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Electrical power generation from a moderate temperature thermal source by means of direct con-
version of infrared radiation is important and highly desirable for energy harvesting from waste
heat and micropower applications. Here, we demonstrate direct rectified power generation from
an unbiased large-area nanoantenna-coupled tunnel diode rectifier, called a rectenna. Using a vac-
uum radiometric measurement technique with irradiation from a temperature-stabilized thermal
source, a generated power density of 8 nW/cm2 is observed at a source temperature of 450C for
the unbiased rectenna across an optimized load resistance. The optimized load resistance for the
peak power generation for each temperature coincides with the tunnel diode resistance at zero bias
and corresponds to the impedance matching condition for a rectifying antenna. Current voltage
measurements of a thermally illuminated large-area rectenna show current zero crossing shifts into
the second quadrant indicating rectification. Photon-assisted tunneling in the unbiased rectenna
is modeled as the mechanism for the large short-circuit photocurrents observed where the photon
energy serves as an effective bias across the tunnel junction. The measured current and voltage
across the load resistor as a function of the thermal source temperature represents direct current
electrical power generation.

I. INTRODUCTION

The conversion of electromagnetic radiation into elec-
tric current is the basis of electromagnetic detection[1,
2], wireless power transfer[3–5], and solar energy
harvesting[1, 6]. Photodetection and optical to electri-
cal energy conversion typically rely on photon-induced
conductive currents in semiconductor device structures.
The thermal infrared region of the spectrum lies at a
cross-over point between optical photovoltaic conversion
in photodiodes and direct power conversion through rec-
tification in the radio-frequency region of the spectrum.
Infrared square-law detectors and energy conversion de-
vices require small bandgap semiconductors matched to
the infrared photon energy. At room temperature, these
small bandgap semiconductors are in thermal equilibrium
with a large number of thermally generated photons.
Thermal source illumination from a higher temperature
source in the bandwidth of the detector must generate
more photons than the equilibrium photon gas[7]. If pho-
ton flux from the thermal source does not out-number
these thermally generated photons in the device; then
the signal is obscured by thermal noise and no useful
work can be obtained from this device. This is a conse-
quence of the second law of thermodynamics. For most
infrared photodetection applications, these devices need
to be cooled to reduce the thermal background photons
in order to produce a detected signal[2]. However, for
this reason they are not good thermal energy harvesting
devices for moderate temperature sources.

Infrared direct detection based on rectification of the
displacement current in a tunnel diode can reduce the
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need for device cooling but requires the ability to re-
spond on the time scale of the oscillation of the infrared
radiation. In the thermal infrared this corresponds to fre-
quencies in the range of 20-50 THz, where carrier trans-
port phenomena are typically too slow. Many research
groups have examined ultrafast tunneling as a means
of rectification and detection for optical frequencies[8–
11]. Infrared rectennas have been extensively studied
theoretically[12] and experimentally[13–15] using metal-
insulator-metal tunnel diode rectifiers and antenna de-
signs based on scaled versions of microwave antennas.
However, these optical rectennas typically are operated
under high power laser illumination and applied DC bias,
and do not scale to large area readily due to their fabrica-
tion using e-beam lithography. By utilizing complimen-
tary metal-oxide-silicon (CMOS) fabrication techniques,
uniform high-yielding distributed tunnel diode rectenna
can be fabricated over full wafers with diameters of 300
mm.

Tunneling diode rectifiers with high asymmetry are
required to efficiently convert the small signal infrared
electric field amplitude in an unbiased diode into a pho-
tocurrent. Furthermore, the tunnel diode must be lo-
cated near the concentrating infrared antenna to mini-
mize ohmic loss associated with metals in the infrared.
This parasitic ohmic absorption leads to an increase in
the temperature of the device and reduces the conver-
sion efficiency. In order to overcome these inefficiencies,
nanoantenna and metasurface design concepts have been
developed to create distributed tunnel diode rectifiers to
resonantly concentrate the infrared electric field in the
tunnel barrier for enhanced tunneling.

