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Abstract 
Thermophotovoltaic (TPV) generation is the conversion of thermal radiation to electrical 

power through the photovoltaic effect. This is a promising approach for various energy 

applications such as cogeneration of heat and power, thermal energy storage, and waste heat 

recovery. However, current TPV efficiency levels are insufficient for widespread implementation 

of these systems. This thesis aimed to overcome this gap by gaining a detailed understanding of 

energy losses in thin-film TPV cells and establishing scalable fabrication strategies to minimize 

them. The research focuses on an innovative photovoltaic architecture featuring an active 

semiconductor layer suspended over wide air cavities. The air-bridge cell maximizes refractive 

index contrast and minimizes the loss of long-wavelength (out-of-band) photons, thereby 

increasing conversion efficiency.  Each chapter addresses a key challenge related to maximizing 

photon recovery and utilization in air-bridge TPVs: (Ch. 2) understanding the limitations of air-

bridge cells based on InGaAs, (Ch. 3) experimentally demonstrating high efficiency air-bridge 

cells that circumvents these limitations,  (Ch. 4) demonstrating transmissive spectral control as an 

alternative to reflective control, (Ch. 5) developing a novel approach to realizing tandem TPV cells 

that overcomes the challenges of conventional approaches. 

Through this research, significant gains were obtained in understanding energy losses in 

these devices and in their overall performance and reliability. Detailed optical and electronic 

simulations identified key losses in heterojunction cells, resulting in device architectures capable 

of high TPV conversion efficiencies throughout a broad range of emitter temperatures (1000 to 

1500 ºC). Notably, an air-bridge cell with a 0.9 eV bandgap achieved nearly 45% efficiency at 
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1400 ºC emitter temperatures by optimally balancing photon and carrier utilization. Furthermore, 

novel bifacial devices without back surface reflectors demonstrated efficiencies over 30% at 

significantly lower emitter temperatures compatible with waste heat streams and nuclear power. 

Both results represent an 8% absolute efficiency gain compared to prior results in their temperature 

ranges, largely credited to the near-complete recovery of long-wavelength photons in air-bridge 

cells. In addition, the research also led to the development of designs and fabrication processes 

which increased reliability of both single junction and tandem devices. Tandem devices featuring 

two air-bridge subcells were implemented in a range of semiconductors, demonstrating a way to 

achieve comparable optical properties to single junction air-bridge cells by avoiding the use of 

tunnel junctions. 

Overall, these results suggest the applicability of the air-bridge cells to a range of 

semiconductor systems suitable for electricity generation from thermal sources found in both 

consumer and industrial applications. The combination of ultra-high efficiency, low emitter 

temperatures, and device stability could allow widespread adoption of TPV systems, including 

their use in long-duration thermal batteries. Thermal batteries equipped with such TPV cells can 

achieve competitive roundtrip efficiencies with electrochemical approaches, while maintaining 

their lower costs, which are sufficiently low to enable a fully renewable grid. 
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Chapter 1: Introduction 

1.1 Thermophotovoltaic power generation  

Thermophotovoltaic (TPV) generators use the photovoltaic effect to convert infrared radiation 

from a thermal emitter into electrical power. TPV conversion of thermal radiation to electrical 

power is a readily scalable process for on-demand electricity generation. A TPV system consists 

of two major parts, a thermal emitter and a photovoltaic cell in close proximity, as shown in Figure  

1.1. Heat supplied by an upstream primary energy source maintains the emitter at elevated 

temperatures (>1000 K) which drives emission of infrared radiation. Photons with energy greater 

than the cell’s bandgap (in-band) excite electron-hole pairs. Meanwhile, absorption of emitted 

photons with energy less than the bandgap (out-of-band) generates undesirable low-grade waste 

heat. 

 

TPV systems differ from solar photovoltaics in two major ways. First, the thermal emitter is cooler 

than the Sun which is approximately at 6000°C. Second, TPV cells are typically placed near the 

heat source (milimeter scale distances). Because of their proximity to the heat source, TPVs can 

produce orders of magnitude more electrical power than rooftop solar PVs. The elevated power 

density of TPVs can justify the use of high quality III-V cells and their corresponding substrates. 

Furthermore, the solid-state architecture of TPVs, with few or no moving parts, makes it a 

promising approach for a variety of renewable energy application as discussed below.  
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Figure 1.1 TPV system schematic and heat flow.  Primary sources of energy such as solar 
supplies heat to the thermal emitter which drives emission in the mostly infrared regime. The TPV 
cell with a known bandgap absorbs photons with energy greater than the bandgap to produce 
electrical power while recycling low energy photons back to the emitter to be reabsorbed. 
 

1.2 TPV utilization in emerging technologies 

1.2.1 Thermal energy grid storage  

With the cost of renewable electricity falling substantially over the last decade, one of the most 

pressing technological challenges to reaching high renewable penetration has become the 

deployment of short and long-term energy storage.  The energy storage sector is dominated by 

pumped-storage hydropower (PH) and lithium-ion batteries. Thermal energy grid storage (thermal 

batteries) is an alternative storage technology that has the potential to overcome these challenges 

and meet the growing unmet need for low-cost, long-term stationary energy storage. Thermal 

batteries utilize storage minerals that are abundant in the earth's crust, easily accessible, and cost-
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effective. This is in contrast to the present battery systems that heavily depend on lithium. In 

addition, thermal batteries have small footprint and may be installed in any location, unlike 

pumped hydro systems. During low demand periods, excess renewable electricity from the grid is 

absorbed by thermal batteries to resistively heat earth-abundant materials such as graphite, silicon, 

or ceramic blocks1–4, as shown in Figure 1.2. This step represents the charging phase. The high-

temperature materials can retain heat for days or months. When there is demand for power, TPVs 

can be utilized to convert this stored heat into electricity (discharge phase) that can be fed back 

into the grid. This energy storage approach provides a fast, modular, and low-cost alternative to 

energy storage, hence increasing grid resilience. It is crucial to note that the round-trip efficiency 

of this system is determined by the efficiency of TPV conversion (discharge phase) since the 

efficiency of converting electricity to heat (charging phase) can be close to perfect (100%).  

 

 

Figure 1.2 Use of TPVs in thermal energy grid storage. The hot media stores renewable 
electricity from the grid, and when needed, TPV cells transform this heat back into electricity. 
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1.2.2 Cogeneration of heat and power 

In addition to harnessing the power generated by TPV cells, the surplus heat they produce can be 

effectively utilized for residential and space water heating5,6. Previous studies have identified 

various system configurations that can be employed to utilize TPVs in a cogeneration setup within 

a completely electrified building2. This application of TPV has the potential to be integrated with 

thermal energy grid storage, thereby enhancing its economic value.  

 

1.2.3 Waste heat recovery  

A large portion of global industrial energy use and emissions is due to cement, chemical, iron, and 

steel production. These sectors have significant waste heat streams at temperatures ranging from 

700 to 1100°C. These high-temperature waste heat can be used to power an emitter (such as 

graphite or tungsten) that generates infrared radiation, which is then converted to electrical power 

using TPV cells, lowering the input power required for industrial operations. The utilization of 

TPVs in this application represents a solid-state solution for recovering waste heat in a renewable 

way7,8. Other applications for TPVs include space, nuclear heat, direct solar conversion, and 

concentrated solar thermal.  

 

1.3 State-of-the art performance 

There has been a rising interest in the use of TPVs because of its scale-insensitive performance 

above 1-10 kW9 which is particularly desirable in applications such as remote power generation 

and co-generation of heat and power near the point of use10–13. Further, because of its capacity for 

near-instantaneous power ramping, which is important for regulating the supply of intermittent 
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renewable energy sources like wind and solar14–16,  notable advances have been made in TPV cells 

in the last decade as shown in Figure 1.3a. These advancements have been demonstrated in a 

variety of contexts, including: (1) materials ranging from inexpensive silicon to more expensive 

thin-film III-V cells such as InGaAs17–23, GaAs18,24, GaSb6, and InGaAsSb25,26; (2) single junction 

designs and tandem configurations of cells4,27,28 (3) Emitter temperatures ranging from 800°C to 

2300°C employing different emitter materials, and (4) active cell sizes ranging from small cells to 

monolithic interconnected modules (MIM)25,29,30.  Figure 1.3b depicts the state-of-the-art 

efficiencies for several materials as a function of their characterized emitter temperature at the time 

of writing this thesis. 

 

Some studies in the literature have focused on increasing efficiency by improving charge carrier 

management through effective metal gridline design to reduce resistance losses, increasing cell 

bandgap to maximize output voltage, multi-junction design to increase output power, and an 

efficient thermal management system to maintain performance while in operation. 

 

 

Figure 1.3 State-of-the-art efficiency. (a) Historical progress of efficiency for various leading 
TPV cell materials. (b) Efficiency as a function of corresponding emitter temperatures.  
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Others have focused on improved efficiency using spectral control strategies, such as designing 

selective emitters31–39 that preferentially emit useful radiation or architectures that minimize the 

absorption of undesired photons in the cell. These architectures may include a front surface filter40–

43 (FSF) that prevents undesired low energy photons from entering the cell and/or a back surface 

reflector (mirror) that redirects unwanted low energy photons back to the emitter19,20,41,44. This is 

accompanied with some epitaxial lift off to remove the growth substrate, effectively avoiding 

parasitic absorption in the substrate. Others have added a low-index layer44,45 (dielectric spacer) 

between the absorber and the rear metal to increase back surface reflection even more. This results 

in a refractive index mismatch, which increases reflection according to Snell's law. Recently, my 

collaborators Tobias Burger and Dejiu Fan, used air as the low-index layer between the absorber 

and the rear metal, thereby reducing Fresnel’s losses at the metal-air interface19. This airbridge cell 

(ABC) architecture is a promising approach to improve the efficiency of TPV systems by enabling 

near-perfect reflection of undesired low energy photons, thereby overcoming the performance of 

prior spectral control strategies46–55,56. Specifically, the addition of a ~600-nm deep air pocket 

below an In0.53Ga0.47As/InP heterojunction improves the efficiency of converting absorbed thermal 

radiation into electrical power from approximately 23% to 32%57.  This airbridge architecture sets 

the foundation for my thesis.  

 

1.4 TPV power conversion efficiency 

TPV power conversion efficiency 𝜂!"# is given by the ratio of the output electrical power 𝑃$%& to 

the heat absorbed 𝑄'() by the cell58–62. 63Because the temperatures of the thermal emitter are well 

below that of the sun, a large fraction of the incident spectrum is at photon energies less than the 
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cell’s bandgap. This is undesirable because it increases waste heat generation Qc, which raises the 

heat absorbed Qabs by the cell, resulting in lower cell efficiency.   

																																																						𝜂!"# =
"!"#
*$%&

= "!"#
*'()+**+,

=	 "!"#
"!"#+*)

				        (1.1)  

This metric does not account for upstream losses associated with primary energy conversion and 

corresponding heat transfer, as well as cavity losses associated with imperfections such as the 

inactive surfaces on the cell and convective loss from the thermal emitter63. In thermal batteries, 

losses occurring in conversion of electrical energy to heat and thermal storage would be considered 

upstream losses. These losses are expected to be small (<10%) in well-insulated grid-scale systems 

due to their low surface-to-volume ratios. Similarly, cavity losses are expected to be negligible at 

larger scales such as >1 kW, which are beyond the scope of this thesis. Thus, in the case of large 

thermal batteries, 𝜂!"# governs the overall system efficiency. TPV efficiency can be further 

decoupled into two key meaningful metrics (spectral management and carrier management 

efficiency) as discussed below.  

 

1.4.1 Spectral management 

Spectral management efficiency (SE.IQE), denoted as the product of the spectral efficiency SE and 

the internal quantum efficiency IQE, primarily describes how efficiently the absorbed photons are 

utilized to excite charge carriers and converted to short-circuit current JSC59,64. Spectral utilization, 

in turn, is dominated by the sub-bandgap (out-of-band) wavelength range. The importance of this 

range can be appreciated by noting that even though an object at 1500°C emits a large amount of 

visible light, the peak of the emission spectrum is still in the infrared (IR), and the vast majority 

of the power is situated at photon energies below the bandgap of the cell.  For example, for a cell 

with a bandgap of 0.74eV under 1500°C blackbody irradiation, 75% of the irradiation is in the 
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undesired out-of-band (OOB) range, as illustrated in Figure 1.4a. This OOB fraction of power 

increases as the emission temperature decreases. Consequently, it is imperative to effectively 

manage the emission and absorption of these undesired OOB photons by reflecting them back to 

the hot emitter. This serves the dual purpose of minimizing waste heat produced by the cell and 

enhancing the power conversion efficiency. 

 

 

Figure 1.4 Effect of out-of-band absorption on spectral management (a) Emitted power as a 
function of photon energy for a 1500°C blackbody spectrum. 25% of the spectrum is in the in-
band (IB) regime while 75% is in the undesired OOB regime. (b) Radiative limit efficiency as a 
function of OOB absorption for three bandgap materials.  

 

Photon recovery/recuperation methods may include deliberately suppressing these out-of-band 

(OOB) photons from the emitter using spectral engineering (emissive control), allowing the OOB 

photons transmit through the cell to a secondary emitter, or reflecting this OOB radiation back to 

the emitter until it is reenergized and emitted at a high enough energy to be converted. The upper 

bound efficiency, known as the radiative limit because it neglects non-radiative carrier 

recombination, is highly dependent on OOB photon absorption.  Regardless of the cell's bandgap,  

Figure 1.4b shows a substantial drop in efficiency as OOB absorption increases. When OOB 

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Energy (eV)

0

0.2

0.4

0.6

0.8

1

Em
itt

ed
 p

ow
er

 (a
.u

)

OOB
75%

a b

Bandgap
(0.74 eV)

IB
25%

0 5 10 15 20
Out-of-band absorption (%)

20

30

40

50

60

70

Ra
di

at
ive

 lim
it 

effi
ci

en
cy

 (%
)

0.74 eV

0.9 eV

1.1 eV

1500°C 
blackbody



 

 9 

absorption approaches zero (i.e., OOB reflection is near-unity), the larger bandgap cell exhibits a 

higher radiative limit efficiency. This is because complete suppression of OOB absorption 

minimizes the conventional temperature-bandgap trade-off, allowing wider bandgap materials to 

be employed without incurring significant spectral management cost. Asides from parasitic 

absorption of low energy photons, other factors that contribute to poor spectral management may 

include reflectance or parasitic absorption of in-band photons, thermalization of high energy 

photons and short diffusion lengths of photogenerated carriers (IQE losses)59,64.  

 

1.4.2 Charge carrier management 

Charge carrier management VF.FF, denoted as the product of the voltage factor VF and the fill 

factor FF, describes how well excited charge carriers are collected to maximize output voltage. 

Voltage factor VF, which is the ratio of the open circuit voltage VOC to the bandgap voltage Eg, 

quantifies how well the bandgap is utilized59,64. The fill factor FF is the ratio of the maximum 

power produced PMPP to the product of JSC and VOC. Charge carrier management captures 

imperfections related to material defects, non-radiative recombination of excited carriers, ohmic 

losses due to series resistance and inadequate thermal management resulting in cell heating.  

 

1.5 Experimental quantification of TPV efficiency 

1.5.1 Output power 

To measure the electrical power, the conventional approach is to sweep voltage across the junction 

and then measure the current produced. The power generated 𝑃$%&  is a product of the voltage and 



 

 10 

current measured. These measurements are conducted using a four-point probe wire configuration 

to eliminate any external resistance introduced by the wires. 

 

1.5.2 Heat absorption measurement 

Unlike 𝑃$%&, the methods used to measure heat transfer to the TPV cells are more varied. There 

are two general methods in literature for measuring heat absorbed, broadly categorized as optical 

and calorimetry methods as shown in Figure 1.5. In the optical method, the heat absorbed for a 

reflective cell is measured as the difference between the power from photons incident 𝑄,-. on the 

cell and the power from photons reflected 𝑄/01 from the cell20,23,26,40,65–67. This method requires 

that the optical properties of the cell and emitter are well characterized under relevant operating 

conditions. Furthermore, parameters such as geometric view factor are required to accurately 

quantify the radiative exchange between the cell and emitter. For the calorimetry methods, the heat 

absorbed is calculated as the sum of the waste heat 𝑄. generated by the cell and the power produced 

𝑃$%& by the cell4,28,68–72.  

 

For optical measurement, commonly accessible instruments such as the Fourier Transform 

Infrared (FTIR) and UV-Vis-NIR spectroscopy are used to measure the optical properties of both 

the cell and the emitter in the wavelength range relevant to high temperature emission. The optical 

measurements may differ based on the errors in the system, reference sample calibration, base-line 

correction or inherent noise associated with the tool.   
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Figure 1.5 Two methods of measuring waste heat in TPV cells. Optical measurements rely on 
measurement of the reflectance (or absorptance) properties of the cell and emitter.  The calorimetry 
approach is a direct measurement of the waste heat generated by the cell using a metal bar, heat 
flux sensor, or coolant flow. 
 

