MITSUBISHI ELECTRIC RESEARCH LABORATORIES
http://www.merl.com

Application of impedance matching for enhanced
transmitted power in a thermophotovoltaic system

Lin, C.; Wang, B.; Teo, K.H.; Bandaru, P.R.
TR2017-047 March 2017

Abstract

Based on the impedance matching condition, we propose a few configurations that can greatly
enhance radiation power transfer from the emitter to the photovoltaic (PV) cell for a near-
field based thermophotovoltaic (TPV) system. In addition to the emitter and PV cell, these
configurations involve the use of additional materials that support resonant modes, such as a
metallic material whose dielectric function can be described by a Drude model, or a dielectric
material whose dielectric function can be approximated by a Lorentz oscillator model. We
show that by coating the PV cell both on the front and back sides with Lorentz materials, the
transferred power can be 2.5 times larger than that without any decorations. When Drude
metals are included in the configuration, the optimal transferred power can be 3 times larger
than the system without additional materials. We find the key to enhance transmitted power
is to place a thin layer of Drude/Lorentz material on the front side (facing the emitter) of
the PV cell.
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Abstract

Based on the impedance matching condition, we propose a few configurations that can greatly
enhance radiation power transfer from the emitter to the photovoltaic (PV) cell for a near-field
based thermophotovoltaic (TPV) system. In addition to the emitter and PV cell, these config-
urations involve the use of additional materials that support resonant modes, such as a metallic
material whose dielectric function can be described by a Drude model, or a dielectric material
whose dielectric function can be approximated by a Lorentz oscillator model. We show that by
coating the PV cell both on the front and back sides with Lorentz materials, the transferred power
can be 2.5 times larger than that without any decorations. When Drude metals are included in
the configuration, the optimal transferred power can be 3 times larger than the system without
additional materials. We find the key to enhance transmitted power is to place a thin layer of
Drude/Lorentz material on the front side (facing the emitter) of the PV cell.



INTRODUCTION

Thermophotovoltaic (TPV) energy conversion is a process of converting heat into elec-
tricity via photons [1, 2]. A basic TPV system consists of an emitter and a photovoltaic
(PV) cell (also commonly referred to as a solar cell) [2-8]. The emitter is kept at a certain
(high) temperature by a heat source, and radiates photons to the PV cell. A PV cell is a
semiconductor, characterized by a band gap E,. When absorbing the emitter-radiated pho-
tons of energy larger than the band gap, electrons occupying the valence bands are excited
to the conduction band, and become sources of an electric current. Assuming each photon of
energy larger than F, generates an electron-hole pair in the PV cell, two fundamental factors
governing the TPV efficiency are (1) the number of photons and (2) the (energy) spectrum
of photons absorbed by the PV cell. For a given emitter radiation spectrum, photons of low
and high energies cannot be fully converted into the electric current: the low-energy photons
are wasted as they cannot generate conducting electrons; the high-energy photons generates
hot electrons which decays quickly to the conduction band bottom (via emitting phonons),
and the net voltage is at most V;, = E,/|e| [9]. The ideal emitter spectrum is, therefore, a
narrow-width spectrum peaked slightly above the band gap, with peak intensity as strong
as possible [2]. If achieved, the overall efficiency of solar TPV system (where the Sun is the
heat source of the emitter) can be as high as 85% [2], as compared to the Shockley-Queisser
limit of 40% (with fully concentrate sunlight) [9].

For the far-field based TPV system, where the distance between the emitter and the PV
cell is much larger than the characteristic wavelength of the photon, the emission power at
a given frequency is limited by the blackbody radiation. The ideal far-field based design is
to make the emitter emissivity zero for sub-gap photons, unity for above-gap photons. Ap-
proaches to achieve this goal includes using photonic crystal [10-12], patterning the metallic
surface [13-16], and combining metal /dielectric [17]. Generally, these approaches intend to
reshape the photon density of state (DOS) of the emitter such that the DOS of sub-gap
photons is small, while that of above-gap photons is large. One way to increase the emission
power is to fill the space between the emitter and the PV cell with a medium of refractive
index n, in which case the emission power is increased by n?. The micron-gap TPV [18, 19]
is another implementation of this approach. There, the separation between the emitter and
the PV cell is shortened so that the emission power is increased by n?, with n being the
refractive index of the PV cell itself.