Previously, we have demonstrated room temperature
photoresponse of large-area 1D and 2D nanoantenna-
coupled tunnel diodes under coherent infrared illumina-
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FIG. 1. Schematic of vacuum radiometric measurement for thermal source irradiation of a large-area infrared
rectenna. (a) The schematic shows a water cooled shroud around a temperature controlled ceramic thermal heater that
acts as a thermal source. A packaged rectenna with active area 3 mm x 3 mm shown in (b) is attached to a chilled large
Cu block that is on a linear stage that controls the source rectenna distance. The temperature of the rectenna and the Cu
block are monitored with attached thermo-couples. (c) The large-area rectenna is an integrated nanoantenna coupled metal-
oxide-semiconductor tunnel diode that has been described previously[16, 17]. (d) High resolution TEM shows the tunnel
diode cross-section highlighting the oxide thickness ('3-4nm). The entire large-area nanoantenna coupled tunnel diode is
encapsulated in thick oxide. (e) Simulated (f) measured TM reflectance spectra from rectenna. Units: 0 (no-reflectance) - 1(
complete reflectance) (g) Simulated peak field concentration factor γ = Egap

z /E0 in rectenna. (h) The z-directed transverse
field concentration in tunnel oxide at resonance. The z axis is perpendicular to the tunnel barrier.

tion in biased and unbiased operation[16, 17]. The in-
frared photoresponse was attributed to the large field
enhancement in the spectral region near the epsilon near
zero (ENZ) material resonance of the oxide tunnel bar-
rier leading to enhanced tunneling rectification. In this
paper, we examine a 1D rectenna under thermal source il-
lumination in a vacuum radiometry experimental setup.
We demonstrate power generation across a load resis-
tance and discuss photon-assisted tunneling in the unbi-
ased device and optimization for thermal power supplies.

II. EXPERIMENT

Vacuum radiometry is a technique used to measure
photo-thermal response of thermo-photovoltaics and in-
frared rectennas under thermal illumination. The exper-
imental setup is shown schematically in Fig.1(a), where
a ceramic heater with integrated temperature controller
acts as a thermal source of radiation. The heater is
shrouded by a water-cooled coil and the emissivity of
the heater is ≈ 90% across the thermal infrared band.
The purpose of the water-cooled shroud is to shield the
surroundings from the heater and to avoid creating sec-
ondary thermal sources with large thermal time con-

stants. The packaged rectenna sample shown in Fig.
1(b) is mounted to a large water-cooled copper block that
acts as a thermal ground and electrically connected to a
ribbon cable for electrical characterization. The cooled
rectenna assembly is mounted to a linear stage which con-
trols the distance between the thermal source and device
under test. The stages are not precise enough for repeat-
able power versus distance measurements and therefore
are held fixed at 2-3 mm spacing for all termperature
measurements. Thermo-couples are attached to sample
to monitor temperature.

The large-area rectenna structure has been previously
described[16] and consists of an integrated, large-area
metal grating antenna structure with a metal-oxide-
semiconductor tunnel diode shown in Fig. 1(c)-(d). The
grating is designed to effectively confine and enhance
thermal infrared radiation into a 3-4 nm tunnel barrier.
Figure 1(e) shows the simulated and measured (f) trans-
verse magnetic reflectance for the rectenna. A large ab-
sorption resonance is seen in the region near the oxide
longitudinal optical phonon resonance at 8.1 µm. The
transverse field enhancement is shown in Fig.1(g) as a
function of the wavelength and incident angle and the
field enhancement profile near resonance at 7.3 µm, figure
1(h), is shown from simulation. At normal incidence, the
field enhancement factor is approximately 10-15× the in-
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FIG. 2. Rectenna IV characteristics under thermal source irradiation. (a) The schematic of vacuum radiometric
measurement of IV characteristics of rectenna under thermal source illumination. (b) Spectral blackbody exitance for blackbody
source in the temperature range considered for the experiment. (c) IV sweeps of the rectenna at varying thermal source
temperatures. (d) High resolution IV characteristics around zero bias showing the current minimum shifting into the second
quadrant as the thermal source temperature increases. Note: thermo-couple measurement of the rectenna does not show any
significant heating of device or the Cu thermal sink. In all plots the source temperature color map: 200C (black) ,250C (grey),
300C (purple),350C (green), 400C (gold), 450C(red) lines.

cident field amplitude. The transverse field enhancement
in the tunneling barrier is seen to increase for oblique in-
cidence.

