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Thermal radiative energy transfer between closely spaced surfaces has been analyzed in the past and
shown not to obey the laws of classical radiation heat transfer owing to evanescent waves and, more
recently, electromagnetic surface modes. We have analyzed the energy transfer between layered
media, one of the layers being the thermal source, using a Green’s functions method and the
fluctuation-dissipation theorem. Based on the analysis, we propose a structure that can utilize the
surface modes to increase the power density and efficiency of low temperature thermophotovoltaic
generators. ©2003 American Institute of Physics.@DOI: 10.1063/1.1575936#
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The effect of evanescent waves on the radiative ene
transfer between two half planes has been studied in
past.1–3 It is well known from these studies that tunneling
evanescent waves can increase the radiative energy tra
above Planck’s law. The potential for utilizing this increa
for thermophotovoltaic~TPV! applications has also bee
studied.3–5 The tunneling of evanescent waves, however,
broadband phenomenon that favors long wavelength pho
below the band gap of the photovoltaic~PV! material. More
recently, the effect of electromagnetic surface excitations6 on
the energy density in the near field of a half plane of silic
carbide~SiC!, a material which can support surface phon
polaritons, adjacent to vacuum has been studied.7–9 Thermal
near fields in such cases have been shown to exhibit not
an increase of energy density but also greater spatial co
ence and narrower bandwidth as compared to blackbody
diation. In this letter, we propose and analyze a structur
make use of the pseudomonochromatic nature of the en
transfer due to thermally excited surface waves and the
field effect to improve the performance of TPV generato
Because the efficiency of a TPV generator increases
narrow-band radiators,10,11 we expect that the transfer due
surface modes can be used to increase not only the po
density but also the efficiency of the TPV generator.

We have analyzed the radiative energy transfer betw
layered media, with one of the layers being the therm
source, using the method of Green’s functions.12 The source
is assumed to be a half plane, adjacent to which are laye
different media, each characterized by a dielectric funct
~we consider only nonmagnetic materials!. The Fourier com-
ponent of the fluctuating electric field,E(r1 ,v), and mag-
netic field,H(r1 ,v), at any point,r1 , outside a volume con
taining the sources is given by

E~r1 ,v!5 ivm0E
V
d3rG% e~r1 ,r,v!•J~r,v!, ~1!

H~r1 ,v!5E
V
d3rG% h~r1 ,r,v!•J~r,v!, ~2!

a!Electronic mail: gchen2@mit.edu
3540003-6951/2003/82(20)/3544/3/$20.00
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where G% e(r1 ,r,v) and G% h(r1 ,r,v), the dyadic Green’s
functions12 due to a point source atr, are related by
G% h(r1 ,r,v)5“13G% e(r1 ,r,v); J(r,v) is the Fourier compo-
nent of the current due to thermal fluctuations; andm0 is the
permeability of vacuum. The integration is performed ov
the entire volumeV containing the source. In order to com
pute the spectral Poynting vector atr1 , we must compute the
cross-spectral density ofEi(r1 ,t) and H j (r1 ,t), ^EivH j v* &,
where the* denotes the complex conjugate, the brackets
note a statistical ensemble average, andi and j refer to the
three cartesian components (iÞ j ). In particular, the magni-
tude of the Poynting vector in thez direction is given by
1
2 Re^ExvHyv* 2EyvHxv* &. From Eq.~1!, we can write an ex-
pression for̂ EivH j v* & as

^Ei~r1 ,v!H j* ~r1 ,v!&

5 ivm0E
V
d3r E

V
d3r 8$Geil

~r1 ,r,v!

3Ghjm
* ~r1 ,r8,v!^Jl~r,v!Jm* ~r8,v!&%. ~3!

With the expression for the Green’s function and help of
fluctuation-dissipation theorem,13,14Eq. ~3! can be computed
numerically. The fluctuation-dissipation theorem states t
the cross-spectral density of different components of a fl
tuating current source in equilibrium at a temperatureT is
given by

^Jl~r,v!Jm* ~r8,v!&5
e0e9~v!vQ~v,T!

p
d lmd~r2r8!,

~4!

wheree9(v) is the imaginary part of the dielectric functio
of the source,e0 is the permittivity of vacuum, andQ(v,T)
is given by\v/@exp(\v/kBT)21#.

Polar materials such as SiC, cubic boron nitride (cBN),
hexagonal boron nitride (hBN), and boron carbide~BC!
have the ability to support surface phonon polaritons. In
frequency range of interest, the dielectric function can
expressed by the relatione(v)5e`(v22vLO

2 1 igv)/(v2

2vTO
2 1 igv), wherevTO and vLO are the transverse an

logitudinal optical phonon frequencies,g is the damping fac-
4 © 2003 American Institute of Physics
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3545Appl. Phys. Lett., Vol. 82, No. 20, 19 May 2003 A. Narayanaswamy and G. Chen
tor, ande` is the high frequency dielectric constant.15 The
values of vLO and vTO for SiC,16 BN,17,18 and BC19 are
listed in Table I.

