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Abstract

The low carrier mobility of organic semiconductors and the high parasitic resistance and capacitance
often encountered in conventional organic Schottky diodes, hinder their deployment in emerging
radio frequency (RF) electronics. Here we overcome these limitations by combining self-aligned
asymmetric nanogap electrodes (~25 nm) produced by adhesion-lithography, with a high mobility
organic semiconductor and demonstrate RF Schottky diodes able to operate in the 5G frequency
spectrum. We used Cy4IDT-BT, as the high hole mobility polymer, and studied the impact of p-doping
on the diode performance. Pristine C,,IDT-BT-based diodes exhibit maximum intrinsic and extrinsic
cutoff frequencies (fc) of >100 and 6 GHz, respectively. This extraordinary performance is attributed
primarily to the planar nature of the nanogap channel and the diode’s small junction capacitance (<
2 pF). Doping of C,IDT-BT with the molecular p-dopant CeoF4s, improves the diode’s performance
further by reducing the series resistance resulting to intrinsic and extrinsic f. of >100 and ~14 GHz
respectively, while the DC output voltage of a RF rectifier circuit increases by a tenfold. Our work
highlights the importance of the planar nanogap architecture and paves the way for the use of

organic Schottky diodes in large-area radio frequency electronics of the future.
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Main text

The continuing commercial success of the internet-of-things (loT) device ecosystem requires
implementation of emerging mobile communication technologies, such as 5G & 6G, and the
development of means to reliably produce and power billions of devices.™ ? For instance,
inexpensive mass manufacturing strategies are key for the massive deployment of loT sensor nodes,
while radio frequency (RF) wireless energy harvesters (RF-WEH) is considered one of the most viable
solutions for powering these distributed devices.”! The central component that determines the
frequency of operation and the power conversion efficiency of RF-WEH systems is the rectifier
unit.”) State-of-the-art rectifiers are based on Schottky diodes made from Si-CMOS and -V
semiconductor technologies.[S] Unfortunately, these technologies are characterised by limited
mechanical compliance and rely on costly processing methods. An alternative option is to use
organic semiconductors that are simple to process on wide range of substrate materials using up-
scalable printing techniques.'® Unfortunately, to date the deployment of organic semiconductors in

rectifier circuits is hindered by their relatively low operating frequency (fc) given by:™*”

feo_1 (1)

- ZﬂRSCj

where, R, is the series resistance and C; the junction capacitance of the diode. For conventional
sandwich organic diode architectures these parameters are always relatively high, ultimately limiting
the frequency response of the device. In order to overcome these limitations, the development of
advanced diode architectures and improved material formulations with enhanced charge mobility, is

urgently required.

Here, we used adhesion lithography (a-Lith)® to fabricate self-aligned, asymmetric (Al, Au)
planar metal electrodes separated by a <25 nm nanogap. The advantageous co-planar electrode
This article is protected by copyright. All rights reserved.
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architecture yields devices with low capacitance (<pF), which is a prerequisite for high frequency
operation.”” To test this hypothesis we combined the self-aligned nanogap electrodes with a high
mobility poly(indacenodithiophene-co-benzothiadiazole) (CycIDT-BT) organic semiconductor to
produce planar p-type Schottky diodes, where Au and Al provide the Ohmic and rectifying contacts,
respectively. The ensuing diodes were found to exhibit exceptionally high intrinsic and extrinsic
frequencies of >100 GHz and 6 GHz, outperforming all previously reported organic diodes. We also
investigated the impact of p-doping the CisIDT-BT with CgFss, and showed that optimal doping
results to a record extrinsic cut-off frequency of ~14 GHz and to a tenfold improvement of the direct

current (DC) output voltage of rectifier circuits.