For the near-field based TPV system [6, 7], the emitter supports a few (at least one)
resonant modes which are spatially localized, and the separation between the emitter and
the PV cell is much shorter than the wavelength defined by the resonant modes. The
near-field absorbed radiation spectrum is peaked at the resonant energies, with the peak
intensity a few orders higher than the blackbody limit [20]. This property fits perfectly
with the ideal emitter requirement. Recently, based on the “impedance matching” derived
from the coupled mode theory (CMT) [21, 22|, Karalis and Joannopoulos proposed that one
could create resonances on the PV cell side to further enhance the radiation energy transfer.
Based on this principle, they are able to design system configurations that achieve the high
(larger than 47 %, depending on the actual geometries) heat-to-electricity efficiency [23].

In this work, we propose a few new configurations for a near-field TPV system, based on
the impedance matching condition, that can greatly enhance the radiation power transfer
from the emitter to the PV cell. The building blocks of these configurations are materials
whose dielectric function can be approximated by a Lorentz oscillator model [24], or metals
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whose dielectric function can be approximated by a Drude model. By coating the PV cell
both on the front and back sides of the PV cell with Lorentz materials, the transferred power
can be 2.5 times larger than that without any decorations. When Drude metals are used
in the configuration, the transferred power can be 3 times larger than the original system.
We find a key component for these new configurations is to place an additional thin layer of
material on the front side (between the emitter and the PV cell) of the PV cell.

The rest of the paper is organized as follows. In Section II, we use model system composed
of Lorentz materials to illustrate our design principle. The process to quickly determine the
parameters is also explained. In Section III, we apply the same design procedure to new
configurations with Drude metals included. A few discussions and a brief summary are given
in Section IV.

Back material A ; Back Material
absorber
T i PVcell |z —2
PV cell :
z =2z _ Front material
Front materlalv
vacuum
vacuum 10nm +

FIG. 1. (a) The general layered configurations considered in this paper. The emitter occupies the
z < 0 region, whereas the PV cell occupying z; < z < z2. We put some materials adjacent the
PV cell (either or both sides) for the impedance matching, and the combined materials above the
vacuum is the absorber. The separation between the emitter and the absorber is fixed at 10 nm in
our model consideration. (b) For impedance matching, we consider the resonant energies for the
bottom emitter /vacuum, and the top vacuum/absorber subsystems separately.

DESIGN PRINCIPLE AND MODEL CALCULATION

Radiation energy transfer, model materials, and design principle

We consider the materials arranged in a layered configuration (see Fig. 1(a) for the
illustration). In this case, the radiative heat transfer between materials can be computed

using the dyadic Green function [20, 25-28] and the random current source obeying the
fluctuation-dissipation theorem [29]. For the planar structure, where the in-plane momentum
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K (defines z —y plane) is a good quantum number, the Poynting vector normal to the plane
as a function z has the form

S.(z) = /OOO ;Z—C;hw [0:(w) — 6;(w)] (21:)2 /d2K5(W7K; z)

Here O;(w) = [eM/(ksT) — 1}_1 is the Planck distribution, A is the surface area of the
emitter, kp is the Boltzmann constant, & = |K|, and e(w, k; z) is a dimensionless function
determined by the spatial configuration. We compute Eq. (1) exactly, and the detailed
expression can be found in several references [26-28]. For the layered configurations, we
consider the emitter occupying the z < 0 space, and the PV cell occupying z; < z < 2.
The radiation power per unit area absorbed by the PV cell is given by %21) — #.