Calorimetry measurements rely on concurrent measurements of both the electrical power produced 

and the waste heat generated by the cell. This method of heat measurement may be advantageous 

because it does not rely on separate measurement of the cell’s reflectance. Metal bar, heat flux 

sensor (HFS), and coolant flow techniques are commonly utilized. In the metal bar approach, the 

cell is placed on a metal bar containing evenly spaced temperature readings as shown in Figure 

1.5. This approach is based on quantifying heat flow using conductive heat transfer (Fourier's law), 

in which the thermal conductivity is determined by the metal. The HFS technique relies on the 

basic principles of the Seebeck effect to generate an output voltage as heat goes through it. The 

HFS is placed behind the cell to monitor the heat that passes through it. Finally, in the cooling flow 

technique, the heat rejected by the cell heats a coolant, resulting in a temperature difference 

between the inlet and outlet fluids. The heat sink is made of conductive material (such as copper 

and aluminum) and has a coolant running through it.  
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1.6 Device electrical model 

The power generated by a TPV cell is equal to the product of the current J and the voltage V, where 

J is equal to the photogenerated current density (Jph) minus the current lost to radiative (Jrad) and 

non-radiative recombination (Jnrad) according to: 

𝐽	 = 𝐽23 −	(𝐽/'4 +	𝐽-/'4)  (1.2) 

Shunt currents are neglected because they are small relative to the overall current density under 

normal illumination conditions. The other relevant current densities are described as follows: 

 

1.6.1 Photogeneration. Jph is the product of the incident photon flux 𝑏(𝐸, 𝑇3), apparent view 

factor 𝐹5, absorptance of the cell a(E), and the internal quantum efficiency IQE(E) according to: 

𝐽23 = 𝐹5 ∙ 𝑞 ∫ 𝑎(𝐸) ∙ 𝑏(𝐸, 𝑇3) ∙ 𝐼𝑄𝐸(𝐸)	𝑑𝐸,			
6
7-

 (1.3) 

where the photon flux is given by Planck’s law: 

𝑏(𝐸, 𝑇3) = 	
897.

..3/:;<=: 0
1234

>?@>
.  (1.4) 

Here, E is photon energy, Th is the emitter temperature, q is the electron charge, c is the speed of 

light, h is Planck’s constant, and kB is the Boltzmann constant. The absorptance of the cell a(E) is 

measured and compared to calculations using transfer matrix methods.  

 

1.6.2 Non radiative recombination. The non-radiative recombination current density is given by: 

𝐽-/'4 = 𝐽A@ 6𝑒
567
123) − 19 +	𝐽A8 6𝑒

567
.123) − 19 + 𝐽B%C (1.5) 
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where 𝐽A@ is due to thermally generated minority carriers diffusing through into the depletion 

region, 𝐽A8 denote the saturation current density generated due to generation and recombination of 

charge carriers in the depletion region, and 𝐽B%C is the Auger recombination current. 𝑉’	 = 	𝑉 −

𝐽𝑅) accounts for the series resistance 𝑅). Consistent with prior modeling of thin heterojunctions 

with an n-type InGaAs absorber73–76, 𝐽A@ and 𝐽A8 are approximated as follows:  

𝐽A@ ≈ 𝑞𝑛,8 6	
@
D8
?
E9
F:
9 (1.6) 

and      𝐽A8 ≈
G-'H
F.
, (1.7) 

where ni is the intrinsic carrier concentration, 𝑁E is the concentration of donors, 𝜏@ is the lifetime 

of minority holes in the quasi-neutral region, 𝐷2 is the diffusion coefficient of minority holes, 𝑊 

is the depletion width, and 𝜏8 is the lifetime in the depletion region. This model uses literature data 

for modeling the temperature dependence of the bandgap77. The dependence of the intrinsic carrier 

concentration on cell temperature is given by: 

𝑛, 	= 		D𝑁. ∙ 𝑁5 exp H
?7-
8I2!)

I (1.8) 

where 𝑁. (𝑁5) is the effective density of states in the conduction (valence) band. 

We note that 𝜏@, 𝜏8	and 𝑅) are parameters specific to the ABC and are determined by fitting to 

experiments as discussed above. Further, the temperature dependencies of 𝜏@, 𝜏8	and 𝑅) are 

assumed to be negligible. 

The Auger recombination current is calculated by: 

𝐽B%C = 𝐿(𝐶- + 𝐶2)𝑛,J exp H
JG#
8I2!)

I (1.9) 
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where L is the thickness of the active region and 𝐶- and 𝐶2 are the Auger recombination 

coefficients for recombination involving two holes and two electrons, respectively. For InGaAs, 

𝐶- = 𝐶2 = 8.1 × 10?8Kcm?J 78.  

 

1.6.3 Radiative recombination. Current resulting from radiative recombination is given by: 

𝐽/'4 = 𝐽,-& +	𝐽0L& (1.10) 

where 𝐽,-& describes photons that are parasitically absorbed within the cell by non-luminescent 

layers (i.e., no quasi-Fermi level splitting), while 𝐽0L& describes the photons emitted by the cell.  

𝐽,-& is calculated can be calculated using the Multilayer Electromagnetic Solver for Heat Transfer79 

following previously reported procedures. 𝐽0L& is approximated by: 

𝐽0L& = 	𝑞𝑒
56

123) ∫ 𝑎(𝐸) ∙ 𝑏(𝐸, 𝑇.) ∙ 𝐼𝑄𝐸(𝐸)	𝑑𝐸			
6
7-

 (1.11) 

Here, we have used a Boltzmann approximation to describe the voltage-dependent emission.  This 

model allows us to describe the effects of temperature on the J-V characteristics and other figures 

of merit of the TPV.  

 

1.7 Common fabrication techniques 

The fabrication steps involved in this dissertation include photolithography, material (metal) 

deposition, thermocompression bonding (aligned and non-aligned), wet or plasma etching, and 

metal lift off.  This section presents a summary of the steps involved in TPV fabrication. 

 



 

 15 

1.7.1 Photolithography  

This is a lithography technique that uses ultraviolet (UV) light to transfer patterns from a mask 

onto a substrate surface. Typically, this process entails utilizing photoresist materials, which are 

organic polymers that undergo structural changes upon radiation exposure80,81. The viscosity, 

rotation speed, and spin coating time determine the final thickness of these photoresist materials 

on the substrate. Following this step, the substrate undergoes a soft-baking process on a hotplate. 

This serves to enhance the adhesion of the photoresist and eliminate any remaining solvent. The 

patterns on the mask are transferred to the substrate when it is exposed to UV light. When a positive 

photoresist is used, the exposed areas can be removed in a developer. In contrast, when a negative 

resist is utilized, the areas that are exposed to light become insoluble, while the unexposed areas 

can be easily removed by the developer. Figure 1.6 shows a simple schematic of a 

photolithography process illustrating the deposition of a positive photoresist onto a substrate.  

 

Following the lithography process, patterns can be created through metal lift-offs or selective 

etching of specific areas. Metals such as titanium, platinum, chromium, and gold can be deposited 

using various methods like electro-beam deposition, vacuum thermal evaporation, or sputtering. 

The metals are subsequently eliminated from the unwanted areas using the metal lift off procedure. 

An additional type of photoresist called the lift-off resist is necessary for this. A lift-off resist is 

positioned below the regular photoresist to achieve a precise undercut, which guarantees the 

elimination of metals in unwanted areas. For the etching procedure, materials are selectively 

removed via a wet or dry-etching procedure. Wet etching requires the use of a chemical mixture 

that reacts with the material surface such as hydrochloric acid (HCl) for InP removal. While dry 
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etching makes uses of plasma, which produce high-energy free radicals, to remove achieve a more 

precise removal of surface of the target material.   

 

 
Figure 1.6 Photolithography process 

 

1.7.2 Thermocompression bonding  

Thermocompression bonding is frequently used in the microelectronics packaging industry to join 

two materials together by applying heat and pressure simultaneously82. Through this approach, the 

elevated temperature serves to both soften the metal and enhance the diffusion process, resulting 

in a reduced pressure requirement. At lower temperatures, a higher pressure is necessary to achieve 

a high-quality bond.  
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Figure 1.7 Thermocompression bonding. Non-aligned (a) and aligned (b) cold-weld bonding of 
gold patterns 

 

Common metals utilized in thermocompression bonding include Au, Cu, and Al. One possible 

reason for poor bonding could be the presence of surface contamination and interdiffusion of 

materials. Applying appropriate cleaning techniques, like UV-ozone clean, and utilizing 

interdiffusion materials, such as Ta in Cu-Cu bonding, can potentially address these challenges83.  

Gold is often chosen for thermocompression due to its resistance to oxidation and its malleability. 

Gold-gold bonding plays a crucial role in many of the studies discussed in the upcoming chapters. 

This can be separated into aligned and non-aligned bonding. For non-aligned bonding, the surface 

of one substrate is patterned with gold while the other surface is entirely covered in gold as shown 

in Figure 1.7a. In the case of aligned bonding, such as in 1.7b, identical gold patterns are created 

on both materials. Spatial alignment of these complimentary gold patterns can be achieved using 

tools like a Finetech flip chip bonder, which may place samples with 0.5 μm accuracy. 
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1.8 Dissertation outline 

Chapter 1 provided a fundamental introduction to thermophotovoltaic (TPV) power generation 

and its application to renewable energy technologies. It established the figure of merit (i.e., power 

conversion efficiency) and how it is separated into two other meaningful metrics. This chapter also 

introduces important experimental characterization and fabrication procedures and methods for 

device modeling, and provides a summary of the state-of-the art performance.  

 

Chapter 2 investigates the use of single-junction InGaAs airbridge TPV cells (ABCs) under 

varying thermal conditions. In this work, experimental characterization of an InGaAs ABC with 

varying emitter and cell temperature is used to develop a predictive device model where carrier 

lifetimes and series resistances are the only fitting parameters. The utility of this model is 

demonstrated through its use in identifying near-term opportunities for improving performance at 

elevated power densities, and for designing a thermal management strategy that maximizes overall 

power output. 

 

Chapter 3  experimentally demonstrates a high-performing single-junction InGaAs(P) air-bridge 

TPVs with record-high efficiencies, leveraging the learnings and design strategies identified in 

Chapter 2. The peak and average performance is significantly greater than previously attained in 

TPVs, promising large improvements in round-trip efficiency and cost per unit stored energy of 

thermal batteries.  

 

Chapter 4 describes the fabrication of a semitransparent TPV cell consisting of a thin InGaAs/InP 

heterojunction membrane supported by an infrared-transparent heat-conducting substrate. The cell 
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demonstrates a novel concept of transmissive spectral control which enables enhanced 

recuperation of below-bandgap photons by allowing them to transmit through the cell to be 

absorbed by a secondary emitter. By enabling near-zero photon loss, the semitransparent 

architecture facilitates high TPV efficiencies at lower emission temperatures. 

 

Chapter 5 investigates an air-bridge tandem TPV cell architecture that enables high spectral 

management and high output voltage and power. These tandem cells are realized by assembling 

individual III-V thin-film single-junction TPV cells via a low-temperature cold-welding process 

between gold grids, facilitating the integration of an air bridge between the sub-cells. In this regard, 

these cells pave way for high performance across a broad application space by not only ensuring 

high photon utilization but also enhancing flexibility of bandgap partners toward low-cost 

materials. 

 

Lastly, Chapter 6 summarizes the major findings of this thesis and discusses potential directions 

to improve TPV systems. 
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Chapter 2: Sustaining Efficiency at Elevated Power Densities in InGaAs 

Airbridge Thermophotovoltaic Cells 
This chapter is adapted from Roy-Layinde, B., Burger, T., Fan, D., Lee, B., McSherry, S., Forrest, 
S. R. & Lenert, A., "Sustaining efficiency at elevated power densities in InGaAs airbridge 
thermophotovoltaic cells," Solar Energy Materials and Solar Cells 236, 111523 (2022).  
 

2.1. Motivation 

Despite the potential advantages offered by the  airbridge cell (ABC), the performance of InGaAs 

ABCs currently peaks at relatively low power densities (≤0.3 W/cm2) and does not account for 

power losses for thermal management of the cell. Sustaining high efficiency at elevated power 

densities is important for practical deployment of thermophotovoltaic (TPV) applications, 

including grid-scale energy storage15,16,84–86 and distributed generation12,87,88. In particular, TPV 

cells are likely to see elevated emitter temperatures, and therefore elevated power densities, in 

energy storage applications to maximize their round-trip efficiency15,16. Furthermore, effective 

thermal management of the cells becomes an integral aspect of the overall design under such 

conditions. 

 

This chapter investigates how elevated power densities affect the performance of InGaAs ABCs 

and propose strategies to overcome existing limitations. This chapter consists of experiments and 

models that enable design. We experimentally measure the optical and current-voltage 

characteristics of the InGaAs ABC while varying the cell temperature from 20ºC to 75ºC, and the 

SiC emitter temperature from 804ºC to 1177ºC.  These data are used to parametrize the device 
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model that captures various temperature-related effects, including bandgap narrowing and 

increased recombination. The model, in turn, allows us to analyze how increasing the power 

density affects the performance of the three relevant cell designs shown in Fig 2.1: (a) a cell with 

a planar metallic back surface reflector, designated as ‘planar’, with an OOB reflectance of ~95%, 

(b) the previously demonstrated InGaAs ABC whose cell architecture is described in19 and (c) a 

closer to ideal ABC (termed ABC*) with improved carrier management, corresponding to the 

longest reported lifetimes in InGaAs89. 

 

 

Figure. 2.1 Three TPV configurations at the focus of this chapter: (a) Planar: an InGaAs cell 
with a planar back mirror exhibiting out-of-band reflectance (Roob) of ~95%, (b) ABC: the InGaAs 
airbridge cell (ABC) demonstrated in Ref.57 exhibiting close to 99% Roob, and (c) ABC*: an ABC 
with better material quality (corresponding to longest reported lifetimes78). Arrows in this figure 
signify the magnitude of carrier lifetime in the cells.  

E ≥ Eg

Au Reflector
InGaAs

Thermal Emitter

E < Eg

Au Reflector

E ≥ Eg

InGaAs

Thermal Emitter
E < Eg

Planar BSR Cell ABC
(As Demonstrated in Ref 10)

ABC*
(Longer SRH Lifetime)

Au Reflector

E ≥ Eg

InGaAs

Thermal Emitter

E < Eg

 20) 



 

 22 

We also consider the power required to cool the cells. These considerations reveal that overall 

efficiencies exceeding 40% can be achieved at higher power densities (0.5 W/cm2). Notably, this 

operating point corresponds to an emitter temperature of ~1070ºC, which is relatively low and 

consequently may enable the deployment of ABCs in applications such as waste heat harvesting 

and solar thermal power generation. Overall, this chapter addresses important questions related to 

using ABCs in energy systems and provides a near-term pathway to achieving high performance. 

 

2.2. TPV characterization 

Figures 2.2a and 2.2b show the experimental setup used for current density-voltage (J-V) 

characterization with variable emitter and cell temperatures. J-V characteristics are measured using 

a Keithley 2401 source meter. Emitter and cell temperatures are independently varied in our 

experiments. Specifically, emitter temperature is regulated from 804ºC to 1177ºC by controlling 

the electrical input power to the lamp, while the cell temperature is maintained at 20ºC using a 

chilled water loop. The cell temperature is varied from 20ºC to 75ºC using the water chiller/heater, 

while the emitter temperature is maintained at 1159ºC. The temperature of the emitter is 

determined through Fourier transform infrared spectroscopy (FTIR) characterization and fitting of 

the emission spectrum using our previous procedure57. Cell parameters, including dark currents 

and series resistances, are extracted from J-V measurement.  

 

In addition to dark and illuminated J-V characterization with varying cell temperature, spectral 

reflectance of the ABC versus cell temperature is characterized at an incidence angle of 30º over 

a spectral region from 0.3 eV to 1.35 eV using an Agilent Cary 620 FTIR microscope and a heated 
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stage. Absorption data are supplemented outside the specified range (< 0.3 eV and > 1.35 eV) by 

simulated results based on transfer matrix modeling.  

 

 

Figure. 2.2 Experimental characterization of temperature dependence. a) Image and b) 
schematic of the temperature dependence measurement setup. A SiC globar emitter is used as the 
source of thermal radiation. The water chiller is used to cool and regulate the cell’s temperature.  

 

2.3. Model validation 

The model used here is described in chapter 1.6 which is based on the double-diode model. To 

determine 𝜏@, 𝜏8 and 𝑅), the model is fit to (i.e., trained on) illuminated J-V measurements at a 

specific operation condition (Th = 1182ºC, Tc = 50ºC) following a previous procedure57, resulting 

in 𝜏@ =13 ns, 𝜏8 = 70 ns and 𝑅) =	30 mΩ.cm2. The carrier lifetimes are consistent with previous 

studies48, although they fall short of the best-reported values of 47 µs48. The accuracy of the model 

is then evaluated by comparing predicted J-V to measured data across the full range of 

experimental conditions.  Experimental J-V characteristics of the ABC are shown alongside the 

model at varying cell temperatures in Fig. 3a. The root mean square error (RMSE) of the 

predictions for open-circuit voltage (𝑉$.), maximum power density (𝑃M22) and short-circuit current 

density (𝐽).) with varying cell temperature are 1.5%, 4.8% and 4.2%, respectively.  Fig. 2.3b shows 
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J-V data at three emitter temperatures while maintaining the cell at 20ºC. The model predicts 𝑉$., 

𝑃M22 and 𝐽). with varying emitter temperatures within 0.65%, 1.7% and 0.08% RMSE, 

respectively. Overall, the error is less than 5% suggesting that the assumptions of temperature-

independent carrier lifetime and series resistance are reasonable.  

