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a b s t r a c t 

Three-body structures have shown great potentials in enhancing the heat transfer rate and tuning radi- 

ation spectrum in the near-field region, whereas are rarely considered in improving near-field radiative 

energy conversion performance. Here, a three-body thermophotovoltaic system configured by a tungsten 

emitter, a metallic spectrum control layer, and an In 0.18 Sb 0.82 Ga photovoltaic cell is considered. By param- 

eter optimization of the spectrum control layer, the efficiency and output power at the gap distance of 

10 nm are enhanced from 24.7% and 1.88 ×10 5 W/m 

2 to 35.3% and 3.62 ×10 5 W/m 

2 , respectively. The po- 

tential mechanism lies in the excitation of coupled surface plasmon polaritons of the metallic spectrum 

control layer. This work paves the way for applications of three-body structure in thermophotovoltaic 

systems and designing high-performance energy conversion systems. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Ever-increasing energy demands require proper solutions to 

arvest enormous waste thermal energy in industry [1 , 2] . The ther- 

oelectric generator is the most widely used solid-state heat-to- 

lectricity technique for this purpose but suffers from low ef- 

ciency [3] . As an alternative approach, the thermophotovoltaic 

TPV) system is promising to achieve a higher efficiency [1 , 4] . A

PV system is usually composed of a high-temperature emitter and 

 photovoltaic cell receiver with a low temperature. The photo- 

oltaic cell receives thermal radiation from the emitter and con- 

erts it into electrical energy [5] . Since the TPV system can utilize 

ifferent heat sources, it’s versatile in applications such as solar 

nergy collection and waste heat recovery [6 , 7] . Possessing desir- 

ble features including simple components, no moving parts, and 

ompact structures, TPV systems have got intense attention in re- 

ent years [5 , 6 , 8-15] . Despite all that, one bottleneck challenge of

he TPV system is its low output power, restricted by the black- 

ody radiation limitation [14] . 

Fortunately, people have found that when the gap distance be- 

ween the thermal emitter and the photovoltaic cell is reduced 

elow the value of characteristic wavelengths, the radiative heat 

ux can far exceed the blackbody radiation limit [16-27] . Many 

heoretical [2 , 5 , 17 , 28-41] and experimental efforts [42-45] have 
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een conducted to investigate near-field TPV systems. Especially, 

ecently, by employing thin films, graphene layers, hyperbolic ma- 

erials, gratings, etc. [2 , 5 , 29 , 33-36 , 46-50] , people have successfully

mproved the performance of the near-field TPV system. For ex- 

mple, Bright et al. proposed a receiver composed of a thin film 

ell and a backside gold mirror, this structure’s efficiency enhance- 

ent reached the level of 35% compared to a semi-infinite cell [2] . 

atjen et al. applied an optimized tungsten grating to replace a 

at tungsten emitter, and an increase of 6% in efficiency has been 

heoretically demonstrated [5] . Nevertheless, compared with TPV 

ystems’ Carnot efficiency limit [6 , 14] , the efficiency still has much 

oom for improvement. 

Recently, three-body structures have been employed to con- 

rol near-field radiative heat transfer [51-60] . Zheng and Xuan first 

tudied the effect of inserting an intermediate body on near-field 

adiative heat transfer properties between two objects [55] . They 

howed that inserting doped silicon films can enhance the radia- 

ive heat flux while aluminum films have a suppression effect. 

essina et al. placed a passive relay amplifier between two SiC 

lates and observed better monochromaticity of the thermal radia- 

ion spectrum [51] . Inspired by these phenomena, we are wonder- 

ng whether the three-body structure can be applied to enhance 

he performance of the near-field TPV system by tuning the radia- 

ion spectrum. 

In this article, we propose a three-body near-field TPV sys- 

em and study its radiative energy transfer and conversion per- 

ormances. Dyadic green functions combined with fluctuation- 

https://doi.org/10.1016/j.jqsrt.2020.107411
http://www.ScienceDirect.com
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Fig. 1. Schematic of a three-body TPV system. The temperature of the spectrum 

control layer is determined based on energy balance. 
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issipation theory are used to evaluate the energy transfer of 

hree-body structures [7 , 61] . First, considering that the 1D pho- 

onic crystal filter has been applied to tune the thermal radiation 

pectrum in the far-field [9 , 10] , we will study its performance as

he spectrum control layer in near-field TPV system. Then, a thin 

etallic layer, whose dielectric functions are described by the sim- 

le Drude model, is considered. Effects of dielectric function pa- 

ameters and vacuum gap distances on the system performance are 

nvestigated in detail, and corresponding underlying mechanisms 

re revealed. 

