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Emitter and Electrical Contacts
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The photon transport and energy conversion of a near-field thermophotovoltaic (TPV)
system with a selective emitter composed of alternate tungsten and alumina layers and a
photovoltaic cell sandwiched by electrical contacts are theoretically investigated in this
paper. Fluctuational electrodynamics along with the dyadic Green’s function for a multi-
layered structure is applied to calculate the spectral heat flux, and the photocurrent gen-
eration and electrical power output are solved from the photon-coupled charge transport
equations. The tungsten and alumina layer thicknesses are optimized to obtain maximum
electrical power output for bare TPV cell. The spectral heat flux is much enhanced when
plain tungsten emitter is replaced with the multilayer emitter due to the effective medium
intrinsic lossy property and additional surface plasmon polariton coupling in the tung-
sten thin film, for which the invalidity of effective medium theory to predict photon trans-
port in the near field with multilayer emitters is discussed. Effects of a gold back reflector
and indium tin oxide front coating with nanometer thickness, which could practically act
as the electrodes to collect the photon-generated charges on the TPV cell, are explored.
The conversion efficiency of 23.7% and electrical power output of 0.31MW/m2 can be
achieved at a vacuum gap distance of 100 nm when the emitter and receiver temperature
are, respectively, set as 2000K and 300K. [DOI: 10.1115/1.4034839]

Keywords: near-field radiation, thermophotovoltaic, fluctuational electrodynamics,
multilayer emitter

1 Introduction

Thermophotovoltaic (TPV) energy conversion system, which
consists of two main components of thermal emitter and TPV cell,
is a direct energy conversion process from heat to electricity
through electron–hole pair generation from absorbed thermal radi-
ation. The advantages of TPV systems including versatile thermal
sources, high power output and conversion efficiency potential
[1], and no moving parts, make it possible for space, civilian,
industrial, military, and microelectronics applications. However,
one of the major challenges for current TPV systems is the low
power output and conversion efficiency.

Recently, it has been demonstrated that the radiative heat transfer
in near field can be greatly enhanced to exceed the blackbody limit
for a few orders of magnitude due to the resonant coupling of evan-
escent waves [2–6]. The near-field radiation was proposed by
Whale and Cravalho [7] to improve the power output of TPV sys-
tems, in which the blackbody emitter and extra recombination loss
were considered. Laroche et al. [8] also developed a model of near-
field TPV considering a tungsten emitter with TPV cell of 100%
quantum efficiency. Basu et al. [1] conducted a review on the near-
field TPV systems in 2007, and Park et al. [9] analyzed a near-field

TPV system with plain tungsten thermal emitter, and with the con-
sideration of energy absorption and charge transport in different
regions of the TPV cell. Later, Francoeur et al. [10] investigated
the thermal impacts on the performance of near-field TPV system
by solving the coupled near-field thermal radiation, charge trans-
port, and heat transport formulations in TPV cell, and concluded
that the cell temperature will greatly affect the TPV performance.
Bright et al. [11] studied the effect of a gold reflector added at the
cell backside, which leads to enhanced conversion efficiency by
reflecting the useless long-wavelength energy back to emitter.

On the other hand, efforts have been made to design selective
emitters for far-field TPV systems to improve the conversion effi-
ciency. Due to the narrowband radiation, rare-earth oxides were
the earliest selective emitters [12,13]. Benefiting from the
improvement of micro/nanoscale fabrication technique, micro/
nanostructured surfaces were also used to achieve the selective
emission. The grating structures with different dimensions were
considered as the most widely applicable selective emitters and
filters [14–16]. Magnetic polaritons, which account for the strong
coupling of external electromagnetic waves with the magnetic res-
onance excited inside the nanostructure, is another mechanism
used to achieve selective emission [17–19]. Recently, the metama-
terials using epsilon-near-zero (ENZ) or epsilon-near-pole (ENP)
have also been proposed as the selective emitter [20]. Naraya-
naswamy and Chen [21] showed that a stack of alternate tungsten
and alumina layers could be applied as the selective emitter of far-
field TPV systems.