 

 

Figure. 2.3 Model training and validation. a) Current density (J) vs voltage (V) curves at three 
representative ABC temperatures (20ºC, 45ºC, 75ºC) and a constant emitter temperature of 
1159ºC. b) ABC J-V data at three representative emitter temperatures (898ºC, 1050ºC, 1177ºC) 
and a constant cell temperature of 20ºC. c) Spectral absorptance of the ABC at three representative 
cell temperatures. d) Spectral emission from the SiC emitter at three representative emitter 
temperatures.  
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A decrease in the open-circuit voltage is observed with increasing cell temperature due to increased 

recombination. The decline in voltage is largely explained by the increasing intrinsic carrier 

concentration, which increases the rate of non-radiative recombination in the cell.  In addition to 

lower voltage, we observe an increase in photocurrent density with temperature due to bandgap 

narrowing, as shown in Fig. 2.3c. The first absorption peak at energy higher than the bandgap, 

which is associated with an optical cavity resonance (within the cell) centered around ~0.73 eV, 

increases because of bandgap narrowing. We also observe a redshift (~2.14 ×10-2 %/K) of the 

optical cavity resonance, consistent with a change in the refractive index of GaAs and InAs with 

temperature coefficients on the order of 10-2 %/K90,91. With increasing emitter temperature, there 

is an increase in the photocurrent density as more in-band photons are emitted (Fig. 2.3d). This 

effect is described by Planck’s equation and the experimental effective emissivity of the thermal 

emitter. Accompanying this is a logarithmic rise in open-circuit voltage.  

 

2.4 Figures of Merit 

The figure of merit used here is the conversion efficiency, defined as the ratio of generated power 

density (𝑃M22) to the radiative heat flux absorbed by the cell (𝑄'())63. Conversion efficiency may 

be further decoupled into metrics specific to the quality of spectral and charge carrier management 

according to 64:  

 𝜂 = ";99

*$%&
= (𝑆𝐸 ∙ 𝐼𝑄𝐸)(𝑉𝐹)(𝐹𝐹) = HN&)#-

*$%&
I 6#!)

#-
9 H";99

N&)#!)
I. (2.1) 

Here, spectral management is defined by the product of spectral efficiency (𝑆𝐸) and the internal 

quantum efficiency (𝐼𝑄𝐸); it describes how well the absorbed power is converted into the short 
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circuit current multiplied by the bandgap voltage (Vg). Charge carrier management is described by 

the voltage factor (𝑉𝐹) and the fill factor (𝐹𝐹). Here, the voltage factor is the ratio of the open-

circuit voltage to the bandgap voltage. The fill factor (last term on right in Eq. 2.1) largely reflects 

loss to series resistance and shunting.  

 

2.5 Understanding and Overcoming Performance Loss at High Power Densities   

Using the validated model described in chapter 1.6, we focus on understanding how the three 

different systems behave at high power densities. Figure 2.4a shows the predicted efficiency versus 

power density of the InGaAs ABC compared to the planar cell and the higher performance ABC*. 

The increasing power densities were modeled with increasing emitter temperatures from ~650ºC 

to ~1450ºC as shown in Figure 2.4b. Even though ABC* can achieve better efficiencies at higher 

power densities relative to the others, we see a similar trend where the efficiency plateaus and 

begins to drop with increasing the power density.  

 

To better understand the limitations of the existing ABC, the model is used to provide a breakdown 

of the loss pathways following photon absorption as a function of emitter temperature.  As shown 

in Fig. 2.4c, non-radiative recombination is the dominant loss pathway, accounting for 36% of the 

power loss. We find that non-radiative recombination rate is largely controlled by defect mediated 

(SRH) recombination, and only <1% by Auger recombination. The other loss pathways include 

absorption of OOB photons and thermalization of high energy photons. Although their overall 

fraction remains relatively constant at ~30% of the total, thermalization overtakes OOB-loss as 

emitter temperature increases due to the blue shift in the blackbody distribution. Ohmic losses also 

constitute an important pathway for energy loss, particularly at high emitter temperatures because 
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they scale quadratically with current density. We note this analysis is performed for a constant Fv 

= 0.75, and that operation at higher view factors will increase the photocurrent density produced 

and lead to higher Ohmic losses.  

 

 

Figure. 2.4 Current ABC performance and near-term improvements. (a) Predicted efficiency 
versus power for ABC, ABC* and planar configurations. The circle, star and square markers 
denote Th = 700ºC, 1100ºC and 1400ºC respectively.  (b) Power produced for the three different 
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systems as a function of emitter temperatures.  (c) Loss pathways in ABC as a function of emitter 
temperature. (d) Efficiency plots for variable emitter temperature as a function of carrier and 
spectral management. Black, pink, and green solid curves represent simulated efficiency for the 
ABC, ABC*, and planar cell, respectively. (e) Efficiency projection with improved spectral and 
carrier management. 100% Ain and 100% Roob represents total absorption and reflection of in-band 
and out-of-band photons respectively. 1𝑚𝛺 ∙ 𝑐𝑚8	represents an improve in series resistance from 
the current 30𝑚𝛺 ∙ 𝑐𝑚8. Also, 47µs signifies improvement from ABC to ABC*. (f) Second law 
efficiency (to Carnot limit) for the three different configurations at varying emitter temperatures.  

 

The above losses can be categorized as either affecting spectral management (e.g., OOB loss and 

thermalization) or carrier management (e.g., recombination and Ohmic losses). The effects of 

increasing emitter temperature on spectral and carrier management of the ABC are depicted by the 

black curve in Fig. 2.4d. Remarkably, an increase of the emitter temperature from 667 to 1427ºC 

changes the spectral management efficiency of the ABC by only ~15%, from 58 to 73%. The 

relative insensitivity of the ABC to emitter temperature is due to its very high reflectance (~98.5%) 

which limits OOB loss from becoming dominant. In contrast, the spectral efficiency of the planar 

cell changes from 39% to 65% over the same emitter temperature range. The flattening of the ABC 

curve after reaching peak efficiency at ~1080ºC indicates that a further emitter temperature 

increase has small effects on spectral management. Carrier management metrics, in contrast, are 

observed to sharply drop with increasing Th beyond that point, largely due to Ohmic losses. 

 

To describe potential near-term performance improvements that may be achieved through the use 

of improved quality material, we model the performance of the ABC* cell, which exhibits the 

spectral properties of the ABC, but with the longest carrier reported for InGaAs (47µs)78. This 

results in an increased Voc, increasing absolute efficiency over the entire emitter temperature range. 

Further, the carrier management metrics of the ABC* exhibit relative insensitivity to changes in 
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emitter temperature, as Ohmic losses represent a smaller fraction of the output voltage. Notably, 

the efficiency of the ABC* peaks above 40% with an emitter temperature of ~1050ºC.  

 

To reach efficiencies exceeding 50%, additional advances are necessary, including reducing series 

resistance, increasing OOB reflectance and IB absorption. Figure 2.4e shows a projection of 

conversion efficiency for various cell improvements as a function of variable Th. Moving from 

ABC to ABC* is considered a near-term improvement, which yields a ~10% absolute increase in 

efficiency. Design of a TPV cavity with emitter-cell view factor approaching unity maximizes cell 

illumination and photocurrent, further increasing efficiency by ~0.6%. Beyond near-term 

improvements92, decreasing cell series resistance from 30𝑚𝛺 ∙ 𝑐𝑚8 to 1𝑚𝛺 ∙ 𝑐𝑚8 would increase 

the conversion efficiency by ~5% absolute at 1127ºC  and enable operation at higher emitter 

temperatures and power densities. Optimized grids and selective contacts93 may yield such 

reductions. Another ~5-15% absolute efficiency gain is observed in the limit of boosting the OOB 

reflectance from 98.5% to 100%. Lastly, improving the absorption of in-band photons from 62% 

to ~100% using anti-reflective coatings and/or textured surfaces increases the output power, 

enabling another ~2% absolute efficiency increase. Overall, these cell improvements would enable 

>50% conversion efficiency at moderate emitter temperatures (i.e., <1000ºC), while also 

sustaining high efficiency at the elevated power densities associated with high emitter 

temperatures. In Figure 2.4f, we compare the second law efficiencies for each system as a function 

of emitter temperature. For example, the ABC cell currently operates at 39% of the Carnot limit at 

an optimal temperature of 1107°C. As highlighted by the difference in second law efficiency 

between the ABC and Planar systems, increasing Roob leads to significantly less entropy generation 
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at lower temperatures. This comparison also shows that all three systems considered in this work 

still have significant room for improvement.     

 

2.6 Thermal management 

Active thermal management is needed at high power densities to maximize overall power output 

and mitigate temperature-related degradation of device lifetime94–96.  An understanding of how 

heating affects efficiency allows us to calculate the heat load for each TPV system, and in turn, 

predict the amount of power consumed by the cooling system. The understanding is provided by 

the experimentally validated model that captures the effects of cell temperature on various optical 

and carrier-related mechanisms.  

 

2.6.1 Temperature coefficients  

Table 2.1 illustrates the effects of temperature on key cell performance characteristics. While 

temperature effects are well documented for solar PV cells97–101, they are not as well understood 

for TPVs. A complicating factor is that these coefficients depend on the temperature of the emitter. 

The data form Table 2.1 were calculated at a constant emitter temperature (Th = 1160oC). These 

results are represented using best-fit linear temperature coefficients (normalized to 20oC), where 

the temperature coefficient of a given parameter (G) is given by 𝛽O = 	1/𝐺(20$C) ∙ (𝐺(𝑇.) −

𝐺(20$C))/(𝑇. − 20$C). We observe that the voltage factor decrease with increasing Tc has the 

largest effect on efficiency (𝛽#P = −0.324%/K). In contrast, spectral management (𝑆𝐸 ∙ 𝐼𝑄𝐸) has 

a slightly positive coefficient with increasing cell temperature, which is attributed to increasing 

photocurrent density due to bandgap narrowing. Furthermore, a comparison of the temperature 
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coefficients for the three systems reveals their respective strengths and weaknesses. The spectral 

efficiency of the planar cell benefits most from increased cell temperature (and its associated 

bandgap narrowing) due to its relatively high OOB absorption. Meanwhile, carrier management 

in ABC* is least sensitive to increases in cell temperature because of its relatively high Voc. 

 

Table 2.1 Temperature coefficients of the ABC, ABC*, and planar cell at constant emitter 
temperature of 1160oC. 

Cell 𝑺𝑬. 𝑰𝑸𝑬	(
%/𝑲) 

𝑽𝒐𝒄 (%/𝑲) 𝑽𝑭 (%/𝑲) 𝑱𝒔𝒄 (%/𝑲) 𝑭𝑭 (%/𝑲) 𝜂 (%/𝑲) 

ABC 0.012 -0.367 -0.324 0.07 -0.177 -0.461 
Planar 0.152 -0.359 -0.317 0.21 -0.179 -0.356 
ABC* 0.012 -0.234 -0.188 0.07 -0.11 -0.277 

 

Figure 2.5a illustrates the heat load (𝑄.) required to maintain the three cells at a fixed cell 

temperature of 20ºC, where 𝑄.	is given by: 𝑄. = 𝑄'() − 𝑃M22 = 𝑄'()(1 − 𝜂). We modify the 

varying power density by varying the emitter temperature. The ABC has a lower heat load than 

the planar cell owing to its relatively low OOB absorption and long carrier lifetime. The longer 

lifetime has two effects, it decreases the amount of (1) heat generated through carrier 

recombination, and (2) Joule heating for a given power output because of its relatively high 

voltage.  

 

2.6.2 Air-cooling design 

Heat dissipated in the cell (𝑄.) is removed by forced air, according to: 

																																𝑄. ∗ 𝐴'//'U = ℎ ∙ 𝑛.3 ∙ 𝜋 ∙ 𝐷 ∙ 𝐿 ∙ (𝑇V'WW − 𝑇',/)         (2.2) 
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where 𝐴'//'U is the area of the cell array (10 cm x 10 cm), h is the internal convection heat transfer 

coefficient, L is the length of channel (10 cm), D is the diameter of channel, 𝑛.3	is the number of 

channels. The heat transfer coefficient is given by102: 

                                                            ℎ = 	D%∙	I$'*
E<

          (2.3) 

where Nu is the Nusselt number, DH is the hydraulic diameter, and 𝑘',/ is the thermal conductivity 

of air. The Nusselt number is calculated from the Reynolds number Re and the Prandtl number Pr 

(which is 0.7 for air), according to:  

																																																														𝑁𝑢 = 0.023 ∙ 𝑅𝑒Y.[𝑃𝑟Y.\           (2.4) 

																																																																										𝑅𝑒 = ]∙5∙E<
^

            (2.5) 

Here, 𝜌, 𝑣 and 𝜇 represents the fluid density, fluid velocity and dynamic viscosity respectively. 

The pumping power, 𝑃2%M2, is given by the following set of equations: 

																																																																𝑃2%M2 =	
M∙∆"

]∙`,$(∙`;!#!*
          (2.6) 

																																																																								∆𝑃 = 𝜌 ∙ 𝑔 ∙ H              (2.7) 

																																																																									𝐻 = 5..1
8C
H a
E<
I             (2.8) 

																																																																		𝑓	 = 0.316 ∙ 𝑅𝑒?Y.8b             (2.9) 

where 𝑚 is the fluid flow rate, ∆𝑃  is the pressure drop, 𝑓 is the friction factor, 𝑔 is the gravitational 

acceleration, 𝐻 is the head loss, and the product of the fan efficiency 𝜂1'- and motor efficiency 

𝜂M$&$/ was assumed to be 0.8102. From this model, the internal convection resistance of the air-

cooled channels represents ~98% of the thermal resistance. Thus, the conductive resistance 

through the thin cell, including the air gap, and the copper heat sink are negligible.  
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Figure. 2.5 Thermal management of ABCs. (a) Heat load as a function of power produced for 
the three configurations. (b) Schematic showing envisioned air-cooled thermal management 
design. (c) Optimal cell temperatures as a function of emitter temperature. (d) Efficiency as a 
function of power produced when air-cooling is considered. 

 

With the temperature dependence and heat load described above, we design an active cooling 

system in which a portion of generated power is diverted and used to circulate the coolant. The 

temperature of the cell and the emitter are coupled through the heat load and the effective heat 

transfer coefficient between the cell and coolant. For thermal management, we consider an array 

of parallel channels embedded in a metal block that supports a 10 cm x 10 cm cell array as shown 

in Fig. 2.5b. An internal convection model is used to describe the heat transfer and estimate the 
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power requirements for running a fan to circulate air through the channels (see above). Figure 2.5c 

shows the optimal cell temperature as a function of emitter temperature. For example, an ABC* 

cell at 40ºC maximizes the efficiency for an emitter temperature of 1027ºC. In this scenario, 2.8% 

of the cell output power is consumed by the fan. From this analysis, we observe that the optimal 

cell temperatures of the ABC are generally lower compared to both the planar and ABC* design. 

 

Figure 2.5d shows how cell heating and cooling power affect the efficiency of the overall system. 

The dashed lines show the power produced at a constant cell temperature of 20ºC without 

accounting for cooling (same as Fig. 2.4a). The solid lines show the net power produced after 

diverting some of the generated power to keep the cells at the optimal temperatures in Fig. 2.4c. 

Notably, thermal effects are significant at high power densities in all three systems. Furthermore, 

the optimal operating conditions generally shift toward lower power densities when cooling is 

considered. For example, before cooling, ABC and planar have optimal efficiencies at emitter 

temperatures of 1107ºC and 1187ºC, respectively. After considering cooling, these temperatures 

are reduced to 1067ºC and 1147ºC respectively. Despite the thermal penalties, the air-cooled 

ABC* system is still predicted to achieve a high-power density (0.5 W/cm2) with >40% efficiency. 

Beyond air-cooled parallel channels, further improvements to the thermal management design are 

likely to enable better performance. These include liquid coolants, phase-change heat transfer103–

105, nanostructured surfaces106,107, and microchannel heat sinks108,109. 

 

2.7 Conclusions 

This chapter provides a deeper understanding of how losses in recently demonstrated InGaAs 

airbridge cells (ABCs) depend on emitter and cell temperature, which is relevant for use of ABCs 
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in practical energy systems at elevated power densities. We find that the efficiency is primarily 

limited by defect-mediated recombination and series resistance. Realizing improved material 

quality in InGaAs ABCs, addresses both challenges and enables better performance at higher 

power densities, including efficiencies exceeding 40% at 0.5 W/m2. Notably, this efficiency takes 

into consideration the power needed to cool the cells. The work provides additional design 

guidelines for improving TPV performance including how the optimal emitter temperature 

decreases when thermal management is considered. For the InGaAs ABC, the optimal emitter 

temperature is around 1000ºC which is a relatively low temperature for TPV applications. This 

highlights a promising feature of the ABC design, which is that lowering the emitter temperature 

reduces the amount of power needed to cool the cells without incurring large spectral management 

penalties. 
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Chapter 3: High Efficiency Air Bridge Thermophotovoltaic Cells 
This chapter is adapted from Roy-Layinde, B., Lim, J., Arneson, C., Forrest, S. R. & Lenert, A., 
"High efficiency airbridge thermophotovoltaic cells," under revision.  
 

3.1 Introduction 

Recent progress in TPVs has led to efficiencies as high as 41%, albeit using very high emitter 

temperatures4,28. For example, LaPotin et al. demonstrated an efficiency of 41% with a III-V 

semiconductor tandem device using a 2400°C halogen bulb, while Tervo et al. reported an 

efficiency of 39% with a single-junction cell using a 1850°C protected graphite heater. The 

ultrahigh temperatures (>1800oC) needed to maximize performance in these systems hinders the 

deployment of TPVs due to challenges in finding stable emitter materials and isolating the cells 

from contamination7,64,110,111. Recent materials screening efforts have identified promising emitters 

for ultrahigh temperature applications112,113, however, experiments have revealed lower stability 

than predicted113,114. Furthermore, system-level mitigation strategies to facilitate the use of 

intrinsically unstable emitters at such conditions have not been experimentally verified. 

