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and Moh’d Rezeq*bc

We present an optical rectenna by engineering a rectifying diode at the interface between a metal probe of

an atomic forcemicroscope (AFM) and a single wall carbon nanotube (SWCNT) that acts as a nano-antenna.

Individual SWCNT electrical and optical characteristics have been investigated using a conductive AFM

nano-probe in contact with two device structures, one with a SWCNT placed on a CuO/Cu substrate

and the other one with a SWCNT on a SiO2/Si substrate. The I–V measurements performed for both

designs have exhibited an explicit rectification behavior and the sensitivity of carbon nanotube (CNT)-

based rectenna to light. The measured output current at a set voltage value demonstrates the significant

effect of the light irradiation on the current signal generated between the Au nano-probe and CNT

interface. This effect is more prominent in the case of the CuO/Cu substrate. Detailed analysis of the

system, including the energy band diagram, materials characterization and finite element simulation, is

included to explain the experimental observations. This work will pave the way for more investigations

and potential applications of CNTs as nano-rectennas in optical communication and energy harvesting

systems.
Introduction

Optical antennas represent an optical detector similar to
radio-frequency antennas but operating in the optical regime.
Nowadays, optical antennas are attracting a lot of attention
due to their potential for wide applications in nano-scale
optical microscopy, spectroscopy, solar energy conversion,
integrated optical nano-circuitry, molecular sensing, etc.1 This
increased focus on nano-antennas is due to the progress in
nano-manufacturing technologies, which makes it possible to
utilize sub-wavelength plasmonic structures in different
shapes and sizes.2 One essential synthesis process required for
the realization of nano-antennas at a small scale (nano scale)
is utilizing a nano-probe that relies on ultra-sharp tips3,4 in
making physical contact with individual CNTs. Moreover, this
has been integrated with a new approach used for modeling
and fabrication of a tunneling-based nano-Schottky diode
rectier.5

CNTs' outstanding electrical, mechanical, and physical
properties make them ideal candidates for many potential
applications including transistors,6–8 gas sensors,9,10 optical
sensors,11 light emitters12,13 and for MEMS/NEMS applications.14
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Also, CNTs make exemplary antenna elements as they absorb
electromagnetic energy in a broad spectrum.15,16 Since the 1D
growth technique is rapidly developing, CNTs will not only
substitute materials in many areas, but also will introduce new
devices with improved performances. The nano-scale size will
introduce unique properties for CNT-based photo-detectors
that can reduce dark current due to the small size of CNTs.17

In addition, the high surface to volume ratio of the CNT can
improve the sensitivity of the photo-detectors. More interest-
ingly, in addition to their high conductivity single wall carbon
nanotubes (SWCNTs) which can be obtained by geometrically
rolling a graphene sheet, have showed a band gap structure with
a band gap that varies from 0 to 2 eV.18 Several major techniques
have been used to synthesize CNT's: arc discharge, laser abla-
tion, and chemical vapor deposition (CVD).19

Classical rectenna is formed from an antenna and a diode
connected. The rectenna at optical frequency encounter several
fundamental challenges related to the rectier operating at high
frequency as well as the antenna having a low RC time constant.
Several types of diodes have been explored Metal/Insulator/Metal
(MIM) and Metal/Insulator/Insulator/Metal (MIIM) diodes,
diodes that combine multiple dielectrics show better performance
than single insulator diodes through more control of electron
tunneling.20 A new approach has been demonstrated using CNT in
the rectenna design. This has been demonstrated and fabricated
for the rst time using multi wall CNT vertically aligned as metal
electrode in MIM diode. These rectenna devices show increased
nonlinearity when illuminated.21 Another rectenna using multi
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Steps for the dispersion of CNT powder and sample preparation, (b) schematic of the first device using Si as a substrate with a thin SiO2

layer of 2.31 nm, (c) schematic of the second device using Cu sheet as the substrate with a thin CuO layer of 3.69 nm.
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insulator along with CNT as metal electrode has been fabricated
and used in order to model the photon assisted tunneling mech-
anism. This rectenna shows excellent rectication behavior in the
optical regime.22

