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Abstract—An all-printed rectifier that can provide at least 10 V
dc from a 13.56-MHz radio frequency identification (RFID) reader
and an all-printed ring oscillator that can generate at least
100 Hz of clock signal to read a 96-bit RFID tag in a second under
the dc power provided by the rectifier should first be printable
on plastic foils for the realization of roll-to-roll (R2R) printed
ultralow cost RFID tags. Here, we describe a practical way to pro-
vide all-printed and R2R-printable antenna, rectifiers, and ring
oscillators on plastic foils and demonstrate 13.56-MHz-operated
1-bit RF tags. The all-printed and R2R-printable 13.56-MHz 1-bit
tags can generate 102.8 Hz of clock signal as the tag approaches
the 13.56-MHz RFID reader.

Index Terms—Printed radio frequency identification (RFID)
tag, printed rectifier, printed ring oscillator.

I. INTRODUCTION

A UBIQUITOUS low-cost tag society will fully be realized
when people can track all items with a radio frequency

identification (RFID) system, instead of the current barcode
system [1], [2]. That means all goods need to have their own
RFID tags. To place RFID tags on all goods, the most important
factor is that the cost of the tags should be less than one cent
(dollar0.01). To dramatically reduce the cost of current RFID
tags, a roll-to-roll (R2R) inline printing process to print all the
units of the passive RFID tag, such as the antenna and transpon-
der, has been considered as an alternative to the current Si-based
technology [3], [4]. During the last decade, developing RFID
tags using organic semiconductors with a photolithographic
process has been demonstrated [5]–[7]; however, there has been
no report of production of tags that had fully been printed and
R2R printable on plastic foils. The major reasons for the delay
in developing all-printed tags on plastic foils originates from
the lack of technology for producing an all-printed rectifier on
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the plastic foils that can provide at least 10 V dc from the
13.56-MHz RFID reader and an all-printed-plastic ring oscil-
lator that can generate 100 Hz of clock signal to read a 96-bit
RFID tag in a second under the dc power provided from the
rectifier [8].

In this paper, we would show how to overcome those hurdles
through the concept of an all-printed 1-bit RF tag [Fig. 1(a)]
that contains a rectifier that can provide at least 10 V dc at
13.56-MHz coupled ac from the reader and a ring oscillator
that can generate a stable 100-Hz clock signal by the dc power
generated from the rectifier. The 1-bit RF tag would completely
be printed in three steps: 1) antenna, electrodes, gate electrodes,
and gate dielectrics were R2R gravure printed on plastic foils
[Fig. 1(b)]; 2) the ring oscillator to generate clock signals under
10 V dc was added; and 3) the rectifier to yield 10 V dc at
13.56 MHz ac was added.

The working concept of the 13.56-MHz-operated 1-bit RF
tag is given as follows: First, the printed antenna couples ac
power from the transmitted RF of 13.56 MHz from the reader,
and then, the coupled ac power are rectified into 10 V dc
through the printed rectifier. Second, the rectified 10 V dc
powers the printed ring oscillator and generates clock signals.
The generated clock signals are read by an oscilloscope or a
real-time spectrum analyzer, so that the tag can show “yes” or
“no,” as is typical for a 1-bit RF tag. Here, we describe an all-
printing process that achieves this RF tag using three different
printing methods: 1) R2R gravure [9]; 2) inkjet [10]; and 3) pad
printings [11] on plastic foil substrates.