For the case of energy transfer between two half pla
of cBN, one of them (z,0) is at temperatureT ~1000 K!
and the other (z.d) is at room temperature~300 K!, sepa-
rated by a layer of vacuum of thicknessd. The results of the
analysis are plotted in Fig. 1. When the distance between
half planes is much larger than the characteristic wavelen
(3 – 10mm), the spectral energy transfer between the t
plates reaches a constant value. Notice that there is very
energy transfer betweenvTO and vLO at d51 mm. As the
distance between the two half planes is decreased, the s
of the spectral energy transfer curve begins to change d
tically, the region betweenvTO andvLO becoming more and
more prominent. At a spacing of 100 nm, the peak spec
energy transfer, at 0.1565 eV, is close to three orders of m
nitude larger than the energy transfer between two pl
black surfaces at the same temperatures. This increas
energy transfer is because of the tunneling of fields due
the surface phonon polariton modes. The smaller peak th
observed at 0.1307 eV is due to the tunneling of evanes
waves since the dielectric function nearvTO takes on very
large values.

This narrowband energy transfer phenomenon can be
ploited for a TPV application by introducing a thin layer
absorbing PV material as shown in Fig. 2. The emitter,cBN,
is modeled as a half plane at a temperatureT ~1000 K!.
Layer A is a layer of vacuum, B is a layer of PV absorber
room temperature, and C is vacuum. The imaginary and
parts of the dielectric function of the PV material are a
sumed to be of the form

TABLE I. Values of vLO , vTO , g ~in electron volts! and e` for SiC ~see
Ref. 16!, BN ~see Refs. 17 and 18!, and BC~see Ref. 19!.

vLO vTO g e`

SiC 0.12 0.098 '5.8831024 6.7
cBN 0.1616 0.1309 '6.5531024 4.46
hBNa 0.1996 0.1695 '6.5931024 4.88
hBNb 0.1978 0.1872 '9.9231023 3.9
BC 0.1959 0.1352 c c

aE'c, electric field is perpendicular to optical axis.
bEic, electric field is parallel to optical axis.
cNot available.

FIG. 1. Results of analysis of energy transfer between two half plane
cBN.
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e i~v!5H Ax22Ax21, x.1

0, x,1
,

~5!

e r~v!5H B1Ax22~22A11x!, x.1

B1Ax22~22A11x2A12x!, x,1,

wherex5\v/Eg and A and B are constants dependent o
material properties.15 This form of the dielectric function is
appropriate for direct band gap semiconductors. For the
pose of our calculation, we have chosen (A,B,Eg)
5(6,10,0.13 eV).

The energy absorbed by the PV layer is calculated
computing the difference in the component of Poynting v
tor normal to the interfaces atz5z1 and z5z2 . We have
chosen the thickness of the PV layer,z22z1 , to be 100 nm.
For the assumed dielectric function, most of the flux abo
the band gap of the PV layer is absorbed. The results
varying thickness of the vacuum layer~layer A! are shown in
Fig. 3. We see that asz1 decreases, the flux absorbed by lay
B increases in addition to becoming more narrowband
nature.

The total flux absorbed by the PV layer between 0.
and 0.15 eV is plotted in Fig. 4 as a function of the vacuu
gap thickness. It is seen that the power absorbed at a vac
gap of 20 nm is 117 W cm22, almost three orders of magn
tude higher than the solar insolation. At a vacuum gap of 1
nm, the power absorbed is 4.86 W cm22. While less than the
power emitted by a blackbody source at 1000
(5.67 W cm22), the advantage is that the energy absorbed
the PV layer is in a much narrower bandwidth~full width
half maximum is '2.531023 eV as compared to
'0.345 eV for blackbody radiation at 1000 K!. While the

of

FIG. 2. Potential structure for TPV application.

FIG. 3. Spectral flux absorbed by PV layer forA56, B510, Eg

50.13 eV, and 100 nm of PV layer. Solid~dashed! lines refer to flux~pho-
ton flux!. z1 is the vacuum gap.
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detailed efficiency analysis for the present TPV cell will
presented elsewhere, a plot of the photon overexcitation
ficiency (F0)20 is shown in Fig. 4.F0 is defined as the frac
tion of the energy absorbed by the PV layer that is usa
The value ofF0 is roughly 0.86 for this near monochromat
energy transfer while it is only 0.445 for a blackbody sour
at 1000 K and similar cell. This is an indication that in a
dition to improvements in power density, there could be i
provements in efficiency as well. WithhBN as the radiative
layer, materials like InSb or Hg12xCdxTe can be potentia
materials for the PV layer. In the interest of brevity the r
sults forhBN as emitter, which are similar to the results f
cBN, are not presented here.

In summary, we have implemented a general sche
based on a Green’s function method and the fluctuat
dissipation theorem to compute radiative energy transfer
tween layered media. We have used the earlier metho
compute the spectral energy transfer between two
planes. In particular, we have seen that in materials that
port electromagnetic surface waves, it is possible to see
only an enhancement but also a narrowband characterist
the thermal energy transfer between the surfaces. While
have analyzed only materials supporting surface phonon
laritons, plasmon polaritons could also be used to produ
similar effect, generally at higher frequencues. To utilize s
face plasmons, we should find the right materials which
support low loss surface plasmon polaritons in the freque

FIG. 4. Total flux absorbed by PV layer within the range 0.14–0.16 eV
photon overexcitation efficiency (F0).
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range around 0.3–0.8 eV to match current TPV materi
We have analyzed the spectral energy transfer betwee
source material which can support surface waves and an
sorbing PV layer. The energy transfer retains a part of
enhancement and narrowband characteristics that we
noticed between the two half planes. This effect can be u
to improve the power density and efficiency of low tempe
ture TPV generators.
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