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We report organic diodes manufactured on a plastic substrate capable of rectifying a high-
frequency radio-frequency identification (HF RFID) signal (13.56 MHz), with sufficient
power to operate an interactive smart tag. We combine a high performance conjugated
semiconductor (an indacenodithiophene—benzothiadiazole copolymer, C16IDT-BT) with a
carefully optimized architecture to satisfy the electrical requirements for an organic

semiconductor-based logic chip.

Organic semiconductors have been used extensively in organic field-effect transistors
(OFETSs),™M organic photovoltaics (OPVs),[? and organic light-emitting diodes (OLEDs).F!
The use of organic semiconductors in rectifiers is less frequently reported, despite being one
of the key components in energy harvesting circuits. Rectifiers convert an alternating current
(AC) into a direct current (DC). They are found in many electrical systems, including RFID
tags. An antenna on the tag couples to a near-field communication (NFC) field generated by a
transmitter, and the rectifying circuit converts this oscillating signal into a DC bias that can be
used to wirelessly power the tag’s internal circuitry.[ Organic rectifiers are an important
application of organic electronics.[>° Not only do organic rectifiers share the general benefits
of organic electronics (high throughput manufacturing and flexibility) but they also have the
potential to undercut the cost of attaching silicon chips to printed antennas, which currently
places an upper bound on the manufacturing price of silicon-based RFID tags.[) However,
despite advances in OFET and OLED powered flexible displays,% lighting,™*! and

photovoltaics,™? organic rectifiers have so far failed to be adopted in the same way.

One of the most highly cited works on organic diodes is that of Steudel et al.,[®! where they
demonstrate evaporated pentacene diodes operating at 50 MHz. The authors subsequently
went on to highlight the intrinsic benefits of using organic diodes, rather than OFETS, for

rectification.[*?] Since that point, numerous variants have been presented. Heljo et al.
2



WILEY-VCH

demonstrated printed half- and full-wave rectifiers from poly(triarylamine) (PTAA), with
copper and silver electrodes.[*® While diodes have also been demonstrated with significantly
higher operational speeds, including coplanar nanodiodes well in excess of 20 MHz,4]
evaporated Cgo diodes,™ and evaporated pentacene diodes at 1 GHz,!"! the relatively low
operating voltages and power of these devices under load (< 5 V) becomes an issue when

trying to combine these approaches with organic semiconductor-based logic.

Our aim in this work is to develop a rectifier that can power a unipolar logic circuit, based on
p-type organic field-effect transistors, from the NFC field that is available from a mobile
phone. In addition, the circuit features a four-segment electrochromic display, which must
also be powered by the rectifier. SPICE simulations of this circuit show that, as well as
operating at 13.56 MHz, the diodes need to yield a current density of Jon >1 A cm? at +5 V,
with a diode capacitance of Cp <5 pF. As well as sustaining the forward current density, the
diodes also need to survive a reverse bias of V <-15 V, to achieve the required voltage output
of Vout = +15 V for the organic logic. These are very stringent requirements, which are not
met by some of the nominally very high frequency printed diodes demonstrated in the
literature. As a result, some researchers have moved away from organic semiconductors,
towards inorganic,!*® and metal-oxide based rectifiers.['”*8 While metal oxides are useful in
many contexts, the additional complexity associated with processing a non-organic material
and the temperatures involved may not be compatible with low-cost manufacture on flexible
substrates. Here we demonstrate how by using an intrinsically high mobility, solution-
processable conjugated polymer semiconductor we can realize high-performance diodes with
materials that are fully compatible with organic thin-film transistor (OTFT) manufacturing

