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Abstract

Over the last decade, there has been increasing interest in transferring the research advances in
radiofrequency (RF) rectiﬁers, the quintessential element of the chip in the RF identiﬁcation
(RFID) tags, obtained on rigid substrates onto plastic (ﬂexible) substrates. The growing demand
for ﬂexible RFID tags, wireless communications applications and wireless energy harvesting
systems that can be produced at a low-cost is a key driver for this technology push. In this topical
review, we summarise recent progress and status of ﬂexible RF diodes and rectifying circuits,
with speciﬁc focus on materials and device processing aspects. To this end, different families of
materials (e.g. ﬂexible silicon, metal oxides, organic and carbon nanomaterials), manufacturing
processes (e.g. vacuum and solution processing) and device architectures (diodes and transistors)
are compared. Although emphasis is placed on performance, functionality, mechanical ﬂexibility
and operating stability, the various bottlenecks associated with each technology are also
addressed. Finally, we present our outlook on the commercialisation potential and on the
positioning of each material class in the RF electronics landscape based on the ﬁndings
summarised herein. It is beyond doubt that the ﬁeld of ﬂexible high and ultra-high frequency
rectiﬁers and electronics as a whole will continue to be an active area of research over the
coming years.
Keywords: radio frequency diodes, RFID, printed electronics, ﬂexible electronics
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction
5

Future societies will beneﬁt from a constantly increasing
degree of automation in all aspects of everyday life. The
ultimate connectivity from machine to machine and from
human to machine via wireless networks is already becoming
a reality under the wider notion of the Internet of Things (IoT)
or the Internet of Everything [1]. The full traceability and
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Figure 1. Schematic of the operation of passive RFID tags operating at 13.56 MHz, comprising an antenna, a DC rectiﬁer, logic circuitry and

a load modulator. The tag is powered directly by the incoming RF signal without the need for an on-board power supply.

monitoring of ‘things’, including vehicles, sensitive biological substances, medicines and luxury products, will affect the
domains of transportation, health and commerce, and make
day-to-day living easier and more secure. Furthermore, the
full automation of sorting processes is expected to save
valuable time and reduce labour costs in both the public and
private sectors, for example, in libraries, laundry facilities,
airlines, and fashion apparel retailers to name but a few.
The key elements that lie at the heart of such applications
are a radio frequency (RF) reader/emitter in association with
a RF identiﬁcation (RFID) tag, a unique microelectronic
component that is attached to an object and carries and/or
transmits data related to it. It is comprised of three main
components: an antenna, a rectiﬁer, including a diode, and
logic circuitry consisting of several transistors. The working
principle is illustrated in ﬁgure 1: the antenna picks up the
alternating current (AC) signal from the reader, which is then
rectiﬁed. The rectiﬁed direct current (DC) signal powers the
code generator (logic circuitry) that has an identiﬁcation code
stored in its memory. Therefore, the rectiﬁer generates the DC
supply voltage for the code generator, which drives the
modulation transistor between the on- and off-state with the
code sequence. Load modulation can be obtained in two
different modes, depending on the position of the load
modulation transistor in the RFID circuit. RFID tags powered
by the energy of the RF carrier wave produced by the reader
are called passive tags, while those powered by a battery are
called active tags. For low-cost applications, passive tags are
essential. While alternative technologies, such as surface
acoustic wave devices or tuned resonators, can also be
implemented for RFID applications, the aforementioned
approach, traditionally based on complementary metal-oxide
semiconductor (CMOS) circuitry, is by far the most common
[2]. Currently based on silicon dies, CMOS circuitry
(including rectiﬁers) is expected to be replaced in the near
future by ﬂexible circuitry, which may offer advantages in
both more seamless integration and lower cost.
The seminal paper on RFID was published almost 70
years ago by an electronic engineer who foresaw the progression of radar ‘on-off’ technology to a more complicated
radio wave communication through signal modulation [3].
However, a prerequisite for the emergence of the ﬁrst applications was the maturity of microelectronics and integrated
circuits (ICs) to occur. The ‘RFID spring’ actually occurred in

the 1970s when a vast amount of research publications and
patents were ﬁled, and the ﬁrst attempts at commercialisation
were made through electronic article surveillance systems to
prevent shoplifting [4]. The subsequent developments in
RFID occurred in the application ﬁeld of animal tagging and
transportation, for instance in automatic fare collection.
A limitation to even more widespread application has
been the maximum read distance. As such, there has been a
drive to use higher frequencies, which enable larger read
distances. For example, while high frequency (HF) tags
operating at 13.56 MHz are usually restricted to a read distance below 10 cm, ultra high frequency (UHF) devices are
capable of operating over some metres, enabling their
operation in warehouse inventory and logistics of perishable
goods for example. As a consequence, there was an increasing demand for more efﬁcient rectiﬁer circuitry or low power
devices, which was effectively satisﬁed through faster
switching speeds and lower drive voltages that were obtained
with silicon-based rectiﬁers. New technological developments
during the 1990s expanded the functionality of RFID through
fabrication of microwave (operating at the GHz regime)
Schottky diodes on a regular CMOS IC [5]. Alongside the
progress made towards higher frequencies, the 21st century
introduced the smallest microwave tags built so far by using
just two components: a single custom CMOS IC (which
included the rectiﬁer) and an antenna. This miniaturisation
paved the way to a plethora of niche applications, since the
tags resembled sticky labels (like commonly employed barcodes) that could be easily attached to almost any type of
objects. Nowadays the size of tags is limited solely by the
constraints of the antenna, the latter—as well as the search for
better non-volatile memory—being design challenges still to
be resolved [6].
From the application viewpoint, another particularly
attractive ﬁeld that stems from 13.56 MHz RFID is the nearﬁeld communication (NFC) sector. NFC is a protocol for the
contactless bidirectional communication between devices in
proximity, at least one being a mobile device. NFC essentially
extends the capability of contactless card technology,
enabling mobile devices to perform secure payment transactions, access digital content and allow connectivity and data
exchange between electronic devices at a distance smaller
than 5–10 cm [7]. Bluetooth Low Energy or Bluetooth Smart
and Zigbee are communication protocols operating at
2
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To enable an entire host of new applications, such as
barcode replacement, a fabrication cost reduction that will
render the single tag price below $0.01 USD must be generated by means of substantially increasing the production
volume as well as shrinking the tag size—especially the
antenna [15]. UHF tags with higher operating frequencies
(which require smaller antennas) thus have a competitive cost
advantage as compared to HF tags, while at the same time
being ideal for longer-range communication, as discussed
above. This, of course, provided that the manufacturing cost
of the low power rectiﬁcation components and required
integrated circuitry remains low. The latter has been successfully obtained by following a miniaturisation strategy,
which yields the largest number of devices per wafer, e.g. by
dicing the starting device wafer down to the smallest possible
die size, combined with cost effective ways of integrating
such small Si RFID die onto the antenna, bringing thus the
cost of certain RFID tags at around $0.05 [16]. However, to
achieve further price reduction, the cost of the attachment
process has to be reconsidered and alternative routes towards
ease of manufacturing should be sought.
To this end, the technology platform known as printed or
ﬂexible electronics [17–19], which commonly refers to electronic devices, such as organic light-emitting diodes (OLEDs)
[20, 21], organic photovoltaics [22–24], and thin-ﬁlm transistors (TFTs) based on solution-processed organic or inorganic materials (inks) that can be printed directly on ﬂexible,
lightweight, thin substrates with potentially low cost, has seen
tremendous advancements within the last two decades and is
considered to be a key enabler also for RF applications
[25, 26]. In fact, Philips Research in the Netherlands [27] and
PolyIC in Germany [28–30] both reported—already 10 years
ago—on ‘full plastic RFID tags’ operating at 13.56 MHz,
which were based on organic/polymer diodes and transistors
printed on plastic (e.g. polyester foil) substrates. The great
advantage, especially for UHF applications, presented by
using printing manufacturing technologies, such as roll-toroll, is that the rectiﬁer and antenna can be printed directly
onto the substrate reducing the production process steps from
three (i.e. antenna moulding, chip production, assembly of
components in the silicon-based tags) to one. Nevertheless, it
should be noted that this is currently an emerging ﬁeld and
there are several fundamental challenges, such as low yield
and low device performance, still to be overcome to compete
with very large scale integration Si processes and enter niche
or new markets (e.g. low cost items tagging).
In this review, we summarise the latest progress made
and the status of ﬂexible RF diodes and rectiﬁers, a critical
component for the realisation of ﬂexible RFID tags, with
speciﬁc emphasis given to materials, material processing and
device aspects. To this end, different device architectures,
classes of materials, and manufacturing processes are compared in terms of device and system performance, functionality, stability and lifetime. The main aim of this article is to
highlight recent advances in ﬂexible RF diodes and circuits as
well as discuss the main challenges. A review of the progress
of ﬂexible-substrate-compatible materials will also be
provided.

Figure 2. Total RFID Market Projections in US$ billions. Provided

and reprinted with permission from IDTechEx Ltd.

2.4 GHz corresponding to 10–100 m range and characterised
by low energy consumption, which target applications like
wearable monitoring devices (heart rate monitors, smart
watches and ﬁtness trackers), other sensing applications such
as thermometers, proximity sensors, weight scales, tyre
pressure monitoring systems and numerous devices that use
wireless technologies to provide their smart functionality [8].
Other lower power RF communications technologies, such as
Z-Wave, operating in the sub-1 GHz (900 MHz) regime, are
primarily designed for home automation in products such as
lamp controllers and sensors [9].
Finally, the trend to go to higher frequencies, enabling
higher readout distances, addresses the need for low-power
communication, which paves the way for applications in the
RF energy harvesting domain. By taking advantage of RF-toDC conversion technology, the possibility of low power (μW
to some mW) [10, 11] electronic devices without the need for
batteries can be realised. This is a critical enabler for the
envisioned IoT. The energy harvested by these devices may
be provided, for instance, by mobile phones that operate
within the UHF band (300 MHz–3 GHz) and more speciﬁcally, within the global system for mobile communication
frequency bands currently used by all mobile networks (i.e.
roughly at 850 MHz/1.9 GHz in America and 900 MHz/
1.8 GHz in Europe and other parts of the globe) [11]. Interestingly, a recent case study showed how much energy could
be potentially harvested from ambient (freely available) RF
sources located in urban or semi-urban environments, such as
London underground stations [12].
From the above it becomes obvious that the total RFID
market is very large and will keep growing, as indicated by
the already more than 800 companies globally active in this
ﬁeld. According to recent market analysis reports, the value of
the passive RFID tag market is currently estimated at >$8
billion (ﬁgure 2) with projections indicating that the total
RFID market will be worth $18.68 billion by 2026 [13].
It is interesting to note that the top RFID reader suppliers
are focused on application areas that require either higher
volumes or higher-priced devices, such as smartcard applications (e.g. security/access control, ID) or active solutions,
such as real time locating systems or tolling [14].
3
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More speciﬁcally, we ﬁrst refer to basic device physics
related to Schottky diode and TFT-based rectiﬁers and then
present the physical quantities commonly used as ﬁgures of
merit to evaluate the device performance. An overview of the
desired materials properties is also given in the theoretical
section. The following sections are categorised according to
the respective material class that is described therein and
include silicon (Si)-based RF devices, as Si is the key material
of todays dominant semiconductor technology, with emphasis
given to ﬂexible-Si (and related traditional semiconductor) RF
devices. Next, we summarise published results on rectiﬁers
based on metal oxide semiconductors (MOSs), which have
shown remarkable progress in terms of performance over the
last decade. First, we draw the theoretical background picture
by introducing basic elements of the fundamental charge
transport mechanisms, followed by a discussion of the various
thin-ﬁlm deposition methods and their relation to speciﬁc
materials aspects. This highlights how progress within the
ﬁeld of process and materials engineering has paved the way
to high performing ﬂexible RF electronics. Next, we introduce the emerging class of organic semiconducting materials,
which have demonstrated great promise for application in
low-cost RF rectiﬁers. Their attractiveness lies in the fact that
they may comprise both n- and p-type semiconductors and the
majority of these materials are compatible with printing
technologies. Finally, the last section of the review is devoted
to nanomaterials, such as carbon nanotubes (CNTs), graphene
and other related two-dimensional (2D) materials, which have
shown great intrinsic high-frequency performance. The various challenges associated with the manufacturing of devices
based on such nanomaterials will also be discussed alongside
potential solutions.

HF band and 433, 868 and 915 MHz for the UHF band. It
should be noted that, while HF has traditionally been the most
popular band by market value (ﬁgure 4) [33], recent data
indicate that UHF tags are set to become the dominant fraction in the coming years with innovations stemming from
advances in plastic electronics being a major drive.
One of the principal roadblocks to ﬂexible RFID technology has been the manufacture of a mechanically ﬂexible/
deformable rectiﬁer. Typically, low-cost rectiﬁers produced
on ﬂexible substrates have struggled to operate at the required
frequencies. Key to the frequency performance of the rectiﬁer
circuit is the diode, which is the focal point of this review.
Signiﬁcant effort shall be made to address device structural
optimisation as well as material performance concerning the
production of a HF and mechanically ﬂexible diode. First,
however, DC rectifying circuitry will be brieﬂy explained,
followed by an introduction to the relevant ﬁgures of merit.
2.1. DC rectifier circuits and their operational principle

DC rectiﬁers are circuits fabricated with the purpose of converting AC signals to DC. The critical component in any
rectiﬁer circuit is the diode(s). The diode is the component
that limits the maximum frequency that can be rectiﬁed and
(typically) determines the level of the rectiﬁed DC output and
is thus the focus of this review. Schottky diodes have been
widely studied owing to their intrinsic HF response. However,
transistors can also be operated as diodes (transdiode mode)
and thus have also been employed.
2.1.1. Rectifier circuitry. Diodes are by deﬁnition two-

terminal electronic devices allowing the ﬂow of current in
one direction only. To achieve a DC output, the diode is
typically integrated with a capacitor.
In the simplest case, a diode is incorporated into a lowpass ﬁlter, as shown in ﬁgure 5(a). When a sinusoidal input
signal is applied, the diode outputs a half wave signal, namely
only the polarity that can be conducted through the diode,
which charges one side of the capacitor. So long as the half
wave signal charges the capacitor faster than it can discharge
signiﬁcantly, a DC output with a small AC ripple is produced
as shown in the dashed waveform in ﬁgure 5(b). The RC time
constant of the capacitor affects the magnitude of the ripple
(lower ripple for higher capacitance), whereas the operational
frequency of the rectiﬁer is dictated by the diode performance
alone. This ripple can be further reduced by employing more
complex circuitry, for example, by taking advantage of the
full input sine wave by means of a full wave bridge rectiﬁer,
as shown in ﬁgure 5(c). In ﬁgure 5(d) the output signal of the
full wave bridge rectiﬁer diodes is shown in the solid line
waveform, while again the capacitor has the effect of
outputting the dashed signal from the circuit. In this case,
the shorter time between the charging cycles of the capacitors
leads to a reduction in the magnitude of the AC ripple.
In the cases where it is advantageous to output a high value
of DC voltage (for example, energy harvesting of weak signals
to charge batteries, driving high voltage logic components),
voltage multipliers are implemented. Figure 5(e) shows how

2. Theoretical background
The deﬁning performance factors for RFID systems include
the transmission frequency of the signal (from 125 kHz up to
5.8 GHz in the microwave (MW) range), the physical coupling method (electric, magnetic or electromagnetic) and the
read range of the system (from a few millimetres to above
100 m) [31]. These key criteria are closely interrelated and in
many cases deﬁne the speciﬁc ﬁeld of application as well as
the cost of the tag [32]. In general, (far ﬁeld) electromagnetically coupled tags have the greatest read range.
However, the required size of electromagnetic antennae in the
low frequency (LF) and high frequency (HF) bands would be
prohibitively large, which leads to the use of magnetic or
electric coupling in these frequency ranges. Read range can
also be stretched in all cases by optimising the antenna efﬁciency, maximising the efﬁciency of the rectiﬁer as well as
boosting the power of the output signal.
Figure 3 summarises the read range, frequency and enduse applications of each of the commercially employed RFID
bands. While the LF band spans 30–300 kHz, the speciﬁc
frequencies employed for LF devices are 125 and 135 kHz.
Similarly, for the HF band (3–30 MHz) and the UHF band
(>300 MHz) the frequencies of interest are 13.56 MHz for the
4
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Figure 3. Classiﬁcation of examples of RF applications according to their operating frequency and read range requirements. The benchmark
frequencies and the physical coupling system are also mentioned for each frequency range.

