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Plutonium-238 has been identified as one of the most suitable radioisotope fuels for 
General Purpose Heat Source (GPHS) modules since the 1960s. The current stock of Pu-238 
is quite limited, and its production process is very expensive. Therefore, efficiently using the 
heat generated by the GPHS is very important and critical for NASA space applications. 
However, the efficiency of the most widely used radioisotope thermoelectric generators is only 
about 6-8%, which means that a significant amount of the radioactive fuel energy is dissipated 
as waste heat via radiators to deep space. Past theoretical modeling has showed that a thermo-
radiative cell made from a narrow-bandgap semiconductor p-n junction could potentially 
serve as a promising waste heat recovery technology for radioisotope power systems (RPS). In 
this paper, we develop a InSb thermo-radiative cell with an area orders of magnitude larger 
than commercial narrow-gap semiconductor p-n junctions, and demonstrate its thermo-
radiative performance using mild heat as an energy source and a liquid-nitrogen cooled 
chamber as a heat sink. This is the first experimental effort of fabricating a thermo-radiative 
cell device with areas orders of magnitude larger than commercially available narrow-gap 
semiconductor p-n junctions. Integrating thermo-radiative cells with a radioisotope heating 
unit (high-grade heat) or spacecraft radiator (low-grade waste heat) could provide a new way 
to significantly increase the energy efficiency of Pu-238 or other radioisotope fuels. 

I. Introduction 
hotovoltaic (PV) cells have been widely used to supply power for various NASA missions. However, they suffer 
significant efficiency losses at high temperatures encountered in near-sun missions, such as the MESSENGER 

Mercury orbiter. Another limitation for the traditional photovoltaic technology is that there must be sunlight incident 
on the PV cell surface to generate electrical power. Therefore, extending the temperature range (especially to the high 
temperature) of operation and adding the capability of operating under dark conditions are critical to enabling future 
space missions.  
      From the thermodynamic point of view, photovoltaic cells can be viewed as a heat engine that works between a 
high temperature heat source (i.e., solar surface temperature) and a low temperature heat sink (e.g., close to the 
temperature of spacecraft) using photons as the working fluid. The communication between the heat source and heat 
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sink is radiation. This is the reason why PV cells must face the sun (heat source). In the universe, the ultracold deep 
space (at 3 K) is a natural (radiative) heat sink that is usually only used for waste heat rejection and has never been 
considered for its potential application as the direct heat sink for a thermodynamic energy conversion process. Even 
for a heat source with a temperature below 373 K, the corresponding Carnot efficiency can be more than 99%. Here 
we are imagining an energy convertor that can convert part of the heat to electricity and dump the rest of the waste 
heat into deep space via radiation (the only choice to reject heat in this situation). Such a device belongs to the general 
emissive energy harvester (EEH) which was proposed by Byrnes et al.1. The EEH is a device that has high emissivity 
in the “atmospheric window” at 8-13μm and low emissivity for the other wavelengths. Earth’s atmosphere is almost 
transparent for radiation with wavelengths between 8 μm and 13 μm. Meanwhile, the earth’s surface temperature is 
275-300 K and the outer space temperature is only 3 K, so the EEH (at the earth’s ambient temperature) will emit far 
more thermal radiation than it receives from the outer space. The imbalance of the emitted and the absorbed thermal 
radiation can be converted into an imbalance of charge carrier motion in the EEH, i.e., generating electricity. Based 
on this general EEH idea, Strandberg2 proposed a new technology concept, termed the thermo-radiative (TR) cell, to 
convert heat into electricity and reject the unused heat to the heat sink via thermal radiation. The difference in 
principles of operation between the photovoltaics cell and the thermo-radiative cell are illustrated in Figure 1. 

 

Figure 1. Principle of (a) photovoltaic cell and (b) thermo-radiative cell. 
 

