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Thermophotovoltaics (TPV) convert heat into electricity by capturing thermal radiation with a

photovoltaic (PV) cell, ideally at efficiencies of 50% or more. However, excess heating of the PV

cell from close proximity to the emitter substantially reduces the system efficiency. In this work,

we theoretically develop and numerically demonstrate an approach to fundamentally improving

TPV systems that allow for a much greater separation of an emitter and a receiver. Thus, we solve

the excess heating dilemma, required for achieving theoretically high efficiencies. It consists of a

spherically graded index lens known as Maxwell’s Fish-Eye (MFE) structure, capable of collimat-

ing hemispherical emission into a much narrower range of angles, close to the normal direction. To

fully characterize the power radiation profile of the MFE, we perform finite-difference time-domain

simulations for a quarter MFE and then map it onto a Gaussian beam approximation. The modeled

beam properties are subsequently used to study a half MFE. In an optimized half MFE design, 90%

of all thermal photons reach a receiver at a distance of 100 k; by comparison, only 15.6% of a

blackbody emitter reach a receiver in the same geometry. It is also shown that the emission

achieved by a half MFE can lead to a photon recycling rate above 95% for below bandgap photons

at an emitter-receiver separation of 100 k. By applying a half MFE, the absolute TPV efficiency

can be improved from 5.74% to 37.15%, which represents a significant step forward in realizing

high-efficiency TPV systems. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983679]

Thermophotovoltaic (TPV) systems convert heat into

electricity by thermal radiation of photons onto a low-bandgap

photovoltaic (PV) diode.1,2 In principle, the efficiency of TPV

systems can be 50% or more.3,4 Nonetheless, there are many

sources of loss, which include sub-bandgap photons, carrier

thermalization, and optical losses. As a result, many studies

have focused on suppressing subbandgap photon emission of

an emitter with concepts such as magnetic-polariton-enhance-

ment,5 photonic crystal resonances,4,6–9 and rare earth atomic

transitions.10,11 To further suppress sub-bandgap losses, a pro-

cess known as photon recycling has been proposed, in which a

filter is added to the system12 so that sub-bandgap photons can

be reflected back for re-absorption by the emitter. Success in

photon recycling depends on a high view factor, which is

defined as the fraction of thermally emitted photons that reach

the receiver. Thus, when photon recycling is included, the effi-

ciency of a TPV system is more sensitive to any decrease in its

view factor.4,13 In either case, the PV diode should always be

placed close to a non-directional thermal emitter. The selective

thermal emitter flux at high temperatures can be much more

intense than unconcentrated sunlight, which can also rapidly

heat the PV diode. Drawbacks to this heating include substan-

tial reductions in efficiency, reliability, and safety. In a typical

TPV setup, an emitter is placed under vacuum to prevent any

convective and conductive thermal loss, while a cold side PV

diode is also placed within the vacuum to secure a high view

factor. To address this issue, most experimental TPV work

uses active water cooling which consumes energy to cool the

PV diode,10,14,15 as shown in Fig. 1(a), possibly canceling out

some or all of the benefits of the energy generated. As the gap

between the emitter and the PV diode increases, the view

factor and efficiency decrease significantly. This is the reason

why most TPV experiments use large emitters and receivers

separated by a relatively small distance.

In this work, we develop an approach to fundamentally

improve TPV systems that allow for a much greater separa-

tion between an emitter and an receiver so that it maintains

theoretically high efficiencies while avoiding difficult trade-

offs to maintain the cold side performance of the system. In

particular, we numerically present half Maxwell’s fish-eye

(MFE) lens to redirect standard blackbody radiation follow-

ing Lambert’s cosine law into a narrow, directed emission

cone. This directed emission can help to greatly decrease the

dependence of efficiency on the separation between the emit-

ter and the receiver. This performance thus allows for the

separation to be increased greatly so that the cold side can be

removed from vacuum, as shown in Fig. 1(b). This allows

for the ready implementation of improved passive cooling

approaches in air. At the same time, it also allows one to use

a less selective emitter that may be more thermally stable,

given the improved photon recycling. Compared with

approaches such as 2D photonic crystal super-collimation,16

which extend the focal point slightly farther at specific wave-

lengths, the present approach allows for high-temperature

operations across a broad bandwidth.

