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ABSTRACT 

This paper presents optical characterization and modeling of carbon nanotube (CNT) 

rectennas featuring multi-insulator metal-insulator-metal tunneling diodes. The diodes use four 

layers of Al2O3 and ZrO2 dielectric to obtain strong nonlinearity and highly asymmetric current 

density at low turn-on voltage. The CNT rectenna devices show energy conversion in the full 

optical spectrum (404 – 980 nm). We introduce the theory of photon-assisted tunneling (PAT) to 

model the optical behavior based off the unilluminated diode characteristics. Our model shows 

agreement between PAT and our experimental results, and fitting suggests a wavelength-

dependent optical voltage. We discuss the impact of rectenna parameters and elucidate 

performance limits to our CNT rectenna device. 

 

1. INTRODUCTION 

Optical rectennas have been garnering attention with promises of enhanced efficiency in 

visible and infrared energy conversion1–6, photodetection7,8, heat transfer and low utility waste 

heat harvesting4,9,10, and wireless power transmission1,11. Carbon-based nanomaterials are 

particularly interesting for high frequency rectennas owing to their low cost, high mobility, and 

optical properties3,12–14. For use in optical rectennas, graphene is an ideal material for geometric 

diodes and bowtie antennas12,15,16. The transparency and exceptional conductivity also makes 

graphene an attractive electrode material14,17,18.  

Multiwalled carbon nanotubes (CNTs) make exemplary dipole antenna elements, motivated 

by the extraordinary facility of CNTs to absorb electromagnetic energy in a broad spectrum19–22 
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and ability to be easily fabricated in vertically aligned arrays23,24. As the CNT nanoantennas 

operate at infrared and visible frequencies, light-matter interaction governs the conversion of 

optical waves into a localized electrical field through each antenna19,25. Our current 

understanding of the CNT antennas is based on radio frequency (RF) dipole antenna theory, 

which may have limitations when operating near the CNT plasmon frequency11,25.  

Optical rectification mandates a high-speed diode capable of converting the oscillating 

electric field in the antenna into d.c. photocurrent. The metal-insulator-metal (MIM) tunneling 

diode satisfies the ultra-fast (femtosecond) switching time required for Terahertz 

rectification26,27. A MIM diode is a thin film technology composed of two electrodes separated 

by an insulator to create a potential energy barrier. Electron conduction is governed by nonlinear 

quantum tunneling through the barrier. Dissimilar electrodes form a gradient in the potential 

barrier that produces asymmetric I–V response28.  

The operating regime of a rectenna is established by the cutoff frequency of the diode: 𝑓𝑐 =
1

2𝜋 𝑅𝐴𝐶𝐷
, given in terms of antenna resistance 𝑅𝐴 and diode capacitance 𝐶𝐷. Ultra-small 

capacitance poses a problem for most rectenna devices29. We fabricate the diode at the tip of our 

CNTs, where the CNT tip serves as both antenna and the lower metal junction. The CNT-

Insulator-Metal (CIM) diode concept mitigates antenna-to-diode ohmic loss, and more 

importantly, the ultra-small tip area ensures attofarad capacitance3.  

Since the work function difference between CNT and air-stable metals (here we use Al) is 

too low to generate enough asymmetry for optical rectification, manipulating the tunneling 

barrier via the insulator is needed. Tunneling diodes that combine multiple dielectrics have 

shown favorable performance over single-insulator diodes through more control of electron 

tunneling30–32.  

This works expands on our prior study of CIM diodes that investigated multilayers of Al2O3 

and ZrO2 to enhance diode properties33. We recently showed that more insulating layers 

generally enhanced the rectification ratio (i.e. asymmetry, 𝐴 = |
𝐼(+𝑉)

𝐼(−𝑉)
|) without significantly 

affecting zero-bias resistance relative to a single-insulator device of comparable thickness. The 

disparity between electron affinities (𝜒(Al2O3)~1.7 eV, 𝜒(ZrO2)~2.7 eV)34–36 facilitates resonant 

or step tunneling mechanisms that alter electron conduction31,32,37. Improving step tunneling 

produces a greater forward current at lower bias while suppressing reverse bias current.  

In this study we use our best diode structure, a quad-insulator (CI4M) diode with insulator 

stack composed of Al2O3/ZrO2/Al2O3/ZrO2, to demonstrate optical rectification over the full 

visible spectrum. The theory of photon-assisted tunneling (PAT) is applied to our measurements 

to model the CNT rectenna behavior and better understand the rectification mechanism and its 

ramifications.  
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Figure 1. (a) A schematic of the carbon nanotube rectenna device. (Inset) The tips of the CNTs are coated in a quad-

insulator laminate of dielectric and capped with Al top metal electrode to form a CNT/quad-Insulator/Metal (CI4M) 

tunneling diode. (b) SEM sideview of the CNT array coated with oxide and top metal. The oxide penetrates several 

microns into the array while conformally coating the CNTs. (Inset) The top metal coating the array is not planar, but 

rather forms an interdigitated network of metal-coated CNTs with gaps between.  

 

2. THEORY 

We use the Tien-Gordon approach of photon-assisted tunneling to elucidate the effect of 

illumination in our rectenna devices38. The derivation of PAT for rectification has been 

rigorously covered in several other recent publications39,40. Here an overview of PAT is provided 

with more detail included in Supporting Information.  

