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Photovoltaics possess significant potential due to the abundance of solar power 

incident on earth; however, they can only generate electricity during daylight hours. In 

order to produce electrical power after the sun has set, we consider an alternative 

photovoltaic concept that uses the earth as a heat source and the night sky as a heat 

sink, resulting in a “nighttime photovoltaic cell” that employs thermoradiative 

photovoltaics and radiative cooling to output as much as 10 W/m2 from ambient 

radiation. This thesis will discuss the principles of thermoradiative photovoltaics, the 

theoretical limits of coupling a device with deep space, the potential of advanced 

radiative cooling techniques to enhance their performance, and a discussion of the 

practical limits, scalability, and integrability of this nighttime photovoltaic concept.
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Chapter 1: Introduction 

 

Currently over 100 US cities have committed to using 100% clean, renewable 

electricity by 2050, and solar energy is expected to help supply the needed additional 

power. However, conventional photovoltaic (PV) cells can only generate electricity 

during daylight hours, while energy consumption peaks in the evening. This lack of 

nighttime performance necessitates the need for costly batteries to store solar-generated 

power and grid connection to other sources of energy, most notably fossil fuels. To 

continue the global push towards carbon neutrality, new sustainable power generation 

techniques must be employed at night as well. The work of this thesis proposes and 

explores an alternative PV concept that employs thermoradiative cells and the 

advancing field of radiative cooling in order to generate electrical power during the day 

and throughout the night. This first section includes an introduction to the fields that 

have inspired this work and an overview of the analysis and results. 

1.1 How would a nighttime photovoltaic cell work?  

Though the power conversion process of a solar cell is governed by the principle 

of detailed balance,1 it can also be modeled as a simplified heat engine. Ultimately the 

cell delivers power because the radiation source, the sun, is very hot, and the solar cell, 

in comparison, is cool (Figure 1.1a). Alternatively, we can heat up the solar cell, which 

becomes the hot object, and point it at a cold object, e.g. the night sky (Figure 1.1b). In 

both cases we have one hot object and one cold object, and we can study the power 

flow between them. In the second case, this type of heat engine is called a 
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thermoradiative (TR) cell.2 Explained in detail in Chapter 2, a TR cell generates power 

because the emission of thermal radiation from the cell exceeds the absorption of 

irradiation from the surroundings during operation. The actual devices, a solar cell and 

a TR cell, are nearly identical, however the operating currents and voltages have 

opposite signs because the radiative processes are reciprocal (Figure 1.2). In practice, 

TR cells can be used as waste heat recovery units in order to extract power from a hot 

source, e.g. an engine’s exhaust pipe, a generator’s cooling towers, or other sources in 

industrial manufacturing plants. The cell simply needs to be at a higher temperature 

than the object towards which it radiates. The nighttime PV cell concept relies on the 

thermoradiative effect and uses the warmth of the earth, at about 300 K, as a heat source 

and the darkness of space, at 3 K, as a heat sink. The key to making this concept work 

is then two-fold. Firstly, we must choose a material with the appropriate bandgap 

needed to maximize power output. Secondly, the device must be able to “see” through 

the atmosphere in order to optically couple with space.  
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Figure 1.1 (a) A photovoltaic cell illuminated by solar irradiation during the day. 

Absorbed photons create electron-hole pairs across the semiconductor bandgap and 

establish a working voltage, V. (b) A thermoradiative cell at night. The cell emits 

thermal radiation in the infrared into space. As electron-hole pairs recombine across 

the semiconductor bandgap, a negative voltage is established. Tristan Deppe and 

Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical Power Generation by 

Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9.

sun
space

a) b)
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Figure 1.2 I-V characteristics of a photovoltaic (quadrant 1) and an ideal 

thermoradiative (quadrant 3) cell of bandgap 1.1 eV and 0.04 eV, respectively, both 

show power generation. For the thermoradiative cell, negative voltage and negative 

current generate positive power across an external load. Tristan Deppe and Jeremy N. 

Munday. Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   

Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 

 

1.2 Potential 

 

 A typical single junction solar cell is made from a semiconductor with a 

bandgap in the range of 1.0 to 1.5 eV. Most modern commercial cells operate at 

approximately 20% efficiency and are made of silicon, with a 1.1 eV bandgap, yielding 

approximately 200 W/m2 under peak solar irradiance (~1000 W/m2). If silicon were 

used for a nighttime PV cell, the principles of detailed balance, outlined in the 

following section, lead to a maximum power output of < 2 x 10-14 W/m2. This result is 
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infrared, with energy far less than the bandgap of silicon (Figure 1.3). However, if an 

ultralow-bandgap material were used to make a device, low energy photon emission 

results from carrier recombination across the gap and, when connected to a load, an 

ideal cell could produce as much as 54 W/m2 in optimal conditions and potentially 

more than 10 W/m2 under typical sky conditions, both to be discussed later, without 

the need for solar absorption. Though this power output is lower than a conventional 

solar cell, it could be produced day and night. Further, one can envision a tandem 

system consisting of a TR device operating at night and a standard solar cell operating 

during the day to produce higher total around-the-clock power. For example, in an 

average US climate, such as Boulder, CO, the National Renewable Energy Laboratory 

database records an average solar irradiance of about 5 kWh/m2 per day,3 of which a 

commercial solar cell could harvest 1 kWh/m2. A nighttime PV cell in this climate 

could produce an average of 120 Wh/m2 (if operated during only 12 hours), thus adding 

~12% more power to the 24-hour cycle. 
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Figure 1.3 Relative spectral intensity with respect to photon energy, in eV, for a 300 

K blackbody emitter. The emitted photons are much lower energy than the bandgap of 

Si, at 1.1 eV. To extract useful power from an emitter at 300 K, a material with energy 

gap around the peak of the emission spectrum, between 0 and 0.2 eV, must be used. 

 

 

1.3 Optically coupling to space 

To directly access deep space as a thermal reservoir, we next consider the topic 

of radiative cooling. For millennia humans have understood that material choice and 

architectural design can heat or cool structures above or below ambient air 

temperature.4 Today, white paint is sometimes used to coat the roofs of buildings in 

order to reflect sunlight and thereby reduce heating during the day. In recent years, 

however, the study of radiative cooling has garnered attention with the development of 

highly thermally emissive, yet solar reflective materials, that can be used to lower an 

object’s surface temperature significantly below ambient.5-8 A similar technique can 

0 0.2 0.4 0.6 0.8 1 1.2

Photon energy (eV)

R
e

la
ti
v
e

 s
p

e
c
tr

a
l 
in

te
n

s
it
y

300 K Blackbody

Si Bandgap



 7 

also be extended to traditional solar cells to avoid heating during operation and thus 

increase device efficiency.9,10 By appending a photonic material that is visibly 

transparent, yet thermally emissive within the atmospheric transparency window of 8 - 

13 μm, solar radiation is still delivered to the cell to generate power, but thermal heat 

is radiatively exhausted to deep space. These concepts inspire the engineering of a 

nighttime PV cell in order to extract electrical power from the radiative emission of 

thermal wavelengths from a device on earth to outer space. 

1.4 Outline of thesis 

We will first discuss the background and history of thermoradiative 

photovoltaics (TR PV) in Chapter 2 and the use of selectively emissive materials in 

cooling applications in Chapter 3. Chapter 4 will then discuss the fundamental limits 

of the proposed nighttime photovoltaic cell. We introduce a simple model for a TR PV 

device that generates power by using the heat of the earth as a thermal power source 

and the night sky as a thermal radiative heat sink. We then calculate the fundamental 

limits of such a device. In Chapter 5 we discuss possible materials, their respective 

practical limits, and finally the scalability, integrability, and energy harvesting potential 

of a nighttime PV cell. Chapter 6 concludes the work with a discussion of the impact 

of the study and the work needed to further the technology.  
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a) 

 

Figure 1.4a Cartoon representation of Figure 1.1a, a photovoltaic cell illuminated by 

solar irradiation during the day. Absorbed photons create electron-hole pairs across the 

semiconductor bandgap and establish a working voltage, V. Tristan Deppe and Jeremy 

N. Munday. Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   

Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 
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b) 

 

Figure 1.4b Cartoon representation of Figure 1.1b, a thermoradiative cell at night. The 

cell emits thermal radiation in the infrared into space. As electron-hole pairs recombine 

across the semiconductor bandgap, a negative voltage is established. Image selected 

for cover of January issue of ACS Photonics. Tristan Deppe and Jeremy N. Munday. 

Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   Coupling 

with Deep Space. ACS Photonics 2020, 7, 1, 1-9.
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Chapter 2: Thermoradiative Photovoltaics 
 

In this chapter, we will present the physical principles that govern 

thermoradiative photovoltaics, the driving mechanism behind a nighttime photovoltaic 

cell. We explain the electron transport within such a device, correlating it to a standard 

photovoltaic cell, and introduce the equations used to calculate power. We then discuss 

efficiency and conclude with an overview of previous work. 