We will now summarize our method to calculate the

view factor and the resulting TPV efficiency. We use 2-D

Finite Difference Time Domain (FDTD) simulations17 to

validate a directed emission and photon recycling effect of

the half MFE. Since the thermal radiation process includes

different intensities at different emission angles, which is

challenging to directly simulate, most TPV simulationsa)Electronic mail: pbermel@purdue.edu
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assume Kirchoff’s law of thermal radiation and are per-

formed with a plane-wave source starting from the cold

side.11,18,19 Alternatively, one can directly calculate thermal

radiation in FDTD with uncorrelated white noise generated

at each pixel of a thermal source.20,21 In this work, to repro-

duce Lambert’s Cosine law associated with blackbody radia-

tion, a line of dipole currents is assigned to the boundary of

the half MFE and the emitter in FDTD. This approach is cho-

sen to properly capture the dispersion of wave propagation in

free space. As shown in Fig. 2(d), the simulated incident

source follows the Cosine law radiation pattern in a free

space. In our simulations, the view factor is computed by

FðkÞ ¼ 1� Psideloss=Pemitðk), where Psideloss is the electromag-

netic flux which does not reach the PV diode and absorbed by

perfectly match layers and Pemit (k) is an emitted flux from

the half MFE. The detailed TPV efficiency calculation has

been developed and validated in previous work.11 The only

modification to the established procedure here is to replace

emittance with an effective emittance �eff(k), given by

�effðkÞ ¼ �ðkÞ � FðkÞ; (1)

where �(k) is the emittance spectrum and F is the view factor

obtained in this work.

The MFE structure used in this work has been studied

for perfect imaging,22 directed emission,23 coupler design,24

and antenna design.25 It has a spherical graded refractive

index function n(r), given by

n rð Þ ¼ nc

1þ r

R

� �2
; (2)

where nc is a constant, R is the radius of the MFE, and r is the

radial distance from the center. An initial emission profile at

the half MFE surface can be described as two separate

beams,26 but it is not clear how two separate beams can propa-

gate and form a far-field radiation pattern. To characterize the

half MFE beam properties, we first simulate quarter Maxwell’s

fish-eye structure in 2-D FDTD, as shown in Fig. 2.

As shown in Fig. 2(a), the simulated Hz field profile for

the quarter MFE is used to define both the waist size (w0) and

the focal length of the half MFE. Then, the Gaussian beam

approximation27,28 is directly applied to generate an intensity

distribution of the beam, as shown in Fig. 2(b). The analytic

Gaussian beam expression approximates the beam intensity

profile as well as the spot size w(z) which is related to the full

width at half maximum (FWHM) by wðzÞ ¼ FWHM=ð2 ln 2Þ.

FIG. 1. Two alternatives for thermo-

photovoltaic power generation: (a) a

conventional TPV system, which

requires placing all components under

high vacuum; (b) the alternative TPV

system proposed in this work, consist-

ing of half Maxwell’s fish-eye (MFE)

structure collimating thermal emission

for the far field. The rainbow colors in

the MFE represent the range of values

for the real part of the dielectric con-

stant for the half MFE. Here, the cold

side PV diode can be removed from

vacuum because of highly collimated

thermal radiation.

FIG. 2. Power radiation profile for

quarter Maxwell’s fish-eye structure:

(a) magnetic field (Hz) profile, as cal-

culated by FDTD. The dashed box in

the bottom shows the refractive index

profile of the structure. (b) Magnetic

field (Hz) profile of Gaussian Beam

approximation with a focal length of

60 lm. (c) Spot size versus propaga-

tion length in the Gaussian Beam

approximation and the FDTD. (d) Far-

field radiation pattern calculated ana-

lytically and by FDTD simulations.
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Figure 2(c) shows the spot size versus propagation length for

the Gaussian beam approximation, compared to FDTD. They

agree very well within the simulated distance. Thus, to pre-

dict the ultra-far field pattern for the quarter MFE, the

Gaussian Beam Approximation can be used directly, without

requiring a relatively expensive full-wave computation.

