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ABSTRACT 

Near-field thermal radiation transfer overcoming the blackbody limit has attracted significant 

attention in recent years owing to its potential for drastically increasing the output power and 

conversion efficiency of thermophotovoltaic (TPV) power generation systems. Here, we 

experimentally demonstrate a one-chip near-field TPV device overcoming the blackbody limit, 

which integrates a 20-µm-thick Si emitter and an InGaAs PV cell with a sub-wavelength gap 

(<140 nm). The device exhibits a photocurrent density of 1.49 A/cm2 at 1192 K, which is 1.5 

times larger than the far-field limit at the same temperature. In addition, we obtain an output 

power of 1.92 mW and a system efficiency of 0.7% for a 1-mm2 device, both of which are one 

to two orders of magnitude greater than those of the previously reported near-field systems. 

Detailed comparisons between the simulations and experiments reveal the possibility of a 

system efficiency of >35% in the up-scaled device, thus demonstrating the potential of our 

integrated near-field TPV device for practical use in the future.  
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TEXT 

Introduction 

Thermal radiation transfer between two objects that are separated by a sub-wavelength 

gap can be orders of magnitude larger than the maximal radiation transfer in free space (the 

blackbody limit) owing to the contribution of evanescent waves.1-6 This concept has attracted 

significant attention in both fundamental science and various energy-related applications in 

recent years. The thermophotovoltaic (TPV) systems,7-13 which convert heat into electricity by 

irradiating PV cells with thermal radiation from heated emitters, can significantly benefit from 

near-field thermal radiation transfer owing to the potential to increase output power density 

and conversion efficiency.14-19 Since the first experimental investigation of near-field TPV 

systems in 2001,20 several quantitative demonstrations of near-field TPV systems have been 

reported in recent years.21-23 For example, in Ref. 21, an 80-µm-diameter Si thermal emitter 

and a 300-µm×300-µm mid-infrared photodetector were brought closer to a 60-nm distance 

using a piezo-controlled experimental setup, and 40-fold enhancement in the output power 

density was achieved. Another recent work23 demonstrated a near-field TPV system composed 

of a 40-µm-diameter graphite emitter and a 20-µm-diameter InSb PV cell cooled at 77 K, where 

an output power density of 0.75W/cm2 and a near-field cell conversion efficiency23 of 14 % 

were obtained (the detailed configurations and performances of the previous systems21-23 are 

provided in Supporting Section 7). However, the generated electrical power in these systems 

was less than 1–10 µW owing to the small effective device size (<100 µm). In addition, the 

system efficiency, which is defined by the ratio of the electrical output to the input heating 

power, was extremely low (<0.01%) owing to the enormous thermal conduction losses of the 

systems. More importantly, these near-field systems involved external controllers such as 
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piezoelectric actuators and NEMS actuators for the gap formation, which are not suitable for 

practical applications. To solve these issues, in our previous study,24 we developed a near-field 

TPV device integrating a 2-µm-thick Si emitter with a side length of 500 µm and an InGaAs 

PV cell, and demonstrated the enhanced photocurrent compared to the corresponding far-field 

device. The thermal radiation intensity and the generated photocurrent in the above device, 

however, did not exceed the blackbody limit at the same temperature, and the unintentional 

contact between the emitter and the PV cell increased the thermal conduction loss, thereby 

resulting in a relatively low output power (30 µW at 1065 K) and low system efficiency (0.05% 

at 1065 K).  

In this paper, we demonstrate an integrated near-field TPV device that achieves the 

thermal radiation transfer overcoming the blackbody limit and realize a drastic increase in both 

the output power and system efficiency. Our one-chip super-Planckian device is based on the 

realization of a sub-wavelength gap (<140 nm) between a high-temperature emitter (~1200 K) 

and a room-temperature PV cell without contact over a large area (1 mm2), which is 

accomplished by designing a 20-µm-thick Si emitter with supporting beams that can relieve 

the thermal stress of the emitter while maintaining the mechanical robustness. In addition, an 

increase of the emitter thickness from 2 to 20 µm facilitates the realization of the near-field 

thermal radiation transfer beyond the blackbody limit owing to the increase in the photonic 

density of states. Using this device, we demonstrate a large photocurrent of 14.9 mA (density: 

1.49 A/cm2) at an emitter temperature of 1192 K, which is 1.5 times larger than the blackbody 

limit at the same temperature. In addition, we obtain an output power of 1.92 mW (density: 

0.192 W/cm2) and a system conversion efficiency of 0.7%, both of which are greater than those 

of the previously reported near-field TPV systems21-24 by one to two orders of magnitude. 

