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We demonstrate an integrated organic double half-wave rectifier for use in organic radio frequency
identification �RFID� tags. This rectifier comprises two organic Schottky diodes, each followed by
a capacitor, integrated on the same foil. This rectifier delivers approximately twice the dc voltage of
single half-wave rectifiers. Its offset voltage is merely 2 V. It is able to generate voltages of
10–14 V, which are necessary for driving current organic RFID multibit code generators, from an
ac-input voltage of only 8–10 V amplitude, which are generated at rf magnetic fields of 0.9–1.3
A/m. Such fields are below the minimum required rf magnetic field strength set by standards.
© 2008 American Institute of Physics. �DOI: 10.1063/1.2978348�

The field of organic thin-film transistors and circuits has
gained considerable attention because of its potential for
low-cost processability on flexible substrates.1,2 There are
two main drivers in this field, being research toward radio
frequency identification �RFID� tags3–5 and active matrix
backplanes for flexible displays6 or sensor arrays.7,8 One of
the key elements of an organic RFID tag is the rectifier,
which yields a dc voltage from the ac-voltage detected and
generated by an antenna at the targeted base carrier fre-
quency of 13.56 MHz. This frequency is selected because it
is commonly used in Si-based RFID tags, which enables par-
tial compatibility with installed reader systems at
13.56 MHz. An important issue for organic RFID tags is the
efficiency of the rectifier. A more efficient rectification will
result in the required rectified dc voltage from lower ac-input
voltage. This implies higher reading distances for the RFID
tags. The best rectified dc voltage published for organic
rectifiers9 is 11 V from an ac-input signal of 18 V.

A rectifier comprises diodes and capacitors. For organic
diodes, two different topologies can be used, being a vertical
Schottky diode9,10 and a transistor with its gate shorted to its
drain. The transistor with shorted gate-drain node is often
considered as the most favorable topology because its pro-
cess flow is equal to that used for the transistors in the digital
circuit of the RFID tag. In this work, however, we have
chosen to use the vertical diode structure because of its better
intrinsic performance at higher frequencies compared to tran-
sistors as diodes.11

In a Si-based RFID tag, the supply voltage is achieved
by charge pump stages, each stage comprising two diodes
and two capacitors. The efficiency of a charge pump is de-
fined by the onset voltage and the reverse leakage current of
the diodes employed.12 The higher onset voltage and the
larger leakage of organic Schottky diodes make organic
charge pumps inefficient and, therefore, impractical. In this
letter, we propose a different approach for producing a suf-
ficient rectified voltage for driving the digital logic on an
organic RFID tag, namely, a double half-wave rectifier. We
show the full integration of a plastic rectifier, based on this
approach, on a flexible substrate. Furthermore, the analysis

of the performance of the integrated device allows us to get
an understanding of the critical performance parameters of
the diodes.

A double half-wave rectifier comprises two diodes, each
followed by a capacitor. Figure 1�a� shows the schematic of
this circuit. The substrate for manufacturing the rectifiers is a
200 �m thick flexible 6� polyethylenenaphtalene �PEN� foil
�Teonex Q65A, DuPont Teijin Films�, on which first a metal-
insulator-metal �MIM� stack is processed for the capacitors
in the circuit. The metal layers are 30 nm of gold and the
insulator is Parylene DiX SR, with a relative dielectric con-
stant of �r=3 and a thickness of 400 nm. Conventional pho-
tolithography is used to define the capacitors in the MIM
stack. Both the capacitors are 20 pF. The vertical diodes are
constructed from three layers, being an anode, a semiconduc-
tor, and a cathode. The top Au layer of the MIM stack is used
as anode. A 350 nm pentacene layer, the organic semicon-
ductor, is evaporated through a shadowmask by high vacuum
deposition. Last, an Al cathode is evaporated through a sec-
ond shadowmask. The active area of the diodes is
500�200 �m2. The described device structure is depicted
in Fig. 1�c�.