In this work, we have investigated the opto-electrical
behavior of SWCNTs as nano-rectennas. However, isolating an
individual carbon nanotube is an essential requirement for
testing light detection characteristics of SWCNT-based nano-
rectenna. Pristine CNTs as synthesized are bundled. They are
hard to disperse due to the strong van der Waals forces and
their high aspect ratios. Various solvents have been reported to
successfully debundle CNTs as well as obtaining stable and
dispersed nanotubes.4,23–33 N-Methylpyrrolidone (NMP) has
been a highly effective solvent for dispersing and debundling
SWCNTs.23–26

Here we show that an efficient optical rectenna can be con-
structed by using individually dispersed SWCNT on metal oxide
or silicon oxide substrates. The optical characteristics of rec-
tenna are demonstrated using conductive mode atomic force
microscope (C-AFM). This demonstration is based on the eld
enhancement at the carbon nanotube interface with the metal
nano-probe of C-AFM. Using C-AFM equipped with a white light
source, we measured the electrical characteristics of the nano-
diode and the effect of the adsorption of the optical light by
the CNT. The results agree with the rectenna theory21,34 where
our devices show a clear eld rectication from the antenna.
Experimental measurements
Dispersing single wall CNTs (SWCNTs)

Materials used in this experiment: SWCNTs powder with the
chirality (7,6),$77% carbon as SWCNT and 2–3 nm diameter in
average from Sigma-Aldrich. N-Methyl-2-pyrrolidone (NMP)
used for dispersion of these SWCNTs from the powder. 1.0 mg
of SWCNT powder was mixed with 15 ml of NMP, the resulting
mixture of SWCNT was tip sonicated for 2.0 minutes. This
initial dispersion was serially diluted in order to produce
a range of solutions with different concentrations from
0.066 mg ml�1 to 0.0093 mg ml�1. Aer each dilution, the
© 2021 The Author(s). Published by the Royal Society of Chemistry
solution was sonicated by tip for 2.0 minutes. The resulting
mixture was bath sonicated for 4 h followed by 1 minute tip
sonication. This sonication process is considered the most
essential step in the dispersion process where most nanotubes
de-bundle.33 A small volume was drop-casted on a clean
substrate at room temperature and dried in a vacuum oven at
120 �C for 4 hours as shown Fig. 1(a). The substrate was cleaned
using a bath sonication in acetone followed by isopropanol and
distilled water. Two substrates were used in our experiments:
the rst substrate is n-Si with 2.31 nm SiO2 layer on the top.
Fig. 1(b) shows the schematic of SiO2/n-Si substrate and the
thickness of SiO2 was measured using spectroscopic ellipsom-
etry. The second substrate is a copper sheet with a thickness of
625 mm. The substrate is cleaned using a bath sonication in
acetone followed by isopropanol and distilled water. Oxidation
at temperatures lower than 400 �C leads to the growth of a thin
copper oxide layer (CuO) over the Cu surface.35 For our device,
a thin layer of copper oxide of 3.69 nm, measured by spectro-
scopic ellipsometry, is formed by thermal oxidation of Cu by
heating at 150 �C for 1 h prior to the deposition of CNT, as
shown Fig. 1c. In our work, the concentration of 0.0093 mgml�1

of SWCNTs was used to prepare our samples, since no aggre-
gates have been reported to be present below 0.02 mg ml�1 that
is considered as nanotube dispersion limit in NMP.26
Measurement methodology and CNT characterization

Conductive mode atomic force microscope (C-AFM) has been
used as a powerful tool to investigate the photo detection and
rectication behavior at the nano-scale metal-semiconductor
(MS) junctions.36–39 Using C-AFM we can determine the topog-
raphy and the electrical properties simultaneously with the help
of a conductive tip, while a bias voltage is applied on the sample
and the tip is kept at ground as shown in Fig. 2(a). During the
acquisition of the I–V curves, the tip is brought into contact with
the CNT of interest. To assess the light and dark condition of
CNT nano-rectenna, the I–V measurements were performed
using the AFM system that is placed in a closed chamber by
switching the light source on and off with 0.1 Hz (10 s), which is
guided via and optical ber to the junction between the probe
RSC Adv., 2021, 11, 24116–24124 | 24117
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and the sample. In our experiment, the light source is broad-
band, halogen dimming light source with a power of 50 W and
a wavelength spectrum between 500 nm and 1000 nm, with
more intensity concentrated between 650 nm and 950 nm. The
highest power is observed at 730 nm. We have tested two
structures of CNT-based rectennas using Au AFM tip, for
Fig. 2 (a) The schematic illustration of the electrical measurement carrie
tip of 37 nm radius, inset EDX showing the conductive material of the nan
Si substrate, (d) SEM image of SWCNT with approximate diameter of 2
nanotubes, (e) Raman spectra for a SWCNT showing D band, G band and
(f) TEM image of SWCNT.