One question is whether the emission spectrum can be spec-
trally tuned to enhance the conversion efficiency for near-field
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TPV systems. Narayanaswamy and Chen [22] presented the idea
to improve the performance of near-field TPV by exciting SPhP
coupling between the dielectric emitter and optimized TPV cell.
Recently, several groups have proposed to coat graphene sheet
either on the emitter or on the TPV cell to enhance near-field pho-
ton tunneling and thereby higher conversion efficiencies [23,24].
Thin-film germanium emitter as “thermal well” was also demon-
strated to achieve spectrally enhanced near-field radiative heat
flux with quantized modes [25]. The Drude radiator, which
supports surface polaritons in near infrared region, was also con-
sidered as the emitter of near field TPV system for achieving
quasi-monochromatic radiative heat flux [26]. Tungsten
nanowire-based hyperbolic metamaterial emitters were also stud-
ied to improve the near-field TPV performance with supported
hyperbolic modes [27].

In this study, we theoretically analyze a near-field TPV system
consisting of a multilayer emitter with alternate tungsten and alu-
mina layers and a TPV cell made of In0.18Ga0.82Sb sandwiched by
front and back electrical contacts. Optical properties of both tung-
sten and alumina are obtained from Palik’s data [28], while
In0.18Ga0.82Sb, which is an alloy of InSb and GaSb, has a bandgap
of Eg¼ 0.56 eV, or equivalently kg¼ 2.22lm [28,29]. The dielec-
tric function for In0.18Ga0.82Sb is obtained by interpolating the
parameters of materials InSb and GaSb [29]. Although the effect
of dopant concentration is not considered in this model, it is still
accurate enough to get the consistent results with the experimental
measurements [29]. As depicted in Fig. 1, tungsten is set as the
first layer of emitter, while the temperatures of the emitter and
the TPV cell are set as 2000K and 300K, respectively. Although
the temperature gradient in TPV cell has been considered before
[10], according to the conclusion obtained from Ref. [10], with
plain tungsten emitter temperature of 2000K and a vacuum gap
distance of 20 nm, the maximum temperature difference was only
0.5K, which is negligible to affect TPV cell optical properties.
Therefore, it is still reasonable to assume the TPV cell temperature
as a uniform value of 300K in this study. The near-field radiative
flux between the multilayer emitter and the TPV cell is calculated,
and the mechanisms on the radiative transport will be investigated.
The TPV system power output and conversion efficiency will be
calculated by solving the charge transport equations. Finally, effects
of front and back electrodes, i.e., indium tin oxide (ITO) thin film
with nanometer thickness and a gold reflector, will be studied on the
photon transport and conversion performance.

2 Theoretical Background

2.1 Near-Field Radiative Transport Between Isotropic
Nonmagnetic Multilayer Structures. The fluctuational electro-
dynamics theory along with the dyadic Green’s function for a
multilayered structure is applied to calculate the near-field radia-
tive (NFR) heat flux between the emitter and TPV cell. The elec-
tric field E and magnetic field H can be expressed as follows [30]:

Eðx;xÞ ¼ ixl0 ¼

ð

V

��Geðx; x
0;xÞ � jðx0;xÞdx0 (1a)

Hðx;xÞ ¼

ð

V

r� ��Geðx; x
0;xÞ � jðx0;xÞdx0 (1b)

where l0 is the magnetic permeability in vacuum, and i is the unit

of purely imaginary number. ��Geðx; x
0;xÞ is the electric dyadic

Green’s function, which presents the relationship between the
electric field Eðx;xÞ at location x and the space- and time-
dependent electric current density jðx0;xÞ at location x’ due to
thermal fluctuation of charges or dipoles. The expressions of elec-
tric dyadic Green’s function for a multilayered structure have
been well derived [9,21,31–35]. The spectral heat flux at location
x can be expressed as the time-averaged Poynting vector

Sx x;xð Þ ¼
1

2

D

Re E x;xð Þ �H� x;xð Þ
� �

E

(2)

where the superscript * denotes the conjugate of complex number.
Therefore, the total radiative flux at the depth of zm inside the

TPV cell can be obtained by integrating the spectral heat flux

q00ðzlÞ ¼

ð1

0

Sz;xðZm;xÞdx (3)

Then, the energy absorbed by a layer is calculated as the differ-
ence between the total heat fluxes at upper and lower interfaces.

