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Abstract

CrossMark

Optical rectennas are antenna-coupled diode rectifiers that receive and convert optical-
frequency electromagnetic radiation into DC output. The analysis of rectennas is carried
out either classically using Maxwell’s wave-like approach, or quantum-mechanically using
Einstein’s particle-like approach for electromagnetic radiation. One of the characteristics
of classical operation is that multiple photons transfer their energy to individual electrons,
whereas in quantum operation each photon transfers its energy to each electron. We analyze
the correspondence between the two approaches by comparing rectenna response first to
monochromatic illumination obtained using photon-assisted tunnelling theory and classical
theory. Applied to broadband rectenna operation, this correspondence provides clues to
designing a rectenna solar cell that has the potential to exceed the 44% quantum-limited
conversion efficiency. The comparison of operating regimes shows how optical rectenna

operation differs from microwave rectenna operation.
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(Some figures may appear in colour only in the online journal)

1. Introduction

At radio and microwave frequencies, rectennas are analyzed
using classical circuit analysis [1], governed by Maxwell’s
electromagnetic wave theory. In contrast, the operation of
rectennas [2-5] at optical frequencies is fundamentally dif-
ferent from their low frequency response and is described
using the theory of photon-assisted tunnelling (PAT) [6, 7],
where the quantum interpretation of photon absorption by an
electron follows Einstein’s particle-like approach to electro-
magnetic radiation. In figure 1, we illustrate this difference
between the classical and quantum regimes, and explain later
how this comes about. In the classical case the dark current—
voltage [/(V)] characteristic is sampled over a range of volt-
ages resulting in a smooth illuminated /(V) response, whereas
in the quantum case, the dark /(V) characteristic of the device
is sampled at discrete points resulting in a hump in the illu-
minated /(V). One consequence of the quantum nature of the
rectification is to limit the broadband solar conversion effi-
ciency to 44% [8], which is the Trivich-Flinn efficiency limit
for quantum processes [9].
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Here we apply PAT theory for tunnel junctions [10] to
a rectenna equivalent circuit and demonstrate the three dif-
ferent regimes of rectenna operation: classical, quantum,
and a transition regime. Although the analysis makes use of
tunnel junction /(V) characteristics the conclusions and dis-
tinctions between operating regimes are general, and apply to
any rectenna operating at the same frequencies and intensi-
ties. The requirements for PAT are met by devices where elec-
trons can exchange energy with external alternating fields and
their transport between electrodes is phase coherent [11, 12].
These include devices that show quantum effects such as
superconductor—insulator—superconductor (SIS) junctions
[13], metal-insulator—metal (MIM) diodes [14], resonant
tunnelling diodes [15], superlattices [16], quantum dots [17],
quantum point contacts [18], small field-effect transistors
[19], geometric diodes [20], etc. Of the three components of
rectenna operation that could be analyzed quantum mechani-
cally (incident electromagnetic field, current in the antenna,
and its rectification) we consider only the rectification process
here. We first present the equivalent circuit of the rectenna
used in our analysis, and then determine rectenna response

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. Illustration of the differences between the /(V) characteristics of classical and quantum regimes of rectenna operation.
Explanations for these curves are given later in the paper. (a) Dark and illuminated /(V) characteristics of the rectenna in the classical case,
which occurs at low frequency (w) and high intensity illumination. The operating point of the rectenna is the intersection of the dotted
lines. The dark /(V) is sampled over a continuous range of voltage up to the amplitude of diode voltage [vp(7)] in steps equal to fuw,/q.

(b) Dark (solid black) and illuminated (V) (solid green) characteristics of the rectenna in the quantum case, which occurs at high frequency
(wy) and low intensity illumination. The dark /(V) is sampled at discrete voltage steps equal to hw,/q. Both classical and quantum cases

result in upward shifted illuminated /(V) characteristics.

under different conditions to show the regimes of operation.
We apply the results to suggest a rectenna design and setup
that has the potential to exceed the 44% conversion efficiency
limit by shifting the operation to the classical regime.

2. Rectenna equivalent circuit

To calculate rectenna response and analyze the different
regimes of rectenna operation, we use the theory of PAT
applied to the rectenna modelled as an equivalent electrical
circuit [21]. The equivalent circuit is shown in figure 2, and
the procedure to calculate the optical response using PAT is
detailed in [7]. In the following, we review the circuit equa-
tions for calculating the rectenna response under illumination.