2.1 Physical principles  

The physical principles governing TR cells are similar to those behind 

conventional photovoltaics.2,11-14 When a p-n junction is in thermal equilibrium with 

its surroundings in the dark (Figure 2.1a), the random absorption of photons by the cell 

equals the random emission from the cell, and the Fermi level remains constant 

throughout the semiconductor. Under illumination and normal PV cell operation 

(Figure 2.1b), absorption is greater than emission, and this difference generates 

photocurrent. Photon absorption increases the total electron and hole carrier density, 

which increases the quantity np to greater than nopo = ni
2, the square of the total intrinsic 

carrier density. This excess carrier generation splits the electron and hole Fermi levels 

within the junction by an amount ∆𝜇 = 𝑞𝑉, which are then referred to as the quasi-

Fermi levels. If the cell is connected to a load, excess electrons and holes that do not 

recombine within the material can be extracted on the n- and p-side, respectively, with 

energy slightly below qV due to thermodynamic losses. If the p-n junction is at a higher 

temperature than its surroundings (Figure 2.1c), emission from the device dominates 

absorption as the device tries to cool. However, if the cell is connected to a thermal 



 

11 

 

reservoir, its temperature remains constant. In this case, the enhanced emission 

decreases the carrier concentration below its equilibrium value, nopo, which splits the 

electron and hole Fermi levels in the opposite direction and introduces a reverse bias 

voltage across the junction. When short-circuited or connected to a load, the 

recombination of an electron and hole pair that is not balanced by absorption of a 

photon results in an additional electron and hole being inserted via the contacts to 

balance the lost pair. This injection results in current flow. Functionally, the main 

difference between a TR PV cell and a conventional PV cell is that (i) the current flows 

in the opposite direction and (ii) the sign of the voltage is also reversed; therefore, both 

scenarios generate usable power. 
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Figure 2.1a Band diagram and the path of carriers through a p-n junction at thermal 

equilibrium, where emission balances absorption and no current is produced. Tristan 

Deppe and Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical Power 

Generation by Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 
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Figure 2.1b A p-n junction under illumination, i.e. conventional solar cell operation, 

where excess carriers are created due to absorption and extracted at the contacts when 

connected across an external circuit. Tristan Deppe and Jeremy N. Munday. Nighttime 

Photovoltaic Cells: Electrical Power Generation by Optically   Coupling with Deep 

Space. ACS Photonics 2020, 7, 1, 1-9. 
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Figure 2.1c A p-n junction functioning as a thermoradiative cell, where emission 

reduces the carrier concentration below thermal equilibrium and a reverse bias forms 

across the junction. When connected to an external circuit, current flows in the reverse 

direction as under illumination, and carriers are inserted at the contacts. Tristan Deppe 

and Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical Power Generation by 

Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 
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2.2 Mathematical analysis 

To describe the current and power produced by a TR cell at temperature 𝑇𝑐 

exposed to a cooler body at temperature 𝑇𝑎, we use the principles of detailed balance, 

formulated by Shockley and Queisser. First, the photon flux emitted from an 

illuminated or biased semiconductor is derived from Planck’s generalized law for 

blackbody radiation and is equal to15 

𝑁̇(𝑇, ∆𝜇) =  
2𝜋

ℎ3𝑐2 ∫
(𝐸)𝐸2

𝑒

𝐸−∆𝜇
𝑘𝐵𝑇 −1

∞

𝐸𝑔
𝑑𝐸,      (2.1)   

where T, ∆𝜇, (E), and Eg are the temperature, the chemical potential driving emission, 

the energy-dependent emissivity, and the bandgap of the semiconductor, respectively, 

while h is Planck’s constant, kB is Boltzmann’s constant, c is the speed of light, and the 

integral is taken over photon energy, E. In the absence of non-radiative recombination, 

the external current produced by the cell must equal the difference between photon 

absorption and photon emission. Illuminated by a radiative body at 𝑇𝑎, an ideal cell at 

temperature 𝑇𝑐 will produce a current density through an external circuit equal to 

𝐽 = 𝑞[𝑁̇(𝑇𝑎, 0) − 𝑁̇(𝑇𝑐, ∆𝜇𝑐)],      (2.2) 

where ∆𝜇𝑐 is the cell’s chemical potential, which is equal to the quasi-Fermi level 

splitting and is related to the output voltage by ∆𝜇𝑐 = 𝑞𝑉. As mentioned above, in a 

TR cell emission dominates absorption, as 𝑇𝑐 >  𝑇𝑎. For a cell that is a perfect emitter 

and absorber of photons at or above the bandgap energy of the semiconductor and is 

transparent to lower energy photons (i.e. =0 for E<Eg, and =1 for E≥Eg), one can 
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see from eqs 2.1 and 2.2 that the current will be negative. By attaching a load across 

the cell, the extractable power density is  

𝑃 = 𝐽𝑉 = 𝑞𝑉[𝑁̇(𝑇𝑎, 0) − 𝑁̇(𝑇𝑐, 𝑞𝑉)] .    (2.3) 

2.3 The matter of efficiency 

The efficiency of a TR cell has been derived for cases where the device is heated 

up to temperatures above ambient2,12 and when emission is restricted to a very narrow 

bandwidth.13,14 In these situations, the cell is exchanging energy with its ambient 

environment, e.g. a hot cell in a cold room, which functions as a heat sink. This scenario 

is modeled thermodynamically as a heat engine in Figure 2.2.  

 

Figure 2.2 A thermodynamic model of a TR cell exchanging energy with its 

environment. The TR cell is held at a higher temperature than the ambient due to some 

heat input mechanism, Qin. Energy is exchanged between the two blackbodies, i.e. Erad 

is emitted from the cell to the ambient, and Eabs is emitted from the ambient and 

absorbed by the cell. The cell is at the higher temperature, as TH > TC, therefore Erad > 

Eabs, and work, W, can be extracted from the cell. 
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Through a radiative exchange with the environment, the cell absorbs and emits 

energies Eabs and Erad, respectively. If the cell is hotter than the ambient, such that TH 

> TC, electrical power can be produced by the cell in the form of work, W. Following 

Strandberg’s treatment for a steady-state case,2 where TH and TC remain constant, the 

total energy flowing into the cell must equal the energy flowing out, such that  

Qin + Eabs = W + Erad .       (2.4) 

If we consider the traditional efficiency, 

 = Pout/Pin ,        (2.5) 

Pin can be defined as Qin, the heat added to the cell to maintain a constant cell 

temperature, TH, above the ambient temperature, TC. Pout is the electrical power, W, 

extracted from the system. With this formulation, we can solve equation 2.4 for Qin, 

input it into 2.5, and follow the principles of detailed balance using equations 2.1 and 

2.3 to find the efficiency of a thermoradiative cell at various temperatures within an 

ambient environment of TC = 300 K. Figure 2.3 shows the efficiency as a function of 

operating voltage for a 500 K cell, at various bandgap energies, in a 300 K ambient. 

Table 2.1 shows the maximum efficiency and maximum extractable power. One notes 

that maximum power is extracted at lower operating voltages while maximum 

efficiency is obtained with higher voltage.  



 

18 

 

 

Figure 2.3 Efficiency as a function of operating voltage for a thermoradiative cell held 

by some external heat source at 500 K within a constant 300 K environment. The 

maximum extractable powers are 186, 59.8, and 12.1 W/m2 for bandgap energies of 

0.1, 0.2 and 0.3 eV, respectively, as seen in Table 2.1. 

 

 

 
 

 

 

Table 2.1 The maximum efficiency point (MEP) and maximum power point (MPP) 

are the operating voltages at which the maximum efficiency and maximum power can 

be extracted from the cell. The table shows these max values with their corresponding 

operating voltages for various material energy gaps for a thermoradiative cell at 500 K 

radiatively coupled to a 300 K ambient environment.  
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2.4 Direction of this work 

Unlike the scenario described in the previous section, in our configuration for a 

nighttime photovoltaic device, the cell is maintained at ambient temperature by the 

earth, rather than heated above ambient temperature by an external heat source, and is 

optically coupled with space as its heat sink. Because no work is done to heat the cell 

(noting that it is connected to an effectively infinite thermal reservoir), the traditional 

efficiency, Pout/Pin, becomes a less useful metric as Pin is simply conductive sources of 

heat from the earth and the surroundings plus the ambient radiation into the cell. A plot 

of the efficiency, following the treatment outlined in the previous section, can be found 

in Appendix B, however, the purpose of this thesis is to analyze the extractable 

electrical power per unit area rather than the efficiency of such a process.  

 Low bandgap materials are needed for TR devices so that the bandgap energy 

more closely matches the peak of the device’s thermal emission spectrum, as shown 

previously in Figure 1.3. In the discussion in Chapter 4, we focus on the potential to 

extract power from a cell around ambient temperature, 𝑇𝑐 = 300 K, using the Earth as 

a heat source and the night sky, which also varies in temperature, as a heat sink, as 

illustrated previously in Figures 1.1b and 1.4b. Recently, Santhanam and Fan showed 

that a HgCdZnTe thermoradiative cell (with Eg = 0.218 eV) could deliver 1 pW of 

power when held at 295 K and exposed to an emissive plate with a 10 K temperature 

difference.14 To enhance the extractable power past the pW scale, in the following 

chapter, we consider ideas from the advancing field of radiative cooling to employ deep 

space as a heat sink to allow for a significantly larger temperature difference and 

increase power production.    
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Chapter 3: Radiative cooling 
 

 For a thermoradiative cell to generate power, as outlined in the previous 

chapter, the photon flux out of the cell must be greater than the photon flux into the 

cell. Since the nighttime photovoltaic cell is held at ambient temperature and uses space 

as a heat sink, the top surface of the nighttime photovoltaic cell must be optically 

coupled with the night sky. The following chapter serves as a review of materials that 

have been designed to enable this behavior within the field of radiative cooling. 

3.1 Key factors in radiative cooling 

The key factors needed for effective daytime radiative cooling are:  

(i) the ability to transmit or reflect solar illumination to avoid heating,  

(ii) thermal isolation from the environment to limit additional conductive 

and convective heat exchanges with the surroundings, and  

(iii) the ability to emit wavelengths that fall within the atmospheric 

transparency window to enable radiative heat transfer to deep space. 

