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ABSTRACT

We experimentally demonstrate electric power generation from the coldness of the universe directly, using the negative illumination effect
when an infrared semiconductor diode faces the sky. Our theoretical model, accounting for the experimental results, indicates that the
performance of such a power generation scheme is strongly influenced by the degree of matching between the responsivity spectrum and the
atmospheric transparency window, as well as the quantum efficiency of the diode. A Shockley-Queisser analysis of an ideal optimized diode,
taking into consideration the realistic transmissivity spectrum of the atmosphere, indicates the theoretical maximum power density of

3.99 W/m” with the diode temperature at 293 K. The results here point to a pathway towards night-time power generation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5089783

It was recently noted theoretically and demonstrated experimen-
tally that a semiconductor photodiode, undergoing radiative exchange
with a colder surface, can generate power by harvesting the outgoing
thermal radiation from the diode." ” This negative illumination effect
is in contrast with an usual “positive illumination” mode of operation
for energy harvesting, such as the operation of a solar cell, where the
photodiode harvests incoming thermal radiation from a hotter
surface.

Since the sky has a temperature colder than the temperature of
the earth surface, one should be able to use the negative illumination
effect to harvest the outgoing thermal radiation from the earth surface,
by having a semiconductor photo-diode facing the sky. The theoretical
limits for the achievable power density in such a scheme have been
computed for a diode directly facing a surface at a temperature of 3 K,
which corresponds to the temperature of outer space, but without tak-
ing into account the effect of the atmosphere.” Neither have there
been any experimental demonstration of the use of the negative illumi-
nation effect on the earth to directly harvest power from outgoing
thermal radiation.

In this letter, we provide an experimental demonstration of
energy harvesting of outgoing thermal radiation from the earth surface
to the sky through negative illumination. We account for the

experimental results with a theoretical model that takes into account
both the transmission of the sky and the nonideality of the diode.
Using this model, we show that given the transmission coefficient of
the sky in our experiment, an ideal diode can extract a power density
of 3.99 W/m®,

The sky has an atmospheric transparency window ranging from
8 to 13 um, where the transmissivity of the sky is high. Thermally
emitted photons from the earth’s surface in this wavelength range can
escape to outer space. Such a transparency window thus enables one
to have access to the coldness of the outerspace, which is the basis for
all radiative cooling experiments.” '’ For our purposes here, in order
to use the negative illumination effect for energy harvesting from the
sky, it is important that the diode has significant above-bandgap emis-
sivity in the transparency window.

In our experiment, we therefore choose to use an infrared
HgCdTe photodiode (Vigo’s PV-4TE-10.6). The experimental setup is
shown in Fig. 1(a). The photodiode undergoes radiative exchange with
clear sky through a 90° off-axis parabolic mirror, which has a focal
length of 2-in. The parabolic mirror restricts the photon flux to the
diode to only those coming from the sky. An optical chopper, with its
blades rotating at a frequency of 407 Hz, is placed between the diode
and the parabolic mirror to carry out the lock-in measurement. The

Appl. Phys. Lett. 114, 161102 (2019); doi: 10.1063/1.5089783
Published under license by AIP Publishing

114, 161102-1


https://doi.org/10.1063/1.5089783
https://doi.org/10.1063/1.5089783
https://doi.org/10.1063/1.5089783
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5089783
http://crossmark.crossref.org/dialog/?doi=10.1063/1.5089783&domain=aip.scitation.org&date_stamp=2019-04-23
https://orcid.org/0000-0002-2227-9431
mailto:shanhui@stanford.edu
https://doi.org/10.1063/1.5089783
https://scitation.org/journal/apl

Applied Physics Letters

(a) Clear sky
Peltier ' i
H_eat stage  Photodiode

(b)

Optical Axis view
chopper Photo (C)
diode

/

Thermistor BaF,

window

Output

ARTICLE scitation.org/journal/apl

Al (uA)

Al (uA)

~180 de:
d =
( ) 0.0 =12
T PPttiae C|
g |
o b
©
E
-1A0—I -
-1.0 0.0
(e) Real part
T T T

20.1— H 5
3
L |

0.0
405 406 407 408 409
Frequency (Hz)