Figure 4. Number of cases reported by frequency band reﬂecting a breakdown of the current RFID market. Adapted and reprinted with

permission from IDTechEx Ltd.

limits for the above values (for instance when targeting
energy harvesting, i.e. low power applications), a commercial
Schottky diode implemented into a rectiﬁer circuit operating
at 2.45 GHz outputs a DC voltage of 36.2 mV with a
conversion efﬁciency of 1.3% over a 10 kΩ load resistor and
for input power −20 dBM (corresponding to 0.01 mW), while
ηrectiﬁer increases to 23% for input power 0 dBM (1 mW) [34].
In another instance, a VDC=1 V was outputted by an allprinted Si-based diode operating at 1.6 GHz, with a current of
3 μA at 1 V in DC I–V measurement, upon harvesting the
emitted energy from a mobile phone while performing a call,
and was able to power an electrochromic display element
[35]. From the above examples it becomes obvious that for
certain applications (e.g. low incident power), large VDC may

cascaded diode and capacitor cells can be combined to make a
charge pump circuit, in this case a voltage quadrupler. By
subtracting or adding these cells, voltage doublers, triplers and
higher order multipliers can be realised, although the output is
limited in terms of current capacity. A double half wave
rectiﬁer, or Delon circuit, shown in ﬁgure 5(f), works on a
similar principle, taking advantage of the full sine wave input to
produce a DC signal with double the peak of the input
sine wave.
Ideally, the selected diode conﬁguration should favour
one or more of the following, according to the endapplication: high cut-off frequency, fC; high conversion
efﬁciency, ηrectiﬁer; large output voltage, VDC, and driving
current, I. For example, to give an estimate of the lowest
5
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Figure 5. Rectiﬁer circuits and corresponding output signals based on (a), (b) a simple diode and (c), (d) a full wave bridge rectiﬁer. Output

waveforms without and with the capacitor are shown as solid and dashed lines, respectively. (e) Voltage quadrupler as an example of charge
pump circuit. (f) Double half wave rectiﬁer circuit also known as Delon circuit.

be compromised with high conversion efﬁciency and
vice versa.
Having all the above requirements in mind, we will
explain why the ideal diode candidate is most often a
Schottky diode. Its merits will then be compared and
contrasted with the well-established TFT technology.

and rectiﬁcation ceases. The unipolar nature of Schottky
diodes, however, means that no charge is stored and
switching speed is thus not limited by such a reverse recovery
time. In this case, only a capacitive loading must be
considered, which has far less impact on switching speed.
2.1.3. Transdiode transistors versus Schottky diodes. Apart

from diodes, TFTs have also been employed in RF rectifying
circuits. TFTs are three terminal switching devices, analogous
to MOS ﬁeld effect transistors (MOSFETs), the workhorse of
traditional Si-based ICs. Though typically requiring a
secondary variable voltage to the gate electrode to rectify
signals, transistors may also be conﬁgured as simple diodes
by directly connecting the gate and the drain electrodes. In
this state, the transistor is always in the saturation region,
acting as a MOS diode with I–V characteristics similar to the
PN junction diode, and it is referred to as operating in
transdiode mode.
To understand how such a diode-connected transistor
operates, we may consider ﬁrst that the general condition for a
transistor being in the saturation regime is:

2.1.2. Schottky diodes. A Schottky diode is a type of metal–

semiconductor (MS) junction, where the mismatch in the
Fermi levels of the metal and semiconductor cause a bending
in the energy level of the majority carrier band edge of the
semiconductor (conduction band edge for n-type and valence
band edge for p-type) at the interface. The degree of band
bending deﬁnes the barrier height for charge carriers to
overcome at the MS junction [36]. In many well-studied
semiconductor systems, the MS barrier height in a Schottky
diode tends to be lower than the junction barrier in a PN
diode. This in turn leads to lower turn-on voltages and higher
values of the current (both forward and reverse biased) in
Schottky diodes, which is why they are the diode of choice
for low voltage applications.
An additionally important feature for high-speed operation is that Schottky diodes are unipolar devices. The limiting
factor in terms of switching speed in bipolar PN junction
diodes and PIN diodes is the fact that charge is stored at the
interface (or in the intrinsic region in the case of the PIN
diode), and must be discharged when switching the sign of
the applied bias. This gives rise to a reverse recovery time
(trr), a value that is on the order of nanoseconds in the best
case [37]. When the time between positive and negative half
cycles of the signal is not sufﬁcient for this discharge to occur
(i.e. it is less than trr), the diode conducts in both half cycles

VDS > VGS - Vth,

(1 )

where VDS, VGS and Vth represent the drain, gate and
threshold voltages, respectively. In the case of the transdiode
transistor VDS = VGS. Thus, from the above inequality, in the
diode-connected mode the transistor will always be in the
saturation regime. Current in saturation mode for a transistor
is given by the well-known square law dependence:
ID =

mC G W
(VGS
2L

- Vth)2 ,

(2 )

where m is the semiconductor mobility, CG is the speciﬁc
capacitance of the gate dielectric per unit area due to overlap
6
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of the gate with the source/drain (S/D) electrodes, and W and
L are the width and length of the channel, respectively. Thus,
one would expect to see higher currents from a Schottky
diode, as the current is given by an exponential dependence
on voltage according to the Shockley diode equation:
qV

I = I0 (e nkT - 1) ,

(3 )
Figure 6. Equivalent circuit model for a Schottky diode, showing

where k is the Boltzmann constant, T the temperature, q the
electron charge, n is the diode ideality factor, and I0 the
reverse bias saturation current. Furthermore, the Vth in a
transistor tends to be signiﬁcantly higher than the on-voltage
for a Schottky diode (typically < 0.5 V), thus leading to lower
values of ηrectiﬁer when using transdiode transistors. Several
efforts have been made to boost the latter by either lowering
the Vth [38] or by using self-Vth cancellation techniques [39, 40].
With these less ideal device characteristics, as compared
to Schottky diodes, the question arises as to why one would
employ transistors in DC rectiﬁers at all. Indeed, Schottky
diodes consistently and signiﬁcantly outperform transistors
based on the same materials in terms of frequency response,
as will be discussed in section 2.2.4. In short, the answer lies
in the fabrication process. In current Si-based RFID
technology, MOSFETs are employed as diode components
due to their compatibility with existing semiconductor device
fabrication facilities.
A further consideration, with regard to the fabrication of
diodes for large-area applications, is the difﬁculty in
processing planar asymmetric electrodes in a cost-effective
manner. Planar diodes (as opposed to vertical ‘sandwich’
structures) are not always necessary, but become of relevance
when the semiconductor material is incompatible with vertical
architectures (see section 6). MOSFETs/transistors, on the
other hand, require symmetric contacts, which are more easily
processed. Finally, the logic circuitry employed in RFID tags
is currently based on MOSFETs, meaning both logic circuitry
and rectiﬁer can be manufactured on the same line.
Thus, there is a trade-off between processability and
ultimate device performance, which accounts for the high rate
of reports of high speed transistors as compared to Schottky
diodes. The verdict is still out on which of these device types
will be adopted in future technologies. Therefore, both
Schottky diodes and transistors are considered in this review.

series resistance (RS) and a parallel junction capacitance (Cj) and
barrier resistance (Rb).

power attenuation of approximately −3 dB. An analogous
way of stating this is the frequency at which the voltage
reaches 1 2 » 0.707 of its peak value. Most often this
interpretation is used when measuring a DC output (i.e. when
a diode/TFT is incorporated in a rectiﬁer circuit). Thus the
f−3dB value is practical, as it is representative of how the
diode/TFT performs in a practical setup and not complete
isolation. Nevertheless, values of device performance in
isolation can be useful in assessing the ultimate frequency
capabilities of the device/technology.
One such method in deﬁning the upper frequency limit of
rectiﬁcation is to examine equivalent circuit models. In
Schottky diodes, this upper frequency limit can be derived
from the equivalent circuit model shown in ﬁgure 6. In this
simple RC circuit, comprising resistive and capacitive
elements connected in series, the output voltage (Vout) is
given by the equation:
Vout = Vin

XC
RS2

+ X C2

,

(4 )

where the series resistance, Rs (attributed to spreading
resistance, bulk semiconductor resistance and contact resistance), is considered to be in series with a nonlinear barrier
resistance, Rb, which gives rise to rectifying characteristics,
and Xc is the reactance associated with the capacitive element
(Cj) given as:
XC =

1
1
=
,
wCj
2pfCj

(5 )

where f is the frequency.
From equations (4) and (5) it becomes clear that at low
frequencies of XC?RS, the current transport is dominated
by the resistive element and input signal rectiﬁcation occurs.
On the contrary, at signiﬁcantly high frequencies (XC<RS)
the current ﬂow is shorted through the capacitive element and
thus rectiﬁcation ceases. The threshold frequency ( fC-Schottky)
for the latter to happen is deﬁned as the frequency at which
XC=RS [41]:

2.2. Important figures of merit
2.2.1. Operating frequency. There are several quantities that

can be used to assess the frequency response depending on
the type of the device. As such cut-off frequency ( fC) is a
somewhat generic term, which may refer to different
frequencies depending on the context. Therefore, in this
section we elucidate the different types of cut-off frequencies
generally encountered and make an effort to discern each by
looking at the speciﬁc deﬁnition.
One highly practical deﬁnition of fC is the half-power
point ( f−3dB), the frequency at which a circuit/device outputs
half of the maximum possible output power (i.e. the output at
lower frequencies). This is the equivalent of observing a

fC ‐ Schottky =

1
.
2pR S C j

(6 )

Therefore, minimisation of the series resistance and junction
capacitance are critical for HF operation of the diode.
The most common ﬁgure of merit for evaluating the
frequency performance of TFT-based rectiﬁers is the
transition frequency ( fT). This is the frequency at which the
7
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current gain is unity, and is given by [36]:
fT =

gm
2pC G

=

meff (VGS - Vth )

(

2pL 2L OL +

( )L)
2
3

,

of these has their own advantages and disadvantages. It is thus
important to clarify how the reported frequencies were
measured to render their values comparable. Theoretical
values of fC-Schottky may be extracted by measuring the
relevant parameters, i.e. resistance and capacitance. However,
as these values can be heavily frequency dependent, their
extraction from quasi-static DC measurements may be
unreliable. The same logic holds for extracting theoretical
values of fT and fmax in TFTs. A more accurate route lies in
the measurement of the frequency dependent real and
imaginary values of impedance. According to what was
discussed above, the impedance (Z) of an RC network is
given by:

(7 )

where gm is transconductance (gm=dID/dVGS), CG is
parasitic capacitance caused by gate overlap with the source
and drain electrodes (LOL), and μeff is the effective mobility.
The latter may be smaller than the intrinsic charge carrier
mobility of the active semiconducting material, as it also takes
into account the contact resistance and other parasitic effects.
Another value that can be used to characterise the speed
of a transistor is the maximum (oscillation) frequency, fmax,
which is the frequency at which the power gain is unity. fmax
correlates with fT through the following formula [36]:
fmax =

fT
8pR G C GD

,

Z=R-

(8 )

m
V
2L2 in

(

1 - B2
cos-1 B

)

-B ,

(10)

and the cut-off frequency for a diode is deﬁned as the point at
which real and imaginary impedance values are equal. In
practice, both of these values can be extracted from single
port scattering (s11) parameters measurement using a vector
network analyser. For TFTs, values of fT and fmax may be
extracted using dual port measurements to extract the hybrid
(h) parameters.
A direct measurement of f−3dB is often the most accurate
and practical measurement approach. In practice, however,
diodes/transdiode TFTs are incorporated in rectiﬁer circuits
(ﬁgure 5(a)), and thus the measured value is a DC rather than
AC voltage. Measuring DC voltages is often far simpler than
measuring HF AC signals, but this method is also employed
for practical reasons as the main applications of many of these
HF devices are in AC/DC rectiﬁers. As diodes/TFTs are
expected to be the limiting factor in the circuit in terms of
speed, the f−3dB of a rectiﬁer circuit gives a good estimation
of the individual diode performance.

where RG is the resistance of the gate and CGD is the gate/
drain capacitance. In fundamental derivations, fT would not
take into account the overlap capacitance and fmax would be a
more accurate representation of the speed of the device.
However this has been compensated for by using the gate
overlap and effective mobility, and both equations give a
fuller model of the frequency.
Finally, for a TFT in transdiode mode, a different model
for frequency response is required. Uno et al [42] considered
the transit time as the inverse of the maximum frequency
response, fTD-max, of the diode and derived the following
equation:
fTD ‐ max =

j
2pfC

(9 )

where Vin is the amplitude of the input signal and B = VVout .
in
This value is roughly π times higher than the transition
frequency, and there is no relation to drain and gate
capacitance, as these electrodes are now connected
electrically.

2.2.2. Conversion efficiency of rectifying circuit. The RF-to-

DC power conversion efﬁciency of the rectiﬁer, ηrectiﬁer, is the
ratio of rectiﬁed output power and input power. It can thus be
expressed as [43]:

2.2.1.1. Measurement of frequency response. The ﬁrst

distinction that must be made in terms of frequency
measurements is between extrinsic and intrinsic frequency
response. Extrinsic frequencies are those which are directly
measured; they thus refer to the response of the device as a
whole, incorporating effects such as contact resistance and
effects due to the connection of the device to external
components. Intrinsic frequency refers to the expected
ultimate frequency response of the active material in the
diode. These values are extracted with various de-embedding
techniques. Intrinsic frequency values are often quoted to give
an indication of the upper limit performance of a particular
material.
The focus of this review is on both the improvement in
materials and device structuring aspects to achieve HF
response. As such, values of extrinsic frequency response,
which give a more realistic picture of the device as a whole,
shall be given unless explicitly stated.
The frequency performance of rectifying elements
(diodes and TFTs) can be measured in several ways. Each

h rectifier =

PDC
Pin

=

2
VDC
RL Pin

,

(11)

where PDC is the rectiﬁed output power, Pin is the input
power, and RL is the output load resistance. It thus becomes
obvious that ηrectiﬁer is frequency dependent.
2.2.3. Mechanical flexibility of circuits. To give an idea of the

mechanical ﬂexibility, an often used parameter is the radius of
curvature. In ﬁrst order approximation this bending radius, ρ,
is related to the mechanical strain, ε, and the total substrate
and device thickness, t, as:
e=

t
.
2r

(13)

For most semiconductors, some deviation from un-ﬂexed
device characteristics occurs under moderate bending due to
strain-induced mobility variation. At a certain bending radius
the electrical characteristics break down due to permanent
deformation of one or more device components. Operating
8
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stability under repeated bending cycles is also important for
devices to be employed in dynamic environments. It is thus
crucial to choose device component materials that are suitable
for operating under such demanding environments [44].

2.2.4. Material considerations. Apart from the selection of

the circuitry design and device type, the most important
optimisation variable relates to the active material used. This
is especially important for devices manufactured on ﬂexible
substrates; the intrinsic properties of the materials should be
considered in line with their ﬁlm deposition process
parameters, which at the same time should be compatible
with large volume and large-area manufacturing to
substantially reduce the production cost.
Considering the desire for HF operation and high
efﬁciency, one would expect a classical inorganic semiconductor with a high degree of crystallinity, low defect density
and high mobility to ﬁt the bill. Indeed, a strong correlation
between semiconductor charge carrier mobility and frequency
performance has been observed in this review and is depicted
for different material classes in ﬁgure 7(a).
If we account for deposition on thin ﬂexible substrates,
solution processability is often desirable due to its lower cost as
opposed to vacuum deposition. In this case the material should
be processed from orthogonal and, ideally, environmentally
friendly solvents. Optimisation of the ﬂuid parameters of the
ink solutions (viscosity, surface tension, drying parameters, to
name but a few) according to deposition technique (roll-to-roll,
inkjet, screen printing) must be addressed without compromising the intrinsic materials properties. If vacuum-based deposition techniques are to be employed they must be large-area
compatible, preferably with the potential for high-throughput
manufacturing. In either case, thermal processing (annealing)
should be kept at as low temperatures as possible depending on
the substrate used (e.g. below 150 °C for polyethylene
terephthalate, PET, 180 °C for polyethylene naphthalene,
PEN, and 300 °C for polyimide, PI, or polyether ether ketone,
PEEK) [45]. A further consideration for device fabrication is
that the resulting devices should exhibit low values of series
resistance and capacitance in order to be able to achieve HF
operation. Thus, in general it is favourable to incorporate
semiconductors in devices with appropriately small footprint,
while still being compatible with large-area and highthroughput manufacturing.
Finally, considering material performance on ﬂexible
substrates, the devices should be capable of operating under
some degree of mechanical ﬂexing and retaining this
performance over time and after repeated bending cycles.
Figure 7(b) shows the cut-off frequency versus bending radius
for some materials classes in an effort to highlight the stateof-the-art high performance high ﬂexibility devices.
In this review, we summarise the developments made in
the active materials used for RF rectiﬁcation with emphasis
on deposition on ﬂexible substrates. However, to accurately
encompass all progress made from the materials point of
view, we have also included some works demonstrating high
performance functional devices on rigid substrates.

Figure 7. (a) Reported operating frequency versus charge carrier

mobility for diodes and TFTs fabricated on ﬂexible substrates and
discussed in this review article. As expected, the operating frequency
of the device increases with increasing carrier mobility. Threshold
frequencies for HF (13.56 MHz) and UHF (860 MHz) RFID
operation are shown in dashed grey lines. Organic materials,
including polymers and small molecules, exhibit the lowest
frequency performance of the semiconductors studied. Nevertheless,
their performance is sufﬁcient to operate in the HF and into the UHF
regime. Metal oxide semiconductors show promise for UHF
operation, while carbon nanomaterials show the highest levels of
mobility and frequency response. Notably, diodes consistently
outperform TFTs of the same material class. A corresponding table
of references is included in the appendix (table A1). (b) Device
frequency performance as a function of bending radius. Carbon
nanomaterials including graphene and CNTs exhibit the highest
frequency response and are capable of sustaining the highest strains.

3. Silicon-based ﬂexible RF electronics
Silicon (Si) in its single crystalline phase represents the stateof-the-art for RF electronics. The thickness of the silicon chip
(hundreds of micrometres) limits its mechanical ﬂexibility.
The process of thinning the Si wafer has actually been known
about since the 1960s, when the thickness of Si was reduced
down to 100 μm with the aim of reducing the total weight of
the solar cells, and this is regarded by many as the dawning of
ﬂexible electronics era [46]. However, incorporation of these
thinned Si circuits onto ﬂexible (plastic) substrates remains
challenging. Using this method, mechanically strained RF
MOSFETs have been demonstrated. Excellent RF performance, such as a low minimum noise ﬁgure (NFmin) of
9
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Table 1. Summary of recent advances in ﬂexible Si-based RF electronic devices.