Furthermore, we theoretically predict that a system efficiency of >35% can be achieved in the 
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up-scaled device with photon recycling, demonstrating the potential of our integrated near-field 

TPV device in practical applications. 

 

Results 

Figure 1(a) shows a bird’s eye view and cross section of the proposed device: a 20-µm-

thick Si thermal emitter with a side length of 1 mm was integrated on one side of an 

intermediate Si substrate while maintaining a sub-wavelength gap between them, and a thin 

InGaAs PV cell of the same size was integrated to the other side of the substrate. We chose 

undoped Si as an emitter material because it shows smaller absorption coefficients (and weaker 

thermal radiation intensity) at wavelengths longer than the bandgap of InGaAs (λ>λInGaAs=1.7 

µm) than doped Si, while maintaining large absorption coefficients (strong thermal radiation 

intensity) at wavelengths shorter than λInGaAs owing to the interband absorption.10 In addition, 

we employed the intermediate undoped Si substrate between the Si emitter and the PV cell to 

suppress the long-wavelength heat transfer mediated by surface modes at the contact layer of 

the PV cell18 (see Supporting Fig. S1 for details). To suspend the millimeter-sized emitter while 

minimizing the tilt and the thermal conduction loss, we employed 10-µm-width supporting 

beams at the four corners instead of a single beam employed in our previous study.24 Because 

the width of the supporting beams (10 µm) is smaller than the thickness (20 µm), these 

supporting beams can relieve the thermal stress of the emitter by in-plane deformation, which 

helps maintain a sub-wavelength gap between the emitter and the PV cell even at high 

temperatures (see Supporting Section 2 for details). In addition, compared to the thin-film Si 

thermal emitter (te=2 µm),24 the 20-µm-thick Si thermal emitter enables thermal radiation 

transfer to overcome the blackbody limit more easily owing to the increase of the photonic 

density of states inside the emitter (see Supporting Fig. S1 for details). Figure 1(b) shows the 

calculated thermal radiation transfer spectra from the emitters with two different thicknesses 

(red line: te= 20 µm, blue line: te= 2 µm) to the InGaAs PV cell when the emitter temperature 
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is 1200 K and the gap length is 150 nm. The details of the calculations are explained in 

Supporting Section 1. By increasing the thickness of the emitter, the radiation intensity below 

λInGaAs is enhanced by a factor of 3, which exceeds the blackbody limit (black line) in the entire 

near-infrared range at the same temperature. The thermal radiation transfer to the PV cell at 

longer wavelengths is relatively suppressed because the total thickness of the doped layers in 

the PV cell is only 2.5 µm, which is not sufficient for the doped carriers in the PV cell to induce 

strong free carrier absorption. It should be noted that the thermal radiation loss in the opposite 

side of the PV cell (not shown) increases with the emitter thickness but the loss can be reduced 

by placing the top reflector above the emitter for photon recycling.19 Figure 1(c) shows the 

calculated photocurrent density of the PV cell as a function of the gap length; the dashed line 

shows the calculated photocurrent density for the blackbody spectrum at the same temperature 

(hereafter, this value is referred to as the blackbody limit of the photocurrent). To obtain a 

photocurrent density that exceeds the blackbody limit, the gap length should be below 200 nm 

for the 20-µm-thick emitter, which ensures the tolerance to fabrication errors compared to that 

required for the 2-µm-thick emitter (below 100 nm).   
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Fig. 1. Schematics and calculated performances. (a) Bird’s eye view and cross section of 

near-field TPV device integrating 20-µm-thick Si thermal emitter and InGaAs PV cell. (b) 

Calculated thermal radiation transfer spectrum to the InGaAs PV cell for a 20-µm-thick (red) 

and 2-µm-thick (blue) Si thermal emitter when the gap length is 150 nm and the emitter 

temperature of 1200 K. Black line shows the blackbody spectrum at 1200 K. (c) Calculated 

photocurrent density of the near-field TPV device with a 20-µm-thick (red) and 2-µm-thick 

(blue) Si thermal emitter at 1200 K. Dashed line shows the calculated photocurrent density for 

the blackbody spectrum at the same temperature (blackbody limit). 