II. EXPERIMENTS AND RESULTS

A. R2R Gravure-Printed Antennas, Electrodes,
and Dielectric Layers

In all this work, two-color units of a gravure printer (Taejin
Machinery Company Korea) [Fig. 1(c)] were used to print an-
tennas, electrodes, gate electrodes, wires, and dielectric layers
in an R2R inline process. All the gravure printing was carried
out under a roll pressure of 0.8 mPa and a web speed of
5 m/min. Antennas of 13.56 MHz, bottom electrodes for diodes
and capacitors, gate electrodes with 200-µm width, and wires
were first R2R gravure printed on poly(ethylene terephtalate)
(PET) foils (SKC, Korea) of a thickness of 75 µm at the first
gravure printing unit using silver gravure inks (PG-007, Paru
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Fig. 1. (a) Schematic circuit diagram for 13.56-MHz-operated 1-bit RF tag. (b-1) Schematic illustration of R2R gravure-printed antennas, electrodes, and wires
after passing through the first printing unit using the silver-based conducting ink. (b-2) Printed dielectric layers on selectively designated spots using high-!
dielectric ink after passing through the second printing unit. (c) Gravure printer used in this work with two printing units. (d) Roll image of the completed R2R
gravure-printed 13.56-MHz antenna, electrodes, wires, and dielectrics used as precursor for printing 13.56-MHz-operated 1-bit RF tags.

Company Korea) having a viscosity of 200 cP and a surface
tension of 36 mN/m, and then passed through the heating
chamber (150 !C) for 5 s for curing [Fig. 1(b-1)]. The R2R
web speed was maintained at 5 m/min. The printed antennas,
electrodes, and wires all showed a resistivity of 20 µ! · cm after
gravure printing with a printing speed of 5 m/min on PET foils
and curing for 10 s at 150 !C in order to provide the maximum
resonator quality factor (Q) of the printed antenna [12] while
maintaining practical printing speed. AC coupling power of
R2R gravure-printed 13.56-MHz antenna was enhanced as the
number of coil turns increased (Table I). The summary of
coupled ac voltages from the 13.56-MHz reader using R2R
gravure-printed antenna with various coil turns is shown in
Table I. All of the R2R-printed antennas with the resistivity of
20 µ! · cm can couple at least 10 V ac with a reading distance
of 2 cm from the reader. In this paper, we selected an antenna
with eight coil turns and a length of 1422 mm to further inte-
grate a rectifier and a ring oscillator using all-printing methods.

After passing through the first heating chamber, the printed
web was moved into the second printing unit with the same
web speed (5 m/min) to print the dielectric layers [Fig. 1(b-2)]
on only designated spots of wires, gate electrodes, and bottom
electrodes for capacitors using BaTiO3 hybrid poly(methyl
methacrylate) inks (PD-100, Paru Company Korea) having a
viscosity of 200 cP and a surface tension of 30 mN/m. Since
relatively thick layers (> 2 µm) are needed to be printed on
the silver printed plastic foils to prevent short circuits, the gate
modulation will decline due to less capacitance. That means
the subthreshold swing will be larger [13], and consequently,
the dc voltage at which the circuit operates should be higher.
Therefore, the printed thick gate dielectrics should be counter-
balanced by using high-! dielectrics for providing effective gate
modulation on printed thin-film transistors (TFTs) under lower
gate voltage. The dielectric constant of the BaTiO3 hybrid
inks used was 13. The printed dielectric layers were cured
while passing through the inline drying unit in the second
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TABLE I
IMAGES OF R2R-PRINTED ANTENNA WITH VARIOUS COIL TURNS AND SUMMARY OF COUPLED AC VOLTAGES FROM THE 13.56-MHz READER

Fig. 2. Cross-sectional SEM image of R2R-printed dielectric layers under a
web speed of 5 m/min and a roll pressure of 0.8 mPa.

heating chamber unit (150 !C) for 5 s. The thickness of the
R2R-printed dielectric layers is about 4.5 µm with the 70 nm
of surface roughness, thereby completely removing possible
shorts (0%) between the first printed layers from the silver
gate electrodes on the PET foils and the third printed layers
of the drain and source electrodes on the printed dielectric
layers (Fig. 2). The average of the measured capacitances for
printed gate dielectrics was 5 nF/cm2, comparable to the SiO2

layer with a thickness of 800 nm. The resulting R2R gravure-
printed antenna, all electrodes, and dielectric layers, as shown
in Fig. 1(d), are called as precursors and used to integrate a ring
oscillator and a rectifier using an inkjet and a pad printer.

