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Schematic of the set-up and experimental parameters
The schematic diagram of the overall setup is depicted in the Figure S1 together with the

MIM junction and the trans-impedance amplifier.
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Figure S1. (left) 3D Schematic of the overall customized experimental configuration. (right) Schematic of the
MIM junction positioned inside the AFM stage highlighting the trans-impedance amplifier (T1A) for filtering

and data acquisition (i.e., analogic filter was employed for filtering, Ni-DAQ for data acquisition).

The experimental parameters regarding the laser illumination are summarized in Table S1:

IHlumination parameter Value Value

Wavelength 1064 nm 780 nm
1
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Polarization 90° 90°
Focal spot diameter 4 um 5.25 um
Angle of incidence 12" (w.r.t sample plane) 12" (w.r.t sample plane)
Input intensity 12.95 MW/m? 7.1 MW/m?

Table S1. lllumination conditions on the AFM tip.

The analogic filter settings are instead shown in Table S2:

Parameter Value
Filter type Bessel
Band Low-pass
Cut-off frequency | 10 kHz
Coupling DC
Roll-off 12 dB/oct

Table S2. Settings of the analogic filter.

Optoelectronic measurements

The 1-V characteristics of various nanorectanna samples were studied by applying a
continuous slow sinusoidal bias voltage signal of certain amplitude to the bottom electrode of
the pc-M1IM2 junction, while the current was recorded by the TIA, as previously described.
Two different types of measurements, named Type 1 and Type 2, were performed on the pc-
M1IM2 rectennas to obtain the 1-V characteristic and the current generated exclusively due to
the light illumination, respectively.

Type 1 measurement: This approach is characterized by fast acquisition of the I-V
characteristic, in a time of just few seconds. The main motivation is related to the typical drift
exhibited by AFM, which is due to thermal effects on the piezo. The drift exhibited by our
Veeco AFM was of 9 nm/minute in X dimension and 5 nm/minute in Y dimension. In order to
have stable measurements in time, a bias frequency of 0.5 Hz was chosen so to have a
negligible drift during the I-V measurement. Furthermore, the laser beam illuminating the
AFM tip was modulated with an optical chopper at the frequency of 371 Hz. This frequency
was chosen as far enough from both the low frequency acoustic noise and the AC power lines
frequency at 60 Hz. A post processing procedure was adopted to build the I-V characteristic,

by using the currents read at the same position both in dark and illuminated conditions.
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Finally, the acquired data were considered meaningful only upon comparison of a sequence of
consecutive readings, thus to assure the reproducibility of the data.

Type 2 measurement: The current output from the analogic filter was given as input to the
Stanford dual channel lock-in amplifier while the optical chopper TTL output was used as
reference. In this way, only the signal locked in-phase with the reference frequency was
amplified whereas the remaining signals were suppressed. Essentially, this method was
employed to discern and acquire the signal directly correlated (in-phase) with the

illumination.

IM2 surface roughness

In Figure S2 is shown the measured surface roughness of a Ti film deposited on the quartz
substrate, resulting in a range of only 1-2 nm. This measurement was performed in contact
mode with a 10-15 nm diameter Si probe. Furthermore, upon growth of native TiOy or under
atomic layer deposited (ALD) TiO,, the surface roughness maintains similar values (not

shown).

13.8 nm

-13.8 nm

Figure S2. Surface topography of titanium metal with native oxide on the top. The overall area is 500 nm x 500

nm.

Force vs. photocurrent maps

The AFM cantilever probe pressing on the TiO,/Ti substrate results in a foot print whose area
depends on the applied force. While this force can be freely adjusted, the remaining
parameters contributing to the foot print area, such as the dimensions of the nanocone apex,
the occurring adhesion between the substrate and the probe, the surface roughness, the elastic