 

3.2 Need for high performance at stable emitter temperatures 

In this context, there is a substantial advantage in engineering TPV cells to maximize performance 

at emitter temperatures compatible with a wide array of stable materials. Unfortunately, the highest 

TPV efficiencies reported using emitter temperatures at < 1600°C are currently limited to 

37%19,115–118. In this chapter, we demonstrate single junction TPV efficiencies approaching 45% 
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at 1500°C using cells based on InGaAs(P) alloys lattice matched to InP substrates. The high 

performance is enabled by the recently demonstrated air-bridge back surface reflector with near-

unity reflectance of out-of-band photons19,117,119. The result, to our knowledge, represents a record-

high TPV efficiency regardless of emitter temperature. Moreover, the use of a single junction cell 

and substantially lower emitter temperatures than in4,118 should facilitate the widespread 

implementation of the technology. This chapter also highlights the transferability of the air-bridge 

architecture with >98% reflectance of out-of-band photons (Rout) to a range of semiconductor 

materials.  

 

3.3 Pairing air-bridge architecture with wider bandgap materials 

Conventional TPV cells exhibit rigid trade-offs between the ability to harness the incident 

spectrum, captured by the product of the spectral efficiency (SE) and the internal quantum 

efficiency (IQE), and the ability to generate a high output voltage, whose figure of merit is the 

product of the fill factor (FF) and the voltage factor (VF) (i.e., the ratio of the open-circuit voltage 

to the bandgap). To investigate these effects in air-bridge cells and optimize performance at the 

target emitter temperatures, we selected the following three materials to implement our cell design: 

0.74 eV (In0.53Ga0.47As), 0.9 eV (In0.69Ga0.31As0.67P0.33) and 1.1 eV (In0.83Ga0.17As0.37P0.63). The 

materials are commercially grown by metalorganic chemical vapor deposition (MOCVD) in the 

In1-xGaxAs1-yPy (InGaAsP) material system lattice-matched to (100) InP substrates. We note that 

the high power density of TPVs, which is 50-500X that of solar PV, justifies the use of high quality 

III-V cells and their corresponding substrates. Also, photolithography typically accounts for a 

small fraction of the overall cost relative to the growth substrate120,121.  
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3.3.1 Material growth 

The heterostructure is epitaxially grown by metalorganic chemical vapor deposition on a 600μm 

thick (100) Zn-doped InP substrate (Microlink Devices Inc., Niles, IL, USA). The epitaxial film 

consists of a 500nm thick Zn-doped (1 × 1017 cm-3) In0.53Ga0.47As (InGaAs) etch stop layer, 100nm 

thick Zn-doped (1 × 1017 cm-3) InP etch stop layer,  100nm thick Zn-doped (4 × 1018 cm-3) 

In0.53Ga0.47As (InGaAs) front contact layer, 300nm Zn-doped (4 × 1018 cm-3) InP front window 

layer,  Te-doped (1 × 1017 cm-3) absorber layer , 50 nm thick Te-doped (3 × 1018 cm-3) InP rear 

window layer, 1μm thick  Te-doped (1 × 1017 cm-3) InP buffer layer,  and 100nm thick Te-doped 

(1 × 1018 cm-3) InGaAs rear contact layer. The 1μm thick  Te-doped InP layer serves as an 

additional buffer layer to strengthen the mechanical structure and minimizing buckling of the air 

bridge membrane119. The thicknesses of the absorber layers are 2μm for 0.74eV (In0.53Ga0.47As), 

2μm for 0.9 eV (In0.69Ga0.31As0.67P0.33), and 1.5 μm thick for 1.1 eV (In0.83Ga0.17As0.37P0.63), 

respectively. 

 

3.3.2 Device fabrication  

The epitaxial samples and a Si wafer are plasma cleaned to remove residual organic material and 

then soaked in buffered HF for 90 seconds to remove the native surface oxides. All layers are 

photolithographically patterned with SPR 220 3.0 photoresist (Kayaku Advanced Material Inc., 

Westborough, MA, USA.). The rear contact grids (10nm Ti / 550nm Au) are deposited by electron-

beam evaporation in a chamber with a base pressure of 4x10-6 torr. The devices are 2 mm squares 

with 20 μm wide on a 60 μm pitch conducting grid lines. The sample is soaked in 1:1:8 

H3PO4:H2O2:H2O for 20s to remove the 100 nm thick InGaAs rear contact layer between the grid 

lines. The Au-patterned epitaxial membranes are transferred to a Au-coated Si wafer via cold-weld 
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bonding using an EVG 510 wafer bonder for 10 minutes under heat (150°C) and pressure (8 MPa). 

This temperature is precisely designed to maximize material integrity by preventing undesirable 

Au-Si intermixing, preserve device characteristics (InP sublimation occurs at temperatures above 

200°C), reduce thermal stress, and prevent any unwanted alloy formation. The InP substrates are 

selectively removed by wet etching by soaking in HCl:H2O (1:1) for 12 h. This method is 

compatible with non-destructive epitaxial lift-off used to reduce cost (11). Alternating soaks in 

InGaAs (1:1:8 H3PO4:H2O2:H2O) and InP (1:1 HCl:H2O) solutions are used to etch the device 

mesas. The front contact grids (10 nm Pt / 10 nm Ti / 15 nm Pt / 5000 nm Au) are deposited by 

electron-beam deposition. Finally, the sample is soaked for 20 s in a 1:1:8 H3PO4:H2O2:H2O 

solution to remove the 100nm thick InGaAs front contact between the grid lines. 

 

 

Figure 3.1 High performance cell design in three absorber materials. The absorber layer is 2 
μm thick for both the 0.74 eV (In0.53Ga0.47As) and the 0.9 eV cells (In0.69Ga0.31As0.67P0.33), and 1.5 
μm thick for the 1.1 eV (In0.83Ga0.17As0.37P0.63) cell. A 570 nm thick air-bridge layer is situated 
between the active layers of the InP-based PV cell and the rear Au mirror to enhance backside 
reflectance and the recuperation of out-of-band photons.  
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3.3.3 Air-bridge device architecture  

The cell architecture in Figure 3.1 maximizes both its optical and electrical performance (see 

Supporting Information for details on device structures and fabrication)122. The design features a 

570 nm thick air gap below the active region that minimizes absorption at the metal electrode19,117, 

thus providing near unity out-of-band reflectance. Further, parasitic free carrier absorption (14) of 

incident radiation is reduced by positioning metal grids with high infrared reflectance (99%) 

directly over the relatively high-doped contact regions. The combination of a nanoscale air layer 

and a relatively high coverage of conductive rear electrodes ensures that the air-bridge thermal 

resistance is small compared to that of the Si substrate19. Additionally, we introduce a membrane 

support layer to minimize the impact of buckling on the free-standing semiconductor membrane119, 

ensuring a single cavity mode between the air-bridge and the semiconductor membrane.  

 

3.3.4 Control device  

We also made TPV cells without the air bridge, also known as cells with planar Au back surface 

reflectors (Au-BSR), for all three bandgap materials as shown in Figure 3.2a. These cells are the 

same size as the air-bridge cells (Figure 3.2b). Figure 3.2c compares the surface profile of the air-

bridge cells to the Au-BSR cells, highlighting the flatness of the air-bridge architecture.  
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Figure 3.2 Control device. (a) Schematic of the Au-BSR structure. (b) Front surface image of the 
cell.  (c) Surface profilometer scan of the Au-BSR and air-bridge cells highlighting its flatness. 
 

3.4 Spectral management characterization  

3.4.1 Experimental optical characterization  

The reflectance of each cell is measured using a Cary 670-IR spectrometer equipped with a Cary 

620 IR microscope (Agilent Technologies, CA). Near- and mid- IR measurements are taken with 

quartz and KBr beam splitters, respectively, and a cooled MCT detector. The measurement covers 

incidence angles ranging from 18 to 41˚. Thermal emission spectra for the SiC emitters (SLS203L, 

Thorlabs, NJ; White-Rodgers 767A-377) are calibrated to a real blackbody source (IR-564, 

Infrared Systems Development Corp., FL) whose blackbody emissivity is > 0.99 according to 

manufacturer specifications. Emission from SiC is collimated by an off-axis parabolic mirror and 

directed through the external port of the Nicolet iS50 FTIR spectrometer. Linear interpolation 

removes H2O and CO2 absorption in the spectral ranges 2.5-2.8 𝜇m and 5-7.6 𝜇m.  The emission 

spectra are compared to a blackbody curve, resulting in an average thermal emittance of 0.96. 

Figure 3.3a shows the measured spectral absorptance of the three air-bridge cells at near-normal 

incidence along with the 1500oC blackbody spectrum. The spectra show features that are 
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characteristic of free carrier absorption (<0.3 eV), Fabry-Perot cavity modes, and inter-band 

transitions. When weighted to the blackbody spectrum, the FTIR measurements yield out-of-band 

reflectances of Rout = 97.4 ± 0.1%, 98.3 ± 0.1% and 98.6 ± 0.2% for the 0.74 eV, 0.9 eV and 1.1 

eV bandgap InGaAsP cells, respectively. These results represent a 3% to 6% absolute increase in 

Rout compared to control cells without the air bridge (Au-BSR) as shown in Figure 3.3b. The slight 

increase in Rout with increasing bandgap is due to the diminished impact of free carrier absorption 

when integrating over a wider spectrum. External quantum efficiencies (EQE) for the three airgap 

cells are also shown in Figure 3.3c. Here we calculate the internal quantum efficiency (IQE) as the 

ratio of the EQE to the measured absorptance by the cells.  

 

Figure 3.3d shows the spectral management efficiency (SE⋅IQE) of the air-bridge cells.  The three 

devices (0.74, 0.9 and 1.1 eV) exhibit maximum SE⋅IQE = 71.3%, 73.3%, and 64.1%, respectively, 

for emitter temperatures ranging from 900 to 1600oC. The large fraction of out-of-band radiation 

in the 1.1 eV cell explains the relatively low spectral efficiency compared to the other cells. 

Remarkably, the 0.9 eV cell outperforms the already high spectral efficiency of the 0.74 eV cell at 

temperatures as low as 1200°C. Overall, these results demonstrate that the air-bridge design 

significantly enhances out-of-band reflectance in a range of thin-film cells, enabling spectral 

management efficiencies up to 73%. 
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Figure 3.3 Optical characterization of the air-bridge cells. (a) Experimental absorptance (i.e., 
1 – reflectance) measured by FTIR for the 0.74 eV (purple), 0.9 eV (orange) and 1.1 eV (green) 
air-bridge cells. (b) a) Absorptance measured by FTIR for the three bandgap cells without air-
bridge called Au-BSR (c) EQE measurements for the three air-bridge devices. (d) Spectral 
management efficiency (SE⋅IQE) for the three cells versus emitter temperature in the range of 
900°C to 1600°C.  
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α =

⎩
⎨

⎧ αY exp 6
E − Ec
EY

9 , E ≤ Ec

αY exp 61 +	
E − Ec
Ed 9 , E ≥ Ec

(3.1) 

These coefficients used with a transfer matrix model to determine the electric field distribution 

within the cell124. Figure 3.4 shows a comparison of the model predictions to the measured 

reflectance properties.  

 

 

Figure 3.4 Reflectance measurements and simulations for the 0.74 eV (a), 0.9 eV (b) and 1.1 
eV (c) air-bridge devices. 

 

(a) (b)

0 0.2 0.4 0.6 0.8 1 1.2
Energy (eV)

0

0.2

0.4

0.6

0.8

1

Re
fle

ct
an

ce

0.74 eV

Simulation
Experiment

0 0.2 0.4 0.6 0.8 1 1.2
Energy (eV)

0

0.2

0.4

0.6

0.8

1

Re
fle

ct
an

ce

0.90 eV

Simulation
Experiment

(c)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Energy (eV)

0

0.2

0.4

0.6

0.8

1

Re
fle

ct
an

ce

1.1 eV

Simulation
Experiment



 

 45 

3.5 Carrier management characterization  

Figure 3.5a shows the dark and illuminated current density-voltage (J-V) measurements of the 

three devices where we extract material properties such as the series resistance (Rs), shunt 

resistance (Rsh), and dark saturation current density in Table 3.1.  

Table 3.1 Extracted material properties from dark and illuminated current measurements.  

Th (°C) J01 (mA/cm2) J02 (mA/cm2) Rs (mΩ.cm2) Rsh (kΩ.cm2) 
0.74 eV 1.47 x 10-9 1.97 x 10-6 30 11 
0.9 eV 6.45 x 10-12 3.39 x 10-8 40 825 
1.1 eV 9.77 x 10-15 2.04 x 10-9 60 260 

 

The performance generally agrees with calculations based on semi-empirical cell models fit to 

dark J-V measurements125 as shown in Figure 3.5a.  Figure 3.5b highlights the illuminated J-V and 

power density-voltage (P-V) characteristics of the three TPVs at their maximum efficiency points. 

Here, a SiC globar with an ellipsoidal concentrator and a SiC furnace ignitor are used as thermal 

emitters. The apparent view factors, determined using the measured short-circuit current, are 0.38, 

0.37 and 0.33 for the 0.74 eV, 0.9 eV and 1.1 eV air-bridge devices, respectively. 

 

Figure 3.5c shows the relationship between the electrical parameters such as open circuit voltage 

(VOC), short circuit current density (JSC), the fill factor (FF), and output at the maximum power 

point  (Pmpp) as functions of emitter temperature. Notably, the bandgap-offset voltage (WOC), which 

is the difference between VOC and the bandgap voltage Eg, approaches 200 mV for the 0.74 eV and 

0.9 eV cells at current densities of 1 A/cm2. Series resistance losses reduce the fill factor at higher 

emitter temperatures due to the correspondingly higher current densities. The fill factors are in the 

range of 65-75% for 0.74 eV cell and 70-85% for the other two. FF generally decreases with 

emitter temperature due to series resistance losses and increases with bandgap due to higher VOC. 



 

 46 

However, the higher series resistance of the 1.1 eV cell, which can be attributed to worse band 

alignment, produces similar FFs to those of the 0.9 eV cell. The highest power densities 

demonstrated here are 1.2 W/cm2 and 0.91 W/cm2 with the 0.74 eV and 0.9 eV cells, respectively. 

These results follow the general dependence of measured power density on emitter temperature 

observed in recent TPV literature.  

 

Figure 3.5 Electrical characterization of the air-bridge cells. (a) Dark current density-voltage 
characteristics for the 0.74 eV (purple), 0.9 eV (orange) and 1.1 eV (green) air-bridge cells. (b) 
Current and power density versus voltage for the three water-cooled cells under illumination at 
conditions corresponding to their maximum efficiencies. (c) Variation of short circuit current 
density (JSC), open circuit voltage (VOC), fill factor (FF), maximum power point (Pmpp), and carrier 
management efficiency (VF⋅FF) versus emitter temperature (from 900 to 1600 °C) for the three 
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cells. The results of the semi-empirical cell model (dashed curves) generally agree with 
experiments. 
 

The charge carrier management efficiencies (VF⋅FF) for the 0.9 eV and 1.1 eV cells approach 60% 

within this range of emitter temperatures, outperforming the 0.74 eV where VF⋅FF = 50.4 ± 0.4% 

at 1395°C. In comparison, the recently reported 41%-efficient tandem and the 39%-efficient single 

junction cells exhibited comparable values of VF⋅FF  = 63% at 2400°C4 and 59% at 1850°C (2), 

respectively. Complete experimental data for the devices are provided in Figure 3.6 and Table A.1 

in the appendix.   

 

 

Figure 3.6 Measured electrical properties of the air-bridge cells. (a) Experimental illuminated 
J-V characteristics for the 0.74 eV InGaAs air-bridge cell at representative temperatures. (b) 
Experimental light J-V characteristics for the 0.9 eV InGaAsP air-bridge cell at representative 
temperatures. (c) Experimental light J-V characteristics for the 1.1 eV InGaAsP air-bridge cell at 
representative temperatures. 
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3.6 Efficiency characterization techniques  

Efficiency is the ratio of Pmpp to the power absorbed by the cells (Pabs), which is equal to the 

incident minus the reflected power; our measurements of absorbed power rely on optical 

characterization of the reflected power, rather than direct calorimetry. Efficiency characterization 

techniques can be broadly categorized as (A) high view-factor calorimetry (as in Ref. 68,126), (B) 

low view-factor calorimetry4,28, (C) measurement of radiative properties (as in this work and Refs. 

4,19,28,116,117). Each technique has its own general strengths (+) and weaknesses (–) as discussed 

below. Specific factors and strategies used to mitigate the weaknesses of the technique C used in 

this chapter are also described.    

 

A) high view-factor (>0.9) calorimetry: 

+ captures the angular dependence of radiative exchange, as well as the effects of multiple 

reflection between the cell and the emitter. 

+ accounts for series resistance losses associated with higher photocurrent levels. 

+ accounts for possible in-operando variations in radiative properties. 

– difficult to protect the cell from potential deposition of evaporated emitter material. 

– scarcely implemented.  

 

B) low view-factor calorimetry: 

+ accounts for possible in-operando variations in radiative properties. 

+ windows can be used to protect the cell from deposition of evaporated emitter material. 

+ has been shown to agree with technique C. 
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– does not fully capture the angular dependence of the radiative exchange between the cell and the 

emitter because of the restricted emitter solid angle. 

– does not fully account for series resistance losses associated with higher photocurrent levels. 

– involves a range of possible sources of error associated with indirect heating of the stage, mixed 

parasitic heating and cooling effects of the electrical probes, and calibration of the calorimeter 

(e.g., heat flux sensor4,72). Corrections for these potential sources of error have not been 

consistently applied in the TPV literature. 

 

C) emittance and reflectance measurement: 

+ does not require sensor calibration or corrections for parasitic heating/cooling of the 

experimental apparatus. 

+ has been shown to agree with technique B 4,28.  