. Methods 

Fig. 1 shows the configuration of the proposed TPV system. The 

mitter is tungsten, and the receiver is a In 0.18 Sb 0.82 Ga photovoltaic 

ell. An immediate spectrum control layer is inserted in the mid- 

le between the emitter and receiver with a vacuum gap of width 

 . Both the emitter and receiver are assumed to be semi-infinite 

nd their temperatures are set as T 1 = 1500 K and T 2 = 300 K,

espectively. Dielectric functions of tungsten and In 0.18 Sb 0.82 Ga are 

btained from references [62 , 63] . The whole system is assumed to 

xtend infinitely in the plane perpendicular to the z -axis. 

Essentially the Poynting vector denotes an energy flux, and its 

ime-averaged form S ( x , ω ) = 

1 
2 〈 Re [ E ( x , ω ) × H 

∗( x , ω ) ] 〉 is used to 

alculate radiative heat transfer [5 , 17 , 61] . E ( x , ω) and H ( x , ω) is

he electric and magnetic fields at x , respectively. They are closely 

elated to the source current at x ′ caused by the thermal motion 

f charge carriers [64] : 

E ( x , ω ) = iω μ0 

∫ 
V 

¯̄G e 

(
x , x 

′ , ω 

)
· j 

(
x 

′ , ω 

)
d x 

′ 

H ( x , ω ) = 

∫ 
V 

¯̄G m 

(
x , x 

′ , ω 

)
· j 

(
x 

′ , ω 

)
d x 

′ (1) 

¯̄
 e ( x , x 

′ , ω ) and 

¯̄G m 

( x , x ′ , ω ) are the corresponding electric and 

agnetic dyadic Green’s function, which convert the source cur- 

ent at x ′ to electric and magnetic fields at x . The entire TPV sys-

em structure can be considered as a multilayer structure with five 

ayers. Green’s functions between the homogeneous layer s and ho- 

ogeneous layer l can be obtained by referring references [65-68] . 

The spectral heat flux is written as q s → l (ω) = 

�( ω, T s ) 

π2 

∫ ∞ 

0 ξs,l ( ω, β) βdβ and q s → l (λ) = q s → l (ω) · ω /λ corre- 

ponding to S ( x , ω ). �( ω , T s ) is the average energy of the Planck

scillator . ξ s,l ( ω, β) = ξ l,s ( ω, β) is the transmission coefficient 

etween s and l . β is the transverse wave vector in the plane 

erpendicular to the z -axis. The whole heat flux from the layer s 

o the layer l can be written as the integral of the spectral heat 

ux q s → l ( λ) over the wavelength Q s → l = 

∫ ∞ 

q s → l (λ) dλ. 
0 

2 
In a stable working state, the system should be in a dynamic 

hermal equilibrium. The energy radiated by the spectrum control 

ayer to the rest of the system at any time should be equal to 

he heat absorbed by the spectrum control element, which can be 

ritten as the relationship Q 2 → 1 + Q 2 → 3 = Q 1 → 2 + Q 3 → 2 . We 

an assume a temperature T 2 for the immediate body and apply it 

o the equation Q 2 → 1 + Q 2 → 3 = Q 1 → 2 + Q 3 → 2 . Through itera- 

ive calculations, we can obtain the real T 2 . Then we can calculate 

he real heat transfer between the emitter and receiver as: 

 R = Q 1 → 2 + Q 1 → 3 − Q 2 → 1 − Q 3 → 1 = Q 1 → 3 + Q 2 → 3 − Q 3 → 1 − Q 3 → 2 

(2) 

here Q 1out = Q 1 → 2 + Q 1 → 3 − Q 2 → 1 − Q 3 → 1 

s the amount of heat radiated by the emitter and 

 3in = Q 1 → 3 + Q 2 → 3 − Q 3 → 1 − Q 3 → 2 is the amount of 

eat absorbed by the receiver. Although they are equal, their cor- 

esponding radiation spectrums q 1out and q 3in are not necessarily 

he same due to the role of the middle layer. q 3in is directly related

o the energy conversion occurring within the photovoltaic cell. 

t should be noted that when the spectrum control element has 

 multilayer structure, Q 2 → l = 

∑ n 
a =1 Q 2 −a → l , Q s → 2 = 

∑ n 
a =1 Q s → 2 −a . 

ere a represents the sequence number of a layer in the spectrum 

ontrol element, n is the total number of layers. 