      The thermo-radiative cell is made of a semiconductor p-n junction and operates at an elevated temperature (325 K 
to 475 K, or even higher temperatures depending on the accessible heat source temperature) compared to its 
surroundings (3-150 K in cold space). It is well-known that p-n junctions are widely used in photovoltaic cells to 
convert solar radiation energy to electrical power. In a photovoltaic cell, since the solar surface temperature is much 
higher than the cell temperature, more photons are absorbed by the PV cell than emitted by the PV cell (Figure 1a).  
If the absorbed photon energy is larger than the semiconductor bandgap 𝐸  (e.g., 1.1 eV for silicon), the photon can 
excite an electron from the valence band (where the electron is bounded) to the conduction band (where electron can 
move almost freely), i.e., generating an electron-hole pair. The excess energy of the photon will be dissipated quickly 
as heat. At the open circuit condition, the high photon flux causes the electron-hole pair generation rate to be much 
higher than their initial recombination rate. As the electron-hole pair concentration increases, their recombination rate 
also increases. The excessive electron concentration raises the electron quasi-Fermi energy in the n-type 
semiconductor part, while the excessive hole concentration lowers the hole quasi-Fermi energy in the p-type 
semiconductor part. The splitting of these quasi-Fermi energies in the n-type and p-type parts corresponds to the build-
up of a positive voltage in the device3. This voltage increases to a stable value when the electron-hole pair generation 
rate equals to their recombination rate. For photovoltaic cells, the photon-to-electrical energy conversion occurs at the 
cold side of this thermodynamic process. 
      The principle of the thermo-radiative cell is closely related to the principle of the photovoltaic cell, but it works in 
a reverse mode (Figure 1b). In a thermo-radiative cell, the surrounding temperature is lower than the cell temperature, 
thus the electron-hole pair generation rate is slower than the recombination rate. The insufficient electron 
concentration lowers the electron quasi-Fermi energy in the n-type semiconductor part, while the insufficient hole 
concentration raises the hole quasi-Fermi energy in the p-type semiconductor part. This results in a negative voltage 
build-up in the device3. When the device is connected with a load, the current direction in the thermo-radiative cell is 



 
International Conference on Environmental Systems 

 

 

3 

also opposite to that of a photovoltaic cell (Figure 2). For thermo-radiative cells, the thermal-to-electrical energy 
conversion occurs at the hot side of this thermodynamic process. 

 

Figure 2. The voltage and current directions in PV and TR cells are opposite, but both can generate electrical 
power (𝑷 𝑰𝑽 𝟎). 

 

II. Development of InSb Thermo-Radiative Cells 
In recent publications4-5, the proof-of-concept of thermo-radiative cell has been demonstrated using a commercial 

HgCdTe p-n junction device. The HgCdTe diode can be viewed as a thermo-radiative cell when its temperature is 
higher than the surrounding temperature, and a (thermo-)photovoltaic cell when its temperature is lower than the 
surrounding temperature. The I-V chactersitics of thermo-radiative cell and photovoltaic cell observed in the proof-
of-concept demonstration were found to be consistent with theoretical prediction illustrated in Figure 2, i.e., the short-
circuit currents (or open-circuit voltage) have opposite signs. Considering that the temperature of most waste heat 
ranges from 325 K to 700 K, the thermo-radaitive cell performs best with narrow-gap (e.g. 0.1-0.3 eV) semiconductors. 
However, the area of the commercial narrow-gap p-n junctions is extremely small, on the order of 0.01 mm2. 
Therefore, for power generation applications, there is a need to scale up the area of thermo-radiative cells to mm-scale 
in the near term, with a target of cm-scale cells in the future for practical applications.  

InSb is an excellent choice of substrate for the thermo-radiative cell application due to the infrared-range bandgap 
(𝜆  ~ 7.3 μm , the maturity of current commercial applications, and reasonable price. The fabrication approach uses 
bulk n-type substrate and ion implantation of p-type dopants as shown in the schematic device cross section in Figure 
3. Titanium/Gold contacts were chosen to create ohmic contacts to the substrates and silicon dioxide is used to reduce 
parasitic surface states. 

 
Figure 3. Schematic cross section of InSb thermo-radiative cell. 

 
The fabrication process was designed in order to maximize the number of working devices on each packaged piece 

and increase the ease of measurement acquisition. The process is based on a prior detailed publication on InSb 
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photodetectors from MIT Lincoln Laboratory6. It includes three mask steps that define the pattern for alignment marks, 
implant ionization, and metal contacts. These patterns are optimized to include many different diode shapes and sizes 
for measurement purposes. As shown below, the mask steps include two types of rectangular-shaped diodes with side 
lengths of 2 mm and 0.5 mm designed with large surface area for maximum emission. Additionally, smaller circular 
diodes with diameters from 40 μm to 300 μm are included for light and dark current-voltage measurements. As labeled 
in Figure 4, the circular diodes are designed for measurement under light (Type A) and dark (Type B) conditions. The 
measurements under dark conditions aid in characterizing the non-radiative processes occurring in the device. Finally, 
after fabrication, the diode is measured for responsivity then packaged for thermo-radiative measurements.  