The antenna receives electromagnetic radiation and is
represented by a time-dependent source voltage vs in series
with the antenna radiation resistance Rs. The AC input power
across the antenna is P{A,‘IC and the resulting peak voltage Vg
across the antenna under monochromatic illumination is [22]

Vs = /8RsPLC. )

A diode connected across the antenna terminals rectifies the
AC voltage signal (vp) to generate AC and DC currents. For
most optical rectennas the diode is a metal/insulator/metal
(MIM) structure [23-27]. The filter L allows only the rectified
DC illuminated current (fj,m) to flow to the load Ry, giving a
DC voltage called the operating voltage Vo, across the diode:

[Vol = EiumRy. (2)

The fact that DC current is blocked from flowing through the
antenna is represented in the equivalent circuit by a capacitor

Rs . ¢ L
15
F Littum
Lo _
Vg v, AVA |VO| Ry,
- Yip +

Figure 2. Equivalent circuit of a rectenna. The antenna source
voltage is vs, and its radiation resistance is Rs. The AC current
through the antenna circuit is is. The total (AC plus DC) voltage
across the diode is vp and the total current through the diode is

ip = is +/ium- A capacitor C models the blocking of DC current

by the antenna, and also provides voltage clamping. The inductor L
forms a low-pass filter to block the AC power from being dissipated
in the load. The load resistance is Ry and the DC operating voltage
across the load is Vo.

C, which clamps the AC input voltage to a DC average of V.
The net current through the diode (ip) is the sum of the AC
current through the antenna (is) and the Zjj,, through the load.
The vp, is, and [jym are calculated by applying Kirchhoff’s
voltage law to the circuit, and iteratively solving the equation

vp(t) = —|Vo| +vs(t) — is(t)Rs. 3)

The ip is calculated using the theory of PAT and the diode dark
I(V) characteristics,

in(t) = f dw/W(wl)Idark(W/+q7‘/())eiw/tdW”W(wﬂ)eint.
“)

Angular frequencies «' and w” are integrated from —oo
to 4+-00. The resulting expression for ip(7) is a function of those
individual frequencies of the incoming wave, their sums and
differences, and other combinations. The phase factor W [28]
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Figure 3. Sketch of the operating regimes of a rectenna as a
function of the source voltage (Vs = /8Pj, Rs) and the photon
energy divided by the electronic charge (hw/q). Classical operation
occurs when Vs >> hw/q, whereas quantum operation occurs when
Vs < hw/q. The ratio of Vs to hw/q is as, and the hatched blue area
around the as = 1 line (dotted line) is the transition regime.

results from a modulation of the Fermi level in the diode metal
contact due to an applied time-dependent perturbation vp(?),
and is related to the diode voltage by the Fourier transform,

+o00 ., _.q r ,
f dw'W(whe @' = e lhfdt vo(H1 5)
-0

Additional information about the terms in equations (4) and
(5), and examples calculating the diode current under illumi-

nation are given in [6, 29]. The DC output power PODUCl and the
efficiency 7 are given by,
Paut = |Volfinum- ©®)
Pou
= —ac 7
pAC (N

In our calculations, we first determine the vg(#) from the input
conditions, and use equations (3)—(5) iteratively to calculate
ip(1), is(f), and vp(?) at discrete V. Using ip(f) we calculate
the Ljum and 7 for different Vp, then plot the Vi versus Lijym
and 7 results.

3. Operating regimes of the rectenna

We show that the rectenna operates in one of the three regimes
based on the amplitude of the diode AC voltage (Vp) relative
to the photon energy divided by the electronic charge (hw/q),
with this ratio denoted by the parameter

Vb

Since Vp is a dynamic quantity and changes with Vo, for sim-
plicity we will use Vg as an approximation for Vp, to determine
the operating regime. For a piecewise linear diode used here,
Vp can vary from Vg/2 to Vs depending on the diode forward
resistance and Vo, and therefore ag is a good approximation
for a. The three regimes, sketched in figure 3, are

a. Quantum regime: as < 1
b. Transition regime: ag ~ 1
c. Classical regime: ag >1