2.2 Charge Transport in the TPV Cells. Here, the photocur-
rent generation is considered separately in different regions of a
TPV cell with charge transport equations. The TPV cell is sepa-
rated into N layers, and with the spectral heat flux absorbed in lth
layer with thickness of dl, denoted as Qk,l, the electron–hole pairs
generation rate in this layer is described as [9]

gl kð Þ ¼
Qk;l

dl hc0=kð Þ
with

hc0

k
� Eg (4)

where h is the Planck constant, c0 is the light velocity in vacuum,
and hc0/k is the photon energy at wavelength k. Eg is the bandgap
of TPV cell. This equation indicates that only the photons with
energy higher than Eg can generate electron–hole pairs. dl is the
thickness of the lth layer in the receiver.

In depletion region of the TPV cell, the generated electron–hole
pairs can be completely collected due to the built-in voltage, and
the drift current is expressed as

JdpðkÞ ¼ egdpðkÞLdp (5)

where e is the electron charge, and Ldp is the depletion region
thickness.

On the other hand, minority carrier concentration at p- and n-
regions should be calculated to obtain the photocurrent. The elec-
tron concentration in p-region can be expressed with the following
1D, steady-state continuity equation [9]:

De

d2ne

dz2
�
ne � n0e

se
þ g z; kð Þ ¼ 0 (6)

The boundary conditions can be set as

De

dne

dz

�

�

�

�

z¼0 ¼ up ne 0ð Þ � n0e
� �

and nejz¼a ¼ n0e (7)

Fig. 1 The configuration of near-field TPV system when apply-
ing the multilayer emitter with alternate tungsten and alumina
layer, and tungsten is the topmost layer. The TPV cell is made
of the alloy In0.18Ga0.82Sb. The emitter and cell temperatures are
set as 2000K and 300K, respectively.
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where De is the electron diffusion constant, ne is the local electron
concentration, n0e is the equilibrium electron concentration, and se
is the electron relaxation time. up is the surface recombination
velocity in the p-region. The photocurrent generated in the
p-region can be then given as

Je kð Þ ¼ eDe

dne

dz
jz¼a (8)

Note that the photocurrent in the n-region, Jh(k) can be obtained
in the same way by just replacing the electron in the p-region with
hole in the n-region.

For the TPV cell, the same parameters were used with Ref. [9].
The thicknesses of the p-region, depletion region, and n-region
are set as 0.4 lm, 0.1 lm, and 10lm, respectively. The p-region
has a doping concentration of 1019cm�3, and that for n-region is
1017cm�3. The diffusion coefficient and relaxation time for elec-
tron in p-region are set as 125 cm2/s and 9.75 ns, respectively,
while those for hole in n-region are set as 31.3 cm2/s and 30.8 ns,
respectively. The surface recombination velocities on the top sur-
face of p-region and the bottom surface of n-region are set as
7.4� 104m/s and 0m/s, respectively. Recombination on the bot-
tom surface of n-region is not considered because the thickness of
n-region is much larger than the hole diffusion length.

The total generated drift current Jk(k) is the summation of the
three drift currents Jk(k)¼ Jdp(k)þ Je(k)þ Jh(k). The quantum
efficiency gq(k), which is the ratio of the number of generated
electron–hole pairs and the number of absorbed photons, can be
obtained through the total generated drift current and absorbed
spectral heat flux [9].

gq kð Þ ¼
Jk=e

Sk= hc=kð Þ
(9)

where Sk is the spectral heat flux absorbed by the whole TPV cell.
The electrical power output can be expressed as [9]

PE ¼ JphVocð1� 1=yÞ½1� lnðyÞ=y� (10)

where y ¼ lnðJph=JoÞ. Jph, Voc, and Jo are, respectively, photocur-
rent, open circuit voltage, and dark current, whose expressions are
obtained from Ref. [9]. The conversion efficiency g, which char-
acterizes the performance of TPV systems, is expressed as the
ratio of electrical power output and radiative power input

g ¼ PE=PR (11)

where PR ¼
Ð k

0
Skdk is the total absorbed radiative power by the

cell and electrical contacts.