3
8x10

Time (sec)

FIG. 1. (a) Schematic diagram of the experimental setup. (b) and (c) Time-domain photocurrent data in the case where the diode is at an ambient temperature of 293 K. The
diode faces a radiative surface at a temperature of 343K (b) and the sky (c), respectively. All photocurrent data in (b) and (c) are offset by the first data point. (d) The complex
amplitude of the Fourier components in (b) and (c) at the frequency of the chopper. (€) The photocurrent spectrum, for the case in (c), when the diode is at the ambient temper-

ature of 293K and faces the sky.

chopper has a 50-50 duty cycle. The diode is covered by a hemispheri-
cal GaAs immersion lens and has a 35° field of view (FOV). A therm-
istor and a Peltier stage are used to simultaneously control and
monitor the diode temperature.

In the measurement, the time-dependent photocurrent is ampli-
fied with 10° V/A transimpedance gain and read out by an analog-to-
digital converter at a sampling rate of 10° Hz for a duration of 10s.
Subsequently, the time-dependent data are processed using a Fast
Fourier Transform (FFT). This setup and the signal processing algo-
rithms are similar to those in Ref. 1, where a negative illumination
effect was observed in an indoor experiment. The main differences
here are the sky access and the choice of the photodiode that enables
power harvesting from the sky.

Figures 1(b) and 1(c) show the raw time-dependent photocur-
rent data obtained in the case where the diode is maintained at an
ambient temperature of 293 K. Here, we estimated an ambient
temperature of 293K from the thermistor resistance attached to
the photodiode. We did these experiments when the temperature
of the diode and the ambient temperature were identical. In the
analysis below, we assume that the heat needed to maintain the
diode temperature is either supplied from the earth by conduction
or from the ambient air by convection.

Figure 1(b) shows the case where the diode faces a surface hotter
than the diode with a temperature of 343K, and Fig. 1(c) shows the
case where the diode faces the sky. The photocurrent oscillates due to
the rotation of the chopper blade. As was noted in Ref. 1, the sign of
the photocurrent generated by the photodiode changes between the
positive and negative illumination cases. Therefore, one should expect
a 180° phase change in the temporal oscillation of the photo-current
between the positive and negative illumination cases. In Fig. 1(d), we
plot the complex Fourier component of the photo-current at the chop-
per frequency and indeed observe the 180° phase difference between
the positive [Fig. 1(b)] and negative illumination cases [Fig. 1(c)]. In
the case where the photodiode is maintained at the ambient tempera-
ture and facing the sky, the oscillation of the photocurrent at the chop-
per frequency is not immediately visible as shown in Fig. 1(c).
Nevertheless, the Fourier transform of the time-dependent photocur-
rent clearly shows a peak at the chopper frequency [Fig. 1(e)] with a
signal to noise ratio exceeding 10% The use of the chopper here enables
us to provide an accurate measurement in the cases when the photo-
current is relatively weak.

Based on the lock-in measurement technique as described above,
we observe that the diode generates a current of 0.148 A when it faces
the sky. The maximum extractable power P, is calculated as

1,

Py = iRz, (1)
In Eq. (1), I is the short circuit current. Our measured current corre-
sponds to the short circuit current. In the negative illumination sce-
nario, the I-V curve shifts up as compared to that in the equilibrium
case.' In our experiment, since the power generated is small, the shift-
up of the I-V curve is small. Also, the photodiode used in this work is
nearly linear around 0V. We therefore assume the resistance of the
diode to be that at zero-bias, R,p. For our diode, Rzp is measured at
11.7 kQ with the diode temperature at 293 K. Using Eq. (1), the maxi-
mum extractable power under negative illumination is determined to
be 6.39 x 10~ % uW/m? in the current experimental condition. The effi-
ciency of power generation, as estimated from the ratio of the experi-
mentally obtained power to outgoing heat flux, is 2.3 x 10 %, where
the outgoing heat flux is calculated by the detailed-balance model,"*
taking into account the cutoff wavelength of 8.27 um at room temper-
ature and the transmissivity of the atmosphere. Such a low power den-
sity and efficiency come from the imperfect match between the
emissivity of the diode and the transmissivity of the atmosphere and
nonradiative recombination, as discussed later. Nevertheless, these
results show that one can generate current under negative illumina-
tion, and hence electric power, with a photodiode directly facing the
sky. Such a demonstration of direct power generation of a diode facing
the sky has not been previously reported.