+ readily applied to low TRL cells characteristic of academic research. 

– does not fully capture the angular dependence of the radiative exchange between the cell and the 

emitter because of the restricted solid angle occupied by the emitter. To mitigate this, we use the 

validated model to show the effect of hemispherical integration on efficiency in. 

– does not account for possible in-operando variations in radiative properties. To mitigate this, we 

(i) measure the spectral emittance of the emitter in-operando, (ii) manage the temperature of cell 

to between 23 and 32 ºC to minimize the effects of bandgap narrowing, (iii) ensure that the 

radiative properties before and after testing are consistent. 

– does not fully account for series resistance losses associated with higher photocurrent levels. To 

mitigate this, we use the validated cell model to show the effect of increasing the view factor on 

efficiency. 
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3.7 TPV Efficiency  

Competition between spectral and carrier management results in a dependence of performance on 

emitter temperature shown in Figure 3.7a. There, we also show a trend that is fit to recent reports 

of high-performance TPVs as shown in Figure 3.7b.  The efficiency increases with emitter 

temperature as more incident power shifts to the in-band region, before it gradually decreases due 

to thermalization and series resistance losses, and cell heating. These effects lead to an optimal 

operating point that shifts to higher temperatures with increasing bandgap. The 0.9 eV cell shows 

a peak efficiency of 43.8 ± 0.5% at 1435°C, which represents a 15% absolute improvement 

compared to a cell without the air bridge. The highest efficiencies measured for the 0.74 and 1.1 

eV cells are 36.0 ± 0.3% at 1480°C and 36.1 ± 0.2% at 1630°C, respectively.  

 

 Interestingly, the 0.9 eV device matches the spectral efficiency of the 0.74 eV cell at 1250°C while 

increasing the output voltage from 560 mV to 670 mV, which corresponds to a nearly 20% relative 

improvement in carrier management (see Figure 3.7d). The 0.9 eV cell shows substantially 

enhanced spectral performance and comparable carrier management relative to previously reported 

devices4,118. We note that those results were achieved using larger cells and that increasing the cell 

area without sufficient optimization of the grid architecture may introduce additional losses such 

as higher series resistance. The view factor in our test station is ~0.37, which limits the measured 

power density; nonetheless, simulations suggest >40% cell efficiency can be achieved at near-

unity view factors as shown in Figure 3.7c. These results demonstrate the advantages of increasing 

the bandgap to improve carrier utilization while relying on the air-bridge to manage the absorbed 

spectrum, rather than attempting to harvest a broader range of wavelengths using a lower bandgap 

device. 
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Figure 3.7 Efficiency of the air-bridge cells. (a) Efficiency of air-bridge cells as a function of 
emitter temperature (Th). Gray line represents the best fit for different state-of-the-art TPV cells. 
(b) Efficiency versus emitter temperature showing the state-of-the-art TPV cells (star markers), a 
trendline for these SOA cells4,19,28,115,122and the maximum efficiencies for the three bandgap 
materials measured in this study. The trendline is a best fit based on the data shown and has been 
shifted upward to intercept the topmost data points. (c) Simulated efficiency versus view factor for 
the 0.9 eV cell. At 1250°C, the 0.9 eV cell demonstrates the highest efficiency at near-unity view 
factors.   (d) Spectral management (SE⋅IQE) vs. carrier management (VF⋅FF) for the air bridge 
cells at their maximum efficiencies. Dashed curves represent efficiency benchmarks while the star 
markers signify the best previously reported efficiencies: blue4 and black 118.  
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benefits a broad array of energy harvesting technologies, ranging from small nuclear reactors to 

scavenging waste heat in manufacturing processes, to large-scale stationary energy storage. In 

thermal battery applications, this improvement can benefit both the cost per unit power generated 

(CPP) and the cost per unit energy stored (CPE)1. In particular, the round-trip efficiency of thermal 

batteries is set by the average TPV efficiency over the range of emitter temperatures encountered 

during the discharge phase. This implies that the cost per unit energy (CPE) approximately scales 

with the magnitude of the temperature range over which the efficiency exceeds a target threshold 

. Therefore, the cells demonstrated here can substantially increase the storage capacity of thermal 

batteries (i.e., more energy can be stored per unit mass of the storage medium), thereby 

significantly decreasing CPE, and further improving competitiveness with other storage 

technologies. 

 

3.8 Summary  

Single-junction air-bridge cells in three absorber bandgaps ranging from 0.74 eV to 1.1 eV, were 

demonstrated and characterized at moderate emitter temperatures ranging from 900 to 1600°C. 

For each material, we demonstrate enhanced spectral efficiency enabled by an air-bridge that offers 

near unity reflectance of out-of-band radiation. Our results show that increasing the bandgap 

within this temperature range leads to improved charge carrier utilization while the negative impact 

on spectral utilization is minimized because of the high out-of-band reflectance. The 0.9 eV cell 

exhibits the highest efficiency (43.8 ± 0.5% at 1435°C) by combining a charge-carrier management 

efficiency of 59.8 ± 0.7% and a spectral management efficiency of 73.3 ± 0.1%.  To our 

knowledge, this is the highest efficiency from either single or multiple junction TPVs reported to 

date. 
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Chapter 4: Semitransparent Thermophotovoltaics for Efficient Utilization of 

Moderate Temperature Thermal Radiation 
This chapter is adapted from Burger, T., Roy-Layinde, B., Lentz, R., Berquist, Z. J., Forrest, S. R. 
& Lenert, A., "Semitransparent thermophotovoltaics for efficient utilization of moderate 
temperature thermal radiation," Proceedings of the National Academy of Sciences 119, 
e2215977119 (2022).  
 

4.1 Motivation 

The performance of thermophotovoltaic (TPV) cells has increased substantially over the last 

several years, with reports of TPV efficiency surpassing 30% using single-junction cells127–131, and 

40% using tandems132. These gains have been demonstrated using group III-V semiconductors 

(e.g., In0.53Ga0.47As lattice matched to InP) with wider bandgaps compared to conventional Sb-

based TPV cells. Although these materials exhibit advantageous optical and charge carrier 

collection properties, they typically require emitter temperatures (Th) above 1200°C133. 

Applications in stationary energy storage using thermal batteries may support extreme emitter 

temperatures as high as 2400°C, however, a wide range of thermal sources are at temperatures 

below 1100°C, including waste134–136, concentrating solar thermal137–144, and nuclear145 heat.  

 

4.2 Challenges associated with lower emitter temperatures 

Translating recent improvements in cell performance to waste, solar and nuclear applications is 

challenging since lower temperatures introduce substantial spectral (photon) and charge carrier 

losses63. This can be appreciated by noting that TPV efficiency (𝜂!"#) is a product of spectral 
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management (SE⋅IQE) and charge management (VF⋅FF) efficiencies63. Here, SE, IQE, VF and FF 

are the spectral and internal quantum cell efficiencies, and the voltage and fill factors, respectively. 

Lower temperature emitters radiate a larger fraction of power at energies below the cell bandgap, 

resulting in lower SE. The conventional solution to this problem is to decrease the cell bandgap 

using Sb-based III-Vs; however, the voltage penalties associated with non-radiative recombination 

are prohibitively large in these materials, which results in poor charge management. Alternatively, 

light management techniques that suppress below-bandgap (i.e., out-of-band) absorptance (AOOB) 

can enable the use of highly efficient III-V absorbers, such as In0.53Ga0.47As (bandgap of 0.74 eV), 

by maintaining high spectral efficiency at lower emitter temperatures.  

 

4.2.1 Conventional techniques for mitigating spectral challenges  

Existing techniques for suppressing below-bandgap radiative transfer in TPVs can be broadly 

categorized as emissive and reflective. Figure 4.1 shows the spectral efficiency corresponding to 

the best measured In0.53Ga0.47As (InGaAs) TPV efficiencies at moderate-to-low emission 

temperatures. The lowest SE region corresponds to selective emitters63 that are designed to 

preferentially emit above-bandgap radiation while suppressing below-bandgap emission55,146. 

Although these emitters have demonstrated AOOB as low as 7% at room temperature147, the 

emissive properties are generally much higher (>14%) when characterized at the appropriate 

operating temperature63,148–150. In contrast, cells with conventional rear mirrors exhibit AOOB as low 

as 5%47,48,132,151–154. These cells reflect below-bandgap radiation back to the emitter, which re-heats 

the emitter and facilitates recuperation of otherwise unusable power. Beyond conventional rear 

mirrors, cells that feature a low-index layer separating the absorber from the rear metal, including 

patterned dielectric back contact45 and air-bridge cells128, have enabled AOOB as low as 2% 
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(integrated from 0° to 90° incidence angle). Despite these recent advances in spectral management, 

a device that suppresses below-bandgap transfer with AOOB < 1.5% has yet to be demonstrated. 

Accessing this regime would enable TPV cells based on InGaAs to maintain high efficiencies at 

temperatures relevant to conversion of waste, solar thermal, and nuclear heat. 

 

 
Figure 4.1 Current performance in spectral control at moderate-to-low emitter 
temperatures. Spectral efficiency as a function of emitter temperature in a range which is relevant 
to applications in conversion of waste, solar, and nuclear (WSN) heat. Out-of-band absorptance 
AOOB > 15%, 5 > AOOB > 15% and 1 > AOOB > 2%, are characteristic of spectral performance 
achieved through use of selective emitters, metallic BSRs (m-BSRs) and metal-dielectric BSRs, 
respectively. ABC refers to an air-bridge cell. Spectral control strategies are depicted as inset 
schematics. AOOB < 1.5% indicates the target range for the semitransparent cells described in this 
work. The black top curve indicates SE in the radiative limit (AOOB = 0). SE curves are generated 
for Eg = 0.74 eV and in-band absorptance (AIB) of 0.7.   
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4.2.2 Our unique approach relying on semitransparency  

In this chapter, we demonstrate the concept of transmissive spectral control that enables 

wavelength-selective radiative transfer with AOOB < 1.5% and high TPV efficiency at moderate-

to-low emission temperatures. The concept features a symmetric infrared-transparent photovoltaic 

cell that is situated between two thermal emitters and is thermally grounded by heat sinks on either 

edge, as shown in Figure 4.2. Surrounding the cell by the emission source is possible in TPVs, 

unlike in solar cells, because the heat source is local (though, this unique feature has not been 

explored in prior TPV work). In this configuration, emitted below-bandgap photons transmit 

through the cell and are absorbed by the thermal emitter on the opposite side, and vice versa. Due 

to this symmetry, the net movement of photons is zero along the centerline of the cells. This implies 

that the centerlines act as perfect broadband reflectors, unlike dielectric and metal mirrors which 

are limited by bandwidth or intrinsic absorption (associated with finite electrical conductivity), 

respectively. 

 

 

Figure 4.2 The semitransparent cell concept.  Heat flows and carrier transport depicted in a two-
dimensional projection of a semitransparent TPV system: absorption of IB radiation excites 
electron-hole pairs in the absorber, which are separated and extracted at the contacts; OOB 
radiation transmits through the cell and is absorbed by the thermal emitter on the opposite side; 
waste heat is conducted laterally along the length of the transparent substrate to the conductive 
heat sinks. 
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We demonstrate the concept by fabricating a semitransparent TPV cell consisting of a thin 

InGaAs/InP heterojunction membrane supported by an infrared-transparent heat-conducting 

substrate.The device builds upon our recent demonstration of air-bridge TPV cells that achieved 

power conversion efficiencies of 32% at an emitter temperature of ~1200°C128. The air-bridge cell, 

however, exhibited AOOB ≈ 2% when integrated over all incidence angles, mainly due to relatively 

high absorption in the Au mirror at oblique angles. To overcome this limitation, the 

semitransparent device eliminates the Au mirror and retains a transparent substrate (“fin”) that 

allows transmission of thermal radiation. Owing to minimal photon loss (~1%), the InGaAs cell 

demonstrated here achieves 72.2 ± 0.2% spectral efficiency and 32.5 ± 0.1% TPV efficiency at an 

emitter temperature of 1036°C. The latter result represents an 8% absolute improvement (~33% 

relative) over previously measured cells at comparable temperatures48. We expect that the device 

architecture introduced here could be broadly deployed to minimize optical losses and enable the 

use of wider bandgap cells, with key applications in clean energy and industrial waste heat 

recovery.  

 

4.3 Design considerations and fabrication  

To reach high TPV efficiency at lower emitter temperatures, the semitransparent device must 

combine efficient electrical and thermal management with near-zero photon losses. To this end, 

the design of the cell, gridlines, and substrate should minimize absorption of below-bandgap 

photons without degrading other performance characteristics.  
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4.3.1 Material growth 

The heterostructure was epitaxially grown on a 300μm thick (100) InP substrate using 

metalorganic chemical vapor deposition (University Wafer Inc., South Boston, MA, USA). The 

epitaxial film consists of a 200nm thick Mg-doped (1 x 1018 cm-3) In0.53Ga0.47As (InGaAs) front 

contact layer, 300nm Mg-doped (1 x 1018 cm-3) InP front window layer, 1.4μm thick Si-doped (1 

x 1017 cm-3) InGaAs absorber layer, 100 nm Si-doped (1 x 1018 cm-3) InP rear window layer, and 

100nm thick Si-doped (1 x 1018 cm-3) InGaAs rear contact layer. 

 

4.3.2 Fabrication  

All layers are photolithographically patterned using SPR 220 3.0 photoresist (Kayaku Advanced 

Material Inc., Westborough, MA, USA.). Metal layers are patterned using LOR 10B (Kayaku 

Advanced Material Inc., Westborough, MA, USA.) and SPR 220 3.0 bilayer photoresist. The 

epitaxial sample and a Si wafer are soaked in buffered HF for 90s to remove the native surface 

oxides. The cathode contact grid (10nm Ti / 225nm Au) is deposited by electron-beam evaporation 

in a chamber with a base pressure of 4x10-6 torr. Grid lines are 10 μm wide on a 64 μm pitch. The 

epitaxial sample is soaked in 1:1:8 H3PO4:H2O2:H2O for 20s to remove the 100 nm thick InGaAs 

rear contact layer in the area between grid lines, while the contact layer beneath the grid lines is 

protected. Parallel Au patterns on the epitaxial sample and Si wafer (the substrate) are spatially 

aligned and cold-weld bonded using a flip chip bonder (Finetech) by applying heat (150°C) and 

pressure (2 MPa) for 5 min. The bond strength is increased at the same temperature and higher 

pressure (8 MPa) for 10 min using an EVG 510 wafer bonder. The bonded sample is soaked in 

HCl for 90 min to remove the InP substrate. This process is compatible with non-destructive 

epitaxial lift-off techniques, which may preserve the expensive InP growth substrate for additional 
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growths155. The device mesa is etched by alternating soaks in InGaAs (1:1:8 H3PO4:H2O2:H2O) 

and InP (1:1 HCl:H2O) etchant solutions. The anode contact grid (10 nm Ti / 30 nm Pt / 560 nm 

Au) is deposited by electron-beam evaporation. The anode contact grid is spatially aligned to the 

buried cathode contact grid epitaxial layer to shade the absorptive InGaAs contact layers. Lastly, 

the sample is soaked in 1:1:8 H3PO4:H2O2:H2O 60s to remove the 300nm thick InGaAs front 

contact between the grid lines.  

 

Figure 4.3 Optical and electrical characterization of the semitransparent cell. (a) Schematic 
of the fabricated semitransparent cell. This cell consists of a 280μm thick IR-transparent Si 
substrate supporting an InGaAs/InP heterojunction PV cell. (b) Transmittance of the 
semitransparent cell. Experimental transmittance (blue), measured by FTIR, matches the simulated 
transmittance (black) for energies > 0.13eV. (c) Contributions of active and inactive layers to the 
total OOB absorptance in the reflective (left) and semitransparent (right) cells. (d) Example 
illuminated J-V characteristics for the semitransparent cell. 
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4.4 Results 

We demonstrate a semitransparent TPV cell consisting of a thin InGaAs/InP heterojunction with 

a Au electrode grid matched to a similar grid on the Si substrate, as shown in Figure 4.3a. The Au 

patterns are aligned and cold-weld bonded using a flip chip and wafer bonding tool (see Methods). 

The process retains a 570 nm air-gap while allowing light to transmit through the substrate between 

the grid lines. To minimize parasitic absorption, the n-type InGaAs absorber and InP layer are 1.7 

µm thick with a dopant concentration of 1 x 1017 cm- 3, whereas the heavily p-doped InGaAs (1 x 

1018 cm-3) contact layers are shaded by the metal gridlines. For the substrate, we use double-side 

polished Si that is chemically compatible with the III-V processing protocol128,156 and has a high 

thermal conductivity of 130 W/m/K at 25°C.  Use of intrinsic, float zone Si minimizes free carrier 

and impurity absorption leading to a low mid-IR extinction coefficient.  

 

4.4.1 Optical characterization 

Reflectance properties of the semitransparent and air-bridge control cells are measured using an 

Agilent Cary 620 FTIR microscope with incidence angles in the range of 18-41o. Figure 4.3b 

depicts the spectral transmittance of the cell at normal incidence as measured by Fourier 

transmission IR spectrometry.  Experimental transmittance is observed to marginally deviate from 

simulation for energies less than 0.13eV. This measurement is paired with the spectral reflectance 

of the semitransparent cell (as shown in Figure 4.4a) to yield AOOB = 0.9%, as weighted by emission 

from a blackbody at 1227°C (1500 K). For reference, a reflective air-bridge control fabricated 

using the same epitaxial growth exhibits a measured AOOB = 1.8% (see Figure 4.4b).  
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Figure 4.4 Reflectance measurements and simulations for the semitransparent (left) and 
reflective air-bridge control (right). 
 