3 Results and Discussions

3.1 Spectral Heat Flux Between the Multilayer Emitter
and the TPV Cell Without Electrical Contacts. In order to be
considered as semi-infinite, a minimum of 20 layers with alternat-
ing tungsten and alumina needs to be considered for the multilayer
emitter, which leads to a relative difference in the total heat flux
smaller than 1% compared to that with 40 layers. The spectral
heat fluxes between the multilayer emitter and the TPV cell with
different tungsten and alumina layer thickness are presented in
Fig. 2(a) at vacuum gap distance of d¼ 100 nm. The tungsten
layer thickness is fixed at tW¼ 10 nm, and the alumina layer thick-
ness varies from 100 nm to 400 nm. The spectral heat flux between
the plain tungsten emitter and the TPV cell indicated by the black
dash line is also plotted for comparison. It can be clearly seen that
the spectral heat flux is much enhanced when the plain tungsten
emitter is replaced by the multilayer emitter. As a good selective
TPV emitter, it should emit most energy above the bandgap Eg

(i.e., wavelengths smaller than kg¼ 2.22lm), and little energy
below the bandgap to maximize both the power output and

conversion efficiency. In order to optimize both the tungsten and
alumina layer thicknesses, the electrical power output calculated
by Eq. (10) was plotted in Fig. 2(b) with different tungsten and
alumina layer thickness combinations. The reason to use electrical
power output instead of conversion efficiency as the optimal func-
tion is because of that after adding the gold reflector layer later,
the spectral heat flux below the bandgap will be significantly
reduced. Therefore, we care more about the energy above the
bandgap between the multilayer emitter and the bare TPV cell,
which corresponds to the electrical power output. After comparing
all the tungsten and alumina layer thickness combinations
shown in Fig. 2(b), the optimized value of tW¼ 10 nm and
tAl2O3

¼ 300 nm is chosen to maximize the electrical power output.
Note that all the results shown about the multilayer emitter in the
following paragraphs are based on these geometric dimensions.

3.2 Comparison With Effective Medium Theory (EMT).
Using the Maxwell–Garnett EMT [36,37], the multilayer emitter
can be approximated as a homogeneous and uniaxial medium
with components of dielectric function parallel (ek) and vertical
(e?) to the surface expressed as follows:

ek ¼ f em þ ð1� f Þed (12a)

Fig. 2 (a) Spectral heat fluxes between the multilayer emitter
and the receiver when the tungsten layer thickness is set as
10nm, while the alumina layer thickness is varied. The dash
vertical line indicates the bandgap of TPV cell. (b) The electrical
power output as a function of alumina layer thickness with
different values of tungsten layer thickness. The vacuum gap
distance d is 100nm.
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e? ¼
emed

f ed þ 1� fð Þem
(12b)

where f is the volume fraction of metal in the whole structure, and
em and ed are the dielectric functions of metal (tungsten) and
dielectric (alumina) medium, respectively. In order to understand
the mechanism that results in the heat transfer enhancement, the
spectral heat fluxes are separated into different polarizations, and
comparison between the spectral heat fluxes calculated from mul-
tilayer NFR and EMT is investigated in Fig. 3. Here, the fluctua-
tional electrodynamics along with wave propagation in
anisotropic medium [38] is used to calculate the near-field radia-
tive heat fluxes between the homogeneous uniaxial emitter with
effective dielectric functions defined in Eq. (12), and the TPV cell
without electrical contacts.