Below, we provide a detailed theoretical model that quantitatively
accounts for the observed current when the diode is maintained at the
ambient temperature and faces the sky. Moreover, in order to validate
the model, we also experimentally measure the response of the diode
in the same setup as in Fig. 1(a), but with its temperature different
from the ambient temperature. We show that this model can account
for the measured photocurrent over a wide range of diode tempera-
tures. Our theoretical model highlights the important factors that con-
trol the performance of the device.

In our lock-in measurement, the observed signal Iy, ie., the
peak amplitude in the spectrum as shown in Fig. 1(e), corresponds to
the difference between the photocurrent Iy, when the diode faces the
sky, and the photocurrent Iyj.q. when the diode faces the blade, i.e.,
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Lot = Isky — Iblade- (2)

Here

Isky = A JR(;L: Tdiode){IBB()w Tdiode)

- (1 - eﬁtm()”))IBB(j', Tlmiverse)
— €atm (A)IBB (/17 Tatm)}d)». (3)

In Eq. (3), the first, second, and third terms in the braces are the outgo-
ing photon flux from the diode, the incoming photon flux from uni-
verse, which is mostly in atmospheric transparency window (8-13 pum),
and the incoming photon flux from the atmosphere, respectively. R(4,
Taiode) is the experimentally measured spectral responsivity at 293 K
shown in Fig. 2(b). Igg(2, T) = (2hc®/2°) (exp(hc/2ksT) — 1) is
the spectral radiance of a blackbody at temperature T, where h is
Planck’s constant, kg is the Boltzmann constant, and c is the speed of
light. Tyioder Tuniverse and Toyn are the temperatures of the diode,
the universe (3K), and the atmosphere (298K), respectively.
The angle-dependent emissivity of the atmosphere is given by
€am(0,2) = 1 — £()"/°*”, where #(1) is atmospheric transmittance in
the zenith direction, obtained from MODTRANS." Since the diode
has 35° FOV, and the Inp (4, Tymy) term does not have angle depen-
dence, in Eq. (3) for €,yy,, we average €,, (0) within a 35° solid angle.
A is a constant with a dimension of area, which is used to account for
the area of the diode, as well as other factors, e.g., how efficiently the
diode interacts with the sky through the chopper blade and the para-
bolic mirror, how accurately the position of each optical devices is
adjusted, and a factor used to convert the responsivity value obtained
in arbitrary units by FTIR measurement to that in A/W. A is indepen-
dent of the temperature of the diode. Here, for simplicity, we assumed
that the responsivity of the diode is constant within 35° FOV, since the
responsivity change associated with angle-averaged treatment is not
significant and can be included to the geometrical factor A. In the tem-
perature range we examined, the incoming photon flux from universe
(second term) can be neglected, because the spectral irradiance from
3 K black body is extremely low. The radiative cooling effect then mani-
fests in the lack of radiation from the atmosphere in the atmospheric
transparency window.
When the diode faces the blade, its current is

Thlage = A JR(L Tdiode) I8 (%, Tdiode) — Isg(4, Tamp)]d . (4)

(a) (b)

ARTICLE scitation.org/journal/apl

Since the blade is a diffusive surface that has the same tempera-
ture as the ambient temperature Ty, the blade emits thermal radia-
tion at Ty, and simultaneously reflects thermal radiation at Ty
Thus, the total radiation received by the diode from the blade is equal
to the emission from a black body emitter at Typ.

In Fig. 2(a), we compare the results from the theoretical model
above to the experimental result. In the experiment, we use the same
setup as shown in Fig. 1(a) and vary the diode temperature from below
to above ambient temperature. The theoretical model, with a single fit-
ting parameter of A = 0.545 mm? as obtained by matching the theory
with the experiment at the diode temperature Tgioqe = 221 K, agrees
very nicely with the experimental results over the entire temperature
range. The experiment data therefore validates the theoretical model.
When the diode is at the ambient temperature of 293 K, I,j,4. = 0, and
the measured total current only has contributions from the sky. The
theoretical model predicts a photocurrent of 0.126 pA, which agrees
reasonably well with the experimentally measured photocurrent of
0.148 pA as mentioned above.