A double half-wave rectifier circuit comprises two single
half-wave rectifiers connected between the same nodes, with
diodes connected as shown in Fig. 1�a�. Both single half-
wave rectifiers rectify the ac-input voltage: one rectifies the
upper cycles of the ac-input voltage, the other single half-
wave rectifier rectifies the lower cycles of the input voltage.
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FIG. 1. �Color online� �a� Schematic of a double half-wave rectifier,
�b� schematic operation of a double half-wave rectifier, and �c� vertical cross
section of the integrated capacitors and diodes on foil.
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This is schematically depicted in Fig. 1�b�. The power and
the ground voltage for the digital logic of the RFID tag are
taken between both rectified signals �Figs. 1�a� and 1�b��.
Therefore, a double half-wave rectifier yields about double
the rectified voltage compared to a single half-wave rectifier.

After the complete process of the rectifiers, the electrical
behavior of a single organic diode was examined. Measure-
ments occurred in a nitrogen-filled glovebox using an Agi-
lent 4156C parameter analyzer. The current-voltage charac-
teristics of a single pentacene diode are depicted in Fig. 2.
The plotted characteristics show the onset voltage of the di-
ode at about 1.2 V. However, 2 V is required to obtain a
current beyond 200 mA /cm2. At a 3 V forward bias, the
current density is 2.88 A /cm2. The leakage current of the
diode shows an important increase when the reverse bias
increases, limiting the maximum reverse voltage over the
diode.

For ac measurements of the rectifiers, we constructed a
small printed circuit board �PCB�, comprising coax connec-
tions for the ac-input signal and the dc output signal. The ac
signal is terminated with 50 � for limiting reflections at
13.56 MHz. The dc signal is sent to the oscilloscope
�MSO6014A of Agilent Technologies� on which the dc volt-
age was read out, having an input impedance of 1 M�,
which is the load of the rectifier. The rectifier foil is placed
into a socket which is plugged in the PCB. We used a Si-
based double half-wave rectifier circuit �assembly of 1N4148
diodes and 20 pF capacitors� as a reference. Figure 3 plots
the rectified dc voltage of the integrated organic and as-
sembled Si-based rectifiers versus the ac-input voltage at a
frequency of 13.56 MHz, which is the target frequency for
organic RFID tags. At an amplitude of the ac voltage of 10.9
V, the rectified dc voltage of the organic rectifier is 14.9 V,
while the Si-based rectifier produces 20.6 V. The slope of the
measured Vdcout as a function of applied Vacin, which we term
the efficiency of the rectifier, is 1.64 for the organic rectifiers
and 2 for the silicon rectifier. The onset voltage of the diodes

can be estimated by extrapolation to an output voltage of 0 V
and is 1.98 V for the organic rectifier and 0.42 V for the
silicon rectifier. Each organic diode, therefore, has an onset
voltage of only about 1 V.

To get a better understanding of the efficiency limita-
tions of the organic rectifier, in particular the slope efficiency
of Vdcout /Vacin=1.64, we model the behavior of the circuit in
Fig. 1 using the characteristics in Fig. 2. Both the forward
and the reverse current density J can be expressed quite
accurately as a function of the voltage V using the exponen-
tial curve J�V�=J0+J1 exp��V�. In the relevant forward cur-
rent range �1.6 to 3 V, see Fig. 2�, J0=−0.311 A /cm2,
J1=0.0189 A /cm2, and �=1.71 V−1. In the relevant reverse
current range �−15 to −1 V, see inset Fig. 2�,
J0=0 A /cm2, J1=0.001 A /cm2, and �=−0.4 V−1. These
fits, extracted from the quasistatic characteristics, have been
used to calculate the output voltage �Vdc� as a function of the
ac-input amplitude �Vin� by numerical matching the charging
and discharging currents of the rectifier’s capacitor using Eq.
�1�, derived from the equations and conditions outlined in
Ref. 9,
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with A being the device area �0.001 cm2� and RL being the
load resistance �1 M��. For the commercial silicon diode,
the curves from the datasheet have been used.13