and meet all the requirements for NFC applications.
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Our diode architecture and typical current-voltage characteristics are shown in Figure 1. We
use an indacenodithiophene-benzothiadiazole copolymer (C16IDT-BT) with a simple gold
metal as a bottom cathode and a MoO3/Ag top electrode as anode, on a planarized
polyethylene naphthalate (PEN) substrate.**?% The rigid polymer backbone of C1sIDT-BT
minimizes energetic disorder, facilitating intra-chain charge transport, and resulting in high
intrinsic mobilities.?Y In this way, C1IDT-BT is well suited to solution-processed organic
electronics, where amorphous films can provide the necessary performance. While well-used
for OFETS, C16IDT-BT remains under-explored as a material system for organic diodes. In
this simple architecture, we achieve a high forward current density of 6 A cm at relatively
low forward voltages of +5 V. The diodes also exhibit a high rectification ratio > 10° between
-5V and +5 V. More importantly the rectification ratio between —15 V and +5 V, which is
most relevant in our application, is > 10% and the diodes exhibit a high reverse breakdown
voltage ( 5 2o k15 V) (Figure 1b). In these measurements, the gold cathode is held at

ground, while the voltage applied to the silver anode is swept from negative to positive.

It may seem peculiar that we use such a simple diode architecture, in particular the choice of
an unmodified gold electrode as a cathode. The use of gold is convenient as it is commonly
used as an electrode material in OTFT circuits. However, typical diode optimization strategies
include introducing hole and electron transport layers at the anode and cathode interfaces
respectively to aid charge injection and/or improve rectifying behavior. Zinc oxide (ZnO) is a
common electron-transporting material used in this respect and as an n-type
semiconductor.[822 We initially fabricated devices with zinc oxide (ZnO) deposited via
atomic layer deposition (ALD) onto the gold cathode, where monolayers of ZnO were
sequentially grown on top of the gold electrode.??l However, during testing we observed that
while ZnO, was effective at reducing the off-current by approximately four orders of

magnitude (and thus increasing the reverse breakdown voltage), it did so at the expense of on-
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current (see Figure 2a), rendering the diodes ineffective for our application. Growing ALD
layers on top of a plastic substrate also introduced additional complexity and process variation

which is undesirable in a manufacturing environment.

Similarly, polyethylenimine ethoxylated (PEIE) was explored as a potential interlayer. PEIE
is a polymer that has been shown to induce a large dipole moment at the interface of multiple
materials, including gold, aiding electron injection.?®l However, despite a reduction in off-
current a similar reduction in on-current was seen again (see Figure 2b). Note that in Figures
2a and 2b, it appears that for some devices the current minimum (as indicated by the inflexion
point in the logarithmic plot) is < 0 V. However, these transitions are occurring for extremely
small current values ~<10 pA, which are approaching the noise floor of our DC measurement
setup. Therefore, we attribute this as an artefact of stray capacitance and charging effects in

the measurement, rather than meaningful device behavior.

In addition to the reduction in on-current, devices with PEIE layers were found to be unstable
under test. It was also initially envisaged that replacing the gold cathode with silver might
further improve diode rectification ratios. Silver has a lower work function than gold and
therefore theoretically should act as a greater barrier to hole injection at the cathode, reducing
off-current. However, we found that while there was no significant change in diode on-
current, the off-current increased slightly (see Supporting Figure S1). We additionally saw
greater variation in the device characteristics. We attribute this to the susceptibility of the

silver cathode to oxidize during the fabrication process.

After optimizing the process in this way, we concluded that the very simple and somewhat
unconventional device architecture provided the best performance that allowed us to meet

simultaneously the application requirements of high on-current, rectification ratio and
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breakdown voltage. The top silver electrode with a molybdenum trioxide (MoOs) interlayer
acts as an anode and provides an Ohmic contact to the polymer while the bare gold bottom
electrode without any interfacial modification act as a cathode and provides the small
Schottky barrier necessary to achieve rectification. The rectification is provided by the
relative difference in hole injection from the MoOs/Ag electrode under forward bias and the
hole injection from Au under reverse bias. An approximate energy level diagram for our
device architecture is shown in Supporting Figure S2.[*%2425 This simple approach is
beneficial from a manufacturing perspective, as gold and silver are environmentally
sufficiently stable and can be easily integrated into designs on plastic substrates that provide
only limited encapsulation and also incorporate OFETs and other components that are

normally processed in ambient air.