Upon illumination, the a.c. signal produced in the antenna causes a modulation in the Fermi 

level of the diode tunneling barrier. The overall voltage across the diode under high frequency 

monochromatic light is 𝑉̃𝑑𝑖𝑜𝑑𝑒 = 𝑉 + 𝑉𝜔 cos(𝜔𝑡). 𝑉 is the d.c. (i.e. dark) bias applied to the 

diode and 𝑉𝜔 is the a.c. voltage modulation induced by the light. Under PAT, we consider the 

quantization of the light, wherein an electron absorbs or emits a discrete number of photons, 𝑛, 

each with energy ℏ𝜔. This is reflected as a shift in the d.c. current-voltage response, 𝐼𝐷(𝑉), by a 

multiple of the photon voltage, 𝑉𝑝ℎ = ℏ𝜔/𝑒. The photon-assisted (i.e. light) current, 𝐼𝐿(𝑉) is 

then the sum of all contributions of photon-assisted electron states, weighed by the nth order 

Bessel function 𝐽𝑛(𝛼): 

 𝐼𝐿(𝑉) = ∑ 𝐽𝑛
2(𝛼) 𝐼𝐷(𝑉 + 𝑛𝑉𝑝ℎ)

∞

𝑛=−∞

. (1) 

The argument 𝛼 =
𝑒𝑉𝜔

ℏ𝜔
=

𝑉𝜔

𝑉𝑝ℎ
 is a measure of the a.c. field strength. For quantum operation, 

where 𝑉𝜔 < 𝑉𝑝ℎ (i.e. α <1), only the n = 0, ±1 Bessel terms are significant. For a diode with 

sufficient asymmetry and low turn-on voltage, the summation of the modulated I–V curves 

allows positive current to flow under zero bias and provides power generation in the second 

quadrant. In practice, the illuminated I–V would vary from the prediction of PAT. Due to the 

frequency dependent optical properties of the diode materials, significant deviation in the shape 

and magnitude of the illuminated curves could be expected. PAT theory predicts rectification in 

(a) (b) 
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terms of the d.c. I–V behavior of the diode, although high frequency I–V characteristics are more 

appropriate, where it not for measurement impracticality.  

The rectification process can be simplified to an equivalent electronic circuit by considering 

the antenna as an a.c. source in parallel with the diode7,40. The antenna source voltage, i.e. the 

optical voltage 𝑉𝑜𝑝𝑡, depends on the input power to the antenna, 𝑃𝑖𝑛, and antenna radiation 

resistance 𝑅𝐴 as 

 𝑉𝑜𝑝𝑡 = √8𝑃𝑖𝑛𝑅𝐴 (2) 

The a.c. voltage across the diode dependents on this source voltage and the bias dependent 

diode resistance. Therefore, in the case of constant input power, 𝑉𝜔 will vary as a function of 

applied bias. For an ideal linear diode, 𝑉𝜔 ranges from 𝑉𝑜𝑝𝑡 2⁄  to 𝑉𝑜𝑝𝑡
39,41. Under quantum 

operation this gives a convex hump in the second quadrant of the illuminated I–V that leads to 

more efficient energy conversion.  

 

3. EXPERIMENTAL METHODS 

3.1.Device Fabrication: 

Carbon nanotube rectenna devices were fabricated using similar methods to previous 

reports3,33,42 (Figure 1(a)). Multiwall carbon nanotubes were grown on high resistance Si coated 

with SiO2 for electrical isolation. Ti/Al/Fe (100/10/3 nm) was deposited as the bottom electrode 

with Fe acting as the CNT catalyst. The vertical array of CNTs was then grown using low-

pressure chemical vapor deposition with C2H2 carbon source gas (Aixtron Black Magic). Growth 

time around 180 s produces an array with heights around 10–30 μm, 8 nm diameter, and ~6 walls 

(Figure 1(b)). To expose the inner multiwalls, the CNT tips were etched away with 30 s of O2 

plasma at 80 W. The etched CNT array was conformally coated in multiple oxide layers by 

atomic layer deposition at 250 ºC. Layers were formed by cycling precursors of 

trimethylaluminum (for Al2O3) or tetrakis(dimethylamide) zirconium (for ZrO2) along with H2O 

vapors. Extended purge times were used so precursors could infiltrate the CNT array, giving an 

average coating of 4 nm per 40 cycles. The top electrode metal was 50 nm planar equivalent of 

Al deposited using thermal evaporation to minimize penetration through the oxide. 7 mm2 device 

area was patterned with a shadow mask.  

3.2.Characterization: 

Electrical characterization was performed using a Keithley 2450 source monitor connected to 

a d.c. electrical 4-probe station. Optical characterization was performed using monochromatic 

laser diodes connected to a thermoelectrically cooled mount (Thorlabs TCLDM9). Wavelengths 

from 404 nm (742 THz) to 980 nm (306 THz) were passed through a diffuser to produce uniform 

illumination over the device and minimize potential thermoelectric effects. All electrical and 

optical measurements were performed in air at room temperature. 
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4. RESULTS AND DISCUSSION 

4.1.Dark Measurements 

For this work, we use CI4M rectenna devices composed of 16 nm total insulator thickness of 

Al2O3/ZrO2/Al2O3/ZrO2 quad-insulator laminate. We discussed previously that the CIM 

electrical behavior can be manipulated by altering the geometry of the tunneling barrier33. A 

thinner barrier exponentially lowers resistance, though at the expense of reduced nonlinearity 

and asymmetry, as well as fabrication limitations42,43. However, we simultaneously achieve high 

asymmetry and low resistance in our CI4M diodes.  

In Figure 2 we show the diode electrical response, i.e. the dark I–V rectenna characteristics. 

Step tunneling enhances forward bias current while suppressing reverse bias current to produce 

excellent diode properties suitable for optical rectification: asymmetry surpassing 300 and high 

nonlinearity beginning at a low turn-on voltage below 0.3 V (Figure S1). Peak responsivity is 

6 A/W. Despite the overall low conductivity, a consequence of the high thickness of insulation 

used, this structure gives superior device stability and favorable rectification parameters.  

  
Figure 2. Dark I–V characteristics of CI4M device with 16 nm Al2O3/ZrO2/Al2O3/ZrO2 insulator. Multiple repeat 

scans are shown to demonstrate scan consistency and stability over several days. Devices were very stable when 

scanning from ±1 V. (b) Fitting and extrapolation of dark I–V scans. Scanning from ±3 V shows a negative bias 

turn-on at –1 V, though higher bias caused more scan instability and likelihood of device failure. (Inset) 

Extrapolation past ±6 V was done by fitting a power law to each of the turned-on positive and negative bias regimes.  