We further utilize transfer matrix optical modeling157 to estimate the contributions of the Au 

reflector and the Si substrate in the reflective and semitransparent cells. Figure 4.3c shows the 

contributions of the active and inactive layers of each cell to the total below-bandgap absorptance. 

The Au absorbs 1.1% and the heterostructure absorbs 0.7% in the reflective air-bridge cell. In 

contrast, the polished Si substrate only absorbs 0.5%. We assign the remaining parasitic absorption 

(0.4%) to the InGaAs/InP heterostructure. This film is slightly more absorptive than that in 

previous work128, which may be attributed to differences in the growth process (metallorganic 

chemical vapor deposition vs. molecular beam epitaxy) and/or layer thickness differences. 

Nonetheless, results show that by removing the Au reflector, absorption is substantially reduced, 

thus demonstrating the fabrication of semitransparent TPV devices with AOOB < 1.5%. 
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4.4.2 Electrical characterization 

To characterize the power output and efficiency of the cells, voltage sweeps were performed under 

illumination by a SiC globar with an ellipsoidal concentrator, as previously128. Figure 4.3d depicts 

a set of illuminated current density-voltage (J-V) characteristics for the semitransparent cell, with 

Th ranging from 700°C to 1215°C. Complete experimental data are provided on table 4.1 below. 

Short-circuit current densities, Jsc, are in the range of a realistic TPV system (view factor of ~0.75). 

The voltage factors are higher than our previous work, which is attributed to improved wafer 

quality. The series resistance and saturation dark currents, extracted from fitting both illuminated 

and dark measurements, show that patterning the rear Au layer slightly increases series resistance. 

Although not shown, thicker Au gridlines can be used to mitigate this effect. 

 

Table 4.1 Measured J-V properties of the semitransparent cell vs. emitter temperature. 

Th (°C) 𝐽ef  (mA/cm2) 𝑉Af  (mV) 𝐹𝐹	(%) 

704 54.72 470.28 75.96 

765 99.61 485.88 76.01 

845 255.46 508.07 73.84 

913 369.57 515.65 72.37 

978 516.52 522.74 70.84 

1036 710.84 529.05 69.20 

1097 1062.17 534.75 66.72 

1155 1457.11 538.62 64.81 

1212 1959.57 541.76 63.57 
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4.4.3 Thermal management:  

Figure 4.5a (left) depicts the anticipated temperature profile along the length of a semitransparent 

cell for an emitter temperature of 1200°C and a view factor of 100%. The temperature of the active 

region is expected to be slightly higher (+0.5°C) than the substrate temperature due to thermal 

resistance across the air gap. The average cell (junction) temperature for this illumination condition 

is 29°C. Figure 4.5b (right) shows that a 500 μm thick substrate may provide better heat 

conduction, therefore mitigating cell heating losses at high emitter temperatures. However, this 

also increases parasitic absorptance at long wavelengths, resulting in lower efficiencies at 

moderate temperatures, for which more OOB power is emitted and the thermal load is reduced. 

This result depends on the heat conduction path length of the cell.  

 

 

Figure 4.5 Substrate geometry effects on cell temperature, optical loss, and efficiency. (a) 
Anticipated temperature profile of a 1-cm long semitransparent cell illuminated by a 1200°C 
blackbody emitter. Junction temperature (solid curve) is slightly higher than substrate temperature 
(dashed curve) because of the thermal resistance of the air gap. (b) Average cell temperature and 
predicted efficiency as a function of emitter temperature for a semitransparent cell with a 280μm 
(solid curve) and a 500μm (dashed curve) Si substrate.  
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4.4.4 Cell heating effects 

Cell heating effects for the semitransparent cell assume a temperature coefficient of βη = -

0.16%/K, based on the anticipated Tc at the given Th. The temperature coefficient of the 

semitransparent cell is determined through characterization of the cell power output for a range of 

cell temperatures, as previously158. The temperature profile is calculated from the anticipated 

thermal load at each Th using a one-dimensional heat conduction model with a volumetric heat 

generation term.  

 

Figure 4.6 Efficiency of the semitransparent cell. (a) TPV efficiency of the semitransparent 
(purple) cell as a function of variable emitter temperature (Th). The best previously reported 
measured efficiencies within this Th range are depicted by the green squares48, diamonds159 and 
downward triangle128. (b) Spectral management (SE⋅IQE) as a function of carrier management 
(VF⋅FF) for TPV cells in the temperature range of 1000°C-1050°C. Dashed curves represents 
efficiency benchmarks: square48, diamond159, star160, and upward triangle161.  
 

4.5 Power conversion efficiency  

Figure 4.6a shows the TPV efficiency (𝜂!"#) vs. Th for the semitransparent cell compared to the 

best previously reported measured efficiencies within this Th range48,128,159. 𝜂!"# is defined as the 

ratio of power generated to the radiative heat absorbed by the cell128. The efficiency decreases with 
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decreasing emitter temperature due to the red-shifted emission spectrum, which increases spectral 

losses at photon energies < 0.13 eV. PCE also decreases with increasing emitter temperature due 

to cell heating (see Supporting Information). We note that the semitransparent geometry requires 

lateral heat conduction along the substrate to moderate cell temperature, whereas a reflective cell 

can be directly cooled from the back.  Despite these losses, the semitransparent cell achieves PCE 

= 32.5 ± 0.1 % at ~1036°C. This represents an 8% absolute (~33% relative) improvement 

compared to the prior highest efficiency of 24.5%48 (at the time of publication) at comparable 

emitter temperatures of 1000-1050°C. We also note that the semitransparent cell exhibits a ~6% 

relative improvement compared to the reflective air-bridge control at ~1036°C as shown in Figure 

4.7. This efficiency gap narrows with decreasing Th, however, because the Si substrate absorbs at 

energies below 0.13eV.  

 

 

Figure 4.7 Power conversion efficiency of the semitransparent (purple) and reflective air-
bridge control (gray) cells as a function of variable emitter temperature.  
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To further highlight the improvements relative to state-of-the-art approaches, we separate 

contributions to the TPV efficiency due to the spectral management and carrier management 

efficiencies, as shown in Figure 4.6b. The improved spectral management of the semitransparent 

design is captured by the relative position of the purple data point along the vertical axis. In 

addition, the semitransparent device exhibits a high carrier management efficiency, comparable to 

the best InGaAs devices using conventional metallic reflectors48. Overall, this result demonstrates 

that the semitransparent architecture does not compromise carrier management, while providing a 

substantial gain in spectral management of moderate temperature emission.  

 

4.6 Near term improvements  

Here, we use optical and electronic simulations128,158 to optimize the design of a symmetric, 

bifacial semitransparent cell based on the demonstrated device characteristics. The effects of 

material quality and gridline optimization are modeled by assuming a Shockley-Read-Hall 

recombination lifetime of τSRH = 47μs, which to our knowledge is the longest reported for 

InGaAs162, and a series resistance Rs = 10 mΩ cm2, which has been attained for similar patterned 

dielectric back contact devices45. The cell is assumed to be 1 cm in length and supported at both 

ends by a 25°C heat sink. Figure 4.8a shows the dependence of TPV efficiency on these carrier 

management assumptions. Notably, the efficiency of a bifacial semitransparent cell with a 280 µm 

thick Si substrate is expected to exceed 40% with a 1000°C emitter. Figure 4.8a further shows the 

dependence on substrate thickness, which affects both cell temperature and optical performance. 

The model predicts that thinner substrates (e.g., 100 μm) improve performance at lower emitter 

temperatures, at which thermal management via heat conduction does not limit performance. In 

contrast, a 500 μm thick substrate may provide better heat conduction, but it leads to increased 
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parasitic absorptance at long wavelengths, resulting in lower efficiencies within this temperature 

range.  

 
 
Figure 4.8 Opportunities in transmissive control. (a) The dashed lines highlight near-term 
improvements (InGaAs with Rs = 10mΩ.cm2 and τSRH = 47µs89) with no substrate (in magenta) 
and with Si substrate of thicknesses 100µm, 280µm and 500µm (in black). The simulation predicts 
the highest efficiency when the substrate is altogether replaced by mechanically supportive, heat-
conducting gridlines, which may enable AOOB < 0.5% and negligible temperature gradients.  Purple 
circles represent the experimental PCE for semitransparent cell demonstrated in this study while 
the purple dashed line is a simulation of our experimental work. (b) Proposed modular design for 
interfacing semitransparent cells and emitters. In this geometry, an array of metal fins supports 
and manages the temperature of the semitransparent cells, which are illuminated by an interlocked 
array of cylindrical emitters 

 

Lastly, we explore a design consisting of mechanically supportive, heat conducting grid lines in 

place of the Si substrate. The gridlines may comprise highly conductive materials such as copper, 

graphite, or other emerging materials such as cubic boron arsenide163, and can be coated with Au 

to reduce optical loss. This configuration has the potential to reduce AOOB to below 0.5% and enable 

a peak efficiency of 48.5% at 1000°C, provided that the active semiconductor membrane is the 

only source of parasitic absorption. 
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 Although beyond the scope of this chapter, we expect that the risks associated with temperature 

rise of the cell can be mitigated through optimization of geometrical parameters such as aspect 

ratio and fin thickness. Specifically, the metallic frame can be optimized to remove waste heat and 

maintain cell temperatures. In Figure 4.8b, we show that the semitransparent cells can be 

interdigitated with multiple hot emitters in a cross-flow geometry. Thermally grounding the fins 

along two edges decreases the heat diffusion path length by a factor of two compared to an open-

ended fin, which in turn, decreases temperature rise by a factor of four.  

 

4.7 Conclusions  

In this chapter, we demonstrated transmissive spectral control as an approach for achieving 

wavelength-selective radiative transfer in thermophotovoltaic systems that has the potential to 

overcome the limitations of emissive and reflective methods. The approach features a symmetric 

device that captures transmitted below-bandgap photons using a secondary thermal emitter situated 

at the rear, thereby recovering the large amount of power carried by these photons. We fabricated 

a semitransparent cell with a single, thin InGaAs/InP heterojunction membrane, supported by an 

intrinsic, float zone Si wafer. Experimental spectral analysis is paired with simulation to decouple 

contributions to parasitic absorptance in the semitransparent cell. In the temperature range relevant 

to conversion of waste, solar, and nuclear generated heat, we demonstrated a 33% relative 

improvement compared to previously reported efficiencies. Our simulations show that efficiencies 

as high as 48% could be achieved at 1000°C by optimizing material quality and thermal 

management within the framework of transmissive spectral control. Overall, we show that this 

approach to photon management may expand the use of TPVs into a wider range of applications 

with significant potential to reduce greenhouse gas emissions. 
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Chapter 5: Ultrahigh Spectral Efficiency in Multi-Junction 

Thermophotovoltaics Enabled by Dual Air-Bridge Cells 
Portions of this chapter are adapted from a manuscript by Roy-Layinde, B., Lim, J., Forrest, S. R. 
& Lenert, A., "Integrated air-bridge tandem thermophotovoltaics with high efficiency over a broad 
heat source temperature range" under revision. 
 

5.1 Introduction 

Realizing efficient photon recovery in multijunction cells has the potential to maximize the 

performance of TPVs for renewable energy applications such as in grid-scale energy storage 

(thermal batteries). Recently, 1.4/1.2 eV and 1.2/1.0 eV bandgap multijunction cells reported by 

LaPotin et al demonstrated 41% and 39% TPV efficiency under 2000°C illumination4. This cell 

uses a highly doped semiconductor tunnel junction for series connection of the top and bottom cell 

within the tandem as shown in Figure 5.1a. Unfortunately, conventional tunnel junctions introduce 

substantial parasitic absorption below the bandgap due to optical response of free carriers and 

ionized donors/acceptors, which significantly degrades ROOB164–166. Furthermore, the current 

matching constraint imposed by such tunnel junctions limits the range of emitter temperatures over 

which high performance is maintained. Temperature sensitivity is particularly important in thermal 

batteries where larger temperature swings can produce higher specific capacities and 

concomitantly lower energy storage costs. 
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Figure 5.1 Multijunction TPV. (a) Conventional multijunction cell utilizes a highly doped tunnel 
junction for series interconnection of subcells thus introducing parasitic absorption (b) Proposed 
tandem cell eliminates tunnel junction through sequential bonding of subcells.  
 

5.2 Tandem cell without tunnel junction 

To address these challenges, this work demonstrates tandem TPV cells with optical performance 

that exceeds that of their single-junction air-bridge counterparts19,115,117,119. The tandems shown 

here are fabricated by stacking individual air-bridge cells via a cold-welding process as shown in 

Figure 5.1b. Instead of uniform tunnel junctions, as used in conventional, monolithic III-V multi-

junction cells, a patterned metal grid is used as the junction between the top and bottom subcells. 

This middle grid also serves to bond the subcells together using a low-temperature Au-Au thermo-

compression step and can be readily used as a common terminal in a multi-terminal configuration 

to overcome the limitations of two-terminal multi-junction devices. It is important to note that the 

tandem cells in this study differ from the ones realized through mechanical stacking technique, 

which connects subcells using glues, transparent conductive oxides (TCO), or metal 

nanoparticles167–172. Compared to the air-bridge integration, those techniques introduce parasitic 

absorption of both in-band and out-of-band photons and lead to increased series resistance, poor 

heat tolerance, and debonding owing to UV radiation deterioration of the adhesive material167–172.    
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Figure 5.2 Optical simulation of (a) conventional and (b) dual air-bridge tandem TPV.  
 

Using preliminary optical simulation that assumes no photon loss in semiconductors  as shown in 

Figure 5.2, we show that the tandem cells with tunnel junction (TJ) experience losses from photon 

dissipation through free carrier absorption (FCA). This leads to an out-of-band reflectance of 

94.3% (Figure 5.2a) which is similar to experimentally demonstrated tandems in literature4,27,28,173. 

This compromise undermines the potential benefits associated with a tandem setup designed for 

high output power. Notably, the absorption model in the TJ uses the Drude model for computation 

of extinction coefficients in heavily-doped III-V semiconductors122. By eliminating the tunnel 

junction, we can circumvent a loss in ROOB exceeding 4% (Figure 5.2b), leading to an enhanced 

spectral efficiency approaching 80%. 

 

Overall, this dual air-bridge architecture offers several advantages over existing multi-junction 

TPV cells. One advantage is that it reflects nearly all the radiation that is not absorbed within the 

active layers of the top and bottom cell. Another important advantage is that a multi-terminal 

configuration mitigates the current-matching constraint which limits performance as the spectrum 
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shifts17,18. Together, these two advantages combine to allow the emission temperature to shift by 

600oC while maintaining an average efficiency within 37% of the peak efficiency. The third 

advantage is that sequential bonding allows straightforward integration of dissimilar materials 

(e.g., III-Vs and Silicon) or materials grown on different substrates (e.g., GaAs and InP)174, which 

provides additional flexibility when optimizing tandems for cost and/or performance. 

 

5.3 Fabrication of dual air-bridge tandems  

Figure 5.3 illustrates the iterative steps of cold welding and epilayer liftoff (ELO) employed in the 

fabrication of a dual air-bridge tandem. The air-bridge bottom cell is prepared through a cold 

welding (2) and ELO processes (3), in accordance with our prior work19,117,119. The top epilayer is 

transferred by repeating the cold welding (5) and ELO (6) processes. To mitigate the susceptibility 

of the thin-film membrane in the bottom cell to cracking, a relatively low weld bonding 

temperature (150℃) and a bonding pressure of 3 MPa are applied. Specifically, this second level 

of cold weld bonding requires optical alignment of the metal gridlines on the subcells using a flip-

chip bonder. The metal grid layer comprises adhesive metal (Titanium), where the distinct thermal 

expansion coefficients of materials disrupt the formation of a uniformly bonded gold surface. Thus, 

we minimize the thickness of the adhesive layer to 10 nm. After the bonding, the middle metal 

grid has a double metal stack of Ti(10 nm)/Au(300 nm)/Au(300 nm)/Ti(10 nm).  
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Figure 5.3 Illustrations of the cold-welding and epilayer liftoff (ELO) processes for bottom 
and top cells.  

 
Importantly, the gold surfaces are meticulously preserved to ensure they remain free from 

oxidation, thereby ensuring the success of the welding process. Finally, the dual air-bridge tandem 

shown in Figure 5.4a is achieved through the wet-etching process employed for TPV mesa 

patterning. In the tandem configuration, the bottom cell consists of a 2-µm-thick 0.74 eV InGaAs 

absorber layer. The bandgap of the top cell is varied to showcase two configurations: 0.74 eV/0.74 

eV InGaAs homo-tandem and 0.9 eV/0.74 eV InGaAsP/InGaAs hetero-tandem cells, respectively. 

It is important to note that the chemical wet etchant differs between InGaAsP and InGaAs, while 

maintaining consistency in other fabrications procedures. Detailed information on the epilayer is 

described in chapter 3 of this dissertation.  
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Figure 5.4  Dual air-bridge TPV structure enabled by sub-cell cold-welding. (a) Schematic of 
the tandem TPV system consisting of a heat source and an air-bridge tandem TPV cell attached to 
a heatsink. The top and bottom cells are cold-welded using the middle grid (b) Cross-sectional 
scanning electron microscope (SEM) image of a dual air-bridge tandem TPV cell. Scale bar, 5 µm. 
(c) Optical microscopy image of a fabricated tandem cell (d) Measured profilometry across the 
surface of the tandem cell (black line in c). 
 
