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Abstract. The authors investigate the efficiency of a series of broadband rectennas designed to
harvest the free-propagating electromagnetic energy at terahertz frequencies. We analyze by sim-
ulations the case of self-complementary square- and Archimedean-spiral antennas coupled to
L-shaped self-switching diodes (L-SSDs). First, the geometry (i.e., the width and length of
the channel) of the L-SSD was optimized to obtain a remarkable diode-like I-V response.
Subsequently, the optimized L-SSD geometry was coupled to both types of spiral antennas
and their characteristic impedance was studied. Finally, the energy conversion efficiency
was evaluated for both rectenna architectures. © 2017 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JPE.7.025001]
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1 Introduction

Infrared rectennas have attracted a great deal of research interest in recent years due to their
ability to convert optical energy into direct current (DC) power.! These devices are composed
of an antenna that collects the radiation and converts it into an alternating current (AC),2 and
a high-speed diode that rectifies the AC.> Since the conversion efficiency of the rectennas is
high,** they show a great potential in the design of photovoltaic devices that can operate at
infrared wavelengths. For instance, they can be used to harvest the radiation reemitted by
the Earth,>®7 which covers the spectral range from 7 to 20 um,® and the radiation emitted by
some other artificial thermal sources, such as engines, furnaces, etc., as they emit radiation at
longer wavelengths (submillimeter wavelengths or terahertz frequencies).

Rectennas have been employed as an efficient mechanism to convert the energy of micro-
waves into DC power,” but their use at shorter wavelengths, or equivalent higher frequencies, has
been limited by the lack of efficient rectifiers at this radiation range. Most of the high-frequency
rectifiers are nanometer-sized diodes based on vertical tunnel barriers,'®!'! which are able to
operate at visible frequencies.'> However, they exhibit a high-resistance and poor-asymmetric
current—voltage characteristics due to their nanometer size and the materials employed for their
fabrication. Both of these factors drastically drop the efficiency of the rectennas.'* In this regard,
diodes based on rectifying mechanisms are currently being investigated with the purpose to
circumvent these constraints,'* e.g., metal-semiconductor—metal heterojunction diodes have
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reduced the zero-bias resistance while keeping a high-current density, and as a result, the antenna
rectifier matching is improved, however, its manufacture is complex.'

A concept of an electronic device employed for efficient rectification at high frequencies with
a simple planar architecture is the so-called self-switching diode (SSD). An SSD consists of a
nanometer-sized semiconductor channel created between two L-shaped insulator grooves,'¢ in
which the electronic transport along the channel is allowed along one direction while it is sup-
pressed in the other, leading to a remarkably diode-like behavior. This effect is due to electric
field effects induced by the near surface charge redistribution between the lateral surface states at
the groove walls and the depletion region extended inside the channel.'®!” Several investigations
have been conducted to improve diode-like characteristics of channels and their response at high
frequencies, leading to the development of diodes with an excellent performance at gigahertz
and even terahertz frequencies.'”° These properties make the SSDs promising candidates for
the development of new types of rectennas that could operate in the terahertz band (or the sub-
millimeter range) where there is a lack of compact, low-cost, and efficient technologies.

In recent years, SSDs have been incorporated into dipole, bowtie,'® and spiral’® antennas to
develop zero-bias terahertz rectenna detectors. Such detectors have been successfully employed
to sense radiation at 1.5 THz. Later, their use was extended to energy harvesting applications to
convert the radiation emitted by a black-body at 973 K into DC power with an efficiency of
0.02%.?" In this study, we evaluate the efficiency of terahertz rectennas employing Archimedean-
and square-spiral antennas and we discuss their suitability and scope for energy harvesting
applications when they are coupled to the SSD nanochannels, which are ideal for harvesting
applications due to their absorption broadband. The spirals were coupled to SSD nanochannels
manufactured in two-dimensional (2-D) electron gas (2DEG) InAlAs/InGaAs heterostructures.
These structures are usually grown by molecular beam epitaxy. First, InAlAs buffer layers are
grown on Ingy;5Gaj,sAs/InP substrates. Then, an 80-nm thick InGaAs layer is deposited
followed by a 50-nm thick InAlAs film. The structure is capped with an InGaAs layer with
10 nm of thickness. All the layers are undoped and lattice matched to the substrate. The
2DEQG is created at the interface InAlAs/InGaAs heterostructure by inserting a 6-doping layer
above 20 nm of the InGaAs film within the InAlAs layer.”” The geometry and dimensions of
the SSD devices were chosen to enhance the conversion efficiency of the rectennas and the
optical and transport properties were analyzed through numerical simulations.