 

4.2.Optical Measurements 

Here we present optical measurements of our CI4M rectenna devices across the visible 

spectrum. Devices are illuminated with 5 mW/cm2 incident power over a wavelength range of 

404 – 980 nm (Figure 3(a-b)). I–V characteristics show a large increase in the forward bias 

current under illumination and a shift into the second quadrant, both indicators of the 
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rectification mechanism. The rectified photocurrent is proportional to the second derivative of 

current over ±0.5 V, providing additional evidence of rectification (Figure S2).  

The optical response exhibits wavelength dependence, though the trend is not monotonic 

with photon energy. The effect of wavelength will be explored in depth in the next section. For 

the wavelengths tested, we see the maximum performance occurring at 638 nm: open-circuit 

voltage is 𝑉𝑜𝑐 = -95 mV short-circuit current is 𝐼𝑠𝑐 = 7.5 nA/cm2; in terms of incident intensity 

total conversion efficiency is equal to 𝜂 = 3.6×10-6 %. Due to unknown power losses, such as 

transmission through the top electrode, conversion efficiency will be left in terms of measured 

incident input power. Still, efficiency is low primarily from large resistance associated with the 

16 nm thick insulator that was chosen to maximize asymmetry, device stability, and breakdown 

voltage. On the other hand, open-circuit voltage response is 250 V/W, 30 times larger than the 

double-insulator CI2M rectenna reported previously42. These devices are thus great potential 

candidates for photodetection despite the low current.  

Figure 3(c-d) shows a rise in current that scales with illumination intensity. Light-matter 

interactions in the CNT antenna cause a dependency of optical source voltage on incident power, 

which ultimately affects the optical response through 𝑉𝜔
29. The measured response is very stable 

with time (Figure 3(d)) with instantaneous on/off switching.  

There is widespread concern that temperature gradients could induce thermal voltages that 

may be misconstrued for rectification44,45. In the Supporting Information (Figure S3) we provide 

evidence to rule out thermal behavior using an IR camera to measure surface temperature across 

an illuminated device. We did not observe a significant temperature gradient that would lead us 

to expect thermal effects.  
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Figure 3. (a) Rectenna I–V characteristics under illumination with a wavelength range of 404 – 980 nm. Incident 

power is fixed at 5 mW/cm2 with a diffuser used to illuminate uniformly over the device area. (b) High-resolution I–

V scans near zero bias. The increase in forward bias current and second quadrant power generation are evidence of 

optical rectification. (c-d) I–V curves and short-circuit current, 𝐼𝑠𝑐 , with varying input power (𝜆 = 638 nm). 

(d) Shows the measurement stability over time and is well above the noise threshold. 

 

4.3.Photon-Assisted Tunneling Characterization 

In this section we use PAT theory to model the illuminated I–V rectenna based off our 

diode’s dark I–V behavior according to equation (1). Modeling the light characteristics with high 

photon energy (𝐸𝑝ℎ~3 eV at 𝜆 = 404 nm) requires diode I–V scanned over a correspondingly 

large bias. We managed to scan ±3 V before reaching device breakdown. A sufficient I–V 

window for PAT convergence calls for extrapolation. Power Law fitting was implemented to 

separately fit the high-bias positive and negative I–V regimes and extrapolate the dark current 

past ±7 V (Figure 2). This can accommodate Bessel terms at least to order 2. 

Unlike the photon voltage which we readily control, 𝑉𝑜𝑝𝑡 and 𝑉𝜔 are difficult to estimate in 

our PAT prediction because of uncertainty with input parameters. There are several questionable 

assumptions associated with the optical voltage, namely, the actual power that is absorbed by the 

CNTs as well as likelihood for wavelength-dependent radiation resistance. More importantly, 

devices are practically expected to operate under constant input power mode, which leads to 
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bias-dependent 𝑉𝜔
41. We use our model to fit the PAT equation for 𝑉𝜔 and compare expected 

values in order to elucidate loss mechanisms and gain a better understanding of our CNT 

rectenna behavior. Initially, we assume constant 𝑉𝜔 that is not bias dependent. However, we 

realize the devices should practically operate under constant power instead of constant a.c. 

voltage. Indeed, a better fit to illuminated I–V data is achieved by introducing a mild, linear bias 

dependency in 𝑉𝜔. The rationale of this trend will be made clear later by estimating 𝑉𝜔 from the 

semiclassical a.c. diode resistance.  

 A comparison of the rectification response for experimental data versus the PAT prediction is 

shown in Figure 4 for 638 nm light. The fixed a.c. diode voltage of 𝑉𝜔 = 68 mV is found from 

fitting (Figure 4(a)). Photon energy of 1.94 eV gives quantum operation (𝛼 = 0.035) and Bessel 

terms up to fourth order were used, keeping error from truncating higher order terms below 1 %. 

The model demonstrates reduction in zero-bias resistance and lowering of responsivity that is 

expected3. Still, the model underestimates the current, e.g. the secant resistance 𝑅𝑠𝑒𝑐 =
𝑉𝑜𝑐

𝐼𝑠𝑐
 

predicted by PAT is distinctly higher than our experimental data. 

By fitting 𝑉𝜔(𝑉), we achieve excellent agreement between illuminated I–V scans and the 

PAT prediction (Figure 4(b)). In the case of 𝜆 = 638 nm, 𝑉𝜔 varies from 58 mV at 𝑉𝑜𝑐 = -95 mV 

to 81 mV at zero bias. This supports the idea that these devices operate under a constant input 

power condition rather than constant a.c. voltage condition.  

 

  
Figure 4. High-resolution I–V behavior of the rectification response at λ = 638 nm and 5 mW/cm2 intensity. 