A. Thinned Si RF MOSFETs
Si wafer thickness
30 μm
5.7 μm—n-type
5.7 μm—p-type

fT (GHz)

fmax
(GHz)

Year

Reference

59
150
100

—
160
130

2005
2011
2011

[47]
[48]
[48]

fT (GHz)

fmax
(GHz)

Year

Reference

0.515
1.9
2.04
3.8
4.9
5.0

—
3.1
7.8
12.0
10.6
38.0

2006
2006
2007
2010
2015
2016

[64]
[53]
[55]
[56]
[61]
[69]

f−3dB
(GHz)

Year

Reference

1.6

2014

[35]

1.8

2016

[70]

B. Si nanomembranes (SiNMs)/microstructured Si (μs-Si)
Technology progress
μs-Si single-crystal Si TFTs on PI
rf top-gated single-crystal Si TFTs on PET
Control of parasitic s/d resistance and s-to-g/d-to-g capacitance
Improved nanomembrane transfer method
Double-gate ﬂexible SiNM TFTs on biodegradable CNF substrate
NIL 100 nm trench SiNM TFTs on PET
C. Si microparticles
Structure of all-printed diodes
PET/Al (50 nm)/Si-in-SU8 (cross-linked, 4 μm)/NbSi2-in-SU8 (4 μm)/carbon (6 μm)/
Ag (3 μm)
PET/Al/CNF:Si-μPs/Ni:Carbon

0.92 dB, high associated gain (14 dB at 10 GHz) and high
fT=59 GHz were obtained after thinning down the Si substrate to 30 μm and mounting it on plastic substrates, after
which the devices were subjected to tensile strain [47]. In
another instance, high-performance industrial MOSFETs
thinned down to 5.7 μm and transferred onto a 125 μm thick
polyethylene naphthalate (PEN) foil were demonstrated with
fT and fmax as high as 150/160 GHz for n-MOSFETs and
100/130 GHz for p-MOSFETs, respectively [48–50]. In the
following subsections, some of the most innovative methods
to incorporate Si materials in ﬂexible electronic devices will
be described. The important ﬁgures of merit related to the
performance characteristics of these Si-based devices are
summarised in table 1.

usually target applications that are highly demanding in terms
of outstanding RF device performance (e.g. military) [52].
A novel dry-printing method for transferring singlecrystal Si membranes from a silicon-on insulator onto ﬂexible
polymer substrates, the so-called single-crystalline Si nanomembrane (SiNMs) transfer method, has been introduced by
the group of Ma (ﬁgure 8) [53–58]. By applying this technique, RF top-gated single-crystal Si TFTs have been
monolithically integrated on PET polymer substrates and
values of fT and fmax of 1.9 GHz and 3.1 GHz were obtained
respectively at VDS=4 V and VGS=5 V [54]. The performance was further improved through control of parasitic S/D
resistance and source-to-gate/drain-to-gate capacitance upon
targeted optimisation of the transistor layout design, which
resulted in fT of 2.04 GHz and fmax of 7.8 GHz [55], while
subsequent improvements in the process of the nanomembrane transfer method increased further the attained frequencies to 3.8 GHz and 12 GHz, respectively [56]. More
interestingly the same group successfully applied this transferrable SiNM method to the fabrication of ﬂexible microwave PIN diodes (ﬁgure 8) [57, 58].
The versatility of this technique was further demonstrated
by applying it to single-crystal germanium (Ge) nanomembranes to form ﬂexible devices displaying GHz response
(insertion loss of <1.3 dB at up to 30 GHz and isolation
>10 dB at up to ∼13 GHz) [59, 60], and later by demonstrating microwave ﬂexible SiNM-based TFTs [61] and
Schottky diodes [62] on biodegradable substrates, such as
cellulose nanoﬁbrillated ﬁbre (CNF), towards potential green

3.1. Single crystalline Si nanomembranes

2D geometries of monocrystalline semiconductor sheets with
nanoscale (less than a few hundred nanometres) thicknesses
and with minimum lateral dimensions—at least two orders of
magnitude larger than the thickness—are referred to as
nanomembranes [51]. Such materials, in contrast with thin
ﬁlms, may exist as freestanding, isolated forms and be
transferred onto arbitrary substrates. Although the approaches
that will be discussed below address adequately the challenge
of matching well-established mature Si semiconductor technologies with ﬂexible and lightweight plastic substrates, the
total cost remains quite high. This is due to the high temperatures and high vacuum that are usually required to form
an excellent quality semiconducting material, and such routes
10
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Figure 8. (a)–(f) Process schematic of fabricating ﬂexible microwave single-crystalline Si nanomembrane PIN diode on plastic substrate. (g)

Illustration of the ﬂexible single-crystalline SiNM PIN diodes under bending condition. (h) Optical image and (i), (j) microscopic images of
the ﬁnished PIN diodes arrays on a bent PET substrate. (i) Total diode width is 400 mm (two identical parallel diode channel, each channel
has a width of 200 mm). Diode intrinsic region length is 2 mm. Total diode area is 80 mm2. (j) Microscopic image of the 240 mm2-PIN diode
fabricated on a plastic substrate. Total diode width is 1200 mm (two identical parallel diode channels, each channel has a width of 600 mm).
Adapted with permission from [57]. Copyright © 2010 Elsevier Ltd.

portable devices. Double-gate ﬂexible SiNM TFTs built on a
CNF substrate have shown an electron mobility of
160 cm2 V−1 s−1 and fT and fmax of 4.9 GHz and 10.6 GHz,
respectively [61]. Furthermore, four GaAs based Schottky
diodes and an MIM capacitor were fabricated with this
technique and combined into a simple IC to form a full bridge
rectiﬁer that could rectify a 21 dBm input signal to an output
power of 2.43 mW at 5.8 GHz, which is one of the most
popular frequencies in wireless local area network, commonly
used in high speed Wi-Fi systems [62]. This fabrication
process therefore allows simultaneous (monolithic) integration of the active TFTs and passive PIN diodes along with
other passive components on the same plastic substrate.
A similar dry transfer method, based on soft lithography,
for the fabrication of well-organised arrays of printed silicon
ribbons, i.e. microstructured silicon (μs-Si), on low-cost
plastic substrates has been introduced by the group of Rogers
[63]. They employed this technique to fabricate mechanically
ﬂexible single-crystal silicon MOSFETs on PI substrate,
which showed fT=515 MHz at channel lengths of 2 μm
[64]. Later, they optimised and extended this method to print
GaAs nanowires (width ∼2 μm) on ﬂexible PET substrates,
which were then combined with Ohmic contacts to form highspeed MS ﬁeld-effect transistors [65]. By varying the gate
length, the authors demonstrated an fT of 1.55 GHz for the
shortest gate length of 2 μm, while simulation results showed
that upon further decrease of the gate length, cut-off frequencies up to 3 GHz are achievable. One way to circumvent
this is by employing S/D contacts self-aligned to the gate
electrode to allow minimal parasitic capacitances and resistances. The group of Javey [66] demonstrated III–V MOSFETs with T-shaped gate electrodes, using the previously
developed ‘XOI platform’ [67]. The devices comprised InAs
microribbons with a width and spacing of ∼5 μm and a
nominal thickness of ∼15 nm, which have shown a ﬁeldeffect mobility of around 2300 cm2 V−1 s−1. These structures
were then employed in a self-aligned InAs XOI RF transistor

(dual channel with L=75 nm and W=50 μm), transferred
onto a highly resistive silicon substrate, and exhibited an fT of
∼165.5 GHz (ﬁgure 9). The same devices fabricated on
ﬂexible PI substrate provided an fT of 105 GHz, while at the
same time showed excellent mechanical robustness with
minimal performance change under various curvature radii
down to 4.8 mm.
Given that patterning sub-1 μm features via conventional
photolithography over large-area becomes cost prohibitive,
other patterning techniques have been considered. To this
end, nanoimprint lithography (NIL) appears to be a viable
solution, since nanotrenches as short as 50 nm can be fabricated with this process [68]. Recently, Seo et al applied NIL
patterned 100 nm channel lengths to form ﬂexible SiNMbased RF transistors with 2 μm gate length, which were
capable of attaining a record-breaking fmax of 38 GHz [69].
The robustness of these three-dimensional (3D) trench transistor structures was proven by bending them hundreds times
under high-strain conditions, namely a convex radius of
curvature of 28.5 mm, corresponding to an external strain
of 0.55%.
The main drawback of the above mentioned methods—
with the exception of NIL, which is compatible with roll-toroll printing processes—is that they are rather complicated
and time-consuming from a manufacturing point of view due
to the amount and complexity of steps involved (e.g. lithographic patterning, ion implantation, dry etching, HF etching), which could be an issue for large-area/volume
production. Therefore, while in principle high quality semiconductors can be made ﬂexible in this way, their implementation in large volume passive RFID technology will not
be low cost.
3.2. Silicon microparticles

An alternative route that takes advantage of the well-established
high performance Si technology has been proposed from a
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Figure 9. Schematic of self-aligned InAs XOI MOSFETs with an aluminium/ZrO2 T-shaped gate stack, and self-aligned nickel S/D
extensions on (a) rigid (Si) and (b) ﬂexible (PI) substrates and as-measured (dash) and de-embedded (solid) current gain (h21) and Mason’s
unilateral gain (U) derived from the S-parameters from 40 MHz to 40 GHz and from 100 MHz to 20 GHz, respectively. Reprinted with
permission from [66]. Copyright © 2012 American Chemical Society.

Interestingly, the freestanding composite semiconducting ﬁlm
can be easily delaminated from the PET/Al substrate and
transferred to any other substrate thus enabling reconﬁgurable
GHz-operating ﬂexible diode circuits.

collaboration between research teams in Linköping University in
Sweden and R&D departments in De La Rue, UK, and Acreo,
Sweden Their approach involved the use of Si microparticles (Si
μPs) embedded in a polymer binder to successfully demonstrate
all-printed rectifying diodes operating at 1.6 GHz (ﬁgure 10)
[35]. This diode was able to rectify the energy harvested from
the antenna of a mobile phone, while making a call to power a
printed electrochromic display. The best performing devices had
the structure PET/Al (50 nm)/Si-in-SU8 (cross-linked,
4 μm)/NbSi2-in-SU8 (4 μm)/carbon (6 μm)/Ag (3 μm), while
the fully printed circuit on the PET substrate included an Al-foil
antenna, the aforementioned diode and an electrochromic display based on polymer poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS). The Si μPs were formed by
using ball milling to crash an n-doped Si wafer into particles in
air. These were then implanted into the polymer binder (SU8)
layer to ensure that the charge carriers will pass through only a
couple of individual Si μPs to avoid losses in mobility due to
electron scattering at the interfaces.
The same group recently demonstrated a simpliﬁcation of
this method using cellulose nanoﬁbers (CNF) as the binder
material to form PET/Al/CNF:Si-μPs/Ni:Carbon adhesive
tape Schottky diodes, which operate up to 1.8 GHz [70].

4. Metal oxide semiconductors
4.1. Introduction

Wide bandgap metal oxides have been investigated as semiconductors since the demonstration of the ﬁrst SnO2 and
In2O3 TFTs in 1964 (which were in fact proposed in a selfaligned gate TFT architecture for HF applications) [71], followed by the ﬁrst ZnO TFT reported by Jacobs in 1968 [72].
The optoelectronic properties of metal oxides (particularly
ZnO) and the potential for integration in ﬂexible electronics
led to a surge of research in the early 2000s. From a large-area
industrial standpoint, however, these materials suffered from
lack of uniformity, so they were unsuitable for wide scale
adoption, the principle cause being the presence of grain
boundaries. This changed rapidly with the ﬁrst demonstration
of amorphous indium gallium zinc oxide (a-IGZO) transparent TFT in 2004 [73]. Nomura et al demonstrated that, while
12
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Figure 10. (a) Demonstration of e-label application: A. The antenna–diode–display circuit. B. The mobile phone is held close to the antenna,
while making a call. The display starts to switch on. C. The display is switched on after 10 s. (b) The average I–V curve based upon 16
representative devices. The error bars show the SD and thus represent the voltage range needed to obtain a certain current level. Using a
threshold of 3 μA, an average input voltage of 1 V is needed to switch the diode on. The Inset shows two different current mechanisms for
different insulator thicknesses. (c) Frequency response of the device with an input power of 3 W. Adapted and reproduced with permission
from [35]. Copyright © 2014 National Academy of Sciences.

mobility active layers [74]. IGZO exhibits a roughly tenfold
increase in mobility over a:Si, the traditional transistor material of choice for display technology. While low temperature
polysilicon exhibits even higher mobilities of up to
100 cm2 V−1 s−1, IGZO is again the material of choice due to
its higher level of uniformity, owing to its lack of grain
boundaries and simpler manufacturing process. As a result of
this, market forecasts put the amount of metal oxide backplanes in use by the display industry at 8 square kilometres by
2024 [75]. Despite its meteoric rise to industrial adoption,
IGZO is still a relatively young material. As such, research is
just now beginning to emerge on the HF performance of
IGZO. Due to its high mobility, its processing compatibility

materials such as ZnO and In2O3 tended to crystallise, IGZO
could be made in an amorphous phase, while retaining the
high charge carrier mobility, hence promising improved
device-to-device uniformity. These TFTs were fabricated on
ﬂexible PET substrates and exhibited a Hall mobility
exceeding 10 cm2 V−1 s−1.
Since this initial work, interest in IGZO has soared,
owing primarily to the drive for a replacement to amorphous
silicon (a:Si) in ﬂat panel display technology. The reduction
in pixel size in liquid crystal displays called for TFTs with
higher mobility, while the emergence of active matrix organic
light emitting diode displays, which required more than one
TFT per pixel, has further increased demand for higher
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with ﬂexible substrates and its current and predicted maturity,
IGZO and related metal oxides are expected to be instrumental to HF ﬂexible electronics.

were synthesised using a ‘sol–gel on chip’ hydrolysis
approach from soluble metal alkoxide precursors in anhydrous conditions (low O2 and H2O levels) and then subjected
to aqueous hydrolysis annealing at temperatures as low
as 230 °C.
Kim et al [90] have shown that photochemical activation
can be used instead of thermal annealing to form In2O3, IZO
and IGZO thin ﬁlms. Samples were exposed to deep ultraviolet radiation which had the added effect of heating the
samples to ∼150 °C. Semiconductor mobility, as measured
from TFT analysis, compared favourably to reference samples
annealed at this temperature. The authors demonstrated IGZO
TFTs on parylene substrates with mean ﬁeld effect mobilities
centred at 3.77 cm2 V−1 s−1 for 49 measured devices. Ring
oscillators from these TFTs exhibited maximum oscillation
frequencies of ∼340 kHz, indicating some promise for the
optimised HF application of the material.
Lin et al [91] reported a carbon-free ZnO hydrate
precursor route towards the fabrication of ZnO thin ﬁlms with
mobilities in the range 4–5 cm2 V−1 s−1 on PEN substrates
operating at voltages lower than 1.5 V. Such a value of
mobility from the processing of the polycrystalline ZnO
active layer at 160 °C is highly encouraging. A further
promise of this approach may be the ability to combine layers
of thin metal oxide ﬁlms to realise oxide heterointerfaces that
are able to sustain quasi-2D electron gas, thus further
suppressing scattering (primarily due to impurities) and
increasing device mobility. The same group combined less
than 10 nm thick layers of In2O3, Ga2O3 and ZnO, and found
evidence for quantisation of electrons in a quasi-2D electron
gas [92]. As a result, mean values of mobility of
11 cm2 V−1 s−1 were measured for metal oxide heterojunction
TFTs on PEN substrates, which were fabricated at 175 °C,
and mobilities greater than 40 cm2 V−1 s−1 were measured
when devices were fabricated at 200 °C on glass substrates.

4.2. Common processing routes of metal oxide-based rectifiers

The quality of metal oxide thin ﬁlms depends on the thin ﬁlm
deposition method. Common vapour deposition techniques
include physical vapour deposition [76], pulsed laser
deposition [77, 78] and atomic layer deposition [79, 80].
Thermal evaporation has also been employed for some binary
oxide thin ﬁlms [81, 82]. Undoubtedly, the demonstration of
large-area sputtered devices from the display industry has
been key to the adoption of this method [83]. The potential of
solution processed MOSs in the future should not be discounted. In fact, an effective solution-processing route might
present the most cost effective option for metal oxides
deposition on large-area thin ﬂexible substrates.
4.2.1. Sputtering of metal oxide films.

So far, the most
investigated large-area deposition method for metal oxides
has been sputtering [76]. Various metal oxides, including
IGZO, have been deposited via sputtering and implemented in
TFT rectifying circuits. For example indium zinc oxide (IZO)
TFTs have been demonstrated with fT=155 MHz and
fmax=180 MHz [84]. In another instance, Wang et al [85]
investigated the implementation of high-k dielectrics with
ZnO TFTs for low voltage applications and fabricated a ZnO
TFT with a Gd2O3 gate dielectric with values of
fT=180 MHz and fmax=240 MHz.