24118 | RSC Adv., 2021, 11, 24116–24124
performance comparison and optimization. In one design, the
SWCNTs are dispersed on SiO2/Si substrate, and in the second
structure the SWCNTs is dispersed on CuO/Cu substrate, as
shown in Fig. 1(b) and (c) respectively. A scanning electron
microscope (SEM) imaging of the tip has been performed,
Fig. 2(b), and Energy Dispersive X-ray analysis (EDX) to conrm
d out by conductive atomic force microscope, (b) SEM image of the Au
o probe, (c) AFM topography of single carbon nanotube on top of SiO2/
–3 nm, inset EDX showing carbon element in the single wall carbon
G0 band at 1327.31 cm�1, 1586.11 cm�1 and 2634.56 cm�1 respectively,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the sharpness and the conductive material of the tip. The
topography and material of the CNT has also been explored in
tapping mode AFM, Fig. 2(c), SEM, Fig. 2(d) and TEM, Fig. 2(f),
showing the diameter of CNT is 3.5 nm. Raman spectroscopy of
SWCNT shown in Fig. 2(e) shows a well dened G
(1586.11 cm�1) and G0 (2634.56 cm�1) peak with a high intensity
for the G peak which conrms that the material is a SWCNT
with a fewer defect determined by the intensity of D peak
(1327.31 cm�1).40

For further characterization of the shape of SWCNTs, AFM
topographical images of several samples revealed that the
average diameter of the nanotube aer dispersion is approxi-
mately 3 nm, Fig. 3, which corresponds to an energy band gap of
0.246 eV.41
Results and discussion
Photoelectric response of CNT devices

To assess the response and reproducibility of the CNT-based
rectier, measurements have been repeated on several
samples and on random single CNTs chosen at the surface of
both substrates. Due to the nanometer size of the tip, the I–V
curves reect the effect of the electric eld enhancement at the
nano-tip/CNT interface as well as the light effect on this junc-
tion. A voltage sweep between �1.0 V to 1.0 V is applied on the
substrate while the AFM gold coated tip is grounded. The I–V
characteristics of Au–CNT–SiO2–Si and Au–CNT–CuO–Cu
structures with and without white light illumination have been
measured as shown in Fig. 4(a) and (b) respectively. The effect of
light illumination without a deposited CNT on the surface of the
substrate has also been explored using the same bias condition.
Fig. 3 (a) AFM topography image and the corresponding diameter distrib
image and the corresponding diameter distribution along: (g) line 1, (h) l

© 2021 The Author(s). Published by the Royal Society of Chemistry
To conrm the repeatability of the electrical characteristics, the
measurements have been repeated several times and at the
same voltage sweeps with and without light illumination. For
the rst sample with CNTs on SiO2, Fig. 4(a), the I–V curves
show clearly the diode rectication behavior with a high current
in the forward (negative bias) aer a turning-on voltage around
(�0.65 V). However, aer switching the light on the forward
current increased signicantly at a lower turning-on voltage
(�0.5 V). These measurements have been repeated several times
with the light on and off, as shown in the overlapping curves in
Fig. 4(a). Moreover, the current has been measured at a xed
applied voltage in the forward bias, namely �1.0 V, when the
probe is placed on the CNT/SiO2/Si stack and while the light is
turned on/off for 10 seconds. The light effect is evident from the
rectangular prole in Fig. 4(c), where a higher current is
measured for 10 s when the light is on versus a negligible
current when light is off. To conrm the rectication behavior
of CNTs and their sensitivity to the light, the same measure-
ments where performed on the second sample of SWCNTs
placed on a CuO/Cu substrate, as in Fig. 4(b). The I–V data when
the light is off showed the current increases rapidly aer a turn-
on voltage in the forward bias around�0.15 V (solid black line).
In the reverse bias situation, electron tunneling occurs through
the oxide layer at around 0.26 V. Interestingly, when the light is
on (red line), the turn-on voltage decreases to around �0.10 V,
and the current increase even faster aerward. In the reverse
bias the tunneling current is not affected by the light, and the
curves overlap when the light is on and off. For further conr-
mation, the probe was placed on the CuO surfaces where there
is no CNTs. The I–V data, as shown with a blue curve in Fig. 4(b),
exhibits a very small current in the forward bias and a tunneling
ution along: (b) line 1, (c) line 2, (d) line 3, (e) line 4, (f) AFM topography
ine 2, (i) line 3, (j) line 4. The average diameter of SWCNT is 2.2 nm.