Markers represent dark (black) and light (red) scan data. (a) The predicted optical response (blue line) based on the 

theory of photon-assisted tunneling was determined by treating the diode voltage, 𝑉𝜔, as a constant parameter and 

fitting to the light scan data. In the case of 638 nm, the PAT model yielded 𝑉𝜔 = 68 mV. (b) A better prediction of 

the optical response was achieved by assuming bias-dependent 𝑉𝜔 (i.e. constant power operation). Fitting for 𝑉𝜔(𝑉) 

gives a mildly linearly trend from 58 mV at 𝑉𝑜𝑐  to 81 mV at zero bias.  

 

Under constant power mode, the diode voltage varies with applied bias according to the a.c. 

resistance of the diode, 𝑅𝜔(𝑉) as41 
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𝑉𝜔(𝑉) = √2𝑃𝑖𝑛𝑅𝜔(𝑉). 

For quantum operation (𝛼 ≪ 1), considering only first order Bessel terms gives an 

approximation for the a.c. diode resistance41: 

𝑅𝜔(𝑉) =
2𝑉𝑝ℎ

𝐼𝐷(𝑉 + 𝑉𝑝ℎ) − 𝐼𝐷(𝑉 − 𝑉𝑝ℎ)
. 

We show an exemplary calculation of 𝑅𝜔(𝑉) and corresponding estimation of 𝑉𝜔(𝑉) for 404 nm 

(3.07 eV) light in Supporting Information (Figure S5), which operates in the quantum regime. 

Qualitatively, there is a linear variation in 𝑉𝜔 with bias, which is an artifact of our dark I–V 

behavior. However, we do not know the actual input power nor any potential wavelength 

dependent losses. Also, at lower photon energy the legitimacy of using first order approximation 

for 𝑅𝜔 is questionable. Therefore, in fitting PAT theory to our results we preserve 𝑉𝜔 as an 

unknown parameter while assuming linearity. This is reasonable when trying to fit for the small 

bias window between 𝑉𝑜𝑐 and 𝐼𝑠𝑐. 

There is still discrepancy with the fitting model over larger scan range (e.g. 1 V), though the 

ability of the PAT to predict current at such bias is unreliable since it is primarily relies on 

extrapolated dark I–V. Aside from uncertainty from extrapolation, deviation in the model may be 

due to a variation in the optical and electrical material properties of the diode at terahertz 

frequencies. The fundamental tunneling characteristics of the diode would be different at high 

frequency, especially for multi-insulator structures. One would need to know the high frequency 

I–V of the isolated diode in place of the d.c. I–V, though this is impractical.  

 We next apply the PAT model to illustrate how both photon energy and input power affect 

the optical response. For wavelength-dependent optical excitation, the diode voltage is estimated 

by assuming bias dependence and individually fitting the PAT model to the I–V of each 

wavelength that was tested (Figure 5). We find less significant bias variation as the photon 

energy is lowered. This is expected as the system transitions into more classical behavior.  

 We use a simple spline to interpolate wavelength-dependent 𝑉𝜔 through photon energy up to 

3.5 eV. From Figure 5, a linear trend of 𝑉𝜔(𝑉𝑝ℎ) is observed. The likely explanation is that the 

CNTs act as dipole antennas. Prior to this study, we assumed our antenna resistance was around 

100 Ω, consistent with the literature.3,7,25,46,47 Unlike bowtie antennas,12,15,48,49 our CNTs likely 

act as dipole nanoantennas such that 𝑅𝐴 will change with frequency. Classically, the resistance of 

a dipole is proportional to the frequency squared, i.e. 𝑅𝐴 ∝ 𝑉𝑝ℎ
2 .50 Our definition of 𝑉𝑜𝑝𝑡 in 

equation (2) therein suggests that the antenna voltage increases linearly with photon energy for a 

dipole antenna, which would proportionately affect 𝑉𝜔 in the diode. However, there is limited 

understanding in how our CNT antenna array functions. For instance, at optical frequencies the 

plasmonic properties become important. The fact that the CNT array is not uniform lends further 

difficulty to estimating 𝑅𝐴; the array is a tangle of CNTs that are neither perfectly vertically 

aligned nor of equal length over large areas. Also, because the array is closely packed we expect 

strong diffusive scattering from nearby antenna interactions51 that may screen the CNTs and 
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reduce field enhancement ordinarily seen in high aspect ratio CNTs52. Thus, a full understanding 

of the CNT antenna behavior at optical frequencies is necessary to gain a complete picture of the 

rectification mechanism.  

 
Figure 5. Diode voltage, 𝑉𝜔, is determined by fitting the PAT model to illumination I(V) data for constant power 

operation (solid lines). The figure shows how the diode voltage varies with bias by depicting 𝑉𝜔(𝑉) at 𝑉𝑜𝑐  and 𝐼𝑠𝑐 . 

Cubic splines (solid lines) are used to interpolate 𝑉𝜔 across the wavelength range for use in the PAT model. 𝑉𝜔 under 

constant voltage operation is shown (open squares) for reference.  

 

From our estimated 𝑉𝜔(𝑉𝑝ℎ), PAT theory generates peaks in 𝑉𝑜𝑐 and 𝐼𝑠𝑐 around 2.2 eV, 

expectedly corresponding to our measurements (Figure 6). For comparison, considering 

wavelength independent 𝑉𝜔 produces a maximum 𝑉𝑜𝑐 and 𝐼𝑠𝑐 are in the infrared, around 0.8 eV 

(1550 nm). The latter result is attributed to the reverse bias turn-on voltage of the diode 

suppressing rectification asymmetry. When photon energy exceeds this reverse bias turn-on there 

is no longer asymmetric tunneling of photon-assisted electrons, and hence the a.c. current 

passing through the diode is no longer rectified. In the case of fixed 𝑉𝜔, rectenna performance 

could be enhanced by manipulating the diode I–V to suppress reverse bias turn-on.  

