbers
and emitters

In order to realize the cutoff absorber and emitter applicable to
high temperature systems, we engineered the radiative spectra of
emitters and absorbers using a two-dimensional square array of
cylindrical holes with period (p), diameter (d), and depth (h)
created on a tantalum (Ta) substrate (see Fig. 1 and the inset of
Fig. 5). Ta was selected due to its high melting point (3290 K), low
vapor pressure and good intrinsic spectral selectivity. It has lower
emittance at short wavelengths (1~ 1.6 um) than other low emit-
tance materials such as tungsten (W), which enables the tailoring
of a wide range of cutoff wavelengths. Ta also has relatively
desirable processing properties compared with W [24]. The 2D
Ta PhC absorber and emitter exhibit near-blackbody emittance at
short wavelengths as well as emittance almost as low as a polished
metal at long wavelengths, with a sharp cutoff separating the two
regimes. The cutoff wavelength is tunable by adjusting the funda-
mental cavity resonant frequency through changes in the dimen-
sions of the cavities, while the maximum emittance of the first
resonance peak below the cutoff is achieved via Q-matching
[21,28].

To calculate the emittance, we utilized the mode matching
formalism, whereby emittance is calculated by matching the
radiation fields at the boundary of free space and the cylindrical
cavities via expansion of the cavity modes [38]. The dispersion of
Ta was captured using the Lorentz-Drude model, fit both to the
measured reflectance values at room temperature and elevated
temperatures [39]. Overall, the normal and hemispherically aver-
aged radiative properties are extremely close to the values
obtained from the exact finite-difference time-domain (FDTD)
implementation [21,40]. Yet, the mode matching formalism is
orders of magnitude faster than the FDTD, which allows easier
global optimization of the PhC designs.
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Fig. 5. Normal (N) and hemispherically averaged (H) emittance at T=1200 K for the
developed 2D Ta PhC and smooth Ta absorber/emitter. The cutoff wavelengths of
absorber and emitter are tailored to be ~13 pm and ~2.3 um, respectively. The
optimal cavity dimensions are determined to be p=0.68 pm, d=0.78 pm, h=7.94 pm
for the absorber, and p=1.24 pm, d=1.45 pm, h=_8.00 um for the emitter.

The optimization was performed using both the controlled
random search (CRS) algorithm [41] and the multi-level single-
linkage (MLSL) algorithm with a low discrepancy sequence (LDS)

[42]. The optimization was based on a figure of merit (FOM)
measuring how close the performance is compared to an ideal
cutoff emitter:

FOM = 0.75E, - ;.,, +0.25(1—E; - ;..,). (13)

where E; ., and E,. ;, represent the average emittance above
and below the band gap, respectively. Higher weighting was given
to increasing emittance below the cutoff wavelength (i) to
ensure high enough power density. Fig. 5 shows the resulting
optimized radiative spectra of 2D Ta PhCs and flat Ta obtained
at 1200 K. Both normal (N) and hemispherically averaged
(H) emittance are provided. The emittance of the 2D PhCs was
significantly enhanced for wavelengths shorter than the A, compared
to flat Ta while maintaining the low emissivity at long wavelengths
beyond gy The Aq, of the emitter and absorber were tailored to be
~2.25pm and ~ 13 pm, which takes into account the band gap of
the InGaAsSb PV cells (~0.55eV) and the balance between the
solar absorption and re-emission loss, respectively. The optimal
cavity dimensions were determined to be p=0.68 pm, d=0.78 pm,
h=794 pm for the absorber, and p=1.24 pm, d=145 pm, h=8.00 pm
for the emitter.

Our previous studies have shown that the suggested 2D Ta PhCs
can be realized using interference lithography followed by deep
reactive ion etching (DRIE) technique [24,28]. Compared with 1D
or 3D PhCs consist of multiple interfaces, the 2D metallic PhCs are
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more robust and relatively free from thermal stress problems at
high (> 1000 K) operating temperature.