B. Single-Walled Carbon Nanotube (SWCNT) TFTs

Since the designed circuit uses transistors of gate lengths of
200 µm due to the limit of 20-µm overlay printing registration

accuracy of the current R2R printing process,1 SWCNTs with
intrinsic high mobility and stability [14], [15] were considered
for the printable active layers in this work. However, we still
needed to improve the on–off ratios of the printed TFTs made
from active-layered SWCNTs (SWCN-TFTs) by deactivating
metallic SWCNTs (m-SWCNTs). In general, SWCNTs contain
"1 : 3 mixtures of m-SWCNTs and semiconducting SWCNTs
(s-SWCNTs). In prior work, the on–off ratios have been en-
hanced through an electrical breakdown process [16], where
the m-SWCNTs are burned out at higher voltages, by control-
ling the percolation density of the deposited SWCNTs [15],
[17] or deactivating the m-SWCNTs through selective reaction
chemistries [20]. However, all these methods were inadequate
in our process for constructing the fully printed flexible circuits
that require uniform properties [19].

To directly employ SWCNTs in printing TFTs with a reason-
able on–off ratio for the production of printed ring oscillators,
we used surface-modified SWCNT inks (PR-001, Paru Com-
pany Korea) as received [20], [21]. We directly use PR-001 as
semiconducting inks to deposit the active layers using inkjet
printing on the gravure-printed 13.56-MHz RF tag precursors
[Fig. 1(d)] because of low viscosity (> 10 cP) of the SWCNT
ink and good overlay printing registration accuracy of the inkjet
printer ("20 µm).

1The goal of this work is to directly apply the results into R2R-printing RFID
tags in the near future. Therefore, the overlay printing registration accuracy
limit of ±20 µm for the current R2R-printing process should be noted when
the layout of printed TFTs is designed. Therefore, the printed TFTs should have
a minimum channel length of 200 µm, because the drain–source electrodes
should always align on gate electrodes (200 µm) within the accuracy limit to
provide R2R-printed TFTs with less than 10% error. That is why we need a
channel length of at least 200 µm for TFTs here.
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Fig. 3. (a) Optical image of printed SWCNT-TFTs on the 1-bit RF tag precursor. (b) SEM image of the R2R-printed dielectric layer shows many white speckles
originating from hybrid BaTiO3 nanoparticles. (c) SEM image of deposited bundle SWCNTs as drain–source electrodes shows densely printed bundle SWCNTs
to reduce surface resistance. (d) SEM image of modified SWCNTs (PR-001) indicates a networked structure as an active layer that is inkjet printed.

In the process of producing printed SWCNT-TFT-based ring
oscillators, the drain and source electrodes of SWCNT-TFTs
are first printed [Fig. 3(a)] on the RF tag precursor [Fig. 1(d)]:
this will be used later for the construction of the resistor-
load-type inverters. To print the drain and source electrodes
on the precursors [Fig. 1(d)], 0.37 g of the bundled SWCNTs
(HiPco, Carbon Nanotechnology Laboratory, Rice Univer-
sity) were dispersed in 1 L of water/sodium dodecylsulphate
(10 g) using an ultrasonic homogenizer (Polyscience X-520,
750-Watt) for 1 h. The water was chosen as solvent for the
SWCNT ink since it will not damage the printed dielectric
layers. The solution was then filtered (syringe filter with 5 µm
of pore size, PALL) to remove aggregated SWCNTs; the fil-
trate had a viscosity of 1.1 cP at 22 !C and was used as a
conducting ink to print the drain and source electrodes. By
using the inkjet printer (UJ 2100, UniJet Company Korea) with
the prepared bundle SWCNT ink, the lowest surface resistance
(4–4.5 K!/sq) for the printed drain–source electrodes could be
attained by repeating the deposition cycle ten times (printing,
drying, and washing with methanol to remove the surfactant)
on the R2R-printed gate dielectric layer [Fig. 3(b)]. Since
the printed SWCNT was dried before overlay printing, the
additive printing will not damage the printed SWCNTs. As
shown in the scanning electron microscope (SEM) image of the
drain–source electrodes [Fig. 3(c)], the printed bundle SWCNT
electrodes were well packed and not damaged by additive inkjet
printing.