In the following, we analyze rectenna operation under
monochromatic illumination in each of the three regimes,

with the goal of understanding the characteristics in each
regime. To make the differences easily discernable, we use
the following assumptions in our calculations: the diode dark
I(V) characteristics (I4,;x) may be approximated with a piece-
wise linear curve with zero reverse leakage current and a for-
ward resistance (Ry) of 50 2 such that its secant resistance
[6] (described in section 3.1, below) at Vo = 0 is 100 €2, Rg
is 100 €2 to roughly match the impedance of free-space, the
diode capacitance is negligible so that the rectification is not
RC-time-constant limited, the diode is at 0 K and does not pro-
duce thermal noise, and the antenna efficiency [30] is unity.
A simple rule of thumb to estimate the analysis regime is as
follows: classical analysis is sufficient at 1 THz for tens of
millivolts of input voltage, which would correspond to solar
intensity (100 mW cm~2) absorbed over an area of ~100 pm?
(0.1 W). PAT analysis is required for the same power and
voltage at ~30 THz and above. Unless noted otherwise, all
calculations that follow were performed using PAT theory fol-
lowing the method outlined in section 2.

3.1. Quantum regime (as <1)

The rectenna operates in the quantum regime when fAw/g > Vs
according to PAT theory, and electrons can absorb only indi-
vidual photons. A sinusoidal time-dependent voltage applied
across the rectenna diode affects the phase of the electrons on
one electrode relative to the other, and results in an electron
wave function having discrete energy states separated by the
photon energy of the incoming field (see [6] for a mathemat-
ical description). Each state is weighted by a Bessel term that
is a function of the amplitude and frequency of the applied
voltage. As a result, the ljum 1S quantized and results in dis-
crete steps in the illuminated /(V) characteristics. We can sim-
plify and average the expression in (4) to express fijum as

Lium = ngm Ji(%)-ldark(vo + n%) 9)
Here n is the number of photons absorbed or emitted by an
electron in the diode. For small gVp/Aw, the Bessel terms in (9)
are significant only for n = —1, 0, and 1. Therefore, the ijjym
depends on 4, at discrete voltages fiw/q above and below the
Vo (which is also the reason that the previously mentioned
secant resistance [6] is a function of the secant between two
points on the I(V)). The resulting diode current responsivity is,

Idark(VO + E) — 2 (Vo) + Idark(VO - E)
3= 1 4 q

hw Idark(VO + %) - IdaIk(VO - %)

10)
For asymmetric tunnel diodes where [[lyk(Vo+ hw/q)—
Liark(V0) > laark(Vo) — laark(Vo — Tw/q)], the diode current
responsivity approaches g/fuww [28], which means that for
each incoming photon at most one electron tunnels through
the barrier. A high-speed and sufficiently asymmetric diode
can detect single photons in weak optical signals, but for
Vo £ — hwlq the rectified current drops to zero, as is evident
in the following two sets of figures.
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Using the method outlined in the previous section, we cal-
culate the response of the diode in a rectenna under different
input conditions to demonstrate its operation in the quantum
regime. The three cases correspond to small « (ag ~ 0.1, 0.05,
and 0.03) and different incident frequencies (0.1eV, 0.2¢eV,
and 1 meV). With change in frequency, the P;, has to be
adjusted in each case so that the rectenna is in the quantum
regime. We choose two different frequencies to show that the
response is frequency dependent (shown in figures 4(a) and
(b) for 0.1eV and 0.2eV), and quantum operation of the rect-
enna is not limited to infrared (IR) and optical frequencies, but
also applies at microwave frequencies (shown in figure 4(c)
for 1 meV) for very low input powers. Since as < 1, the rect-
enna operates in the quantum regime and the results follow
the qualitative argument presented above, i.e. electrons absorb
photons when |Vp| < fuw/q to generate a photocurrent which
decreases to zero as |Vp| < Aiw/q. As a result, in the quantum
regime current is produced only when Vg is within fuw/q of
the origin, and therefore photons cannot be used to generate
current at voltages greater than hw/q.