The theoretical analysis, as outlined above, allows us to obtain
the contributions from the sky and from the blade separately using
Egs. (3) and (4). In Fig. 2(a), we show Iyjaqe(blue curve) and Iy (red
curve) as a function of the diode temperature. Here, we follow the
usual sign convention of the PV cell: under positive(negative) illumi-
nation, the photocurrent has a negative(positive) value. We see that
the blade contribution, Ij,4. flips its sign from negative to positive at
ambient temperature (293 K), as expected since the diode is main-
tained at the same ambient temperature. On the other hand, the sky
contribution, Loy flips its sign at 288 K. Thus, in the current experi-
mental condition, the sky has an effective temperature of 288 K or
about 5K below the ambient temperature. This effective temperature
of the sky appears high, as compared to the value indicated by the pre-
vious radiative cooling work,"* where cooling to 40 K below ambient
air temperature has been demonstrated. In our experiment, the high
effective temperature of the sky arises due to significant diode respon-
sivity in the wavelength range outside the atmospheric transparency
window, as shown in Fig. 2(b).

In Fig. 2(b), we also note that as the diode temperature reduces,
the edge of the responsivity shifts from a cutoff wavelength of 8.27 um
at 293K to a longer wavelength, which is attributed to the change in
the Fermi level when the diode is cooled, known as the Moss-Burstein
effect.”””" The responsivity spectra thus overlaps better with the trans-
parency window. The magnitude of the responsivity is also

2 T T T T T T

[/]

@® experiment

Photocurrent (nA)
T
Responsivity (a. u.)

2 —blade |
— sky

3 theory =

4 L 1 1

200 250 300 350
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FIG. 2. (a) The total photocurrent amplitude
(black dot), the photocurrent component
contributed by the chopper blade (blue
curve), the photocurrent component contrib-
uted by the sky (red curve), and theoretically
calculated photocurrent trace (yellow curve),
as a function of the diode temperature. The
temperature of the diode is calculated from
the thermistor resistance set onto the Peltier
stage. (b) Temperature dependence of the
spectral responsivity (left axis). Each color
shows a diode temperature. The shaded
region shows the transmissivity of the atmo-
sphere (right axis).
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significantly improved, which is due to suppression of detrimental
effects such as Auger recombination and carrier scattering.”” >* On
the other hand, as the diode temperature goes down, the spectral radi-
ance of the diode, i.e., the Ipg(2, Tgiode) term in Eq. (3), also decreases.
Thus, when the diode temperature is below 288 K, the absorbed pho-
ton flux from downward atmospheric radiation still dominates over
the outgoing radiative flux of the diode, and hence, the diode remains
in the positive illumination regime.

In Fig. 3(a), we plot as the black curve the power density as a
function of the diode temperature, when the diode is facing the sky.
The power density is inferred using Eq. (1). The short circuit current
I is taken from the red curve in Fig. 2(a). We measure the zero-bias
resistance of the diode, Ry, as a function of the diode temperature, as
shown in Fig. 3(b). Rzp changes from 13.41 Q to 10.23 Q as the diode
temperature varies from 221 to 369 K. The power density shows a dip
at a temperature of 288 K, corresponding to the effective temperature
of the sky as discussed above. At a temperature above 288 K, the diode
operates in the negative illumination regime, and the power density
increases as a function of diode temperature. This is consistent with
thermodynamic considerations: the power extraction here exploits the
temperature difference between the diode itself and the sky. Increasing
such a temperature difference is therefore favorable for power extrac-
tion. By increasing the diode temperature from 293K to 369K, the
power density increases by about 80 times. This result points to the
interesting possibility of using the sky-facing diode for low-grade waste
heat recovery purposes.