 
Figure 4. Schematic drawing of mask design for thermo-radiative cells. 

 
The device fabrication process used a single ion implantation on 2-inch InSb wafers, where wafers were then split 

into several trials for surface treatments, passivation, and annealing conditions. Photos of fabricated devices are shown 
in Figure 5. The current-voltage characteristics of various fabricated diodes were measured and analyzed. Devices 
showed weak rectifying behavior, which is believed to be due to an electrical shorting path along the top surface. The 
chemical etch on the surface using the Br:Methanol solution was applied to selective samples to remove this unwanted 
surface shorting path. A reduced leakage current was observed, which suggests that further improvement can be 
obtained by optimizing surface treatment methods and junction depth, or to pursue alternative junction formation 
using epitaxial growth techniques. 
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Figure 5. Photographs and microscope images of fabricated InSb thermo-radiative cells. 

 

III. Thermo-Radiative Cell Performance Tests and Analysis 
The commercially available narrow-gap photodiode (such as HgCdTe photodiode) is usually covered with a 

hyperspherical immersion lens so that the field of view (FOV) is limited to a certain range (e.g., 35°). Therefore, 
placing a flat cold plate at a suitable distance from the photodiode can completely cover the field of view. However, 
as the areas of the fabricated InSb thermo-radiative cells are orders of magnitude larger than the commercially 
available narrow-gap photodiode, it is not convenient to cover the cell with an immersion lens. As a result, a planar 
cold pate cannot completely cover the view of the cell. A liquid-nitrogen cooled cold environment chamber is then 
designed so that it can completely cover the view of the cell. As shown in Figure 6a, the cylindrical cold chamber is 
made of stainless steel and has an inlet and an outlet for coolant flow. Liquid nitrogen flows through the chamber to 
maintain the inner surface of the chamber at a low temperature. The surface temperature is adjustable from room 
temperature down to the 77 K. It is controlled by the flow rate of the liquid nitrogen. To avoid the reflections from the 
environment from interfering with operation of the thermo-radiative cell, the cold plate surface needs to be non-
reflective (i.e., has high emittance) over a wide wavelength range. To achieve this goal, we put an ultra-black foil on 
the inner surface of the cold environment chamber (see Figure 6b).  

 
Figure 6. A cylindrical cold environment chamber with inlet and outlet for liquid nitrogen flow. a) as 
purchased; b) after insulation and covering ultra-black foils on the inner surface.  

 
The open side of the cold chamber was covered with a plastic cap, as shown in Figure 7. A flow of dry nitrogen 

through the cap can help maintain a slight positive pressure inside the chamber and avoid the introduction of humid 
air into the chamber, which could result in condensation onto the cold inner surface of the chamber during experiments. 
Condensation would quickly turn to frost on this surface and alter the radiative properties (such as reflectance) of the 
inner surface.  

The complete system for thermo-radiative cell performance measurement is shown in Figure 7. There are nine 
thermocouples in total to monitor the temperature of cold environment chamber wall and thermo-radiative cell back 
surface. The thermo-radiative cell (attached to a sample holder, as shown in the inset of Figure 7) was placed inside 
the test chamber and its position can be adjusted by a rod that was inserted into the chamber through a hole in the 
plastic cover cap. A heater is attached to the back of the thermo-radiative cell sample to control the operating 
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temperature of the cell. Thermal interface material (TIM), such as thermal grease, is used to reduce the thermal 
resistance between the heater and cell. The view of the cell is completely covered by the liquid nitrogen-cooled cold 
environment chamber. The thermo-radiative cell is connected to a Keithley Sourcemeter 2450 to measure the current-
voltage characteristics of the cell which is displayed on the computer. 

 

 
Figure 7. Complete system setup for thermo-radiative cell performance measurement. 