3.2. Transition regime (as ~ 1)

As the Vg exceeds fiw/q, electrons absorb multiple photons
and the rectenna operates in the transition regime. Here the
discrete nature of the illuminated /(V) is maintained, but starts
approaching the classical response. The discrete behaviour is
seen in the form of steps in the illuminated /(V) that occur at
integer multiples of Aw/g. In figure 5, we plot the rectenna
response for ag ~ 2.8 and fiw = 0.1eV. As [Vpl > 0.1V, elec-
trons that absorb single photons have insufficient energy to
generate a photocurrent, and the contribution of these electrons
(called the first-order photon absorption term, corresponding
ton=1 1in (9)) to Ljum reduces to zero. The second-order
absorption (electrons absorbing two photons) continues to
contribute to the fjum up to Vo = —0.2V, which results in a
second step in the illuminated I(V). As the IVl is increased,
the successive higher order absorptions give a step-like behav-
iour. The shapes of efficiency plots in these figures exhibit the
characteristics of each regime. Their magnitudes depend upon
the particular illumination intensities and diode parameters
and are not by themselves significant.

3.3. Classical regime (as >1)

When Vs> hw/q each electron absorbs many photons.
Electron excitations occur at multiple energies, such that the
PAT response of the diode to illumination is essentially equal
to the classical response. Mathematically, applying the limit
of large s and converting the summation of equation (9) into
an integral form, the expression for I, in (9) reduces to the
classical case (see [31] for detailed mathematics),

1 /2 .
b=~ [ luaVo + Vosind)ad. (1)
i —

All calculations for the classical regime were done using PAT
theory, and so h appears in the calculations. When the theory
is taken to the classical limit, / vanishes in the final result,
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Figure 4. Quantum regime /(V) (dashed blue) and efficiency
(solid green) characteristics of a rectenna under monochromatic
illumination, to show the response of the rectenna at infrared (IR)
frequencies, and at microwave frequencies for low input power.
The diode /(V) characteristics are piecewise linear with a forward
resistance of 50 2 and zero reverse leakage. Quantum operation of
the rectenna at (a) Incident photon energy fiw = 0.1eV for small
ag ~ 0.1 (P;, = 100 nW), (b) fw = 0.2eV for small ag ~ 0.05,
(Pj, = 100 nW). (¢) iw = 1 meV for small ag ~ 0.03 (P;, = 1
pW) showing quantum operation of the rectenna at microwave
frequencies for very low input powers. Unlike classical theory
where the response is independent of frequency, the fijym is
frequency dependent and is non-zero for|Vp| < hw/q.

as it does in equation (11). Shown in figure 6(a) is the rec-
tenna response at microwave frequencies (fw = 1 meV), as
in figure 4(c), but at a higher P;, of 1 W, which results in
classical operation. As we will see for the case of broadband
illumination, classical operation provides significant advan-
tages for conversion efficiency if it can be attained at higher
frequencies. The classical response can occur at optical and
IR wavelengths, but requires large Vp, which can be achieved
in two ways: increasing the input power, and increasing the
source and diode impedances.
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Figure 5. Transition regime /(V) (dashed blue) and efficiency (solid
green) characteristics of a rectenna operating under monochromatic
illumination for the diode of figure 4, showing discrete steps at
integer multiples of Aw/q. The Aw is 0.1eV and the Py, is

100 W, giving as = 2.8. The steps in the fiyym at Vo = —0.1V

and Vo = —0.2V are due to the second and third-order photon
absorptions resulting in a non-zero current for Vo < —0.1V and

Vo < —0.2V.

a. Increasing the input power: A large voltage across the
antenna results in a large voltage across the matched
diode. In figure 6(b), we plot the illuminated I(V)
characteristics of the rectenna for P;, = 10 mW, and
hw = 0.1eV, resulting in ag = 28. The PAT and classical
results are virtually identical to each other.

b. Increasing the source impedance: Increasing the Rg results
in a larger Vg for the same input intensity, according to
(1), but a large Rg requires a high impedance diode for
good impedance match. An Rs =1 M, Ry = 500k,
Py =1 puW, and hw = 0.1eV results in the same ag as
in (a), above, and the illuminated I(V) characteristic of
the rectenna approaches the classical result, as shown in
figure 6(c) (in reality, such large resistances would result
in far too large an RC time constant for optical frequency
rectification, but may be acceptable for microwave rect-
ennas).

In the three cases shown in figure 6, [y, is @ smooth func-
tion of the Vp and decreases to zero as the V exceeds the
amplitude of the vp. The discrete steps in the i,y that were
evident for the quantum case are not noticeable even as the
frequency approaches 30 THz.