moduli and the Poisson ratios of the tip and substrate, cannot be changed during the
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experiment. These considerations are motivated by observing that the contact area between
the nanocone and TiO./Ti substrate defines the capacitance in our rectenna junction, thereby it
directly affects the rectification performance. To study the role of the contact area on the
rectification process, we have acquired photocurrent maps on a TiO,/Ti substrate with three
different forces, where the force amplitude in the AFM software is chosen through a set point
parameter. In particular, we used three force set points -0.25, -0.1, 0.2 (increasing force)
where the lowest value corresponds to a force limit configuration as sometimes the cantilever
is seen to retract away from the substrate. In order to compare the photocurrents recorded for
the three selected forces on the same sample, we had first to minimize the X and Y thermal
drifts, a goal that was achieved by simply scanning in contact mode the substrate without
making any measurements. Afterwards, Type 2 measurements were initiated to measure the

photocurrent.
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Figure S3. Friction maps (a, b, ¢) and corresponding photocurrent maps (d, e, f) for three different force
setpoints equal to -0.25, -0.10 and 0.20. (g) Photocurrents along the zig-zag line profile swept on the sample
shown in (d-f) with force setpoints of -0.25 (green colour line), -0.10 (red colour line) and 0.20 (blue colour
line).
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For an easy comparison of the three force-related maps, we chose to report friction maps
(friction refers to the lateral deflection signal due to the torque experienced by the AFM
cantilever while scanning on the substrate) instead of height maps as the former could better
describe the substrate morphology. Figures S3a-f illustrate friction and the corresponding
photocurrent maps for the three aforementioned set points, where a zig-zag scanning profile
was chosen. Figure S3g depicts instead the comparison of the photocurrent profiles for the
three set points, with the lowest contact force set point -0.25 (green line) showing averagely
higher magnitude with respect to -0.1 (red line) and 0.2 (blue line) set points. This result
suggests that a small footprint, as determined by a weak applied force, is indeed the best
configuration for achieving higher yield of rectified current.

In order to quantify the forces associated to the chosen setpoints, we have performed a
separate study of force-distance measurements on different TiO,/Ti substrates. The forces
corresponding to the chosen setpoints are found of the order of few nanonewtons (see Table
S3), small enough to avoid indentation of the samples. The contact radius C; values on the
substrates under different forces were then deduced from the Derjaguin-Muller-Toporov
(DMT) model™?, where the nanocone tip-apex is assumed to be a sphere in contact with a
planar surface. In particular, we adopted the DMT model owing to the use of a nanocone with
a small tip radius, to the presence of a not negligible adhesive contact between tip and
substrate, and to the employment of a small load on the substrate. The equivalent Young’s
modulus (E*) for the joint pc-M1IM2 rectenna (pc-M1 as gold, | as TiOx, M2 as Ti) is given
by:

1 1_V§u+1_v%10x

E* Epy Eiox

Here we considered the bulk values for the Poisson ratios v for Au and TiOy, which are 0.42
and 0.28, respectively. Furthermore, the gold over layer deposited on top of the carbon-
platinum composite cone is defined by a thin film of 20-25 nm, hence characterized by a
Young’s modulus (Ea,) different from bulk gold material. In particular, as reported by
Salvadori et al.®! who analysed especially thin films of gold on AFM probes, the value for
Eau 1S 69.1 GPa. Similarly, the Young’s modulus of Titania (Evio2) decreases drastically for
thin films and it depends significantly on the material density. Since the Young's modulus of
very thin films of TiO; is not reported in literature, we considered two extreme situations, i.e.

the Young’s modulus for bulk medium (282 GPal*) and for thin films realized through
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Atomic Layer Deposition (169.6 GPal™). Finally, the contact radius C, under force F
produced with a tip of diameter D is given by:
1
c = (3FD>§
" \4E*
Table S3 summarizes the forces and their corresponding contact radius values for the three
different set points -0.25, -0.1, 0.2 when the Young's moduli of TiOx (ALD titania) and bulk
TiO, are considered together with a tip radius of 25 nm.

Set point Force | Contact radius Contact area Contact radius Contact
(nN) (hm) (hm? (hm) area (nm?)
Thin film Bulk material

-0.25 105+0.45 | 1.27+0.09 507+0.71 | 1.21+£0.08 |4.64+0.65

-0.10 11.3+0.38| 1.30+0.09 530+£0.71 | 1.24+0.08 |4.87+0.65

0.20 13.1+0.08| 1.36+0.08 586+0.70 | 1.30+0.07 | 5.36+0.61
.'0'10 . 11.3+£0.38| 1.45+0.10 6.63+0.90 | 1.41+£0.09 | 6.22+0.83

(elastic softening)

Table S3. Summary of contact radius evaluated for Au nanocones in contact with TiOx/Ti when three different
forces were considered. The contact area describes a circular area of radius equal to the corresponding contact
radius.