While earth’s atmosphere absorbs and reflects at various wavelengths, there is a region 

within the infrared portion of the electromagnetic spectrum for which the atmosphere 

is mostly transparent. This is known as the atmospheric transparency window (ATW) 

and falls roughly between 8 – 13 m (Figure 3.1). Note there is also a secondary 

window at slightly longer wavelengths.  
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Figure 3.1 The majority of the solar irradiance incident on earth (left) falls in the visible 

range of the electromagnetic spectrum, compared to the transmittance spectrum of the 

atmosphere (right), of which the portion between 8 and 13 𝜇m is known as the 

atmospheric transparency window (ATW). This is the spectral region through which 

thermal radiation can escape the atmosphere. The insert shows the simplified spectral 

characteristics of a radiative cooler that reflects the solar wavelengths and emits within 

the ATW. Solar data from nrel.gov and atmospheric data from gemini.edu. Tristan 

Deppe and Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical Power 

Generation by Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 

 

The earth, whose surface temperatures range from about 220 to 320 K, emits 

strongly within this infrared window, the peak of a 300 K blackbody falling at 9.7 𝜇m 

or 0.13 eV in Figure 1.3. These long-wave infrared (LWIR) wavelengths can pass 

through the atmosphere, a phenomenon that allows for the earth to regulate its own 

temperature and remain habitable. Furthermore, materials that emit and absorb 

predominately over this bandwidth but reflect or transmit the solar spectrum are 

optically coupled to deep space but blind to the atmosphere and the sun. Using a 

material with such a tailored emission spectrum allows for the dramatic cooling of its 

substrate through photonic emission both at night and under direct sunlight. This 

concept has also recently been suggested as an additional mitigation strategy to address 

climate change.16  
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Fig. 3. Passive daytime radiative cooling performance of P(VdF-HFP)HP. (A) Schematic of the setup for testing 

performance under sunlight. (B) Topographic and meteorological information of the test locations. (C) Average 

solar intensity (Isolar) and sub-ambient temperature drops (∆T) of P(VdF-HFP)HP coatings in New York, Phoenix 

and Chattogram. (D) Detailed Isolar and (E) temperature data of the result for Phoenix in C. (F) Isolar and cooling 

powers ( coolingP ) of P(VdF-HFP)HP coatings measured in New York and Phoenix. (G) Detailed Isolar, (H) 

Temperature tracking and (I) coolingP  data of the result for Phoenix in F. Dotted line in (I) indicates average coolingP  

over the duration of the experiment. Additional information is provided in the supplementary materials (4). 
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and, more importantly, the effectiveness of the radiative cooling by a low-cost, scalably-

manufactured glass-polymer hybrid metamaterial for cold water production, which could 

have applications in cooling of buildings, data centers and even thermoelectric power 

plants.  

 

 
 

Fig. S6. Direct radiative cooling of a tank of water. (A) Schematic for the setup. (B) The 

ambient temperature (Black), water tank surface temperature (Blue), water temperature 

(Green), and the metamaterial surface temperature (Red) as functions of time. At 3:10 am 

on September 15th 2016, the metamaterial was exposed to the sky. (C) The transient 

analysis of the cold energy stored in the water (Blue), the plastic water tank (Green), the 

stacked structure, including the metamaterial, silver-coated wafer, and the copper plate 

(Cyan), and the summation of the three (Red). The total convective and conductive heat 

loss (Magenta) through the Polystyrene foam box increased with the increasing 

temperature differences between the enclosure and ambient air. The total heat capacity is 

about 33 KJ/(m2 K). The total radiative cooling power of the metamaterial (Black) is the 

sum of the heat loss and the cold stored in all materials, which was approximately 120 

W/m2. The overshoot in measured radiative cooling power at the beginning of the 

measurement was due to non-steady heat flows between the components of the 

measurement system.   
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Fig. 3. Spectroscopic response of the hybrid metamaterial. (A) Schematic of the hybrid metamaterial 

backed with a thin silver film. The silver film diffusively reflects most of the incident solar irradiance while the 

hybrid material absorbs all incident infrared irradiance and is highly infrared emissive. (B) Three-dimensional 

confocal microscope image of the hybrid metamaterial. The microspheres are visible due to the 

autofluorescence of SiO2. (C) Power density of spectral solar irradiance (AM1.5) and thermal radiat ion of a 

blackbody at room temperature. The sharply varying features of both spectra are due to the absorbance of the 

atmosphere. The radiative cooling process relies on strong emission between 8 and 13 µm, the atmospheric 

transmission window. (D) The measured emissivity/ absorptivity (black curve) of the 50-µm-thick hybrid 

metamaterial from 300 nm to 25 µm. Integrating spheres are employed for the measurement of both solar 

(300 nm to 2.5 µm) and infrared (2.5 µm to 25 µm) spectra. Theoretical results for the same hybrid 

metamaterial structure (red curves) are plotted for comparison. Two different numerical techniques, RCWA 

and incoherent transfer matrix methods, are employed for the solar and infrared spectral ranges, respectively. 
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through acombination of material propertiesand interferenceeffects.
SiO2hasastrongpeak in itsabsorptivity near 9mm dueto itsphonon–
polaritonresonance.HfO2alsopresentsnon-zeroabsorptionandhence
emission inthe8–13mmwavelengthrange28.Thecombinationof all these
layersresultsin amacroscopicallyplanar and integrated structurethat
collectivelyachieveshighsolar reflectanceandstrongthermal emission.

Thephotonic radiativecooler’sabsorptivity/emissivity spectrum is
experimentallycharacterizedandshown inFig.2.Thecooler showsmin-
imal absorption when integrated from 300nm to4mm,wherethesolar
spectrum ispresent, in Fig. 2a, reflecting 97%of incident solar power
at near-normal incidence.InFig.2bweobservethat thecooler hasstrong
and remarkablyselectiveemissivity in theatmosphericwindowbetween
8mmand13mm.Moreover,thephotonicradiativecooler’sthermal emis-
sivitypersiststo largeangles(seeExtendedDataFig.1),auseful feature
tomaximizeradiatedpower Prad,ahemisphericallyintegratedquantity—
seeequation (2)—andreminiscent of thebehaviour of hyperbolicmeta-
materials29.Photonicdesign fundamentallyenablesthesespectral prop-
erties,which in turn areessential to achievingbelow-ambient radiative
cooling. This spectral behaviour, and below-ambient cooling, is not
achievableusingthesematerialsindividuallywith conventional metal-
lic reflectors.

Wedemonstratetheperformanceof thephotonicradiativecooler on
aclear winter day in Stanford,California,byexposingit to theskyon a
buildingroof duringdaylight hoursandcomparingitssteady-statetem-
peratureto theambient air temperature. Asshown in thetemperature
dataof Fig.3a, immediately after thesampleisexposed to theenviron-
ment (shortly before10:00local timein Fig.3a), itstemperaturedrops
to approximately 4uto 5uCelsiusbelow theambient air temperature,

even thoughsignificant solar irradianceisalready incident on thesam-
ple. Thisisakey signatureof radiativecooling, and acounterintuitive
result duringtheday:wetypicallythinkof surfacesincreasingtheir tem-
peraturewhen removed from theshadeand exposed to theSun during
theday.Weobservethephotonicradiativecooler’stemperaturefor over
fivehoursunder direct sunlight.Over 800W m2 2of solar power isinci-
dent on thesamplefor threeof thefivehours. Thecooler maintainsa
steady-statetemperaturesubstantially below theair temperatureover
the entire day, and is 4.9uC6 0.15uC below the air temperature bet-
ween 13:00 and 14:00 (local time) when thesolar irradiance is in the
range800–870W m2 2. To illustrate thesignificanceof thisresult, we
comparein Fig.3bthephotonicradiativecooler’sperformanceagainst
200-mm wafersin identical apparatusescoatedwith conventional ma-
terials:carbonblackpaint andaluminium.Theblackpaint reachesnear
80uC, which is more than 60uC above the ambient air temperature,
whilethealuminiumreachesnearly40uC,which is20uCabovetheam-
bient air temperature.Typical roofingmaterial hasstrongsolar absorp-
tion andhencesignificantlyheatsupunder direct sunlight,asemulated
by theblack paint result here. Also, onestill seesvery strong heating
with an aluminium film,even though it providesrelativelystrongsolar
reflection.

Wenext characterizethephotonic radiativecooler’scoolingpower.
Weallow itstemperatureto reach thepreviously achieved steady-state
valueunder peaksunlight conditionsof nearly900W m2 2.Wethen in-
put heat tothecooler in stepsover thecourseof onehour andobserved
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Figure 2 | Emissivity/absorptivity of thephotonic radiativecooler from the
ultraviolet to themid-infrared. a, Measured emissivity/absorptivity at 5u
angleof incidenceof thephotonic radiativecooler over optical and near-
infrared wavelengthsusing an unpolarized light source, with theAM1.5 solar
spectrum plotted for reference. Thecooler reflects97%of incident solar
radiation. b, Measured emissivity/absorptivity of thecooler at 5uangleof
incidenceover mid-infrared wavelengthsusing an unpolarized light source,
with a realistic atmospheric transmittancemodel plotted for reference26.
Thephotonic cooler achievesstrong selectiveemission within the
atmospheric window.
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94% of sunlight must bereflected, especially given variation in atmo-
spheric conditionsacrossdifferent geographic regions27. This isparti-
cularly challenging when combined with thegoal of emitting strongly
and selectively in theatmosphericwindow.Previousapproachesusing
metallicreflectorsandconventional thermal emitterswith reflectivecover
foilshavethusproved tobeinsufficient toachievecoolingunder direct
sunlight. Finally, theradiativecooler must bewell sealed from itsen-
vironment tominimizehcand in turn Pcond1 conv.Thisconstraint pres-
ents an experimental design challenge during thedaytime given that
most surfaces that might be in contact with the radiative cooler will
themselves heat up when exposed to sunlight and transfer thisadded
heat to thecooler.

A previouspaper presented atheoretical design of aphotonicstruc-
turecapableof satisfying theemission and reflection requirementsfor
cooling14.Thedesign thereinvolved theuseof acomplextwo-dimensional
photonic crystal that would requirephotolithography. Hereweintro-
duceand numerically optimizean alternative theoretical design based
on one-dimensional photonicfilmsthat ismoreamenabletolarge-scale
fabrication, and experimentally realizeit. Furthermore, wedesign and
build an apparatus that minimizes heat load on the radiative cooler,
allowing us to observe below-ambient cooling in the daytime for the
first time.

Therooftop measurement apparatusthat minimizeshc, and isused
toexperimentally demonstrateradiativecoolingunder direct sunlight,
isshown in Fig. 1a. Thedesign of theapparatus, shown schematically
inFig.1bandc,reducesbothconvectionandconduction totheradiative
cooler under peaksolar irradiance.Theradiativecoolingsurface,depos-
itedon a200-mmsiliconwafer, isplaced on apolystyrenepedestal which
issupportedbyaclear acrylicbox (seeMethodsfor details).A clear 12.5-mm
polyethylenefilm liesabovethesampleasan infrared-transparent wind

shield.Ascan beseen in thetwo-dimensional schematicof theapparatus
in Fig. 1c, the radiative cooler is thus suspended in a relatively well-
sealed air pocket. Such an air pocket design represents a key innova-
tion in theexperimental demonstration of daytime radiative cooling:
notethat our sampleisfar smaller than thesurroundingroof.Thisdesign
aimstoensurethat anysurfacein immediatecontact with theair pocket
or thesamplewill heat up minimally duetosolar irradiance.Finally, to
ensure peak sunlight irradiance of up to 890W m2 2 on the radiative
cooler during thewinter months in which testing wasconducted, the
entireapparatusistilted 30utowardsthesouth.Thisexperimental con-
straint reducessky accessfor thepurposesof thermal radiation, so for
thesamesetup,better coolingperformancewouldbeexpected if onewere
to operate the cooler without the tilt.