We adopt the standard method to model the In 0.18 Sb 0.82 Ga PV 

ell. As an indirect bandgap material, the saturation current char- 

cteristics of the In 0.18 Sb 0.82 Ga cell are controlled by minority car- 

iers. Ignoring surface and bulk recombination, each photon reach- 

ng the photovoltaic cell with an energy higher than its energy gap 

 g can generate a pair of electron-hole pairs. The electrical power 

 el can be calculated by using methods mentioned in Refs. [17 , 69] :

 el = J ph V oc 

[ 

1 − 1 

ln 

(
J ph / J 0 

)
] { 

1 −
ln 

[
ln 

(
J ph / J 0 

)]
ln 

(
J ph / J 0 

)
} 

(3) 

here J ph = 

e 
hc0 

∫ λg 
0 

λq (λ) dλ is the photogenerated current, J 0 = 

 ( N 

2 
i 
/ N A 

√ 

D e / τe + N 

2 
i 
/ N D 

√ 

D h / τh ) is the saturation current (where 

 is the electron charge, N i is the intrinsic carrier concentration, 

 e and D h represents diffusion constant of the electrons and the 

oles, respectively; τ e and τ h refers to the electron relaxation 

ime and the hole relaxation time, respectively; N A and N D are 

he acceptor concentration and the donor concentration, respec- 

ively. These parameters for calculation can be found in Ref. [17] ), 

 oc = ( k B T /e ) ln ( J ph / J 0 + 1 ) is the open-circuit voltage [70 , 71] . The

onversion efficiency can be calculated as η = P el / P R × 100% . 

. Results and discussion 

First of all, we consider employing one-dimensional (1D) pho- 

onic crystals (PhCs) as the spectrum control layer, which has 

hown great potential in improving TPV systems’ efficiency in the 

ar-field. The 1D PhCs we employ are composed of alternating lay- 

rs of SiO 2 and Si. By adopting the 1D PhCs design method (pho- 

onic crystal theory), we can obtain an optimized L/ 2 H ( LH ) 4 struc- 

ure, and more details can be found in Ref. [9] . λg = 2.22 μm is

he wavelength corresponding to the energy gap E g , which is used 

o calculate the thickness of layers: L (SiO 2 ): t 1 = 0.495 μm, H (Si):

 2 = 0.218 μm. To verify its ability to improve efficiency, we draw 

he spectral heat transfer diagram at d = 100 μm as shown in 

ig. 2 . We figure out body 2’s temperature T 2 is 592.3 K. Under this

ircumstance, inserting PhCs is found to improve the conversion ef- 

ciency from 21.4% to 23.5%. That is because these below-bandgap 

hotons lie in the forbidden band of PhCs, thus most of them are 

eflected back to the emitter, contributing to the increase of en- 

rgy conversion efficiency. On the other hand, 1D PhCs cause a de- 

rease of output power from 5142.8 W/m 

2 to 3782.4 W/m 

2 . Since 
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Fig. 2. Heat transfer spectrum of the TPV system at d = 100 μm. The blue curve 

and red dotted curve represents spectral flux arriving at the receiver for TPV sys- 

tems without and with PhCs. The vertical green line represents bandgap at λ= λg = 

2.22 μm. 
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Fig. 3. Conversion efficiency (a) and output power (b) of different TPV systems with 

gap distance d ranging from 10 nm to 100 μm. The temperature T 2 of the 1D PhCs 

filter is also plotted in Fig. 3 (a). 
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he transmission of PhCs is not ideally 100%, the energy transfer of 

bove-bandgap photons is inevitably deteriorated by the existence 

f PhCs, as shown in Fig. 2 . That explains the lower output power

fter inserting the PhCs layer. 