The maximum efficiency of the rectenna under mono-
chromatic illumination in the classical case is lower than the
efficiency in quantum regime because of the additional power
loss in the higher order harmonic currents generated due to
multiphoton absorption, as in the transition regime. However,
the classical regime can have a positive effect on the effi-
ciency of harvesting broadband radiation because low energy
photons of different frequencies mix and excite electrons to
higher energy levels, and used at higher operating voltages.
The absence of such mixing in the quantum rectification of
low intensity broadband solar radiation limits the maximum
efficiency to 44%, as was shown in [8].

4. Application to broadband rectification

To demonstrate that broadband rectenna operation in the
classical regime results in a higher efficiency of rectification
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Figure 6. Classical regime /(V) (dashed blue) and efficiency (solid
green) of a rectenna operating under monochromatic illumination,
calculated using PAT theory under different input conditions, such
that the V5 > hw/q. The diode has piecewise linear /(V) with zero
reverse leakage. (a) As expected at microwave frequencies, when
the Pj, is high so that Vs and Vp > hw/q (1 pW with Rf = 50 €2 and
hw = 1 meV), the response is classical. To demonstrate the two
ways to achieve large Vs compared to hw/q resulting in classical
operation at IR frequencies (fw = 0.1eV), using (b) large P;, = 10
mW (with Ry = 50 2, Rs = 100 €2), and (c) large Rs = 1 M2

(R = 500kS2, and P;, = 1 pW). Also plotted are the illuminated
I(V) (dotted red) and efficiency (dash-dot black) characteristics
calculated using classical theory that superimpose with the PAT
theory results, showing that the classical theory and PAT theory
results are identical in the classical regime. Although not shown,
the same applies to results in (a) and (b).

compared to the quantum regime, we calculate the rectenna
response to blackbody illumination under different operating
conditions. In our calculations, we choose the temperature of
the blackbody and two different conditions such that the rec-
tenna operates in classical and in quantum regimes. We con-
firm classical rectenna operation under high Vg by comparing
the PAT response with the response calculated using classical
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theory. Then we compare the ultimate efficiency of the rec-
tenna in the quantum regime with its efficiency in the classical
regime for varying diode resistances and show that the clas-
sical regime can be more efficient.

We use a 3D blackbody spectrum of temperature 600 K.
We choose 600K because for values of P;, and Rg used here
(Pin = 100 uW, Rg = 10 K(2), the resulting Vg (rms) is high
relative to the iw/q at which the peak in the blackbody spec-
trum occurs (~0.15eV), and therefore the rectenna oper-
ates in the classical regime. Comparing results calculated
from PAT theory to the [y, and 7 calculated using classical
theory shows that the two results superimpose each other, as
in figure 7(a), confirming that the input conditions are appro-
priate for classical operation of the rectenna.

The quantum regime occurs when the Pj, and Rg are such
that the Vs (rms) is low compared to the peak fw/q of the black-
body spectrum, and is shown in figure 7(b) (for Pj, = 100 nW,
Rs = 100 Q). The resulting range of Vg over which rectenna
operates is smaller than in the classical regime, and the elec-
trons are used at Vp ~ hw/q to generate current. Therefore, the
efficiency of quantum operation is expected to be lower than
classical operation. The peak efficiency (1)peax) is 37.5% and is
lower than the classical 7peq of 41%.

The low efficiency in the broadband quantum regime could
be due to a poor impedance match between the antenna and
the diode. To remove the effect of impedance matching, we
calculate the ultimate rectenna efficiency for an ideal diode
that is matched with the antenna at every Vo [8]. We found the
maximum efficiency in this quantum regime case to be ~44%
for solar radiation, and the maximum efficiency number is the
same for radiation from a blackbody of any temperature. We
compare this ultimate efficiency with the classical npeax versus
the Ry, calculated using classical theory, showing in figure 7(c)
that the operation of broadband rectennas in the classical
regime can exceed the quantum-limited efficiency. The 7peax
decreases with increasing Ry due to decreasing impedance
match with the antenna, but is greater at small Ry than the ulti-
mate efficiency in the quantum regime.