As can be seen from Fig. 3, there is a large deviation between
the spectral heat fluxes obtained using EMT and multilayer NFR
for TE waves. Note that the basic condition to use EMT is that the
characteristic wavelength should be at least 20 times larger than
the structure size. However, the characteristic wavelength, which
is around 1.5 lm from Fig. 2, is only about five times of the period
of multilayer, which is 310 nm. The small ratio between character-
istic wavelength and the multilayer structure period results in the
invalidity of EMT to predict heat transfer for TE waves. In addi-
tion, from the later discussion, we know that the first tungsten
layer will contribute most of the energy transfer. The EMT
method actually makes a dilute tungsten layer according to Eq.
(12a), which is only used for TE waves calculation. This also
explains the reason why EMT prediction has a lower spectral heat
flux than the exact multilayer calculation. One the other hand,
when it comes to TM waves, the most significant deviation
between the spectral heat fluxes obtained from exact multilayer
NFR and EMT is around kSPP¼ 2 lm, where there is a high peak
of heat flux from the multilayer NFR calculation that cannot be
observed from EMT prediction. The spectral heat flux peak at
around kSPP¼ 2 lm for TM waves is caused by the surface plas-
mon polaritons (SPP) coupling within the tungsten thin film,
which will be verified later. This also proves that EMT cannot pre-
dict SPP coupling among multilayer structure at small vacuum
gap. The invalidity of EMT for multilayer structures in the pres-
ence of surface waves has been discussed previously by Ref. [37].
It was shown that the different topmost layer can result in differ-
ent density of states above the multilayer structure, which cannot
be captured by EMT. The effects of finite number of multilayer
stacks, defects, and surface roughness during practical fabrication

process on the accuracy of EMT prediction were investigated as
well [39]. Moreover, Zhang’s group quantitatively presented the
application condition of EMT to predict the near-field radiative
heat transfer between the multilayer structure recently [40]. Note
that besides the spectral heat flux peak at round kSPP¼ 2 lm for
exact multilayer calculation, another small one at round 2.5 lm
can also be observed for EMT method at TM waves.

3.3 Elucidating the Mechanisms for Spectral Near-Field
Radiation. In order to elucidate the difference of spectral heat
flux between exact multilayer calculation and EMT method for
both TE and TM waves shown in Fig. 3, the contour plot of
energy transmission coefficient for both TM and TE waves (n)
between the multilayer emitter and receiver is presented in Fig. 4
using both multilayer NFR calculation and EMT method. The
energy transmission coefficient, which only considers the material
properties of emitter and receiver, is a function of both angular
frequency x and parallel wavevector b [41]. The relationship
between spectral heat flux (Sx) and transmission coefficient (n)
can be expressed as

Sx ¼
1

4p2
h TH;xð Þ � h TL;xð Þ½ �

ð1

0

bn x; bð Þdb (13)

Note that Hðx; TÞ ¼ �hx=½expð�hx=kBTÞ � 1� is the mean energy
of a Planck oscillator at thermal equilibrium temperature T, where
�h and kB are the Planck constant divided by 2p and the Boltzmann
constant, respectively.

Comparing the contour plots in Figs. 4(a) and 4(c) at TM waves
for exact multilayer calculation and EMT method, respectively,
the energy transmission coefficients are quite similar except the
two different enhancement bands at small angular frequency. The
similar behavior of transmission coefficient between these two
methods indicate that the spectral heat flux enhancement com-
pared to plain tungsten emitter shown in Fig. 2(a) mainly comes
from the intrinsic lossy properties of the effective medium. Note
that the energy transmission coefficient enhancement at
x¼ 9� 1014 rad/s in Fig. 4(a) exactly corresponds to the heat flux
peak at kSPP¼ 2 lm shown in Fig. 3. The coupled SPP dispersion
curve for TM waves within the tungsten thin film with vacuum
substrate on one side and alumina substrate on the other side is
also plotted in Fig. 4(a) based on the condition below [42]:

tanh ik2zt2ð Þ
k22z
e22

þ
k1zk3z

e1e3

 !

¼
k2z

e2

k1z

e1
þ
k3z

e3

� �

(14)

where the subscripts 1, 2, and 3 denote the vacuum substrate,

tungsten thin film, and alumina substrate, respectively. kjz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ejx2=c02 � b2
q

(j¼ 1, 2, 3) is the component of wavevector ver-

tical to the interface, and t2 is the thickness of the tungsten thin
film. The excellent match between the coupled SPP dispersion
curve and the energy transmission coefficient enhancement for
TM waves in Fig. 4(a) confirms that the spectral heat flux
enhancement with the multilayer emitter results from the SPP
coupling within the tungsten thin film. On the other hand, the
enhancement band at small angular frequency calculated by the
EMT method in Fig. 4(c), which corresponds to the spectral heat
flux enhancement around 2.5 lm shown in Fig. 3 for TM waves
calculated by EMT method, actually results from the hyperbolic
modes of the effective medium. Although it is not presented here,
the real parts of the parallel and vertical dielectric function com-
ponents predicted by Eq. (12) have different signs below the angu-
lar frequency represented by the blue dash line shown in Fig. 4(c).
For TE waves illustrated in Figs. 4(b) and 4(d), these two methods
give almost the same behavior of transmission coefficient but