Figure 1a depicts the a-Lith steps used to manufacture the self-aligned asymmetric electrode
nanogaps on wafer scale, while Figure S1 presents photographs of the actual wafer at each
processing step (Supporting Information). Further details of the a-Lith process can be found in the
Experimental section and in our previous publications."®*? In brief, a-Lith relies on the application of
a self-assembled monolayer (SAM), in this case octadecyl phosphonic acid (ODPA), onto the surface
of the lightly oxidized first metal electrode (M1, i.e. Al). The metallophilic SAM makes the surface of
M1 highly hydrophobic which in turn reduces the adhesion with the subsequently deposited second
metal electrode (M2), while leaving the substrate’s surface unchanged. A peel-off step is then
applied to remove (i.e. mechanically delaminate) regions of M2 (Au) overlapping with M1 (Al-SAM)
(Figure 1a). The remaining SAM present on the surface of M1 can then be removed by exposing the
wafer to Ar plasma for a few seconds. The ensuing structures are self-aligned a/symmetric M1-M2
nanogaps of arbitrary shape and size. Figure 1b shows a photograph of a 4-inch wafer containing a
large number of circular Al-Au nanogap arrays (inset), with the overlapping M1-M2 regions just
being removed (mechanically peeled-off) using glue. In these planar diodes, the width (W) of the
nanogap is defined by the circumference of the inner Au electrode and for this particular experiment

was varied from 250 to 5000 um. Figure 1c shows an isolated co-planar Al-Au nanogap device with

This article is protected by copyright. All rights reserved.

-4-



Accepted Article

WILEY-VCH

W = 500 um, while Figure 1d displays an SEM image of the nanogap. Estimation of the inter-
electrode distance (i.e. nanogap) was performed using the method derived from Kano et al.,"* and
used recently by our group.™ Figure 1e shows the distribution of the nanogap size extracted from
SEM images of five different samples from three different production batches (see Figure S2). The
majority peak is centred on a nanogap size of 22.9 nm with a secondary peak at higher values.
Variations in gap size are mainly driven by a distribution of metal grain sizes in M1 and M2, with

additional factors being the peeling force and direction.® *°

Having confirmed a-Lith as a suitable fabrication technique for the development of planar
asymmetric electrodes, we identified several conjugated polymers as candidate semiconductors
since they combine solution processability and potentially high mobility.***”) Among those the
C.6IDT-BT polymer (Figure 2a) was chosen since it is known to exhibit superior hole transport
properties and low contact resistance with Au electrodes in a thin-film transistors (TFTs).[#2
Moreover, recent work has demonstrated that p-doping of CicIDT-BT can result in improved organic
TFTs with reduced contact resistance and record hole mobility ™* %!, To explore the potential of
doping the organic semiconductor in Schottky diodes, we utilized the molecular p-type dopant CgoFss

(Figure 2a) and studied its impact on the operating characteristics of the planar diodes.

We first assessed the ability of CgFss to p-dope Ci6IDT-BT, since the physical process of
charge transfer may be affected by the characteristics of the particular materials involved.?®
Calibrated Kelvin Probe (KP) measurements (Figure 2b) reveal that the workfunction (WF) in C.,IDT-
BT increases rapidly upon doping with CgF4s from 4.42 eV (pristine polymer, 0 mol%) to 5.11 eV for 5
mol% doping, where it stabilizes. Further details of the measurements procedures can be found in
the Experimental section. We note that the value of 4.42 eV measured for the pristine Cy5|DT-BT is

very close the middle of its bandgap (Eg), given as |HOMO|- (E¢/2) = 5.15 - (1.65/2) = 4.32 eV (Eg