To check how inserting 1D PhCs affects the performance of 

ear-field TPV systems, we calculate the efficiency and the out- 

ut power of three-body TPV systems varying with the gap dis- 

ance, as shown in Fig. 3 . The conventional TPV system without 

ny spectrum control layer with its emitter and receiver separated 

y the same gap distance of d is used for comparison. As we can 

ee, when d is larger than 10 μm, the efficiency of both TPV sys- 

ems becomes independent of the gap distance, which is the case 

f far-field. The three-body TPV system possesses higher efficiency 

nd a lower output power due to 1D PhCs’ filter effect. As the gap

ecomes smaller, the efficiency of both thermal photovoltaic sys- 

ems began to decline after experiencing some fluctuations. Never- 

heless, the efficiency of the three-body system is still higher than 

hat of common TPV systems until when the gap further decreases 

elow 150 nm. When the gap distance continuously decreases, ef- 

ciencies of TPV systems with and without PhCs demonstrate to- 

ally opposite trends. Inserting PhCs will heavily deteriorate the ef- 

ciency from 24.7% to 12.0% at d = 10 nm. The output power, on 

he other hand, tends to be always lower across the whole gap dis- 

ance range after inserting the PhCs, as clearly shown in Fig. 3 (b). 

he temperature of spectrum control layer is around 600 K for 

he far-field case and has a quick increase to 1148.8 K when the 

ap distance decreases down to 10 nm. This trend is essentially 

etermined by energy balance and will be explained later. 

To explain why the efficiency of the three-body system deteri- 

rates at nanoscale distances, we draw the spectral heat flux di- 

gram at d = 10nm as shown in Fig. 4 (a). Clearly, it can be seen

hat inserting PhCs inhibits the energy transfer of the three-body 

ystem for most wavelengths. Energy transmission coefficients for 

PV systems without and with PhCs are given in Fig. 4 (b) and 

ig. 4 (c), respectively. As can be seen clearly, the energy transmis- 

ion coefficient decreases after inserting PhCs for most frequen- 

ies and wave-vectors, although the thee-body system is featured 

ith lots of waveguide modes. Note that the rightmost SiO 2 layer 

ay excite surface phonon polaritons as can be seen in the bot- 

om bright region of Fig. 4 (c). This helps improve heat transfer 

remendously at the low-frequency region [72] . That’s the reason 

hy the spectral heat transfer of the three-body system is even 
3 
igher in Fig. 4 (a) when λ> 8 μm. Hence the ratio of energy trans-

er within the above-bandgap region to that for below-bandgap 

hotons reduces. Subsequently, the efficiency of the three-body 

PV system is much lower than that of conventional TPV counter- 

arts at nanoscale gap distances, as shown in Fig. 3 (a). Also, notice 

hat ξ 1,2 ( ω , β) − ξ 2,3 ( ω , β) increases as the vacuum gap shrinks,

hough not shown. To ensure the heat exchange between the emit- 

er and intermediate layer is equal to that between intermediate 

ayer and the receiver, the temperature difference T 1 − T 2 should 

e smaller than T 2 − T 3 . That explains the temperature of the spec- 

rum control layer is close to that of the emitter for nanoscale gap 

istances as shown in Fig. 3 (a). 

We can conclude from the above analyses that employing PhCs 

lters to improve the performance of TPV systems is not necessar- 

ly applicable to the near-field case. To achieve high performance 

n the near field, we chose a Drude model layer as the spectrum 

ontrol layer. Generally, a Drude model can be given in the form 

(ω) = 1 − ω 

2 
p / ( ω 

2 + i �ω ) [73] , where � is the loss term and ω p 

s the plasma frequency. Effects of ω p and � on the efficiency and 

ower output of the three-body near-field TPV system are given 

n Fig. 5 with d = 10 nm and t = 10 nm. As can be seen clearly,

 p = 1 . 2 × 10 15 rad / s is a clear dividing line between a good per-

ormance (for both efficiency and output power) and a relatively 

ad one. In the range of 1 . 2 × 10 15 
< ω p < 2 . 4 × 10 15 rad / s , the sys-

em has a conversion efficiency of more than 30% and an out- 

ut power higher than 3 × 10 5 W / m 

2 . The maximum efficiency we 
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Fig. 4. Spectral heat flux of different TPV systems at d = 10 nm. The vertical green 

line represents bandgap at λ= λg = 2.22 μm. (b) energy transmission coefficients 

ξ ( ω, β) of the TPV system without 1D PhCs. (c) ξ 1,3 ( ω , β) + ξ 2,3 ( ω , β) for the TPV 

system with 1D PhCs. 

