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A thermoradiative diode is a device capable of generating power through the emission of infrared
light; this allows a diode on Earth to generate power at night through the passive radiative cooling of
the Earth. Accurate assessment of the potential power output of such terrestrial thermoradiative
diodes requires knowledge of the downwelling radiation incident on the device from the atmosphere.
Here, atmospheric modelling of this radiation is used alongside a detailed balance model of the diode
to evaluate its performance under nine different atmospheric conditions. In the radiative limit, the
sampled conditions yield peak power densities between 0.34 and 6.5 W.m2, with optimal bandgaps
at or near 0.094 eV (13.2 ym). Non-radiative processes are also accounted for, which provides more
realistic power density estimates and highlights the threshold past which higher bandgap materials
with reduced non-radiative processes should be prioritized over the theoretically ideal low bandgap.

Context

A thermoradiative diode (TRD) is a low bandgap p-n junction device that can generate electrical
power by emitting infrared radiation from the Earth's warm surface towards the cold night sky (Figure
la) [1]. Thermoradiative operation of HgCd(Zn)Te photodiodes has been demonstrated
experimentally through the measurement of photocurrents [2], [3] and of current-voltage (I-V) curves
[4], with peak power densities on the order of mW/m?2.

TRDs occupy the opposite |-V quadrant to photovoltaic devices: they are operated at reverse bias
and generate current when they emit more photons than they absorb (Figure 1b). A TRD’s current
is largest at short circuit; as the bias becomes more negative, the diode’s emissions decrease. If
there are more photons downwelling from the diode’s environment, the current decreases and the
voltage at which the emitted and absorbed photons cancel out shifts to smaller reverse biases — this
effect is show in Figure 1c. Incident radiation from the environment — or atmospheric downwelling
radiation, in this case — is thus a key factor determining the achievable power output.

Strandberg [5] and others have calculated detailed balance power limits for TRDs that are analogous
to the Shockley-Queisser limit for photovoltaic cells. However, these calculations have typically
modelled emission from the diode's environment as a blackbody with some effective temperature
below that of the emitter [1], [2], [5], [6]. When the atmosphere is accounted for, it is typically through
an “atmospheric transparency window" allowing “access" to outer space. These approaches do not
accurately capture the particular spectral shape and the seasonal variability of the infrared radiation
downwelling from the atmosphere.
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Figure 1. Thermoradiative diode operation. a) Simplified diagram of terrestrial TRD operation.
b) Band diagram of thermoradiative operation, where photons emitted from the p-n junction
outnumber absorbed photons. ¢) Example IV curves for TRDs with high and low levels downwelling
radiation.

Method

We use atmospheric downwelling data obtained through line-by-line radiative transfer modelling
(LBLRTM) for sampled atmospheric conditions to evaluate the potential performance of a terrestrial
TRD, both in the radiative limit and with the influence of non-radiative processes. Radiative transfer
modelling accurately captures both the spectral shape of the downwelling radiation and the variability
of sky conditions.

Optimal conditions for TRD operation are under clear-skies with low water vapour concentrations.
For the purposes of this work we selected 3 locations with typically low total column water vapour
(TCWV) and cloud cover during the winter months: 21.75°S, 122.25°E (Telfer, Australia ), 34°N,
120°W (Fresno, USA m) and 5.5°N, 22.75°E (Tamanrasset, Algeria A). For each location we extract
days with low (winter), medium, and high (summer) nighttime TCWYV values, for nine conditions in
total. We compare these to an ideal reference case that models downwelling as radiation from a 3K
blackbody (corresponding to emission into outer space).

The downwelling radiation received on the Earth's surface for these selected conditions are modelled
using the LBLRTM code, version 12.15.1 [7]. The downwelling radiance arrays produced by
atmospheric modelling are converted to a spectral photon flux density [s1.m?/eV] incident on the
Earth's surface across a full hemisphere. To obtain the photon flux density N, [s.m?] absorbed
by a TRD with a given bandgap Eg4, we assume 100% efficient absorption of photons with energies
Epn larger than Eg and 0% below Eg.