The electrical characterization of the rectenna is shown
schematically in Fig.2(a) and illustrates the device un-
der black-body illumination in vacuum. The black-body
spectral exitance incident on the rectenna is shown in
Fig.2(b) for the source temperature range considered.
The spectral exitance is the illuminated power per unit
area per unit bandwidth and can be compared to the
Poynting vector flux irradiating the rectenna where the
gray band indicates the absorption resonance on the
rectenna. Explicitly, the spectral exitance, M0

ν , is given
by

M0
ν (T ) =

2πhν3

c2
1

exp(βhν)− 1
(1)

where β = 1/kBT , h is Planck’s constant, c is the speed
of light, and ν is the photon frequency. From the spec-
tal exitance, the incident photon field amplitude, E0,

is derived from its relationship with the Poynting vec-
tor flux incident onto the device. As we have seen, the
transverse electric field amplitude in the barrier is en-
hanced relative to the incident field, Egapz = γE0, in the
spectral region near the ENZ resonance, and is given by
Egapz = γ(2Z0M

0
ν (T )dν)1/2, where Z0 is the impedance

of free-space, dν is the bandwidth, and γ represents the
transverse field enhancement factor in the tunnel barrier.
Figure 2(c)-(d) show the current voltage characteristics
for the thermally illuminated rectenna for source temper-
atures in the range of room temperature to 450C. The
IV data indicates large changes in the rectenna conduc-
tance as the source temperature is increased. Further-
more, the IV near zero bias shows that the open-circuit
voltage change shifts from zero to negative voltage indi-
cating rectification occurring in the 2nd quadrant. The
large increase in tunneling conductance accompanies the
change in diode asymmetry as the temperature increases
and we observe large short-circuit currents at zero bias.

Photon-assisted tunneling is a well established process
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FIG. 3. Short-circuit rectenna current density as a function of source temperature. (a) Schematic band diagram of
n-type MOS tunnel diode with Schottky image potential lowering of tunnel barrier shown in blue dashed lines. The resulting
effective barrier height is given by Φ−∆Φ and width is shown. Here tg is the physical device thickness and tox is the effective
device thickness. (b) Measured and modeled short-circuit current density for various effective barrier conditions. Φ = 3.0 eV
and tg = 4.0nm for the Al/SiO2/n+ Si MOS device. In all modeling, V=1.65 eV and the effective oxide thickness, tox = 3 nm.
The longitudinal effective masses are ml = me, mr = 0.19me, and mox = 0.5me where me is the bare electron mass.

is superconducting tunnel junctions[18–21] and has been
observed in semiconductor superlattices[22]. The short-
circuit tunneling current can be modeled by considering
photon-assisted tunneling within the transfer Hamilto-
nian model for a uniform barrier tunneling under zero
bias. The nanoantenna n-type MOS tunnel diode band
diagram can be modeled as a uniform barrier that is
reduced by Schottky image potential lowering yielding
an effective barrier height and tunneling thickness. Re-
ductions in effective barrier height and thicknesses for
MOS tunnel diodes on degenerately doped Si substrates
have been extensively examined[23] and image poten-
tial lowering calculations can affect the computed tun-
nel currents[24]. Figure 3(a) shows the band-diagram for
the n-type MOS tunnel diode illustrating the impact of
image force lowering of the barrier on both sides of the
device. The bulk barrier height, Φ=3.0 eV is lowered
by 1.35 eV and the effective tunneling distance at the
Fermi level is reduced from the metallurgical thickness of
approximately 4.0 nm to an effective tunnel thickness of
3.0 nm. Photon-assisted tunneling is a dynamical tun-

neling effect, where the image charges are induced on
the metal and semiconductor surfaces and dynamically
screened at THz rates. Therefore, the image potential
calculation, uses the dynamic frequency-dependent per-
mittivity in the resonance band of nanoantenna for the
computation for the effective barrier parameters. In Ap-
pendix A, the analytic image potential calculation is de-
rived. Fig. 5 shows schematically the iterative image po-
tential calculation which is used as a zero parameter fit
to compute the short-circuit current. The other parame-
ters in the computation are the spectral absorption, and
the field concentration in the tunnel barrier which are de-
termined from electromagnetic simulations. Figure 3(b)
shows the measured short-circuit current as a function
of source temperature. An observable increase in the
short-circuit current occurs near a source temperature of
T ' 250C, where the peak of the black-body spectral
exitance shown in Fig. 2(b) crosses the rectenna spectral
resonance.