RSC Adv., 2021, 11, 24116–24124 | 24119
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Fig. 4 (a) Electrical characteristics of Au/CNT/SiO2/Si device and reproducibility of photo detection phenomenon, inset is an AFM topography of
single CNT and point of test, (b) electrical characteristics of Au/CNT/CuO/Cu device and reproducibility of photo detection phenomenon, inset is
an AFM topography of single CNT at point A; electrical characteristics of Au/CuO/Cu device, test at point B, (c) light response of Au/CNT/SiO2/Si
device at a reading voltage value of (�1.0 V), (d) light response of Au/CNT/CuO/Cu device at a reading voltage value of (�0.30 V).

Fig. 5 Variation of the light current at a reading voltage of (�1 V) for
Au/CNT/SiO2/Si device as a function of CNT length extracted from
AFM topography images.
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current in the reverse bias at a relatively higher voltage, higher
than �0.40 V, and the light has no effect on this I–V curve. The
current is also taken at a xed voltage�0.3 V with light is on and
off for 10 seconds and exhibited a prominent effect as shown in
Fig. 4(d).

The difference between the current values with and without
illumination is evident in devices where the CNT is present in
the forward bias condition for the two different devices char-
acterized. The typical on/off current ratio is 38 for CNT on SiO2/
Si substrate, at a reading voltage value of (�1.0 V), and 43 for
CNT on CuO/Cu substrate at a reading voltage of (�0.30 V). The
relatively higher on/off current ratio in the latter case at a much
lower voltage (�0.30 V) indicates much higher sensitivity of
SWCNT on CuO/Cu substrate. When the devices are illumi-
nated, electrons oscillation is produced inside the antenna.
This oscillation causes a modulation of the Fermi level at the
barrier of the diode. Similarly to photon assisted tunneling
(PAT) in rectennas based on multi-wall CNT,22 an electron
absorbs or emits a certain number of photons and this will be
reected as a shi in the (I–V) curve.

To investigate the antenna's behavior of SWCNT, we have
also tested the light effect on devices with different CNT lengths
by reading the light current I (light) at a given voltage value of
(�1.0 V), as a feasible approach. For short length device with
CNT length L ¼ 0.4 mm, a relatively high current I (light) is
measured. The 0.4 mm length of CNT antenna corresponds to
a wavelength of light of approximately 800 nm. As mentioned
24120 | RSC Adv., 2021, 11, 24116–24124
previously, the halogen source used in our experiment has
a spectrum with the highest power intensity between 650 nm
and 900 nm. Thus for our measurements the 0.4 mmCNT length
antenna is correlated to the highest intensity of the light which
explains the highest current measured at this value. This light
current decreases with increasing the length of the CNT, as
shown in Fig. 5, which indicates the direct dependence of the
light absorption on the SWCNT antennas dimensions. The
variation in photocurrent is totally antenna effect that depends
on the wavelength as in optical antennas. When the light
interacts with optical antennas with specic dimensions,
surface plasmons are generated and only at resonant frequency,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematics of the energy band diagrams for CuO/Cu sample. The Fermi level is denoted EF, f is the metal work function, Ec and Ev is the
conduction and valence band respectively and Ea electron affinity. (a), (b), and (c) correspond to Au/CuO/Cu stack after contact, in reverse bias
and forward bias respectively. The upper blue dotted lines show CuO conduction band and Cu Fermi level before contact. (d), (e) and (f)
correspond to Au/CNT/CuO/Cu device stack after contact, at 0 bias, in reverse bias, and forward bias respectively.