Weuseaphotonicapproach to meet thesestringent demandsof se-
lective thermal emission in the mid-infrared, and strong solar reflec-
tion.An extensivenumerical optimization scheme(seeMethods) isused
to achieve thephotonic design schematically shown in Fig. 1d with a
scanning electron microscope cross-section. The photonic radiative
cooler consists of seven alternating layersof hafnium dioxide (HfO2)
and silicon dioxide(SiO2) of varying thicknesses, on top of 200nm of
silver (Ag), which areall deposited on top of a200-mm silicon wafer.
Thebottom four layersof HfO2and SiO2havethicknessesthat areless
than 100nm and assist in optimizingsolar reflection in amanner akin
to that achievable using periodic one-dimensional photonic crystals.
HfO2 servesasahigh-index material that also presents low ultraviolet
absorption,auseful featurewhen optimizingfor solar reflectance,while
SiO2 isoptically transparent and isthelow-index layer.Theuseof HfO2

is, however, not essential, and can be replaced with titanium dioxide
(TiO2), which islessexpensive. Thetop three layersaremuch thicker
and are primarily responsible for thermal radiation from the cooler,
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b, Three-dimensional schematic of theapparatusand radiativecooler,
showingthegeneral modeof operation of theradiativecooler.Theapparatusis
designed to minimizeconductiveand convectiveheat exchangeto the
cooler. c, Cut-out schematic of theapparatus through themiddle, showing
how an air pocket iscreated around theradiativecooler. Surfacesadjacent to

thisair pocket heat up minimally dueto incident solar irradianceand therefore
minimizetheheat load on theair inside thepocket. Mylar ispolyethylene
terephthalate. d,Scanningelectron microscopeimageof thephotonic radiative
cooler that isdesigned, implemented and tested in our experiments. It consists
of seven layers of HfO2 and SiO2, whose thicknessesaredefined by extensive
numerical optimization (seeMethods), on top of 200nm of Ag, a20-nm-thick
Ti adhesion layer, and a 750-mm-thick, 200-mm-diameter Si wafer substrate.
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94%of sunlight must bereflected, especially given variation in atmo-
sphericconditionsacrossdifferent geographic regions27. Thisisparti-
cularly challengingwhen combined with thegoal of emittingstrongly
and selectively in theatmosphericwindow.Previousapproachesusing
metallicreflectorsandconventional thermal emitterswith reflectivecover
foilshavethusproved tobeinsufficient toachievecoolingunder direct
sunlight. Finally, theradiativecooler must bewell sealed from itsen-
vironment tominimizehcandin turn Pcond1 conv.Thisconstraint pres-
entsan experimental design challenge during thedaytime given that
most surfaces that might be in contact with the radiative cooler will
themselves heat up when exposed to sunlight and transfer thisadded
heat to thecooler.

A previouspaper presented atheoretical design of aphotonicstruc-
turecapableof satisfyingtheemission and reflection requirementsfor
cooling14.Thedesignthereinvolvedtheuseofacomplextwo-dimensional
photonic crystal that would requirephotolithography. Hereweintro-
duceand numerically optimizean alternativetheoretical design based
onone-dimensional photonicfilmsthat ismoreamenabletolarge-scale
fabrication, and experimentally realizeit.Furthermore, wedesign and
build an apparatus that minimizes heat load on the radiative cooler,
allowing us to observe below-ambient cooling in thedaytime for the
first time.

Therooftop measurement apparatusthat minimizeshc, and isused
toexperimentally demonstrateradiativecoolingunder direct sunlight,
isshown in Fig. 1a. Thedesign of theapparatus, shown schematically
inFig.1bandc,reducesbothconvectionandconduction totheradiative
cooler under peaksolar irradiance.Theradiativecoolingsurface,depos-
itedona200-mmsiliconwafer,isplacedonapolystyrenepedestal which
issupportedbyaclear acrylicbox(seeMethodsfor details).A clear 12.5-mm
polyethylenefilm liesabovethesampleasan infrared-transparent wind

shield.Ascanbeseen in thetwo-dimensional schematicof theapparatus
in Fig. 1c, the radiative cooler is thus suspended in a relatively well-
sealed air pocket. Such an air pocket design represents akey innova-
tion in theexperimental demonstration of daytimeradiativecooling:
notethat our sampleisfar smaller than thesurroundingroof.Thisdesign
aimstoensurethat anysurfacein immediatecontact withtheair pocket
or thesamplewill heat upminimally duetosolar irradiance.Finally, to
ensurepeak sunlight irradiance of up to 890W m2 2 on the radiative
cooler during thewinter months in which testing wasconducted, the
entireapparatusistilted30utowardsthesouth.Thisexperimental con-
straint reducessky accessfor thepurposesof thermal radiation, so for
thesamesetup,better coolingperformancewouldbeexpected if onewere
to operate thecooler without thetilt.

Weuseaphotonicapproach tomeet thesestringent demandsof se-
lective thermal emission in themid-infrared, and strong solar reflec-
tion.Anextensivenumerical optimizationscheme(seeMethods) isused
to achieve thephotonic design schematically shown in Fig. 1d with a
scanning electron microscope cross-section. The photonic radiative
cooler consistsof seven alternating layersof hafnium dioxide(HfO2)
and silicon dioxide(SiO2) of varying thicknesses, on top of 200nm of
silver (Ag), which areall deposited on top of a200-mm silicon wafer.
Thebottom four layersof HfO2and SiO2havethicknessesthat areless
than 100nm and assist in optimizingsolar reflection in amanner akin
to that achievable using periodic one-dimensional photonic crystals.
HfO2 servesasahigh-index material that also presentslow ultraviolet
absorption,auseful featurewhenoptimizingfor solar reflectance,while
SiO2 isoptically transparent andisthelow-index layer.Theuseof HfO2

is, however, not essential, and can bereplaced with titanium dioxide
(TiO2), which islessexpensive. Thetop threelayersaremuch thicker
and are primarily responsible for thermal radiation from the cooler,
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Figure 1 | Rooftop apparatusand photonic radiativecooler. a, Photo of the
apparatusand radiativecooler on the test rooftop in Stanford, California.
b, Three-dimensional schematic of theapparatusand radiativecooler,
showingthegeneral modeof operation of theradiativecooler.Theapparatusis
designed to minimizeconductiveand convectiveheat exchangeto the
cooler. c, Cut-out schematic of theapparatus through themiddle, showing
how an air pocket iscreated around theradiativecooler. Surfacesadjacent to

thisair pocket heat up minimally dueto incident solar irradianceand therefore
minimize theheat load on theair insidethepocket. Mylar ispolyethylene
terephthalate. d, Scanningelectron microscopeimageof thephotonic radiative
cooler that isdesigned, implemented and tested in our experiments. It consists
of seven layersof HfO2 and SiO2, whose thicknessesaredefined by extensive
numerical optimization (seeMethods), on top of 200nm of Ag, a20-nm-thick
Ti adhesion layer, and a 750-mm-thick, 200-mm-diameter Si wafer substrate.
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94%of sunlight must bereflected, especially given variation in atmo-
spheric conditionsacrossdifferent geographic regions27. This isparti-
cularly challengingwhen combined with thegoal of emittingstrongly
and selectively in theatmosphericwindow.Previousapproachesusing
metallicreflectorsandconventional thermal emitterswith reflectivecover
foilshavethusproved tobeinsufficient toachievecoolingunder direct
sunlight. Finally, theradiativecooler must bewell sealed from itsen-
vironment tominimizehcand in turn Pcond1 conv.Thisconstraint pres-
ents an experimental design challenge during thedaytime given that
most surfaces that might be in contact with the radiative cooler will
themselvesheat up when exposed to sunlight and transfer thisadded
heat to thecooler.

A previouspaper presented atheoretical design of aphotonicstruc-
turecapableof satisfying theemission and reflection requirementsfor
cooling14.Thedesign thereinvolvedtheuseof acomplextwo-dimensional
photonic crystal that would requirephotolithography. Hereweintro-
duceand numerically optimizean alternativetheoretical design based
onone-dimensional photonicfilmsthat ismoreamenabletolarge-scale
fabrication, and experimentally realizeit. Furthermore, wedesign and
build an apparatus that minimizes heat load on the radiative cooler,
allowing us to observe below-ambient cooling in the daytime for the
first time.

Therooftop measurement apparatusthat minimizeshc, and isused
to experimentally demonstrateradiativecoolingunder direct sunlight,
isshown in Fig. 1a. Thedesign of theapparatus, shown schematically
inFig.1bandc,reducesbothconvectionandconduction totheradiative
cooler under peaksolar irradiance.Theradiativecoolingsurface,depos-
itedona200-mmsiliconwafer, isplacedon apolystyrenepedestal which
issupportedbyaclear acrylicbox(seeMethodsfor details).A clear 12.5-mm
polyethylenefilm liesabovethesampleasan infrared-transparent wind

shield.Ascan beseen in thetwo-dimensional schematicof theapparatus
in Fig. 1c, the radiative cooler is thus suspended in a relatively well-
sealed air pocket. Such an air pocket design represents a key innova-
tion in theexperimental demonstration of daytime radiative cooling:
notethat our sampleisfar smaller than thesurroundingroof.Thisdesign
aimstoensurethat anysurfacein immediatecontact with theair pocket
or thesamplewill heat up minimally duetosolar irradiance.Finally, to
ensure peak sunlight irradiance of up to 890W m2 2 on the radiative
cooler during thewinter months in which testing wasconducted, the
entireapparatusistilted30utowardsthesouth.Thisexperimental con-
straint reducessky accessfor thepurposesof thermal radiation, so for
thesamesetup,better coolingperformancewouldbeexpected if onewere
to operate thecooler without the tilt.