4.2.2. Solution-processing of metal oxides.

The solution
processing of MOSs is distinct from the other material classes
presented in this paper in the sense that the goal is to
chemically convert a precursor solution to a stable metal
oxide thin ﬁlm; such a process requires a signiﬁcant amount
of thermal energy, usually through thermal annealing
processing steps [86]. Aside from precursor conversion, the
residue of organic contaminants from precursor materials or
solvents also calls for high temperature processing [87].
However, annealing at temperatures higher than 200 °C–
300 °C is not compatible with most plastic substrates, except
for high cost engineering plastics. Recently signiﬁcant
progress has been made towards realising low-temperature
ﬂexible-substrate-compatible metal oxide thin ﬁlms.
Kim et al [88] have fabricated layers of In2O3, zinc tin
oxide (ZTO), IZO and indium tin oxide (ITO) at temperatures
as low as 200 °C using a self-energy-generating combustion
chemistry technique. The process utilizes acetyl-acetonate as
the fuel source and metal nitrates as oxidisers to generate an
in situ exothermic reaction at localised higher temperatures
than the substrate temperature. TFTs with an electron
mobility of ∼6 cm2 V−1 s−1 were demonstrated.
Even higher ﬁeld-effect mobilities of 10 cm2 V−1 s−1,
reproducible and stable turn-on voltages Von≈0 V and high
operational stability TFTs based on IZO and IGZO
amorphous metal oxide semiconducting thin-ﬁlms were
obtained via solution-processing route [89]. The materials

4.3. Solution-processed ZnO diodes and rectifiers

Recently, the Anthopoulos group employed the aforementioned low temperature ZnO solution processing route to
fabricate Schottky diodes on PEN substrates [93, 94]
(ﬁgure 11). The devices were formed in a uniquely lateral
nano-gap architecture with electrode spacing on the order of
10 nm utilising the process of adhesion lithography (a-Lith)
[95]. The nanoscale spacing of the electrodes leads to low
values of device series resistance, while the lateral architecture leads to a sub-picofarad value of junction capacitance.
Furthermore, the structure afforded by the technique of a-Lith
effectively negates unwanted scattering from ZnO grain
boundaries, thus maximising device performance and deviceto-device uniformity. As a result of this, no drop in the DC
output of the devices up to the measurement limit of 20 MHz
was observed when measured in a half wave rectiﬁer setup.
Output voltages of up to 1.2 V for a ±4 V AC input were
observed.
In another instance, ZnO based semiconducting ink was
used to form a hybrid ZnO paste for the active layer of the
diode that was part of a 13.56 MHz rectenna circuit,
14
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Figure 11. (a) High resolution transmission electron microscope (HR-TEM) images of the cross-section of a ZnO coplanar nano-Schottky

diode. Dashed lines indicating the different materials/layers are added for clarity. The high-magniﬁcation TEM image of the ZnO region
located between the metal electrodes reveals the nanocrystalline nature of the ZnO layer. The image shows nanocrystalline domains up to
5 nm in diameter. (b) Quasi-static I–V characteristics of 38 ZnO coplanar nano-Schottky diodes fabricated on the same substrate. (c) AC input
and DC output signals of a ZnO diode-based rectiﬁer circuit operating at 13.56 MHz. (d) Bode plot of the DC output signal versus AC input
signal frequency up to 20 MHz (measurement limit). Inset in (d) shows the circuitry of the DC rectiﬁer circuit used. Reproduced from [93].
Copyright © 2016 John Wiley & Sons, Inc.

IGZO ﬁlms were deposited via sputtering, unless stated
otherwise. RF rectiﬁers operating at the most relevant—from
a commercial point of view—frequency bands, i.e.
13.56 MHz (HF), 868 MHz (UHF) and 2.45 GHz (microwave), will be summarised next.

comprising also an antenna and a capacitor, all of which were
gravure printed on PET foil [96]. The single diode circuit
outputted a VDC=4–4.5 V for a ±5 V AC input at
13.56 MHz, corresponding to half-wave rectiﬁer efﬁciency of
90%. When three diodes and three capacitors were printed on
the same substrate, the gravure printed rectenna could supply
more than 20 V DC to the load circuit and provide at least
0.3 W power from a standard 13.56 MHz RFID reader held at
a distance of 2 cm. This diode was later integrated into a fully
roll-to-roll gravure printed wireless (13.56 MHz) sensor-signage tag for smart packaging applications, comprising the
wireless power transmission device, namely the rectenna
(antenna, diode and capacitor), a humidity sensor and an
electrochromic signage unit all printed on a PET ﬁlm [97].

4.4.1. Integration in the 13.56 MHz band. The performance

of IGZO in the HF band (13.56 MHz) has been well
documented. Partly due to this, and partly due to the
maturity of IGZO device processing techniques stemming
from its wide utilisation at the display industry, much effort
has been focused on device integration, optimisation and
ﬂexible performance. At this moment, it seems certain that
IGZO will play some part in short-term emerging HF ﬂexible
electronics and the only question is to what extent.
There are few reports of IGZO-based diodes operating
solely in the HF regime, while much of the work on rectiﬁers
in the HF band has been carried out using TFTs rather than

4.4. IGZO-based rectifiers

As mentioned above, the majority of reports on the HF performance of rectiﬁers based on MOSs concern IGZO. All
15
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Figure 12. (a) Schematic view of 4-TFT bridge rectiﬁer. TFTs 1 and 2 act as switches, TFTs 3 and 4 act as diodes, and C1 acts as voltage

smoothing element. The arrow indicates current path when higher voltage (Vhi) is inputted into LA and lower voltage (Vlo) into LB. (b) Top
view of fabricated 4-TFT IGZO rectiﬁers. (c) Measured full-wave rectifying characteristics of 4-TFT IGZO rectiﬁer. (d) Experimental setup
for measuring wireless voltage rectiﬁcation. 4-TFT IGZO rectiﬁer was connected to resonance capacitor (C2), 3-turn coil, smoothing
capacitor (C1), and load resistance (R1; represents subsequent circuits). Reprinted, with permission, from [100]. Copyright © 2010 IEEE.

due to the lower power consumption of the former. One of the
main drawbacks when employing IGZO is the lack of p-type
oxide semiconductors available for integration into complementary logic. Addressing this point, Ozaki et al [101]
showed that logic power consumption could be reduced by a
factor of 10 000 by designing active load logic as opposed to
saturated load logic, and thus demonstrated the ﬁrst
functioning IGZO IC powered wirelessly at 13.56 MHz.
The IC consisted of a reset circuit, a clock circuit consisting of
a II-stage ring oscillator, a 4 bit read-only-memory, a memory
driver and an encoder. The power consumption was as low as
20 μW and operation was observed for an input AC power of
40 mW from a commercial RF coil antenna at a read distance
of 70 mm.
Tripathi et al [102] built an 8 bit code generator operating
at low power (1.5–2 V) by using thin (100 nm) Al2O3 as the
gate dielectric in the 300 IGZO TFTs which made up the
circuit. The low temperature processing enabled the code
generator to be fabricated on ﬂexible PEN, and with it the ﬁrst
IGZO TFT rectiﬁer on a ﬂexible substrate. The transdiode
TFT output a DC voltage of 4 V for an AC input of ±5 Vpp,
substantial enough to drive the associated code generator.
Later, Myny et al [103] reported a double half wave rectiﬁer
employed in a near ﬁeld communication tag, consisting of a
load modulator and code generator on PEN. The power
consumption of the IGZO logic here is addressed via the
fabrication of dual-gate TFTs, which enable more control

diodes. One example of HF IGZO diodes was demonstrated
by Chen et al [98] who fabricated IGZO/p-Cu2O heterojunction diodes on PEN substrates and attained current
densities of 1 A cm−2 at +1 V DC with a cut-off frequency of
27 MHz. It is noteworthy that IGZO diodes have also been
implemented in the UHF regime, however. More attention
shall be given to UHF IGZO diodes in the next section.
A key to the implementation of TFTs as rectiﬁers is
obtaining a low operating voltage. This can be done by
fabricating TFTs with a small subthreshold slope, which can
be achieved by employing fully depleted channels. In this
case, the charge carrier density in the channel must be lower
than the maximum amount of gate-controllable charge, and
the channel thickness must be smaller than the maximum
depletion layer width [99]. Kawamura et al [100] achieved
this by employing a thin 20 nm IGZO active layer via RF
magnetron sputtering in a bottom-gate/top-contact architecture (ﬁgure 12). The low subthreshold slope of 160 mV dec−1
enabled low-voltage operation. With these devices they built
a double half wave rectiﬁer based on two diode-connected
TFTs and two TFTs acting as switches. The result was a
rectiﬁer outputting a 12 V DC signal at 13.56 MHz for a ±9 V
input AC signal.
From a large-scale processing standpoint, it can be
advantageous to use the same active material in the rectiﬁer
that will be employed in the logic circuit of the device.
Complementary logic is most often preferred to unipolar logic
16
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over the threshold voltage of the TFTs [104]. Further reports
by the same group of rectiﬁer and logic circuit based IGZO
TFTs on ﬂexible PEN substrates indicate that the devices are
stable under ﬂexing, with operation down to a bending radius
of 2 mm and a strain of up to 0.8% [105].
From the application point of view, a further advantage
of IGZO is that its wide bandgap leads to optical
transparency. Given that other transparent metal oxide
materials can serve as conductors (e.g. ITO) and insulators
(e.g. Al2O3), all these compatible materials may be combined
to fabricate transparent TFTs. To this end, Cho et al [106]
fabricated a transparent antenna based on ITO and coupled an
AC signal to a transparent ring oscillator via both half wave
and full wave IGZO TFT rectiﬁers. Yang et al [107] used a
similar TFT fabrication approach and took it a step further by
demonstrating a transparent logic circuit coupled to a half
wave IGZO TFT rectiﬁer and ITO antenna.
4.4.2. Towards UHF IGZO-based rectifier applications. While

IGZO has been demonstrated to be compatible with RFID
technology in the 13.56 MHz range, its frequency response is
by no means limited to this regime. Munzenrieder et al [108]
fabricated a self-aligned gate TFT on polyimide (PI), which
exhibited an extrinsic value of fT=135 MHz, as measured
via S-parameter analysis, and the device performance was
maintained up to a tensile bending radius of 3.5 mm. Su et al
[109] made efforts to maximise current densities from IGZO
TFTs on glass by employing thin bi-layer Al2O3/SiO2 gate
dielectrics on glass substrates. The result was a device with
current density of 22.5 mA mm−1 and values of fT and fmax of
384 MHz and 1.06 GHz, respectively.
Further strides towards the realisation of higher
frequency IGZO devices have been made through the use
of rectiﬁer diodes. As would be expected, Schottky diodes
based on IGZO alone have a signiﬁcantly improved
frequency performance as compared to TFTs. Chasin et al
[110, 111] have demonstrated an IGZO diode on glass with
high current densities of 800 A cm−2 at +1 V and cut-off
frequencies measured via S-parameters of 1.8 GHz. Single
stage rectiﬁers based on these diodes showed cut-off
frequencies of 1.1 GHz. Optimisation of the contacts was
found to be critical in this work, the authors noting the
importance of an oxidation step on the Schottky Pd contact,
as well as noting that the Ohmic Mo contact was capable of
doping the IGZO active layer, so that layer thickness must be
monitored [112]. Minimisation of device area also proved
important. Building on this work, the same group fabricated a
double half wave rectiﬁer on glass capable of delivering 1 V
DC at a distance of 2 m from a transmitter antenna at the UHF
band 868 MHz [41] (ﬁgure 13).
Recently, Zhang et al [113] fabricated ﬂexible IGZO
Schottky diodes on PET substrates (ﬁgure 14). The devices
employed Pt as a Schottky contact and Al as the Ohmic
contact. Despite current densities of 20 A cm−2 at +1 V being

Figure 13. (a) Photograph of the measurement setup. The harvester

was measured in an anechoic chamber to avoid standing waves. A
directional antenna Tx with a gain of 4 dBi simulated the tag reader
and a digital oscilloscope was used to read the resulting DC output
voltage. (b) Measured rectiﬁed voltage VOUT as a function of the
emitted power by the antenna Tx at different distances r from the
power emitter. (c) Measured DC output voltage and power as a
function of the harvested power Pin at r=2 m. All the measurements were performed at f=868 MHz. Reprinted, with permission,
from [41]. Copyright © 2014 IEEE.
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Figure 14. (a) Photograph of ﬂexible IGZO Schottky diodes. (b) J–V characteristics of the ﬂexible diode with an 80 nm IGZO layer. (c)

Capacitance and depletion width of the diode at different DC voltages. (d) Impedance of the ﬂexible IGZO Schottky diodes as a function of
frequency. (e) Output DC voltage as a function of the input signal frequency at different input signal strengths. (f) Output DC voltage as a
function of the input RF signal rms voltage at different frequencies. Reprinted by permission from Macmillan Publishers Ltd: Nature
Communications [113]. Copyright © 2015.

conjugated part of the molecule [115, 116]. Electronic interactions between the molecular orbitals of neighbouring sites
are also weak, so charge transport usually occurs through
hopping of electrons rather than band transport, which is
responsible for the high mobilities observed in inorganic
semiconductor crystals [117].
From the above it can be deduced that to achieve high
mobility in organic ﬁlms (and hence HF operation), a high
degree of crystallinity and precise control over the microstructure, molecular packing and chain alignment is desirable
[118]. The use of a single crystal of organic material provides
near-perfect order over its entirety, which can be cm in size.
For example, high-purity acene, i.e. fused polycyclic hydrocarbons, single crystals have been established as exemplary
materials for organic TFT devices owing to their intrinsic
electronic properties [119]. Finally, recent research efforts
have been devoted to relate morphology and microstructure to
charge transport in polymeric semiconductors [120], which
are extremely attractive due to their ease of processing in
large-area substrates, and printed ICs based on uni-or ambipolar polymer semiconductors have been demonstrated [121].
As the properties of organic materials, including chemical structure, molecular weight, electronic bandgap, wetting
properties of resulting formulations, and the structural properties of formed solid layers can be easily tuned through
chemical synthesis, this material class is highly versatile.
Owing to these reasons there has been a great deal of research

lower than those demonstrated by Chasin et al intrinsic cutoff frequencies of 6.5 GHz were measured, and a rectiﬁer
output of 0.6 V for a ±2 V AC input at 2.45 GHz was
reported. This exceptional performance was obtained through
careful optimisation of IGZO layer thicknesses and oxygen/
argon ratios during the sputtering deposition process. The
performance characteristics of the above mentioned metal
oxide rectiﬁers are summarised in table 2.

5. Organic materials
Organic semiconducting materials can be generally classiﬁed
into three main categories [114]: molecular glasses (amorphous small molecules), molecular crystals (single-crystalline
or polycrystalline), and polymeric semiconductors. Each of
these material classes exhibits advantageous mechanical
properties when compared to traditional semiconductor
materials, as they can be made bendable, stretchable, lightweight and robust at the same time. Additionally, they can be
grown from solutions at low processing temperatures
enabling fabrication via high-throughput, low-temperature
well-established printing techniques to realise ﬂexible electronics at potentially very low cost.
The semiconducting properties of organic materials
stems from the existence of conjugated bonds (alternating
single and double bonds) between carbon atoms, which result
in the delocalisation of electronic charge across the
18
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Table 2. Summary of the performance characteristics of metal oxide-based rectiﬁers.

TFT performance
Material

Device type

Substrate

IZO
ZnO

TFT
Gd2O3/Au gate TFT
Pr2O3/Au gate TFT
Self-aligned gate TFT
TFT

glass
glass
glass
PI
glass

IGZO

fT (MHz)

fmax (MHz)

Year

Reference

155
180
95
135
384

180
240
125
—
1060

2008
2009

[84]
[85]

2013
2015

[108]
[109]

AC input (V)

DC output
(V) (load)

Year

Reference

12
(2 MΩ)
4.5
(1 MΩ)
1.2
(1 MΩ)
3
(1 ΜΩ)

2010

[100]

2012

[96]

2016

[93]

2014

[98]

2012

[110]

2013

[111]

2014

[41]

2015

[113]

Rectiﬁer Performance @ 13.56 MHz (HF)
Material

Device type

Substrate

IGZO

4-TFT bridge rectiﬁer

glass

±18

ZnO ink

Schottky diode Ag/ZnO/Al gravure printed

PET

±5

ZnO

Schottky diode Au/ZnO/Al solution processed

PEN

±4

IGZO/Cu2O

heterojunction diodes ITO/IGZO/Cu2O /Pt

PEN

±4

Schottky diode Pd/IGZO/Mo

glass

Schottky diode Pd/IGZO/Al

glass

±3
±5
(800 MHz)
±2
±3
(868 MHz)
±1
(1.5 GHz)
±1.41
(2.45 GHz)

Rectiﬁer Performance @
IGZO

800 MHz (UHF)

Schottky diode Pt/IGZO/Al

PET

conducted in the ﬁeld of organic semiconductors for use in
optoelectronics, logic circuitry and HF electronics.

0.37
1.26
(1 MΩ)
0.6
1.3
(10 kΩ)
0.56
(1 MΩ)
0.6
(1 MΩ)

while keeping the total S/D-gate overlap constant. They also
showed that this stencil lithography process is compatible
with ﬂexible 125 μm thick PEN substrates by fabricating
1 μm channel length TFTs with small electrode overlap
based on a similar small molecule 2,9-didecyl-dinaphtho
[2,3-b:2′,3′-f]thieno[3,2-b]thiophene (C10-DNTT) [123].
The TFTs were used to fabricate ring oscillators, which
showed >1 MHz operation at low voltage (2–3 V) thanks to
the low device dimensions and the high mobility of the
semiconductor employed (1.2 cm2 V−1 s−1).

