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ABSTRACT: A huge amount of thermal energy is available close to
material surfaces in radiative and nonradiative states, which can be
useful for matter characterization or energy harvesting. Even though a
full class of novel nanoengineered devices has been predicted over the
last two decades for exploiting near-field thermal photons, efficient
near-field thermophotovoltaic conversion could not be achieved
experimentally until now. Here, we realize a proof of principle by
using a micrometer-sized indium antimonide photovoltaic cell cooled
at 77 K and approached at nanometer distances from a hot (~730 K)
graphite microsphere emitter. We demonstrate a near-field power
conversion efficiency of the cell above 14% and unprecedented
electrical power density outputs (0.7S W cm™2), which are orders of
magnitude larger than all previous attempts. These results highlight
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that near-field thermophotovoltaic converters are now competing with other thermal-to-electrical conversion devices and also pave

the way for efficient photoelectric detection of near-field thermal photons.

KEYWORDS: Thermal radiation, nanoscale, thermophotovoltaics, conversion efficiency

A significant number of experimental demonstrations of the
enhancement of thermal radiation heat transfer between
hot and cold bodies' ~* have established a firm basis for new
nanoengineered devices based on thermal photons in the near
field, involving, for instance, thermal rectification® and
photonic cooling.” In particular, it was predicted 20 years
ago that approaching a hot emitter and a photovoltaic cell at
nanoscale distances would drastically increase the thermal
radiation exchange and, in turn, the electrical power generation
by the cell® ' Many theoretical publications have further
elaborated on this idea.''™'® An early experiment'’ qual-
itatively showed enhancement of the photogeneration of
electrical charges at microscale gaps between the emitter and
the cell. More recently, three experimental works'®~*° reported
on an enhancement of the electrical power in the near field,
with estimations of power conversion efliciency hardly
reaching 1% and a maximal power density of 0.75 mW cm™.
These modest performances indicate that a clear proof of
efficient photovoltaic conversion of near-field thermal radiation
is still lacking. This is puzzling since ultra-efficient
thermophotovoltaics, based on the conversion of radiative
heat emitted in the far field, has recently been demon-
strated.”"”” Nevertheless, the electrical power density meas-
ured for these far-field devices remains moderate, approaching
the W cm™ level”’™** only for high-temperature emitters
above 1000 °C. The interest for near-field thermophotovoltaic
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converters, where the transferred radiative power is much
higher, comes from their potential to lead to both significant
output power and power conversion efficiency.”* They could
also work with heat sources of lower temperatures.

In the present work, we designed and implemented an
experiment to maximize near-field radiative heat-to-electricity
conversion from a medium-grade heat source (temperatures in
the range 250—650 °C), demonstrating improvements in the
three directions (efficiency, power, temperature) and therefore
resolving some obstacles to high performance. First, we used a
configuration improving the view factor between the emitter
and the photovoltaic cell. In the present case, it involves a
spherical emitter exchanging radiation with a planar
receiver."””*7** Our setup allows us to scan a large
emitter—cell distance range, from millimeters down to
nanometers, and thus to directly compare far-field and near-
field configurations. Second, we used photovoltaic cells with
specific architectures for efficiently collecting near-field
photons. They are made of indium antimonide (InSb), having
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Figure 1. Device and simulated radiative heat transfer for near-field thermophotovoltaic conversion. (a) Schematic of the spherical emitter—planar
photovoltaic cell device. (b) Scanning electron micrograph of the emitter seen from below. A graphite sphere is glued on the tip of a SThM-doped
Si probe with a ceramic adhesive. (c) Optical microscopy top view of an InSb cell having an active area diameter of 160 ym. (d) Simulated thermal
radiation heat transfer spectrum in the case of an emitter at 732 K and a cell at 77 K for far-field (blue curve) and near-field (red curve)

configurations.

a very low bandgap energy (0.23 eV, ie, 5.3 um, at 77 K)
particularly well suited for converting mid-infrared photons
typical for thermal radiation. Finally, we identified cell design
parameters that allow the maximization of electrical power
density and power conversion efficiency.