The expression for the single photon contribution to
the short-circuit current density is [25]

J (1) = AT 2

(
mrml

m2
ox

)
2Z0

∫ νmax

νmin

dν(1−R2)γ2
(
etox
hν

)2

M0
ν (T ) T (ν), (2)

where A = 120 Amps/cm2K2 is Richardson’s constant,
and 1−R2 is the frequency-dependent nanoantenna ab-
sorption, and

T (ν) = β

∫
dEl t(El, El + hν) ln

[
1 + e−βEl

1 + e−β(El+hν)

]
(3)

is the integrated barrier transmission, and hν is the pho-
ton energy that acts as an effective bias in the supply
function. The transfer Hamiltonian barrier transmit-
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FIG. 4. Power generation from a thermal source in an external load resistor. (a) Schematic of vacuum radiometry
experiment for power generation. The gap is held fixed at ' 2 mm for all measurements. (b) Measured load voltage as a
function of the load resistance for the source temperature ranging from 200-450C. (c) Power generation as a function of the
load resistance for various source temperatures. (d) Load diagram in second quadrant illustrating the current and voltage in
the load resistor as a function of the source temperature. In all plots the source temperature color map: 200C (black) ,250C
(grey), 300C (purple),350C (green), 400C (gold), 450C(red) lines.

tance is

t(El, Er) = e−(k+q)tox sinhc2
(

(k − q)tox
2

)
, (4)

where the first term has the form of the standard tun-
neling exponential and the second term is the square
hyperbolic sinc function. The evanescent wavevectors
in the barrier region are k = (2ml(V − El)/~2)1/2 and
q = (2mr(V − Er)/~2)1/2 as defined in caption. The
modeled zero bias current density is shown in Fig.3(b)
with various field concentration factors and effective ox-
ide thicknesses. The modeled results accurately predicts
the temperature transition and the short-circuit current
density above the transition temperature for realistic ef-
fective barrier height,thicknesses, and computed field en-
hancement factors for normal incidence.

Finally, we come to the ultimate goal of electrical

power generation from radiated heat from a thermal
source. Figure 4(a) shows the configuration for the power
generation measurement. An external variable resistive
load is placed across the thermally illuminated large
rectenna and a voltage is recorded. In the experiment,
the thermal source-rectenna vacuum gap of '2-3 mm
is fixed for all measurements, and the external resistor
board is outside the vacuum at room temperature. Thus
the measurement is in the far-field of the thermal source
and due to the large size difference between the heater
and the rectenna, the view factor is approximately unity
out to large angles of incidence. The measured voltage
and current is recorded and the electrical power deliv-
ered to the load resistor computed. Figure 4(b) shows
the measured load voltage across the load resistor as the
source temperature is varied. The measured voltage is
seen to saturate at the open-circuit voltage as the resis-



6

tance is increased. At the highest source temperature
of 450C, the measured voltage is 0.2 mV for resistances
above 2 kOhms. Figure 4(c) shows the electrical power
generated as the load resistance is varied for a set of ther-
mal source operating conditions. The electrical power
generation increases to a maximum at a select load re-
sistance for each source temperature. The peak power is
seen to shift to lower resistance values as the source tem-
perature is increased. The peak load resistance matches
and tracks the tunnel diode resistance at zero bias indica-
tive of direct rectification impedance matching require-
ments. Electrical rectification from an AC signal requires
that the diode impedance match the load impedance for
maximum power transmission to the load. The current
voltage load diagram is shown in Fig.4(d). The power
generation is clearly in the second quadrant and photo-
generated currents of 10 µA and voltages of tenths of a
mV are obtained at the higher source temperatures.

III. CONCLUSIONS

In summary, we have unambiguously generated elec-
trical power from a radiative thermal source at moder-
ate temperatures. The measured currents and voltages
across a load impedance are indicative of direct recti-
fication of infrared radiation in our unbiased large-area
nanoantenna-coupled tunnel diode. The peak power load
resistance is seen to precisely match the tunnel diode re-
sistance at zero volts, consistent with antenna rectifier
impedance matching conditions.

A model of broadband photon-assisted tunneling
through an effective tunnel barrier has been proposed
and quantitatively matches the short-circuit current over
three decades[25]. The model includes realistic field con-
centration in the tunnel barrier as observed under finite-
element modeling of the electromagnetic response of the
device. This high field in the tunnel barrier gives rise to
the large short-circuit currents and can be tuned through
design of the metasurface resonance[26–28] and the ma-
terial optical phonon modes[29].

In this paper, we report electrical power generation
from an incoherent broadband thermal source. Previ-
ously, we have estimated the power conversion efficiency
of our rectenna at '0.01% under direct quantum cascade
laser illumination[16]. Power conversion efficiency esti-
mation under incoherent thermal illumination is inaccu-
rate since it requires measurement of source and rectenna
emissivity, source and rectenna surface temperature, ra-
diometric view factor, and separation. Here absolute
power per unit area generation under no external bias
across a load resistance is the preferred figure of merit.
While the power generation seems modest, the large-area
fill-factor can compensate for low efficiency conversion
and improvements in the device design and improvements
in the device performance can be readily implemented
within a standard CMOS process. The result would be
a new micropower supply that could convert radiated

waste heat into useable electric power for wide ranging
applications.