4.4. Planar STPVs with the optimized 2D tantalum photonic crystal
absorber and emitter

The optimized 2D Ta PhCs were incorporated into the system-
level STPV model. To focus on the effect of the 2D Ta PhCs, a simple
planar layout composed of a co-axial circular absorber/emitter/PV
cell of the same size was investigated (see Figs. 1 and 2).
Collimated and uniform incident solar radiation was applied to
the absorber while neglecting the collector loss. The normalized
thickness (t/r) and gap (g/r) were fixed at 0.05 for all cases to
achieve high ( > 90%) adiabatic and cavity efficiencies. Convective
losses and conduction between the emitter and PV cell were
neglected by considering a vacuum environment. The irradiation
flux onto the absorber was limited to 180 kW/m? (~200 suns) to
keep the operating temperature below ~1500 K because of the
thermal instability of Ta PhCs at very high temperatures [26]. For a
realistic prediction, we incorporated existing InGaAsSb PV cells
with ~0.55 eV band gap [34,35]. The cell parameters including the
spectral quantum efficiencies, reflectance, shunt/series resistance,
saturation current and ideality factor were determined from
previous experimental characterization [34,35]. A list of the
considered STPV configurations is provided in Table 1.

Fig. 6a and b show the system (absorber-to-electrical) and
component-level efficiencies of STPVs with the ideal cutoff (Case I)
and 2D Ta PhC (Case II-a) absorber/emitter, respectively. For Cases I
and II-a, the ideal PV cell (0.55 eV) with a blackbody front surface
was applied to the model [36]. In all cases, the effects of angular
dependence of 2D Ta PhCs were considered by incorporating the
hemispherically averaged spectra (‘H’ in Fig. 5) to the system-level
model. Compared with the ideal cutoff emitter (Case I), the 2D Ta
PhC emitter (Case II-a) reduces the spectral efficiency .. over
40% due to the increase in low energy emission beyond 4., and
decrease in useful emission through the emittance offset below
Acute- (See Fig. 5). The increase in irradiation flux onto the absorber
enhances the spectral efficiency since the increase in emitter
temperature reduces the wavelength of the emission peak, which
decreases the relative portion of the low energy emission. The
average temperature of the Ta PhC emitter varies from ~800K to
~1450 K as the irradiation flux onto the absorber increases from
9 kW/m? to 180 kW/m? in Cases II-a-IV-a as in Fig. 6¢c. Due to the
uniform irradiation onto the absorber surface, the variation in
temperature on the absorber and emitter was negligible. Both
adiabatic and cavity efficiencies were maintained around 95% in all
cases and not plotted in Fig. 6.

Fig. 6b shows that the 2D Ta PhC absorber (Case II-a) also
decreases the absorber efficiency 7., over 35% compared with the
ideal cutoff absorber (Case I) due to the increase in the re-emission
loss through the emittance offset beyond ., Therefore, STPV
efficiency decreases over 60% when the 2D Ta PhCs replace the
ideal cutoff absorber and emitter (Fig. 6a). The optimal irradiation
flux (or solar concentration) also shifts to a higher level to enhance

Table 1

the operating temperature and reduce the effects of non-ideal
emittance offset beyond Ac.. Compared with the ideal PV cell
(Case II-a), the implementation of the existing InGaAsSb PV cells
(Case IlI-a and IV-a) drops the cell efficiency 5. by 40~50% due to
the optical and electrical non-idealities in the cells. As a result, the
absorber-to-electrical efficiency of the STPV composed of the
optimized 2D Ta PhC absorber/emitter and the existing InGaAsSb
PV cell [34] was predicted to be approximately 8% at an irradiation
flux of ~130 kW/m? and emitter temperature ~ 1350 K.

4.5. Effects of angular dependence of the 2D tantalum photonic
crystals

The intrinsic angular selectivity of the designed 2D Ta PhCs
arises from the decreasing diffraction threshold as a function of
incident polar angle, i.e., a threshold wavelength exactly equal to
the periodicity at normal incidence and increasingly larger as the
angle of incidence increases. Above the diffraction threshold, the
absorptance decreases because there are more channels to reflect
back to. Therefore, at larger incident polar angles, the in-band
absorption region decreases and has a lower average absorptance,
which reduces the hemispherical emittance. A clear distinction
between the normal (N) and hemispherically averaged (H) spectra
below A, is shown in Fig. 5.