2 Self-switching Diodes for Square Law-Rectification

The L-shaped channel studied in this work is shown in Fig. 1(a). This nanodiode is the most
explored channel’s geometry presenting the self-switching behavior and it can be assumed as
a 2-D field-effect transistor with the gate to drain in short-circuit,'®* while the trenches of
the channels act as double lateral gates. The analysis was performed for the InAlAs/InGaAs
heterostructure described in the introduction considering the geometry shown in Fig. 1(a) by
using a commercially available technology computer-assisted design software, in which a sim-
plified 2-D model was developed with the top-view approximation similar to those reported for
2DEG-based InGaAs SSD and SOIL'*?*?* The 2-D approach has been proved by other authors
using Montecarlo simulations.'” The model is applied to the 2DEG plane at room temperature
where the mobility and background doping are equal to 12,000 cm?/vs and 1 x 10'7 cm™3,
respectively.'®!” Additionally, the energy balance model was used to find the carrier distribution
in the 2DEG plane, as well as its dependence on the applied voltage. To account for the effects
in the surface-states, a charge density of 0.4 x 10'2 cm™2 on the lateral surface trenches, i.e.,
at the interface between the semiconductors and vacuum, was assumed.'® The contact resistivity
used in the electrodes was set to 1 x 1078 Q - cm?, a typical value for InGaAs devices.”

In Fig. 1(b) the carrier distribution of the SSD without any external applied voltage is pre-
sented. Under this condition, the electron density decreases along the channel and also progres-
sively decreases toward the groove walls originated by the electron filling of acceptor-like states
on the surface of the groove walls. Figures 1(c) and 1(d) show the charge distribution of the
SSD channels under reverse and a forward bias, respectively. As observed, the reverse (forward)
current is suppressed (enhanced) due to a self-induced field-effect that reduces (increases) the
carrier density along the channel, leading to a clear diode-like behavior.
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Fig. 1 (a) Schematic 3-D representation of an L-SSDs. The calculated electron density distribution
(cm~3, in logarithmic scale) of the L-SSDs is exhibited at (b) zero bias, (c) reverse bias, and
(d) forward bias.

For harvesting applications, the diode-like behavior of these SSDs should be optimized first.
The transport properties depend on the geometrical parameters, such as the width (W) and length
(L) of the nanochannel. Thus, the optimization can be performed by adjusting the size of these
parameters. The parameter that mostly affects the diode-like behavior of these structures and
indeed the voltage threshold is W.'®!? In this direction, we have performed a series of transport
simulations in which the width of a channel was varied from 60 to 80 nm while the rest of their
geometrical parameters were kept fixed: L = 1 ym and the width of the trenches was set at
10 and 15 nm as shown in Fig. 1(a).

The obtained DC current—voltage characteristics are shown in Fig. 2(a). For SSDs, it is desir-
able to get a clear diode-like behavior, i.e., the reverse (forward) current is suppressed (enhanced)
due to a self-induced field-effect that decreases (increases) the carrier density along the channel.
Therefore, according to Fig. 2(a) the optimal channel width value is reached at W = 70 nm (for
L =1 um). It is worth noticing that the structures with W = 70 nm exhibit a low-voltage thresh-
old ~40 mV (value found with a piecewise linear model), a condition that is desired in devices
for energy harvesting applications. However, if W is reduced to 60 nm, the threshold is increased
up to 200 mV, making it unsuitable for energy harvesting applications. For instance, if W is
raised to 80 nm, the threshold decreases to ~0 mV, nevertheless, the current—voltage character-
istics exhibit a poor diode-like behavior. The carrier density is strongly reduced inside the narrow
channels because the depletion zone extends completely within the channels. As a consequence,
trade-offs between the diode-like behavior and the voltage threshold take place, and these kinds
of effects have been previously reported.'®

Once the optimal channel width was found, a complementary study was performed to opti-
mize the channels’ length L, which is a parameter that also affects the current—voltage diode-like
characteristics. L was varied from 200 nm to 1.5 ym whereas W was kept fixed at 70 nm; and the
width of the trenches was set once again as shown in Fig. 1(a). The results are plotted in Fig. 2(b).
Channels whose lengths are shorter than 1 ym present a poor diode-like behavior, whereas for
lengths L larger than 1 pm, the diode-like behavior of the channels is improved. Since the SSD is
essentially a field-effect transistor but with a short-circuited gate to drain, this effect can be con-
sidered as a short-channel effect. It is important to mention that the speed of operation of the
SSDs depends on L, for instance, high-switching action will occur at a short channel. This is
due to the short-travel path of electrons between the device electrodes and the lower-channel
resistance (hence, a smaller resistance-capacitance time constant).'’
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Fig. 2 Current-voltage response of a self-switching diode based on an InGaAs/InAlAs hetero-
structure as a function of (a) the channel width and (b) the channel length.

