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This paper proposes printed organic one-time
programmable read-only memory (PROM). The organic
PROM cell consists of a capacitor and an organic p-type
metal-oxide semiconductor (PMOS) transistor. Initially, all
organic PROM cells with unbroken capacitors store “0.”
Some organic PROM cells are programmed to “1” by
electrically breaking each capacitor with a high voltage.
After the capacitor breaking, the current flowing through
the PROM cell significantly increases. The memory data is
read out by sensing the current in the PROM cell. 16-bit
organic PROM cell arrays are fabricated with the printed
organic PMOS transistor and capacitor process. The
organic PROM cells are programmed with —50V, and
they are read out with —20V. The area of the 16-bit
organic PROM array is 70.6 mm’.
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1. Introduction

Printed organic electronics has become a new area for low-
cost and flexible devices, such as flexible displays, smart
sensors, and radio frequency identification (RFID) tags [1]-[3].
Recently, remarkable improvements have been achieved for
low-cost, high-performance, and low-power printed organic
devices [4], [5]. Most research focuses on the high-
performance and low-voltage printed organic transistors, which
are essential devices for the organic electronics [6]-[9]. Other
research focuses on the organic nonvolatile memory that
expands a wide variety of the applications of the organic
electronics [4], [10]-[12].

Memory effects can be observed in organic capacitor, resistor,
and transistor structures. Among these, the nonvolatile memory
using a single transistor structure has gained considerable
attention in recent years and has been embedded in integrated
circuits [11], [13]. In the case of ferroelectric nonvolatile
memory, it is hard to obtain long retention time from the
devices because of the rough surface and high leakage current
through the gate ferroelectric film [10], [13], [14]. Another
approach to replacing leaky ferroelectrics is the development of
metals [12] or nanoparticles (NPs) [15] as floating gates.
However, the fabrication of the inorganic floating gates
requires vacuum evaporation of metals or other complicated
processes [12], [15], which are not compatible with low-cost
manufacturing of organic memories.

In this paper, a printed organic one-time programmable read-
only memory (PROM) array is proposed. Each organic PROM
cell consists of an organic capacitor and an organic p-type
metal-oxide semiconductor (PMOS) transistor. The PROM
cell is selectively programmed by electrically breaking the
capacitor with a high voltage. The capacitor breaking changes
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Fig. 1. Schematic of printed organic PROM cell.
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the capacitor permanently from being open to being short, and
the data retention time of the PROM cell becomes infinite.
Thus, we call the broken capacitor an anti-fuse capacitor.

The printed organic PROM is suitable for organic electronic
devices requiring one-time programming, such as identification
data, circuit trimming data, and look-up tables. Besides, if the
number of write operations in the nonvolatile memory is
strictly limited to a few numbers, the printed organic PROM
can replace the nonvolatile memory by writing data in unused
memory cells instead of overwriting data in previously used
memory cells. The printed organic PROM can be an effective
and inexpensive substitute for printed organic nonvolatile
memory. However, the implemented 16-bit organic PROM is
not small enough to be commercialized. More research on
shrinking the printed organic transistor and capacitor is
required.

The rest of the paper is organized as follows. Section II
describes the proposed printed organic PROM. Section III
shows the measurement results of the fabricated organic
PROM arrays. Finally, the conclusion is drawn in section I'V.

II. Printed Organic PROM Array
1. Printed Organic PROM Cell

Figure 1 shows a schematic of the printed organic PROM
cell consisting of an organic capacitor and an organic PMOS
transistor. The PROM cell is selected by a word line (WL), and
its data is written and read through a bit line (BL).

Initially, all capacitors in a printed organic PROM array are
electrically open, as shown in Fig. 2(a). All PROM cells are
0-programmed PROM cells. During read operations, no
current flows through the O-programmed PROM cell when
applying a read voltage to the BL. During write operations,
some PROM cells are selectively programmed to “1” by
applying a voltage over the breakdown voltage of the capacitor
to the BL. In the 1-programmed PROM cells, their capacitors
are broken and thus electrically shorted, as shown in Fig. 2(b).
During read operations, cell current (/cg ) flows in the
1-programmed PROM cell. A read-out circuit for the PROM
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Fig. 2. (a) 0-programmed PROM cell and (b) 1-programmed
PROM cell.
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Fig. 3. (a) Measured leakage current of printed organic capacitor
according to applied voltage and (b) measured breakdown
voltage of printed organic capacitor according to PVP
film thickness.

determines the stored data by detecting whether the cell current
flows or not.