As a model calculation, we consider the emitter whose dielectric function can be described
by the Lorentz oscillator model corresponding to BN (Boron Nitride) [20] as

(1)

w? — wiy +iyw

er(w) =€
£(w) Fw? —wk, +iyw

with e, = 4.46. wro and wro are frequencies of longitudinal and transverse optical modes.
All frequencies are measured in wro = @ro = 0.1616 eV with wro/wro = 0.81, v/wro =
0.0041. We also define a kpp = @wro/c, and scale all momentums with respect to it. For the

PV cell, the dielectric function is governed by the direct valence-to-conduction interband
transition [30, 31].

epp(w) = € (w) + i€;(w)

6w) = {A\/a; —1/2%, z>1

0, r <1

() = B+ A2 —V1+z)/2?%, r>1
)= B+AQ2—-V1+z—+V1—12)/2? x<1’

with = hw/E,. As a model calculation, we use (4, B, E,/(hwro)) = (6,10,0.804) [20].
This corresponds to a hypothetical semiconductor of a small gap of 0.13 eV (for example,
a few-layer Black Phosphorous with adatoms [32]). We have varied A and B between 1 to
15, the typical values extracted from Refs. [30, 31], and found that varying A, B within this
range does not change our conclusion. Using the dielectric function, all photons of sufficient
energies absorbed by the PV cell are used to generate the electron-hole pairs, and we shall
comment on the effects of other lossy mechanisms in Section IV.

We are free to put other materials next to the PV cell, either in front of the PV cell
(labelled as “front material”), or behind the PV cell (labelled as “back material”), or on
both sides; and the whole combination including the PV cell and the “front material”, or
the “back material”, or both, is referred to as an “absorber”. We fix the distance between
the emitter and the absorber to be 10 nm, and the goal is to maximize the radiation power
absorbed by the PV cell alone [% — % in Eq. (1)], not by the whole absorber.

We now describe the design principle and how to practically search for the optimal pa-
rameters. According to the CMT analysis, the radiation energy transfer between the emitter
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and the absorber originates from their coupling to the common resonant modes of the whole
system [22, 24]. If only emitter/vacuum subsystem sustains a resonant mode, then the de-
sign principle is to make system resonance have the decay rate to the emitter as close as
possible to decay rate to the absorber. This “impedance matching” condition maximizes
the radiation energy transfer [22, 33]. As the decay rate is related to the loss and is more
difficult to control, we do not consider optimizing the system of single resonance. If both the
emitter/vacuum and vacuum/absorber subsystems sustain their respective resonant mode
(so there are two resonant modes of the whole system), the maximum radiation transfer hap-
pens when the real part complex eigenenergies of these two subsystems are close in values
for the largest possible K range [34], which is served as the design principle. One sees that
a symmetric emitter-vacuum-emitter configuration automatically satisfies this criterion, i.e.
the eigenvalues of emitter-vacuum and vacuum-emitter are identical for all range of K. As
shown in Ref. [20], the radiation power transfer in the symmetric configuration is about 100
times larger than that of the asymmetric configuration. In practice, we first consider the
bottom emitter /vacuum and the top vacuum/absorber subsystems separately [see Fig. 1(b)],
and solve the eigenenergies for each in-plane momentum K, using the condition used in cal-
culating the surface plasmon dispersion [24, 35, 36]. We then tune the parameters so that
the eigenvalues of both subsystems are close for the widest range of K. We shall apply this
principle to asymmetric configurations in the following subsections.

PV cell with a front or back material

In this subsection, one additional material is placed on one side of PV cell for impedance
matching. The reference system is an emitter-vacuum-PV configuration. Similar to the
emitter, the additional material is again assumed to have a Lorentzian dielectric function
as Eq. (), but with different LO and TO frequencies. For simplicity, we assume the ratio of
LO and TO frequencies of the added material is fixed at 0.81, and vary the LO frequency to
maximize the radiation energy transfer. Under this assumption, a material is characterized
by its LO frequency only. In the calculation, we fix the emitter temperature at 1000 K, and
the absorber at 300 K.