The DC current—voltage curves of the optimized channels were employed to study their rec-
tifying properties. In the regime of low-AC voltages, the channels act as square-law rectifiers”
and devices that generate a DC voltage whose amplitude is given by

11//(Vbias) 1
be 4 I/(Vbias) AC 4 ! AC ( )

where V sc is the amplitude of the AC voltage supplied to the channels and I’/ (Vias) /T (Vipias)
denotes the ratio of the second derivative to the first derivative of the DC current—voltage
curve, commonly referred to as the rectifier sensitivity, y. The sensitivity of the channels is
a parameter that indicates how efficient the devices are; the higher the sensitivity, the higher
the DC output.

Figure 3(a) shows the current—voltage curve of the optimized L-shape channel, W = 70 nm
and L = 1 ym, where a near zero-threshold voltage can be appreciated. By employing the first
derivative, the resistance R, can be obtained through the relationship 7'(Vy;,)~'. Figures 3(b)
and 3(c) show R; and y as a function of the applied bias, respectively. At zero bias, R is
~0.8 MQ and y is ~20 V~!. At zero bias, it has been reported that the best metal—insula-
tor—metal—tunnel barriers such as the polysilicon—SiO,—polysilicon thin films exhibit sensitivity
close to 2.5 V-!', while for Cu/CuO/Au MIM ultra-thin barriers y is close to 4 V~!272
By employing SSDs as rectifiers, the sensitivity could be increased by a factor of five to
eight. In this regard, it is worth mentioning that the performance of the SSD is expected to
be further increased by tuning some other parameters such as the trench width, the dielectric
material that fills the trenches or by proposing channel geometries other than the L-shape.”’
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Fig. 3 (a) Current-voltage characteristic curve, (b) differential resistance, and (c) sensitivity
values for the optimized L-shaped self-switching nanochannel with W =70 nm and L =1 um.

3 Rectennas Based on Self-switching Diodes

We analyze the SSDs coupling to square- and Archimedean-spiral antennas shown in Fig. 4
due to their ideal frequency-independent behavior, which is of interest for energy harvesting
applications. We consider the case of gold-made antennas (with refractive index,
n* = 300 + 3j*1000) lying on the surface of a semi-infinite SiO, substrate (n = 2).***' The
antennas are tuned to resonate at wavelengths from 1.5 mm to 150 gm (200 GHz to 2 THz)
with a right-hand circular polarization.
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Fig. 4 Schematic representation of the proposed (a) square-spiral and (b) Archimedean-spiral
broadband terahertz antennas used in this study.

The impedance of the antennas, Z,, (Fig. 5) is evaluated by numerical simulations. In the
analysis, the devices were excited with monochromatic plane waves with an irradiance of
1 W/cm?,* incoming from a precisely tuned terahertz laser and through the simulations,
the electric E and magnetic H field distributions were found. From these results, the antenna
parameters were evaluated. For instance, Z, is obtained by using the relationship

V
Zn="2¢ @
sC

where V is the voltage generated by the antennas at its open terminals™ and I is the current
through the antennas when its terminals are short-circuited.” Vo is obtained by evaluating
the line integral of E along the circuit defined from one terminal to the other when nothing is
connected to the antenna. The I4c is obtained through the Ampere’s law, integrating H along
a closed-loop around one terminal, when terminals are short-circuited. Once the terahertz
rectennas have been designed we introduce a simplified method to evaluate, from a theoretical
perspective, the conversion efficiency of the devices.

When antennas operate at resonance they can be described by the equivalent circuit shown in
Fig. 6.%%% An antenna behaves as a voltage source equal to Ve with an internal real impedance

200 T
—O— Square Spiral
—0= Archimedean Spiral
1504
~—
G
N’
— 1004
N
50
' v v v

025 050 075 100 125 150 175 2,00
Frequency (THz)

Fig. 5 Input impedance Z;, obtained by the simulation process as a function of frequency for
the square- and Archimedean-spiral antennas.
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Fig. 6 Equivalent circuit model for an antenna coupled to a rectifying diode.

of value R,.”** In receive mode, Vo is the voltage generated by the resonant antenna at

its open terminals when nothing is connected. When a diode is coupled to the antenna feed gap,

the antenna generates an AC voltage, V¢, across the diode whose magnitude is given by
Voc - Zy

YA =1z, 1z ©)

The V ¢ across the diode in turn generates a rectified voltage, Vpc, according to Eq. (1).
The DC power, Ppc, associated with the rectified voltage is given by

Ppc = —=. “

On the other hand, the power, P, received by the antenna at the input port can be evaluated by
using the relationship