 

Figure 2(a) shows a microscope image of the fabricated Si thermal emitter with a side 

length of 1 mm, which was integrated on top of the intermediate Si substrate via Si-Si bonding25 
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(the details of the fabrication process are explained in Methods and Supporting Fig. S3). The 

gap length d was controlled by the surface etching of the intermediate substrate before chip-to-

chip bonding. Here, we fabricated one far-field TPV device (Device I, d~2900 nm) and two 

near-field TPV devices (Device II and III, d~150 nm), wherein the latter devices contain a 

small portion of 2900-nm-deep trenches with a side length of 0.1 mm for gap estimation. The 

microscope image of the fabricated 10-µm-width supporting beam is shown in the right panel. 

Because of the relatively strong mechanical strength of the 20-µm-thick Si slab, we can 

maintain the flatness of the emitter even with such elongated supporting beams. Figure 2(b) 

shows the microscope images of the fabricated InGaAs PV cells with a side length of 1 mm, 

which were integrated at the bottom of the intermediate substrate via plasma-assisted wafer 

bonding.26 In this work, we investigated two types of PV cells; one (left panel, employed in 

Device I and II) has a comb-like p-type electrode (Au), while the other (right panel, employed 

in Device III) has a uniform p-type electrode. The comb-like electrode can reduce the 

absorption of sub-bandgap photons at the interface between the Au and the semiconductor, and 

thus, it is potentially suitable for high-efficiency TPV systems, but it leads to a higher series 

resistance of the PV cell owing to the low electrical conductance of the p-type semiconductor 

layer.  

Before the near-field TPV experiment, we measured the in-plane distribution of the gap 

length of the fabricated three devices by varying the heating power of the Si emitter (see 

Methods). In this work, the heating of the emitter was performed by laser irradiation for the 

purpose of the proof-of-concept demonstration, while it can be replaced with another heat 

source such as concentrated sunlight irradiation in the future. We measured the reflection 

spectra at 5 × 5 points in each device by irradiating it with a broadband infrared light and 

estimated the gap length and the emitter temperature at each point from the Fabry-Perot 

interference of the device (the detailed procedure for the gap and temperature measurement is 
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provided in Methods and Supporting Section 4). Figure 2(c) shows the temperature dependence 

of the obtained gap lengths of the three devices, wherein the maximum, average, and minimum 

gap lengths within each device are shown in red, black, and blue, respectively. Although the 

obtained gap length was not uniform for each device [Fig. 2(c) and Supporting Fig. S4], the 

average gap length of each device remains almost the same for a wide range of emitter 

temperatures (300–1200 K). Among the three devices, Device II has the smallest average gap 

length (<140 nm at the emitter temperature of 1192 K), which satisfies the condition for 

exceeding the blackbody limit shown in Fig. 1(c).  

 

Fig. 2. Fabricated devices. (a) Microscope image of the fabricated Si emitter and enlarged 

view of the supporting beam. (b) Microscope image of the fabricated InGaAs PV cells with a 

comb-like p-type electrode (left) and a uniform p-type electrode (right). (c) Measured gap 
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lengths of the fabricated three near-field TPV devices as a function of the average temperature 

of the emitter. 

 

Figures 3(a) and 3(b) show the measured current-voltage (I-V) characteristics of the 

far-field TPV device (Device I, dave~2900 nm) and the near-field TPV device (Device II, 

dave~140 nm) for various emitter temperatures. It should be noted that both devices contain an 

emitter and a PV cell with the same structures, and the only difference is the average gap length. 