We first consider the case where the added material is placed on the back side of the PV
cell, with the thickness of PV cell fixed at 10 nm [see Fig. 2(a)]. Therefore the absorber is
composed of the PV cell and a back material. By doing so, one resonant mode is created at
the absorber side, and the total power (per area) absorbed by the PV cell is increased by
about 39%, as compared to the reference emitter-vacuum(10 nm)-PV configuration [see the
Fig. 2(b)]. From Fig. 2(c), we see that for a wide range of k, the (upper) absorber resonant
energy is smaller than the (lower) emitter resonant energy. This is expected, as the PV cell
provides a dielectric environment that screens the Coulomb interaction and thus lowers the
surface resonant energy of the PV cell/back material (with the back material being chosen
as the emitter here) [37]. As shown in Fig. 2(d), when we choose the back material such that
its wro is 1.12 times larger than that of the emitter (wpo = 1.12w10), a very wide range of
k have identical resonant energies, implying a larger radiation energy transfer. As shown in
Fig. 2(b), this choice indeed increases the total PV absorbed power (per arca) by 73 %.

We go on to consider the case where the additional material is placed on the front side of
PV cell, and the thickness of PV cell is semi-infinite [see Fig. 3(a)]. In this case, the front
material is chosen to be the same material as the emitter, as this is close to the symmetric
configuration. Since our purpose to increase the power absorbed by the PV cell, the front
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FIG. 2. (a) Illustration of the emitter-vacuum(10 nm)-PV-back material configuration. The vac-
uum gap is 10 nm, and the PV thickness is 10 nm when there is a back material, and is semi-infinite
when there is no back material. (b) The radiation power spectrum absorbed by the PV cell, and
the ratio of integrated spectrum is given in the parenthesis, with the emitter-vacuum-PV taken to
be the reference (shaded region). When the back material is the same as the emitter, the total
power per area is increased by 39 %. When the back material is chosen that its wyo is 1.12 times
larger than that of the emitter, the total power per area is increased by 73 %. (c) and (d) The real
part of the eigenenergies for bottom and top subsystems. (c¢) The back material is the emitter; (d)
the back material whose wro is 1.12 times larger than that of the emitter. When they are close
in values over a wide momentum space, the impedance matching is better fulfilled, resulting in a
larger radiation power transfer.

material cannot be too thick, otherwise the front material would absorb all the radiations.
As shown in Fig. 3(b), the optimal thickness of the front material is around 4 nm, where
the absorbed power per area is increased by 89 % compared to the reference system.

PV cell with both front and back materials

We can also add materials on both sides [see Fig. 4(a)] of PV cell for the impedance
matching. The material choice is based on the results in the previous subsection. The front
material is chosen to be the same as the emitter, whereas the back material is either the
same as the emitter or the one whose LO frequency is 1.12 times larger than that of the
emitter [Fig. 2(d)]. The reason for choosing the emitter material as the back material is that
in practice one may not be able to find the desired material for exact impedance matching.
As shown in Fig. 4(b), for both choices, the absorbed power by the PV cell is at least twice
larger than that of the reference configuration. When impedance matching condition is
satisfied (the wro of the back material is 1.12 times larger than the emitter), the absorbed
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FIG. 3. (a) Ilustration of the emitter-vacuum(10 nm)-front material-PV configuration. The vac-
uum gap is 10 nm, and the PV thickness is semi-infinite. (b) The radiation power spectrum
absorbed by the PV cell, and the ratio of integrated spectrum is given in the parenthesis, with the
emitter-vacuum-PV taken to be the reference (shaded region). The front material is chosen the
same as the emitter, and there exists an optimal thickness, around 4 nm, where the PV absorbed
power is maximized.
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FIG. 4. (a) Illustration of the emitter-vacuum(10 nm)-front material (the emitter)-PV-back ma-
terial configuration. The vacuum gap and the PV thickness are 10 nm. The front material is
the same as the emitter (b) The radiation power spectrum absorbed by the PV cell, and the ra-
tio of integrated spectrum is given in the parenthesis, with the emitter-vacuum-PV taken to be
the reference (shaded region). Two types of back materials are chosen: the same material as the
emitter; the one with impedance matching shown in Fig. 2(d).The front material thickness is 4nm,
corresponding to the maximum radiation energy transfer.

power by the PV cell can be 2.5 times larger than the reference system.