5.1. TFT geometric considerations

Due to the low carrier mobility, intrinsic to many organic
materials, several attempts have been made to optimise TFT
performance through altering the device design.
5.1.1. Reducing the overlap of gate with S/D electrodes.

Parasitic capacitance can be greatly reduced in TFTs if the
gate to S/D overlap, i.e. the contact length (LC=Lgs+
Lgd), is minimised. Zaki et al [122] investigated the effect of
varying the overlap of the S/D electrodes with the gate
electrode via S-parameter analysis (ﬁgure 15). The authors
were able to achieve good alignment using silicon stencil
masks and fabricated TFTs with a dinaphtho[2,3-b:2′,3′-f]
thieno[3,2-b]thiophene (DNTT) active layer. Here, the
authors note that the impact of gate/source capacitance
and gate/drain capacitance are not symmetric (see
ﬁgure 15). Through modelling and experiment they
demonstrated a doubling of the device’s fT from 2 to
4 MHz upon varying the source-gate electrode overlap,

5.1.2. Self-aligned gate TFTs. Obviously, the complete

elimination of any overlap of electrodes would be ideal for
parasitic capacitance minimisation. To this end, a self-aligned
gate architecture is highly advantageous. This process usually
relies on exposure of a photoresist through the back of a
substrate, with the use of one pre-patterned electrode to
pattern the other. Promisingly, Uemura et al [124]
demonstrated vacuum processed TFTs operating at 20 MHz
and solution processed devices operating at 10 MHz using
DNTT as the active layer. A dual-gate architecture was
employed to reduce the S/D contact resistance. This type of
architecture rules out the device being operated as a passive
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frequencies of the devices when the contact length equalled the
transfer length, with predicted values of fT in the low MHz
regime for these devices. This conﬂicts with the simple
interpretation of transit frequency presented in section 2.2.1.
As a solution, the authors suggest decreasing the transfer length.
This could be achieved by means of area selective contact
doping. Xu et al [128] present an analytical model to determine
the ideal contact length for a generic organic semiconductor. By
considering the inner Joule heating within the semiconductor
they have found that the contact length should be roughly 6
times the organic semiconductor thickness (t) for contact
resistance minimisation and hence device optimisation. When
channel lengths are signiﬁcantly reduced (i.e. L approaching t),
short channel effects become non-negligible and thus a larger
contact length is required.
5.1.4. Vertical 3D transistors. Alternative device structures to

conventional self-aligned TFTs have been proposed for
frequency optimisation of organic devices. Uno et al [129]
proposed a vertical 3D transistor based on DNTT and fabricated
on PEN. The vertical channel enabled the implementation of a
short channel length of 1 μm and was gated from the side using
a multicolumnar epoxy supporting structure fabricated via
photolithography (the authors showed later that this step could
be carried out using NIL) [130]. This architecture allowed top
contacting of the active material with one electrode, which had a
strong effect on minimising the device contact resistance, and
which the authors note is difﬁcult to achieve for short channel
lengths when using planar structures with organics. Thanks to
these advantages, devices with high current densities of
2.6 A cm−2 and small subthreshold swings of 1.6 V decade−1
were realised, despite the low mobility of 0.2 cm2 V−1 s−1. The
frequency performance of the device was analysed by pulsing
the gate voltage for a constant drain voltage and observing a rise
in drain current to 70% of its full value in 250 ns, corresponding
to a frequency of 4 MHz. The authors later improved the
frequency performance of the DNTT vertical TFTs by patterning
the gate on the side wall only, so as to minimise the contact
length and reduce the channel length to 800 nm [131]. The
former had the effect of reducing the capacitance ﬁve-fold, to a
value of 6 pF. When operated in transdiode mode, the TFTs
exhibited a promising cut-off frequency of 20 MHz.

Figure 15. (a) Measured S-parameters for asymmetrical organic

TFTs with W=100 μm, L=1 μm and Lgs+Lgd=10 μm. The
−20 dB decade−1 slopes level off at lower frequencies for OTFTs
with smaller Lgs. (b) Extracted unity-gain cut-off frequency for all
OTFTs with Lgs=1–7 μm and Lgs+Lgd=10 μm. The dotted line
represents as a reference the simulated prevalent FET-based cut-off
frequency fT=gm/(2π(Cgs+Cgd)), while the solid line represents a
modelling approach based on the asymmetric effect of Lgs and Lgd on
TFTs proposed by the authors. Reprinted from [122]. Copyright ©
(2013), with permission from Elsevier.

component, since gate voltage is needed to achieve optimal
device performance. Employing NIL with a self-aligned
process allows for the fabrication of short channel lengths
with minimised LC. This route is also promising as it
eliminates costly photolithography steps. Vacuum processed
small molecule TFTs have been demonstrated employing NIL
on ﬂexible substrates. However, the frequency operation of
these devices remains below 1 MHz [125, 126].

5.2. Organic small-molecule materials for RF diodes
5.1.3. Ideal contact length determination. While beneﬁcial in

Pentacene is a simple polyacene analogue which has been
tested extensively in the ﬁeld of organic electronics, and was
recognised early on as a candidate for high performance
devices owing to its high hole mobility (>1 cm2 V−1 s−1), its
extended π-system with strong intermolecular overlaps and its
low-lying highest occupied molecular orbital (HOMO) level
(−5.1 eV), which is suitable for injection of holes from airstable metal electrodes such as Au [132–134]. As a result of its
satisfactory mobility and extensive use, many demonstrations
of HF performance of pentacene devices have been made.
Additionally, C60 buckminsterfullerene has been employed in
HF studies, since—similarly to pentacene—it is a relatively
high mobility small molecule, which has also been extensively

the reduction of capacitance, a complete reduction in the contact
length to zero can be detrimental to carrier injection. Ante et al
[127] examined the relationship between contact length, contact
resistance, and effective mobility in aggressively scaled
staggered organic TFTs. Considering DNTT-based TFTs with
varying channel lengths and widths, the authors concluded that
by reducing the contact length below the transfer length, i.e. the
length where 63% of the charge carrier exchange between the
contacts and the semiconductor occurs (which is found to be
10 μm in this speciﬁc case), causes the contact resistance to
increase considerably, and thus the effective mobility is reduced.
As a result of simulations, the authors found a peak in transit
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Figure 16. Pictures of (a) the 64 bit transponder foil, (b) the 6″ wafer comprising the transponder chips and (c) the ‘generation 2’ 128 bit

transponder foil whereby the functional area is about 1 cm2. Reprinted from [147]. Copyright © (2009), with permission from Elsevier.

studied [135, 136]. The use of fullerenes and their derivatives
as acceptors in organic photovoltaics, as well as their n-type
charge transport, which is not prevalent in many small molecule semiconductors, has led to their wide scale study [137].

is no longer valid. Rather, a dependence based on the speed
with which the charges consumed by the load resistance (RL)
at a DC voltage (VDC) during one frequency cycle (ω) can be
recharged onto the load capacitance (CL) by the current going
through the organic diode during the fraction of the cycle in
which the diode is in forward bias should be considered:

5.2.1. Pentacene: the benchmark material for organic Schottky
diodes. The ﬁrst results on pentacene-based ICs powered by

9m

fmax = 16pL2V [( - 3Vdc + VF) VA2 - (Vdc + VF)2

near-ﬁeld coupling at radio frequencies of 125 kHz and over
6 MHz were reported back in 2003 by Baud et al [138], where
adequate modulation of the RF signal was demonstrated so as
to enable external detection of the clock signal generated by
the pentacene-based ring oscillators. However, these circuits
operated without a diode or AC/DC rectiﬁer stage. Using a
similar pentacene TFT technology Marien et al [139]
designed Dickson voltage triplers based on TFTs in
transdiode mode, with an efﬁciency of 48%, and capable of
driving a 9-stage ring oscillator at a clock frequency of 9 kHz.
While these results are promising, it has been the
integration of pentacene with Schottky diodes that has led
to the greatest advancements in frequency performance. In
2005, Steudel et al [140] reported a pentacene diode with a
cut-off frequency of 50 MHz while operated in a single half
wave rectiﬁer. The pentacene layer used was 160 nm thick
and the incorporation of a poly(3,4)ethylenedioxythiophene:
polystyrene sulfonate (PEDOT:PSS) layer between the
pentacene and the Au Ohmic contact allowed current
densities of 2100 A cm−2 to be reached. At 14 MHz, the
diode output an 11 V DC signal over a 50 kΩ resistor from a
±18 V AC input. While these operating voltages may seem
high, the authors noted at the time that at least 10 V would be
necessary to drive a circuit made out of organic TFTs. Based
on the high voltage operation of the device, the authors note
that a small signal analysis of the cut-off frequency, such as
m (VA - VDC
1
taking the inverse of the transit time ( fmax = t =
,
L2
t
where VA is the applied voltage and VDC is the output voltage)

(

dc

+

(VA2

2
+ 2Vdc
) arccos

(

Vdc + VF
VA

)⎤⎦⎥,

(14)

where VF is the transition voltage of the diode, the voltage at
which the diode goes from Ohmic conduction to space charge
limited conduction. The authors take a similar approach to
calculate the maximum frequency operation of a diodeconnected TFT [141]:
fmax =

⎡
m
- VA
4pL (L + L C) Vdc ⎢
⎣
+ (VA2

1-

2
Vdc
VA2

+ 2 (Vdc + VT) arccos

(3Vdc + 4VT)
(15)

( ) ].
Vdc
VA

Based on this analysis they predicted that frequency operation
at 13.56 MHz with a transdiode TFT is possible when
semiconductors such as pentacene with a measured mobility
of 0.15 cm2 V−1 s−1 are employed. The model also showed
that the maximum frequency attainable in a diode is up to two
orders of magnitude greater than for a transdiode TFT. The
authors later showed that pentacene Schottky diodes were
capable of operating in the UHF regime, by demonstrating
integrated half wave rectiﬁers on PEN foil operating with a
4.5 V DC output for a ±15 V AC input signal at 869 MHz
[142]. More recently, a pentacene Schottky diode operating
above 1 GHz has been demonstrated and will be discussed in
the next section [143].

)
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Figure 17. (a) DC current density–voltage characteristics for pentacene diodes both with (ﬁlled triangles) and without (ﬁlled squares) a PFBT

SAM coating on the Au anode. The pentacene ﬁlms were thermally evaporated with a relatively high deposition rate (3–4 Å s−1) in order to
prevent shunts. These diodes had an active area, deﬁned by the overlap of Au and Al electrodes, of 6400 μm2. The inset shows the
corresponding diode rectiﬁcation ratios. (b) Equivalent circuit for the rectiﬁer frequency dependence measurement system employed in this
work. (c) Frequency characteristics for a PFBT-coated Au anode pentacene diode rectiﬁer with a 10 V peak-to-peak sinusoidal input voltage.
The time-dependent output voltages of PFBT-coated Au anode pentacene rectiﬁers operating at (d) 14 MHz, (e) 100 MHz, and (f) 1 GHz are
also shown. Reproduced from [143]. Copyright © 2016 John Wiley & Sons, Inc.

transistors (OFETs) [148, 149]. Surface modiﬁcation can
have the effect of aligning energy levels of contacts and
semiconductors ideally, as well as attaining optimal
semiconductor ﬁlm morphology. While thin ﬁlms can be
used, as in the case where Steudel et al employed PEDOT:PSS
in their pentacene Schottky diodes to achieve a higher current
density [140], SAMs are often preferred owing to their ease of
realising molecularly-thin interlayers, which can nevertheless
have a dramatic effect on the properties of the treated
electrodes. SAMs can be deposited on a variety of surfaces
depending on the anchoring group, and deposition is carried
out at low temperatures (typically room temperature) via selfassembly from solution, usually via substrate immersion [150].
In a recent study by Kang et al [143], SAM modiﬁcation of
the Ohmic Au electrode in a pentacene Schottky diode was a
critical factor in achieving HF operation above 1 GHz (ﬁgure 17).
In their study the authors employ Raman spectroscopy to probe
the molecular orientation of pentacene thin ﬁlms, ﬁnding that Au
surfaces treated with 2,3,4,5,6-pentaﬂuorobenzenethiol (PFBT)
host more vertically aligned pentacene molecules as opposed to
untreated Au surfaces. The change in orientation of the
pentacene is attributed to the surface energy modiﬁcation due
to the SAM. Extracted hole mobilities from the space-charge
limited current region in the current–voltage characteristics of
vertical pentacene Schottky diodes show a correlated increase in
mobility from 6.8×10−4 to 0.11 cm2 V−1 s−1 when the Au
surface is SAM treated. The authors attribute the relationship
between molecular orientation and extracted device mobility to
the diminished presence of grain boundaries in the vertical
direction when the pentacene is in the standing up conﬁguration.
The secondary effect of the PFBT SAM is in enhancing charge
injection. PFBT has long been used to promote injection into
p-type semiconductors from Au owing to the dipole moment of

Owing to these impressive demonstrations, several
groups have made attempts to show that pentacene Schottky
diodes can be integrated with other components on ﬂexible
substrates. Cvetkovic et al [144] demonstrated a pentacene
Schottky diode in parallel with a capacitor as a DC rectiﬁer on
12 μm thick polyimide (PI) at frequencies up to 1 MHz. Myny
et al [145] implemented a double full wave rectiﬁer by
incorporating two pentacene Schottky diodes and two
capacitors on 200 μm thick PEN foil. With an input signal
of ±10.9 V, the output from this setup is 14.9 V at 13.56 MHz
input signal frequency, higher than would be achievable with
a single diode. Thus the authors demonstrated that the diodes
could be realised on plastic foil and integrated without
compromising the device performance. Gutierrez-Heredia
et al [146] built full wave bridge rectiﬁers based on pentacene
diodes and tested them in a frequency up to 5 MHz. However,
they note that the individual diodes output a higher DC
voltage than the bridge structures when integrated into
rectiﬁers. Finally, Myny et al [147] showed that a double
full wave rectiﬁer based on pentacene diodes on 150 mm
thick PEN foil could be used to power 64 bit and 128 bit
transponder chips for RFID at 13.56 MHz (ﬁgure 16). The
resultant transponders could be read at a read distance of over
10 cm from the RF source. The authors have included details
of an encapsulation layer of parylene C and Al but gave no
details on the stability or shelf lifetime of the rectiﬁers in air.
The demonstrated RFID tags were based solely on pentacene
and hence used unipolar p-channel logic.
5.2.2. Self-assembled monolayers (SAMs) are a diode’s best
friend. Electrode surface modiﬁcation has proven to be a key

factor in terms of high performance organic electronic devices
such as OLEDs, photovoltaics, and organic ﬁeld-effect
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modiﬁed electrodes to enhance charge injection, and
measured a maximum transit frequency of 10 MHz for a
2 μm channel length device. In the same study, they
employed 4-(dimethylamino)benzenethiol (DABT) treated
Au electrodes to fabricate C60 fullerene TFTs. The authors
previously demonstrated that DABT has the opposite effect of
PFBT on the Au surface, effectively reducing the work
function due to its dipole moment of 1.57 D (where D is the
Debye unit) pointing away from the Au surface [154]. The
effect is a change in the Au work function from 4.82 to
4.38 eV, and the realisation of 2 μm channel length TFTs with
electron mobilities of 2.22 cm2 V−1 s−1 and the highest
reported transit frequencies to date for organic TFTs of
27.7 MHz.
Schottky diodes based on C60 have also been demonstrated. As with the case of pentacene, the reported frequency
operation is much higher when surface modiﬁcation of
electrodes is employed. Im et al [155] fabricated vertical
diodes where the Schottky and Ohmic contacts were WO3
and Al respectively (ﬁgure 18). At the Ohmic contact, a 2,9dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) layer was
employed for efﬁcient Ohmic injection and to prevent
migration of the Al into the C60 layer during thermal
evaporation. At the Schottky contact, a hexamethyldisilazane
(HMDS) SAM was used to achieve a lower work function of
WO3 (measured 4.3 eV with treatment, 4.6 eV without). The
rationale for this change in work function is the same as
before, and a dipole moment of 0.41 D pointing away from
the metal has been reported. The result of the HMDS
treatment was a decrease in the turn on voltage for the diode
and a higher DC rectiﬁed output at all frequencies. When
measured in a half wave rectiﬁer setup, these diodes exhibited
an impressive cut-off frequency of 700 MHz. A current
density of 46.5 A cm−2 at +1 V was reported and the authors
note the promise of C60 in vertical diodes as, unlike
pentacene, charge transport in C60 thin ﬁlms is highly
isotropic.