The experimental setup (see Figure 1) consists of a hot
micrometer-sized spherical emitter (Figure 1b) and a micro-
meter-sized photovoltaic cell (view from top in Figure Ic),
separated by a distance that can be varied. It allows for
measuring both the radiative power exchanged between them
and the electrical power generated by the cell, as a function of
the emitter—cell distance. The photovoltaic cell is a p-n
junction (Figure la) made of InSb, one of the II-V
semiconductors with the longest bandgap wavelength. The
cell can thus convert thermal radiation with wavelengths in the
micrometer range (Figure 1d). The InSb bandgap (bandgap
wavelength) depends on temperature and varies from 0.23 eV
(5.3 um) at 77 K to 0.17 eV (7.3 ym) at room temperature.
The photovoltaic cell was specifically designed for harvesting
thermal radiation fluxes of medium-grade temperature sources
(around 500 °C) in the near field.*” Its architecture was
optimized based on full calculations involving the coupling of
electrical charge transport and radiative transfer in a 1D
configuration.”” The p-n junction is located close to the cell
top-surface (a few hundreds of nanometers only) to collect a
large share of the near-field photons. The size of the cell should
match the size of the emitter to avoid nonilluminated zones,
which are detrimental to electrical performance. Thus, the
active (uncovered, therefore radiation-absorbing) area of the
cell (Figures 1a and c) is a few tens of micrometers in diameter
in order to optimize the view factor (see Section S1 and Figure
S8a). To assess the impact of the view factor, three different
active area diameters (160, 80, and 20 um) are considered.
Gold layers are used as top and bottom electrical contacts. It is
important to note that an InSb p-n junction can operate
properly only at low temperature.’® Hence, in this experiment
the cell is cooled to 77 K by placing it on the coldfinger of a
cryostat located in a vacaum chamber (see Section S1).

The emitter is a graphite microsphere. It is glued to the apex
of the probe of a scanning thermal microscope (SThM, see

Figure 1b), which is an atomic force microscope (AFM) with
an electrical resistor located on the cantilever.”’ This resistor
acts both as a heater and as a temperature sensor. Its variations
with temperature are known thanks to a prior calibration
procedure. The microsphere is heated by the resistor and its
temperature is assumed to be equal to that of the cantilever
apex, determined from measurements of the electrical
resistance. Knowing the thermal conductance of the cantilever
(determined prior to the experiment) and the input current, it
is possible to deduce the radiative heat flux lost by the emitter
(see Section S1 and Figure S1 for details). Most of the results
presented here were obtained for a microsphere temperature of
732 K (459 °C), which maximizes measurement sensitivity,
but the microsphere could be heated up to temperatures larger
than 1200 K. Graphite was selected for the emitter as this
material maximizes the near-field radiative exchange with InSb
and the cell efficiency (Figure S3). Figure 1d indicates that
about 40% of the overall power exchanged between a planar
emitter and a planar receiver is located in the wavelength range
that can be converted to electricity. It also shows that reducing
the distance between the emitter and the cell strongly increases
radiative exchange. However, for the sake of simplicity in this
proof-of-concept experiment, we chose a spherical emitter to
eliminate parallelism problems inherent to planar config-
urations, even though at a given distance a stronger near-field
exchange would be obtained with a planar emitter instead of a
sphere (Figure S3d). Such a geometry was successful for
Casimir force and near-field radiative heat flux experi-
ments,">**7***" and it easily allows us to probe an emitter—
cell distance range down to the sub-100 nm region. In the
experiment, a spherical emitter is therefore approached in the
vicinity of the cell by moving it vertically with a piezo-actuator.
We paid particular attention to designing a setup that can
probe a large emitter—cell distance range in order to observe
the transition between the far and near fields.

Performance of the cells (maintained at 77 K) is first
characterized (Figure 2). -V curves in the dark indicate a low
noise level (mA cm™) in the experiments. Remarkably,
radiative emission from the ambient environment (far field)
at room temperature already leads to a significant production
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Figure 2. Current—voltage characteristics of a cell at 77 K having an
active area diameter of 20 um. I-V curves (single realizations)
measured in dark conditions (black, inset), under the illuminations of
the ambient environment at 300 K (blue), and of the graphite
microsphere at 732 K in the far field (orange) and at d ~ 2 ym (red).
The dark and light gray rectangles represent respectively the
maximum output power and the product VI, used for computation
of the fill factor (FF). The inset shows the current in absolute values
according to the applied voltage. The curves were obtained for a 500
um-thick InSb substrate and a 10'” cm™ p-doping level. The observed
noise (standard deviation, see, e.g,, the dark I-V curve) is 3.5 X 107'°
A.

of electrical power by the cell. The open-circuit voltage (inset
of Figure 2) is found to depend on the temperature of the
emitter and also on the emitter—cell distance. For an emitter at
732 K and the smallest emitter—cell distance in Figure 2 (~2
um), it is equal to 127 mV, leading to a remarkable voltage
factor (qV,./E, where E, is the bandgap of InSb at 77 K and ¢
the elementary charge) of 0.5S. In contrast to certain previous
works,'”?° the I-V curves look like typical photovoltaic cell
characteristics with high values of the fill factor (0.74 in Figure
2).