o  

T
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c

m
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Fig. 5. Conversion efficiency η (a) and output power P el (b) varying with dielectric 

function parameters of the thin spectrum control layer. The ∗ indicates the maxi- 

mum of performance at each �. 
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btain is 35.3% at ω p = 1 . 2 × 10 15 rad / s and � = 2 . 9 × 10 12 rad / s .

he maximum power of 3 . 62 × 10 5 W / m 

2 is located at ω p = 1 . 51 ×
0 15 rad / s and � = 7 . 01 × 10 13 rad / s . Although the maximum effi-

iency and power don’t occur at the same point, obvious improve- 

ents of both efficiency and power are obtained for a broad region 

f both ω p and �. When � < 2 × 10 14 rad / s , η and P el are not sen-
4 
itive to the change of �. When � continues to increase beyond 

 × 10 14 rad / s , η and P el decrease evidently, and both of their max- 

mums shift to a larger ω p , as can be clearly seen in Fig. 5 . 

To better explain how dielectric parameters of the thin inter- 

ediate layer affect the efficiency and output power, three cases 

Case 1: ω p = 1 . 2 × 10 15 rad / s and � = 2 × 10 13 rad / s ; Case 2: ω p =
 × 10 15 rad / s and � = 2 × 10 13 rad / s ; Case 3: ω p = 1 . 2 × 10 15 rad / s

nd � = 5 × 10 14 rad / s ) are taken as examples. Their spectral fluxes 

re given in Fig. 6 . For Case 1, where the maximum efficiency point

s located nearby, its radiation spectrum is mainly concentrated 

round λ = 1.94 μm with a peak value of 3 . 8 × 10 6 W / m 

2 μm 

−1 .

he excellent monochromaticity and high radiative flux in the λ
 λg art lead to a significant increase in the conversion efficiency 

nd output power of the system. Keeping � as the same while in- 

reasing ω p to 2 × 10 15 rad / s (Case 2), it can be seen that the spec-

ral flux within 1.2 μm <λ < 2.2 μm is improved tremendously. 

evertheless, the peak value decreases by 68.7 percent, and ther- 

alization losses increase due to the deteriorated monochromatic- 

ty, as a result, the efficiency decreases from 34.7% to 32.2%. If 

e only increase � to 5 × 10 14 rad / s with ω p remaining the same 

Case 3), the peak location of spectral flux does not change but 

he peak value decreases tremendously to 8 . 6 × 10 5 W / m 

2 μm 

−1 .

esides, the full width at half maximum also becomes larger, and 

he spectral radiative flux below the bandgap has a prominent in- 

rease. That is why the efficiency has a sharp decrease from 34.7% 

o 23.4%. 
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Fig. 6. Spectral heat flux of the three-body TPV system with different dielec- 

tric parameters of the spectrum control layer at d = 10 nm and t = 10 nm. 

Case 1: ω p = 1 . 2 × 10 15 rad / s and � = 2 × 10 13 rad / s ; Case 2: ω p = 2 × 10 15 rad / s and 

� = 2 × 10 13 rad / s ; Case 3: ω p = 1 . 2 × 10 15 rad / s and � = 5 × 10 14 rad / s . The verti- 

cal green line is at λ= λg = 2.22 μm. 

Fig. 7. Energy transmission coefficients ξ 1,3 ( ω , β) + ξ 2,3 ( ω , β) for case 1, which is 

kept at d = 10 nm and t = 10 nm. White and green dotted lines represent light lines 

and the high-frequency asymmetric mode of the film’s coupled SPPs in vacuum, 

respectively. 
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Fig. 8. (a) normalized efficiency, (b) normalized output power. Variation of the im- 

provement performance for the case 1 system at t = 10 nm with the vacuum gap d , 

which are normalized by the conventional TPV system’s performance without any 

spectrum control layer with its emitter and receiver separated by the same gap dis- 

tance of d . Also, the normalized performance of the two-body system with an 10nm 

thin metal emitter(case 1) is shown for comparison. 
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Taking case 1 as an example, we draw the three-body system’s 