was estimated from the onset of absorption in Figure 2c), as would be expected for an intrinsic
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semiconductor. On the other hand, the Fermi energy level (E;) undergoes a noticeable shift towards
the highest occupied molecular orbital (HOMO) of the polymer (5.15 eV, see inset in Figure 2b) upon
CeoFas incorporation and plateaus for concentrations >2.5 mol%. This is a characteristic of the p-
doping process and is attributed to the electron transfer from the HOMO of Cy5IDT-BT to the lowest
unoccupied molecular orbital (LUMO) of CgF4s (inset in Figure 2b), in agreement with previous
reports.m] The impact of p-doping on charge transport in C;5IDT-BT was further assessed using field-
effect transistor measurements (Figure S3). The transfer characteristics of Ci4IDT-BT-based
transistors with 2.5 mol% CeoF4s exhibit a major increase (2-3 orders of magnitude) in the channel off
current (lore) accompanied by a characteristic shift in the threshold voltage (V;) towards zero while
the hole mobility remains largely unchanged (~0.6 cm® V™' s). Additional experimental evidence of
the p-doping effect were obtained from ultraviolet-visible (UV-Vis) absorption measurements of
C.,IDT-BT films before and after doping with CgFss at concentrations in the range of 1-5 mol%
(Figure 2c). From the onset of absorption of the pristine C,,IDT-BT film, the optical Eg was estimated
yielding a value of ~1.65 eV. All CgFss-doped Ci¢IDT-BT layers exhibit similar onset but with an
additional broad polaronic absorption peak centred at ~1040 nm, which becomes more intense with
increasing dopant concentration (inset, Figure 2c¢), further supporting the p-dopant character of

CeoFss.

Grazing incidence wide angle X-ray scattering (GIWAXS) measurements were also performed
to assess the packing motif/microstructure of neat and CgFis-doped CiIDT-BT layers (Figure 2d).
The few diffraction peaks present in the 2D-GIWAXS patterns for the neat CyIDT-BT and the
corresponding in-plane and out-of-plane profiles (Figure S4), indicate a low degree of structural
order, in agreement with previous reports.m] Addition of CgoFsg in the CyIDT-BT, at different
concentrations, does not change the GIWAXS patterns (e.g. appearance of extra peaks or
modification of existing ones), meaning that the microstructure of the Ci5IDT-BT:CgoF4s layers remain

unaltered. The latter may prove advantageous for application in devices comprised of nanoscale
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channels, such as those formed via a-Lith (Figure 1d), where structural changes can prove

detrimental.

Next, we investigated the potential of the neat and p-doped CxIDT-BT as the active layer in
Schottky diodes based on the asymmetric Au-Al planar electrodes shown in Figure 1c. Devices with
empty nanogaps (i.e. without semiconductor) show very low current of <10 A (Figure 3a)
confirming the existence of an electrically isolating nanogap. Spin-coating the neat C,5IDT-BT on top
of the Au-Al electrodes, results in devices with highly asymmetric current-voltage (I-V) characteristics
with a rectification ratio of >10° (Figure 3a). Under forward bias (negative potential applied on the Al
electrode), holes are injected from the Au electrode and transported across the nanogap channel to
recombine at the Al side. Evidently, doping of the C;sIDT-BT with CgFss increases the diode’s
maximum forward current while shifting the Voy towards 0 V. On the other hand, the diode’s
reverse current increases with increasing CgFss concentration, indicating increased carrier
recombination at the junction. We attribute this to the presence of CgFss and its deep LUMO (Figure
2b, inset) which could facilitate electron injection from the Au electrode and contribute to the
recombination current.”” This hypothesis is supported by the increased dependence of the reverse
current on the applied potential (1.5-2 V) seen in Figure 3a for 3 mol% CgoF4s. A small anti-clock wise
hysteresis is present in the |-V curves (Figure S5) that appears to become more prominent for higher
CsoFag concentrations. This is most likely attributed to CgoFss—induced trap states.”® Importantly, the
diode’s forward current and rectification ratio can be tailored to a particular application without
compromising its dark current by simply adjusting the nanogap width. This is illustrated in Figure 3b
where scaling of the W in CygIDT-BT:CgoF.45(2.5 mol%) diodes leads to a tenfold increase of the
maximum forward current while maintaining the reverse current low (<1 nA). Although the

rectification ratio of our coplanar diodes are on par with previous published data (>10%) on organic