Weuseaphotonicapproach to meet thesestringent demandsof se-
lective thermal emission in themid-infrared, and strong solar reflec-
tion.An extensivenumerical optimizationscheme(seeMethods) isused
to achieve thephotonic design schematically shown in Fig. 1d with a
scanning electron microscope cross-section. The photonic radiative
cooler consists of seven alternating layersof hafnium dioxide (HfO2)
and silicon dioxide(SiO2) of varying thicknesses, on top of 200nm of
silver (Ag), which areall deposited on top of a200-mm silicon wafer.
Thebottom four layersof HfO2and SiO2havethicknessesthat areless
than 100nm and assist in optimizing solar reflection in amanner akin
to that achievable using periodic one-dimensional photonic crystals.
HfO2 servesasahigh-index material that also presentslow ultraviolet
absorption,auseful featurewhenoptimizingfor solar reflectance,while
SiO2 isoptically transparent and isthelow-index layer.Theuseof HfO2

is, however, not essential, and can bereplaced with titanium dioxide
(TiO2), which islessexpensive. Thetop threelayersaremuch thicker
and are primarily responsible for thermal radiation from the cooler,
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Figure 1 | Rooftop apparatusand photonic radiativecooler. a, Photo of the
apparatusand radiativecooler on the test rooftop in Stanford, California.
b, Three-dimensional schematic of theapparatusand radiativecooler,
showingthegeneral modeof operation of theradiativecooler.Theapparatusis
designed to minimizeconductiveand convectiveheat exchangeto the
cooler. c, Cut-out schematic of theapparatus through themiddle, showing
how an air pocket iscreated around the radiativecooler. Surfacesadjacent to

thisair pocket heat up minimally dueto incident solar irradianceand therefore
minimize theheat load on theair inside thepocket. Mylar ispolyethylene
terephthalate. d,Scanningelectron microscopeimageof thephotonic radiative
cooler that isdesigned, implemented and tested in our experiments. It consists
of seven layersof HfO2 and SiO2, whosethicknessesaredefined by extensive
numerical optimization (seeMethods), on top of 200nm of Ag, a20-nm-thick
Ti adhesion layer, and a 750-mm-thick, 200-mm-diameter Si wafer substrate.
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through acombination of material propertiesand interferenceeffects.
SiO2hasastrongpeak in itsabsorptivity near 9mm dueto itsphonon–
polariton resonance.HfO2alsopresentsnon-zeroabsorption andhence
emission in the8–13mmwavelengthrange28.Thecombinationof all these
layersresultsin amacroscopical ly planar and integrated structurethat
collectivelyachieveshighsolar reflectanceandstrongthermal emission.

Thephotonic radiativecooler’sabsorptivity/emissivity spectrum is
experimentallycharacterized andshown inFig.2.Thecooler showsmin-
imal absorption when integrated from 300nm to4mm,wherethesolar
spectrum ispresent, in Fig. 2a, reflecting 97%of incident solar power
at near-normal incidence.InFig.2bweobservethat thecooler hasstrong
and remarkablyselectiveemissivity in theatmospheric window between
8mmand13mm.Moreover,thephotonicradiativecooler’sthermal emis-
sivitypersiststo largeangles(seeExtended DataFig.1),auseful feature
tomaximizeradiated power Prad,ahemispherically integratedquantity—
seeequation (2)—and reminiscent of thebehaviour of hyperbolicmeta-
materials29.Photonicdesign fundamentallyenablesthesespectral prop-
erties, which in turn areessential to achievingbelow-ambient radiative
cooling. This spectral behaviour, and below-ambient cooling, is not
achievableusingthesematerialsindividually with conventional metal-
lic reflectors.

Wedemonstratetheperformanceof thephotonicradiativecooler on
aclear winter day in Stanford, California, by exposing it to thesky on a
buildingroof duringdaylight hoursandcomparingitssteady-statetem-
peratureto theambient air temperature. Asshown in thetemperature
dataof Fig.3a, immediately after thesampleisexposed to theenviron-
ment (shortly before10:00 local timein Fig. 3a), itstemperaturedrops
to approximately 4uto 5uCelsiusbelow theambient air temperature,

even though significant solar irradianceisalready incident on thesam-
ple. This isakey signatureof radiativecooling, and acounterintuitive
result duringtheday:wetypically think of surfacesincreasingtheir tem-
peraturewhen removed from theshadeand exposed to theSun during
theday.Weobservethephotonicradiativecooler’stemperaturefor over
fivehoursunder direct sunlight.Over 800W m2 2of solar power isinci-
dent on thesample for threeof thefivehours. Thecooler maintains a
steady-state temperaturesubstantially below theair temperatureover
the entire day, and is 4.9uC6 0.15uC below the air temperature bet-
ween 13:00 and 14:00 (local time) when thesolar irradiance is in the
range800–870W m2 2. To illustrate thesignificance of this result, we
comparein Fig.3bthephotonicradiativecooler’sperformanceagainst
200-mm wafersin identical apparatusescoated with conventional ma-
terials:carbon black paint andaluminium.Theblack paint reachesnear
80uC, which is more than 60uC above the ambient air temperature,
whilethealuminium reachesnearly40uC,which is20uCabovetheam-
bient air temperature.Typical roofingmaterial hasstrongsolar absorp-
tion andhencesignificantlyheatsupunder direct sunlight,asemulated
by theblack paint result here. Also, onestill sees very strong heating
with an aluminium film,even though it providesrelatively strongsolar
reflection.

Wenext characterizethephotonic radiativecooler’scoolingpower.
Weallow itstemperatureto reach thepreviously achieved steady-state
valueunder peak sunlight conditionsof nearly900W m2 2.Wethen in-
put heat to thecooler in stepsover thecourseof onehour and observed
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3.2 Traditional and commercial methods 

White paints have traditionally been used to achieve this effect on a commercial 

scale as they can easily be applied over large areas and reflect most of the solar 

spectrum, with hemispherical solar reflectivity, Rsolar, up to ~0.94 (over a wavelength 

range of ~0.3 – 2.5 m).17 Many pigments also emit well in the IR, with broadband 

hemispherical thermal emittance, IR, up to ~0.90 (over a wavelength range of 3 – 25 

m).17 However, common white pigments like titania and zinc oxide absorb strongly 

in the UV, which limits cooling performance under direct sunlight.6,7 Some transparent 

polymers, such as PMMA,18 have excellent broadband thermal emittance, while others, 

like TPX and PVF,19 emit selectively in the LWIR. Consequently, there are numerous 

thermoplastic films and membranes available on the market that utilize different 

combinations of polymers to achieve effective daytime cooling, the best with Rsolar and 

IR around ~0.90.17 Like white paints, these polymer-based radiative cooling materials 

are also easily appended to large areas, either rolled out as singly-ply or composite 

sheets, or applied in fluid-form to dry as a membrane. 

3.3 State of the art 

In recent years, likely due to increased global concern about climate change and 

the corresponding shift in focus towards sustainable energy practices, radiative cooling 

has garnered a renewed interest in the research community. Accordingly, rapid 

advancements in radiative cooling have been made to craft different types of photonic 

metamaterials, many based on the emissive polymers highlighted in the previous 

section, that can improve on commercially available paints and films.5-8 The materials 
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highlighted in Figures 3.2, 3.3, 3.4 and 3.5 are constructed differently yet operate on 

similar principles, described in Section 3.1.  When appended to other surfaces, these 

materials have been shown to actually reduce substrate temperature below ambient and, 

in arid environments, are capable of radiating more than 100 W/m2 night and day.6,8 

Metamaterials based on paint-format SiO2 microspheres,7 shown in Figure 3.4, similar 

to the method characterized by Gentle and Smith,20 or the porous P(VdF-HFP)HP 

coating highlighted in Figure 3.5, with Rsolar > 0.96 and hemispherical LWIR emittance 

of LWIR > 0.97, outperform commercial daytime cooling methods while retaining their 

scalability.  
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Figure 3.2 By alternating layers of SiO2 and HfO2, Raman et. al. demonstrated that a 

combination of material properties and interference effects will produce a photonic 

radiative cooler that cools to 4.9 K below ambient air temperature under direct 

sunlight.5  The structure of the multilayered radiative cooler (a) is shown, next to a 

schematic of the experimental set-up (b), whose inlay shows a photo of the experiment. 

The temperature of the radiative cooler is plotted (c) along with the ambient air 

temperature throughout the day. The right axis shows how as solar irradiance increases, 

the temperature difference between the cooler and the air increases, as the cooler is able 

to reflect the majority of the sunlight. Adapted by permission from Springer Nature 

Customer Service Center GmbH: Springer Nature, Nature, Passive Radiative Cooling 

below Ambient Air Temperature under Direct Sunlight, Raman, A. P.; Anoma, M. A.; 

Zhu, L.; Rephaeli, E.; Fan, S., Copyright 2014 Macmillan Publishers Ltd. 
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Figure 3.3 Zhai et. al. embedded resonant SiO2 microspheres randomly in a 

polymethylpentene (TPX) polymer matrix via a roll-to-roll processing method to create 

a scalable glass-polymer metamaterial that achieves a surface temperature about 9 K 

below ambient (d), with notably higher cooling power at night.6  The experimental set-

up (a) used to measure radiative cooling power utilized thermocouples to monitor 

system temperature. The radiated power was equated to the amount of energy pumped 

into the system to maintain constant water temperature. The metamaterial is illustrated 

(b) to show its interaction with light and pictured (c). From Zhai, Y.; Ma, Y.; David, S. 