Here, Device II yields much larger photocurrents than Device I. For example, at the same 

emitter temperature of 1043 K, Device II yields a short-circuit current (2.69 mA) that is 7.3 

times larger than that of Device I (0.37 mA). It should be noted that in Device II, the short-

circuit currents at 0 V at higher emitter temperatures (1116 and 1192 K) were less than the 

original photocurrents generated by the near-field thermal radiation transfer owing to the series 

resistance of the PV cell. Because the photocurrent densities in Device II are much higher than 

those of the typical solar cells, even a small series resistance induces a non-negligible internal 

forward bias on the p-n junction, and thus, a part of the generated photocurrent is internally 

consumed as a forward current (see Supporting Section 5). Therefore, the original photocurrent 

generated by the near-field thermal radiation transfer can be accurately measured by applying 

a sufficient reverse bias to cancel this internal forward bias. Figure 3(c) shows the measured 

and calculated photocurrent densities of the two devices at a reverse bias of −1 V as a function 

of the average emitter temperature. The measured photocurrent densities of the fabricated 

devices (red and blue triangles) agree well with the calculated ones (red and blue dashed lines). 

More importantly, the obtained photocurrent density in Device II exceeds the blackbody limit 

(black solid line) at an emitter temperature larger than 1050 K; for example, the obtained 

photocurrent density at 1192 K is 1.49 A/cm2, which is 1.5 times larger than the blackbody 

limit at the same temperature (0.96 A/cm2). This result is supported by the calculated near-field 
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thermal radiation transfer spectrum shown in Fig. 3(d), wherein the spectral flux absorbed in 

the p-n junction exceeds the blackbody limit (black line) in the entire near-infrared range below 

the bandgap wavelength of InGaAs (λInGaAs=1.7 µm). 

 

 

Fig. 3. Photocurrent generation overcoming blackbody limit. (a) Measured current-voltage 

characteristics of the far-field TPV device (Device I) at three different emitter temperatures. 

(b) Measured current-voltage characteristics of the near-field TPV device (Device II) at three 

different emitter temperatures. As shown in the inset, the original photocurrent generated by 

the near-field thermal radiation transfer can be accurately measured by applying a sufficient 

reverse bias. (c) Measured (triangles) and calculated (dashed lines) photocurrent density of the 

two devices as a function of the average emitter temperature. Gap lengths of 3000 nm and 150 
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nm (except for deep trenches) were assumed in the calculations for Device I and Device II, 

respectively. Black solid line shows the calculated blackbody limit for the InGaAs PV cell. (d)  

Calculated near-field thermal radiation transfer spectrum from the emitter to the p-n junction 

of the PV cell for Device II at 1192 K, wherein the gap length of 150 nm was assumed except 

for deep trenches. 

 

Finally, we evaluated the actual system efficiency of our near-field TPV system by 

measuring both the input heating power of the emitter and the electrical output power. In this 

experiment, we characterized Device III, which has the lowest series resistance of the PV cell 

owing to the employment of the uniform p-type electrode [shown in the right panel of Fig. 

2(b)]. The black dots in Fig. 4(a) show the relationship between the heating power of the emitter 

and the average temperature of the emitter in Device III. The black dashed line shows the 

calculated heat conduction loss through the supporting beams based on the temperature 

dependence of the thermal conductivity of Si.27 When the temperature is lower than 650 K, the 

heating power of the emitter can be evaluated with the calculated heat conduction loss. The 

required heating power at higher temperatures exceeds the calculated conduction loss owing to 

the non-linear increase of the near-field thermal radiation power. The dashed lines (blue and 

red) show the calculation results obtained by taking the sum of the thermal conduction loss and 

the calculated total thermal radiation power from the emitter. Here, we varied the effective 

reflectance of the bottom electrode (Rbottom) to take into account the in-plane loss of thermal 

radiation in the finite-size device, where a portion of the waves reflected at the bottom electrode 

cannot return to the emitter (see Supporting Section 6). The experimental results agree well 

with the calculations with Rbottom =0.66, which is lower than the reflectance of the ideal Au 

reflector (RAu=0.96). Figure 4(b) shows the measured I-V characteristics of Device III (solid 

line) and Device II (dashed line) at almost the same heating power, wherein Device III yields 
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a much larger electrical output power owing to the smaller series resistance of the PV cell. 