ACKNOWLEDGMENTS

Funding for this work was provided by Sandia’s Labo-
ratory Directed Research and Development (LDRD) pro-
gram. Sandia National Laboratories is a multi-mission
laboratory managed and operated by National Technol-
ogy and Engineering Solutions of Sandia, a wholly owned
subsidiary of Honeywell International Inc., for the United
States Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.



7

Appendix A: Image potential barrier lowering

The tunneling barrier shape, height V ,and width tgap
are modified by the metal image potential in the metal-
insulator-degenerately doped Si tunnel diode[24]. To
solve for the electric potential of an electron in the tun-
nel barrier, we use the method of images to compute the
potential, φ, and the electric energy W = qφ/2 at the po-
sition of a test charge in the dielectric region of a MIM
diode. Figure 5(a) shows the configuration for a charge
−q at position x. The images charges are placed to make
the two surfaces equipotential surfaces and this process
can be iterated. The resulting image potential energy is

W = − q2

8πε0ε

{ ∞∑
n=1

(
nt

(nt)2 − x2
− 1

nt

)
+

1

2x

}
, (A1)

and the effective barrier Φe(x) = Φ + W (x). The oxide
barrier height is set at the bulk barrier for Al on SiO2,
Φ = 3.0eV. The image potential lowered barrier, Φe(x),
is shown in figure 5(b) and can be converted into an ef-
fective rectangular barrier by integration. We obtain

V · tox =

∫ x1

x0

dxΦe(x), (A2)

where Φe(x0) = 0 and Φe(x1) = 0 are the intersections
of the barrier at Ef = 0. Typically, the relative perme-
ability for the oxide is used in the calculation, but in the
rectenna device the tunneling is dynamic. The enhanced
electric field in the barrier is inducing image charges at 30
THz, and it therefore makes sense to use the dispersive
infrared permittivity in the calculation. In the infrared
resonance band, ε varies from 1→ 0, so for the calculation
of the effective uniform barrier, we use ε = 1/2. From
the above discussion, the effective uniform barrier height
V = 1.65eV and the effective oxide thickness, tox = 3nm
as described in the manuscript.

Appendix B: Impedance match

The conditions of impedance matching are well devel-
oped in rectified detection and power sources. Antenna
matching networks are used to reduce reflection from the
antenna to maximize power to the rectifying diode, and
a second matched network is used to maximize power to
the load impedance. In the rectenna, the diode rectifier
is distributed and integrated into the antenna surface.
The rectenna is optimized to have low reflectance in the
region where we have high field enhancement in the tun-
nel barrier. The condition for maximal power generation
occurs when the load resistance matches the tunnel diode
resistance at zero bias. Figure 6 shows that the rectenna
satisfies the impedance matching condition. Typically,
you achieve peak power delivered to the load when the
diode impedance matches the load impedance. The peak
power load resistance matches over many decades of re-
sistance the tunnel diode resistance at V=0 as a function

of the source temperature. This clearly indicates that the
power generation arises from rectification and not from
bolometric or internal thermoelectric effects.

Appendix C: Figure of merit

The figure of merit, F (θ, λ) = (1 − R2)γ2, represents
the field enhancement in the tunnel gap weighted by the
absorption of the nanoantenna and is in the integrand for
the photon-assisted tunnel current expression Eq.2. In
the computed short-circuit current model, we use fixed
normal incidence values for the figure of merit. Ideally,
we want high absorption in the nanoantenna structure
and high field concentration in the tunnel gap. These are
competing requirements since the field concentration in
the tunnel gap occurs very close to the ENZ LO phonon
mode of the oxide. It is difficult to obtain zero reflec-
tion from the oxide over-coated structure near the ENZ
point. Figure 7 shows the computed figure of merit for
the nanoantenna structure of the paper as a function of
angle and wavelength. It is instructive to note that at
large angles we get the largest figure of merit near the
ENZ resonance of 8.1 µm for the oxide. This field en-
hancement is sizeable for oblique incidence near the well
known Berreman guided mode resonance[30]. This im-
plies that power generation at oblique incidence will be
significant and we can optimize the view factor to im-
prove the conversion efficiency.
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