P = Pryq + Pirosss )

where, P4 and P, are the power reemitted by the antenna and the power dissipated by the
ohmic losses, respectively. Thus, the percentage conversion efficiency, 7, (%), of the antenna-
coupled diode can be evaluated by the ratio of the DC power generated by the diode to the optical
power received by the antennas as

P
(%) = % x 100. (©6)

We use the former relationships to study the case of the SSDs taking into account several
simplifying assumptions. We consider that the DC transport properties of the diodes do not
change with the frequency, at least not in the considered spectral range, which covers the
frequency band from 200 GHz to 2 THz. The numerical simulations performed here are just
a DC numerical analysis, since an AC analysis was not performed. This assumption is somehow
justified by taking into account that the value of the cut-offs frequencies reported for high-
mobility structures is around 5 THz.'¢

4 Rectennas Frequency Response

In Figs. 7(a) and 7(b), we have plotted the voltage and the DC electrical power generated from
the incoming terahertz radiation as a function of frequency in the range from 0.2 to 2 THz
(1.5 mm to 150 ym). These designs exhibit a full width at half-maximum parameter of
more than 1.8 THz, a parameter that can be enhanced by increasing the number of turns
contained by the spirals.

The DC power generated by the Archimedean spiral is larger than the power generated by
the square spiral at high frequencies (above of 1.37 THz). The maximum peaks of power
reach values around 1.8 and 0.6 W, respectively. This fact is due to the considerable difference
in their impedances in such a frequency regime (Fig. 5). The impedance of the Archimedean
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Fig. 7 Performance of the broadband rectennas to harvest the optical energy of a terahertz source
(1 W/cm?): (a) rectified voltage, (b) DC electrical power, and (c) optical-to-electrical conversion
efficiency.

spiral is larger than the impedance of the square spiral by a factor of two for frequencies higher
than 0.75 THz. A higher antenna impedance means a better electrical coupling between the
antennas and the diode (due to the high R, of the SSD) and more efficient transfer of energy
between both elements.

The conversion efficiency of the rectennas is shown in Fig. 7(c) as a function of frequency.
Considering the specific application of harvesting the energy of terahertz radiation in the
frequency band from 0.2 to 2 THz, the total efficiency #,, can be calculated by using the
relationship’
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e — J02°th SU) - nelf) - df
b2 'th, S(N)Af

)

where 7. (f) is the conversion efficiency of the rectennas as a function of the frequency and S(f)
is the irradiance of the terahertz source (for simplicity, 1 W/cm? at each single frequency).
The total efficiencies of both types of devices are found to be ~0.032% and 0.013%, for
Archimedean and square spiral, in that order. It is observed that by using L-shaped SSDs
as fast rectifiers instead of metal-insulator-metal nanometer diodes (such as Al/Al,O3/Pt
diodes),* the efficiency of the rectennas can be increased by a factor of 10°. Rectennas
based on SSDs are more efficient than those based on MIM barriers due to their current—voltage
characteristic curves, which are more asymmetrical.

On the other hand, the relatively low efficiencies (~1072%) are mainly attributed to the mis-
match impedance between the rectifier and the antenna. This fact can be verified by evaluating
the coefficient of reflection between both elements, and is defined as

Ry —Z;,

r=-0""n
Ry + Zy,

®)

which exhibits average values around 99.96% and 99.8% for the Archimedean and square spiral,
respectively. Reflection coefficient values indicate that only 0.04% and 0.02% of the optical
energy is transmitted from the spirals to the self-switching nanodiodes and the rest of the optical
power is returned to the spirals. By comparing transmitted power to nanodiodes (0.04% and
0.02% for Archimedean and square spiral, respectively) and the overall efficiency of the rec-
tennas (~0.032% and 0.013% for Archimedean and square spiral, respectively), it can be seen
that the efficiency of the rectifiers is high.

5 Conclusion

In summary, we have determined the efficiency of experimentally realizable rectennas based on
different types of spiral antennas and evaluated their performance as terahertz energy harvesters.
We focused on Archimedean and square spiral antennas in which optimized L-shaped self-
switching nanodiodes were coupled as fast rectifiers. Simulations show that the proposed
rectennas are able to reach overall efficiencies of ~0.032% and 0.013%, respectively. A
rough estimation of the reflection coefficient reveals that most of the optical power is reflected
from the diode to the spirals due to a remarkable difference in their electrical impedance. Among
the advantages, these harvesters represent a suitable alternative to the rectennas based on MIM
tunnel barriers, which exhibit very low efficiencies. It is worth mentioning that the presence of
the SSDs reduces the technological process required for the rectennas’ manufacture, implying
only one step of high-resolution lithography. However, to produce terahertz rectennas useful for
energy harvesting applications, an efficient strategy to better match the impedance of the spiral
antennas and the self-switching nanodiodes should be incorporated.
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