nergy transmission coefficients in Fig. 7 to reveal the spectrum 

ontrol layer’s enhancement mechanism. The energy transmission 

oefficient is the total of ξ 1,3 ( ω, β) and ξ 2,3 ( ω, β), which consid-

rs contributions to the receiver from the emitter and interme- 

iate spectrum control layer, respectively. As can be clearly seen, 

here is a narrow region around ω = 9 . 74 × 10 14 rad / s featured

ith high energy transmission coefficients even at high wavevec- 

or values. The green dotted line is the high-frequency asym- 

etric mode of the film’s coupled surface plasmon polarizations 

SPPs) with a dispersion relationship of tanh (i k 2z t)( k 
2 
2z / ε 

2 
2 + k 2 z ) −

 k z k 2z / ε 2 = 0 in the vacuum [73 , 74] , where k z = 

√ 

( ω/c0 ) 2 − β2 

nd k 2z = 

√ 

ε 2 ( ω/c0 ) 2 − β2 . The agreement between the high en- 

rgy transmission coefficient region with the green dotted line is 

ery good, confirming the contribution of SPPs in enhancing radia- 
5 
ive heat transfer, especially for high wavevector modes. The ex- 

itation frequency ω = 9 . 74 × 10 14 rad / s ( λ = 1.94 μm) of SPPs co-

ncides with the peak of spectral radiative heat flux as shown in 

ig. 6 , further confirming the dominant role of SPPs in enhancing 

adiative heat transfer and spectrum monochromaticity and thus 

mproving energy conversion efficiency and output power of TPV 

ystems. 

In Fig. 8 , we consider how the improvement performance of in- 

erting a thin film(case 1) changes with the gap distance. As the 

ap distance increases, both the efficiency and output power nor- 

alized to those of two-body TPV systems decrease rapidly. This 

s not surprising considering that the coupling of SPPs with high- 

avevector waves becomes weak at large gap distances. However, 

hen the gap distance further increases beyond 130 nm, it is 

nteresting to find that the system performance has a quick in- 

rease, and the efficiency and output power can increase by 30% 
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Fig. 9. (a) Spectral heat flux of different TPV systems, Case 1 parameters are used 

for the three-body system and d = 483 nm. (b) energy transmission coefficients 

ξ ( ω, β) of the two-body system. (c) ξ 1,3 ( ω, β) + ξ 2,3 ( ω, β) of the three-body sys- 

tem. 
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nd 20% at 480 nm, respectively. For far-field cases, inserting 

he thin metallic layer slightly decreases the efficiency and output 

ower by 3.5% and 5.5%, respectively. That is because the imme- 

iate layer can’t excite the coupled SPPs and acts only as a thin 

adiation shield in the far-field. 
6 
To explain the reason why the system performance peaks 

round 480 nm, the spectral radiative flux is given in Fig. 9 (a). As 

e can see, the three-body system exhibit two adjacent peaks with 

igh values of 3 . 14 × 10 4 W / m 

2 μm 

−1 and 2 . 92 × 10 4 W / m 

2 μm 

−1 ,

espectively. The left peak is located at 1.46 μm, which is almost 

he same as that for the two-body system while its value is 29% 

igher. The additional peak is located at 1.64 μm. These two peaks 

ncrease the radiative heat flux greatly for the above-bandgap re- 

ion, enabling a higher output power. To unveil the mechanism 

or the additional peak’s presence, energy transmission coefficients 

re shown in Fig. 9 (b) and Fig. 9 (c) for two-body and three-body

ystems, respectively. Around ω = 1 . 15 × 10 15 rad / s , an additional 

right region with high energy transmission coefficients outside 

he light line shows up. This can be attributed to the excitation of 

PPs of the thin metallic layer, as can be confirmed from the excel- 

ent agreement with the dispersion relation of SPPs denoted as the 

reen dotted line. And the reduction in the difference between the 

istributions of SPPs in the three-body system and the green curve 

lso proves the attenuation of the three-body’s coupled effect. In- 

erestingly, this resonance makes the radiative heat flux drop more 

harply across the bandgap, and the radiative transfer of below- 

andgap photons is inhibited to some extent. That contributes to 

he improved conversion efficiency by 5.4%, as shown in Fig. 9 (a). 