N.; Zhao, D.; Lou, R.; Tan, G.; Yang, R.; Yin, X. Scalable-Manufactured Randomized 

Glass-Polymer Hybrid Metamaterial for Daytime Radiative Cooling. Science. 2017, 

355, 1062–1066. Reprinted with permission from AAAS. 
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Fig. 3. Spectroscopic response of the hybrid metamaterial. (A) Schematic of the hybrid metamaterial 

backed with a thin silver film. The silver film diffusively reflects most  of the incident solar irradiance while the 

hybrid material absorbs all incident infrared irradiance and is highly infrared emissive. (B) Three-dimensional 

confocal microscope image of the hybrid metamaterial. The microspheres are visible due to the 

autofluorescence of SiO2. (C) Power density of spectral solar irradiance (AM1.5) and thermal radiation of a 

blackbody at room temperature. The sharply varying features of both spectra are due to the absorbance of the 

atmosphere. The radiative cooling process relies on strong emission between 8 and 13 µm, the atmospheric 

transmission window. (D) The measured emissivity/ absorptivity (black curve) of the 50-µm-thick hybrid 

metamaterial from 300 nm to 25 µm. Integrat ing spheres are employed for the measurement of both solar 

(300 nm to 2.5 µm) and infrared (2.5 µm to 25 µm) spectra. Theoretical results for the same hybrid 

metamaterial structure (red curves) are plotted for comparison. Two different numerical techniques, RCWA 

and incoherent transfer matrix methods, are employed for the solar and infrared spectral ranges, respectively. 
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Figure 3.4 Atiganyanun et. al. demonstrated that a paint-format SiO2 microsphere-

based coating on a black substrate can reduce the substrate temperature below that of 

the ambient air by as much as 12°C under sunlight and by 4°C at night while delivering 

about 100 W/m2 radiative cooling power.7 The experimental set-up is pictured (a) and 

illustrated (b) alongside an SEM image of the SiO2 microsphere coating. The 

microspheres were dispersed in a surfactant, which allowed them to be spray-coated 

onto the substrate. The experiment showed (d) that over the course of 4 days, the 

microsphere coating outperformed commercial white paint in cooling under direct 

sunlight. Adapted with permission from Atiganyanun, S.; Plumley, J. B.; Han, S. J.; 

Hsu, K.; Cytrynbaum, J.; Peng, T. L.; Han, S. M.; Han, S. E. Effective Radiative 

Cooling by Paint-Format Microsphere-Based Photonic Random Media. ACS Photonics 

2018, 5, 1181-1187. Copyright 2018 American Chemical Society. 
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Figure 3.5 Mandal et. al. substituted the SiO2 microspheres used in the experiment 

featured in Figure 3.3 for air gaps within the polymer matrix and produced a scalable 

phase-inversion based P(VdF-HFP)HP coating that allows for a sub-ambient 

temperature drop of 6 K, shown in the plot (b).8 The experimental set-up is pictured 

and illustrated (a), along with a micrograph of the porous polymer. From Mandal, J.; 

Fu, Y.; Overvig, A.; Jia, M.; Sun, K.; Shi, N.; Zhou, H.; Xiao, X.; Yu, N.; Yang, Y. 

Hierarchically Porous Polymer Coatings for Highly Efficient Passive Daytime 

Radiative Cooling. Science 2018, 362, 315-319. Reprinted with permission from 

AAAS. 
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Fig. 3. Passive daytime radiative cooling performance of P(VdF-HFP)HP. (A) Schematic of the setup for testing 

performance under sunlight. (B) Topographic and meteorological information of the test locations. (C) Average 

solar intensity (Isolar) and sub-ambient temperature drops (∆T) of P(VdF-HFP)HP coatings in New York, Phoenix 

and Chattogram. (D) Detailed Isolar and (E) temperature data of the result for Phoenix in C. (F) Isolar and cooling 

powers ( coolingP ) of P(VdF-HFP)HP coatings measured in New York and Phoenix. (G) Detailed Isolar, (H) 

Temperature tracking and (I) coolingP  data of the result for Phoenix in F. Dotted line in (I) indicates average coolingP  

over the duration of the experiment. Additional information is provided in the supplementary materials (4). 
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Fig. 3. Passive daytime radiative cooling performance of P(VdF-HFP)HP. (A) Schematic of the setup for testing 

performance under sunlight. (B) Topographic and meteorological information of the test locations. (C) Average 

solar intensity (Isolar) and sub-ambient temperature drops (∆T) of P(VdF-HFP)HP coatings in New York, Phoenix 

and Chattogram. (D) Detailed Isolar and (E) temperature data of the result for Phoenix in C. (F) Isolar and cooling 

powers ( coolingP ) of P(VdF-HFP)HP coatings measured in New York and Phoenix. (G) Detailed Isolar, (H) 

Temperature tracking and (I) coolingP  data of the result for Phoenix in F. Dotted line in (I) indicates average coolingP  

over the duration of the experiment. Addit ional information is provided in the supplementary materials (4). 
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Fig. 1. The formation and optical properties of P(VdF-HFP)HP. (A) 

Schematic of the phase inversion process, showing the formation of a 

hierarchically porous polymer coating from a solution of acetone 

(solvent), water (non-solvent) and P(VdF-HFP) (polymer). (B) 

Micrographs showing top and cross-sect ion views of P(VdF-HFP)HP. Inset 

shows the nanoporous features. (C) Photograph superimposed with 

schematics to show that high solarR  and LWIR  enable a net radiative loss 

and PDRC. (D) Spectral reflectance ( ( ) ( )λ 1 λ= −R ) of a 300 µm thick 

P(VdF-HFP)HP coating presented against normalized ASTM G173 Global 

solar spectrum and the LWIR atmospheric transparency window. solarR  

(0.96) and LWIR  (0.97) are remarkably high, especially since they are 

achieved on a black selective solar absorber (fig. S2) (29). (E) P(VdF-

HFP)HP’s high ( )θsolarR  and (F)  ( )θLWIR  across angles result in excellent 

hemispherical solarR  and LWIR . 
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3.4 Extension to nighttime photovoltaics 

For optimal sub-ambient cooling under direct sunlight, a radiative cooler would 

selectively emit only within the ATW with LWIR ~1 and  ~0 elsewhere. However, for 

a TR device, the intent of the emission is not to cool it down, but rather to ensure it 

radiates well in the IR to maximize the radiative power. Furthermore, some radiative 

coolers, like those highlighted in Figures 3.2 and 3.3, use thin metal layers to reflect 

incident sunlight for daytime cooling.5,6 Note that such a requirement is not necessary 

for nighttime operation of the TR devices we are considering; however, the sun could 

also be used to heat the TR material if operating during the day, as discussed below, or 

the solar illumination could be used by another device (e.g. a traditional solar cell), so 

long as the semiconductor of the TR cell does not absorb the sunlight. The device 

should emit strongly over thermal wavelengths similar to the behavior of the porous 

polymer material highlighted in Figure 3.5, which happens naturally for the low-

bandgap materials required for power production. For operation under direct sunlight 

(e.g. to enable 24-hr power production), using the treatment to be outlined in the 

following chapter we find that Rsolar as low as 0.5 will allow for the 300 K TR device 

to produce > 1 W/m2 power. It must be noted that the optimal bandgap shifts closer to 

zero as Rsolar decreases from unity. There is less restriction, however, on the required 

thermal emissivity due to the several orders of magnitude difference between absorbed 

and emitted photons. An IR of 0.4 will allow for > 1 W/m2 power production, and the 

nighttime PV device will produce power, though negligible (< 0.1 W/m2), with IR as 

low as 0.01. As stated previously, available materials with IR > 0.9 are common. 
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Chapter 4: Fundamental limits 

 After drawing insight from the existing literature on the methods of radiative 

cooling covered in the previous chapter, we can now use the formulism described in 

Section 2.2 to calculate the fundamental limits of a thermoradiative system used to 

generate power from ambient radiation. This chapter will first discuss the general 

power limits of such a technology. Next, we discuss the steps needed to adapt these 

limits to a terrestrial module and calculate the limits of our nighttime photovoltaic cell. 

Finally, we consider the materials limitations in order to cite practical limits of the 

technology, given the current understanding of solid-state physics and materials 

engineering. 

4.1 General power limits of a TR PV cell at 300 K 

Before discussing the output potential of a terrestrial PV device exposed to the 

sky, we first calculate the general power limits for a TR system by applying the 

principle of detailed balance outlined in Section 2.2. We find that an ideal TR cell at 

300 K coupled with a 3 K radiating body (deep space) has a maximum power output 

of 54 W/m2, and the power output is highest below a bandgap of 0.05 eV (top curve in 

Figure 4.2). Figure 4.1 shows the maximum power that can be obtained from a TR cell 

at Tc = 300 K with 0 < Eg ≤ 0.25 eV exposed to a blackbody radiator of temperature 3 

K ≤ Ta ≤ 295 K. We refer to these Ta as effective sky temperatures, which approximate 

the amount of downwelling (or incident) infrared radiation a terrestrial cell may 

experience from the atmosphere, space, or another object in the form of a blackbody. 

While the actual radiation spectrum should be used when available, for simplicity, we 
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model the total downwelling radiation as a blackbody with an effective sky 

temperature, Ta (see eq 2.1), where the temperature is chosen to provide the total 

number of absorbed photons that would be expected from an ambient temperature 

blackbody with semi-transparent emission windows defined from experimental data at 

different locations and weather conditions. Note that the optimal bandgap trends away 

from 0 eV as the effective sky temperature increases from 3 K. As effective sky 

temperature increases, so does the peak of its emission spectrum, and thus the average 

number of incident photons on the cell increases. With low bandgap semiconductors, 

these photons will be increasingly absorbed by the cell, which will decrease the cell’s 

power output, as its own emission does not increase at the same rate. Increasing the 

bandgap of the semiconductor with the effective sky temperature thus limits the 

absorption of these increasingly energetic incident photons, and so the max power point 

is found at an increasingly higher bandgap. For a TR PV cell at 300 K to produce a 

useful amount of power, the material bandgap needs to be less than 0.1 eV. 
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Figure 4.1 Maximum power output of a thermoradiative cell, held at 300 K, whose 

semiconductor bandgap ranges from 0 to 0.25 eV for effective sky temperatures 3 to 

295 K. The optimal bandgap increases as effective sky temperature increases, showing 

broadening contour lines. Tristan Deppe and Jeremy N. Munday. Nighttime 

Photovoltaic Cells: Electrical Power Generation by Optically   Coupling with Deep 

Space. ACS Photonics 2020, 7, 1, 1-9. 

 

4.2 Terrestrial limits 

While coupling directly with deep space at 3 K is optimal for power conversion, 

the 54 W/m2 target calculated in the previous section is only obtainable for an extra-

terrestrial device held at 300 K. Due to the emission spectrum of the atmosphere, for a 

terrestrial device to directly access the darkness of space, we could restrict its 

emissivity to only the ATW using a selective emitter; however, this results in a 
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significantly lower maximum power output of 11.8 W/m2 (for a material with Eg = 

0.095 eV), assuming zero emission from the sky within the window, which is however 

unlikely. To determine the maximum achievable power for a terrestrial cell exposed to 

the sky, we return to the concept of radiative cooling and a more precise analysis of 

atmospheric emission. 

