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Comparison of organic diode structures regarding high-frequency
rectification behavior in radio-frequency identification tags
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In this article, we compare the direct current �dc� and high-frequency performance of two different
organic diode structures, a vertical diode and an organic field effect transistor �OTFT� with shorted
drain-gate contact, regarding their application in a rectifying circuit. For this purpose, we fabricated
both diode structures using the organic semiconductor pentacene. dc measurements were performed
showing a space-charge-limited current mobility of more than 0.1 cm2/V s for the vertical diode
and a field effect mobility of 0.8 cm2/V s for the OTFT with shorted source-drain. High-frequency
measurements of those diode structures in a rectifier configuration show that both types of diodes are
able to follow the base-carrier frequency of 13.56 MHz which is essential for viable
radio-frequency-identification �rf-ID� tags. Based on those results we evaluate the performance
limits and advantages of each diode configuration regarding their application in an organic rf-ID

tag. © 2006 American Institute of Physics. �DOI: 10.1063/1.2202243�
INTRODUCTION

In the last decade, the performance of organic thin film
transistor �OTFT� improved rapidly. Two potential applica-
tions motivate the work on OTFTs. On one hand, there is a
great interest in using OTFTs in active matrix pixel drivers
for displays, possibly on flexible substrates. Another focus of
OTFT research is low-cost integrated circuits, in particular,
passive radio-frequency-identification �rf-ID� tags �Fig. 1.�.
Circuits such as oscillators, shift registers, and even full tags
working at 125 kHz have already been demonstrated.1–4

However, in order to be a competitive and viable alternative,
the organic rf-ID tag would need to be able to reach the
already commercially used base-carrier frequency of
13.56 MHz,5 which is challenging because of the intrinsi-
cally low charge carrier mobility in organic semiconductors.
The rectification stage in its simplest realization consists of a
diode in series with a load capacitance to which the other
stages of the circuit are connected in parallel as a load. The
rectifying stage in a 13.56 MHz rf-ID tag is, by far, the most
critical part regarding speed, because the rectifying element
needs to be able to charge the capacitance of the rectifier in
only a fraction of the carrier frequency period. The circuitry
of the logic operates at a much lower frequency, which de-
pends on the required data rate and is commonly in the range
of several hundred kilohertz.5 The gate of the load modulator
transistor is also driven at this lower data rate, whereas the
source-drain voltage follows the base-carrier frequency. The
specifications for the load modulator transistor are less strin-
gent than for the rectifying element, due to the much larger
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voltage over the element and the availability of the full pe-
riod to modulate. Moreover, only a partial modulation of the
antenna load current is already sufficient.

It has already been suggested to use an OTFT with
shorted gate-drain as a diode,6 which has the advantage of
easy integration in the same process steps as the logic circuit.
Furthermore the field effect mobility shown for OTFTs is
generally orders of magnitude higher than the space-charge-
limited current �SCLC� mobility relevant for vertical diodes,
which is due to the higher charge density achieved in the
channel of transistors compared to diode structures.7 One
obvious drawback of a transistor-structure regarding speed is
the long channel length compared to the thin organic semi-
conductor layer required for Schottky diodes. This drawback
may exacerbate in the future as the process of fabricating
transistors shifts away from laboratory-scale high-resolution
photolithography processes, that allow channel lengths down
to 1 �m, to high-volume production utilizing cheap printing
processes with lower resolution ��10 �m�. Recently, Canta-
tore et al.8 have shown that in principle it is possible to
rectify an incoming ac signal at 13.56 MHz using a
transistor-based diode even though the rectified dc voltage
was only 10 V using an ac amplitude of 80 V.

An alternative implementation lays in the realization of a
FIG. 1. Basic schematic diagram of a radio-frequency identification
�rf-ID� tag.