Figure 3(a) shows the measured leakage current of the
printed organic capacitor according to its applied voltage.
Initially, the capacitor has a very high resistance, so the leakage
current is less than 0.1 pA until the applied voltage is under the
breakdown voltage of the capacitor (BV=38 V). The
breakdown voltage changes according to the PVP film
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Fig. 4. Measured cell current of PROM cell.

thickness, as shown in Fig. 3(b). Over the breakdown voltage,
the capacitor is broken and thus electrically shorted. However,
the maximum of the measured leakage current is about 10 mA
due to the limitation of the measurement equipment. The
printed organic capacitor acts similarly to an anti-fuse capacitor,
as it is initially open and then becomes permanently short by
applying a high voltage, whereas the conventional fuse made
of a metal line is initially short and then becomes permanently
open by applying a high current.

Figure 4 shows the measured cell current (/p) of the PROM
cell according to the gate voltage (V), where the drain voltage
(Vp) is =50 V. As shown in Fig. 1, the gate, drain, and source of
the PMOS are connected to the WL, BL, and capacitor,
respectively. Before the capacitor breaking, the source voltage
(Vs) is equal to Vg+Vrp, where Vip is the absolute value of the
threshold voltage of the PMOS, and Vp is lower than V. The
source voltage is applied to the capacitor. As a result, the
voltage difference of the capacitor increases proportionally to
the absolute value of V. Initially, the cell current (/p) is much
less than 1 pA, before Vg reaches the voltage for breaking the
capacitor (BV=45 V). After the capacitor breaking, the broken
capacitor acts like a short circuit. Therefore, the drain current of
the PMOS transistor with the broken capacitor (“PMOS w/cap.
breakdown” in Fig.4) is the same as that of the PMOS
transistor without a capacitor (“PMOS” in Fig.4) whose
source is connected to the ground. The gate voltage (V) for
breaking the capacitor is —45 V. Therefore, the writing and
reading voltages are determined to be —50V and 20V,
respectively. These voltages can be reduced by lowering the
breakdown voltage of the capacitor, as shown in Fig. 3(b).

In the broken capacitor, the leakage current is over 10 mA
when its applied voltage is 20V, as shown in Fig. 3(a);
therefore, its resistance is under 2 kQ. In the PROM cell with
the broken capacitor, the drain current is about 2 pA when V is
20V, so its resistance is about 1 MQ. Therefore, the broken
capacitor behaves like a short circuit in the PROM cell.
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Fig. 5. Printed organic PROM cell layout.
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Fig. 6. Printed organic PROM cell structure: (a) cross-section of
transistor and (b) cross-section of capacitor.

Figure 5 shows the layout of the printed organic PROM cell.
All circuits are fabricated on glass. Three metal layers (M1 to
M3) and an active layer, a contact, and a VIA are used to
implement the PMOS transistor and capacitor. Two dielectric
layers are used to separate the metal layers. Figure 6 illustrates
the structure of the printed organic PROM cell, Fig. 6(a)
showing a cross-section of the PMOS transistor and Fig. 6(b)
showing a cross-section of the PMOS capacitor.

The M1 layer is used for the source and drain of the
transistor and the BL. AwNi (15-nm/3-nm thick) is used for the
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MI layer by the lift-off technique on Corning Eagle 2000 glass
substrates. The width of the metal lines for the source and drain
is 20 um. The width and length (W/L) of the channel of the
transistor are 1,000 pm and 10 um, respectively. The M2 layer
is used for the gate of the transistor, the WL, the ground line,
and the bottom plate of the capacitor. After inter-metallic
dielectric deposition, the M3 layer is used for the top metal for
the bonding wires and the top plate of the capacitor. The M2
and M3 layers are made of Al (50-nm thick) by the thermal
evaporation method. These layers are patterned by the shadow
mask process. The minimum width of the M2 and M3 layers is
selected to be 100 pum.

The active layer for the PMOS transistor is patterned over the
source and drain metal lines. A p-type polymer semiconductor
containing dodecyl-substituted thienylenevinylene (TV) and
dodecylthiophene (PC12TV12T) is synthesized using a
previously published procedure [16]. This mixture is dissolved
in anhydrous p-xylene to obtain 3 mg/ml of solution, and the
solution is filtered through a 0.2-um polytetrafluoroethylene
(PTFE) syringe filter prior to use. A custom-built research
inkjet printer (UJI200MF, Unijet, Korea) is utilized to inkjet-
print the semiconductor solution onto Au/Ni patterned
substrates at room temperature. A piezoelectric-type drop-on-
demand dispensing head (Microfab Tech.) with a 50-um
orifice diameter is used at an operating frequency of 1 kHz.
The semiconductor film is thermally annealed at 200°C for
30 minutes in a Ny-purged glove box with low oxygen and
moisture levels (<5 ppm) [17]. For the polymer gate dielectric
layers, PMMA (Aldrich, MW =120kD) is used without
further purification. The PMMA (80 mg/mL) is dissolved in n-
butylacetate (nBA) and filtered before spin-coating, After the
dielectric coating, the devices are finally annealed at 80°C for
one to two hours in the glove box.