 
The areas of the fabricated InSb-based thermo-radiative cells range from less than 100 μm up to 2 mm. All the 

cells exhibit similar current-voltage characteristics; therefore, we only show and discuss the test results of the largest 
cell (2 mm by 2 mm). Figure 8 shows the InSb thermo-radiative cell package after wire bonding and the microscope 
images of the cells with different sizes as indicated by the dots of different sizes/shapes. 
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Figure 8. a) InSb thermo-radiative cells of different sizes, as indicated by the dots of different sizes (photo taken 
with cellphone camera); b) microscope picture of figure (a). 

 
To verify the thermo-radiative behavior of the fabricated sample, we designed two different tests (i.e., I-V 

characteristic measurements) at different temperatures. To avoid the contamination on the surface of thermo-radiative 
cells, the sample is covered with a thin silica glass layer. Here we want mention that the performance of the device 
can be improved if the silica glass cover is replaced by an infrared transparent glass (such as ZnSe) cover in the future. 
The measured current-voltage curves are shown in Figure 9.  

 

 
Figure 9. I-V measurement of the cell under two different conditions: a) under thermal equilibrium (blue curve) 
that the cell and cold environment wall are both at 24℃; b) thermo-radiative cell mode (red curve) that the cell 
is at 100℃ and the cold environment wall is at -120℃.  

 
Under the first condition, the cell is in thermal equilibrium with the ambient. In this case, the I-V curve passes 

through the origin point, i.e., when the bias V = 0, the current I = 0 (see the blue curves in Figure 9).  The cell only 
shows very weak rectifying behavior, which is probably related to the generation of a conductive path caused by 
surface defects. As we heated up the cell (to ~100℃) and controlled the plate to the cryogenic temperature (-120℃), 
the cell works in the thermo-radiative cell mode. The I-V curve moves downwards from the thermal equilibrium curve, 
i.e., when the bias V = 0, the short-circuit current is negative (see the red curves in Figure 9).  

The measured thermo-radiative short circuit current in Figure 9 of 130 μA (or 33 A/m ) is about 290 times that 
previously demonstrated in a commercial HgCdTe diode (450 nA or 45 A/m ). There is still quite a lot of room left 
to improve the short-circuit current density in the cell. First, the quality of the sample can be improved by reducing 
the surface defects that provide a conductive short path on the sample. Second, the radiative communication between 
the surfaces of thermo-radiative cell and cold environment chamber can be improved by using an IR transparent glass 
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cover instead of silica glass cover. Therefore, there should be a significant increase in the short-circuit current if the 
surface defect level in the cell is reduced and the packaging configuration is improved.  

 

IV. Benefits of Integrating Thermo-Radiative Cells with                                                                  
the Radiators of Radioisotope Power Systems 

In order to satisfy the long-lasting and high energy/power density requirements for the deep space exploration 
missions, Pu-238 has been identified as the most suitable radioisotope fuel for GPHS modules since the 1960s 7. 
However, the current stock of Pu-238 is quite limited, and its production process is very slow and expensive. NASA’s 
budget can only support one radioisotope power system mission every 4 years8. Therefore, efficiently using the heat 
generated by the GPHS is very important and critical for NASA space applications. However, the efficiency of multi-
mission radioisotope thermoelectric generator (MMRTG) is only about 6%. Even though the dynamic radioisotope 
power systems (e.g. Stirling radioisotope converter) can achieve 25% or even higher efficiency, there is still a 
significant amount of energy dissipated as wasted heat via radiators such as metallic fins. Harvesting energy from this 
waste heat not only improves the total energy utilization efficiency of GPHS, but also significantly reduces the mass 
of the required RPS. One of the potential applications of thermo-radiative cells is attaching them to the radiators of 
the RPS to convert the waste heat into electricity, as shown in Figure 10.  

 
Figure 10. Potential applications of integrating thermo-radiative cells with the radiators of RPS. a) TR cells 
integrated with MMRTG; b) TR cells integrated with a dynamic (Stirling) RPS. (Images of MMRTG and 
Stirling converter were taken from NASA.gov). 

 
After integrating the thermo-radiative cell panels into the radiators of a RPS, the total thermal resistance is expected 

to change. This thermal resistance increase may be negligible or significant, depending on the thickness, thermal 
conductivity, and surface emissivity of thermo-radiative cell, and the interfacial thermal resistance between the 
thermo-radiative cell and radiator surface. Nevertheless, part of the heat will be converted to electricity by the thermo-
radiative cell. In other words, the total heat dissipation load is reduced. A well-designed thermo-radiative cell system 
should minimize the temperature rise or reduce the average surface temperature (if possible) of the radiators of RPS, 
while provide additional electrical power output for the whole radioisotope system.  