© 2006 American Institute of Physics9-1
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vertical organic diode. The rectification is obtained by the
different injection barriers between the two different metals
and the organic semiconductor. Regardless of the injection
model applicable to metal-organic interfaces, a metal-organic
contact with a sufficiently large injection barrier will be
blocking. A contact with a small injection barrier can
be Ohmic. There are numerous publications about organic
light-emitting diodes �OLEDs� that are based on a metal-
organic semiconductor structure.9,10 Metal-organic semicon-
ductor diodes using poly�2-methoxy,5-�2’-ethyl-hexoxy�-1,4-
phenylenevinylene� �MEH-PPV� sandwiched between Al
and Cu/poly�3,4-�ethylenedioxythiophene �PEDOT/PSS�
with �SCLC�10−6 cm2/V s have already been reported.11

The highest SCLC mobility values reported for symmetric
Au contacts for organic thin films of �2,2�-paracyclophane in
a coplanar structure ��SCLC�10−2 cm2/V s� �Ref. 12� and
for doped zinc pthalocyanine ��SCLC�10−1 cm2/V s� �Ref.
13� are still below the mobility values reported for OTFTs.
Recently, we reported about a pentacene based diode with
current densities up to 2000 A/cm2 and a mobility of
�0.15 cm2/V s,14 which can rectify an incoming ac signal of
18 V amplitude to a dc signal of 11 V at 13.56 MHz suffi-
cient to drive a circuit.

EXPERIMENT

We have fabricated pentacene transistors on glass with
100 nm sputtered SiO2 as gate dielectric as described in de-
tail elsewhere.15 The drain and gate contacts are shorted and
transistors with different channel lengths and widths are
available on the sample �Fig. 2�a��.

Vertical diodes of different sizes using highly purified,
vacuum-deposited pentacene14 �Fig. 2�b�� have been fabri-
cated too. Pentacene was chosen because it can be consid-
ered the base line material for maximum mobility in organic
layers. The injection electrode is a lithographically patterned
line of 20 nm Au with and without 30 nm PEDOT/PSS as a
hole-injection layer. The semiconducting layer is 300 nm of
pentacene deposited at a temperature of 20 °C with a depo-

FIG. 2. �Color online� Experimental diode structures. �a� Organic field
effect transistor with shorted drain-gate and �b� vertical organic diode.
sition rate of �3 Å/s. The top Al electrode is deposited
through a shadow mask.
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The chosen geometries were designed for the two differ-
ent devices to be able to operate in a similar voltage range,
meaning that the structures sustain a forward bias of �15 V,
a reverse bias of �25 V, and achieve a high current at a
small capacitance. Those requirements are explained in more
detail in the Discussion section.

We performed quasistatic current measurements on those
devices as well as high-frequency measurement in a rectifier
configuration. All measurements were done in a N2-purged
glove box to prevent degradation. At frequencies over
1 MHz, the cable of the measurement setup distorts the mea-
surement signal. Therefore we designed the measurement
setup depicted in Fig. 3. The high-frequency input signal is
decoupled from the output signal by a microtransformer
which has the additional purpose to increase the amplitude of
the ac signals because standard sinus generators such as the
HP 8116A do not supply voltage amplitude above 10 V. The
load capacitance Cload, the load resistance Rload, and the
probe tips are attached to a minicircuit board that also con-
tains the microtransformer to reduce the inductance of the
connections. The measured signal is only the already recti-
fied dc signal over the load resistor to which an oscilloscope
with an input impedance of 1 M� is connected in parralel.

RESULTS

Figure 4�a� shows the transistor transfer curves �ID-VG�
in saturation of transistors of our process. The transistors
with a W /L of 5000/10, 2500/5, and 1500/3 have a mobility
of ��0.8 cm2/V s and a threshold voltage VT�2.4 V. Fig-
ure 4�b� shows the I-V characteristics of transistor with
shorted gate-drain with various W /L. They exhibit a good
rectifying behavior with an Ion/ Ioff ratio of �100. The rela-
tively high off current is caused by the slightly positive
threshold voltage.