The high sensitivity of the electrical power output
measurement allows us to follow the approach of the hot
microsphere toward the cold cell with distances from
millimeters down to the contact. The evolution of the short-
circuit current is measured as a function of the emitter—cell
distance characterized by the z-piezoactuator displacement
(inset in Figure 3b and Figure S9b). It superimposes nicely on
the prediction of the far-field view factor theory at large
distances. The near-field contribution is expected to appear
below a distance approximately defined by Wien’s wavelength
(Aw = 2898/T, in um) for the emitter, ie., below 4 um. At
small distances, a deviation from the far-field view factor
prediction is indeed observed. Note that the difference
between the exact emitter—cell distance and that measured
by the vertical piezoelectric actuator can reach up to around 80
nm close to the contact (see Section S7 and Figure S7).

Our setup allows the measurement of both the exchanged
radiative power (Figure 3a) and the current—voltage curve as a
function of the emitter—cell distance at the same time. As
expected, a strong enhancement of the exchanged radiative
power is observed for small distances, where it reaches 7.4 yW
(Figure 3a). Almost all of this increase is due to the near-field
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Figure 3. Near-field exchanged radiative power, generated electrical
power at the maximum power point, and near-field power conversion
efficiency (PCE) obtained simultaneously as a function of emitter—
cell distance (z-piezo position), for a cell at 77 K having an active area
diameter of 20 pm and for a graphite microsphere emitter at 732 K
having a diameter of 37.5 pm. (a) Near-field radiative power
according to distance. Measurements (blue curve) are compared with
calculations (dark-dashed curve) performed in the frame of the
proximity approximation. (b) Generated electrical power, deduced
from the measurement of -V curves as a function of distance. The
total electrical power (red curve) is compared to the power increase
due to the far-field contribution estimated from the view factor
(dashed-dotted black curve). The region between the two curves
provides the near-field electrical power. The inset data, obtained with
another cell, show the match between the view factor computation
(plain line) and the experimental data in the far field. (c) Near-field
power conversion efficiency (PCE) calculated by dividing the near-
field electrical power (b) by the near-field exchanged radiative power
(a). The dark-shaded zones around the mean curve correspond to the
standard deviation (SD) (17 measurements in the small-distance
regime, with a decaying number when distance is increased, leading to
a larger SD). The small SD (<1%) in panel (b) is not represented.
The light-shaded zones represent the systematic relative uncertainty
of 20% induced by the calibration of the emitter.

contribution, since the gain from the far-field contribution is
much weaker in the last micrometers. While the far-field
contribution background cannot be directly measured, it is
computed to be ~3.2 yW for the configuration analyzed in
Figure 3 (Section SS).

The generated electrical power at the maximum power point
(Figure 3b, red curve) is derived from I-V curves for each
emitter—cell distance (Figure S12). It reaches almost 1.3 yW
at the smallest distance in the selected configuration. By
matching the view factor computation (dashed-dotted black
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Figure 4. Influence of the cell diameter, substrate thickness, and p-doping level on the maximum electrical power for the smallest emitter—cell
distances. The dark and light parts are respectively the far-field and near-field contributions. (a) Influence of the cell active area diameter. The
electrical power decreases with the cell diameter because less illumination is collected, but the electrical power density increases. (b, left) Influence
of the substrate thickness. The maximum electrical power density is observed for the device with the thinnest substrate. (b, right) Influence of the
p-doping level. The maximum power density increases with the doping level. The standard deviations are small (less than 1%) and therefore are not

represented.

curve in Figure 3b) to the experimental curve at the largest
distances, an increase of the electrical power stronger than
what standard far-field theory predicts is clearly visible in the
sub-3 um region (in yellow). An electrical power 4.6 times
larger than the far-field prediction is found, highlighting the
power increase due to the near-field radiation transfer.