METAL EMITTER AND HYBRIDS

Refractory metal based emitters are commonly used in TPV system for high-temperature
operation in TPV systems. In this section, we consider the metal emitters whose dielectric
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FIG. 5. (a) Illustration of the emitter-vacuum(10 nm)-PV-back material configuration. The vac-
uum gap is 10 nm, and the PV thickness is 10 nm when there is a back material, and is semi-infinite
when there is no back material. (b) The radiation power spectrum absorbed by the PV cell, and
the ratio of integrated spectrum is given in the parenthesis, with the emitter-vacuum-PV taken to
be the reference (shaded region). When using the emitter as the back material, the total power
per area is increased by 22 %. When using the impedance matching back material (blue line,
the metal plasma frequency is about 2.6 times that of the emitter), the total power per area is
increased by 74 %. (c) Illustration of the emitter-vacuum(10 nm)-front material-PV configuration.
The vacuum gap is 10 nm, and the PV thickness is semi-infinite. (d) The radiation power spectrum
absorbed by the PV cell, and the ratio of integrated spectrum is given in the parenthesis, with the
emitter-vacuum-PV taken to be the reference (shaded region). The front material is chosen the
same as the emitter, and there exists an optimal thickness, around 5 nm, where the PV absorbed
power is maximized.

function can be approximated by the Drude model, and repeat the analysis presented in
Section II. For the Drude model, the dielectric function is

2
w
—1-—2 2
cm w? + iypw 2)
For the metal emitter, we choose wy, = Wy = V2 x 0.97@.0, and Ym = 0.002wy. In

the following discussion, different metals are only characterized by the different plasmon
frequencies. From a static Coulomb consideration [35, 36], the metal/vacuum interface
supports a momentum-independent resonant mode of 0.97w; o, which is close to the value
of the Lorentz model we use in the previous section [Fig. 2(c)]. We consider how to increase
the radiation power transfer from the emitter by the metal-coated PV cells. The reference
now is the metal-vacuum (10nm)-PV configuration.

We first consider the case where the added metal is placed on the back side of the PV cell,
as shown in Fig. 5 (a). Similar to the procedure described in the previous section, we vary
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FIG. 6. (a) Illustration of the emitter-vacuum(10 nm)-front material (the emitter)-PV-back ma-
terial configuration. The vacuum gap and the PV thickness are 10 nm. The front material is
the same as the emitter (b) The radiation power spectrum absorbed by the PV cell, and the ratio
of integrated spectrum is given in the parenthesis, with the emitter-vacuum-PV taken to be the
reference (shaded region). Two types of back materials are chosen: the same material as the emit-
ter; the one with impedance matching shown in Fig. 2(d). The front material thickness is 5nm,
corresponding to the maximum radiation energy transfer.

the plasma frequency of the back metal for impedance matching. By solving the eigenvalues
of the top subsystem, we find that when the plasma frequency of the back metal is 2.6 times
that of the emitter, the resonant modes of the two subsystems are close in values for a wide
range of momentum values at high & [similar to Fig. 2(d), not shown]. Fig. 5 (b) shows
the radiation power spectrum absorbed by the PV cell, for back metal of various plasma
frequencies. We indeed see that when the impedance matching condition is satisfied, the
maximum radiation energy is transferred, which is about 1.73 times larger than the reference
system.

We go on to consider the case where the added metal is placed on the front side of PV cell,
and the thickness of PV cell is semi-infinite [see Fig. 5(c)]. For the same reason discussed in
the Section I1.B, we use the emitter as the front metal, and there exists an optimal thickness
for radiation energy transfer to the PV cell. As shown in Fig. 5 (d), the optimal thickness is
around 5 nm, and the radiation energy transfer can be 2.16 times larger than the reference
system.