diodes!"”, the RC constants of our planar nanogap diodes are expected to remain significantly lower.
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Next an equivalent-circuit model was developed to describe the planar C;¢IDT-BT Schottky
diodes using intrinsic and extrinsic components (Figure S$6). Such models are often used to emulate
the actual parameters of Schottky diodes and are extremely useful for the design of more complex
integrated circuits such as frequency mixers and voltage pumps.”?” In our model the intrinsic part
can be broken down into voltage-dependent junction capacitance (C), junction resistance (R;) and
series resistance (R;). Unlike the vertical diode architecture (sandwich type), the planar diode
configuration results in fewer extrinsic parasitic components. The air and substrate fringing fields
generated across the junction perimeter are modeled as extrinsic parasitic fringing capacitance (Cp).
The external parasitic capacitance (Cp.4) and inductance (Ly.q) between electrode and ground are
negligible due to the good isolation from the external ground and small radial electrode dimensions.
The thermionic field emission model that accounts for emission currents, as well as tunnelling of
electrons through the barrier, is used to extract the ideality factor (n) and the voltage dependent
series resistance (Rs) for neat and CgoFss-doped (2.5 mol%) Ci6IDT-BT devices (Figure S7). As
summarized in Table S1, the voltage dependent Rs is 2-3 orders of magnitude lower for the C.,IDT-
BT:CeoF43(2.5 mol%) diode than the pristine one. Figure S8 shows the simplified advanced design
software (ADS) model used for fitting the measured I-V curve while the comparison between
measured (symbols) and modeled (lines) data is presented in Figure 3b. Overall, the ADS model
based on the aforementioned equivalent circuit, was able to reproduce the measured I-V curves and

can be seen as a valuable tool for the design of further circuitry.

To gain insights in the role of the p-dopant, we studied the evolution of the barrier height
(D) in C16IDT-BT diodes before and after doping with CgFas (2.5 mol %), using capacitance-voltage
(C-V) measurements. The latter is considered to be the most practical method for evaluating the ©,
and the built-in potential (Vy) in Schottky diodes.™ Figure S9a presents the C-V data for the neat
C16IDT-BT and p-doped Ci4IDT-BT:CgoF45(2.5 mol%) diodes obtained at 1, 10, and 100 kHz. To improve

the accuracy of our calculations, the extrinsic capacitances attributed to the 3D coupling of the
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planar nanogap electrode architecture and the glass substrate, were estimated and appropriate
corrections to the measured capacitance were applied using previously established protocols.!*? The
corrected Mott-Schottky plots obtained at 1 kHz for the Ci5IDT-BT and Ci6IDT-BT:CggF4s(2.5 mol%)
diodes are shown in Figure S9b. As expected, the @, and V,; for the CicIDT-BT:CgoF43(2.5 mol%)
diodes are significantly lower (0.6 eV and -0.4 V) than CyIDT-BT diodes (1.6 eV and -1.4 V). The
plateau observed in the near zero voltage region is attributed to shallow trap states induced by the
molecular dopant.”* ?? To better understand the contribution of each component on the diode

operation, the total capacitance was modelled using

Ceotar = Cj + Cp = T

where @,; is built-in potential, G, is zero bias junction capacitance and C, accounts for parasitic
capacitance due to the fringing fields present between the electrodes. The linear part of the
experimentally determined 1/C? vs. V curve (Mott-Schottky plot) was then used as the curve-fitting
region. We employed the Levenberg-Manquardt algorithm to fit Eq. 2 to the measured C-V data in
order to extract Cj, and C, values (Figure S9c) yielding 4.8x10" and 1.4x10™F, respectively, for neat
CiIDT-BT, and ~9x10" and ~2.2x10™"* F, respectively, for p-doped CiIDT-BT:CeoFss(2.5 mol%)
diodes. The slightly increase Cj, in the latter is attributed to the narrowing of the depletion region
width 8 and/or the increase of the accumulation region over larger parts of the electrodes near the

nanogap region.