The PVP material is selected as capacitor dielectric. To
fabricate high performance top-gated polymer transistors, the
selection of a benign gate dielectric solvent is quite important
to avoid performance degradation via dissolution or swelling of
a semiconducting polymer. The PVP can find a benign solvent
easily since common conjugated polymers do not dissolve its
fluorinated or alcoholic solvent. The orthogonal solvents
selected for PMMA and PVP are nBA and 2-butanolas,
respectively. The used conjugated polymers do not dissolve in
these orthogonal solvents, and the roughness of
semiconducting polymer films is almost similar after one
minute of spin-coating.

The bottom and top layers of the capacitor are M2 and M3,
respectively. To control the breakdown voltage precisely, we
adjust the PVP concentration. In a capacitor, the PVP
(10 mg/mL, 20 mg/mL, 30 mg/mL, and 40 mg/mL) is
dissolved in 2-butanol, and the solution is filtered via a 0.2-um
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Capacitor

Fig. 7. Microphotograph of printed organic PROM cell.

PTFE syringe filter before being spin-coated at 2,000 rpm for
one minute. After the dielectric coating, the devices are
annealed at 100°C for an hour in a nitrogen environment glove
box.

The contact connects the M1 and M2 layers. After the
PMMA gate dielectric film coating, pure solvent (anhydrous
chlorobenzene) is inkjet-printed on a PMMA-coated device to
make VIA holes. The VIA connects the M2 and M3 layers.
After the PVP dielectric film coating, the 2-butanol solvent is
inkjet-printed on a PVP-coated device to make VIA holes.

In the layout, the align margin for each layer is set to 100 pm.
The total area of the printed organic PROM cell is 4.41 mm®
(2.1 mm x 2.1 mm). The areas of the transistor, capacitor,
contact, and VIA are shown in Fig.5. Figure 7 shows a
microphotograph of the printed organic PROM cell.

2. Operations of Printed Organic PROM Array

The printed organic PROM arrays with 4x4 cells are
fabricated, as shown in Fig. 8. Four WLs (WL1 to WL4) and
four BLs (BL1 to BL4) have their PADs for the bonding wires
to connect the PROM test board. A WL with a negative voltage
selects four PROM cells among 16 PROM cells. The selected
four PROM cells are programmed and read out through four
BLs.

Figure 9(a) shows the write operation in a PROM cell. The
voltage of a selected WL becomes —50V, and the other WLs
remain at 0 V. The voltage of the BL (V) varies according to
program data. The BL supplies 0 V or —50 V to the capacitor in
the PROM cell when the program data is “0” or “l,”
respectively. If Vg = 0 V, the capacitor remains electrically
open. If Vg =—50V, the capacitor is broken, and it changes to
an electrically short circuit.

Figure 9(b) shows the read operation in a PROM cell. At this
time, the voltage of the selected WL becomes —20V, and the
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Fig. 8. Printed organic PROM array with 4x4 cells: (a) schematic
and (b) microphotograph.

other WLs remain at 0 V. The BL is connected to 20V
through the resistor R1. If the program data is “0,” VgL
becomes —20 V because the capacitor is electrically open. If the
program data is “1,” V. becomes —10V due to the voltage
division between the resistor R1 (=1 MQ) and the resistance of
1-programmed PROM cell (=1 MQ). Therefore, the data
stored in the PROM cell can be read out by comparing the BL
voltage (Vg.=-20V or —10 V) and a reference voltage (Vrer=
-15V).

Figure 10 shows a schematic and a photo of the
implemented PROM test board. The test board consists of a
16-bit PROM cell array board, a WL decoder, a read-write
circuit, and a controller. The PROM cell array board has the
printed organic PROM array with 4x4 cells, bonding wires,
and test board connection pins. The WL decoder is made of
five relay switches. A relay switch selects the WL voltage
(Vwr) between the writing voltage (Ve = —50V) and the
reading voltage (Viq = —20V) by a write enable signal
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Fig. 9. PROM cell operations: (a) write and (b) read.

(write_EN). Four relay switches connect the WLs (WL1 to
WL4) to Vyr or the ground by four WL enable signals
(WL1_EN to WL4 EN). The read-write circuit has four BL
read-write circuits. Each BL read-write circuit consists of two
relay switches, an operation amplifier (AMP), and a resistor
R1 (=1 MQ). The read or write circuit is selected by the
write EN signal. The read circuit (AMP and R1) detects the
programmed data in the PROM cell. The write circuit
connects the BL to V. or 0V by the BL program signal
(BL_program). The controller makes 5 V control signals for
all relay switches.