Fig. 3 Comparison of the spectral heat fluxes between the TPV
cell and multilayer emitter using exact multilayer NFR calcula-
tion and EMT calculation in different polarizations of TE waves
and TM waves. The vacuum gap distance is 100nm.
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different amplitudes, for which the EMT method predicts a
weaker one due to the reason of a dilute tungsten layer mentioned
above.

In order to understand the contribution of emission from each
tungsten layer, the spectral heat flux with contributions of both TE
and TM waves from different layer of the emitter is plotted in
Fig. 5. The first layer of the emitter is the bottom tungsten film as
depicted in Fig. 1. From Fig. 5, it can be observed that the spectral
heat flux from the bottom tungsten layer is much higher than the
other layers, because waves decay very fast into the multilayer
emitter, especially for exponentially decayed evanescent waves.
The spectral heat flux peak around kba¼ 1.5 lm at each tungsten
layer is due to the band absorption of tungsten, which occurs at
both TE and TM waves, while the peak around kSPP¼ 2 lm due to
SPP coupling within tungsten thin film only appears for TM
waves. Therefore, for the multilayer emitter with alternating tung-
sten and alumina layers, the bottom tungsten layer contributes
most of the thermal emission to the cell, and the SPP coupling in
tungsten thin film spectrally enhances the radiative flux.

3.4 Performance of the Near-Field TPV System at
Different Vacuum Gap Distances. Calculated from the Eq. (6),
the quantum efficiencies against wavelength at different vacuum
gap distances are shown in Fig. 6(a). When the wavelength is
larger than kg¼ 2.22lm, which means that the photon energy is
below bandgap, no electron–hole pair is generated, so the quan-
tum efficiency is zero. On the other hand, for smaller wavelength,
most of the photons will be absorbed close to the cell surface
because of small penetration depth in the near field. Thus, due to
strong surface recombination, the quantum efficiency also
decreases at small wavelengths. The quantum efficiency is around

gq¼ 80% within the wavelength band from 1 lm to 2lm. Note
that it has smaller quantum efficiency at 10 nm vacuum gap
because of smaller penetration depths.

Integrating the spectral photocurrent density over the wave-
length, the photocurrent density generated in different regions of
TPV cell as a function of vacuum gap distance is obtained in
Fig. 6(b). From this figure, most of the photocurrent is generated

Fig. 4 The contour plots of energy transmission coefficient between multilayer emitter and
TPV cell for (a) TM and (b) TE waves using exact multilayer NFR calculation, and (c) TM and (d)
TE waves using EMT calculation. The dispersion curve within tungsten thin film with sub-
strates of vacuum and alumina on each side is also plotted in (a). The blue dash line in (c) indi-
cates the transition frequency, below which the parallel and vertical dielectric function
components of the effective medium calculated by Eq. (12) have different signs for the real
part. Note that the parallel wavevector is normalized to the wavevector in vacuum. The vacuum
gap distance is 100nm.

Fig. 5 The spectral heat flux emitted from different tungsten
layer of the multilayer emitter. When considering the emission
from a single layer, the other layers just function as the filters.
The vacuum gap distance is 100nm.
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in the n-region because most of the energy is absorbed in the n-
region. When the vacuum gap distance decreases, more photocur-
rent is generated in the p-region, because smaller gap distance
means smaller penetration depth and more energy will be
absorbed close to the cell surface.

The electrical power output and radiative power input of the
TPV system for both multilayer emitter and plain tungsten emitter
are plotted as a function of vacuum gap distance in Fig. 7(a).
Because of the enhanced spectral heat flux with the multilayer
emitter indicated in Fig. 2, the radiative power input is enhanced
compared to the plain tungsten emitter. Moreover, the electrical
power output is improved due to the enhanced spectral heat flux
above bandgap. As shown in Fig. 7(b), the increase rate of radia-
tive power input is greater than that of the electrical power output,
thus, the conversion efficiency of the TPV system with the multi-
layer emitter is actually lower than that with a plain tungsten emit-
ter. A higher electrical power output of about PE¼ 0.34MW/m2

and a lower conversion efficiency of g¼ 17.2% of the TPV system
with the multilayer emitter are achieved at 100 nm vacuum gap.