Figure 4(c) shows the electrical output power density and system efficiency of Device III as a 

function of the emitter temperature. At an emitter temperature of 1162 K, we obtain the 

electrical power density of 0.192 W/cm2. Although the obtained power density is smaller than 

the highest value ever reported (0.75W/cm2),23 the absolute value of the electrical output power 

(1.92 mW) is two orders of magnitude larger than those of the previously demonstrated near-

field TPV devices21-24 owing to the larger device size (1 mm2) and the higher emitter 

temperature. The maximum system efficiency of our device is 0.7 %, which is one order of 

magnitude higher than that of our previous near-field TPV device (0.05%).24 It should also be 

noted that the other previous demonstrations of near-field TPV systems21-23 did not focus on 

the reduction of the thermal conduction loss from the emitter and resulted in lower system 

efficiencies (<0.01%). More detailed comparisons of the TPV performance such as the cell 

conversion efficiency excluding the thermal conduction loss are provided in Supporting 

Section 7. 

To increase the system efficiency, we should further decrease the gap length and 

increase the emitter temperature to enhance the near-field thermal radiation transfer below the 

bandgap wavelength of the PV cell. Figure 4(d) shows the calculated efficiency of the ideal 

near-field TPV devices with three gap lengths as a function of the emitter temperature. In this 

calculation, we assumed an infinite-size device with no conduction loss and ideal bottom 

reflectors (Rbottom=RAu=0.96). We also modeled the dark current of the InGaAs PV cell by 

fitting the measured I-V characteristics (see Supporting Section 5) and neglected the series 

resistance for the ideal case. The solid lines show the efficiency of the device without a top Au 

reflector above the emitter as shown in Fig. 1(a), while the dashed lines show the efficiency of 

the device with a top Au reflector for photon recycling.19 As seen in the figure, we can obtain 

the efficiency of ~20% without photon recycling by reducing the gap length to 75 nm at the 
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temperatures higher than 1300 K. In addition, a higher conversion efficiency (>35%) can be 

achieved by placing the top Au reflector above the emitter and by recycling the thermal 

radiation opposite to the PV cell. 

 

Fig. 4. System efficiency of fabricated device and ideal device. (a) Relationship between the 

heating power of the emitter (Pin) and the average temperature of the emitter in Device III. 

Black dashed line shows the calculated conduction loss of the emitter. Blue and red dashed 

lines show the calculation results obtained by taking the sum of thermal conduction loss and 

total thermal radiation power from the emitter, wherein we varied the effective reflectance of 

the bottom electrode (Rbottom). (b) Measured I-V characteristic of Device III at Pin=262 mW 

(solid line). I-V characteristic of Device II at almost the same Pin is shown with a dashed line 

for comparison. (c) Measured output power density and system efficiency of Device III as a 
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function of the emitter temperature. (d) Calculated system efficiency of an infinite-size near-

field TPV device (Rbottom=RAu, no conduction loss) with various gap lengths as a function of 

the emitter temperature. Solid and dashed lines show the efficiency of the system without and 

with a top Au reflector (Rtop=RAu) for photon recycling. In this calculation, we neglected the 

series resistance of the PV cell for ideal case. 

 

Discussion 

To experimentally realize the ideal system efficiencies shown in Fig. 4(d), several 

improvements in the device structure are necessary. First, we should further reduce the thermal 

conduction loss [black dashed line in Fig. 4(a)] and the additional thermal radiation loss due to 

the non-unity bottom reflectivity Rbottom [shown with the power difference between the blue 

and red dashed lines in Fig. 4(a)]. Because these two losses stem from the finiteness of the 

device size, we can decrease them by scaling up the device size. Second, we should reduce the 

series resistance of the PV cell by optimizing the doping density of the n-doped contact layers 

to improve the fill factor of the I-V characteristics of the fabricated PV cell. Finally, to realize 

a smaller gap length at higher emitter temperatures, we should optimize the supporting 

structures of the emitter to further suppress the tilting and bowing of the emitter during heating.  

In summary, we have developed a near-field TPV device integrating a 20-µm thick Si 

emitter and an InGaAs PV cell with a sub-wavelength gap (< 140 nm) without contact over a 

large area (1 mm2). Using this device, we have demonstrated a large photocurrent (density) of 

14.9 mA (1.49 A/cm2) at 1192 K, which exceeds the blackbody limit at the same temperature. 