In particular, the -0.1 set point was used throughout the 1-V experiments (in fact, the -0.25 set
point might have sounded as a better choice, however in some situations we found that the
AFM probe was not properly reacting under such a low value set point). Importantly, it was
found that, through the DMT model, the -0.1 set point was resulting in a contact radius of 1.27
nm, a value falling in the same number range as from the Simmons fit of the I-V curve. This
contact radius value was then adopted in all the numerical simulations (in fact, it was 1.3 nm).
For completeness, considering the elastic softening effect of the gold tip due to its grains, we
have also considered a smaller value for the Au Young's modulus, in fact as small as 44
GPal®, thus resulting in an increase of the contact radius up to 1.45+0.10 nm, as reported in
the last row of Table 3. Importantly, our simulations (not shown) have highlighted the
minimum change in the absorption value occurring when the Cr is changed from 1 nm to 2
nm. In particular, a maximum decrease of 1 % is found for 780 nm, whereas for 1064 nm a
maximum increase of 10 % is observed. These results suggest that the aforementioned

changes of C, are not going to appreciably influence the absorption value, hence it is expected
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that the efficiency might change simply due to different values of the photocurrent, as seen in

Figure S3g.

I-V characteristics for TiO, ALD layer

Nanorectennas prepared with ALD grown TiO, were also studied for comparison with the
native oxide. Oxides of thicknesses 0.5 nm and 1.0 nm were deposited on top of Ti substrate.
In particular, a thin conformal layer of TiO, was deposited at 200 °C by means of an Oxford
Instrument FlexAl Atomic Layer Deposition System following a very slow deposition rate
(0.045 nm/cycle). After the deposition of the oxide, a long cooling ramp (4 hours) was
adopted to avoid any thermal stress. The I-V characteristics for the 0.5 nm and 1.0 nm

samples at A = 1064 nm are presented in Figure S4.
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Figure S4. (a) I-V characteristic for 0.5 nm of ALD-TiO,. (b) 1-V characteristics for 1.0 nm of ALD-TiO,. For
both cases A = 1064 nm.

Both cases confirm the negligible presence of the reverse leakage current, as indeed expected
for an ideal diode. Additionally, a strong asymmetry is found in the voltage-current curve.
Interestingly, the Voc and Isc values are smaller than the native oxide counterparts, which is
possibly due to the improved conductivity of non-stoichiometric oxides (TiOx) due to oxygen
vacancies.!® This result suggests that the actual conductivity of the insulating layer might play

a more important role than its thickness.

I-V characteristics at wavelength 780 nm
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In order to investigate the feasibility of our nanorectenna in the visible frequencies,
experiments were performed with also 780 nm wavelength. A solid state diode pumped laser
was employed together with a single mode fibre for spatial filtering of the higher order
modes. The resulting I-V characteristic, when a 7.10 MW/m? input intensity was reaching the
sample, is shown in Figure S5a. Similar to the 1064 nm case, the current measured under
illumination conditions is higher than the dark condition counterpart, which suggests light
rectification also at 780 nm through our pc-M1IM2 nanorectenna. The small difference
between light-on and light-off conditions at VV = 0 (see inset in Figure S5a) infers about the
weak coupling occurring between the incident radiation and the nanorectenna, an expected
situation as the antenna was designed for 1064 nm. In this regard, it is interesting to compare
the near field calculated at the tip apex when A=780 nm and A=1064 nm are considered, as
shown in Figure S5b and S5c. The figures clearly demonstrate a stronger electric field norm
(about a factor 3) at A= 1064 nm, therefore suggesting a better resonance matching of the cone

at this wavelength, as already confirmed by the absorption calculations shown in the main

text.
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Figure S5. (a) Experimental I-V characteristic for a single nanorectenna at 2. = 780 nm. Here, Isc 7500m= 2.58 pA
and Voc 10eanm = 2.2 MV obtained with an input intensity equal to 7.10 MW/m?. (b) Electric field norm
calculated at 780 nm starting from an incident field of 1 VV/m. (c) Similar to (b) but at A = 1064 nm.