Another benefit of using gold and silver electrodes with similar work functions is a reduction
in built-in voltage across the diode, which is formed by the relative difference between anode
and cathode work functions. This minimizes the built-in voltage, resulting in fast-turn of the
diodes. We see very low transition voltages V1 < 0.1 V. This is important because low voltage
drops across the diode maximizes the output voltage that can be achieved in a rectifying

circuit.l”19]

Figure 3a shows the capacitance-voltage characteristics of the diodes, showing a constant
capacitance in the reverse bias regime of Cp = 2.5 pF. One strategy to increase the on-current
in a diode is to increase the diode area. However, this simultaneously increases the
capacitance of the diode, limiting the maximum operating frequency before capacitive losses
render the rectifier ineffective. SPICE simulations of the rectifier indicated the optimum diode
area for our devices to be A ~ 0.02 mm?. Fundamentally the diode capacitance (Cp) should be

much less than the load capacitance (CL), which is the equivalent capacitance that the circuit
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connected to the rectifier can be considered as, to facilitate a stable voltage output (i.e. Cp <<
Cv).B For our circuit this is dominated by a smoothing capacitor, used to regulate the current

drawn by the circuit, hence C. = 1 nF, satisfying this requirement.

Figure 3a also shows that the measured capacitance rises from 2-3 pF in reverse bias to 6-7 pF
as the diode is forward biased. Kim et al. have previously observed a small increase in
capacitance (~0.3 pF) in forward-biased pentacene diodes, which they attributed to trapped
charge inside the semiconductor in this regime.[?®! We see a larger increase in our devices,
with the capacitance rising by ~3 pF. This may be due to a contribution from trapped charge,
however it’s also likely that the increasing current distorts the impedance measurement used
to determine the capacitance. As the diode enters the forward regime, the phase angle of the
impedance drops from ~90° (capacitive behavior) to ~0° (conductive behavior), as shown in
Supporting Figure S3. With increasing conductivity, the diode impedance drops below
~10 kQ and the measurement falls outside our equipment specification for the parallel RC
circuit model. Hence the value of the capacitance in this region cannot be considered

meaningful.l?"]

We tested the frequency response of single diodes in a half-wave rectifier configuration, with
the measured voltage output shown in Figure 3b. Diodes were connected in parallel with a
smoothing capacitor and load resistor and stimulated with a sinusoidal input (Vin = 20 Vp.p).
Our diodes show a slight increase in output with increasing frequency, up to ~3 MHz, above
which there is a slight roll-off. The origin of the increase in output voltage with frequency is
not clear at present, it may possibly be due to the injected charges carriers no longer being
able to equilibrate with shallow traps in the polymer at higher frequencies. For a low
impedance load, Rioad = 100 kQ, Vout = +2.9 V at 13.56 MHz, increasing to Vout = +5.1 V for

Rioad = 10 MQ. Four diodes were connected in a quadrupler configuration, as illustrated in
7
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Figure 3c. From this the voltage output of the quadrupler into a high impedance load was

measured, with a maximum of Vout = +16.1 V for an input of Vin = 20 Vp-p.

Although these diodes were fabricated explicitly to comply with the HF RFID standard and
we have not had access to a test setup that is able to measure performance at higher
frequencies beyond 13.56 MHz, it is nonetheless interesting to consider their upper frequency
limit. Estimating the frequency response of organic diodes is challenging due to the
complexity and non-ideal nature of their behavior.[?®! A common approach is to consider the

inverse of the carrier transit time across the diode layer to estimate a cutoff frequency (fc):

C: ( A_Zou) (1)

where L is the semiconductor thickness, p is the mobility, and Va is the peak voltage applied
to the diode.[>%8 With a conservative, lower bound estimate of the vertical mobility of
C16IDT-BT of p = 0.001 cm? V! s (see discussion below) equation (1) gives an estimate of
fc > 125 MHz (where Va = +20 V, Vout = +6 V, L = 106 nm). An alternative estimate can be
derived by considering the current flowing through the device during the forward sweep of

the input source, as derived by Steudel et al.:

= o [3 0wt DV - (our D2+ (R+2&)ar c6eED1E(Q)

C™ 16 2,

Equation (2) gives an estimate of fc > 68 MHz. This is an approximation, as the diode is not
operating in the SCLC regime and has a non-zero leakage current, hence the dynamic
behavior is expected to be more complex. However, it supports the experimental results below
that the cutoff frequency is significantly higher than the required 13.56 MHz.