 

Figure 5.4a shows the general architecture of a dual air-bridge tandem. In place of a tunnel 

junction, the metal grid in the middle layer serves as a junction between the top and bottom 

subcells, obviating the need for lattice-matching for tandem partners. The three layers of gridlines 

are optically aligned, optimizing the geometrical fill factor (GFF), defined as the ratio of the metal 

gridline area to the total device area. Moreover, the three metal layers can operate independently, 

offering the flexibility to choose either 2T or multi-terminal configurations. The dual air bridges 
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are integrated within the tandem structure, with the middle air bridge facilitating lossless heat 

transfer between subcells. In Figure 5.4b, the cross-section scanning electron microscope (SEM) 

image of a dual air-bridge tandem cell shows that the semiconductor membranes are mechanically 

supported by gold gridlines with no discernible compressive deformation or buckling119. Figure 

5.4c shows an optical microscopy view of the tandem cell's surface, including the top, bottom, and 

common (middle) electrodes. We further highlight the relative flatness of the gridlines with a 

profilometry measurement, as shown in Figure 5.4d.    

 

5.4 Performance quantification of tandem cell 

5.4.1 Spectral splitting in TPV subcells  

The in-band (IB) absorption in the top cell is calculated using the following equation: 

   AIB,Top	= ∫ αTop×E×ΦB(E,Th)dE∞
Eg,Top

,       (5.1) 

where αTop is the top cell absorption coefficient calculated by the transfer method matrix and ΦB 

the spectral photon flux of the heat source. The absorption in the bottom cell follows by: 

          AIB,Bot = ∫ αBop×E×ΦB(E,Th)×
Θin,2
Θin,1

dE∞
Eg,Bot

,       (5.2) 

where αBot is the bottom cell absorption coefficient and Θin,1 and Θin,2 are the input powers to the 

top and bottom cells, respectively. The Θin,2 is identical to the heat energy transmitted through the 

top cell. The Θout,2 generates additional absorption in the top cell, but the amount is much less than 

1%, so it is negligible. The absorption is calculated by: 

                                          AIB,Top2	= ∫ αBop×E×ΦB(E,Th)×
Θout,3
Θin,1

dE∞
Eg,Top

.            (5.3) 
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The boundary between the in-band (IB) and out-of-band (OOB) regions indicates the band edge 

of an absorber material, estimated to be 0.02 eV away from the nominal bandgap of 0.74 eV. 

 

5.4.2 Spectral efficiency in tandem TPV cell 

 The spectral efficiency is calculated using the following equation: 

 SE	=	
Eg,top ∫ εeff,top(E)×ΦB(E,!h)dE

∞
Eg,top

+Eg,bot ∫ εeff,bot(E)×ΦB(E,!h)dE
∞
Eg,bot

∫ εeff,T(E)×E×ΦB(E,!h)dE
∞
0

,       (5.4) 

where εeff,T(E) = (1?Re)Ac,T
1?Rej1?Ac,Tk

 is the effective emissivity of the cavity formed by the emitter and the 

tandem cell, where Re and Rc,T are the spectral reflectance of the emitter and the tandem cell, 

respectively. In the same manner, εeff,top(E) = 
(1?Re)Ac,top
1?Rej1?Ac,topk

 and εeff,bot(E) = (1?Re)Ac,bot
1?Rej1?Ac,botk

, where 

Ac,top and Ac,bot are the absorptance for the top and bottom cells in the tandem structure, 

respectively. 

 

5.4.3 Fourier transform infrared measurements 

Microscopic reflectance measurements on the TPV samples were performed using a Cary 670-IR 

spectrometer with a Cary 620 IR microscope (Agilent Technologies, CA), equipped with globar 

near- and mid-IR sources and a 15× objective. The samples were measured with the liquid 

nitrogen-cooled detector of a 128 × 128 MCT focal plane array. All data were collected at a 1 cm-

1 spectral resolution. 
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5.4.4 External quantum efficiency measurements 

EQE measurements are conducted with monochromatic illumination, chopped at 200 Hz, and 

directed into a multimode SMA fiber connector to a bare fiber optic patch cable (M118L02, 

Thorlabs) set at a 15° angle to the TPV cells. The output signal is monitored and collected by a 

SR830 lock-in amplifier. Calibration of the illumination power is performed using a 818-UV/DB 

Si detector (Newport) from 400 nm to 900 nm, a 818-IG InGaAs detector (Newport) from 900 nm 

to 1,650 nm, and a FDG03 Ge detector (Thorlabs) from 1,650 nm to 1,800 nm. 

 

5.4.5 View factor calibration 

The view factor Fv is determined from the measured 𝐽23 according to: 

							𝐽23 = 𝐹5 ∙ 𝑞 ∙ ∫ 𝜀011(𝐸)/𝜀.(𝐸) 	 ∙ 	𝐸𝑄𝐸(𝐸) ∙ 	ΦB(E,Th)	𝑑𝐸			
6
7-

                    (5.5) 

where 𝐸𝑄𝐸 is the measured external quantum efficiency in Fig 2,  𝜀011(𝐸) =
l4l)

l4+l)?l4l)
	 is the 

effective emissivity of the emitter-cell pair	(𝜀3 is the emissivity of the emitter, and 𝜀. 	is the 

emissivity/absorptivity of the cell). The calculated apparent view factors are 0.34 and 0.33 for the 

homo- and heterotandem devices, respectively.  

 

5.4.6 Electrical characterization 

 The TPV samples were mounted on a copper plate coupled with a closed-loop water chiller, 

maintaining the temperature at 20°C19,125. Using a three-axis translational stage, a SiC globar 

emitter (SLS203, Thorlabs Inc.) was centered on the sample and moved up and down to control 

the distance. The emitter spectral emissivity (εe) is calibrated by referencing to a true blackbody 
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source (IR-564, Infrared Systems Development Corp.). The black body shows εe > 0.99, whereas 

the εe of the SiC emitter was measured to be 0.96. Finally, the current density-voltage curves were 

characterized using a Keithley 2401 Source Measure Unit in the 4-wire sensing mode. 

 

5.5 Photon recovery and utilization in tandem cells 

Figure 5.5a depicts the measured optical properties of the homo-tandem cell, obtained using 

Fourier transform infrared radiation (FTIR) spectroscopy and weighted to a 1500K blackbody 

radiation. The FTIR measurement yields a ROOB of 96.4% yielding a loss of 3.6%. Notably, out-

of-band losses (yellow region), exceeding those predicted by the simulations discussed above, are 

attributed to FCA arising from scattering sources of phonons and ionized impurities175. Absorption 

by defects near the band edge (assume the band tail 25 meV below from the band edge) is less 

than 0.3%. On the other hand, FCA by free charges and impurities contributes significantly, 

accounting for 3.3%. The calculated spectral efficiency (SE) for this cell is 68.4%. In contrast, for 

a comparable monolithic tandem featuring a tunnel junction and a planar back surface reflector, 

the theoretical ROOB is 93.2% with a SE of 62.3%. These simulations are consistent with 

experiments4,27,28,176  on monolithic tandems with highly doped tunnel junctions. 
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Figure 5.5 Photon utilization in the homo- and hetero-tandem TPV cells. a. and b. Spectral 
power breakdown in the homo- and heterotandem cell, respectively. The dashed line denotes the 
incident 1223°C blackbody spectrum. EQE measurements for individual subcells reveal spectral 
splitting in each tandem cell. In-band (IB) absorption and out-of-band (OOB) loss are 
characterized via FTIR spectroscopy at wavelengths of 1.0–15.5 µm. The optical cavities formed 
by the semiconductor membranes, the Au reflector, and two air gaps lead to the interference 
features. 
 
 

Figure 5.5a shows the measured absorption spectrum and external quantum efficiency (EQE) of 

the InGaAs homotandem cell. The top and bottom cells absorb 61% and 10% of the incident in-

band light, respectively. When weighted to a 1223°C blackbody illumination source, the out-of-

band reflectance is 96.4%, which corresponds to a parasitic out-of-band absorption of AOOB = 3.6%. 

Out-of-band losses (depicted by the yellow shaded region), exceeding those predicted by 

simulations, are mostly attributed to FCA stemming from residual background carriers175. 
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Absorption by defects near the band edge contributes AOOB < 0.3%, while FCA by free charges 

and impurities accounts for 1.4%. The calculated spectral efficiency (SE) for this tandem is 68.4% 

which is comparable to its single-junction counterpart. For context, a representative monolithic 

tandem featuring a tunnel junction and gold back surface reflector (AuBSR) as in Fig. 5.2a shows 

a calculated SE = 62.3% . The measured absorption and EQE of the heterotandem cell are presented 

in Figure 5.5b. The use of two different bandgaps leads to more balanced absorption than in the 

homotandem. For example, under 1223°C illumination, the top and bottom subcells absorb 33% 

and 38% of the in-band spectrum, respectively. The cell achieves ROOB = 97.2%, which is 0.8% 

higher than for the homotandem, consistent with the simulation. Absorption by defects near the 

band edge contributes AOOB = 0.1%, while FCA accounts for 1.4%. The combination of high ROOB 

and lower thermalization losses yields a simulated SE = 78% at 1223°C. Considering the increased 

parasitic absorption observed in the experiment, the SE decreases to 74%. Nonetheless, the 

addition of the 0.9 eV top cell enhances the SE by >4% relative to both the 0.74 eV single-junction 

and homotandem air-bridge cells. Overall, these results highlight the photon-utilization advantages 

offered by the dual air-bridge tandem design.  

 

5.6 Conversion efficiency of homo-tandem device 

In addition to the traditional series-connected two-terminal (2T) configuration, the dual air-bridge 

cells can be operated in a multi-terminal configuration when the metal-grid junction is used as an 

additional electrode. Figure 5.6a shows the current-density versus voltage (J-V) characteristics for 

the 2T homo-tandem cell and for the top and bottom subcells individually at a representative 

temperature of 1120°C. Figure 5.6b shows that the short-circuit current rises with increasing 

emitter temperature, with the top cell producing more at all irradiations. This is because, in a homo-
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tandem device, the top cell absorbs the majority of the incident radiation, resulting in significant 

disparities in current output. This also causes the top cell to produce more output voltage than the 

bottom cell at the same emitter temperature, as illustrated in Figure 5.6c. However, at the same 

photocurrent, the top and bottom cells yield similar output voltages, implying similar material and 

fabrication quality. The open circuit voltage in the 2T tandem is equivalent to the sum of the 

voltages generated in the individual subcells. Complete experimental data and electrical 

parameters such as the fill factor (FF) and maximum power point (PMPP) are provided in appendix 

B of this dissertation. 

 

The TPV efficiencies shown in Figure 5.6d are calculated by taking the ratio of the maximum 

power produced to the heat absorbed by the cell (incident minus reflected). The power outputs and 

efficiencies are presented for the 2T configuration and the multi-terminal arrangement (ΣT) which 

is the sum of the individual power outputs of the top and bottom cells.  ΣT represents an upper 

bound for what can be achieved in a multi-terminal configuration177–179 since demonstration of 3T 

and 4T arrays is beyond the scope of this dissertation.  The efficiency of the 2T homo-tandem cell 

peaks at 18.2 ± 0.1% under 1120°C irradiation. The large current mismatch between the individual 

subcells produces substantial electrical losses. The ΣT configuration, in comparison, allows each 

cell to operate at its respective maximum power point, resulting in a peak efficiency of 37.8 ± 

0.2% under 1265°C irradiation. This result also represents a 2% absolute improvement over a 0.74 

eV single-junction air-bridge cell at comparable emitter temperatures. At higher emitter 

temperatures, the efficiency drops off due to series resistance (Rs) losses, which decreases the fill 

factor (see appendix B). The relatively high Rs for the bottom cell is attributed to the unoptimized 

contact resistance within the middle grid. Future iterations will include Pt180 in the p-type contact 
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layer to lower contact resistance of the intermediate gridlines. Predictions show that improvements 

to series resistance can lead to an efficiency of 46% at higher emitter temperatures for the ΣT 

homo-tandem.  

 

 
 

Figure 5.6 Performance quantification of the homo-tandem device. a, Current-voltage 
measurements under 1120°C irradiation. b, Short-circuit current density (Jsc) produced and  c, 
Open-circuit voltage (Voc) of the tandem and subcells as a function of emitter temperatures.  d, 
Power conversion efficiency as a function of emitter temperatures in both 2T and multi-terminal 
configuration.  

 
 
 

0 0.2 0.4 0.6 0.8 1 1.2
Voltage (V)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Cu
rre

nt
 d

en
si

ty
 (A

/c
m

2 )

a b

c d

ΣT Homo-tandem cell

2T Homo-tandem cell

Estimated

Estimated

2TTop Bottom

Estimated

Top Bottom

Single InGaAs cell

2TTop Bottom

Top

Bot
2T ΣT



 

 83 

5.7 Conversion efficiency of hetero-tandem device 

Figures 5.7a shows the J-V characteristics for the 2T hetero-tandem and its subcells individually 

at a representative temperature of 1155°C. Figure 5.7b highlights the short-circuit current produced 

by the top and bottom cells of the hetero-tandem. Unlike the homo-tandem, the subcells operate in 

different spectral bands. This results in comparable short-circuit current density, thus minimizing 

spectral mismatch. The open-circuit voltage of the 0.9 eV top cell is ~100 mV larger than that of 

the 0.74 eV bottom cell at the same emitter temperatures as shown in Figure 5.7c. At higher emitter 

temperatures, the individual sub-cells have comparable bandgap-offset voltages (i.e., the 

difference between the bandgap and Voc), approaching 220 mV. The Voc in the 2T configuration 

is equivalent to the sum of the Voc in the top and bottom subcell leading to an offset voltage of 

~450 mV. Differences between the experimental markers and the model predictions (called 

estimated) at high temperatures may be attributed to cell heating effects. 

 

The efficiencies of the 2T and ΣT hetero-tandem, shown in Figure 5.7d, are comparable at emitter 

temperatures above 1300°C. At those temperatures, the incident spectrum is almost evenly split 

between the absorption bands of the top and bottom cells, which minimizes current mismatch and 

reduces the benefits of the multi-terminal configuration. Both the 2T and multi-terminal 

arrangement of the hetero-tandem have a peak efficiency of 39.1 ± 0.2% at 1330°C.  
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Figure 5.7 Performance quantification of the hetero-tandem device. a, Current-voltage 
measurements under 1155°C irradiation. b, Short-circuit current density (Jsc) produced and c, 
Open-circuit voltage (Voc) of the tandem and subcells as a function of emitter temperatures.  d, 
Power conversion efficiency as a function of emitter temperatures in both 2T and multi-terminal 
configuration.  
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Figure 5.8a illustrates that realistic improvements to series resistance (Rs = 15 mΩ-cm2) can lead 

to efficiencies >45% for the ΣT heterotandem, at the same time shifting the performance towards 
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air-bridge tandem as shown in Figure 5.8b. A low temperature sensitivity is significant in the 

context of grid-scale electrical storage employing thermal batteries since it allows grid operators 

to widen the temperature differential within the storage medium, enabling actions such as 

discharging the thermal battery temperature to as low as 1000°C during periods of high demand, 

while incurring only marginal efficiency losses. This capability, in turn, has the potential to reduce 

the required amount of storage material. 

 

Figure 5.8 Power conversion efficiency in a thermal battery. a, Present day efficiency of the 
air-bridge heterotandem (solid lines) versus emitter temperature, and that expected with reduction 
in cell series resistance to 15 mΩ-cm2 (dashed lines). b, Average efficiency as a function of 
temperature swing during the cooling phase, assuming an initial storage temperature of 1600°C. 
The multi-terminal configuration has lower sensitivity to spectral variations during the wide 
temperature discharge of thermal batteries. c, Estimated cost of graphite per unit energy (CPE), 
comparing the air-bridge heterotandem to an analogous tunnel-junction tandem device. This 
calculation assumes a 600°C temperature swing with a $0.5/kg cost of graphite. 
 

To illustrate the impact of the extended temperature range, we calculate the cost per unit energy 

(CPE) of the graphite energy storage medium. The CPE is the cost per kg of graphite (US 

$0.5/kg181) divided by the energy stored per mass, which is given by the integral of the graphite 

heat capacity and the TPV efficiency over the range of emitter temperatures encountered during 

the cooling/discharge phase. Figure 5.8c shows that the use of an air-bridge tandem lowers the 

CPE by approximately 50% compared to an analogous tunnel-junction tandem, from 6.91/kWh to 

$3.96/kWh at a temperature swing of 600℃. These CPE reductions should translate to other 
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energy storage components of thermal batteries, including insulation, since the cells govern the 

denominator of the CPE. The calculation assumes a 600ºC graphite temperature swing and that the 

cells have the same electrical cell parameters (i.e., shunt and series resistances, dark current 

densities). Although the tandem air-bridge process requires separate wafers to grow each sub-cell, 

the differential cost associated with this approach can almost entirely be mitigated using non-

destructive epitaxial lift-off which allows for multiple reuses of the growth wafer182–184. Therefore, 

the potential to substantially lower the overall CPE, while maintaining comparable cost per power 

(CPP), suggests that air-bridge tandems can play a key role in the broad deployment of economical 

thermal batteries for long-duration grid-scale electrical storage.  