On the other hand, introducing wavelength dependence into 𝑉𝜔 shifts the overall performance 

to higher photon energy in the visible regime. Rather than acting as an artifact of the diode I–V, 

we suspect the peak occurring at 2.2 eV arises after surpassing the diode's cutoff frequency:  

when the frequency of illumination exceeds 𝑓𝑐 the diminishing antenna-diode coupling efficiency 

leads the drop off in performance. If this is the case, then one solution to improve the operating 

regime is by lowering capacitance to increase 𝑓𝑐.  
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Figure 6. Comparison of PAT theory and measured (a) short-circuit current, Isc, and (b) open-circuit voltage, Voc. 

Blue diamonds show experimental data points; the dashed line shows the simulated PAT model with wavelength-

independent diode voltage, using 808 nm as the reference wavelength from Figure 5 (𝑉𝜔 = 60 mV at 0 V bias); the 

solid line shows the PAT model with 𝑉𝜔(λ) fitted at each wavelength.  

 

The peak predicted optical conversion efficiency of 3.6×10-6 % is comparable to our prior 

reports3,42 (see Table S1). We suspect that the actual input power absorbed by the CNTs is much 

less than the power we measure as incident upon the device surface. Even though rectenna 

conversion efficiency is still low, 𝑉𝑜𝑐 is large enough to give these CNT devices potential use as 

photodetectors. The 𝑉𝑜𝑐 here is several orders of magnitude higher than the first CNT rectenna 

reported by Sharma, et al., which used a single insulator capped with Ca to produce low work 

function asymmetry3. Further, the open-circuit voltage response observed here is 30 times higher 

than the most recent report using a double-insulator diode structure42, accredited to the 

improvement with the quad-insulator device structure33. However, low current remains a 

hindrance to overall efficiency. 𝐼𝑠𝑐 is lower than prior reports due to the high diode resistance 

associated with 16 nm thick insulation. Since this report is focused on understanding how our 

rectenna devices operate in light of photon-assisted tunneling, the choice of a thick insulator is 

subsequently based on the excellent diode stability and broad scanning bias range.  

Next, we determine the effect of light intensity on illumination response by applying PAT 

theory through a range of incident laser powers according to equation (2). Figure 7 shows 𝐼𝑠𝑐 and 

𝑉𝑜𝑐 at the representative wavelength of 638 nm (1.94 eV). There is excellent agreement between 

measurements and theory. Since the input power drives the optical voltage, greater laser intensity 

increases the rectified power generated in the second quadrant. The linear dependence between 
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𝐼𝑠𝑐 and incident power shown in Figure 7(a) further supports optical rectification, owing to the 

fact that rectified current should be proportional to power delivered to the diode7. This is also 

consistent with the enhanced photocurrent we observed in Figure 3(c)45. The short-circuit current 

response is 1.5 µA/W. In contrast, 𝑉𝑜𝑐 approximately depends upon the square root of incident 

power. The open-circuit voltage response is 250 V/W at 5 mW/cm2. This 𝑉𝑜𝑐 relationship 

heuristically follows the power dependent optical voltage that drives photon-assisted tunneling. 

We point out that the input power of the PAT prediction displayed in Figure 7 was scaled to 

coincide with the experimental data. If antenna resistance around 100 Ω is assumed, then 

equation (2) predicts laser power several orders of magnitude lower than our measured incident 

power to fit PAT to the data. There is inevitable power loss associated with transmission of the 

incident radiation into the array and absorption by the CNT antennas. We estimate transmissivity 

of the Al electrode is below 6 % and with a mild wavelength dependence (Figure S6). 

Accounting for transmission would be misleading since there are complications such as the light 

transmitting through gaps in the top metal coating (see inset of Figure 1(b)). Other power loss 

mechanisms, for instance the antenna efficiency, can only be speculated but likely have 

significantly adverse effects on our present device performance.  

 
Figure 7. Power dependence on (a) Short-circuit current (𝐼𝑠𝑐) and (b) open-circuit voltage (𝑉𝑜𝑐) at a wavelength of 

404 nm. Comparison of experimental data versus the PAT model is shown with the input power for the PAT model 

scaled to fit the experimental data.  

 

Based on PAT, efficiency can be improved by optimizing the diode voltage under constant 

a.c. power. This requires tuning the dark I–V to affect the semiclassical resistance. Engineering 

0

10

20

30

40

0 5 10 15 20 25
0

40

80

120

 Experiment

 PAT Model

I s
c
 (

n
A

 c
m

-2
)

-V
o
c
 (

m
V

)

Input Power (mW cm-2)

(a) 

(b) 



  13 | 1 

the diode I–V is perhaps the most direct route to better rectenna efficiency. Low turn-on voltage 

enables efficient operation at lower photon energy, whereas suppressing the reverse bias current 

will minimize loss at high photon energy. Maximizing the diode conductivity generally leads to 

better response across the board. Though a thinner tunneling barrier will significantly reduce the 

diode resistance, the effect on capacitance and therefore the cutoff frequency cannot be 

neglected. Making the electrodes more transparent yet conductive is still essential to mitigate 

optical and ohmic power losses. Lastly, better understanding of the CNT array as antenna 

elements is needed to optimize the optical voltage through antenna efficiency and radiation 

resistance.  

 

5. CONCLUSIONS 

We have provided evidence for rectification in the full range of optical frequencies using a 

carbon nanotube rectenna array. A quad-insulator tunneling diode is used to generate excellent 

diode asymmetry with a low turn-on suitable for rectification.  