8
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We noted a small increase in reverse-current and a correspondingly larger increase in
forward-current in the IV characteristics of the diodes immediately post-fabrication, even
when stored in a nitrogen atmosphere (see Supporting Figure S4). Further testing found that
this shift could be forced to occur more rapidly by biasing the device, with an increase of

~4 nA st in on-current (biased at +5 V) observed (see Supporting Figure S5). This behavior
appears to stabilize after a few hours. The origin is unclear, but could be due to diffusion of
either the MoOs into the semiconductor layer, or Ag into the MoOs layer. It has previously
been observed that MoO3 diffuses into organic semiconductor layers, forming a doping layer
at the interface.[?!l Similarly, studies on the diffusion of both Au and Ag have shown that
vacuum deposited layers can readily diffuse into and form complex interfaces with previously
deposited layers.[?>3 |t may be that the gradual penetration of either Ag or MoOjs into the
layer results in a shift in the relative injection barrier at this interface. Further optimization of
the MoOs layer also revealed that the interlayer thickness is critical to device performance. As
the layer thickness increases, both diode forward and reverse current decrease (see
Supporting Figure S6). This suggests that beyond an initial doping effect, any additional

MoO3 acts simply as a series resistance, lowering the current flow through the device.

The long-term stability of the rectifier output was also explored under constant use over a
period of hours. Diodes were connected in parallel with a capacitor to form a smoothed half-
wave rectifier, stimulated with a sinusoidal input (Vin = 20 V,-p), and the DC output voltage of
this circuit measured. A slow degradation was observed with time, with the output voltage for
a single-stage rectifier dropping from Vout = +6 V to +5 V after approximately two and half
hours, a degradation rate of AV = 0.4 V per hour continuous use (see Supporting Figure S7).
This level of degradation is acceptable for our application, and could potentially be further

improved through the use of molecular additives, which have recently been shown to stabilize
9
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Ci6IDT-BT films in OFETs.[! It was noted that the output voltage recovered slightly after the
bias was removed and reapplied later, suggesting at least some of this degradation is

reversible.

Forward breakdown in the organic diodes was typically observed when DC voltages of V =
+6 V were applied, which we attribute to Joule heating. This is observed in optical
micrographs of the devices after breakdown, which show clear signs of thermal effects (see
Supporting Figure S8). This is in part a limitation of using plastic substrates, which have
low thermal conductivities and don’t conduct heat away as rapidly as substrates such as

silicon. Interestingly however, we found that although the forward breakdown voltage of our

diodes is lower than the peak input voltage ( g rWedg |Vin|), as determined from quasi-static DC

measurements, the diodes were more than sufficient for use in a rectifier operating with Vin =
20 Vp-p. We attribute this in part to the lower average power transferred by an AC signal, but
mainly to the behavior of the rectifier under load. The lower impedance of the diode in the

forward regime results in less voltage drop across the device, compared to the reverse regime.
Hence it’s possible to operate a diode with || Y95 |Vin| effectively without issue, but still

requiring g ° 4’3 Vin| in order to sustain the full reverse sweep voltage.

The voltage breakdown requirements had important implications for the design and
optimization of the diodes presented here. Rather than optimizing for a symmetric
rectification ratio, the more important figure of merit was the ratio between the measured
absolute current density at —15 V, and +5 V. In our application, simulations suggested this

ratio must exceed 10 for the diode to operate properly as a rectifier.