To estimate the photon flux density emitted from a TRD operating at some temperature Tg;, (fixed
for a given date and time), we use the generalized Planck's equation — with u = qV — and we assume
a Lambertian distribution of radiation emitted from the TRD surface. We assume 100% emission of
photons with energies larger than the bandgap Eg to calculate the emitted photon flux density, N,pi¢-

For a given set of atmospheric conditions, in the radiative limit, the current density can then be
calculated using detailed balance for a given bandgap and operating voltage V:

](V: Eg) =q [Nemit(Eg' v, TSkin) - NabS(Eg)]

Power density is given by | JV |. An illustration of the detailed balance model, where emitted photons
minus absorbed photons gives the current, in shown in Figure 1c.

For materials with bandgaps in the infrared, significant Auger processes limit the achievable power
densities. In order to provide estimates of realistic power densities, non-radiative processes are
included through the external radiative efficiency following the method outlined in [8].
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Results

The downwelling spectral photon flux densities obtained from LBLRTM for the three Telfer
conditions are shown in Figure 2. Increased atmospheric water vapour translates to an increased
downwelling photon flux in the main atmospheric window between 0.09 and 0.16 eV. Further
regions of moderately high transmission exist between 0.25-0.27 eV and 0.32-0.36 eV.
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Figure 2. Downwelling spectral photon flux density, modelled using LBLRTM for the three
Telfer conditions.

Figure 3a shows the maximum power density achievable for a TRD as a function of bandgap in the
radiative limit, comparing results using the modelled Telfer datasets to an effective temperature
approximation. The effective temperature approximation does not account for the particular
spectral shape of the downwelling flux, and thus underestimates the power densities possible near
the atmospheric windows. We can also note that variations in the TCWV for the same location lead
to power outputs that vary by an order of magnitude.

Figure 3b indicates that E; = 0.094 eV is the optimal bandgap for the range of realistic conditions
sampled here (from 2 - 40 mm TCWV). As expected, this bandgap falls within the atmospheric
window, as highlighted by the spectral photon flux plotted in the background of Figure 3a. The
peak power densities fall between 0.34 and 6.5 W.m2 in the radiative limit.

We have also performed calculations that include the influence of non-radiative processes.
Although in the radiative limit, the ideal bandgap is low (0.094 eV), Auger processes increase in
magnitude as the bandgap decreases. For real devices, the ideal bandgap in the radiative limit
might not be optimal once nonradiative processes are included -- we have mapped this tradeoff
using radiative efficiency to quantify the prominence of nonradiative effects.

Given power density is expected to scale linearly with radiative efficiency [3], [8], we calculate that
a 0.1% radiatively efficient diode with an ideal 0.094 eV bandgap would perform roughly the same
as a 0.25 eV bandgap, 10% efficient diode. Therefore, if the realization of a device with an ideal
bandgap requires radiative efficiencies more than two orders of magnitude lower than that of a
0.25 eV diode, it is likely more beneficial to use the higher bandgap material.

This nighttime technology could be coupled with and complement daytime photovoltaics, although
with lower power densities. Our results suggest that low humidity conditions — typically in the winter
— are most interesting for this technology. Fortunately, the variability of TCWV does not affect the
best device bandgaps and the higher of the investigated bandgaps, around 0.25 eV, is less
sensitive to variations in humidity and likely has a higher radiative efficiency.
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Figure 3. Power densities in the radiative limit. a) Maximum power density vs bandgap. Solid

curves use modelling results, dashed curves use blackbody environments at effective temperatures
273.13K (low), 292.83K (mid), 293.55K (high). The ‘Telfer low” spectral photon flux is plotted in the
background. b) Optimal bandgap and corresponding max power density in the radiative limit for all

modelled conditions.
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