Next we looked into the high frequency characteristics of our planar organic Schottky
diodes. We note that as of to date there is only a handful of reports on organic Schottky diodes
operating in the GHz frequency range. To the best of our knowledge, the work by Kang et al. on
pentacene Schottky diodes operating at ~1 GHz represents the best performance reported to-date.”
To evaluate the frequency response of our C5IDT-BT planar diodes, one-port scattering parameter

This article is protected by copyright. All rights reserved.
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(S11) measurements were used to extract the impedance and the intrinsic cut-off frequency (fc.n:.) of
the devices.®*? The fcint. can be estimated from the intersection point of the real (Real R;) and
imaginary (Img Xp) parts of the impedance curves shown in Figure 4a. Evidently, both pristine Cy5IDT-
BT and p-doped CisIDT-BT:CgoF45(2.5 mol%) diodes with W = 5000 um exhibit intrinsic cut-off
frequencies well above 1 GHz, clearly highlighting the advantage of the asymmetric nanogap
architecture. The fc.. for the doped C;5IDT-BT:CgoF45(2.5 mol%) diodes is slightly higher (~8 GHz)
than for undoped CiIDT-BT diodes (~6 GHz), with both types of devices exhibiting a strong
dependence on nanogap width, where a clear uptrend in fc,.. with reducing W (Figure S10), due to
reduced C, (Figure S11), is observed. Importantly, the planar nanogap diodes are characterized by

low capacitances of <2 pF up to 10 GHz, making them ideal for high frequency applications.

In order to explore the full potential of the technology, the extrinsic cut-off frequency (fc.ex)
of our planar diodes was determined experimentally using a rectifier circuit comprised of a tee bias
and load resistor (Figure 4b) in the frequency range of 0.1 GHz to 18 GHz. For simplicity, no matching
circuit was used and as a result the actual power delivered to the diode is expected to be
considerably lower than the nominal power outputted by the vector network analyzer (VNA) due to
impedance mismatch. The fcg. was extracted from the half-power point where the rectified DC
voltage (Vour) drops to 0.707 of its initial maximum value.™® ** Though there is only a small
difference in the extracted f..g. between pristine CicIDT-BT and p-doped Ci5|DT-BT:CgoF45(2.5 mol%)
diodes, the Vgt increases by tenfold upon doping (Figure 4c). This major improvement is the result
of favorable synergistic effects induced by the dopant and include; (i) a reduced ®,, (ii) a lower Vy;,
and (iii) a dramatically suppressed Rs (10’-10™ Q for pristine vs. 10°-10’ Q for p-doped devices, Table
S1). Interestingly, the DC Vgyr is found to scale with the diode’s W (Figure 4d-e and Figure S11) as
well as with the nominal power of the input signal (Figure S13). We attribute this to the improved
impedance matching upon doping, which also highlights the possibility for further improvements.

Increasing P;, to 17 dBm leads to diode breakdown followed by a sudden drop in Vgyr. The latter

This article is protected by copyright. All rights reserved.
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highlights the limitations on the power handling capabilities of these devices which is a consequence
of their breakdown characteristics (Figure S14). Despite this, however, the diodes should be well
suited for low power applications such as energy harvesting circuits for 10T, and emerging

telecommunication systems.*”