In addition, by measuring both the input heating power and the electrical output power of our 

near-field TPV devices, we have obtained an output power of 1.92 mW and a system efficiency 

of 0.7%. We have also revealed that a high system efficiency (>35%) can be achieved in an 

up-scaled device by placing a top reflector above the emitter for photon recycling. Our one-

chip super-Planckian devices will contribute to the full exploitation of near-field thermal 
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radiation transfer in various applications including solar thermophotovoltaics and waste heat 

recovery. 

  

Methods 

Sample preparation: We prepared an SOI substrate with a 20-µm-thick top Si layer and a 1-

µm-thick SiO2 layer on a 650-µm-thick Si substrate (SOI-A) for the Si emitter, and another 

SOI substrate with a 50-µm-thick top Si layer and a 1-µm-thick SiO2 layer on a 300-µm-thick 

Si substrate (SOI-B) for the intermediate Si substrate. The epitaxial wafer for InGaAs PV cells 

consisted of 400-nm undoped-InP/100-nm n-InP (nd = 2 × 1018 cm-3)/300-nm n-In0.53Ga0.47As 

(nd = 1 × 1018 cm-3)/2000-nm p-In0.53Ga0.47As (na = 1 × 1017 cm-3)/100-nm p-InP (na = 2 × 1018 

cm-3)/300-nm p- In0.53Ga0.47As (na = 2 × 1018 cm-3)/350-µm InP substrate. We first fabricated a 

Si emitter (1 × 1 mm) with four L-shaped supporting beams (width:10 µm, length:580 µm) on 

SOI-A by electron-beam (EB) lithography and cryogenic reactive ion etching (RIE). Next, we 

created a trench (Device I: 2900 nm, Device II and III: 150 nm) on SOI-B by RIE, in order to 

leave the gap between the emitter and the PV cell in the subsequent bonding process. For 

Devices II and III, we also created nine deeper trenches (~2900 nm) with a side length of 100 

µm for gap estimation. After hydrophilizing the surfaces of the two substrates, we bonded them 

using a high-precision alignment and bonding system. The bonded sample was heated to 473 

K in vacuum for 1 h and at 1273 K in Ar atmosphere for 1 h to increase the bonding strength. 

The upper Si substrate and SiO2 layer were then removed by RIE and HF solution, respectively, 

to bare the 50-µm-thick intermediate Si substrate. The bonding of the intermediate Si substrate 

and the epi-structure for the PV cell was performed by oxygen plasma activation and 1-h post-

annealing at 423 K in vacuum. The InP substrate was removed with HCl solution, and a mesa-

type PV cell structure was formed by photolithography, metal deposition, and a lift-off process. 

The fabricated PV cell was then fixed on a supporting insulating substrate (Au/Ti/SiO2/Si) by 

flip-chip bonding using a conductive adhesive (Ag paste). Finally, the Si substrate and SiO2 
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layer above the emitter were removed by RIE and vapor HF etching, respectively, to bare the 

20-µm-thick Si emitter. The schematic of each fabrication process is shown in Supporting Fig. 

S3.  

Experimental procedures: The Si emitters were heated by irradiation with a green laser 

(λ=532 nm) in a vacuum chamber (<1×10-3 Pa). The heating power of the device, Pin, was 

calculated by considering the incident laser power and the theoretical reflectivity of Si at 

elevated temperatures. It should be noted that no laser light penetrates the emitter owing to 

sufficient absorption inside the 20-µm-thick emitter. To measure the emitter temperature and 

the gap length between the emitter and the intermediate substrate, we irradiated the device with 

broadband infrared light (wavelength range: 1000–1650 nm) and measured the reflection 

spectra for 5 × 5 points at 225-µm intervals in each device with a near-infrared spectrometer 

(Ocean Photonics, NIRQuest512). We then estimated the gap length and the emitter 

temperature at each point from the resonant wavelengths of the Fabry-Perot interference of the 

device (the details are explained in Supporting Section 4). The current-voltage characteristics 

of the PV cells were measured with a precision source/measure unit (Keysight, B2901A). The 

temperatures of the PV cells were kept at room temperature without any cooling system. During 

the experiment, we monitored the temperature of the stainless base to which the PV cell was 

attached and confirmed that the temperature increase of the base was smaller than 1 K at the 

maximum heating power (~300 mW). 
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