10
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To demonstrate the effectiveness of our approach, we fabricated a voltage quadrupler to
power an interactive smart tag. Our application example is an authentication label; the user
powers-up the tag using an NFC source, for example a smartphone or NFC reader (Figure 3e).
The tag comprises resistive touch input buttons, OFET-based logic, and electrophoretic output
displays (Figure 3f). An alternating current is induced in an antenna, when the tag is placed in
a 13.56 MHz RF field. A user then inputs a two-digit code using the in-built keypad. The
logic circuit checks if this code is the same as a pre-programmed reference, and returns a
pass/fail indicator accordingly (see Supporting Movie S1 for a video demonstrating the smart
tag in action). In Figure 3f and Supporting Movie S1 the tag is powered wirelessly using an

USB-powered industry-standard NFC reader, demonstrating the validity of our approach.

Each stage of the voltage quadrupler rectifies the signal, and sequentially increases the
voltage, so the DC output is approximately four times that of each constituent diode. The
voltage quadrupler can power the logic circuit, which has an equivalent load of Ricad =

320 kQ, at V = +16 V, thus validating the overall approach to the diode optimization.

Although we clearly achieve the target rectification and application for our organic diodes,
there is still scope for further optimization. While we can reach high on-currents at low
voltages, the diodes we have fabricated do not obey the square-law relationship for space-

charge limited current (SCLC) density, J, as shown in equation (3):

2

9
5 0r73 ©)

where ¢ is the permittivity of free space, & is the relative permittivity of the semiconductor,
and V is the voltage across the diode.l*? The devices shown in Figure 1 don’t agree well with
equation 3 (see Supporting Figure S9), suggesting that the diodes are not yet operating in a

SCLC regime. This may in part be due to a voltage dependent mobility, or the presence of

11
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charge traps within the semiconductor, such that the device is still operating in a trap-filling
regime.l Attempts to measure the devices at higher voltages failed because devices
breakdown under the very high current density before the SCLC regime is reached. Extracting
a precise value for the intrinsic mobility is not straightforward from our data, however by
modelling equation (1) for a diode with equivalent parameters and assuming the SCLC regime
gives the theoretical limit of current density, we estimate the lower bound for the SCLC
mobility, pscic > 0.001 cm? V1 st (see Supporting Figure S9). Given that this is three orders
of magnitude lower than the field-effect mobility obtained in C16IDT-BT OFETS (urer = 1.5 -
2.5 cm? V1 s1) it suggests that reducing traps, again potentially through the use of molecular

additives, could yet further enhance the performance of the diodes.[?*3!

We have demonstrated high performance conjugated polymer rectifying diodes on a plastic
substrate that is suitable for NFC applications. Optimizing for high diode forward-currents,
even at the expense of increased reverse-current, was found critical for reaching the necessary
diode performance and necessitated the use of a very simple diode architecture based on a
gold cathode and MoOz/silver anode. We have exploited these diodes in both half-wave
rectifiers with an output of Vout = +6 V, for a Vin = 20 Vpp, and in a voltage quadrupler circuit
operating at 13.56 MHz. The combined energy harvesting circuit was sufficient to power an
organic-semiconductor based logic circuit, to enable an interactive smart tag powered by a

standard NFC card reader.

Experimental Section

Fabrication of Organic Diodes: Organic diodes were fabricated on a planarized polymer PEN
substrate. The surface roughness of this substrate was found to be critical; for Rq > 10 nm
RMS, device yield dropped substantially due to shorts occurring between the cathode and