5.2.3. Heterojunction hybrid diodes. Schottky diodes are not

the only organic diode type to have been investigated for HF
applications. Pal et al [156] demonstrated a pentacene/ZnO
pn junction diode with a large on-off ratio and current
densities up to 160 A cm−2 at 5 V. HF performance was
analysed by direct observation of the wave rectiﬁcation and
the device was seen to operate up to the measurement limit of
20 MHz. The stability of this device was also investigated and
the signal was found to drop by only 10% after 2 months of
storage in ambient conditions.
The ability to dope organic semiconductors controllably will
be important for both optoelectronic and HF applications [157].
Modulating doping level allows for ideal matching of energy
levels with various metal electrodes, as well as controllable
alteration to device current voltage characteristics as desired.
Kleemann et al [158] reported the fabrication of PIN diodes
based on doped-pentacene/intrinsic-pentacene/doped-C60 heterostructure. The p-type dopant employed for the pentacene
is 2,2-(perﬂuoronaphthalene-2,6-diylidene) dimalononitrile (F6-

Figure 18. (a) Rectiﬁer setup and measured results for C60 Schottky

diodes. The shapes are for the experimental data and the lines are for
the simulation results. (b) Vout obtained at several representative
frequencies. Vin is also shown for the 13.56 MHz signal. (c)
Simulated VDC versus VA for various carrier frequencies for the
devices with HMDS-treated WO3 layer. Simulation assumed no
break-down effect at negative bias. When one considers the actual
break-down voltage (VR) of the proposed devices is ≈10–15 V, the
upper limit of VA that would not cause reverse break-down will be
≈5 V as denoted by the vertical dashed line (VA≈0.5VR).
Reproduced from [155]. Copyright © 2011 John Wiley & Sons, Inc.

the small molecule increasing the effective work function of the
metal at the surface [133, 151, 152]. Thus, the authors managed
to demonstrate pentacene-based Schottky diodes with a high
current density of 100 A cm−2 and a −3 dB cut-off frequency in
a half wave rectiﬁer setup of 1.24 GHz.
Kitamura et al [153] used a similar surface modiﬁcation
approach in fabricating pentacene TFTs, using PFBT
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TCNNQ), while the n-type dopant for the C60 is tetrakis
(1,3,4,6,7,8-hexahydro-2H-pyrimido[1,2-a]pyrimidinato) ditungsten(II) (W(hpp)4). The diodes are capable of outputting 1.4 V at
13.56 MHz and ∼0.5 V at 300 MHz for an input signal of ±2 V,
while the device cut-off frequency is estimated to reach 1 GHz.

so that the crystalline domain grows in the direction of
inclination. Operating the C10-DNBDT TFTs in transdiode
mode led to cut-off frequencies in half wave rectiﬁers up to
22 MHz when the channel length was reduced to 2 μm [42].
The rectiﬁer was integrated into a 13.56 MHz transponder
and used to power a 5-stage ring oscillator based on
complementary organic logic. Previously the same group
had compared 2,9-di-decyldinaphtho[2,3-b:2′,3′-f]thieno
[3,2-b]thiophene (C10-DNTT) based TFTs, where the
semiconductor was either vacuum-evaporated or solutioncrystallised and measured cut-off frequencies of 20 and
10 MHz, respectively [124]. By applying a vacuum-deposition process of the parent small molecule dinaphtho[2,3b:2′,3′-f]thieno[3,2-b]thiophenes (DNTT) through a shadow
mask from a diagonal direction they had obtained 3D
organic transistors comprising vertical extremely short
channel lengths (0.8 μm) and reduced parasitic capacitance
[131]. Organic rectiﬁers based on the diode-connected 3DOFETs showed a cut-off frequency of 20 MHz.
Another alternative to achieving high quality small
molecule ﬁlms from solution is through blending the small
molecule with a polymer. Blend systems have been
extensively studied for achieving greater control over the
deposition and crystallisation of small molecules for high
performance TFTs [164–169]. In general, a conjugated
polymer acts as a binder for the small molecule. However,
insulating polymers such as polystyrene can also be used, and
have a similar beneﬁcial effect on ﬁlm formation [170, 171].
de Zerio Mendaza et al [172] found that while C60 solutions
tended to dewet from SiO2 substrates during processing, the
addition of 9% wt ultrahigh molecular weight polystyrene
resulted in even ﬁlm coverage, and TFTs with ﬁeld effect
mobilities on the order of 1 cm2 V−1 s−1 were demonstrated.
Using blends in a Schottky diode may be problematic
however, owing to the tendency of blends to vertically phase
separate. To this end, Semple et al recently reported planar
Schottky diodes based on a C60:polystyrene blend [93]. The
deposition of high quality ﬁlms was achieved on prepatterned planar Al Ohmic and Au Schottky contacts
separated on the order of 10–20 nm. The small channel
length and low device capacitance resulted in extrapolated
cut-off frequencies of 400 MHz when used in a half wave
rectiﬁer setup.

5.2.4. Solution processed small molecule devices. A key

advantage of organic electronics is their often high solubility in
common solvents, as it enables manufacturing solution-phase
methods including inkjet printing, and various larger area rollto-roll compatible methods, such as gravure printing. However,
solubility as well as substrate compatibility issues have made it
difﬁcult to realise HF organic small molecule thin ﬁlms such as
pentacene or C60 from solution phase. Since ﬁlm morphology
plays an important role on charge transport in small molecule
semiconductors, this is a critical point which must be
addressed. Herwig et al [159] developed a precursor
chemical route for pentacene based on [n]acenes. Cantatore
et al [27] used this solution processing route to fabricate
pentacene transdiode-operated TFTs on 25 μm thick PI foil
which were incorporated into functional 13.56 MHz rectiﬁers.
The rectiﬁers themselves were integrated with 6 bit organic
RFID transponders, providing a powerful demonstration of the
potential of solution processed diode technology.
Solution processable precursor materials to traditional
high quality vacuum processed small molecule systems
certainly have their advantages, but an alternative approach
is the use of their functionalized counterparts. Here carefully
selected solubilizing side chains are chemically attached onto
the semiconducting small-molecule enabling high solubility
(e.g. phenyl-C61-butyric acid methyl ester (PCBM), and
6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene).
In fact, ink-jet printed co-planar organic TFTs on ﬂexible foils
based on a TIPS-pentacene:polystyrene ink have been
demonstrated and implemented in unipolar ICs such as
NOT and NAND gates as well as in 19-stage ring-oscillators
[160]. Furthermore, nearly 300 inkjet printed TFTs were
integrated on a surface area of 34 mm2 of plastic foil, to
realise 8 bit RFID transponder circuits.
With the application of rectiﬁcation in mind, Higgins
et al [161] used zone casted TIPS-pentacene in a self-aligned
gate TFT and achieved fT values above 1 MHz despite low
mobilities of just 0.03 cm2 V−1 s−1. The use of scalable
techniques such as zone casting of the active layer, as well as
the use of a novel nanoimprint technique, which allows
development of TFTs with channel lengths down to 375 nm,
is promising.
Another choice is the use of emerging soluble high
mobility small molecules. The Takeya group developed a
method for the deposition of highly ordered [1]benzothieno
[3,2-b]benzothiophene derivative (C8-BTBT) [162] and
decyl substituted dinaphtho[2,3-d:2′,3′-d′]benzo[1,2-b:4,5b′]dithiophene (C10-DNBDT) [163] from solution to fabricate TFTs with mobilities on the order of 5 and
16 cm2 V−1 s−1, respectively. This was achieved via an
‘edge-casting’ technique whereby a droplet of the solution is
sustained at an edge of a structure on an inclined substrate,

5.3. Polymer-based RF devices

Organic semiconductors based on conjugated polymers offer
another route towards solution processed HF ﬂexible electronics. These systems offer more ﬂexibility and ease of
processing from solution over small molecule systems, but in
general suffer from lower mobilities. Recently, Kang et al
[173], using a commercial polymeric semiconductor,
Lisicon® S1200, showed TFTs with transition frequencies
above 1 MHz with mobilities of 0.5 cm2 V−1 s−1. Using silver
ink as the S/D contacts and commercial SAM Lisicon®
M001, a driving voltage of 10 V was used to achieve MHz
operation. Gate electrodes smaller than 5 μm were gravure
printed on PEN at low temperature (140 °C for metal
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contacts) in air. Higgins et al [174], using a similar selfaligned approach as discussed in the previous section,
recently fabricated TFTs with fT values up to 3 MHz. This
performance was achieved by minimising electrode overlap
capacitance to 0.03 pF mm−1 by employing a gravure printed
gate dielectric. The active layer consisted of the donor–
acceptor copolymers diketopyrrolopyrole-thieno[3,2-b]thiophene (DPPT-TT) and poly([N,N′-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-2,6-diyl]-alt-5,5′–(2,2′bithiophene)) (P(NDI2OD-T2)), which were inkjet printed.
Bucella et al [175] showed that alignment of P(NDI2OD-T2)
polymer by combining pre-aggregating solvents for formulating the semiconductor and adopting a room temperature
wired bar-coating technique led to TFTs with incredible
mobilities up to 6.4 cm2 V−1 s−1. The high mobility in these
devices enabled fT=3.3 MHz values to be extracted.
In terms of Schottky diodes, Altazin et al [176] have provided a model whereby the cut-off frequency in unipolar organic
devices is limited by the carrier time-of-ﬂight rather than the
diode equivalent capacitance as in a conventional Schottky
diode. The result is that the cut-off frequency is given by:
fC = m (VA - VT) / L2 ,

The Lupo group employed poly(triarylamine) (PTAA) as
an air stable gravure printed active layer [181]. Half wave
rectiﬁers produced 3.5 V DC on application of ±10 V AC
signals even after one month in air. The authors note that a
decrease in the active layer thickness leads to an even higher
output voltage, but also leads to a drop in the yield (from
∼97% for thicker active layers to an unspeciﬁed lower value).
The PTAA diodes have also been integrated via gravure
printing into full wave bridge rectiﬁers. As expected, the full
wave rectiﬁers resulted in a reduced ripple seen in the output.
However, the magnitude of the output power also dropped by
over a half. This is attributed to the cumulative voltage drop
across the diodes. More recently, the same group employed
PTAA diodes to build a two-stage charge pump circuit on a
PET ﬁlm, capable of outputting three times the voltage of a
single diode half-wave rectiﬁer (8.4 V as compared to 2.8 V
over a 1 MΩ load at 13.56 MHz) [182]. Considering further
circuit integration of these diodes, they considered the effect
of printed PTAA diodes capacitance on rectenna circuit
resonance and found that the capacitance in this case is large
enough that it must be considered, since it has a signiﬁcant
effect on the DC output voltage [183].
Further integration of printed Schottky diodes has been
carried out by many groups. As already mentioned above, Lin
et al [179] used their printed PQT-12 diode (discussed above)
with screen printed capacitors and an antenna to build a
demonstrator wireless powerless transmission sheet. The
resultant DC voltage transferred from a commercial
13.56 MHz RF radiator was sufﬁcient to power a green LED.
Jung et al [184] employed a voltage tripler based on hybrid
polyaniline (PANI)/cobalt doped zinc oxide nanowire diodes
to fabricate an all printed rectiﬁer incorporated into a roll to
roll gravure printed 1 bit RFID tag (ﬁgure 19). The voltage
tripler rectiﬁer was capable of outputting 10 V at a read distance of roughly 1–3 cm from a 13.56 MHz radiator outputting a signal of roughly ±15 V. The output performance
characteristics of the rectiﬁers based on organic materials are
summarised in table 3.

(16)

where μ is the semiconductor mobility, VA is the applied voltage, VT is the threshold voltage and L is the device length. Based
on this very simple model the authors argue that polymer rectiﬁers may operate in the range of 13.56 MHz despite their
inherently lower mobilities if the active layer thickness in
minimised. The hypothesis is backed up by the experimental
fabrication of devices of varying thickness based on (poly
(ﬂuorene-alt-triarylamine) (TFB), where diodes with the lowest
thickness (70 nm) exhibited the best RF performance (∼1.5 V
DC output for ±6 V AC input at 13.56 MHz). Lilja et al [177]
reported a similar trend for poly(triarylamine) (PTAA)-based
Schottky diodes fabricated via gravure printing, for which the
highest frequency operation of up to 10 MHz was obtained from
diodes based on the thinnest semiconducting layer (∼500 nm).
Kim et al [178] similarly observed a higher frequency performance for thinner diodes fabricated from spin cast ﬁlms of poly
(3-hexylthiophene) (P3HT) for which maximum DC outputs of
3.2 V for AC inputs of ±10 V at 1 MHz, were obtained.
The air stability of these polymer devices is also an issue.
Lin et al [179] fabricated Schottky diodes based on P3HT and
poly(3,3-didodecylquaterthiophene) (PQT12) via spin coating. The PQT-12 device was superior in terms of performance
(4 V DC output at ±10 V AC when in rectiﬁer setup).
Notably the PQT-12 diode showed some air stability, with
minimal changes occurring in the I–V characteristics after
120 h in ambient conditions, while the P3HT diode showed a
dramatic breakdown in rectiﬁcation. This is attributed to the
higher HOMO level of the PQT-12, making it less susceptible
to oxidative doping associated with ambient conditions (e.g.
humidity, etc) and more environmentally stable. Bose et al
[180] report the use of a commercially available amorphous
co-polymer of arylamine and a fused aromatic species
(FS102, Flexink Ltd) for air stable solution processed diodes.
The diodes show current densities of up to 10 A cm−2 at 10 V
but rectiﬁcation only occurs at frequencies up to 10 kHz.

6. Carbon-based nanomaterials
Carbon based nanomaterials exhibit a unique combination of
thermal, electronic and mechanical properties, making them
desirable for a number of applications. While, possibly, the
furthest from commercialisation in ﬂexible RF rectiﬁers, as
they face the greatest integration and fabrication challenges,
this material class has the potential to outperform competitors
in terms of frequency performance and current driving capability, primarily due to their exceptional carrier mobility
values.
6.1. Carbon nanotubes

CNTs have been attracting tremendous interest since their
discovery by Iijima in 1991 [186], owing to their mechanical
stiffness and strength [187], ﬂexibility [188], unprecedented
thermal conductivity [189] arising from the carbon–carbon
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Figure 19. (a) Fully printed and R2R-printable SWCNT inverters with (b) an input and output frequency of 60 Hz and (c) ﬁve stages of the

SWCNT ring oscillator with (d) an oscillated frequency of 60 Hz. (e) Voltage tripler circuit using three of the printed diodes and three of the
printed capacitors to provide more than 10 V DC from the 13.56 MHz RFID reader. (f) Input–output electrical characteristics of a printed
diode with a printed capacitor at 13.56 MHz AC. (g) Attained DC outputs of the printed rectenna based on the reading distance from the
13.56 MHz reader (13.56 MHz RFID chip: TRH031M, Protocol: ISO/IEC 14443 A/B, 15693 Standards, Communication distance: up to
10 cm. Antenna size: 75 × 50 mm, 2.7–3.6 operation voltage and 0.3-power down mode current). Reprinted, with permission, from [184].
Copyright © (2010) IEEE.
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Material

Diode type

Substrate

DC output (V) (RL)

TFT transdiode
TFT transdiode

Glass
PI

Schottky diode Au/PEDOT: PSS/pentacene/Al

Si wafer

Schottky diode Au/pentacene/Al

glass

6 V (50 kΩ)
11
25
11
8 (50 kΩ)
9.8
11
4.5 (1 MΩ)
14.9 (1 MΩ)
8.1
5 (1 MΩ)
6
3.8 (1 MΩ)
0.11 (200 Ω)
1.4
0.5 (1 MΩ)

AC input (V)

Frequency (MHz)

Year

Ref.