Fig. 7 (a) COMSOL simulation model for Au probe on CuO/Cu sample. (b) The electric field distribution at the interface. (c) The electric field
profile along a vertical middle line a cross CuO layer, at different applied voltages. (d) COMSOL simulation model for Au probe on CNT/CuO/Cu
sample. (e) The electric field distribution at the interface. (f) The electric field profile along a vertical middle line a cross CuO layer, at different
applied voltages.
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light will be absorbed and irradiated.42 This dependence of the
device current on the length of the CNT provide potential design
opportunities for antennas at a different wavelength. Moreover,
for our source, the photon energy lies in the range 1.24 eV and
2.48 eV. This means that some effect from the photon tunneling
have also contributed to the response of our device. For this
© 2021 The Author(s). Published by the Royal Society of Chemistry
reason, the behavior is a combination of both dri and
tunneling currents.

Data analysis and physical models

The properties of the Schottky barrier, including barrier height
and depletion width are determined by the energy level align-
ment of the metal and CNT. Understanding the CNT Schottky
RSC Adv., 2021, 11, 24116–24124 | 24121
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Fig. 8 Schematics of the energy band diagram of Au/CNT/SiO2/Si. (a)
At zero bias. (b) Reverse (positive) bias. (c) Forward (negative) bias. With
inset showing a simplified nano Schottky junction between Au and
CNT.
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barrier based on the energy band diagram can guide to an
optimized CNT rectenna design. The measured I–V character-
istics of SWCNT on both metal oxide and semiconductor oxide
samples can be readily understood by visualizing these inter-
faces' energy band diagram structures. We start with the case of
SWCNT placed on CuO/Cu substrate. At the beginning, we
analyze the energy band structure when the gold nano-probe is
placed on the surface without CNTs. Fig. 6(a) shows the energy
band diagram of Au, CuO and Cu just before the physical
contact and during the contact case at zero bias. At thermal
equilibrium, the Fermi levels in the stack of materials (Au/CuO/
Cu) are aligned. When a positive bias is applied on the Cu
substrate, the current was negligible until a threshold voltage
was reached. Here the conduction band of CuO is brought at
a lower level than the Au Fermi level. Due to the enhancement of
the electric eld at the nano-probe, the electric eld on the
probe is quite relatively high at this threshold voltage. This
results in a thin tunneling barrier,43 which allows electrons to
tunnel through the CuO into Cu bulk, as shown the Fig. 6(b) and
evident in the experimental data in Fig. 4(b) (blue line) at an
applied voltage around 0.40 V. However, when the applied
voltage polarity is reversed an additional applied voltage is
needed to overcome the built-in potential due to Fermi levels
alignment between Au/CuO/Cu interfaces as in shown in
Fig. 6(a), in addition to relatively lower electric eld on the at
Cu plate, unlike the case when a CNT is present. Therefore,
within the same range of the applied voltage sweep the barrier is
still thick and blocking electrons to tunnel to the Au nano probe
side, as in the schematic in Fig. 6(c). This explains the small
current (blue line) in Fig. 4(b) at a negative bias less than�1.0 V.
When the Au nano-probe is placed on SWCNT, Fig. 6(d) shows
the energy band diagram of Au/CNT/CuO/stack before and aer
contact. The highly conductive SWCNT with the small diameter
size (�2.0 nm) in addition to the close Fermi levels value
between SWCNT and Cu determine the stack electronic struc-
ture. At the positive bias the electric eld is enhanced due to the
small CNT radius, thus narrower tunneling barrier is created
(Fig. 6(e)), and the tunneling takes place at a lower threshold
voltage as evident in Fig. 4(b) (red curve) at around +0.27 V. On
the other hand, when the polarity of the applied voltage is
reversed the electron eld enhancement at CNT/CuO interface
allows the electron to tunnel from Cu bulk into the conduction
band of SWCNT. These electrons will in turn continue to ow
over the conduction band of CNT and to the Au nano-probe with
a lower Fermi level under the forward bias, as in the schematic
in Fig. 6(f). This is in accordance with the experimental data in
Fig. 4(b) (black curve) at negative bias, around �0.15 V. When
the light is shed on the sample, CNT tubes whose length lies
within the range of the optical light spectrum would resonate
with the light waves. More energetic electrons will ow over the
conduction band to the Au nano-probe, hence more current at
a relatively lower threshold voltage (�0.10 V) will be observed.
This photo effect is only observed in the forward (negative bias)
as electrons can move easier over to the conduction band to the
lower Fermi level of Au nano-probe.