The active layer, with a width of 4200 µm and a channel
length of 200 µm, was printed six times for each of the TFTs
following the same printing cycles as the drain and source

electrodes, except that surface-modified SWCNT, i.e., PR-001,
ink was used. The printed SWCNT-TFTs for the construction
of a ring oscillator are shown in Fig. 3(a) with a SEM image of
the printed active layer of a network of s-SWCNTs (PR-001)
[Fig. 3(d)].

All electrical measurements of the printed SWCNT-TFTs
were carried out under ambient conditions using a semi-
conductor parameter analyzer (Keithly 4200). Characteristic
p-channel transistor behavior was seen in the drain–source
current IDS versus drain–source voltage VDS curve at various
gate voltages VGS [Fig. 4(a)]. IDS linearly increased with
saturation at higher VDS. The observed field effect originated
from the field dependence of carrier concentration in the
s-SWCNTs and not from charge accumulation due to water
molecules. In fact, as shown in Fig. 4(b), almost no hysteresis
effect of SWCNT-TFTs was observed under ambient conditions
due to the hydrophobic dielectric layers [22]. For practical
applications in printing RF tags, the transistor parameters that
govern the devices’ performance should be evaluated. Among
them, the transconductance, mobility, on/off ratio, subthreshold
swing, and threshold voltage need to be screened for device
applications. The mobility was 0.03 cm2/V · s at an on/off ratio
of 103. Extrapolation of the linear region of transconductance
plot results in a Vth of #3 V. The slope in the linear region
of IDS versus VGS gives transconductance gm = dIDS/dVGS =
5.83 nS [Fig. 4(b)], and the subthreshold swing for the printed
SWCNT-TFT was 2.5 V/dec.

Since the mobility of the printed SWCNT-TFTs was too low
to operate the printed devices at a reasonable switching speed,
we reprinted the active layers on the printed SWCNT-TFTs to
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Fig. 4. (a) I–V characteristics of a printed SWCNT-TFT. (b) Corresponding
transfer characteristics at VDS of !10 V.

Fig. 5. (a) I–V characteristics of reprinted active layers in printed SWCNT-
TFTs. (b) Corresponding transfer characteristics at VDS of !10 V.

increase the current levels of IDS; in doing so, we sacrificed
the on–off ratio (Fig. 5). The reprinted SWCNT-TFTs show
a mobility of 5.24 cm2/V · s at an on–off ratio of 100, but
they are good enough to operate 1-bit RF tags at a switching
speed of 100 Hz. The slope in the linear region of IDS versus
VGS gives transconductance gm = 0.307 µS [Fig. 5(b)]. The
subthreshold swing for the printed SWCNT-TFT was 5.5 V/dec,
and a threshold voltage was #4 V.

C. SWCNT Inverter and SWCNT Ring Oscillator

As shown in Figs. 4 and 5 for the electrical characteristics of
printed SWCNT-TFTs, the mobilities of the printed SWCNT-
TFTs could be tuned from 0.03 to 5.24 cm2/V · s, with an
on–off ratio ranging from 103 to 102 by controlling the network
density of printed modified SWCNT (PR-001). For the con-
struction of inverters using the printed SWCNT-TFTs as driving
transistors, resistors of 10, 30, and 50 M! were printed to
each of the SWCNT-TFTs, respectively, using pad printer with
patterns of 1 mm $ 7 mm using carbon paste with a viscosity of
10,000 cP (PC-002, Paru Company Korea). The major reason
in using the pad-printing method at this step is convenient to
selectively print small feature sizes and easy to replace by R2R
gravure. The size of load resistance was calculated based on
the attained performance of printed SWCNT-TFTs to get the
maximum gain using the load line method in the measured
IDS–VDS characteristic curves.