When metals can be added on both sides, the transferred radiation energy is further
increased. Based on the results of one-side addition, the front metal is chosen to be the
same as the emitter, with the thickness of 5 nm. We consider three different back materials,
the emitter material, the Drude metal whose plasma frequency is 2.6 times that of the
emitter, and a Lorentz material given in Fig. 2(d). The results are shown in Fig. 6. All
three choices further increase the radiation energy absorbed by the PV cell. The largest
radiation power transfer (3.5 times larger than the reference system) is achieved using the
Drude metal whose plasma frequency is 2.6 times that of the emitter, as the impedance-
matching condition is satisfied. We note that in the present context, using metal as a back
material is mainly to provide additional resonant modes that enhance the radiation transfer,
and is less relevant to its large reflectivity that prevents photon leakage. The latter effect
can also increase the efficiency [2].



DISCUSSION AND CONCLUSION

We now discuss our simulation results. First we comment on the loss mechanisms inside
the PV cell, which are important [23] but are not included in the model. As we model
the PV cell only by the interband transition, the radiation power absorbed by the PV cell
is assumed to generate conducting electrons only. When the absorbed radiation power is
increased, the resulting electric output power is also increased by the same ratio. Including
lossy mechanisms inside the PV cell (such as the free-carrier absorption) means that some
of the absorbed radiation energy is not used to generate conducting electrons. As the lossy
mechanisms happen for both reference and designed configurations, we expect the increasing
ratio of the PV-absorbed radiation power and the increasing ratio of corresponding output
electric power, between the designed configuration and the reference, are still approximately
unchanged. Second, for both Lorentz and metal additions, our calculations suggest placing a
thin layer of “emitter” material on the front greatly increases the radiation power absorbed
by the PV cell. This configuration may be counter-intuitive, as adding a front material
increases the distance between the PV cell and the emitter. However, it can be understood
straightforwardly from the CMT analysis, as the energy transfer is most efficient when the
resonant energies of the emitter and the absorber are close for a wide range of in-plane
momentum, and this gain in energy transfer outweighs the photon absorptions by the thin
front material. One can further increase the radiation power transfer by placing a material
on the back side of PV cell, and the choice of the back material is such that the resonant
energy of the absorber (the PV cell and the additions) is close to that of the emitter/vacuum
subsystem. A combination of the front “emitter material” and back “impedance-matching
material” gives the maximum radiation energy absorbed by the PV cell. If the impedance-
matching back material cannot be found, using the emitter as the back material also helps
considerably (more than 30 %). Finally, we emphasize that the key physics of coating the
PV cell is to introduce resonant modes to the absorber, with its resonant energy as close
to the emitter/vacuum resonant energy as possible. From this perspective, one could try
to introduce resonant modes by coating the PV cell with nano-particles (with geometry
and size chosen for impedance matching) or some two-dimensional materials, which can be
another potential route to increase the radiation power transfer.

To conclude, we use the impedance matching condition, derived from the coupled mode
theory, to design the emitter/absorber configurations that maximize the near-field radiative
heat transfer from the emitter to the PV cell of a TPV system. The procedure includes
(i) separating the system into two subsystems with emitter only and absorber only; (2)
finding the (complex) eigenvalues of each subsystem; (iii) choosing parameters such that
the eigenvalue difference between the subsystems is as small as possible for the largest
possible range of in-plane momentum. As the procedure requires only the eigenvalues, not
the eigenvectors, it is relatively fast and, if convenient, can be obtained by the time-domain
solver. We find that by adding chosen materials of Lorentzian dielectric function on both
sides of PV cell, the absorbed power by the PV cell can be 2.5 times larger than that of
the basic emitter-vacuum-PV configuration. Our studies illustrate that the CMT analysis
is indeed very valuable in determining the material parameters for near-field based TPV
designs, and can be applied to various materials.
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