Despite the improvement in the theoretical efficiency for
classical operation of the rectenna compared to quantum
operation, there are practical challenges of operating the
rectenna in the regimes of figures 7(a) and (c), especially for
sources with low intensity and high frequency radiation such
as the sun. A drawback of increasing the Rgs is an increase
in the rectenna RC time constant and a decrease in the cou-
pling efficiency [27, 32]. In addition, increasing the radia-
tion resistance of the antenna is an engineering challenge.
However, designs such as the traveling-wave diode [25, 33],
geometric diode [34], carbon nanotube forests [35], and the
sharp tip configurations [36] mitigate the effect of the RC
time constant and can potentially be used together with this
technique.

A second problem that limits the increase in Vg is the
diode breakdown voltage. MIM diodes, used in rectennas
for high frequency rectification, work on the principle of
electron tunnelling through nanometre-scale thin oxides
[37—41]. The breakdown strength of oxides is of the order of
1 MV cm™! [42], resulting in a breakdown voltage of 1V

200 50
(a)
160 P o 40
<5 120 e 2%
£ S =
= 80 A {20 =
—_— ")"’.7
40 @_,x"" 10
) i 0
-3 -2 -1 0
Vo (V)
(b) 1 50
0.8 {40
< B PO
S 06 P 1305
c <
204 @ {20 &
0.2 110
gl=="" - 0
0.3 0.2 -0.1 0
Vo V)
(C) 100
751 Classical
g o,
=~ Quantum
¥ 50 o ]
§ o0, <
= %og¢
25
0 s
0 2000 4000 6000
A ()

f

Figure 7. Comparison of classical and quantum operation for
rectennas under broadband illumination from a blackbody of
temperature 600 K, showing /(V) (dashed blue) and efficiency (solid
green) characteristics. The diode is a piecewise linear diode with
zero reverse leakage current. (a) Classical operation of the rectenna
occurs at large P;, and Rs (when Pi, = 100 W, Ry = 3k2, and

Rs = 10k(?) giving high Vs (rms) compared to the fiw/q at which
the blackbody spectrum peaks, and the results closely superimpose
over the classical theory results (dotted red and dash-dot black).
The peak efficiency (1)peak) s 41%. (b) Quantum operation of the
rectenna occurs at small P;, = 100 nW and Rs = 100 2 (R; = 30
). The rectenna operates efficiently over a smaller range of Vo
compared to the classical case and the resulting peak efficiency is
lower at 37.5%. (c) Variation of the peak efficiency (7pcax) of the
rectenna (red circles), calculated using classical theory, with change
in the diode R;. Broadband classical operation is more efficient than
quantum operation of the rectenna where the ultimate efficiency is
44%.

across a 10nm thick tunnelling layer. This makes harvesting
of high frequency solar radiation difficult, because classical
operation requires Vs >> hw/q.

The third problem is the limited spatial coherence of radia-
tion from blackbody sources [43, 44]. Since input intensities
are low and the radiation from blackbodies is coherent only
over small areas, the rectenna must be small and receives only
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enough optical power to operate in the quantum regime, such
that the resulting efficiency of energy harvesting is limited.

For these three reasons achieving classical operation of
rectennas for energy harvesting of high temperature black-
body radiation is a challenge, and new solutions are required
for rectennas to exceed the Trivich—Flinn efficiency limit [9].
New rectenna designs such as those based on carbon nanotube
forests could alleviate some of these issues [35, 45].

5. Summary

If broadband rectennas operate in the quantum regime, their
efficiency is limited to the maximum efficiency for quantum
conversion [8] that also limits conventional solar cells, which
is 44% for the solar spectrum. Conventional rectifiers are
not subject to this limit because they usually operate in the
classical regime. Therefore, shifting from the quantum to the
classical regime of operation for optical rectennas provides
the potential for substantially higher conversion efficien-
cies. We investigated rectenna operation using the quantum
theory of photon-assisted tunnelling under different operating
conditions. We found that there are different regimes of rec-
tenna operation, from quantum to classical. Rectennas follow
Einstein’s photon-based approach if the diode voltage (Vs) is
less than the photon energy divided by the electronic charge
(hw/g), and follow Maxwell’s classical electromagnetic wave
nature of light if Vs> fuw/g. The correspondence between
classical and quantum operation of the rectenna in the limit
of large Vs compared to fw/q allows classical operation at
optical and IR frequencies for high incident intensity and for
large source and diode impedances.
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