4.2.1 Sky emission 

To accurately model the terrestrial TR device, we must now consider the 

amount of thermal radiation from the sky incident on the earth’s surface. Outside of the 

atmospheric transparency window, the sky’s emission resembles that of a blackbody at 

the ambient air temperature. Within the window, though the upper levels of the 

atmosphere are transparent to LWIR, these wavelengths are absorbed and emitted by 

water molecules present in varying concentrations throughout the troposphere, the 

lowest level of the atmosphere, in the form of humidity, fog, and, most notably, cloud 

cover. Thermal emission from clouds depends on the optical depth and altitude; 

optically thick clouds have high emission and optically thin clouds, typically at higher 

altitudes and colder temperatures, have lower emission.21 Therefore the earth’s cooling 

power, which is the difference between the outgoing radiation and the downwelling 

power, and the performance of a terrestrial TR cell rely on local weather conditions; 

optimal conditions would be clear skies and low humidity. 

4.2.2 Terrestrial effective sky temperatures 

At 300 K ambient temperatures, broadband cooling powers of 160 W/m2 and 

>120 W/m2 have been estimated22,23 and measured,6 respectively. In general, without 
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detailed sky emission measurements, we can use the cooling powers to extract an 

effective sky temperature that simulates real sky conditions. To do this, we first define 

the cooling power as the difference in power emitted from a blackbody at 300 K and 

one at Ta and then use Planck’s law to solve for Ta. To calculate extractable electrical 

power, we follow the principles of detailed balance and use eq 2.3, this time with an 

ideal broadband cell emissivity of  = 1 for wavelengths greater than 3 m and  = 0 

elsewhere, simulating a perfect solar reflector (or transmitter) and IR emitter. We find 

that under the real sky conditions measured in Colorado, i.e. a broadband cooling power 

of 130 W/m2 at 300 K ambient,6 which corresponds to an effective sky temperature of 

276 K, an ideal broadband TR cell held at the ambient 300 K and pointed at the sky has 

a power output >2 W/m2. This number increases to 3.2 W/m2 if we use the predicted 

maximum net cooling rate of 160 W/m2 for 300 K ambient, corresponding to an 

effective sky temperature of 270 K, achievable under optimal weather conditions. 

Figure 4.2 highlights the maximum extractable power for broadband coupling with 

selected effective sky temperatures that simulate different conditions: the ideal deep 

space (no atmosphere) at 3 K, clear skies and low humidity, i.e. optimal conditions, at 

270 K, and a humid suburban sky at 290 K. This last effective sky temperature (290 K) 

was chosen by using a lower cooling power of 60 W/m2, which is consistent with 

inserting overcast weather conditions into the modified Swinbank model for 

downwelling IR and computing an effective sky temperature according to Stefan’s law 

(see Appendix A).24,25  
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Figure 4.2 Maximum power density vs bandgap energy for a 300 K terrestrial cell and 

three selected sky conditions, modeled with effective sky temperatures. The ideal case 

is a cell directly accessing the darkness of space at 3 K. 270 K simulates clear terrestrial 

conditions, extrapolated from maximum radiative cooling estimates.22,23 290 K 

corresponds to humid and overcast conditions. Tristan Deppe and Jeremy N. Munday. 

Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   Coupling 

with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 

 

4.2.3 Selective emission power limits 

 To more accurately estimate power production, further detailed sky emission 

information is required. Terrestrial measurements of downwelling atmospheric LWIR 

are not common, however 24-hr averages of approximately 35 W/m2 in the winter and 

75 W/m2 in the summer, with respective surface temperatures of 285 K and 300 K, 

between 8 and 13 𝜇m have been reported at the ARM Climate Research Facility in 

Lamont, OK.26 Multiplying eq 2.1 by photon energy and this time integrating over the 

transparency window, these power measurements correspond to blackbodies of Ta  = 
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223 K and 262 K, which we can use as Ta in eq 2.3 to simulate the incident radiation 

on the device. To calculate extractable power, we again apply the principles of detailed 

balance, and, restricting cell emissivity such that LWIR = 1 and  = 0 outside the ATW, 

we calculate an extractable power in Lamont, OK of 3.2 and 1.6 W/m2 in the winter 

and summer, respectively. In these cases, the net cooling power within the window is 

approximately 80 W/m2. If the estimated max cooling power of 140 W/m2 within the 

ATW is assumed,23 a 300 K cell could potentially extract up to 10 W/m2 by accessing 

the atmospheric transparency window alone. In this case, when we restrict emission to 

the window using a selective emitter, the maximum power is achieved using a material 

of bandgap Eg = 0.095 eV. 

4.2.4 Additional notes 

 

We note that, under any terrestrial configuration, the TR device is not coupling 

directly with deep space, but rather with the atmosphere. Because sky emission and the 

effective sky temperature fluctuate significantly with weather conditions and the 

optimal bandgap increases with effective sky temperature, optimization of a TR cell 

will depend on the environmental conditions (e.g. cloud cover, humidity, ground 

temperature, etc.) under which the cell will be operating. Much like a conventional 

solar cell, the power conversion ability of a TR device is dramatically reduced by cloud 

cover. 
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4.3 Materials limits 

 

Up to this point in the discussion, we have considered only the radiative 

generation-recombination processes for creating or removing electron-hole pairs that 

are not collected through current extraction. We complete the analysis by discussing 

the effects of non-radiative generation and recombination. 

4.3.1 Non-radiative processes 

 Auger recombination (and the inverse process of impact ionization) is 

considered the dominant non-radiative process in low bandgap semiconductors, 

especially near room temperature.27 To account for this process, eq 2.3 is modified to 

include a non-radiative generation term, 𝑁̇𝑁𝑅, such that the total power output is 

𝑃 = 𝐽𝑉 = 𝑞𝑉[𝑁̇(𝑇𝑎, 0) − 𝑁̇(𝑇𝑐 , 𝑞𝑉) +  𝑁̇𝑁𝑅].    (4.1) 

While 𝑁̇𝑁𝑅 would be a function of voltage for an actual p-n device, we have suppressed 

this dependance to focus on the fraction of non-radiatively generated carriers by 

defining the non-radiative generation ratio 

𝜂 ≡  
𝑁̇𝑁𝑅

𝑁̇(𝑇𝑎,0)+𝑁̇𝑁𝑅
 ,      (4.2) 

such that the total power output becomes 

𝑃 = 𝑞𝑉 [(
1

1−𝜂
) 𝑁̇(𝑇𝑎, 0) − 𝑁̇(𝑇𝑐, 𝑞𝑉)].     (4.3) 

Figure 4.3 shows how the extractable power decreases as non-radiative 

generation/recombination rates increase for a cell operating under realistic weather 

conditions, i.e. effective sky temperature of 270 K.  
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Figure 4.3  Power output for different percentages of non-radiative generation, , for 

a thermoradiative device operating at 300 K exposed to a sky with effective temperature 

of 270 K, simulating clear sky conditions.22,23 Tristan Deppe and Jeremy N. Munday. 

Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   Coupling 

with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 

4.3.2 Practical limits 

 

Next we consider what levels of non-radiative generation/recombination can be 

expected in real devices. Tennant showed that reverse-bias leakage currents in 

experimental IR photodetectors follow an exponential trend, called the “Rule 07,” that 

increases with decreasing bandgap and increasing device temperature.27,28 Comparing 

this exponential fit to the calculated radiative current densities of our TR device, it 

appears that non-radiative processes would outweigh the radiative ones by a factor of 

up to 104 in the optimal bandgap regime of ~0.04 eV, and up to 103 for Eg ~0.1 eV in 

the best case scenario (Figure 4.4).  



 

38 

 

 

Figure 4.4 Compares the predicted reverse-bias leakage current densities for low 

bandgap devices, following the trend for experimental IR photodetectors, known as 

“Rule 07,”27,28 with the calculated radiative current density for an ideal TR device of 

the same bandgaps energies. 

 

However, the previously mentioned experiment performed by Santhanam and 

Fan, showed an extractable power that corresponds to a non-radiative generation 

percentage of 3%, in accordance with the above treatment (eq 4.2), compared to  

~99%, as predicted with Rule 07. This result suggests that although non-radiative 

processes are present in these materials, they may not significantly inhibit the 

development of TR devices. Additionally, regarding device improvement, significant 

Auger suppression has been demonstated in low-gap semiconductors under strong 

reverse bias.29 However our operating voltage is around 1 𝑘𝐵𝑇 (see Appendix B), so 

new materials developments, such as quantum wells, which predict a suppression of 
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the Auger mechanism by two orders of magnitude,30 may be useful in order to keep the 

non-radiative generation rate low. Compared to bulk materials, the room temperature 

Auger recombination coefficients of type-II InAs-Ga1-xInxSb-InAs-AlSb quantum well 

lasers (Eg ~0.28 eV) and InAs/GaSb superlattice photoconductors (Eg ~0.1 eV) have 

been reduced by a factor of four31 and eight,32 respectively, through appropriate 

engineering. These experimental results lead to the conclusion that a well-designed TR 

device, built purely with existing materials and engineering methods, such as the 

InAs/GaSb superlattice, could conceivably produce 1.5 W/m2 in the broadband 

configuration or potentially up to 8.4 W/m2 with selective emission under the night sky.  
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Chapter 5: Scalability – Materials and Integration 

The underlying functionality of the TR cell relies on maintaining the 

temperature difference between the cell and the sky. As with any radiating body facing 

a colder environment, the cell loses energy as it emits, so in order to maintain the cell 

temperature, it must be in thermal contact with the earth at a fixed temperature (e.g. at 

300 K). Further, the top surface of the cell must be optically coupled to the sky. These 

criteria thus suggest a module that: (i) is thermally conducting on the bottom surface, 

which can include a back-reflector to direct the cell’s radiation towards the sky, (ii) is 

encapsulated to protect the cell from the environment and restrict conductive and 

convective heat loss, and (iii) includes an infrared window on the front to allow 

radiative heat transfer to the sky.  