In Fig. 7a, the effects of the angular dependence on the spectral
and absorber efficiencies are investigated by varying the operating
temperature of the absorber/emitter and irradiation flux. The
decrease in the relative portion of useful emission below 1., due
to the angular dependence reduces the spectral efficiency by
~10% throughout the entire considered temperature range. In
principle, the angular selectivity of the absorber should have a
beneficial effect on the absorber efficiency by suppressing the off-
normal re-emission loss without affecting the absorption of
collimated solar radiation. In the considered temperature range
(< ~1500 K), however, the benefit is not significant since most of
the re-emission from the absorber has relatively long wavelengths
beyond A, that is not affected by the angular dependence. Fig. 7a
shows that the angular dependence slightly increased the absor-
ber efficiency over 1400 K but the effect was not significant.

In order to quantify the effect of angular dependence on the
STPV efficiency, we incorporated hemispherically averaged
(H) spectra into the system-level model where the absorber and
emitter are thermally coupled, then compared the results to those
obtained with the normal (N) spectra. In the system-level analysis,
the decrease in the high energy emission at the emitter not only
decreases the spectral efficiency but also increases the operating
temperature of the emitter and absorber, which reduces the
absorber efficiency by ~5% as shown in Fig. 7b. The changes in
other efficiencies including cell, adiabatic, cavity are negligible.
As a result, the angular dependence reduced the absorber-to-
electrical STPV efficiency #nsrpyaps—elecy DY ~15% compared to the
case where the angular dependence is neglected. The analysis
suggests that the angular dependence of 2D Ta PhCs needs to be
considered for the accurate prediction of performance.

Simulated planar STPV configurations; normalized thickness (t/r) and gap (g/r) are fixed at 0.05 for all cases.

Absorber Emitter Cell front surface PV cell (0.55 eV)
Case | Ideal cutoff Ideal cutoff Blackbody Thermodynamic limit [36]
Case Il-a Ta PhC (Fig. 5) Ta PhC (Fig. 5) Blackbody Thermodynamic limit [36]
Case Ill-a Ta PhC (Fig. 5) Ta PhC (Fig. 5) AR coating InGaAsSb cell #1 [34]
Case IV-a Ta PhC (Fig. 5) Ta PhC (Fig. 5) AR coating InGaAsSb cell #2 [35]
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Fig. 6. STPV system (absorber-to-electrical) (a) and component level (b) efficiencies for
STPVs with various configurations listed in Table 1 (Cases I~ Cases IV-a) and (c) average
temperature of the emitter as a function of irradiation flux for Cases I and Ill-a. The
emitter temperatures for Cases II and IV are very similar with Case IIl and not plotted
here. In (b), the difference between the cell efficiency of Cases I and Il-a is less than 3%
over ~90 kW/m? of irradiation, therefore, only the value for Case Il-a is plotted. The
presence of non-idealities in the 2D Ta PhCs and PV cell decreases the absorber, emitter
and cell efficiencies over 35%, 40% and 40%, respectively, compared with the values
obtained with the ideal cutoff absorber, emitter and PV cell (see arrows in (b)). As Hgps
increases from 9 kW/m? to 180 kW/m?, the emitter temperature increases approxi-
mately from 800K to 1450 K, which significantly increases the 7. and resulting
1sTPV(abs —elec) DY Teducing the relative portion of low energy emission through the non-
ideal emittance offset. The absorber-to-electrical efficiency of the STPV composed of the
optimized PhCs and existing InGaAsSb cell (Case Ill-a) is predicted to be ~8% at an
irradiation flux of ~130 kW/m? and emitter temperature ~ 1350 K.
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Fig. 7. (a) The absorber and emitter efficiencies obtained with normal (N, dashed
line) and hemispherically averaged (H, solid line) spectra by varying operating
temperature and irradiation flux onto the absorber (Hgps=90~ 180 kW/m?).
(b) System (absorber-to-electrical) and component-level efficiencies obtained from
system-level analysis for STPVs with the 2D Ta PhC absorber/emitter and the
existing InGaAsSb cell (Case Ill-a). The angular dependence of the 2D Ta PhCs
decreases the absorber, emitter and system efficiencies by approximately 5%, 10%
and 15%, respectively, by reducing the useful energy emission below A, at the
emitter and increasing the operating temperature at the absorber.