In terms of efficiency, by considering the experimental input intensity at A = 780 nm equal to
7.10 MW/m? with a ta, = 20 nm, the full cone returned an absorption of 0.21 uW leading to
an efficiency of 6.7x107 %, equal to the value obtained when the geometrical cone cross
section was considered (i.e., optical cross section ~ geometrical cross section). Similarly,
when only the Au tip was utilized for evaluating the absorbed power, the calculated
absorption was equal to 0.0015 puW leading to an efficiency equal to 9.5x10° %, as reported

in Figure 5, main text.
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Opto-thermal simulations
In order to rule out the presence of thermal effects in our structure, we performed a FEM
based opto-thermal analysis taking into account both the geometry and the material properties
as in the experiment. Our calculations reveal that the temperature rising at the nanocone apex
under illumination condition never overcomes 2 K with respect to the room temperature. In
particular, the highest temperature increase is observed at 1064 nm, whereas at 780 nm a 0.7
K increase is obtained. The temperature distribution on the nanocone is illustrated in Figure
S6, ranging from about 2 K increase at the nanocone apex down to close-to-zero K variation
at the TiO; layer. This result suggests the absence of any contribution from thermal expansion,
Seebeck effect and thermal assisted tunnelling. Indeed, 2 K temperature rise on the nanocone,
even assuming it was associated to the entire nanocone and not just to its apex, would produce
a thermal induced expansion of less than 0.01 nm (here Au thermal expansion coefficient of
14-10° K is assumed). Furthermore, it is well known that the Seebeck effect predicts a
voltage variation for each AT= 1 K of the order of uV. The measured Voc is instead much
higher, of the order of mV (in fact, from a few mV at 780 nm up to 150 mV at 1064 nm).
Finally, any kind of thermal assisted tunnelling effect should rely on just 2 K energy,
corresponding to 0.17 meV. By considering the MIM barrier height equal to U= 3.94 eV and
width W=1.5 nm (see main text), and recalling the tunnelling probability T = e®?®") with b =
(2m(Uo-E)/h®)Y2 and E= electron energy (due to the temperature rise — 2 K - and to the energy
coming from absorbed photon - 1064nm=1.17eV -), it can be found that the difference
between T with/without the thermal contribution is virtually zero.

Clearly, due to the very small temperature increase, any thermal contribute can be ruled out

from the nanorectenna system, as already suggested in the main text.

(@) =784 nm (b) A= 1064 nm
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Figure S6. Temperature distribution of the nanocone. (a) A = 780 nm and input intensity equal to 7.10 MW/mZ.
(b) A = 1064 nm and input intensity equal to 12.95 MW/m?. For both cases cone height 300 nm, cone base 200
nm, ta, = 20 nm, apex radius 10 nm, Cr = 1.3 nm. The IM2 layer is formed by 2 nm of TiO, and 50 nm of Ti.

Oxidation kinetics using ellipsometric data

Through native oxidation, TiOx was grown on top of a Ti (50 nm)/quartz substrate inside an
ISO 6 cleanroom, the overall system kept at room temperature. Spectroscopy Ellipsometry
measurements in the 400-1500 nm range, using a J. A. Woollam Co., inc. V-vase system,
revealed a TiOy layer thickness < 2nm on top of Ti with less than 1 nm surface roughness,
hence confirming our previous AFM analysis. The sample was subjected to several periodic
measurements over time starting 10 min after deposition, resulting in a progressive increase of
the oxide layer thickness as depicted by the fit in Figure S7. As for the TiOy optical functions
the refractive index is given in the WVASE software database best-fitted to a Cauchy model
n= A + B/A® + C/2* (A=2.1679, B= 0.01054, C=0.00265), and extinction coefficient k
negligible in the considered spectral range. The fitting follows literature growth model for Ti
oxidation"® and, as referred in literature,”'% the nature of the native oxide consists of
multiple layers of non-stoichiometric oxides with the external one showing a stoichiometric
oxide nature (TiO). Non-stoichiometric oxides are especially known to display good