anode. The substrate was sonicated in 2-propanol for 10 minutes and then dried with nitrogen
12
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gas. The substrate was baked at 90°C for 10 minutes, to minimize the impact from potential
degassing of water vapor from the substrate. A 5 nm thick adhesion layer of chromium
(chrome plated tungsten rod, Testbourne Ltd) followed by a 50 nm thick gold layer (99.99%
purity evaporated from a tungsten boat, Testbourne Ltd) were thermally evaporated
consecutively through a shadow mask onto the substrate to form the cathode. A 15 mg mL
solution of C16IDT-BT (supplied by the group of Prof. lain McCulloch at Imperial College
London) in 1,2-dichlorobenzene and chloroform (75:25 v/v) was prepared. While C16IDT-BT
is readily soluble in many organic solvents, to ensure complete dissolution the solution was
heated on a hotplate at 70°C for approximately one hour. The solution was filtered through a
0.45 um polytetrafluoroethylene filter immediately before spin-coating. Substrates were
mounted on a glass carrier and spin-coated with the heated solution, using a ramped program
with a nominal value of 1400 rpm for 120 s. These parameters gave a semiconductor layer of
thickness L =~ 106 nm, as determined by surface profilometry (Dektak 3, Veeco). Excess
semiconductor was removed from the cathode contact pads using swabs soaked in anhydrous
toluene. A 2 nm thick layer of MoOz (2-4 mm pieces, 99.95% purity, Testbourne Ltd),
followed by a 50 nm thick layer of Ag (1-3 mm pellets, 99.99% purity, Testbourne Ltd) were
thermally evaporated consecutively through a shadow mask to form the anode. All steps from
solution preparation onwards were carried out within nitrogen gloveboxes to control for
environmental effects. The cathode and anode have nominal widths of 100 um and 200 um

respectively, resulting in a device area of A = 0.02 mm?.

Electrical testing: The quasi-static IV characteristics of the diodes were measured using a
semiconductor parameter analyzer (step size AV = 0.1 V, Agilent 4155B). The capacitance-
voltage characteristics were measured using an impedance analyzer (HP 4192A) at a
frequency of f = 50 kHz with an oscillator amplitude of 1 V, with the capacitance calculated

directly by the impedance analyser using a parallel equivalent circuit. The output voltage of
13
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the diodes were measured as a half-wave rectifier, by placing in series with a capacitor (C. =
1 nF) and resistor (varied in the range R = 100 kQ - 10 MQ), using a digital multimeter

(Fluke 87V) and an oscilloscope to monitor the ripple voltage.

Smart tag testing: Diodes were encapsulated using an adhesive barrier layer placed over the
device region. Diodes were either connected via a zero-insertion force (ZIF) connector or
bonded to a motherboard for testing. The smart tag was placed on top of an NFC card reader

(SCM Microsystems) for testing.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the authors.
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Figure 1. a) Illustration of the diode architecture used with approximate layer thicknesses; b)
IV characteristics of organic diodes from the same substrate (plotted on both log/lin and

lin/lin scales, 7/7 devices); c) photograph showing an example of a flexible substrate with
multiple organic diodes; d) chemical structure of the organic semiconductor used, C16IDT-BT.

o
h

107

10
10"‘_ . . .

Figure 2. a) IV characteristics of organic diodes fabricated with and without a ZnO interlayer
between the cathode and semiconductor (5/6 devices); b) IV characteristics of organic diodes
fabricated with and without a PEIE interlayer between the cathode and semiconductor (5/6

devices).
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Figure 3. a) Capacitance-voltage characteristics of organic diodes (7/7 devices); b) output
voltage obtained from a single diode connected in a half-wave rectifier configuration for
differing loads with C. = 1 nF; c) illustration of the voltage quadrupler used in the final
rectifying circuit; d) quadrupler output voltage as a function of sinusoidal input voltage (peak-
peak) for a load R = 10 MQ load and stimulus of 50 kHz; e) illustration of the proposed
usage scenario of the rectifier in a smart tag; f) photographs of prototype tag placed on top of
NFC reader, showing green tick indicator for correct code entry, and red cross indicator for
incorrect code entry (organic diode chips shown on left hand side of image).