We use the case of thermo-radiative cells integrated with the radiators of MMRTG as an example to analysis the 
benefits of TR cells to the radioisotope power system (i.e., efficiency improvement and additional electrical power 
output). The temperatures of hot and cold junctions of the thermoelectric generator are 530℃ and 200℃, respectively. 
Table 1 shows the various geometrical, physical and operational parameters9 of MMRTG that we used in our analysis, 
such as total thermal power from the GPHS bricks 𝑞 , RTG efficiency 𝜂 , radiator surface area 𝐴 , emissivity of 

the thermal coating 𝜖, etc. The average temperature of radiator surface 𝑇  (more specifically, without TR cells 𝑇  
and with TR cells 𝑇 ) can be calculated based on the following energy balance equation:  

𝑞 1 𝜂 1 𝜂 𝐴 𝜖𝜎𝑇 1 𝐹 𝐴 𝜖𝜎𝑇 sin
𝛼
2
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where 𝜂  is the efficiency of the thermo-radiative cells, 𝐹  is the approximate view factor between two adjacent 
radiator fins, 𝛼 is the angle between two adjacent radiator fins. When there is no TR cells attachment, i.e., 𝜂 0, 
the average temperature of radiator surface is calculated to be 𝑇 187℃.  
 

Table 1.  MMRTG Technical Specifications 

 
 

 
Figure 11. a) Average radiator surface temperature as a function of TR cell efficiency and cell surface 
emissivity. The dashed line shows the average radiator surface temperature without TR cells attachment; b) 
Total electrical power output before and after attaching TR cells to the radiators of MMRTG. 

 
After integration of the TR cells, the new average temperature of radiator surface (on the top surface of TR cells) 

as a function of the thermo-radiative cell efficiency 𝜂  and cell surface emissivity 𝜖 is calculated and shown in Figure 
11a. In our previous publication5, we analyzed the theorectical efficiency of thermo-radiative cells as a function of 
temperature and cell voltage. The typical efficiency of a thermo-radiative cell near the optimal power output is about 
10-25%, which was used in our analysis to estimate the radiator surface temperature after TR cell attachment. The cell 
emissivity can be tuned by a careful design of the surface structure.  As we can see, in most cases, the attachment of 
TR cell panel will not increase the surface temperature of the radiator, since a significant portion of the waste heat is 
converted into electricity and the heat load is reduced. Therefore, the attaching TR cells to the radiator will not decrease 
the efficiency of the thermoelectric generator component. The total electrical power output after attaching TR cells to 
the MMRTG radiators is shown in Figure 11b. The attachment TR cells on MMRTG can increase the total power 
output from 110 W to 280-530 W, which is a dramatic improvement in the power output. In other words, this 
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corresponds to increase the MMRTG efficiency from 6% to 15-28%, which is also a significant improvement in the 
total efficiency of the radioisotope system.  

V. Conclusion 
InSb thermo-radiative cells with different sizes up to 2 mm have been fabricated in this work, which is about 400 

times larger than the commercial narrow-gap semiconductor p-n junctions, although there is evidence of short circuit 
leakage current due to surface defects. The thermo-radiative response of the InSb cell was demonstrated using mild 
heat as the heat source and liquid nitrogen cooled cold environment chamber as the heat sink. The ability of fabricating 
mm-scale thermo-radiative cells is an important step toward fabricating cm-scale cells, which is very important for 
practical applications in the future. The thermo-radiative performance of the samples can be significantly improved 
by reducing the surface defect level on the top of the cell surface and replacing the silica glass cover by a IR transparent 
glass cover. Our analysis indicate that combining thermo-radiative cells with the radiators of RPS could significantly 
increase the total electrical power output and efficiency, thus mitigate the stress on the short supply of Pu-238 
radioisotope fuels. For example, for a mission requiring 300 W of power, only one MMRTG/TR cell system is needed 
instead of three MMRTGs, which could save about 7 kg Pu-238 and reduce the mission overall weight by about 90 
kg. 
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