 

5.9 Conclusions 

In summary, we have successfully demonstrated air-bridge III-V tandem TPV cells fabricated 

through low-temperature cold welding engineering using individual III-V single cells, eliminating 

the need for tunnel junctions. Through the incorporation of two air bridges and a multiterminal 

configuration, these tandem cells achieve lossless power transmission between subcells, thereby 

optimizing electrical output power. We experimentally achieved a total ROOB of 97.2%, 

accompanied by a higher PMPP when operated in a multi-terminal configuration compared to a two-

terminal tandem operation. As a result, a single 0.74 eV InGaAs air-bridge cell showed 36.0% 

efficiency, while the air-bridge tandem cells achieved 37.8% for the 0.74/0.74 eV and 39.3% for 

the 0.90/0.74 eV tandem cells, respectively. This innovative approach to the air-bridge tandem 

structure is anticipated to stimulate further cell optimization with a low temperature sensitivity, 

paving the way for the development of cost-effective, high-power density, and highly efficient 

TPV cells. 
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Chapter 6: Conclusions and Future Directions 
 

To realize large improvements in TPV efficiencies, the key is to have efficient recuperation of 

unusable low-energy photons.  This thesis explores the use of new cell-side architectures to 

recycle/recuperate these low-energy photons to improve the performance of TPVs for different 

emerging power generation technologies. The first work seeks to experimentally understand the 

limitations of an air-bridge architecture, which leverages refractive index mismatch to achieve 

near-perfect reflectance of low-energy photons. The second work utilizes the air-bridge 

architecture with three absorber bandgaps ranging from 0.74 eV to 1.1 eV to demonstrate a record 

high efficiency. The third work demonstrates transmissive spectral control as an approach for 

achieving wavelength-selective radiative transfer in thermophotovoltaic systems that has the 

potential to overcome the limitations of emissive and reflective methods. Lastly, this thesis 

introduces a new approach to realizing tandem TPV cells with high photon management. This 

approach eliminates the need for a tunnel junction by using highly reflective metal grids that covers 

~10% of the area to connect the top and bottom cells.  

 

This closing chapter outlines numerous potential approaches for enhancing the adoption of TPVs 

in various energy generation applications, including thermal energy storage, waste heat recovery, 

and combined heat and power generation. 
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6.1 Si-based tandem TPV 

As mentioned in chapter 5 of this thesis, the utilization of III-V multijunction cells presents a viable 

approach to optimizing the performance of thermophotovoltaic systems. Nevertheless, the cost of 

III-V semiconductors is significantly higher than materials like silicon. From a cost perspective, 

replacing one or more of the sub-cells in the tandem stack with more affordable materials such as 

Si and Ge would be desirable. Silicon stands out as a highly promising material with a wide 

bandgap, significant technological advancements, and cost-effectiveness.  

 

Figure 6.1 Silicon based multijunction cell. The top (Si) cell and bottom (InGaAs) cell will be 
prepared separately and the sequentially bonded to form the proposed structure.  

 

In a recent study, my colleagues, Byungjun Lee and Rebecca Lentz, successfully demonstrated an 

air-bridge single junction Si TPV with an out-of-band reflectance of 98.0% when weighted to a 
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1500K blackbody emitter117. This led to a maximum conversion efficiency approaching 20%. With 

near-term improvements, Si TPV can attain a conversion efficiency of 40%. By incorporating Si 

into one of the sub-cells, as depicted in Figure 6.1, it becomes feasible to reduce the cost of the 

multi-junction by approximately 50% while preserving its high spectral management and 

conversion efficiency. This stack includes a float-zone double side polished silicon as the top cell, 

which allows unabsorbed photons to pass through to the bottom InGaAs cell. With preliminary  

analysis using transfer matrix methods, it is evident from Figure 6.2a that we can still maintain a 

high out-of-band reflectance exceeding 98%. Figure 6.2b also illustrates the spectral splitting 

between the Si top cell and InGaAs bottom cell, indicating a similar distribution of photons across 

various wavelengths.  Additional work should focus on optimizing the electrical performance of 

the Si top cell to maximize conversion efficiency.  

 

Figure 6.2 Optical performance of a silicon based tandem cell. (a) Modeled reflectance of the 
proposed Si-InGaAs tandem showing an out-of-band reflectance of 98.3%. (b) Simulated spectral 
utilization in the tandem structure. 
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6.2 Improving fabrication 

It is critical to optimize yield during the fabrication process of thermophotovoltaic cells in order 

to enhance overall efficiency, reduce cost, promote advancement in technology, minimize 

environmental impacts, guarantee market competitiveness, and improve the dependability of TPV 

systems. A few potential avenures to improve fabrication yield are described below. 

 

6.2.1 Variation in bonding scheme  

A conventional wafer-bonder is used to complete the bonding process. Preliminary testing has 

shown that this procedure can provide placement accuracy within acceptable tolerances (<3 μm). 

However, the use of a flip-chip bonder is not ideal for process scale-up and can lead to non-

negligible sample-to-sample variability (~30 μm tolerance). In the presence of lateral 

misalignment ≥10μm, the 10 μm grid lines will not come into sufficient contact as shown in Figure 

6.3. In the presence of lateral misalignment exceeding 10μm, the 10μm wide grid lines on each 

surface will not come into sufficient contact for bonding, resulting in suspension failure.   

 

Figure 6.3 Top view image of fiducial marks on sample surface indicating spatial 
misalignment during flip chip bonding. The left (right) image shows tolerable (intolerable) 
misalignment for the described fabrication procedure. 
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Figure 6.4 Perpendicular intermediate grid is formed by bonding top gridlines at 90º w.r.t. 
bottom gridlines. (a) Bonding schematic.  (b)  Top-view image of an InGaAs epilayer supported 
by a perpendicular grid on top of a Si handle, demonstrating a key step in the fabrication of dual-
ABCs. (c) Schematic of 2D intermediate grid enabling double air-bridge design. (d) SEM showing 
demonstrated bonding region of the perpendicular grid.  

 

To mitigate the misalignment risk and enable process scale-up, we have developed an alternative 

design where the grid lines on the top cell are rotated by 90º with respect to those on the bottom, 

allowing for the use of a conventional wafer bonder. As shown Figure 6.4a and 6.4b, vertically 

oriented Au-insulator-Au lines are deposited on the bottom cell, while horizontally oriented Au 

lines are deposited on the top cell. Au-Au bonding occurs at the intersections of these orthogonal 

gridlines. Preliminary testing shows that the resulting suspension exhibits excellent mechanical 

stability. The perpendicular intermediate grid design can tolerate much larger misalignments (on 

the order of ~100 μm) without impacting performance. Such tolerances can be achieved in a simple 

(a) (b)

(d)(c)
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and high-throughput way by dicing the substrate (carrying the top cell) and Si handle (carrying the 

bottom cell) to specification and then aligning them along two edges. Although the perpendicular 

grid shades a portion of the bottom cell as in Figure 6.4c (~10-15%), those areas effectively 

function as efficient single-junction top ABCs that convert high energy photons into power and 

reflect/recycle ~99% of the low energy photons back to the heat source. Thus, shadowing is 

expected to have a negligible impact on the total cell efficiency. In fact, in high temperature 

regimes where series resistance losses dominate, some shadowing can improve efficiency because 

it lowers the current density while preserving the incident spectrum.  

 
 

6.2.2 Alternative mechanical supports  

The air-bridge is made of a free-standing semiconductor with thickness in the order of a 

wavelength. These thin-film membranes are susceptible to strain (buckling), which causes 

mechanical distortion and structural failures such as cracks119. This buckling not only causes 

failures, but it also supports a variety of optical modes, which increases parasitic absorption. My 

collaborator, Jihun Lim, introduced a transparent InP epitaxial layer to mitigate this problem by 

stiffening the membrane, resulting in flat cavities that can only support one mode119. Alternative 

stiffening methods may involve the use of less expensive transparent dielectric materials with 

similar or better mechanical stiffness compared to InP as shown in Figure 6.5a. Candidate 

dielectric materials may include high quality SiO2, MgF2, parylene-C, ZnSe and many others. 

Preliminary optical modeling (see Figure 6.5b) shows that the addition of these materials has 

negligible effect on the out-of-band reflectance.  However, future work should investigate the 

trade-off between mechanical robustness and high reflectivity in the out-of-band range. 
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Figure 6.5 Dielectric materials as mechanical support. (a) Schematic of a single junction air-
bridge cell with a membrane layer for mechanical support (b) Optical simulation demonstrates that 
the addition of various high-quality dielectric layers, such as ZnSe, SiO2, and parylene-c, has no 
substantial influence on out-of-band reflectance (ROOB) when compared to a cell without 
membrane support. 

 

6.3 Modules  
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The interconnects (ICs) can be deposited and lithographically patterned directly on the Si handle 

as shown in Figure 6.6T,B using standard, high-volume semiconductor tools. The Si handles can 

be attached to high-thermal conductivity Direct Bond Copper (DBC) substrates, which are in turn 

soldered onto copper heat sinks. DBCs are a reliable platform because they have a similar 

coefficient of thermal expansion as Si. A key feature of the proposed modules is that all radiation-

facing surfaces have very high IR reflectance (≥98%). This makes it possible to achieve a module-

level efficiency that is close to the cell efficiency and minimize parasitic heating. In a scaled-up 

product consisting of many cell strings, two top strings could be connected in parallel with three 

bottom strings such that their outputs are voltage-matched. 

 

Figure 6.6 4T independent series interconnection of top and bottom cells. Top (T) and bottom 
(B) interconnects are lithographically defined and integrated on the insulating handle (Si). 

 

6.4 Techno-economic analysis  

Technoeconomic analysis (TEA) is important for assessing the feasibility and economic viability 

of thermophotovoltaic (TPV) cells. It is vital to assess the cost competitiveness of these cells in 

comparison to the most advanced technologies in its field of application. For example, the use of 

TPV in thermal energy storage applications would necessitate competition with grid level energy 
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storage like pumped hydro storage and lithium-ion batteries. In designing thermal grid storage 

systems that are economically viable, a key area of development is high-efficiency 

thermophotovoltaics, which enables solid state conversion of thermal energy to electricity. Novel 

iterations using III-V semiconductor materials have achieved much higher conversion efficiencies 

and power densities. This performance, however, generally mandates extremely high emitter 

temperatures, incurring significant heat storage, insulation, and heat transfer costs. Future work 

should develop a systematic method of evaluating the total cost of a grid storage system as a 

function of the chosen TPV technology. This model could be adapted to other applications of TPV 

including waste heat recovery and cogeneration of heat and power.  
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APPENDIX A: Complete Electrical Measurements for Quaternary TPV 
 
Table A.1 Variation in measured open-circuit voltage (VOC), short-circuit current (JSC), fill 
factor (FF), and power density (Pmpp ) versus emitter temperature (Th) for the (a) 0.74 eV, 
(b) 0.9 eV, and (c) 1.1 eV air-bridge cells. 
 

(a) 0.74 eV 
Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 

745 51.30 449.53 72.96 16.83 
830 107.73 472.74 74.85 38.12 
909 196.49 490.06 74.59 71.82 
985 327.80 504.02 73.58 121.56 
1024 416.99 510.26 72.82 154.94 
1060 514.95 516.21 72.22 191.97 
1091 610.84 520.2 72.47 230.27 
1132 759.76 525.52 70.07 279.76 
1163 887.62 529.57 70.31 330.48 
1203 1079.33 537.52 68.24 395.92 
1235 1250.00 544.23 68.35 464.97 
1277 1501.83 549.73 66.71 550.78 
1313 1743.41 552.99 66.51 641.2 
1350 2023.82 557.41 66.8 747.66 
1271 1460.51 547.55 68.06 544.27 
1308 1711.39 550.93 67.59 637.22 
1351 2030.00 555.62 66.92 754.82 
1395 2399.14 558.55 66.80 895.19 
1478 3230.20 562.85 65.80 1196.30 

 

(b) 0.9 eV 
Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 

856 47.99 595.66 81.67 23.34 
940 82.55 611.02 83.56 42.15 
1001 139.20 623.05 82.52 71.57 
1072 217.91 635.06 82.12 113.65 
1135 294.42 639.35 82.38 155.08 
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1153 335.99 645.56 80.73 175.10 
1221 472.20 650.00 80.73 247.79 
1241 494.79 654.93 80.69 261.49 
1252 563.17 657.43 78.06 289.02 
1303 708.55 659.63 79.65 372.26 
1334 774.00 664.61 79.12 407.00 
1344 856.32 663.61 79.01 448.96 
1388 1037.03 667.83 77.69 538.01 
1397 1076.50 667.55 77.44 556.47 
1429 1229.81 670.27 77.37 637.7 
1433 1248.00 671.36 78.44 657.24 
1476 1476.74 673.98 75.76 754.01 
1487 1543.80 674.54 75.00 780.73 
1518 1729.90 676.30 73.62 861.28 
1532 1818.90 677.59 73.81 909.72 

 

(c) 1.1 eV 
Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 

869 4.67 688.44 82.98 2.67 
906 6.75 707.19 82.10 3.92 
947 9.45 713.20 82.57 5.67 
974 12.47 726.75 83.41 7.56 
1012 17.07 732.25 83.88 10.48 
1039 21.15 740.19 83.28 13.04 
1083 29.40 749.85 84.20 18.56 
1102 33.79 752.56 83.69 21.28 
1159 49.56 764.45 83.64 31.69 
1166 51.90 766.95 83.35 33.17 
1235 78.98 775.65 82.98 50.83 
1236 79.79 778.15 83.68 51.96 
1282 103.47 784.88 81.16 65.913 
1309 120.01 787.33 81.93 77.41 
1316 124.50 791.51 83.57 82.35 
1352 149.34 794.82 81.03 96.18 
1357 154.81 797.83 82.50 101.90 
1399 188.15 801.13 80.15 120.81 
1409 198.07 804.22 79.87 127.22 
1472 263.32 809.85 81.85 174.54 
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1519 322.43 817.40 76.73 202.23 
1575 403.99 822.18 75.03 249.21 
1631 499.00 828.78 73.43 303.67 
1687 610.43 831.93 70.53 358.16 
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APPENDIX B: Electrical Performance of Homotandem 

 

Figure B.1 0.74 eV/0.74 eV InGaAs Homo-tandem cell characterization. a. Open circuit 
voltage (Voc) versus short-circuit current density (Jsc). b. Max-power point (Pmpp) versus emitter 
temperature. c. Fill factor (FF) versus emitter temperature. d. TPV efficiency versus emitter 
temperature. 
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Table B.1 Variation in measured open-circuit voltage (VOC), short-circuit current (JSC), fill 
factor (FF), and power density (Pmpp ) versus emitter temperature (Th) for the (a) top cell, (b) 
bottom cell, and (c) two-terminal operation in the homo-tandem configuration. 
 

(a) Top cell 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
959 275.75 518.69 76.605 109.57 
1039 453.53 529.99 75.187 180.73 
1116 698.18 539.63 73.228 275.89 
1191 1013.4 548.01 71.333 396.13 
1265 1421 553.65 69.654 548.01 
1341 1953.5 559.06 67.442 736.57 

(b) Bottom cell 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
959 91.583 473.72 70.719 30.681 
1039 146.44 484.87 68.028 48.303 
1116 220.55 492.12 64.23 69.713 
1191 312.26 499.99 60.151 93.911 
1265 427.76 505.24 56.016 121.06 
1341 569.98 510.26 52.826 153.64 

(c) Two-terminal homo-tandem 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
959 90.124 992.21 79.586 71.167 
1039 146.77 1015.2 77.603 115.64 
1116 219.82 1032 74.624 169.29 
1191 315.16 1047.5 70.381 232.34 
1265 433.06 1060 66.072 303.29 
1341 585.44 1070 61.536 385.47 
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APPENDIX C: Electrical Performance of Heterotandem 

 

Figure C.1 0.90 eV/0.74 eV InGaAsP/InGaAs Hetero-tandem cell characterization. a. Open 
circuit voltage (Voc) versus short-circuit current density (Jsc). b. Max-power point (Pmpp) versus 
emitter temperature. c. Fill factor (FF) versus emitter temperature. d. TPV efficiency versus emitter 
temperature. 
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Table C.1 Variation in measured open-circuit voltage (VOC), short-circuit current (JSC), fill 
factor (FF), and power density (Pmpp ) versus emitter temperature (Th) for the (a) top cell, (b) 
bottom cell, and (c) two-terminal operation in the hetero-tandem configuration. 

(a) Top cell 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
933 73.453 589.97 73.542 31.869 
1008 130.78 601.3 73.247 57.599 
1081 212.4 621.49 72.814 96.119 
1154 324.98 632.33 71.55 147.03 
1225 477.03 641.33 69.438 212.44 
1295 678.36 649.01 66.868 294.4 
1333 810.04 651.2 65.615 346.12 
1363 927.64 655.23 64.409 391.49 
1382 1004.7 644.15 62.47 404.3 
1414 1146.1 659.01 62.478 471.87 
1434 1256.6 646.36 60.48 491.23 

(b) Bottom cell 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
933 147.06 468.73 71.154 49.046 
1008 241.13 477.78 67.398 77.648 
1081 362.43 491.51 63.767 113.59 
1154 516.61 499.96 59.424 153.48 
1225 704.83 506.23 56.332 201 
1295 911.44 510 54.856 254.99 
1333 1026.4 513.5 54.589 287.72 
1363 1126 515.35 54.598 316.83 
1382 1221.1 505.82 53.941 333.18 
1414 1281 517.42 54.765 363 
1434 1402.9 506.44 54.468 386.99 

(c) Two-terminal hetero-tandem 

Th (°C) JSC (mA/cm2) VOC (mV) FF (%) Pmpp (mW/cm2) 
933 74.468 1062.5 79.126 62.607 
1008 130.61 1075.7 78.553 110.37 
1081 212.92 1113.9 77.397 183.56 
1154 328.41 1135.1 75.173 280.22 
1225 482.01 1148.6 72.372 400.68 
1295 684.17 1160.1 68.73 545.5 
1333 816.59 1164.9 66.477 632.36 
1363 929.99 1170.4 64.573 702.83 
1382 1009.6 1150.4 63.525 737.8 
1414 1157.5 1175.7 60.998 830.09 
1434 1256.4 1151 59.592 861.8 
1471 1448.9 1150.8 59.419 990.76 

 