All electrical measurements for all-printed SWCNT inverters
and SWCNT ring oscillators were carried out under ambient
condition using a semiconductor parameter analyzer (Keithly
4200) with dc power supplies (HP 1245), a function generator
(Tektronix AFG 3022), and an oscilloscope (Tektronix DPO
4034), respectively. We could print inverters with an opera-
tion frequency of 1–60 Hz with a gain of 1 at 10 V dc by
simply controlling the printing sequences of modified SWCNT
(PR-001). The results of input and output frequencies from
printed inverters prepared using the SWCNT-TFTs are shown
in Fig. 6; and the observed small-signal unit-gain frequencies
are 1, 12, and 60 Hz, respectively. Since these frequencies were
maximum values under the setting gain of 1, we can expect
that each inverter would oscillate at those frequencies. In fact,
the measured time delays tD between the input and output of
each inverter were 0.17 s to an 1-Hz inverter, 0.01 s to a 12-Hz
inverter, and 0.0024 s to a 60-Hz inverter. Based on those time
delays, the expected oscillation frequencies (f = 1/10tD) were
0.59, 10, and 42 Hz, respectively, when the five stages of a ring
oscillator were printed based on each printed inverter. Based
on those printed inverters, the printed five-stage ring oscillators
were prepared and observed the oscillated frequency of 1,
12, and 60 Hz, respectively, under 10 V dc. Those oscillated
frequencies are slightly higher than the calculated oscillated
frequencies based on the time delay of each printed inverter due
to the unevenness of printed SWCNT-TFTs.

To attain a clock signal with a maximum frequency, SWCNT-
TFTs with a mobility of 5.24 cm2/V · s, a threshold voltage
of #4 V, and a transconductance (gm) of 0.307 µS were used
to construct the five-stage ring oscillator. All the printed ring
oscillators from the oscillated frequencies of 1–60 Hz were
summarized in Fig. 7.

All of the printed ring oscillators prepared from 1, 12, and
60 Hz of inverters generated almost the same oscillated signals
to their inverters by inputting 10 V dc. To differentiate from
the ac power source (60 Hz), the printed 60-Hz ring oscillator
[Fig. 7(c)] was further tested using 12 V dc. By simply increas-
ing the inputting dc power, 67.4 Hz was generated from the
printed same ring oscillator of Fig. 7(c). That means the 60-Hz
signals are indeed generated from the all-printed SWCNT
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Fig. 6. All-printed inverters from the cutoff frequency of (a) 1, (b) 12, and (c) 60 Hz at 10 V dc.

Fig. 7. All-printed five-stage ring oscillators with the oscillated frequency of (a) 0.7, (b) 12.2, and (c) 60 Hz at 10 V dc, and (d) 67.4 Hz at 12 V dc.

oscillators. If we consider some parasitic capacitance on
SWCNT-TFTs, the observed frequency of 60 Hz was a reason-
able value, and the highest value so far demonstrated for fully
printed and R2R-printable ring oscillators operated under 10 V
dc on plastic foils.

To complete a 1-bit RF tag sample, we printed the five invert-
ers [Fig. 8(a)] with 60 Hz of inverting frequency [Fig. 8(b)] as
the ring oscillator [Fig. 8(c)] to generate a clock signal of 60 Hz
[Fig. 8(d)] at 10 V dc and used it to further integrate a rectifier.

D. Printed Diodes and Rectenna

To complete a rectenna, the SWCNT ring oscillator printed
tags (Fig. 8) were used for printing further layers using

a pad printer. For constructing the rectifier [Fig. 8(e)], a
voltage tripler, three Schottky diodes, and three capacitors
were fabricated on the SWCNT ring oscillator printed tags.
The reason for using the voltage tripler is that there is low
rectification efficiency (the ratio of dc output voltage to ac
input peak voltage) of each printed diode due to the thick
active layers (5 µm), which is needed to prevent a possible
short between the bottom and top electrodes. Since the bottom
electrodes were all R2R gravure-printed silver, we needed
to use top electrodes with lower work function inks to make
Schottky contact to the printed semiconducting layer. In this
paper, we employed Al paste to print the top electrode. The
semiconducting inks (PR-003, Paru Company Korea) for the
diodes that were provided by Paru Company PR-003 was
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Fig. 8. (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-µA power down mode current).