4.6. Effects of a long wavelength reflection front filter

Fig. 6a and b show that a significant amount of low energy
emission still occurs even with the 2D Ta PhC. To improve the
spectral efficiency, we investigated the effects of a long wave-
length reflection filter attached to the PV cell on the system-level
efficiency. The analysis was based on an existing tandem filter
developed by Lockheed Martin whose cutoff wavelength is
~2.4 pm [30,32]. The tandem filter is composed of an interference
filter stacked on a InPAs plasma filter, and can be attached onto the
front surface of PV cells using an optical adhesive. Table 2 provides
a list of considered STPV configurations with the tandem filter.

Fig. 8b shows that the tandem filter (Case IlI-b) indeed improves
the spectral efficiency 7. over 30% by reflecting the low energy
photons back to the emitter. However, the absorber efficiency
decreases by ~10% with the filter since the operating temperature
increases by ~5% (see the Ty, . in Fig. 8a) due to the enhanced re-
absorption at the emitter thermally coupled with the absorber. As a
result, the use of the tandem front filter enhanced the absorber-to-
electrical STPV efficiency by 15~20%, up to approximately 10% at an
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Simulated planar STPV with the long wavelength reflection tandem filter; normalized thickness (t/r) and gap (g/r) are fixed at 0.05 for all cases.

Cell front surface PV cell (0.55 eV)

294
Table 2
Absorber Emitter
Case II-b Ta PhC (Fig. 5) Ta PhC (Fig. 5)
Case IlI-b Ta PhC (Fig. 5) Ta PhC (Fig. 5)
Case IV-b Ta PhC (Fig. 5) Ta PhC (Fig. 5)

Thermodynamic limit [36]
InGaAsSb cell #1 [34]
InGaAsSb cell #2 [35]

Tandem filter [32]
Tandem filter [32]
Tandem filter [32]
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Fig. 8. System (absorber-to-electrical) (a) and component-level (b) efficiencies of STPVs with the 2D Ta PhC absorber/emitter and InGaAsSb cell with (Case IlI-b) and without
(Case IlI-a) the long wavelength reflection tandem filter at the cell front surface (see Table 2). The average emitter temperature (T, ) With the filter is also plotted in (a). The
emitter temperatures for Cases Il and IV are very similar with Case IIl and not plotted here. The use of the tandem filter improves the spectral efficiency over 30% but reduces
the absorber efficiency by ~10% due to the increase in the operating temperature by ~5% as in (a). As a result, the absorber-to-emitter efficiency increases by 15~ 20%, up to
~10% at an irradiation flux of ~130 kW/m? and emitter temperature~ 1400 K (Case IlI-b). (c) The absorber-to-emitter efficiencies with the 2D Ta PhCs and the ideal (Case II-
b) and another InGaAsSb PV cell (#2, Case IV-b). With the ideal PV cell, the absorber-to-electrical STPV efficiency can be improved up to ~16% at an irradiation flux of
~180 kW/m? and emitter temperature~ 1500 K. (d) The normalized absorber-to-electrical STPV efficiencies at elevated cell temperatures. The efficiencies were normalized

by the values obtained by fixing the cell temperature at 300 K ().

irradiation flux ~ 130 kW/m? and emitter temperature ~ 1400 K. The
overall efficiencies obtained with different cells are shown in Fig. 8c.
When the optical and electrical non-idealities in the PV cell increase
(Case IV-b), the absorber-to-electrical STPV efficiency decreases to
~8%. By eliminating the optical and electrical non-idealities in
the cell (Case II-b), the absorber-to-electrical STPV efficiency can be
improved up to 16% at an irradiation flux of ~180 kW/m? and emitter
temperature ~ 1500 K. Note that it is also important to maintain a low
cell temperature to achieve high STPV efficiency. For example, the
absorber-to-electrical efficiency of STPV with Case II-b configuration
decreases by ~10% when the cell temperature increases from 300 K to
360 K (Fig. 6d). In this work, we assumed that the cell temperature
was fixed at 300 K since current state-of-the-art thermal management
solutions can handle the required heat dissipation requirement.
The realistic STPVs with Case IlI-b configurations need to dissipate

2.2~51 kW/m? heat flux from the cell to maintain the cell tempera-
ture constant within the investigated H,,s range. The high heat transfer
coefficients (on the order of 10-100 kW/m?) obtained from recent
single and multi-phase cooling solutions [43,44] can reduce the
required temperature difference between the cell and cooling flow
and achieve near-constant cell temperature.