Given an emitter that can support SPPs has great potential to 

mprove a TPV system’s performance [28 , 29 , 39] , we have compared

he three-body system’s performance to that of the two-body sys- 

em with a 10 nm thin metal emitter. The efficiency and output 

ower normalized to those of the conventional tungsten-emitter 

wo-body system are given in Fig. 8 . As can be seen in Fig. 8 (a), the

wo-body system with a thin metal emitter indeed exhibits a quite 

igh efficiency in the near-field. However, as d increases, the effi- 

iency decreases sharply and is lower than that of the three-body 

ystem when d is larger than 225 nm. As shown in Fig. 8 (b), the

utput power of the two-body system with a thin metal emitter 

s much lower than that of the three-body system for the whole 

ange of gap distance ranging from 10 −8 m to 10 −4 m. Such a 

ow output power will make the advantage of near-field TPV sys- 

em over traditional counterparts trivial. The near-field TPV system 

oses its traditional advantages. Therefore, the three-body system 

xhibits both moderate efficiencies and power output while the 

wo-body system with a thin metal emitter has a low power out- 

ut for a wide range of gap distances. 

In this part, we will discuss the optimization of the position 

nd thickness of the immediate Drude model layer. For the po- 

ition optimization, the case 1 Drude model layer is used. When 

 = 10 nm, the total vacuum gap width is 20 nm. We take d 1 as

he width the vacuum gap near the emitter, so the width of the 

acuum gap near the PV cell is d 2 = 20 nm − d 1 . As the d 1 in-

reases, both the efficiency and output power increase and then 

ecrease sharply. The optimal position is d 1 = 12 nm, correspond- 

ng to the maximum power 3 . 47 × 10 5 W / m 

2 and the maximum ef-

ciency of 34.9%. However, as the total vacuum gap(2 d ) increases, 

he rule no longer holds due to the weakened three-body coupled 

ffect. For the thickness of the immediate metal, it has more com- 

lex effects on performance which is showed in Fig. 10 . With �

xed at 2 × 10 13 rad / s , we screen out the optimal thickness t at 

 = 10 nm. The three-body system’s performance is superior in 

he area 1 × 10 15 rad / s < ω p < 2 × 10 15 rad / s . This is because ω spp is

lightly larger than ω g . Both ηF / ηc and P elF / P elc can obtain large 

alues in the area of 10 nm < t < 100 nm. The maximum output

ower can reach 6 . 08 × 10 5 W / m 

2 which is 2.2 times higher than

he two-body system. However, in the region close to t = 1 μm, 

he efficiency can achieve greater value 43.9% and get a 70% im- 

rovement. This is because the distance between the emitter and 

he photovoltaic cell becomes very large, and the energy transmis- 

ion coefficient except for surface plasma modes of the two bod- 
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Fig. 10. (a) normalized conversion efficiency (b) normalized output power of the 

three-body system with a Drude model layer whose thickness varies from 10 −8 m 

to 10 −6 m and ω p varies from 10 15 rad / s to 10 17 rad / s at d = 10 nm. The conventional 

TPV system without any spectrum control layer at d = 10 nm is used for compari- 

son. 
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es decreases sharply, significantly reducing the energy transfer of 

elow-bandgap photons. At this time, the output power has de- 

reased but it is still more than twice the power of ordinary ther- 

al photovoltaic systems. 

. Conclusion 

This paper investigates how inserting an intermediate spectrum 

ontrol layer tunes the conversion efficiency and output power of 

ear-field TPV systems based on dyadic Green function methods 

nd fluctuation-dissipation theory. The temperature of the inter- 

ediate layer can be precisely obtained based on energy balance. 

t is found that inserting traditional photonic crystals may deterio- 

ate both the conversion efficiency and power output of near-field 

PV systems, although they help to improve system performance 

n the far field. By employing a thin metallic film as the spec- 

rum control layer, the efficiency and output power at the gap dis- 

ance of 10 nm can be enhanced from 24.7% and 1.88 ×10 5 W/m 

2 

o 35.3% and 3.62 ×10 5 W/m 

2 , respectively. Besides the deep near- 

eld region, inserting this thin metallic film is also helpful around 

ap distance of half micron. The underlying mechanism is at- 

ributed to the excitation of surface plasmon polaritons. This work 
7 
rovides new routes to further improve the performance of near- 

eld thermophotovoltaic systems. 
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