The I-V characteristics of the vertical diode structures
are depicted in Fig. 5�a�. The samples with a PEDOT/PSS
injection layer reach a current density exceeding

FIG. 3. �Color online� High-Frequency rectification measurement setup.
�a� Schematic and �b� photograph.
2000 A/cm2, roughly five times higher as compared to the
UV-ozone cleaned sample. However, the reverse current is
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significantly better in the diode without PEDOT/PSS. The
high reverse current in the sample with PEDOT/PSS is
mostly due to the lateral current between the probe needles.
Separately fabricated samples with high-conductive PEDOT/
PSS showed a much higher reverse current compared to
samples with low-conductive PEDOT/PSS. Scratching the
pentacene and PEDOT/PSS around the diode area improved
the off current. Patterning the organic semiconductor as well
as the PEDOT/PSS might significantly improve the rectifica-
tion. Measuring those samples in air decreased the maximum
current by more than one order of magnitude, which can be
linked to a reduced hole mobility due to humidity.16 On a
Si/SiO2 substrate the diode sustains a forward bias of 19 V
and a reverse bias larger than 30 V. Using a glass substrate
the breakdown voltage under forward bias is reduced to 7 V
which can be traced back to the low heat conductivity of the
glass.14 This lower breakdown voltage on glass is only an
issue for the dc measurement of the I-V curve. Measuring
under HF conditions �megahertz�, the diode on glass can
work in the same voltage range as a comparable diode on a
Si/SiO2 substrate.

From the double-logarithmic plot shown in Fig. 5�c�, it
can be seen that the current-voltage �I-V� characteristics of
the sample without PEDOT/PSS has a slope significantly
larger than 2, which implies injection-limited charge
transport.17 By contrast, the sample with PEDOT/PSS exhib-
its a slope of 2 over a voltage range of nearly one order of
magnitude, which is an indication of trap-free �SCLC�.
Therefore it is possible to extract the hole mobility with help
of Child’s law17 out of the I-V characteristics of the device
with PEDOT/PSS. The thickness of the pentacene layer after

FIG. 4. �Color online� Transistor-based diode. �a� Transfer curve of
transistor and �b� current-voltage characteristics.
deposition as measured with a profilometer is 300 nm. How-
ever, it must be kept in mind that the pentacene layer is
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polycrystalline as depicted in Fig. 5�b�, and therefore the
relevant thickness is the equivalent electrical thickness. We
extracted this thickness of the polycrystalline pentacene layer
in the device from high frequency �f =100 kHz� capacitor-
voltage measurements in reverse bias. This measurement re-
sults in a value of �160 nm �Fig. 5�d��. Assuming this thick-
ness value, Child’s law applied to the I-V characteristics of
Fig. 5�c� allows to estimate a mobility of 0.15 cm2/V s. No
significant difference of the value for the depletion capaci-
tance has been observed between the samples with PEDOT/
PSS and without PEDOT/PSS.

The achieved SCLC mobility is extremely high. This can
be traced back to two causes. On the one side, we used
pentacene purified in forming gas14 and measured in a N2

atmosphere. The high semiconductor purity is attested by the
temperature dependence of the mobility extracted from
SCLC measurements �Fig. 6�. Over a temperature range of

FIG. 5. Vertical pentacene diode. �a� Current-voltage characteristics �A
�170�10 �m2�, �b� atomic force microscopic image of polycrystalline
pentacene, �c� log-log plot of I-V curve, and �d� capacitance-voltage plot.
FIG. 6. Temperature dependence of the mobility in a vertical pentacene
diode.
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80 °C the mobility increased by less than 10%. This indi-
cates very few or very shallow traps with low activation
energy.18–20 The slope of the diode current in the Ohmic
region of the diode does not increase significantly with tem-
perature as would be expected, e.g., for injection by thermi-
onic emission across a Schottky barrier. A more probable
model takes into account the localized nature of the injected
charge.21

On the other hand the crystalline nature of the deposited
pentacene film improves charge transport compared to that in
a more amorphous film. It has been shown by Ma et al.22 that
crystallization through annealing allows to increase the
achievable current densities in a C60 film by more than two
orders of magnitude.