Correct code Incorrect code

19



WILEY-VCH

A high performance conjugated polymer is shown to create fast organic rectifiers, which
can be used in a near-field energy-harvesting circuit. The performance of this circuit is
sufficient to power an interactive smart-tag from a 13.56 MHz near-field communication
source.

energy harvesting, organic diodes, organic semiconductors, RFID, NFC
S. G. Higgins, T. Agostinelli, S. Markham, R. Whiteman, H. Sirringhaus*

Organic diode rectifiers based on high performance conjugated polymer for near-field
energy harvesting circuit
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Supporting Figure S1

1 1 - 1 1 1 1 - 1 1

V(V)
Figure S1. IV characteristics of organic diodes fabricated with either a gold (18/18 devices
working) or silver (15/18 devices working) cathode. The silver cathode, while nominally
having a more favorable work function was more susceptible to tarnishing during device
fabrication, resulting in higher process variability. Note: measurements were made using a
shorter integration time for quick characterization, hence the relatively high noise floor at J =
107 A cm?,

Supporting Figure S2

Energy (eV)

Au IDT-BT MoO, Ag

Figure S2. Diagram showing the approximate energy levels for the different materials in the
device stack. The HOMO/LUMO levels for C16IDT-BT are estimated from photoelectron
spectroscopy and UV-vis measurements of the polymer from the work of Zhang et al. The
range of values for MoOs are from the work of Gwinner et al. and represent an approximate
range over which the measured energy level can change according to diffusion and clustering
of MoOg3 at the interface. The work functions for gold and silver are from the work of de Boer
et al. For explicit references, see the main text.
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Supporting Figure S3
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Figure S3. Plot of the measured phase angle for the devices (7/7 devices) shown in Figure 3a.
This data shows how the diode behavior is purely capacitive (phase angle ~90°) between —12
V <V <0V, before transitioning to purely conductive behavior (phase angle ~0°) in the
forward bias regime. The gradual decrease in phase angle for V <-15 V is a consequence of
increasing leakage current in this regime.

Supporting Figure S4
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Figure S4. IV characteristics of diodes as fabricated and approximately 18 hours later,

showing increase in both on- and off-currents (6/6 devices). Shift in characteristics was seen
irrespective of encapsulation. Devices were kept in nitrogen atmosphere between and during
tests. Note: measured under short integration conditions.
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Supporting Figure S5
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Figure S5. Change in diode on-current (held at V = +5 V) with time, as measured over a ten-

minute period. After initially decreasing, most likely due to charging effects, the current value
continues to rise uniformly at a rate of 4 nA s,

Supporting Figure S6

10" 1
118_?‘ 3.5 nm ]
o.lg 182 12 nm
< 10%4 |
S 10°- N i
104 :
107 , E
107+ 5
102 : ; ; ,

Figure S6. IV characteristics of diodes with varying molybdenum trioxide (MoO3) thickness:
3.5 nm (10/12 devices), 6 nm (11/12 devices), 12 nm (8/12 devices). Note: measured under
short integration conditions.
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Supporting Figure S7
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Figure S7. Variation in output voltage for two diodes, both in a half-wave configuration (Vin
=20 Vpp, CL = 1 nF) placed under constant bias for a period of ~10.5 hours. The change at
~6.3 hours was the result of momentarily removing and reapplying the constant bias,
suggesting some of the degradation is reversible. Note: due to data loss, these data points were
manually extracted from a graphical plot (using WebPlotDigitizer 3.8), hence variation in x-
spacing. However, the slight error introduced by this process is considered negligible.

Supporting Figure S8

Figure S8. Optical micrograph of diode that has undergone Joule heating and broken down
under forward bias. Thermal effects are clearly seen in the center of the image.
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Supporting Figure S9

10°

Figure S9. Plot of the IV characteristics of an organic diode, compared to a simulated fit
(labelled lines) of theoretical SCLC current density. Dashed line shows a linear fit of 1V
characteristics for V>2V.

Simulated fits were calculated using Equation (1) in the main text, repeated here:
9 (im 1)?
=< 05— 1)

and using the following device parameters:

1x10°<pu<1cm?V?ist
8.85x1012 F m™*

€0 =

&r = 1.5 (extracted from capacitance data shown in Figure 2b in the main text)
VT = 0.1V

L = 106 nm
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