For further analysis of the electric eld at the interfaces, we
performed nite element simulation using COMSOL soware
24122 | RSC Adv., 2021, 11, 24116–24124
for both cases, when the Au probe is placed on CuO/Cu and
when it is placed directly on CNT/CuO/Cu stack. Fig. 7(a) shows
the simulation model of Au nano-probe on CuO/Cu substrate.
The electric eld distribution and electric eld prole at the Au/
CuO interfaces are shown in Fig. 7(b) and (c), respectively.
Fig. 7(c) shows the maximum eld at Au/CuO interface at
different voltages. For instance, at a threshold voltage 0.40 V, as
in Fig. 4(b), the interface maximum electric eld is around 1.2�
108 V m�1, which is high enough for electron tunneling through
CuO thin layer. Fig. 7(d), (e), and (f) show the simulation model,
electric eld distribution and electric eld prole respectively
for Au/CNT/CuO/Cu stack. Fig. 7(f) shows the electric eld
proles, at the interface between CNT/CuO, at different applied
© 2021 The Author(s). Published by the Royal Society of Chemistry
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voltages. We can readily see that a similar electric eld (�1.2 �
108 V m�1) is obtained at a voltage around �0.26 V, which is
consistent with the threshold tunneling voltage in Fig. 4(b), in
CNT/CuO case. This explains the lower threshold voltage in the
reverse (positive) bias in Fig. 4(b), when the probe is placed
directly on the CNT.

For the other device structure, when SWCNTs are dispersed
on SiO2, the energy band diagram for Au/CNT/SiO2/Si is shown
in the schematic in Fig. 8(a), before and aer contact. When
a positive voltage is applied on the Si substrate this shis the
conductions bands of Si, SiO2 and CNT down, as shown in
Fig. 8(b). Although the tunneling barrier at Au/CNT interface is
thin electrons at CNT conduction band encounter a much wider
barrier at CNT/SiO2/Si interface due to depletion region in Si
bulk, as shown in the schematic in Fig. 8(b). This explains the
minimal current in the reverse bias, as in experimental data in
Fig. 4(a) (red curve). On the other hand, in the forward bias
(negative applied voltage), as shown in the schematic in
Fig. 8(c), the conduction band of Si is lied up, and electrons
can undergo direct tunneling through the very thin (�2.0 nm)
SiO2 layer44,45 to the conduction band of CNT, and then elec-
trons will dri smoothly to the lower Au Fermi level in the nano-
probe, Fig. 8(c). This is evident from the experimental data in
Fig. 4(a) (red curve). When the light is shed on the sample and
optical EM waves are absorbed by the CNT more energetic
electrons will ow over the conduction band of the SWCNT to
the probe, and thus more current is observed as in Fig. 4(a) (red
curve). However, in the reverse bias electrons will encounter
a wide barrier at CNT/SiO2/Si junction (50–200 nm), therefore,
the light effect is not observed.

Conclusion

In conclusion, we have investigated the electrical characteristics
of single wall carbon nanotubes (SWCNTs) and their response
to the optical light towards developing CNTs based nano rec-
tenna devices. Two types of device structures have been
explored by dispersing CNTs on CuO/Cu substrate and the other
by dispersing SWCNTs on SiO2/Si. The measurements data
showed a clear and sensitive response of SWCNT to light by
placing the probe directly on the CNT. To eliminate the
substrate effect, the electrical measurements are carried out
directly on the surfaces of SiO2/Si and CuO/Cu and no light
impact is observed. The formation of nano Schottky junction
between the CNT and the metal provides a perfect rectication
behavior. The response of SWCNTs to light was also found to be
dependent on their length. These unique characteristics of
SWCNTs present them as a potential candidate for applications
in optical communication systems and solar energy harvesting
with CuO/Cu as a preferable substrate option for nano-rectenna
fabrication.
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