The feeq for both C5IDT-BT and p-doped Cy6IDT-BT:CeoFsg(2.5 mol%) diodes increases with
reducing W, due to lower capacitance, reaching an unprecedented maximum value of ~14 GHz for
the 250 pum-width p-doped diode (Figure 4f). The I-V and RF performance of several devices
manufactured on the same chip are also shown in Figure S15 and highlight the potential of a-Lith for
reliable manufacturing of organic RF electronics over large area substrates. However, one noticeable
drawback is the sensitivity of the electrical performance of these coplanar diodes towards ambient
atmosphere over time (Figure S16). To this end, we anticipate significant improvements to be
possible via encapsulation, and/or through the use of alternative organic semiconductors. For
example, use of highly crystalline small molecule semiconductors that combine high carrier mobility
with ambient stability could lead to significant performance boost. Despite this issue the level of
performance of our organic Schottky diodes surpasses all previously published data, clearly
highlighting the tremendous advantage of the planar nanogap architecture. This is better illustrated
in Figure 4g where the fcg. of best-performing organic Schottky diodes reported to date are
summarized. In this plot one can clearly see the large upward jump in performance enabled by our
planar nanogap Cy5IDT-BT diodes, placing them well within the 5G frequency spectrum for the first

time.

In summary, we have shown that combining asymmetric self-aligned nanogap electrodes
patterned by a-Lith with the high mobility organic polymer C.sIDT-BT, enables the development of
the first organic Schottky diodes operating within the 5G frequency spectrum. Molecular doping of

the polymer semiconductor was used to enhance the performance of the diodes highlighting the
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potential for further improvements. For example, use of suitable self-assembled monolayers (SAMs)
as electrode work function modifiers could be explored to lower the contact resistance further and

increase both the fcg: and Vgyr. Similar improvements could be anticipated through the use of

[40]

organic semiconductors with higher mobility*®, and/or improved doping schemes™. Overall, our

approach described in this study addresses inherent limitations associated with conventional organic
Schottky diodes and paves the way to further research towards cost-effective RF electronics. We
expect that the simplicity, large-area compatibility, and possibility for monolithic integration of our
organic diodes with antennas and other passive and active components, makes them an attractive
technology for application in wireless energy harvesting and telecommunications in the forthcoming

loT era.

Experimental

Adhesion lithography for nanogap electrode fabrication: Thermally evaporated Aluminium (Al) films
were patterned on Borofloat glass substrates using conventional photolithography via bright field
patterning and wet chemical etching. The patterned substrates were immersed in 1 mM (7.8 mg of
octadecylphosphonic acid in 30 mL of isopropyl alcohol) solution for 20 hours to allow the formation
of self-assembled monolayer (SAM) on Al (M1 electrode). The substrates were rinsed with isopropyl
alcohol to ensure the removal of physisorbed SAM on the substrates then dried at 80 °C in air on a
hotplate for 15 minutes. Next, a 5/95 nm thick Al/Au films (M2 electrode) was evaporated on top of
the entire substrate. The 5 nm of Al was used to promote the adhesion between the Au electrode and
the substrate. Due to the reduced adhesion between M2 and M1/SAM, the selective removal of M2
was achieved by applying a glue (First Contact) to the surface of the sample followed by a mechanical
peel-off step. The selective removal of the overlapping M2 causes the formation of a nanogap
between M1 and M2. The SAM atop M1 was then removed by 2 min of Ar plasma treatment prior to

the semiconductor layer deposition.

This article is protected by copyright. All rights reserved.
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Material Preparation: Cg]DT-BT (M, 65 kg mol ' with a dispersity (P) of 2.42 as measured by GPC
in chlorobenzene at 80 °C against polystyrene standards) and CgFs, were synthesized using
previously reported procedures.’> **' Anhydrous chlorobenzene (CB) and 1,2- dichlorobenzene
(oDCB) was purchased from Sigma-Aldrich and used as received. Solutions of C;c(IDT-BT (5 mg/ml
in o0DCB) were prepared and stirred overnight at 100°C, while solutions of CgF4s (1 mg/ml in CB)
were stirred overnight at room temperature. The dopant solution was then added to the semiconductor
solution in order to obtain the required concentration, which was calculated in mol% of the dopant in
respect to the molecular weight of one monomer of the polymer. Doped solutions were then stirred for
2 hours at room temperature and spin-coated at 1000 rpm for 60 seconds, followed by an annealing
treatment of 2 minutes to remove the excess of solvent. The entire process was carried out in a

nitrogen-filled glovebox.