3.5 Effects of Gold Back Reflector and ITO Front Contact
for the TPV Cell. Compared with the plain tungsten emitter, the
conversion efficiency is decreased using the multilayer emitter,
which is due to more useless spectral radiative heat flux below the
bandgap as shown in Fig. 3. In order to decrease this fraction of
heat flux and thus to increase the conversion efficiency, a gold

reflector on the back of n-region layer is applied to reflect the long
wavelength heat flux back to the emitter. The optical properties of
gold is obtained from Palik’s tabular data [28]. In practice, the
gold reflector also works as the back electrode to extract the pho-
ton generated free charges. Moreover, the transparent conducting
oxide material ITO is considered as the front electrode to con-
struct the TPV cell as a practical device. Here, the thickness of the
ITO layer is set as 5 nm in order to minimize the light absorption
by ITO. The dielectric function of ITO in near-infrared region can
be simply described by a Drude model [43], while ITO is known
as a low-loss plasmonic material in near IR than noble metals.

Figure 8 shows spectral heat flux incident onto the TPV cell
without and with opaque gold back electrode and 5-nm-thick ITO
front electrode. Note that the multilayer emitter is considered for
all the cases. The spectral heat fluxes absorbed by the whole
receiver at the vacuum gap distance of 100 nm are shown in Fig.
8(a). Comparing all the three results, the energy absorbed above
the bandgap is almost the same, but the energy absorbed below
the bandgap is greatly decreased with the gold reflector. This indi-
cates that the lower radiative power input can be achieved with
the same electrical power output. On the other hand, as can be
seen from Fig. 8(a), adding a 5-nm-thick ITO layer on top of TPV
cell has minimal effect on spectral heat flux with 100 nm vacuum
gap. However, with a vacuum gap distance of 10 nm as shown in
Fig. 8(b), a high spectral heat flux peak at the wavelength around
k¼ 1.2 lm occurs by adding an ITO front layer. This is due to the
SPP coupling within ITO film, and most of the energy with small

Fig. 6 (a) The quantum efficiency (QE) versus wavelength for
different vacuum gap distances. (b) The photocurrent density
generated in different regions of TPV cell against different vac-
uum gap distances.

Fig. 7 (a) The electrical power output and radiative power
input, and (b) the conversion efficiency of the TPV system for
both multilayer emitter and plain tungsten emitter versus
vacuum gap distance
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penetration depth due to small vacuum gap distance will be
absorbed by ITO thin film.

The radiative power input and electrical power output for all
the three cases are plotted in Fig. 9(a). As expected from Figs.
8(a) and 8(b), a smaller radiative power input and almost the same
electrical power output can be achieved when adding a gold
reflector. However, different from gold reflector, adding ITO front
layer will greatly increase the radiative power input at small vac-
uum gap distances. Because at small vacuum gap distances, the
enhanced energy input is mainly absorbed in the ITO thin film,
the electrical power output remains almost the same.

Finally, the conversion efficiencies with and without electrical
contacts are shown in Fig. 9(b). Because of the decreased radia-
tive power input, much higher conversion efficiency is achieved
when using a gold reflector. At the vacuum gap of d¼ 100 nm, the
conversion efficiency with the multilayer emitter is increased
from g¼ 16.6% with a bare semi-infinite TPV cell to g¼ 25.6%
after adding a gold reflector at the cell backside, exceeding that
for plain tungsten emitter and bare TPV cell (g¼ 20.0%). There-
fore, both the electrical power output and conversion efficiency
are improved when using the multilayer emitter and gold backside
electrode for the TPV cell. In addition, when adding a 5-nm-thick
ITO layer as the front electrode, a high conversion efficiency of
23.7% is still achieved at d¼ 100 nm, while conversion efficiency
will decrease because of the higher radiative power input at

vacuum gap distance smaller than 50 nm. Compared to the signifi-
cant improvement of conversion efficiency from 16.6% to 23.7%
after adding Au reflector and ITO front contact for multilayer
emitter, the conversion efficiency increase for plain tungsten emit-
ter is smaller than 2% after adding these two layers.