±18
±20
±60
±18

14
0.125
13.56
14
50
13.56
433
869
13.56
1

2006
2007

[141]
[27]

2005

[140]

2008

[142]

2008
2012

[145]
[146]

2016

[143]

2008
2012

[156]
[158]

2015
2011

[161]
[155]

2016

[93]

2015

[131]

2015

[42]

Small molecules
Pentacene

±15

Schottky diode Au-PFBT/pentacene/Al

PEN
PEN
PEN (single)
PEN (full bridge)
Glass

p–n diode ITO/ZnO/pentacene/Au
PIN diode Al/pentacene:F6-TCNNQ/pentacene/C60:W(hpp)4/Al

Glass
Glass

Self-aligned gate TFT transdiode
Schottky diode Al/WO3-HMDS/C60/BCP/Al

plastic foil
Glass

—
1.79 (500 kΩ)

Schottky diode Al/C60:PS/Au

glass

1.2 (1 MΩ)

DNTT

TFT transdiode

Glass

10
8

±15

C10-DNBDT

TFT transdiode

Glass

10
8 (200 kΩ)

±15

P3HT

Schottky diode Au/P3HT/Al
Schottky diode IZO/PEDOT:PSS/P3HT/Al

Glass
PC

3.2 (1 MΩ)
5 (1 MΩ)

±10
±10

1
5

2010
2011

[178]
[179]

PQT12

Schottky diode IZO/PEDOT:PSS/PQT12/Al

PC

4 (1 MΩ)

±10

2011

[179]

PTAA

Schottky diode Cu/PTAA/Ag
Schottky diode Cu/PTAA/Ag
-II- (2-stage charge pump circuit)
Schottky diode ITO/PEDOT:PSS/TFB/Al

PET
PET
PET
Glass

2.7 (1 MΩ)
3.5 (1 MΩ)
8.4 (1 MΩ)
1.5 (1 MΩ)

±10
±10
±10
±6

13.56
fcut-off>14
10
13.56
13.56
13.56

2009
2013
2014
2014

[177]
[181]
[182]
[185]

-II- doubler
Schottky diode Au/pentacene/Al
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TIPS-pentacene
C60

±10.9
±10
±10
±2
±2
—
±10
±5

1
1000 fcut-off=1240
15
20
300
fcut-off=1000 (estimated)
fT=2.23 (VGS=−40 V)
13.56
fcut-off=700
13.56
fcut-off=400 (extrapol.)
1
15
fcut-off=20
1
15
fcut-off=22
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sp2 chemical bond, and unique quasi one-dimensional (1D)
electronic structure, which leads to low scattering probability
and very high charge carrier mobilities. Their low self-heating
characteristics also result in high breakdown voltages, while
their low dimensionality gives rise to a very low quantum
capacitance. The combination of all these attributes leads to
the prospect of CNTs having a major role in the future of
high-speed ﬂexible electronics.
The electronic properties of CNTs are highly dependent
on their morphology (chirality, diameter etc). As such, around
one third of single walled carbon nanotubes (SWCNTs) are
metallic and two thirds are semiconducting [190]. Metallic
nanotubes may ﬁnd uses in large-area applications as contacts
for diodes and TFTs [191], as well as in the interconnects for
integrated circuitry [192], owing to their ability to sustain
current densities in excess of 109 A cm−2 [193]. Meanwhile,
semiconducting nanotubes exhibit ﬁeld-effect mobilities of up
to 8×104 cm2 V−1 s−1 with intrinsic mobilities predicted to
exceed 105 cm2 V−1 s−1 [194]. As a result, CNTs have shown
intrinsic current gain cut-off frequencies up to 80 GHz. The
potential of the integration of these devices into RF electronics was demonstrated in 2007 when three separate groups
reported using nanotube components in the antennae, demodulators and ampliﬁers to fabricate nanotube radios
[195–197]. Rutherglen et al [198] provide a detailed review
into CNT TFTs for a range of RF applications. One consideration for integration into RFID technology is that semiconducting SWCNTs exhibit dominant p-type conductivity
when exposed to air. This is thought to be due to the
adsorption of oxygen [199], implying that if CNTs were to be
used for logic as well as rectiﬁcation, a compatible n-type
semiconductor would need to be employed to enable complementary logic. Alternatively, a cost-effective encapsulation
technology and/or device/circuit processing under inert
atmosphere would be required.

measurements of a CNT Schottky diode at up to 18 GHz
employing a microwave signal generator and predicted an
ultimate cut-off frequency of 400 GHz based on the device
series resistance and junction capacitance. The same authors
later conducted direct measurements of the cut-off frequency
using four devices with several CNTs in parallel, and found a
value of 950 MHz for the 0-bias device cut-off frequency.
Applying a positive DC bias, the cut-off frequency increased
up to 3.6 GHz at +1.2 V [204].
For HF applications, it is important to match the impedance
of the device with the source impedance (generally 50 Ω) to
minimise signal reﬂection. The quantum of conductance for a
single quantum channel, found by integrating the density of
states between source and drain potentials, is e2/h, where h is
the Planck’s constant. A CNT has four parallel quantum
channels owing to spin and band degeneracy, yielding a total
minimum impedance (inverse of conductance) of
4 h/e2∼6.45 kΩ [204]. In practice, device impedance may
have to be reduced by placing several CNTs in parallel. The
issue of increasing contact resistance with increasing number of
CNTs may then have to be addressed. This can be achieved by
reducing the channel length. Kim et al [205] reported a dramatic
scaling of CNT length with contact resistance. A further drive
for the reduction of channel length comes from the observation
of Cobas et al [204] in the observation of the scaling of junction
capacitance with channel length. Capacitance was extracted
from values of cut-off frequency and it was concluded that stray
capacitance between a long CNT channel and a metal electrode
dominated junction capacitance in long-channel devices.
Importantly, the authors also note that the relationship between
device capacitance and the number of CNTs scales sub-linearly,
while the resistance scales inversely. Thus, the outlook is that
many short nanotubes in parallel will yield devices with the
highest cut-off frequencies.
AC dielectrophoresis (DEP) is a process for the aligning
of several CNTs over two electrodes. In this process, a drop
of CNT containing liquid dispersion is placed over electrodes
and an alternating electric ﬁeld applied so as to induce a
dipole moment and align the CNTs between the electrodes.
As well as being a viable route toward the large scale aligning
of multiple CNTs between electrodes, AC DEP has the
further advantage of selectively sorting metallic and semiconducting CNTs [206]. Steiner et al [207] fabricated 100 nm
channel length TFTs using e-beam lithography and AC DEP
of semiconducting single walled CNT dispersions to achieve
extrinsic values of fT and fmax of 7 and 15 GHz, respectively.
Li et al [208] fabricated SWCNT Schottky diodes using AC
DEP on photoloithograpically patterned Hf and Au contacts.
While they did not measure the AC characteristics of the
devices in this instance, it seems DEP is a promising route
towards future high-speed CNT Schottky diodes.

6.1.1. Fabrication considerations. A unique consideration of

the nanomaterial family in Schottky diode fabrication is that
the devices must be lateral rather than vertical as in the case of
thin ﬁlms. Such a constraint is necessary to avoid direct
contact and thus shorting of the Schottky and Ohmic contacts.
Thankfully nanomaterials, and particularly CNTs, can be
fabricated with extremely large aspect ratios (Zhang et al
reported CNTs grown up to half a metre in length [200]).
A further consideration from this constraint is that
asymmetric lateral contacts need to be fabricated. As such,
reported channel lengths for CNT Schottky diodes to date
have been constrained to >1 μm. To this end, Lu et al [201]
employed e-beam lithography to form devices with lengths of
∼3 μm between Al (Schottky) and Au (Ohmic) contacts.
Manohara et al [202] used a combination of photolithography
and angle evaporation to fabricate ∼2 μm gaps between Ti
(Schottky) and Pt (Ohmic) contacts on pre-located CNTs
(ﬁgure 20). For such a device architecture containing four
nanotubes in parallel, the cut-off frequency was predicted
from extracted values of series resistance to be 540 MHz, with
low voltage operation. Cobas et al [203] carried out direct

6.1.2. Flexible CNT devices. Park et al [209] provide a recent

general overview of ﬂexible electronics based on CNTs
including high-speed ﬂexible CNT-based devices. Importantly,
Chen et al [210] showed by fabricating IR photodetectors based
on symmetric Au contacts that CNT devices based on polymeric
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Figure 20. (a) Schematic representation of SWNT-Schottky diode showing the Ti-Schottky and the Pt-Ohmic metal layers deposited through

angled evaporation, (b) AFM phase plot image of a typical SWNT-Schottky diode. The s-SWNT diameter varied from 1 to 3 nm while its
length varied from 1.7 to 2.5 μm. (c) Ideality curve ﬁts in low bias range for d1-II (with single s-SWNT) and d2-II (with four s-SWNTs)
Schottky diodes. The curve shows the absolute magnitude of the current plotted against the corresponding voltage. The diode ﬁts give
n=1.5–1.9 and IS=1.3–15 nA for the two diodes. (d) The dependence of the voltage responsivity (βV), the noise equivalent power (NEP),
and the cut-off frequency ( fC) on the series resistance of a hypothetical 100-nanotube SWNT-Schottky diode. The values are calculated for
direct detection at 2.5 THz frequency signal at room temperature. The inset shows the diode RF equivalent circuit used in this model.
Reprinted with permission from [202]. Copyright (2005) American Chemical Society.

substrates exhibit lower noise than those based on glass/quartz.
This is a key consideration for integration into HF ﬂexible
electronics. Han et al and Vaillancourt et al [211, 212] note the
need for CNTs of a high electronic grade, which are free from
amorphous carbon that can coat CNT sidewalls. Using such
solution processed CNTs they realised TFTs on ﬂexible
substrates operating at >300 MHz. Building on this early
work, Vaillancourt et al [213] reported all inkjet-printed CNTbased TFTs operating up to 5 GHz, though operating with a low
transimpedance gain of <0.05. The improvement in
performance was attributed to incorporating circuit elements
directly on the polyimide substrate rather than using external
measurement circuitry. Chimot et al [214] employed AC DEP to
fabricate TFTs with a channel length of 800 nm on 250 μm thick
PET substrates, demonstrating the compatibility of the process
with ﬂexible substrates. The devices have extrinsic fT values of
up to 1 GHz, and show constant values of transconductance
when measured at DC for bending radii down to 3.3 mm.
Yang et al [215] fabricated CNT Schottky diodes on a
polyether ether ketone (PEEK) substrate. The authors highlight
the compatibility of this substrate with chemicals used during

processing as well as the relatively high glass transition
temperature and low thermal expansion coefﬁcient of PEEK in
the selection of this substrate. A novel undercut method was
employed to form closely spaced asymmetric electrodes on the
order of 1 μm in the form of a log periodic array antenna. CNTs
were aligned between the electrodes using AC DEP (ﬁgure 21).
The diode was measured at a ﬁxed frequency of 18 GHz, and for
a radiated power input of 13 dBm gave a 0 bias output of
∼1.5 mV and a maximum output of 9 mV when biased at
+0.4 V. The authors again noted impedance mismatch as a
limiting factor in the HF operation of the device but highlight the
progress made by adopting many CNTs in parallel as well as in
minimising the channel length.
CNTs are typically grown on rigid substrates via chemical
vapour deposition (CVD), arc discharge or laser ablation
[216–218]. Unfortunately, these growth processes are often
carried out at high temperature (>500 °C), hence rendering them
incompatible with inexpensive ﬂexible substrate materials. To
circumvent this issue, direct transfer of CNTs onto ﬂexible
substrates has been demonstrated by spin coating a polymeric
layer such as poly(vinyl alcohol) (PVA) [219], poly(methyl
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Figure 21. (a) Photomicrograph of a log-periodic antenna with CNT Schottky diodes. (b) AFM scan of the CNT diode region. (c) Close-up

view of CNT rich region. Reprinted, with permission, from [215]. Copyright © (2011) IEEE.

methacrylate) (PMMA) [220], or polyimide [221] onto the asgrown CNTs followed by a subsequent peel off step.
Furthermore, once grown, CNTs may be dispersed in solution,
and stabilised from re-aggregation via solvent or surfactant
stabilisation [222, 223], enabling their possible use in printable
electronics. These different routes demonstrate the versatility of
CNTs and their potential for application in large-volume RF
ﬂexible electronics.

new insights into the growth mechanisms of SWCNTs may in
future provide a greater yield of semiconducting CNTs. Loebick
et al [224] have found that a lower 600 °C temperature led to a
yield of ∼93% semiconducting SWCNTs when using CoMn
bimetallic catalysts. Che et al [225] have demonstrated a yield of
up to 97.6% semiconducting SWCNTs via CVD by employing
2-propanol (IPA) as the carbon feedstock. Islam et al [226]
provide a recent detailed review on methods for both growing
high yield semiconducting SWCNTs and separating metallic and
semiconducting SWCNTs after growth, while Hersam [227]
provides an account of progress towards monodisperse SWCNT
dispersions.
Wang et al [228] have noted that density gradient
ultracentrifugation (DGU) is a particularly scalable technique
for the isolation of semiconducting SWCNTs. The achieved
deposition of SWCNTs onto a poly-L-lysine solution-treated
polyimide substrate by simple immersion. Resultant TFTs
with channel lengths of 4 μm exhibited mobilities of
50 cm2 V−1 s−1 and values of intrinsic fT and fmax of 170
and 118 MHz respectively.
The most reliable route towards semiconducting CNT
isolation may be the so-called polymer sorting route, where
polyﬂuorene-based conjugated polymers have been shown to
yield semiconducting CNT purities of >99.9% [229]. Cao
et al [230] have taken advantage of these high purity

6.1.3. Challenges. A consideration in any transfer technique

is the alignment of CNTs with regard to the conductive
electrodes. The use of electron microscopy to ﬁnd CNTs and
pattern electrodes around them is obviously not feasible for
large-area applications. Cobas et al [203] report a fully
photolithographic route towards the fabrication of aligned
Ohmic and Schottky contacts, requiring no sophisticated
patterning techniques. However, as the authors are depositing
electrodes ‘blind’ on top of the CNTs, the yield of electrodes
connected by CNTs is low.
Furthermore, separation of semiconducting and metallic
CNTs still remains a major problem. When fabricating devices
from single CNTs, Manohara et al noted that device yield
decreases due to the possibility of the existence of a metallic
CNT [202]. Lu et al [201] reported 40% of their CNT Schottky
diodes failing due to the presence of metallic CNTs. However,
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dispersions and employing the process of dose-controlled,
ﬂoating evaporative self-assembly developed by Joo et al
[231], have demonstrated TFTs with extrinsic values of fT and
fmax of 40 GHz. The measured devices display some
reproducibility, with a reported ∼20% device-to-device
variation. This is promising for the development of scalable
solution deposited CNT devices in the UHF regime.
However, at present, scaling of the production of such
devices is not feasible, the TFT in this case having a channel
length of just 100 nm. While the reduction in the channel
length for both TFTs and diodes based on CNTs is a critical
issue for device performance (as discussed above), the routine
fabrication of sub-100 nm separated electrodes at a low-cost
production level is not trivial. In the case of diodes, the
fabrication steps become even more complex, as asymmetric
electrodes must be employed.
Conventional nanogap patterning techniques, including
electron beam lithography [232, 233], mechanical break
junctions [234, 235] and electromigration [236, 237], are
typically neither compatible with large-area ﬂexible substrates
nor asymmetric electrodes essential for Schottky diodes.
Emerging patterning techniques may hold some promise in
this area in fabricating asymmetric nanogap electrodes
[238, 239]. However, the lack of scalability of these
fabrication techniques is an issue.
In recent years, signiﬁcant effort has been focusing on the
development of alternative asymmetric nanogap electrode
fabrication techniques with the help of SAMs [240–244].
Recently, the group of Anthopoulos reported on adhesion
lithography (a-Lith), a technique based on the modiﬁcation of
surface energies of conductive electrodes using SAMs for the
large-area patterning of asymmetric nanogap electrodes [95].
These nanogap electrodes are routinely fabricated with
separation <20 nm. Uniquely, this is a large-area compatible
technique, capable of producing many nanogap electrode sets
simultaneously. As the technique is highly reproducible and
compatible with ﬂexible substrates [94, 245], it may be a
promising avenue for the pursuit of HF nanomaterial based
devices, and pave the way towards large-area plastic nanoelectronics.

with superior frequency performance, the record to date being a
TFT with an intrinsic value of fT of 427 GHz [251], though a
channel length as small as 67 nm was needed to achieve this.
Current levels in graphene Schottky diodes have reached the mA
level, far exceeding those reported for CNT Schottky diodes
[252]. Despite the rectiﬁcation ratio being low due to the
absence of a bandgap in graphene, the measured device impedance of 60 Ω allows the observed operation of the diode in the
frequency range 40–65 GHz.

6.2.1. CVD graphene for flexible devices. The electronic

properties of graphene were ﬁrst studied using mechanically
exfoliated samples from graphite. The technique, while in no
way industrially scalable, is still often used in device
fabrication. For example, Petrone et al [253] recently
demonstrated ﬂexible graphene TFTs passivated by layers
of hexagonal boron nitride (hBN) on either side on a PEN
substrate to achieve extrinsic values of fT and fmax of 12 and
10.6 GHz, respectively. The high quality of the devices was
attributed to the enhanced dielectric environment provided by
the hBN encapsulation.
While mechanically exfoliated graphene was often
favoured in the early days of graphene research for high
quality electronic device fabrication, CVD-grown graphene
has become competitive in terms of performance. This high
temperature technique is generally carried out on copper
substrates, but the resultant ﬁlms can be transferred to ﬂexible
substrates by dissolution of the copper and lifting out of the
ﬂoating graphene ﬁlms onto new substrates [254].
Several groups have demonstrated the potential of highly
ﬂexible devices using transferred CVD graphene. Petrone
et al [255] were the ﬁrst to report graphene TFTs with
performance in the GHz regime with strains over 0.5%.
Speciﬁcally, the devices were fabricated on 127 μm thick
PEN with channel lengths of 900 nm and exhibited values of
fT and fmax 6.3 GHz and 2.5 GHz, respectively. Yeh et al
[256] implemented a self-aligned-T-gate structure on PET
ﬁlms with a native AlOx gate dielectric and demonstrated
devices with fT of 32 and 13 GHz when the device was under
a bending radius of 2.5 mm (2.5% strain). The TFTs were
used to demonstrate low noise ampliﬁers and frequency
mixers in the range 1–10 GHz. Lee et al [257] fabricated
graphene TFTs on polyimide substrates, which exhibited
electron mobilities of 3900 cm2 V−1 s−1 and intrinsic values
of fT of 25 GHz. The passivation of these devices with
ﬂuoropolymers provided water resistance, while the potential
of the technology for application in ﬂexible electronics was
further highlighted with the demonstration of functional
devices down to an impressive bending radius of 0.7 mm.
Wei et al [258] further boosted the observed value of fT
on ﬂexible substrates to 39 GHz, by reducing the channel
length to 180 nm via e-beam lithography on polyimide
substrates, and again employing an Al gate with native
AlOx as the dielectric. The ﬂexible devices were seen to have
a good stability, showing a variation in these values of less
than 15% after 1000 bending cycles to a bending radius of

6.2. Graphene

Graphene is a quasi-2D crystalline allotrope of carbon. Since its
discovery in 2004 [246] it has been the centre of a vast amount
of research owing to its unique mechanical, optoelectronic,
spintronic and plasmonic properties. The electrical properties of
graphene have been at the forefront of the investigation into
graphene. The original article reported the fabrication of a graphene TFT with a mobility of 10 000 cm2 V−1 s−1 [246]. Since
then, devices have been fabricated with mobilities of up to
200 000 cm2 V−1 s−1 [247, 248].
Graphene has several of the inherent advantages associated
with CNTs, but it has some of its own unique advantages too.
Quantisation of conductance does not occur in graphene as in
CNTs. Thus impedance mismatch at radio frequencies is not an
issue [249, 250]. As a result, devices have been demonstrated
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12 mm. In a practical demonstration, Yogeesh et al [259, 260]
fabricated a graphene TFT on polyimide and employed it as a
demodulator for an AM radio signal at 2.4 GHz. The
graphene was fabricated on Cu via CVD and transferred to
the ﬂexible substrate via wet-transfer. The authors combined
the graphene demodulator with a graphite antenna and further
demonstrated a thermoacoustic speaker based on monolayer
graphene for compatibility.