A more detailed efficiency breakdown of the STPV composed of
the optimized 2D Ta PhCs and the existing InGaAsGb cell with the
tandem filter (Case III-b) is shown in Fig. 9. The increase in
irradiation flux significantly increases the spectral efficiency as
the portion of low energy emission decreases due to the increase
in the emitter temperature. The system efficiency, however, is not
very sensitive to the irradiation flux over ~100 kW/m? (corre-
sponding to Tgpee~ 1300 K) since the increase in the spectral
efficiency is balanced by the decrease in cell efficiency. High
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Fig. 9. The efficiency breakdown as a function of irradiation flux for the STPV
composed of the 2D Ta PhCs and the existing InGaAsSb cell with a tandem filter
developed by Lockheed Martin (Case IlI-b). The absorber-to-electrical STPV effi-
ciency is predicted to be ~10% at an irradiation flux of ~130 kW/m? and emitter
temperature ~1400 K. (at 130 KW/m?, Temircer=1382.9 K, naps=41.9%, Nspec="74.3%,
’7cell:33~6%- Vadiubatic:95~3%- chvity:94~3%v and ’ISTPV(abs-elec):9~38%)~

(~95%) adiabatic and cavity efficiencies are achieved due to the
thin (t/r=0.05) Ta substrate with low emissivity and small gap
(g/r=0.05) between the emitter and PV cell. When the t/r and g/r
increases by factor of two (t/r=g/r=0.1), the absorber-to-electrical
efficiency decreases by ~3% and ~6% due to the decrease in the
adiabatic and cavity efficiency, respectively.

5. Conclusions

We present the analysis of a planar STPV composed of 2D Ta
PhCs and an existing PV cell/filter using a high-fidelity thermal-
electrical hybrid system-level model. By demonstrating the ability
to adjust the cutoff wavelength approximately from 1.3 pm to
2.3 pm through changes in geometrical parameters of the cavity,
we show that the 2D Ta PhC can be a promising absorber and
emitter for STPV applications. The mode matching formalism that
is orders of magnitude computationally faster than the FDTD
enables us to globally optimize the PhCs, which suggests a
valuable strategy for the development of PhCs for various applica-
tions. By incorporating the optimized 2D Ta PhC absorber/emitter
and current state of the art InGaAsSb PV cell with a tandem filter
into our model, we show that the absorber-to-electrical STPV
efficiency can be as high as ~10% with a simple planar layout (1:1
emitter-to-absorber area ratio) and a relatively low irradiation flux
(~130 kW/m?) and emitter temperature (~ 1400 K). The absorber-
to-electrical STPV efficiency can be improved up to ~16% by
eliminating the optical and electrical non-idealities in the PV cell.
The efficiency can be further improved by enhancing the spectral
performance of PhCs, incorporating multi band gap PV cells and
increasing the emitter-to-absorber area ratio with non-planar
system designs. The presence of non-ideal emittance offsets in
the 2D PhCs decreases the absorber, emitter and overall efficien-
cies over 35%, 40% and 60%, respectively, compared to the values
obtained with the ideal cutoff absorber/emitter. The angular
dependence of the 2D PhCs reduces the high energy emission
below /A, Which leads to a decrease in the overall efficiency by
approximately 15% compared to the case in which the angular
dependence is neglected. The long wavelength reflection filter
attached to the cell front surface improves the spectral efficiency
by ~30% but the resulting temperature rise reduces the absorber
efficiency by ~10%. This work shows that photon engineering

using PhCs can simplify STPV designs by reducing the emitter-to-
absorber area ratio and optical concentration factor. Furthermore,
our model provides the necessary framework to investigate the
energy loss mechanisms in the entire system and improve the
overall STPV efficiency.
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