Scanning Electron Microscope (SEM): The SEM topology images of Al/Al-Au nanogap electrodes
were acquired by an ultra-high resolution field emission Magellan SEM equipped with 2-mode final
lens (immersion and field-free). The high resolution images were obtained using the immersion mode

at 5-10 kV after appropriate beam and lens alignments.

UV-Vis absorption spectroscopy: Absorption spectra were measured with a Shimadzu UV-2600

spectrophotometer.

Kelvin-probe work-function measurement: Work function measurements of pristine and p-doped
C6IDT-BT films were carried out using the Kelvin Probe technique using a KP Technology SPS040
system. Samples were prepared by depositing polymer films with doping concentrations between 0-5
mol% on top of ITO covered glass slides. As reference material we used a freshly cleaned highly
oriented pyrolytic graphite (HOPG) film with an expected work function of ~4.5 eV. Since this
reference value for HOPG was not measured directly, the actual values given in Figure 2b might be
subject to small, but systematic, deviation. As such we expect that the progression of work function

changes due to increased dopant concentration to remain the same, regardless of the absolute value of
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the reference HOPG. To minimize unwanted effects (e.g. adsorption of water and oxygen) all

measurements were carried out inside a dry nitrogen filled glove box.

Grazing Incidence Wide Angle X-Ray Scattering (GIWAXS): Diffraction patterns at grazing incidence
were taken at the BL11, NCD-SWEET, beamline at ALBA Synchrotron, Cerdanyola del Valles
(Spain). The energy beam was set at 12.4 keV (A = 0.1 nm) using a channel cut Si (1 1 1)
monochromator. The incident angle was set at 0.12° and the exposition time was 5 sec. GIWAXS
patterns were taken with a Rayonix® LX255-HS area detector (pixel size of 88 microns), placed at
210 mm from the sample position. 2D-GIWAXS patterns were corrected as a function of the
components of the scattering vector with a Matlab® script developed by Aurora Nogales and Edgar
Gutiérrez [https://it.mathworks.com/matlabcentral/fileexchange/71958-grazing-incidence-wide-
angle-x-ray-scattering-representation]. Material solutions were prepared and processed following

the same procedures used for the device fabrication on top of silicon substrates.

Organic transistors fabrication and characterization: OTFTs were fabricated with a top-gate, bottom-
contact (TG-BC) architecture onto 2.54x2.54 cm’ glass substrates. The source/drain electrodes
composed of Al/Au (5/35 nm) were defined with shadow masks via thermal evaporation. The
substrates were then cleaned by sonication in acetone and isopropanol, followed by an Argon plasma
treatment for 2 min. Pristine and CyF4s-doped C;cIDT-BT solutions were prepared and spin-coated
on top of the substrates following the same procedures employed for the nanogap diodes
fabrication (i.e. 1000 rpm for 60 s at RT), followed by an annealing step at 100 °C for 2 min. Cytop,
acting as the gate dielectric, was then spin-coated atop the organic layer at 4000 rpm for 90 s
(thickness ~600 nm) and annealed at 80 °C for 1 h. The Al gate electrode was then thermally
evaporated through a shadow mask. Finally, the devices were transferred to the measurement setup
inside a nitrogen-filled glovebox using a transfer tube. Electrical characterization was performed with

an Agilent B2902A semiconductor parameter analyser.
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Diode characterization: The current—voltage (I-V) characteristics of the diodes were measured using
Keysight B2912A precision source-meter. The capacitance measurements were performed using a
Keysight BI500A semiconductor device analyser. All electrical measurements were carried out inside

a nitrogen-filled glovebox.