Figure 3 compares the calculated output voltage with the
measured voltage. The slope efficiency is almost exactly re-
produced. We can now trace back the origin of the slope
efficiency to the presence of the reverse leakage current of
the organic diodes: at higher input voltages, the leakage cur-
rent increases exponentially, which discharges the capacitors,
resulting in a lower dc output voltage. On the other hand, the
modeled curve overestimates the dc output voltage by ap-
proximately a constant amount of 1 V, or 0.5 V for each
diode. This has not been elucidated at present, and could be

FIG. 2. �Color online� �I�-V and J-V characteristics of an organic pentacene
diode �area=500�200 �m2� on linear �right axis� and logarithmic �left
axis� scale. The inset shows the diode leakage current density between 0 and
−15 V. The fits to the data of the current densities, both in forward and in
reverse biases are represented by the solid black lines.

FIG. 3. �Color online� Simulation results and experimentally obtained data
points of the rectified dc output voltage vs the ac-input voltage for an or-
ganic rectifier and a Si-based rectifier both in double half-wave rectifier
configuration.
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attributed to several factors, for example, a slightly higher
offset voltage or a slightly degraded mobility of the charge
carriers by bias stress during the prolonged measurement
time. We conclude from this analysis that the efficiency of
the rectifier depends on the on/off ratio of the diode current.

The organic double half-wave rectifier is also examined
as a part of a fully organic RFID tag at 13.56 MHz. Details
of the full tag are published elsewhere.5 This RFID tag com-
prises an LC antenna, fabricated on two foils, a double half-
wave rectifier foil, and a multibit transponder foil including
an integrated load modulator. All foils are placed into a
socket and connected to each other using a PCB. The RFID
reader is a 7.5 cm radius antenna, which emits the field at a
base carrier frequency of 13.56 MHz. In Fig. 4, the internal
rectified voltage of this double half-wave rectifier in the or-
ganic RFID tag is plotted as a function of the field generated
by the reader, for the tag antenna placed in the near field of
the reader antenna, at a distance of about 4 cm from the coil
generating the reader’s 13.56 MHz rf field. As can be seen in
the graph, 10 V rectified voltage is obtained at a 13.56 MHz
electromagnetic field of about 0.9 A/m, and 14 V at 1.26
A/m. The latter is the voltage currently required by our or-
ganic transponder chips.5 The ISO 14443 standard states that
RFID tags should be operational at a minimum required rf
magnetic field strength of 1.5 A/m. The double half-wave
rectifier circuit presented here therefore satisfies this ISO
norm. After extrapolation of the measurement data, a dc volt-
age of 17.4 V can be obtained at a field of 1.5 A/m. If a
single half-wave rectifier was used, the rectified voltage

would be limited to 8–9 V, which is too low for current
organic technology.

To summarize, in this work we demonstrated an inte-
grated rectifier circuit for the use in organic RFID tags, being
a double half-wave rectifier. It comprises two diodes, each
followed by a capacitor. This rectifier delivers about double
the dc voltage of a single half-wave rectifier. The rectifier
readily generates the supply voltage needed for driving cur-
rent multibit code generators of organic RFID tags when
placed in the near field of a standard reader antenna powered
below the minimum required rf magnetic field strength of 1.5
A/m, set by standards. Our measurements show that the full
integration of the rectifier on foil does not compromise its
performance. Finally, we show that the main bottleneck to-
day is the reverse leakage current, which limits the slope
efficiency of this rectifier.
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FIG. 4. �Color online� Internal rectified voltage of a double half-wave rec-
tifier generated in an organic RFID tag vs the 13.56 MHz magnetic field
generated by the reader.
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