Photon-assisted tunneling theory is used to model the illuminated behavior of light based on 

the dark I–V measurements. We used the model to match predictions to experimental 

measurements of illuminated behavior across the optical spectrum. Our predictions provide 

further evidence of the rectification method in our CNT rectenna devices. By fitting the model to 

experiment we estimate the diode voltage and gain insight into several rectenna parameters of 

interest. The PAT prediction better matches experimental measurements when we assume bias-

variable a.c. diode voltage under fixed input power operation. We also see a deviation with 

wavelength that can be accounted for through a combination of frequency-dependent optical 

voltage, antenna-diode coupling efficiency loss near cutoff frequency, and frequency dependent 

dielectric properties. We use this model to assess performance limits and determine areas of 

improvement for future generations of devices. The current structure has a peak performance 

around 638 nm with 𝑉𝑜𝑐 exceeding -95 mV and 𝜂~3.6×10-6 %. Our model suggest that this could 

be improved by engineering the diode with lower resistance and capacitance, suppressing the 

reverse-bias current, and using top electrode materials that maximize light collection into the 

CNT array. Further refinement of the rectenna model is needed to understand and accurately 

depict operation of the CNT antenna at optical frequencies and any frequency dependence 

therein. 
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S.1. DARK I–V CURVES 

Dark I–V characteristics of our CI4M diode are shown in Figure S1. The device features low 

turn-on voltage at 0.23 V with rectification asymmetry exceeding 200. Asymmetry (𝐴 = |
𝐼(+𝑉)

𝐼(−𝑉)
|) 

peaks to 245 at 0.8 V. Around -1 V there is another turn-on point which increases reverse-bias 

current causing a reduction in asymmetry. Responsivity, defined in terms of the first and second 

derivative of the current with respect to voltage (𝑆 =
1

2
𝐼"/𝐼′), is important in energy harvesting 

as the value describes the change in current per unit absorbed power. Here, responsivity peaks at 

6.1 A/W with zero-bias responsivity of 4.3 A/W. The zero-bias resistance is 107 Ω⋅cm2, which is 

much higher than the thinner insulator devices reported in42 owing to the 16 nm total insulation 

and the Al top metal contact. Despite the resistance, this device was selected due it its high 

asymmetry, nonlinearity (𝑁 =
𝐼′

𝐼/𝑉
), and low turn-on voltage, all of which contribute to excellent 

scan stability and rectification across the full optical spectrum.  

 

 
Figure S1. Electrical characterization of the CI4M diode. (a) current density, (b) resistance, (c) asymmetry, (d) 

nonlinearity and responsivity, all shown as a function of bias.  
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S.2. 2ND
 DERIVATIVE AS EVIDENCE FOR OPTICAL RECTIFICATION 

In the presence of a radiation-induced a.c. voltage oscillation, 𝑉𝜔cos (𝜔𝑡), the total current 

through the tunneling diode can be approximated to the first order by7,44 

𝐼𝐿(𝑉) ≈ 𝐼𝐷(𝑉) +
1

4
𝑉𝜔

2 (
𝑑2𝐼

𝑑𝑉2
) . (S1) 

The overall measured current under illumination is comprised of the unilluminated d.c. 

current 𝐼𝐷 and rectification photocurrent current, 𝐼𝑅(𝑉) =
1

4
𝑉𝜔

2 (
𝑑2𝐼

𝑑𝑉2
). The major assumption here 

is that the conduction mechanism is unaffected by the a.c. oscillation. The validity of this relation 

can be confirmed by comparing the rectified current to 𝑑2𝐼/𝑑𝑉2; proportionality to the second 

derivative would then reveal the a.c. optical voltage. Figure S2 shows a comparison of the 

rectified current at 𝜆 = 980 nm compared to 𝑑2𝐼/𝑑𝑉2. The second derivative shows good 

agreement with the illuminated I–V. We suppose that the deviation at higher bias can be due to 

the limits of the first order approximation of optical rectification.  

 

 
Figure S2. CNT rectenna device under 980 nm illumination. The 2nd derivative is computed from high-order 

numerical approximation of the illuminated I(V) scan. The 2nd derivative is scaled to overlay with the illuminated 

I(V) scan. The agreement between the I(V) and 𝑑2𝐼/𝑑𝑉2 is additional evidence for optical rectification.  

 

S.3. RULING OUT THERMOELECTRIC RESPONSE 

We used an infrared camera to capture the temperature rise under 100 mW laser power 

(~5 mm2 spot size). Undiffused laser power only caused 2 ⁰C temperature differential (Figure 

S3(a-c)) along the device, and there was barely any temperature rise when using the diffuser. In 

principle, metallic CNTs should have zero Seebeck coefficient19. Even if there was a 

thermoelectric effect between any of the metal layers or the substrate, the observed temperature 
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difference would result in a 𝑉𝑜𝑐 far smaller than our measured optical response53. Further, our use 

of a diffuser throughout I–V measurements would further mitigate any substantial temperature 

gradient that might cause thermoelectric effects. Devices were also heated with a heat gun 

(without illumination) to show that heating the sample does not produce a significant thermal 

voltage (Figure S3(c)). We thus rule out thermally-induced behavior in our observed response. 

 

0

 
Figure S3. (a-c) Infrared images of the rectenna device under 100 mW illumination (λ = 638 nm) show only 2 ℃ 

temperature rise with direct laser beam and no significant temperature change under a diffuser. (d) I–V scan of the 

rectenna device when heated with a heat gun versus the unheated dark scan. There is no significant change from the 

heat gun, nor a shift into the second quadrant, providing further evidence that illumination testing shows 

rectification and not a thermoelectric response. 

 

S.4. PHOTON-ASSISTED TUNNELING THEORY  

Incident illumination captured by an adjacent antenna source creates an oscillating voltage in 

addition to the d.c. bias across a diode: 𝑉̃𝑑𝑖𝑜𝑑𝑒 = 𝑉𝑑𝑐 + 𝑉̃(𝜔). Treating the current in the diode as 

the quantum tunneling of individual electrons through a thin potential barrier, we consider the 
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oscillation, 𝑉̃(𝜔) = 𝑉𝜔cos (𝜔𝑡), as a perturbation in the electron’s original Hamiltonian, 𝐻0. 