Radio frequency measurements: The one-port scattering parameter (S;;) measurements in the
frequency range 0.01-50 GHz were measured in ambient conditions using an Agilent Network
analyser (PNA N5225A) connected to a Cascade Microtech probe station. Cascade Infinity GSG
probes (ACP-40) having a pitch of 250 um were used with the valid Open, Short and Load (OSL)
calibration on impedance standard substrate (ISS) of 106-682. The rectifier circuit measurements were
carried out inside the nitrogen-filled glovebox using tee bias (0.1 MHz-18 GHz, from Pasternack), a

10 MQ load resistor and a Keysight 34465A digital multi-meter.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) Schematic illustrations of the adhesion lithography (a-Lith) process steps. (b) A
photograph showing the peel-off step and removal of the overlapping regions of the bimetallic M2
electrode (Al-Au) from the surface of M1-SAM electrode across a 4 inch glass wafer. The inset
photograph shows a diced chip containing an array of circular, self-aligned planar Al/Al-Au nanogap
electrodes. (c) A high resolution optical microscope image of a single nanogap device. (d) SEM image
of the nanogap formed between M1 and M2 and the corresponding binary visualization where only
the area within the gap is shown as dark pixels. The scale bar is 100 nm. (e) Histogram summarizing
the combined nanogap size distribution obtained from five Al/Al-Au SEM images (see Figure S2).

The gap size extraction followed a method adapted from Kano et al.!"”!
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Figure 2. (a) Chemical structures of the CiIDT-BT polymer and the molecular p-dopant CeoFas. (b)
Evolution of the work function (WF) of CicIDT-BT with dopant concentration measured via Kelvin
Probe. For each sample tested the WF was calculated using a cleaned highly oriented pyrolytic
graphite (HOPG) sample with a WF of 4.5 eV as the reference electrode. All measurements were
performed inside a nitrogen-filled glovebox. The inset presents (not in scale) the HOMO and LUMO
energy levels for Ci¢IDT-BT 2] and C60F4g[37'39], respectively. (¢) Absorption spectra for neat and CyoF 45
doped Cy6IDT-BT polymer films. The inset shows the polaron peaks at 1040 nm. (d) Grazing incidence

wide angle X-ray scattering (GIWAXS) patterns for neat and C4oF43-doped C1IDT-BT polymer layers.
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Figure 3. (a) Current-voltage (I-V) characteristics of Al-Au nanogap diodes based on pristine Cy4IDT-
BT and CgoFse-doped CicIDT-BT with different concentrations in the range 0-3 mol%. (b) I-V
characteristics of p-doped C;6IDT-BT:CgoF4g(2.5 mol%) diodes with different channel widths (W) in the
range 250-5000 pm. (c) Experimental I-V curves (symbols) measured from pristine C;cIDT-BT and
C16IDT-BT:CgoF45(2.5 mol%) diodes fitted with the ADS model (solid lines). Both diodes in (c) had the

same width (W) of 2500 pm.
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Figure 4. (a) Frequency dependent impedance of neat CiIDT-BT and Ci6IDT-BT:CeFss(2.5 mol%)

polymer diodes with W= 5000 um. (b) Circuit diagram of the high frequency rectifier measurement

setup used. (¢) High frequency rectified voltage output (Vpc) for neat and p-doped (2.5 mol%) Cy4IDT-

BT polymer diodes with W = 5000 um. (d-e) Dependence of Voyr on input signal frequency for neat

C16IDT-BT and Cy4IDT-BT:CgF45(2.5 mol%)diodes of varying width (250, 500, 1000, 2500, and 5000

pum). (f) Evolution of the calculated extrinsic cut-off frequency (fc_gy.) for neat CicIDT-BT and Cy6IDT-

BT:CeoF4s(2.5 mol%) diodes with the diodes width in the range 250-5000 um. (g) Reported fc gy for

various organic diodes over the past 20 years including this work.
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14 GHz Organic Nanogap Schottky Diodes via a-Lith

ToC text

Combining asymmetric co-planar nanogap electrodes with a p-doped organic polymer
semiconductor yields Schottky diodes that are capable of operating at 14 GHz making them
the fastest organic electronic devices reported to date.
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