Figure 2(d) presents the far-field emission pattern for the

quarter MFE in the Gaussian Beam Approximation. The

quarter MFE emission is limited to a narrow range of angles,

which shows that it can redirect Lambert’s law hemispherical

radiation pattern into a highly directed radiation pattern.

Now, we simulate a half MFE emission pattern over a

distance of 250 lm from the emitter. As shown in Fig. 3, the

two beams on the surface of the half MFE are observed as

predicted, but there is also a non-negligible amount of emis-

sion between the two beams at the center of the half MFE

surface. As a result, as shown in Fig. 3(a), the two peaks of

the emission are not clearly maintained. However, as shown

in Fig. 3(b), the majority of emitted power is still maintained

within the spot size of the two split Gaussian beams for

150 lm propagation, which implies that further simulations

can be substituted by two split Gaussian Beams after a suffi-

cient propagation distance.

The half MFE was designed for the ray-optics regime,

where the feature size is relatively larger than the operating

wavelength. However, the MFE has a continuous variation

in the refractive index; thus, an “ideal” fish-eye should have

negligible feature sizes. To resolve this paradox, in this

work, we study the operating limit of the half MFE for vari-

ous MFE radii in 2D FDTD simulations. The maximum

refractive index is set to 2.6 at the center, while the grid

spacing is set to 50 nm for both axes. The theoretical view

factor for this simulation setup (distance, 142.5 lm; receiver

width, 45 lm) is 15.6%. As shown in Fig. 4, 18 lm radius

half MFE achieves a relatively higher view factor, which

implies that it operates in the ray-optics regime, while a

smaller radius half MFE has a relatively low view factor.

These results imply that it can be used as a low-loss, free-

space light collimator with a certain cutoff frequency. In

other words, it provides directed emission at the desired fre-

quencies, whereas undesired frequency components are scat-

tered, preventing sub-bandgap absorption by the PV diode.

Finally, we consider the benefits of placing a chirped fil-

ter on top of the PV diode for sub-bandgap photon recycling.

In the simulation setup described in Fig. 5(a), all the emis-

sion reaching the perfectly matched layer is considered as a

loss, while light passing through the filter is considered to be

absorbed by the receiver; only the light returning to the half

MFE is considered to be re-absorbed by the emitter. As

shown in Fig. 5(b), the chirped filter used in this study has a

minimum resolution of 50 nm; thus, it does not have an ideal

cutoff at the bandgap of the PV diode. Figure 5(c) shows the

FIG. 3. Power radiation profiles for

half Maxwell’s fish-eye: (a) magnetic

field Hz profile of this simulation. The

dashed lines represent the spot sizes of

two split Gaussian beams. To show a

clear emission profile, the aspect ratio

is not to scale. The dashed box indi-

cates the refractive index profile of the

structure. (b) Far-field collimated radi-

ation intensity as a function of angle at

a distance of 150 lm. The exact FDTD

simulation results show a close match

to two superimposed Gaussian beams.

FIG. 4. Contour plot showing view factor versus half MFE radius r and

wavelength k. When r� k, the half MFE behaves as if it was in the ray-

optics regime and collimates light. On the other hand, when r� k, the device

behaves as if it was in the wave-optics regime and does not collimate effec-

tively. This regime crossover phenomenon helps to minimize excess heating

of a distant receiver.
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simulated absorption and reabsorption profiles. The absorp-

tion reaches almost 90% for the above bandgap photons,

while 95% of sub-bandgap photons are reabsorbed by the

emitter. A 10% recycling rate for the above bandgap photons

results from the non-ideal filter design, which does not fully

account for the range of angles reaching it. The resulting

TPV heat-to-electricity conversion efficiency is 37.15% at

1573 K; by comparison, the bare blackbody emitter only

reaches 5.74% under the same conditions. To further extend

the emitter-receiver separation, two split Gaussian beam

approach can be directly used to calculate the radial field

intensity profile along the propagation.