Figure 11 shows the signal waveforms of the PROM test
board. Two operation modes (read and write) are controlled by
the write enable signal (write EN). Four WLs (WL1 to WL4)
are selected by the WL enable signals (WL1 EN to WL4 EN).
At the read operation before the write operation, all capacitors
in the PROM cells are unbroken, and the value of the data is
“0.” Therefore, the voltage of BL1 is —20V and the output
voltage of the operational amplifier (OUT1) is also 20 V. At
the write operation, the PROM cells are sequentially
programmed by changing the selected WLs. The voltage of
BL1 becomes 0 V or —50 V according to the program data (“0”
or “1”). In this example, four-bit data “1011” is programmed.
At the read operation after the write operation, the stored data
“1011” is read out. The voltage of BL1 becomes 20V or
—10 V according to the program data (0 or “1”’). The outputs
of the operational amplifier (OUT1) become “1011.”
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Fig. 10. PROM test board: (a) schematic and (b) photo.
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Fig. 11. Signal waveforms of PROM test board.

III. Measurement Results

Figure 12 shows the measured waveforms of the PROM test
board. The four WLs shown in Fig. 12(a) are sequentially
activated with 20 V (Veq) and —50 V (Vo) at the read and
write modes, respectively. Figures 12(b) and 12(c) show
voltages of the BL and OUT, where the program data is “1000”
and “1010,” respectively. At the read operation before the write
operation, the stored data is “0000.” At the read operation after
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the write operation, the programmed data is accessed. The
voltage of the BL is about —10 V instead of 20 V (Vq), when
data is “0.” The voltage change in the BL comes from the
resistance of the oscilloscope probe (Rpone=1 MC). The BL
voltage becomes —10 V from —20 V due to the voltage division
between R1 (1 MQ), shown in Fig. 9(b), and the probe
resistance (=1 MQ). The BL voltage varies from —2 V to
—5.5 V in Figs. 12(b) and 12(c), because the 1-programmed
cells have a wide range of resistances. However, as shown in
Figs. 12(b) and 12(c), the output voltage of the operational
amplifier (OUT) becomes 0 V or —20 V (V,g) according to the
programmed data.

The features of the printed organic PROM array are
summarized in Table 1. The printed organic PROM array with
16-bit PROM cells is implemented with the printed organic
PMOS transistor and capacitor process. The breakdown
voltages are —47 V to —40 V for 10 samples of the PROM cells.
The 0-programmed and 1-programmed cells have the leakage
currents of 0.1pA to 04pA and 1.5pA to 10.5pA,
respectively. The writing and reading voltages are —50 V and
—20 V,, respectively. The area of the PROM cell is 4.41 mm’.
The areas of 16-bit ROM arrays with and without PADs are
132 mm? and 70.6 mm?, respectively.

IV. Conclusion

Printed organic one-time PROM was proposed. The organic
PROM cell consists of a capacitor and an organic PMOS
transistor. In this study, initially, all organic PROM cells with
unbroken capacitors stored “0.” Some organic PROM cells
were programmed to “1”” by electrically breaking the capacitors
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Table 1. Features of printed organic PROM array.
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Fig. 12. Measured waveforms of PROM test board: (a) WLs, (b)
when PROM data is “1000,”and (c) when PROM data is
“1010.”

with a high voltage. After the capacitor breaking, the current
flowing through the PROM cell significantly increased. The
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Printed organic PMOS transistor and capacitor
Fabrication process process with printed polymer semiconductor,
3 metal layers
Memory organization 16-bit PROM cells (4x4)
Breakdown voltage —47V to—40V for 10 samples
.1 pA to 0.4 - 11
L . ot 0.1 pA to 0.4 pA @ 0-programmed cells
; 1.5 pA to 10.5 pA @ 1-programmed cells
Writing voltage 50V
Reading voltage 20V
PROM cell area 441 mm® (2.1 mm x 2.1 mm)
PROM array area 70.6 mn?’ (8.4 mm x 8.4 mm) without PADs
(16 cells) 132 mn’ (11 mm x 12 mm) with PADs

memory data was read out by sensing the current in the PROM
cell. 16-bit organic PROM cell arrays were fabricated with the
printed organic PMOS transistor and capacitor process. The
organic PROM cells were programmed with —50 V, and they
were read out with —20 V. The area of the 16-bit organic
PROM array was 70.6 mm?’.
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