Based on the perturbed state, 𝐻 = 𝐻0 + 𝑒𝑉𝜔𝑐𝑜𝑠(𝜔𝑡), the new electronic wave function has the 

form 

 𝜓(𝑟, 𝑡) = 𝜓(𝑟)𝑒
−

𝑖𝐸0𝑡

ℏ̅  (∑𝐵𝑛𝑒−𝑖𝑛𝜔𝑡 ) (S2) 

which satisfies the Schrodinger Equation with the coefficients 𝐵𝑛 = 𝐽𝑛 (
𝑒𝑉𝜔

ℏ𝜔
), where 𝐽𝑛 is the 

Bessel function of the first kind. The effect of illumination can be more clearly seen by 

combining the terms before the summation into the unperturbed state, 𝜓0(𝐸0), simplifying the 

wave function to 

 𝜓(𝑛, 𝑉𝜔) = 𝜓0(𝐸0) ( ∑ 𝐽𝑛 (
𝑒𝑉𝜔

ℏ𝜔
)

∞

𝑛=−∞

𝑒−
𝑖(𝑛ℏ𝜔)𝑡

ℏ
 ). (S3) 

This suggests that a photon-assisted electron has a probability 𝐽𝑛(𝑒𝑉𝜔/ℏ𝜔) of possessing energy 

nℏω above its unilluminated state. 𝑛 signifies the number of photons absorbed or emitted by the 

electron in a multi-photon process41. The total wavefunction is the weighted sum of all possible 

states in 𝑛. The purpose of equation (S3) is mainly to elucidate the physical impact of the photon 

absorption relative to the original wavefunction. We can more easily arrive at an equation to 

describe the current in an illuminated device by distributing the unperturbed energy into the 

summation. Then the exponential terms may be absorbed into the argument of the original 

wavefunction: 

  𝜓(𝑛, 𝑉𝜔) = ∑ 𝐽𝑛(𝛼)

∞

𝑛=−∞

𝜓0(𝐸0 + 𝑛ℏ𝜔). (S4) 

 

(S4) 

Now it is clear that the photon-assisted electrons have shifted the original wavefunction to 

energy 𝐸0 + 𝑛ℏ𝜔. We use the substitution 𝛼 =
𝑒𝑉𝜔

ℏ𝜔
 for the argument of the Bessel Function. The 

net electron current in a quantum system can be found from the wavefunctions through54  

 𝐼 =
−𝑒ℏA

2𝑚𝑒

[𝜓∗∇𝜓 − 𝜓∇𝜓∗]. (S5) 

𝐴 is the area, 𝑚𝑒 is the electron effective mass, and 𝜓∗ is the complex conjugate of the 

wavefunction. This relation must count all possible wavefunctions while weighing their 

respective probabilities, though this is already reflected in equation (S3) since we are indeed 

accounting for all electron states while the coefficients naturally satisfy normalization38. It 

should be clear that when using the wavefunction from equation (S4) that the illuminated 

tunneling current, 𝐼𝐿, will be found by shifting the dark current according to the newly prescribed 

electron energy and weighed by the square of the probability amplitude (i.e. 𝐽𝑛
2(𝛼)). We can 

express the unilluminated electron energy in terms of applied d.c. electrical potential, which we 

call 𝑉 for consistency, and note that the photon energy is 𝑉𝑝ℎ = ℏ𝜔/𝑒. Finally, the PAT theory 

gives illuminated current, 𝐼𝐿, in terms of the dark current, 𝐼𝐷, through  
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 𝐼𝐿(𝑉) = ∑ 𝐽𝑛
2(𝛼) 𝐼𝐷(𝑉 + 𝑛𝑉𝑝ℎ)

∞

𝑛=−∞

. (S6) 

 

S.5. MODELING PHOTON-ASSISTED TUNNELING 

We model the illuminated behavior of our rectenna device according to photon-assisted 

tunneling theory. To calculate the illuminated current from equation (S6), we use the dark I–V 

behavior of our diode from Figure 2 and Figure S1. We calculate 𝐼𝐿(𝑉) from equation (S6) using 

as many terms in the summation as the dark I–V scan window permits. Since our diode curves 

only go up to ±3 V, extrapolation is required in order to use PAT with high photon energy and 

higher order terms. As described in the main text, and shown in Figure 2, we extrapolate our 

diode I–V past ±7 V, enabling terms up to 𝑛 = 2 at 3.5 eV photon energy. For low 𝑉𝑝ℎ the results 

of PAT are independent of the extrapolation. Only for large photon energy ~2–3 eV does the 

extrapolation make a difference. However, since the behavior falls within the quantum regime at 

such photon energy (𝛼~0.03), the first order Bessel terms dominate and error in the extrapolation 

is minor.  

The PAT prediction also requires knowledge of 𝑉𝜔. However, since we do not have a reliable 

estimate for the input power or the CNT antenna resistance we fit for 𝑉𝜔 based on our measured 

𝐼𝐿(𝑉). We use the Levenberg-Marquardt algorithm for nonlinear least-squares fitting of the PAT 

equation to our measured light I–V response. This allows us to determine 𝑉𝜔 for each wavelength 

we tested.  

 

S.6. VERIFICATION OF PHOTON-ASSISTED TUNNELING MODEL 

We check the validity of our PAT model by following the results reported in 

references [40,41]. Consider the case of an ideal, piecewise linear diode with zero reverse-bias 

current and a linear forward-bias current having a resistance of 50 Ω. We assume antenna 

resistance is 100 Ω and diode voltage 𝑉𝜔 = 𝑉𝑜𝑝𝑡/2 . With low photon energy of 4 meV and 

power of 200 µW we get classical operation (𝑉𝑜𝑝𝑡 ≫ 𝑉𝑝ℎ). Our PAT model gives such classical 

behavior (Figure S4(a))that matches previous PAT reports.40 Not only does the piecewise diode 

shift into the second quadrant, there is a distinct nonlinearity that is induced by the response of 

the low energy light.  