4 Conclusion

A multilayer emitter with alternating tungsten and alumina
layer and the TPV cell of In0.18Ga0.82Sb are applied to construct a
near-field TPV system. The spectral heat flux is much enhanced
by replacing the plain tungsten emitter with multilayer emitter,
and the thicknesses of tungsten and alumina layer are, respec-
tively, optimized as tW¼ 10 nm and tAl2O3

¼ 300 nm to maximize
the electrical power output for bare TPV cell at d¼ 100 nm. It is
also shown that EMT fails to accurately predict the SPP coupling
within the tungsten thin film, which is responsible for the spectral
heat flux enhancement just above the cell bandgap. By consider-
ing the charge transport in different regions of TPV cell, the pho-
tocurrent density in different regions and the electrical power
output are calculated. With an opaque gold reflector beneath the
TPV cell and a 5-nm-thick ITO layer as the front contact, the con-
version efficiency of g¼ 23.7% and electrical power output of
PE¼ 0.31MW/m2 can be achieved at the vacuum gap of
d¼ 100 nm when the emitter and receiver temperatures are set as

Fig. 8 (a) The spectral heat fluxes absorbed by the receiver
versus wavelength at d5 100nm and (b) d5 10nm for three dif-
ferent cases, which are just semi-infinite TPV cell, TPV cell with
opaque Au on the back, and TPV cell with both opaque Au on
the back and 5-nm-thick ITO at the front, respectively

Fig. 9 (a) The radiative power input and electrical power out-
put versus vacuum gap distance, and (b) the conversion effi-
ciency versus vacuum gap distance for three different cases,
which are just semi-infinite TPV cell, TPV cell with opaque Au
on the back, and TPV cell with both opaque Au on the back and
5-nm-thick ITO at the front, respectively
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TH¼ 2000K and TL¼ 300K, respectively. The results will facili-
tate the experimental demonstration of high-efficiency near-field
TPV systems and future applications in energy conversion.
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Nomenclature

c0 ¼ light velocity in vacuum (2.997 �108 m s�1)
dl ¼ thickness of lth layer in receiver (m)
e ¼ charge of electron (1:6� 10�19 C)
E ¼ electric field vector (V/m)
Eg ¼ bandgap of TPV cell (eV)
f ¼ filling ratio of metal in multilayer structure
g ¼ electron–hole generation rate

��Ge ¼ electric-field dyadic Green’s function (m�1)
h ¼ Planck constant, 6.626�10�34m2 kg s�1

H ¼ magnetic field vector (A/m)
j ¼ fluctuating current density (A m�2)
J ¼ drift current density (A m�2)

Jph ¼ short circuit current (A m�2)
kz ¼ wavevector vertical to interface
L ¼ thickness of different region in TPV cell (m)

PE ¼ electrical power output (W m�2)
PR ¼ radiative power input (W m�2)
q’’ ¼ radiative heat flux (W m�2)
Qk,l ¼ spectral heat flux absorbed in lth layer (W m�2lm�1)
Sx ¼ spectral Poynting vector (W s m�2 rad�1)
Sz,x ¼ spectral heat flux in z direction (W s m�2 rad�1)
T ¼ temperature (K)

Voc ¼ open circuit voltage (V)
x ¼ space variable (m)
x’ ¼ space variable (m)
zm ¼ z position of mth layer (m)

Greek Symbols

b ¼ wavevector parallel to the interface
e ¼ relative electric permittivity
ed ¼ relative electric permittivity of dielectric
em ¼ relative electric permittivity of metal
k ¼ wavelength (m)
g ¼ conversion efficiency
gq ¼ quantum efficiency
l0 ¼ magnetic permeability in vacuum, 4p� 10�7 N A�2

n ¼ energy transmission coefficient
x ¼ angular frequency (rad s�1)

Subscripts

dp ¼ depletion region of TPV cell
e ¼ electron in the p-region
h ¼ hole in the n-region
? ¼ direction vertical to the surface
k ¼ direction parallel to the surface

Superscript
* ¼ complex conjugate
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