conductivity due to oxygen vacancies, an important aspect for rectenna applications.
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Figure S7. TiO, thickness growth over time during the oxidation process of Ti film.
XPS data of native Ti oxide
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X-ray photoelectron spectroscopy (XPS) measurements were performed 2 hours after Ti
deposition on quartz confirming the formation of titanium oxide on top of the Ti surface, as
shown in Figure S8. From the figure it can be noticed that the main peak Ti 2py; at ~458.6
eV can be attributed to Ti** (Ti(IV) in the legend) which is mainly related to stoichiometric
TiO,. The secondary peak at ~464.4 eV is instead Ti 2p;;,. The successive peaks at lower
energies can be associated to sub-stoichiometric species Ti,Os (attributed to Ti**=Ti(ll1)), TiO
(attributed to Ti**=Ti(ll)) and metallic Ti. These findings suggest about the formation of an
oxide layer composed by 5.5 % of TiO, 21.5 % of Ti,O3 and 64% of TiO, The results are

coherent with previously reported data of native oxidation of Ti surfaces.®

Name Position (eV) % Area
Tiop3/2 Ti(lV) 45869  54.24

,"“t\ Ti2p1/2 Ti(IlV)  464.41 0.00
I\ TioparTign) 45720 18.32
[} Tizpt2Tign) 46301 0.00
|| Tizpa2Tiy 45549 12.37
I\ Tizp2Tig) 46121 0.00
fl | Ti2p3/2 Timetal 453.46 15.06
o 45951  0.00

Intensity (a. u.)

— SN | |

| T
468 464 460 456 452 448
Binding energy (eV)

Figure S8. XPS spectra of native TiO, layers.

Theoretical model and fit

The Simmons' model is one of the most widely employed general analytical models being
employed to describe the J-V characteristic (J current density, V applied potential) of a
tunnelling junction in dark conditions!***®l. The Simmons’ model is based on the parameters
describing the junction, namely the barrier height and thickness. Based on the quantum
mechanical Wentzel-Kramers-Brillouin approximation, it can provide an analytical expression

for one dimensional transport across a tunnelling barrier of arbitrary shape and average

effective height defined as ¢: 4
JV) = Joe 8" — Jo(f — ev)eA(B+e) (s1)
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Here Jo= e/(2nh(BAs)?) and A= 4nBAs/hV(2m*), with As the effective barrier thickness
and m* the electron effective mass. The parameter 3 defines how well the barrier height
profile can be replaced by its average, with Simmons justifying p = 1 for trapezoidal
barrier structures and asymmetric material junctions. In Equation S1, the first and the
second addends describe the forward and reverse current, respectively.

By knowing the barrier profile and the materials properties of the system, one can
therefore determine the tunnelling current in dark conditions. In an attempt to keep
complexity at a minimum, we considered a simplified trapezoidal barrier without image force.
This choice is supported by the fact that the relevance of the image potential term is limited
for thin barriers,™ as in our case (< 2 nm TiOx barrier). Furthermore, for point contact-
insulator-metal geometries, the one dimensional energy diagram acquires a
concave/convex shape as shown in Nguyen et al.,'® with a bending less pronounced for
smaller tip radii therefore leading to a more rectangular-like barrier.[*

Equation S1 can be linked to the measured tunnelling current I by the expression | = J-S,
with S the tunnelling area.™ In the intermediate voltage range (V < gfe), it can be written

as:

=5 [(0- D) T - (04 ) e |

2mhd?

where d the barrier thickness. By the least square method fit we can finally retrieve the
barrier height, the barrier thickness and the tunnelling area. As noted, given its approximated
nature, the model parameters are an estimation of real parameters (not-exact). Despite this,
and similar to Kern et al.,™ Simmons' model is shown to provide a reasonably good
description of the tunnel junction. The model presented here is however limited to the
intermediate voltage range where the I-V curve can be described by a central symmetric
curve. In our case this assumption is verified as the barrier height retrieved by the fitting of
Equation S2 returns indeed a ¢ value of 3.94 eV, higher than the applied voltage falling in the

range between -0.2 V and 0.2 V, as shown in Figure 3a and Figure 4b.
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