… 

… 
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Figure S4. PAT Model verification using an ideal piecewise linear diode with 50 Ω forward resistance. (a) Classical 

operation at 4 meV and 200 µW (𝛼 = 50). (b-d) Quantum operation at 2 eV and 200 µW (𝛼 =  0.1). (b) Operation 

under fixed a.c. diode voltage 𝑉𝜔 = 𝑉𝑜𝑝𝑡/2 shows a linear region of second quadrant power generation. (c) Constant 

input power mode, wherein 𝑉𝜔 varies with bias. A convex hump in the second quadrant is formed due to the variable 

𝑉𝜔, which is depicted in (d) as a result of iteratively solving for the first harmonic of a.c. rectified current, 𝐼𝜔. The 

diode voltage tends to 𝑉𝑜𝑝𝑡/2 at zero bias. 

 

S.7. DETERMINING 𝑽𝝎 FOR CONSTANT POWER OPERATION 

We have so far assumed fixed 𝑉𝜔. However, the devices should practically operate under 

constant power, which instead makes the diode voltage vary with applied bias according to the 

a.c. resistance of the diode, 𝑅𝜔(𝑉) as41 

 𝑉𝜔(𝑉) = √2𝑃𝐷𝑅𝜔(𝑉). (S5) 

𝑃𝐷 is the power coupled to the diode (i.e. the power delivered by the antenna to the diode)7.  

For quantum operation (𝛼 ≪ 1), considering only first order Bessel terms gives an 

approximation for the a.c. diode resistance41:  

(a) (b) 

(c) (d) 
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 𝑅𝜔(𝑉) =
2𝑉𝑝ℎ

𝐼𝐷(𝑉 + 𝑉𝑝ℎ) − 𝐼𝐷(𝑉 − 𝑉𝑝ℎ)
. (S6) 

We show an exemplary calculation of 𝑅𝜔(𝑉) and corresponding estimation of 𝑉𝜔(𝑉) for 404 nm 

(3.07 eV) light (Figure S5), which operates semiclassically in the quantum regime. Qualitatively, 

there is a linear variation in 𝑉𝜔 with bias, which is an artifact of our dark I–V. However, we do 

not know the input power precisely nor potential wavelength-dependent absorption. Also, at 

lower photon energy the legitimacy of using the first order approximation for 𝑅𝜔 is questionable. 

Therefore, for fitting the PAT theory to our results we retain 𝑉𝜔 as an unknown parameter while 

still assuming linearity. We show in Figure S5 that this is reasonable when trying to fit for the 

behavior in the small bias window between 𝑉𝑜𝑐 and 𝐼𝑠𝑐.  

 

 
Figure S5. Estimation of the a.c. diode resistance, 𝑅𝜔, using the semiclassical approximation at 404 nm (3.07 eV). 

The a.c. diode voltage, 𝑉𝜔, varies linearly with bias and the numerical value depends on 𝑃𝑖𝑛.  

 

S.8. TRANSPARENCY OF TOP METAL 

The input power we use for efficiency calculations does not consider reflection and 

transmission through the top metal. In this section we attempt to account for transmission losses 

through the top metal to more accurately calculate our input power and hence, our conversion 

efficiency. We measured the transmission of 50 nm planar Al on glass in the range around 1-6 % 

(see Figure S6 for wavelength-dependent transmission).  

We can adjust the conversion efficiency originally calculated by now accounting for power 

loss from wavelength-dependent transmission. This would boost our peak efficiency at 638 nm 

to 2.3×10-4 %. However, accounting for transmission did not fully make up the deviation 

between our measured input power and the PAT model. Additionally, there are other issues that 

make directly accounting for transmission problematic. First, the top metal coating on the CNT 

array is not planar (see SEM images from Figure 1(b)). Since some length of each CNT is coated 
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in metal, rather than just the very tip surface, the actual coating thickness could be less than 50 

nm since it is distributed over a larger surface area.  

Perhaps more important, we suspect that light may pass through gaps between the mesh of 

top metal-coated CNTs until finally being absorbed by uncoated segments of CNT deeper within 

the array. Then the actual input power to the CNT antennas may not be strictly related to the 

transparency of the top Al layer. To prevent erroneous calculations, we describe the input power 

using the laser intensity incident upon the surface; we do not adjust for reflection, transmission, 

absorption, etc., and instead note that all parameters and analyses related to device input power 

would have an additional efficiency associated with losses of the incoming electromagnetic 

waves.  

 

 
Figure S6. Impact of wavelength-dependent top metal transparency on efficiency calculations. (a) Plot of 

transmission as a function of photon energy for 50 nm Al deposited on a glass slide, used to estimate the actual input 

power to the rectenna device. Values were adjusted for the transmission losses due to the glass slide (~90%). 

Conversion efficiency measurements (b) without considering and (c) with considering wavelength-dependent top 

metal transparency.  
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S.9. DEPENDENCE OF 𝜶 ON PHOTON ENERGY 

 

 

Figure S7. Illustration of the relationship between 𝛼 =
𝑉𝜔

𝑉𝑝ℎ
 and the photon energy, 𝑉𝑝ℎ. There is a peak occurring at 

2.2 eV.  

 

S.10. COMPARISON TO PRIOR CNT RECTENNA REPORTS 

 

Table S1. Comparison of optical rectification performance for recent CNT optical rectenna publications. The device 

structure for each report are the following: (Sharma, et al.) CNT/Al2O3 (8 nm)/Ca; (Anderson, et al.) CNT/Al2O3-

HfO2 (4/4 nm)/Ag; and (This work) CNT/Al2O3-ZrO2-Al2O3-ZrO2 (4/4/4/4 nm)/Al.  

Authors Year Pin 

(mW/cm2) 

λ 

(nm) 

𝑰𝒔𝒄 

(nA/cm2) 

𝑽𝒐𝒄 

(mV) 

η 

(%) 

Current 

Response (A/W) 

Voltage 

Response (V/W) 

Sharma et al. 2015 26   532 1700 -0.16 3×10-7* 6.5×10-5 4×10-3 

Anderson et al. 2018 20   638   500 -11 7×10-6 2.5×10-5 7.6 

This work 2019   5   638    7.5 -95 3.6×10-6 1.5×10-6 250 
*values not corrected for the 10% transmission estimation.  
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