Before we end this paper, we provide a comparison between our
experimental results and a detailed-balance theoretical limit'® of power
extraction from the sky, taking into account the transmissivity spec-
trum of the sky. For this purpose, we assume a semiconductor with a
bandgap at the angular frequency of wgg, The semiconductor is
assumed to have zero absorptivity below the bandgap and unity
absorptivity above the bandgap. The generated power has the form

AopicaqVn [ [ o?do * wldw
p_ Aopicald { J o _eatmj U (5
am — |

2.2
4mic WEg ek Tdiode — ]

wgg eksT

where A, pical is the optical area of the diode, g is the elementary elec-
tric charge, V is the voltage of the diode, w is the angular frequency,
and 7 is the external quantum efficiency (EQE) of the diode. In Eq.
(5), the first and second terms express the outgoing photon flux from

(a) (b)

T 16 T T T
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FIG. 3. (a) Calculated power density as a function of the diode temperature with
the current experimental condition (black-dotted curve). The power densities calcu-
lated by the detailed-balance model with taking into account the emissivity of the
atmosphere are shown by the red curve (n = 1) and the blue curve (n = 0.14). (b)
Differential resistance Rzg as a function of the diode temperature.
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the diode and the incoming photon flux from the atmosphere, respec-
tively. The maximum extractable power is calculated by optimizing
bandgap energy and applied voltage at each Tgioge and is plotted in
Fig. 3(a) (red curve). The power exhibits a dip at a temperature of
269 K, which is far lower than the experimentally observed effective
sky temperature of 288K, and indicates that our assumed spectrum
here provides much better overlap with the transparency window of
the atmosphere. When the diode is at the ambient temperature of
293K, Eq. (5) predicts a maximum power density of 3.99 W/m?> when
the bandgap wavelength is at 13.2 um. In the ideal condition, the effi-
ciency of power generation estimated from the ratio of the power den-
sity to the outgoing heat flux is 10.2%. The detailed-balance analysis
here thus points to significant room for improvement in the negative
illumination concept. This value is still lower than that of the
Shockley-Queisser limit in negative illumination [~54.8 W/m? (Refs. 1
and 3)], where the emissivity of the atmosphere is not considered. The
relatively small value comes from thermal radiation from the atmo-
sphere measured in the diode mainly in the wavelength range outside
the transparency window. If we can reduce the responsivity in the
wavelength range outside the transparency window while keeping # of
1, the achievable power output would approach the Shockley-Queisser
limit of negative illumination. Assuming an # value of 0.14, the same
as the diode we used in this research, the power density curve simply
shifts to a lower level as compared to the result with # = 1, as shown
in Fig. 3(a). This indicates that if the bandgap wavelength, the respon-
sivity spectrum, and the applied bias are optimized, the power density
can be significantly improved as compared to the current experimental
condition even in the case where the EQE is not idealized.

The analysis above shows that to improve the power generation
from sky using negative illumination, it is necessary to reduce the
Auger recombination and the concentration of majority carrier while
maintaining the effective energy bandgap to be 0.094 eV, correspond-
ing to a cutoff wavelength of 13.2 um, for emitting outgoing photon
flux via the atmospheric window. One method to achieve this is by
employing low dimensional structures. It has been reported that
quantum-confined structures, such as quantum wells or quantum dots,
can be used to reduce the Auger recombination.””** Furthermore,
quantum dot structures have an advantage that their responsivity does
not significantly depend on the diode temperatures.”” These structures
might be good candidates for achieving high responsivity even at ambi-
ent temperature for energy harvesting under negative illumination.

In conclusion, we have demonstrated power generation from the
sky under negative illumination. We have also established a theoretical
model that accounts for the observed temperature dependence of the
photocurrent. The power density under outside negative illumination
depends on the responsivity of the diode in and outside the atmo-
spheric window as well as the quantum efficiency of the diode. Using a
Shockley-Queisser analysis and taking into account the transmission
spectrum of the atmosphere, we found that a maximum power of
3.99 W/m”® can be achievable under negative illumination. Our results
point to a pathway for energy harvesting during the night-time directly
using the coldness of outer space.
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Grant No. DE-FG02-07ER46426, by the U.S. Department of Energy
“Photonics at Thermodynamic Limits” Energy Frontier Research
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