Power conversion efficiency (PCE) is a common figure of
merit to evaluate the performance of TPV cells,”' 7 which is
different from the device overall efficiency that includes heat
source losses and the power required for cooling the cell. The
PCE is defined by the ratio of the electrical power to the net
radiation heat flux absorbed by the cell. The total PCE,
obtained by considering both near- and far-field contributions,
is estimated to be about 12% in the experimental configuration
of Figure 3. This is one order of magnitude higher than the
best value in previous experiments.'® By dividing the electrical
power by the near-field exchanged radiative power at the same
distance, a near-field PCE can be determined (Figure 3c). It is
found to be in the range of 14—19% close to contact.

Parameters that can improve radiative heat-to-electricity
conversion are now analyzed. We underline that the near-field
contribution in the sphere—plane geometry is mostly related to
optical modes that are evanescent in the gap but propagate in
the substrate (frustrated modes, see Figures SS and S6). First,
the effect of the active area diameter of the cell is reported in
Figure 4a. A larger share of the exchanged power comes from
the near field for the smallest cell (highlighted by the dark
orange region) because remote parts of the sphere radiate on
the gold coating surrounding the active area, which does not
absorb radiation useful for the photovoltaic effect. As a result,
the smallest cell performs the best. The generated electrical
power is about 2 kW m™2 (0.2 W cm™2), which is three orders
of magnitude higher than that of previous reports."~>° This
highlights the importance of matching the cell and emitter
sizes. The influence of two other cell parameters predicted to
be critical is analyzed in Figure 4b, namely, the substrate
thickness and the p-region doping concentration.”” When the
substrate thickness is decreased from 500 to 200 ym (Figure
4b, left), a clear enhancement of the power output is observed
in the experiment. By thinning down the substrate of the cell,
the near-field efliciency is more than doubled and reaches 14%
(see Table S2 and Section S12). Anterior theoretical 1D

analyses predicted that this effect would occur because of lower
absorption below the bandgap””’” and higher absorption
above the bandgap.”” Measurements show that the efficiency
enhancement is the result of a rise in electrical power without
any substantial change in the net radiative flux exchanged. 2D
effects on radiative transfer and electrical charges transport and
the impact of the emitter on external luminescence of the cell*’
can be invoked as possible other explanations. The effect of the
doping concentration in the p-region of the junction is finally
analyzed. By increasing the dopant concentration from 10'” to
10'® cm™, an impressive 4-fold enhancement of the electrical
power is observed (Figure 4b, right), leading to a record 7.5
KW m™2 (0.75 W cm™2) value for the tested micrometer-sized
cells despite the moderate temperature of the emitter (459
°C).

In summary, we have measured photovoltaic conversion of
thermal photons in the near field with a cell efficiency above
14% and electrical power densities reaching 0.75 W cm ™, close
to the ~1 W cm™ threshold typical for powerful energy
harvesting devices”* and close to the best far-field thermopho-
tovoltaic gerformances despite much lower emitter temper-
atures.”' ~** The present approach highlights the possibility of
using the photocurrent as a signal for characterization
purposes, converting the photons directly close to the surface
and therefore acquiring the signature of the sample with
superior sensitivity. The experimental setup, intended to
measure the increase of electrical power in the near field and
the corresponding cell efficiency in laboratory conditions, was
not designed for optimizing the global conversion efficiency
(see Section S13). Hence, for energy harvesting with a device
operating in real conditions as in solar thermophotovol-
taics,” ™’ it will be required to upscale the sizes, to mitigate
the thermal losses, and to avoid cooling the cell. Our
architectures are compatible with more industrial-size
implementations involving parallel flat surfaces that were
undertaken recently.’® Recent strategies for designing efficient
far-field cells with narrow energy bandgap III—V materials
operating at room temperature’”"" can also be applied in the
near field with frustrated photon modes and will be particularly
useful for harnessing energy of medium-grade heat sources. For
high-grade heat sources, we have demonstrated the possibility
to maintain a temperature difference larger than 1100 K across
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a small distance (Figure S11), so higher energy bandgap
materials used in cells operating at room temperature could
also be considered with a careful design for the near field.
Finally, as a reminder, further enhancement of the perform-
ances is predicted for materials with polariton resonances
above the energy bandgap.'"'* This work thus opens the door
to efficient exploitation of near-field thermal photons.
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