After measuring the dc characteristics, the two types of
diodes on glass were measured in a rectifier configuration
using a load of Cload=100 nF, Rload=50 k�, and an 18 V
amplitude sinusoidal signal provided to the diode in series to
the load resistor. In Fig. 7 the results for a frequency of
14 MHz can be seen. As a reference value to demonstrate the
reliability of the rectifier measurement setup, the rectified dc
signal using a Si-pn diode have been added.

DISCUSSION

Considering the rectifier stage in an organic rf-ID tag, it
is necessary to outline the required performance. The pos-
sible working frequencies of rf-ID tags are given by the
available base-carrier frequencies at 125 kHz �LF�,
13.56 MHz �HF�, and 869 MHz �Ref. 5� �UHF�. The most
commonly used base carrier frequency for Si-rf-ID tags is
13.56 MHz. To be compatible with installed readers, organic
rf-ID tags should be able to work at 13.56 MHz too. At
125 kHz the reading distance of the rf-ID tag is very short
and the demands on the antenna as well as on the size of the
load capacitance are very strict. A second point to be consid-
ered is the supply voltage Vsupply needed to drive an organic
circuit. Lower supply voltage results in a simpler power sup-
ply and a longer reading distance. There is no clear limit as
to the maximum supply voltage, but a range of 5 to 10 V
seems acceptable. A third boundary condition is the readout
time of a rf-ID tag limited in practice to about 10 ms.5

FIG. 7. �Color online� Rectifying signal using different diodes at 14 MHz
�transistor diode→W /L=3000/3 and vertical diode→A�170�50 �m2�.
Assuming a standard rf-ID tag with 96 bit encoding, this
translates in a stage delay for the shift register in the order of

Downloaded 08 Aug 2006 to 146.103.254.11. Redistribution subject to
�50 �s. Herby it needs to be held in mind, that the nonover-
lapping clock signal for the shift register needs to be gener-
ated by an integrated oscillator which requires an at least one
order of magnitude faster stage delay for the inverter in the
oscillator as compared to the shift register, meaning a mini-
mum stage delay of 5 �s. Taking into account necessary out-
put buffer stages as well as anticollision procedures would
require an even lower stage delay.

The lowest published supply voltage for driving an os-
cillator has been 1.5 V �Ref. 23� by using a gate-dielectric
stack of self-assembly monolayer and thermal grown Al2O3,
however, with a stage delay of �1 ms. Circuits using organic
or inorganic thin film dielectrics have recently been shown to
operate with supply voltages as low as 8.5 V.15 Based on the
technology that we use for fabricating transistor-based di-
odes, we show in Fig. 8 a five-stage ring oscillator with
output stage operating at 10 V supply voltage. The stage
delay is 3.5 �s at a current consumption of �5 �A. The
oncurrent in a single inverter is �800 nA and the off current
is �40 nA. Based on those results we can make a rough
estimate of the power consumption for a 96 bit rf-ID tag.
Assuming 96 bits, the shift register consists of 192 inverters
with half of the inverters in the on state and half in the off
state. In addition, two clock signals need to be generated by
an oscillator �e.g., 19 stage oscillator� with output stage and
two NANDs. These elements will draw an estimated 100 �A
from the power supply.

Summarizing those requirements, the rectifier based on
an organic diode needs to be able to deliver a supply voltage
of 10 V and a current of 100 �A from an incoming rf signal
at 13.56 MHz.

To give an insight regarding the frequency limits of an
organic rectifier we estimate the maximum frequency as a
function of the voltage, mobility, dielectric thickness, and
channel length for the transistor-based diode. Those calcula-

FIG. 8. Five-stage ring oscillator working at 10 V supply voltage.
tions have already been shown elsewhere for the vertical
diode structures.14 The analysis for an OTFT-based rectifier
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follows here. In our calculations we assume that �i� there is
no leakage current through the diode in reverse bias, �ii� the
time for charging the load capacitance during startup is not a
limiting factor, and �iii� the area of the diode as well as of the
load capacitor can be freely chosen without any concern re-
garding available substrate area.