formulated from polyaniline (PANI) [23] and cobalt-doped
ZnO nanowires [24]–[26]. The size of the prepared Co
doped ZnO nanowires was about 2–10 µm in length with a
30-nm diameter. After printing the semiconducting layer on
the silver electrode and drying it at 150 !C for 10 s, the top
electrode was printed using Al paste (PG-005W, Paru Company
Korea) with a work function of 4.2 eV. Since the hybrid ZnO
nanowires-PANI acts as a Schottky diode, the layer of hybrid
ZnO nanowires-PANI will have an ohmic contact to the silver
electrodes but Schottky contact to the printed Al electrodes.
The input–output electrical characteristics of a printed diode
and a printed capacitor at 13.56 MHz are shown in Fig. 8(f).

The printed capacitors all showed a capacitance of 1.2 nF/cm2.
The capacitors were constructed by simply pad-printing Ag
inks on gravure-printed dielectric layers. Since the rectifying
efficiency of one printed diode and capacitor was about 55%
at the given frequency, the printed rectifier was completed by
connecting a series of three diodes and capacitors, as shown in
the circuit in Fig. 8(e), to provide 10 V dc. After completing
the rectifier, the rectified dc voltage of the printed rectenna at
13.56 MHz was measured based on the distance from the
13.56-MHz reader (3ALogics RSK 100). As shown in Fig. 8(g),
a reading distance of 2 cm has to be kept for attaining at least
10 V dc.
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Fig. 9. (a) All-R2R-printable 13.56-MHz 1-bit RF tag is placed on the antenna
of a commercial 13.56-MHz RFID reader with a 2-cm distance from the reader
antenna to couple the power from the reader. (b) Identified through reading its
generated frequency of 102.8 Hz by a real-time spectrum analyzer.

E. All-Printed and R2R-Printable 13.56-MHz-Operated
1-bit RF Tag

Based on the provided technologies for printed SWCNT ring
oscillators and 13.56-MHz rectenna, the circuit for 13.56-MHz-
operated 1-bit RF tag [Fig. 1(a)] was successfully all printed.
The all-printed 1-bit RF tag was identified using a 13.56-MHz
reader and a real-time spectrum analyzer (Tektronix RSA
3303A). As the 1-bit RF tag approached the reader [Fig. 9(a)],
about 15 V of 13.56 MHz ac was coupled by the antenna and
converted into 15 V dc when passing the rectifier. The converted
15 V dc energized the ring oscillator to generate 102.8-Hz
signals that could be read by the real-time spectrum analyzer,
as shown in Fig. 9(b). Since the supplied dc power from the
rectenna was 15 V, the observed frequency from the 1-bit tag is
higher than 60 Hz of the printed ring oscillator at the power of
10 V dc.

III. CONCLUSION

We have employed the R2R gravure printer with two printing
units to print precursors of 13.56-MHz-operated 1-bit RF tag
containing antennas, electrodes, gate electrodes, wires, and di-
electric layers at a web speed of 5 m/min. The R2R-printed RF
tag precursors have further been used to completely print ring
oscillators and a rectifier with inkjet and pad printers. The 1-bit
RF tag in this work has an estimated cost of 0.03 dollar/unit.
Since the inkjet and pad printers in this work have been used to
print relatively low resolution patterns that are compatible with
the R2R gravure printer, the 13.56-MHz-operated 1 bit RF tags
will be R2R printable using the seven printing units of R2R
gravure printers in the near future. R2R-printed 13.56-MHz-
operated 1-bit RF tags in this work will open a practical way for
developing penny-cost RFID tags, RF-sensors, and RF powered
displays for the realization of ubiquitous society.
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