opening up a bandgap by using graphene nanoribbons [270].
A different approach investigated recently is to employ
alternative quasi-2D materials for RF electronics. One such
material which has been studied in this regard is a member of
the transition metal dichalcogenide family, molybdenum
disulphide (MoS2) [271]. Like graphene, MoS2 can be
exfoliated from bulk material. While exhibiting intrinsically
lower electron and hole mobilities than graphene, TFTs based
on few layer MoS2 were reported to exhibit effective
velocities of 2.8×106 cm s−1 and monolayer MoS2 TFTs
to exhibit effective velocities of 1.1×106 cm s−1 under highﬁeld saturation in TFTs, rendering sub-micron devices
suitable for GHz operation [272, 273]. Furthermore, the
presence of a direct bandgap in monolayer MoS2 makes it
interesting for both optoelectronics and more practical HF
ﬂexible electronics [274]. As such, there have been reports of
MoS2 TFTs with sub-micron channel lengths operating into
the GHz regime. Krasnozhon et al [275, 276] found superior
values of fT up to 6 GHz in TFTs based on trilayer MoS2 as
opposed to monolayer MoS2, attributing this behaviour to the
lower contact resistance in the thicker stack. This was
evidenced by more pronounced saturation behaviour in the
trilayer device. However, the frequency performance of the
TFT device degraded for thicker channel layers. Here the
MoS2 was grown via CVD and transferred using a similar
process as used in graphene TFTs.
Chang et al [277] demonstrated ﬂexible MoS2 TFTs
fabricated on 125 μm thick polyimide substrate. The
nanochannel devices were shown to exhibit an fT of
2.7 GHz and operating stability through 10 000 bending
cycles to a bending radius of 12.5 mm. Furthermore, the
authors showed that these devices could successfully be used
for AM demodulation. Using short channel lengths of 68 nm,
Cheng et al [278] demonstrated self-aligned gate TFTs with
values of fT and fmax of 4.7 GHz and 5.4 GHz, respectively, on
polyimide substrates with no observable degradation in their
DC characteristics after 1000 bending cycles to a bending
radius of 5 mm. Devices with slightly longer channel lengths
of 116 nm were also employed as ﬂexible RF ampliﬁers
operating at 300 MHz, clearly highlighting the important role
of channel length in maximum performance attainable in
MoS2 TFTs.
Another alternative 2D material is monolayer black
phosphorous (BP), known as phosphorene [279]. This
recently isolated single layer allotrope of phosphorous has
the advantages a high hole mobility and the presence of a
direct bandgap. Zhu et al [280] recently demonstrated ﬂexible
top-gated BP transistors on PI substrates exhibiting low-ﬁeld
hole mobility of 233 cm2 V−1 s−1 and fT and fmax of
∼17.5 GHz and 14.5 GHz, respectively, in TFTs with channel
length L of 0.5 μm. The authors attribute the exceptional
performance of their BP-TFTs to the use of optimised
dielectric coatings which enhanced the air-stability of the
active channel during microfabrication. Table 4 summarises
the performance characteristics of the above-mentioned
nanomaterials-based rectiﬁers.

6.2.2. Solution phase graphene. A more straightforward

route to enabling graphene on ﬂexible substrates is via
solution phase exfoliation of graphene 2D ﬂakes from
graphite and subsequent deposition. Different methodologies
to achieve stable graphene dispersions exist, including
graphene oxide exfoliation and subsequent reduction [261],
surfactant stabilised exfoliation [262], solvent stabilised
exfoliation [263], sterically stabilised polymer exfoliation
[264] and intercalation [265]. It is highly important that
monolayer dispersions are obtained for device fabrication,
and research is progressing on the realisation of complete
monolayer graphene dispersions through techniques such as
DGU [266] and cascade centrifugation [267].
Sire et al [268] fabricated near monodisperse suspensions of
graphene with ﬂake dimensions on the order of a few hundred
nm in diameter via aqueous surfactant exfoliation of graphite
followed by DGU. Graphene monolayers were aligned between
S/D electrodes separated by 260 nm via DEP on polyimide
substrates. While the authors do note that DEP is not a feasible
large-area deposition technique, they were able to demonstrate
ﬂexible graphene TFTs with extrinsic values of fT and fmax of
2.2 GHz and 550 MHz respectively. The fact that such high
frequencies have been achieved in TFTs made on plastic
substrates via deposition of graphene from liquid phase is
encouraging for the future of large-area printed high-frequency
ﬂexible graphene electronics.
Kaur et al [269] employed graphene oxide in an aqueous
dispersion in the only demonstration of solution phase
fabricated graphene Schottky diodes to date (ﬁgure 22). In
general, high temperatures are needed for the reduction of
graphene oxide. The authors overcame this dilemma by
adding hydrazine hydrate to the graphene oxide dispersion,
and later annealing the diodes at 100 °C. PEEK was again
chosen as the substrate due to its chemically inert nature, its
low thermal expansion and its high glass transition temperature. The authors fabricated sub-micron asymmetric Ti/Pd
electrode gaps using an undercut method and aligned the
graphene ﬂakes via DEP. The graphene was not fully
reduced, thus leaving some presence of a band gap which
enabled rectiﬁcation at the cost of carrier mobility. The diode
was capable of outputting a DC signal of just over 2 mV for
an input power of 10 dBm at a frequency of 26 GHz.
6.2.3. Alternative 2D materials. As already mentioned, the

absence of a bandgap in graphene represent a major
bottleneck for several electronic applications, including
rectifying devices such as diodes. Solutions to this major
issue include use of partially reduced graphene oxide [269] or
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Figure 22. (a) Photo of the as-fabricated devices on PEEK substrate. (b) SEM image of aligned RGO between electrodes. (c) Measured

output voltage as a function of applied bias voltage at a ﬁxed power of −10 dBm and frequency of 10 GHz. Reprinted, with permission, from
[269]. Copyright © (2013) IEEE.

7. Outlook

substrates, to employing large-area vacuum processed MOSs
and organic semiconductors, which are reaching maturity in the
display industry. Both of these latter material families are of
interest due to the varying degrees of potential solution processability. Finally, carbon nanomaterials and their analogues
possess excellent electronic transport properties, which could be
exploited for ﬂexible HF applications, if fabrication challenges
can be overcome. A common theme that has presented itself
across all material classes is that, important as choice and
optimisation of material is, the choice and optimisation of device
architecture is crucial for high performance also.
Figure 23 summarises the main classes of materials
analysed in this review article with respect to their frequency

We have summarised recent progress in the development of
transistor and diode-based rectiﬁers for application in ﬂexible RF
electronics. It is worth noting that over the last decade, there has
been increasing interest in transferring research advances
obtained on rigid substrates onto plastic (ﬂexible) substrates. The
growing demand for ﬂexible, conformable RFID tags, wireless
communication and wireless energy harvesting systems that
could be produced at a low-cost is a key driver for this technology push. Research has manifested through a number of
avenues, including adapting conventional Si-based technology
and related materials via transfer methods onto ﬂexible
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Table 4. Summary of performance characteristics of various nanomaterials-based rectifying devices.

Nanomaterial

Device type

Substrate

Performance

Year

Ref.

CNTs

Schottky diode Ti/CNT/Pt

Si

2005

[202]

Schottky diode Cr/CNT/Pt

sapphire, quartz

2008

[203]

Schottky diode Ti/CNT/Au

PEEK

2011

[215]

TFT
TFT

PET

2007
2012

[214]
[207]

TFT
TFT
TFT

PI
glass
PI

2012
2012
2012

[228]
[251]
[268]

TFT

PI

2013

[257]

TFT
TFT

PI
PEN

2014
2015

[259]
[253]

Graphene oxide

Schottky diode Ti/r-GO/Pd

PEEK

2013

[269]

Black Phosphorus

TFT

PI

fc = 540 GHz
(@ ±0.17 V)
fc = 400 GHz
(predicted)
Vout = 1.8 mV
(@ 18 GHz)
(Pin = 13 dBm)
fT = 1 GHz
fT = 7 GHz
fmax = 15 GHz
fmax = 118 MHz
fT = 427 GHz
fT = 2.2 GHz
fmax = 550 MHz
fT = 25 GHz
fmax = 2.1 GHz
fT(intrinsic) = 25 GHz
fT = 12 GHz
fmax = 10.6 GHz
Vout = 0.1 mV
(@ 10 GHz)
(Pin = −10 dBm)
fT(intrinsic) = 17.5 GHz
fmax(intrinsic) = 14.5 GHz

2016

[280]

Graphene

Figure 23. Main classes of semiconductor materials analysed in this review with respect to their: (i) frequency performance, (ii) charge carrier

mobility, (iii) demonstrated processability via solution-phase techniques, (iv) technological maturity with regard to demonstrators relevant to
the target end-application, and (v) mechanical ﬂexibility.

mechanical ﬂexibility. The scoring scheme that was followed
in order to construct this chart is explained in Table A2 in the
appendix. From this ﬁgure, we may extract that polymeric
materials are proven the most suitable for large-area printing

performance, charge carrier mobility, their demonstrated
capability to be processed through solution-phase (printing
etc) techniques, the technological maturity with regard to
demonstrators relevant to the target application area and their
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processable small molecules combined with novel deposition
techniques. This is clear when one considers that even vacuumdeposited small molecule devices with the highest operating
frequency (>1 GHz) exhibit carrier mobilities of
<1 cm2 V−1 s−1. Doubtless the operating frequency limits of
small molecule-based devices will be pushed in coming years as
solution processed small molecules, which have shown substantially higher mobility (>10 cm2 V−1 s−1) [281] are tested for
frequency response. Conjugated polymers are most likely to ﬁnd
applications at 13.56 MHz. Further optimisation of processing
combined with the development of novel high mobility polymers may well yield more efﬁcient rectiﬁers. Undoubtedly such
developments will make this particular class of semiconducting
materials highly interesting primarily due to their unmatched
solution processability and layer uniformity—two much soughtafter characteristics required for efﬁcient large-area electronics
manufacturing.
Finally, the scientiﬁcally exciting class of nanomaterials,
such as CNTs, graphene and other emerging 2D nanostructures,
combine inherent ﬂexibility with ultra-high carrier mobility, and
hold promise for extremely high levels of performance. However, their unique properties also hold some cause for concern.
For example, in the case of CNTs, the quantum conductance
arising from the quasi-1D nature of the material leads to a
problem of impedance mismatch. In the case of graphene, the
electronic band properties, which give rise to extremely high
mobilities, are coupled with the lack of a bandgap, meaning
achieving rectiﬁcation in devices of signiﬁcant levels is a challenge. There are of course, strategies to overcome these issues,
namely device and material engineering, as well as looking to
the new class of emerging 2D nanomaterials. However, a ﬁnal
problem comes in the large-area deposition of these materials for
high throughput device fabrication. Thus, while possibly holding
the greatest natural potential for HF ﬂexible electronics, it is
evident that nanomaterials are the furthest from commercial
realisation in this regard.
In all four classes of materials discussed here, there is much
scope for development and improvement. Those most compatible with large-area deposition techniques (i.e. organics) suffer
from the poorest performance at RF, while those with the
highest performance at RF (i.e. nanomaterials) suffer the lowest
level of large-area deposition development. With complex
challenges yet to be overcome and huge potential for the societal
impact of the realised technology, we thus conclude that the ﬁeld
of ﬂexible HF rectiﬁers and electronics as a whole will continue
to be an active area of research over the coming years.

deposition but they still lack in terms of device performance.
Interestingly, the opposite is observed for the nanomaterial
class of materials (high performance but low maturity and
technology readiness level). High performance may be
obtained from ﬂexible silicon, but at the expense of complex
processing procedures. Printed silicon particles may be a
more scalable approach but the true potential of this technique
has yet to be realised. Finally, considering the inorganic metal
oxide-based materials, which are the hitherto champion
materials as regards performance versus maturity level, it is
evident that more emphasis should be given on the printability and ink formulation issues they face, or to reducing the
cost in large-area vacuum deposition techniques.
There is no doubt that single-crystalline silicon rectiﬁers
will remain at the forefront of technological progress for rigid
substrate RFID technology, since they present the advantages
of (a) very high mobility that leads to operating frequencies up
to the wireless communications (microwave) bands, and (b)
compatibility with already established scalable fabrication
processes that enable facile integration of the various electronic
components in the ﬁnal circuit/system. Successful transfer of
this concept to ﬂexible substrates is expected to deliver the best
of both worlds, i.e., functionality versus scalability. One major
hurdle for this approach is whether these techniques will be
cost-competitive to the much simpler and less time-consuming
rapidly evolving printing technologies. The current approach of
transferring nanomembranes from rigid to ﬂexible substrates,
though capable of delivering high quality results on a small
scale, it appears not to be scalable in a high-throughput
industrial sense. Exploiting the properties of monocrystalline Si
through the solution processing of microparticles may be more
scalable, but still is a way off commercialisation.
MOSs, with IGZO leading the ﬁeld, have demonstrated
signiﬁcant technological maturity to be a strong candidate to
succeed Si in the ﬂexible RF rectiﬁcation race. Several examples
of working TFT-based rectiﬁers integrated with additional circuitry in the HF band have been made. This, coupled with the
proven industrial maturity of IGZO for relatively large-area
deposition (display industry) is promising for the adoption of
IGZO for ﬂexible HF RFID technology. Recently, it was shown
that ﬂexible devices based on IGZO may well operate at Bluetooth frequencies and, thus, extend their range of applications up
to and beyond UHF electronics. Of note is that diodes rather
than TFTs have been the device type to achieve these levels of
UHF performance. Alternative metal oxides, including binary as
well as more complex oxides, should not be discounted however, and may provide an easier route towards solution processed, and thus signiﬁcantly lower cost, RF devices.
Organic semiconductors arguably are the material class that
shows the greatest level of interest and development for HF
RFID applications. Progress on small molecules and polymers
has shown that both are capable of operation and integration
with devices at 13.56 MHz. While the majority of work on small
molecules has focused on vacuum processed techniques, there is
promise in printable large-area small molecule organic electronics, through combining blend materials with lateral devices, the
use of precursors and soluble small molecule derivatives and
primarily through the emergence of new high mobility solution-
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Appendix

Table A1. Corresponding values of device operating frequency and carrier mobility as shown graphically in ﬁgure 7(a).

Reference

Frequency (MHz)

Mobility (cm2 V−1 s−1)

Device type

Material

Silicon nanomembrane
[54]
[61]

1900
4900

TFT
TFT

230
160

Si
Si

Metal oxide semiconductor
[100]
[98]
[107]
[108]
[90]
[113]

25
27
135
384
1800
6800

TFT
Heterojunction diode
TFT
TFT
Schottky diode
Schottky diode

15.1
15.06/2.11
17.94
12.7
10
10

IGZO
IGZO/Cu2O
IGZO
IGZO
IGZO
IGZO

Organic semiconductor (small molecule)
[108]
[126]
[129]
[130]
[131]
[140]
[142]
[143]
[155]
[154]
[154]
[42]
[161]

0.4
0.25
4
7
20
50
700
1240
700
10
27.7
22
1

TFT
TFT
TFT
TFT
TFT
Schottky
Schottky
Schottky
Schottky
TFT
TFT
TFT
TFT

diode
diode
diode
diode

0.01
0.1
0.2
0.3
0.44
0.15
0.15
0.11
0.42
0.73
2.22
3
0.03

F16CuPc
Pentacene
DNTT
DNTT
DNTT
Pentacene
Pentacene
Pentacene
C60
Pentacene
C60
C10-DNTBT
TIPS pentacene

Lisicon® S1200
P(NDI2OD-T2)

Organic semiconductor (polymer)
[173]
[175]

1
3.3

TFT
TFT

0.5
6.4

170
427 000
25 000
2400
2200
7200
39 000
32 000
6000
2700
2800

TFT
TFT
TFT
TFT
TFT
TFT
TFT
TFT
TFT
TFT
TFT

50
2000
3900
8000
102
1500
2500
3000
8.3
54
55

Nanomaterial
[228]
[251]
[257]
[259]
[268]
[255]
[258]
[256]
[275]
[277]
[274]

36

CNT
Graphene
Graphene
Graphene
Graphene
Graphene
Graphene
Graphene
Trilayer MoS2
MoS2
MoS2
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Table A2. The following scoring scheme was followed to construct the chart in ﬁgure 23 with data taken from respective references in the text.
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Score

1

2

3

4

5

Frequency (MHz)
Mobility (cm2 V−1 s−1)
Printability

<13.56
<1
Solution processable material

Maturity

Little or no demos of target
application but some promise
Performs under some strain

∼13.56
1
Spin coated
demonstration
Maturity in academic
literature
Measured >10 mm

∼100
10
More scalable demonstration
(e.g. spray/dip coat)
Commercial prototypes

∼1000
∼100
Printing demonstration (gravure, inkjet etc)
Commercial applications in
other areas
<1

∼10 000
>100
Large scale (roll to roll)
demonstration
Commercial maturity

Flexibility

10>x>1

Theoretical limitation of
bending up to 90°

Topical Review
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