Because a rectified dc voltage of 10 V is needed, calcu-
lations based on small signal parameters are not valid, but a
large-signal analysis is required. The maximum theoretical
frequency is determined by the speed with which the charges
consumed by the load �RL� at a dc voltage Vdc during one
frequency cycle ��� can be recharged onto the load capaci-
tance �CL� by the current going through the organic diode
during the fraction of the cycle that the diode is in forward
bias,

Vdc

RL

2�

�
= �

t1

t2

Idiode_forwarddt , �1�

where t1 and t2 delimit the time interval in which a forward
bias is present over the diode.To get a stable dc voltage at the
load, the discharging of the load capacitance CL over the load
RL should be very small during one cycle, i.e., the following
condition should be fulfilled:

RLCL �
2�

�
Þ RLCL =

2�

�
NRC, �2�

where NRC is a large numeric factor that determines the am-
plitude fluctuation on Vdc as a results of the RC discharge in
a cycle. In addition, the load capacitance needs to be very
large compared to the diode capacitance. Indeed the ratio
between load capacitance and diode capacitance defines the
amplitude of the small signal ac voltage on top of the dc
voltage,

CL � CD Þ CL = NCCCD, �3�

where NCC is again a large numeric factor, that determines
the amplitude fluctuation on Vdc as a result of the capacitive
coupling of the ac supply voltage. As both NRC and NCC

determine the amplitude fluctuation on Vdc, we choose them
to be equal: NRC=NCC=N. For a good rectifier, N should be
in the range from �100 to �1000. The diode capacitance
corresponds to the geometrical capacitance of the transistor-
based diode determined by the thickness of the dielectric tox,
the dielectric constant of the semiconductor �r

��r,sputtered,SiO2
�4.7�, and the dielectric permittivity �0. The

area of the transistor A is itself the product of the width of
the transistor channel W and the length of the channel L in
addition to the overlap Loverlap of the source/drain contact
with the gate electrode.

CD =
�0�rA

tox
=

�0�rW�L + Loverlapp�
tox

. �4�

The lower and upper bounds of integration in Eq. �1�, t1 and
t2, describe the time interval during which the supply voltage

�VA� in forward direction is higher than the dc voltage �Vdc�
of the load capacitance.
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t1 = sin−1�Vdc

VA
� 1

�
, t2 = 	� − sin−1�Vdc

VA
�
 1

�
. �5�

The charging current Idiode_forward can be described by the
formula for a transistor in saturation.24 Hence

Idiode_forward =
�W�0�r�Vdiode_forward − VT�2

2toxL
, �6�

where Idiode_forward is defined as

Vdiode_forward = VA sin��t� − Vdc, �7�

and W and L are the width and the length of the transistor
channel. Out of Eqs. �1�–�7� we get

�0�rA

tox
Vdc =

�0�r�W

2toxL
�

sin−1�Vdc/VA�1/�

��−sin−1�Vdc/VA��1/�

��VA sin��t� − Vdc − VT�2dt . �8�

Solving this equation yields the maximum frequency
fmax=� /2� as

fmax =
�

4�L�L + Loverlapp�Vdc

��	− VA�1 −
Vdc

2

VA
2 �3Vdc + 4VT�

+ �VA
2 + 2�Vdc + VT��
arccos�Vdc

VA
� . �9�

Equation �9� as well as the equation based on a vertical
diode14 indicate that the maximum frequency of the organic
rectifier depends on the values of the required dc voltage and
the provided ac supply voltage. We plot fmax vs the generated
Vdc in Fig. 9 assuming the following values VA=20 V,

FIG. 9. Calculated �lines� and measured �crosses and circles� frequency
dependences of the rectified dc voltage for a rectifier with a vertical organic
diode and a transistor diode. The dotted line is calculated from �Ref. 14�
based on a vertical diode structure and the following values are assumed:
�=0.15 cm2/V s, LD=160 nm, VF=3.5 V, and VA=20 V; measured perfor-
mance is indicated with open circles. The full line is calculated from Eq. �9�
based on a transistor with shorted drain-gate and the following values are
assumed: �=0.8 cm2/V s, tox=100 nm, VT=2.4 V, L=3 �m, Loverlap