5.1 Materials 

For the active material, there are several possible low bandgap semiconductors 

that could serve as starting points for investigation. InSb can reach a bandgap below 

0.1 eV,33 which can be useful in proof of principle devices. However, for optimal 

power, even lower bandgaps are needed. Hg1-xCdxTe, a heavily characterized material 

used in the infrared sensing industry, can be bandgap engineered into the realm needed 

for a high-power-producing TR cell with a Cd composition of around x = 0.1.34 Newer 

materials that can have even lower bandgaps, such as graphene-hBN (hexagonal 

Boron-Nitride) heterostructures, could also prove useful in a TR device. Although 

difficult to fabricate, it has been shown that alternately stacking sheets of graphene with 

hBN can open a bandgap of 0.04 eV in the graphene layer,35-37 which would be an 
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excellent bandgap for a nighttime PV cell. However, any chosen material may likely 

need additional engineering in order to suppress non-radiative processes.  

For the top surface material that provides radiative access to the sky and reflects 

solar radiation, it has been discussed previously that many materials, such as those 

detailed in Figures 3.3, 3.4, and 3.5 or the commercially available thermoplastic and 

polymer materials (see Reference 17 for a complete list of industrial-grade cooling 

materials on the market) offer the necessary emission and reflection characteristics as 

well as the scalability required for large-scale production. 

5.2 Integration 

If the cell can be constructed to operate at higher temperatures, it could generate 

even more power, as shown in Figure 5.1. Notably, if sunlight is used to heat the cell 

up to 330 K, the maximum power increases to 13.3 W/m2 for a 270 K effective sky 

temperature. If connected to an external heat source (or concentrated solar) and 

operating at 𝑇𝑐 = 471 K, the maximum power reaches 200 W/m2. Additionally, these 

higher operating temperatures allow for greater power generation at larger bandgaps. 

At an operating temperature of 443 K, a material with a bandgap of 0.1 eV could 

produce 100 W/m2. At this temperature InSb, with Eg = 0.17, could directly produce 

40 W/m2 without additional bandgap engineering. Possible configurations for such 

devices are sketched in Figure 5.2. Further, instead of using the sun as a heat source, 

one can also envision attaching these devices to industrial exhaust systems, consistently 

at high temperatures, and pointing them towards the sky in order to extract additional 

power from the wasted heat of the industrial process.  
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Figure 5.1 Maximum power output of a thermoradiative cell at a range of temperatures, 

coupled with the sky at an effective temperature of 270 K, simulating clear sky 

conditions.22,23 Contour lines show how bandgap relates to power output as cell 

temperature increases. Tristan Deppe and Jeremy N. Munday. Nighttime Photovoltaic 

Cells: Electrical Power Generation by Optically   Coupling with Deep Space. ACS 

Photonics 2020, 7, 1, 1-9. 
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Figure 5.2a Conceptual design for a thermoradiative cell configuration. The basic 

design, assumed throughout the calculations in this paper, includes a “hot side” that is 

in thermal contact with earth while the top of the cell can radiate thermal power to deep 

space. Tristan Deppe and Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical 

Power Generation by Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 

1, 1-9. 
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Figure 5.2b Conceptual design for a thermoradiative cell configuration. Rotating the 

cell and using spectrally selective optical reflectors, we can heat up the “hot side” of 

the cell during the day to enhance power generation. A mirror that reflects the sun’s 

irradiance towards the cell heats one side while a corresponding mirror transmits the 

solar irradiance and reflects the thermal emission from the cell towards deep space. In 

this configuration, a selective solar absorber, a material with high solar absorbance and 

low thermal emittance,38 could be used as the cell’s hot side. Tristan Deppe and Jeremy 

N. Munday. Nighttime Photovoltaic Cells: Electrical Power Generation by Optically   

Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 
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Figure 5.2c Conceptual design for a thermoradiative cell configuration. (c) This effect 

could also be performed more compactly using metamaterials. A metamaterial can be 

engineered to direct solar irradiance passing through it towards one side of the device 

while directing thermal radiation from the cell back towards deep space, allowing for 

a planar cell design where one half is for heating and the other is for thermal emission. 

Tristan Deppe and Jeremy N. Munday. Nighttime Photovoltaic Cells: Electrical Power 

Generation by Optically   Coupling with Deep Space. ACS Photonics 2020, 7, 1, 1-9. 
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Alternatively, instead of competing with traditional PV for power production, 

a nighttime PV module could be coupled with existing PV in order to maximize the 24-

hr power cycle. In open, arid environments, where solar farms are already common, the 

effective sky temperature is low enough to provide for near-ideal TR power production. 

If a retractable nighttime PV unit were rolled out on top of the standard solar modules 

after sunset, a solar farm could produce an additional 12% more electricity. More power 

can be generated if a heterojunction cell can be engineered, allowing both the 

conventional PV cell, on top, and the TR PV cell, on bottom, to work in tandem during 

the day. The higher bandgap material will absorb the sunlight but will be transparent to 

the lower energy thermal photons, which will allow the TR PV cell on bottom to 

generate power night and day, adding 24% more electricity to the daily power cycle. 
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Chapter 6: Impact and future work 

The largest challenge facing the implementation of this technology is the 

development of stable low-bandgap materials, with Eg around or below 0.1 eV. As 

mentioned in Section 4.3.1, non-radiative processes dominate over radiative processes 

for room-temperature materials with bandgap in the range necessary for power 

production, so significant materials engineering will likely be needed to approach the 

theoretical limits. However, existing materials should prove useful for proof of 

principle experiments. Comparing current output with the expected leakage current 

(see “Rule 07”) can shed more light on the effect of non-radiative processes on 

thermoradiative photovoltaic power production.  

Additionally, for effective power generation, radiative emission must be the 

major source of heat loss for the top surface. This effect can be achieved easily by 

running the experiment under vacuum to restrict convective and conductive heat loss. 

An IR-transparent window on the top of the chamber can then be used to enable optical 

coupling with the sky.  

In conclusion, as the global push towards carbon neutrality continues, the sun 

is not the only sky-facing option for power generation. Thermoradiative photovoltaic 

devices offer the possibility of nighttime power generation by optically coupling with 

the cold of deep space (or the cool atmosphere). Such devices need strong absorption 

and emission at thermal wavelengths and clear and dry conditions to facilitate optical 

access to the night sky and high rates of cooling. Because radiative cooling is centered 

on the atmospheric transparency window between 8 and 13 𝜇m, radiative emission 

should be restricted to this window as well in order to optimize power generation and 
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reach the 10 W/m2 target for 300 K ambient temperatures. This can be achieved by 

ensuring that the emitter surface of the device has emissivity approaching unity within 

the ATW and approximately zero outside. In this configuration, an energy gap of 0.095 

eV is ideal for the active material, as this energy aligns with the lower edge of the 

atmospheric transparency window of 13 𝜇m. This helps restrict emission to the ATW, 

allows for higher operating voltages, and is high enough to alleviate some of the 

concern about non-radiative generation, which hurts low-bandgap device performance. 

For optimal operation during the day, in addition to the previous characteristics, the 

active layer of the device should also have reflectivity that approaches unity for 

wavelengths <3 𝜇m. Night or day, if the cell can be heated to a higher temperature, 

either from allowing the device to heat up under the sun or absorb waste heat from 

industrial and residential sources, the device has the possibility to generate even more 

power. This occurs when cell temperature increases but sky temperature remains 

constant, and the net power flow from the cell to the sky increases.  

As shown throughout this thesis, deep space offers an intriguing low-

temperature thermal sink that has the potential to help provide electrical power at night 

and day through the clever use of photonics, optics, and materials science. 
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Appendix A: Model for Effective Sky Temperature 
 

The modified Swinbank formula estimates downwelling atmospheric radiation 

as24 

𝑃𝑟𝑎𝑑 = (1 + 𝐾𝐶2) 8.78 𝑥 10−13 𝑇𝑎𝑖𝑟
5.852𝑅𝐻0.07195   (A1) 

where K is a measure of cloud height, ranging from 0.06 for very high to 0.34 for very 

low, C is the fraction of sky covered by clouds, Tair is the ambient air temperature, and 

RH is the relative humidity (as a percentage). Inserting the conditions for clear skies (C 

= 0) and low, desert-like humidity of 5%, the model estimates a downwelling radiation 

for ambient air temperature of 300 K to be 309 W/m2. Overcast and humid conditions 

(K = .2, C = 0.7, RH = 55) result in a downwelling radiance of 406 W/m2. We can 

insert these powers into the Planck formula for blackbody radiation, 

𝐸̇(𝑇) =  
2𝜋

ℎ3𝑐2 ∫
𝐸3

𝑒

𝐸
𝑘𝐵𝑇−1

∞

0
𝑑𝐸,       (A2) 

and solve for T to find the corresponding effective sky temperatures. We calculate 271 

K for the optimal clear sky conditions, which corresponds well to the effective sky 

temperature of 270 K extracted from radiative cooling estimates which we use for the 

calculations of the power limits throughout the paper. The overcast and humid 

conditions correspond to 290 K, which we use to calculate the bottom curve in Figure 

4.2 which shows the power output of a cell operating in humid and overcast conditions.  
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Appendix B: Additional Figures 

The following figures provide a complete analysis of TR cell function, 

analogous to those provided for conventional solar cells. Figure B1 shows power 

alongside efficiency, which was ignored in the greater text. Figure B2 shows how 

operating current and operating voltage change with bandgap, and Figure B3 provides 

an IV curve for an optimized device. All calculations were performed using cell 

temperature of 300 K and an effective sky temperature of 270 K.  

 

 

 

Figure B1 A plot of the maximum extractable power and efficiency vs bandgap (eV) 

of a terrestrial cell at 300 K facing the sky with effective sky temperature of 270 K, 

corresponding to clear skies and low humidity.  
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Figure B2 The operating current and operating voltage as a function of material 

bandgap for a 300 K terrestrial cell facing the sky with effective sky temperature 270 

K.  
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Figure B3 IV curve for a 300 K cell, with material bandgap 0.04 eV, facing a 270 K 

sky. 0.04 eV is the optimal bandgap for these conditions. The power generating region 

occurs between -0.0094 V and 0 V.  
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