In conclusion, we have numerically demonstrated colli-

mated thermal radiation transfer across long distances using

the half MFE. To properly describe the half MFE beam char-

acteristics, a quarter MFE was first simulated and modeled in

the Gaussian Beam Approximation. It has been shown that

its emission pattern follows the Gaussian beam pattern, while

the half MFE emission is more complex. However, a major-

ity of emitted power in the half MFE still remains within the

spot radius of the two Gaussian beams. The modeled beam

properties are then used to study the half MFE beam proper-

ties. With an optimal radius, a view factor of 90% is

achieved across an emitter-receiver separation of 100 k; by

comparison, a bare emitter would only have had a view fac-

tor of 15.6%. In addition, it has been shown that the directed

emission achieved by the half MFE can result in over a 95%

photon recycling rate for below bandgap photons at 100 k
separation. Allowing for very large separations between ther-

mal emitters and receivers without penalty represents a sig-

nificant step forward in realizing several important

applications. One strong example is the ultimate passively

cooled TPV system, in which one can take advantage of all

fundamental cooling mechanisms (conductive, convective,

and radiative) in parallel, to increase TPV heat-to-electricity

conversion efficiencies from 5.74% to 37.15%.
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Petrich, J. D. Joannopoulos, L. A. Kolodziejski, and E. P. Ippen, Nat.

Mater. 5, 93 (2006).
17S. Hagness and A. Taflove, Computational Electrodynamics: The Finite-

Difference Time-Domain Method (Artech House, Norwood, MA, 2000).
18K. A. Arpin, M. D. Losego, A. N. Cloud, H. Ning, J. Mallek, N. P.

Sergeant, L. Zhu, Z. Yu, B. Kalanyan, G. N. Parsons, G. S. Girolami, J. R.

Abelson, S. Fan, and P. V. Braun, Nat. Commun. 4, 2630 (2013).
19P. Bermel, M. Ghebrebrhan, M. Harradon, Y. X. Yeng, I. Celanovic, J. D.

Joannopoulos, and M. Soljacic, Nanoscale Res. Lett. 6, 549 (2011).
20C. Luo, A. Narayanaswamy, G. Chen, and J. Joannopoulos, Phys. Rev.

Lett. 93, 213905 (2004).

FIG. 5. (a) 2-D FDTD simulation geometry representing the proposed ther-

mophotovoltaic system; (b) chirped filter refractive index versus depth to

achieve above photon recycling; and (c) 2-D FDTD result showing the PV

absorption and emitter re-absorption spectrum for an emitter-receiver sepa-

ration of 100 k.

201111-4 Chung, Zhou, and Bermel Appl. Phys. Lett. 110, 201111 (2017)

http://dx.doi.org/10.1088/0268-1242/18/5/303
http://dx.doi.org/10.1364/OE.18.00A314
http://dx.doi.org/10.1063/1.3684874
http://dx.doi.org/10.1063/1.4893742
http://dx.doi.org/10.1364/OE.22.00A144
http://dx.doi.org/10.1364/OE.17.015145
http://dx.doi.org/10.1063/1.2927484
http://dx.doi.org/10.1016/j.apenergy.2012.12.067
http://dx.doi.org/10.1063/1.4895932
http://dx.doi.org/10.1515/nanoph-2016-0011
http://dx.doi.org/10.1002/pip.2202
http://dx.doi.org/10.1038/nnano.2013.286
http://dx.doi.org/10.1038/nmat1568
http://dx.doi.org/10.1038/nmat1568
http://dx.doi.org/10.1038/ncomms3630
http://dx.doi.org/10.1186/1556-276X-6-549
http://dx.doi.org/10.1103/PhysRevLett.93.213905
http://dx.doi.org/10.1103/PhysRevLett.93.213905


21A. W. Rodriguez, O. Ilic, P. Bermel, I. Celanovic, J. D.
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