=6 �m, and VA=20 V; measurements are shown as crosses.
VF=3.5 V, �=0.15 cm2/V s, and LD=160 nm for a vertical
diode and VA=20 V, VT=2.4 V, �=0.8 cm2/V s, L=3 �m,
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and Loverlap=6 �m for the transistor-based diode. It can be
seen that with these parameters, frequencies up to
13.56 MHz are intrinsically possible. The maximum fre-
quency possible is more than two orders of magnitude higher
for the vertical diode. In the limit, a vertical diode may even
allow to operate in the UHF frequency range. At 13.56 MHz
in the transistor diode there is already a significant loss of
rectified dc voltage.

An additional problem which is not immediately obvi-
ously for the transistor diode is its high capacitance in com-
parison to the vertical diode. In Fig. 10, a vertical diode and
a transistor-based diode with a similar I-V curves can be
seen. Depending on the channel length used, the transistor
diode requires a several hundred times lager area as com-
pared to the vertical diode, which automatically translates in
a several hundred times lager capacitance of the transistor
diode.

If we assume a load of RL=50 k� and an allowed ac
fluctuation on top of the dc signal of 1% at a frequency of
13.56 MHz, from Eq. �2� we estimate that the minimum
load capacitance is about 150 pF. Under the assumption that
the capacitance is realized in the same layers as the circuit,
i.e., using the gate dielectric of the transistor as capacitance
dielectric, this translates in an area of approximately
A�600�600 �m.

Furthermore, the load capacitance needs to satisfy
Eq. �3�. In other words, the size of the load capacitance
is also determined by the size of the diode capacitance,
which is by itself determined by the required current that
the diode needs to provide. If we solve Eq. �1� without
substituting the load as done in Eqs. �2�–�4�, we can directly
get a frequency-independent value for the minimum size
of the required diode by assuming a load of 50 k� and
otherwise the same values as used for calculating Fig. 9.
Under the condition that frequency limitations do not
play a role, we need a vertical diode with an area of

FIG. 10. �Color online� Current-voltage characteristics of the vertical
pentacene diode �10�170 �m2� vs a transistor with shorted drain-gate
�W /L=10 000/10→A�4800�380 �m2; if channel length is reduced
with proportional scaling of width, the current-voltage characteristics
remain unchanged but the area consumption decreases accordingly;
L=5 �m→A�1600�400 �m2, and L=3 �m→A�800�400 �m2�.
A�10�10 �m2 �Cvertical diode�16.6 fF�. The transistor-
based diode requires a W /L�305 translating into a capaci-
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tance of Ctransistor diode�3.4 pF. The load capacitance deter-
mined by Eq. �3� would need to be at least 340 pF translating
in a minimum size of 900�900 �m2, even larger than the
load capacitance required by Eq. �2�. We conclude that not
only frequency wise but also area wise the vertical diode
structure offers much more performance than the transistor-
based diode. High-frequency performance as well as area
consumption are in the transistor based diode strongly de-
pendent on the possible resolution and alignment accuracy of
the process. By contrast, the challenge in getting sufficient
performance in a vertical diode lays in the required high
purity and low trap density of the organic semiconductor to
achieve SCLC mobility in the same order of magnitude as
compared to the field effect mobility. Resolution and align-
ment accuracy play a less significant role using a vertical
diode.

In summary, we have compared a vertical Schottky di-
ode and a transistor with shorted drain-gate regarding their
performance in a rectifying circuit. The appealing property
of a transistor based diode is its ease of integration with the
logic gates. However, it has limitation concerning frequency
and area consumption. Our experiments have shown that
both structures can achieve sufficient rectification at
13.56 MHz to drive a circuit. However, the transistor-based
diode has at this frequency a significantly reduced output
voltage in comparison to the vertical diode. In addition, it
has significantly higher area consumption for the diode as
well as for the required load capacitance.
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