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Ultralow Power Microfuses for Write-Once Read-Many
Organic Memory Elements**

By Bianca C. de Brito, Edsger C. P. Smits, Paul A. van Hal, Tom C. T. Geuns, Bert de

Boer, Clemens J. M. Lasance, Henrique L. Gomes, and Dago M. de Leeuw*

Organic integrated circuits are being developed for

application in contactless radio-frequency identification

(RFID) transponders.[1,2] The largest reported digital inte-

grated circuit is a functional 64-bit code generator comprising

about 2000 organic field-effect transistors.[1] The digital code

was stored in a hardwired, or Mask-ROM, memory matrix.

Envisaged high-end applications will require dynamic mem-

ories that can repeatedly be written and read. Many low-end

applications however, such as electronic barcodes, require only

static memory elements that can be written once and read

many times (WORM). For these WORM applications,

electrically programmable read-only memory elements based

on conducting polypyrrole[3] and polyaniline lines[4] have been

developed. The operating mechanism relies on the irreversible

reduction of the electrical conductivity of polyaniline by Joule

heating, similar to standard safety fuses. The critical power for

fuse interruption was found to be independent of the line width

and directly proportional to the line length.[4] The breakdown

is current driven and about 0.5mW was needed to blow up the

shortest lines of 5mm. The power to blow up a single fuse can

be delivered by state-of-the-art organic integrated circuits.

However, the critical power is too large to program memory

arrays. To minimize power consumption the line width has to

be reduced. To this end the layout was changed from a lateral

to a vertical fuse by sandwiching the conducting polymer,

poly(3,4-ethylene-dioxythiophene) stabilized with polystyrene

sulfonic acid (PEDOT/PSS), between two electrodes. Integra-

tion of PEDOT/PSS in cross-bar memory arrays with silicon

diodes has been reported.[5] High voltage pulses were needed

to program the memory. Current-controlled thermal dedoping

of PEDOT/PSS was postulated as an operation mechanism.

Here we show that the vertical PEDOT/PSS fuses can be

programmed with ultralow-power of only a few mW. We show

that the operating mechanism is not dedoping by Joule heating

but delamination by gas formation upon electrolysis of water.

To unambiguously demonstrate that fuse interruption is

voltage- and not power-driven, breakdown of fuses connected

in series was investigated.

In order to prevent cross-talk, the PEDOT/PSS fuses were

fabricated in vertical interconnect holes (vias) of a lithogra-

phically patterned photoresist. Silicon monitor wafers

(150mm) with thermally grown oxide were used as a substrate.

Bottom gold electrodes and first interconnects were defined by

photolithography. Chromium was used as an adhesion layer.

Subsequent via holes with a diameter between 1mm and 50mm

were defined in 500 nm of the photoresist. After development,

baking, and oxygen plasma cleaning, a PEDOT/PSS layer was

spin-coated. Various types of PEDOT/PSS were obtained from

H.G. Starck and Agfa. The conductivity varied between

0.01 Scm�1 and 100 Scm�1. A top gold electrode was

evaporated and patterned. The top electrode acts as a

self-aligned etching mask for the removal of the exposed

PEDOT/PSS with reactive ion etching. The fuse geometry is

schematically depicted in the inset of Figure 1. Each wafer

contained about 500 discrete vertical fuses. Fuses were

combined into strings of 20 and 40 fuses in series. The

current–voltage characteristics were measured using an

Agilent 4155C semiconductor parameter analyzer. There

was no difference between two-point and four-point probe

current–voltage measurements. Unless stated otherwise the

measurements were performed in ambient conditions.

A typical current–voltage measurement is presented in

Figure 1. The bias was swept from 0 to 10V on a logarithmic

scale, and the current increased linearly with the bias.

However, at a critical voltage of about 2V the current

irreversibly drops by several orders of magnitude. The vertical

PEDOT/PSS fuse is blown up. The interruption is independent

of polarity and hardly depends on the scan rate that was varied

between 5 and 250 msV�1. Scanning electron microscopy

(SEM) photographs before and after the fuse interruption are
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presented in Figure 2. The square gray areas are the top and

bottom gold electrodes of the four-point probe Kelvin device

layout. The round sphere in the middle is the vertical PEDOT/

PSS interconnect. Upon fuse interruption, the interconnect

literally blows up. Electron microprobe analysis showed only

the presence of gold on the expanded surface of Figure 2a. This

indicates that the PEDOT is still enclosed between the gold

electrodes. To study the microstructure in more detail, focused

ion beam (FIB) measurements were performed, and a

cross-section of an interrupted fuse was made. The chemical

composition as presented in Figure 2 was obtained from the

secondary electron emission measured at a tilt angle of 45 8.
The Pt layers on top were deposited before milling to prevent

charging. The bottom and top gold contacts show different

dark and bright regions due to grains with a different

crystallographic orientation. Figure 2 shows that the

PEDOT/PSS layer is delaminated form the bottom gold

contact. PEDOT/PSS only adheres to the surrounding

photoresist. The void disconnects the top and bottom

electrodes. The electrical discontinuity causes the large current

drop in the current–voltagemeasurements. The volume change

upon fuse interruption is clearly visible in an optical

microscope. A representative movie is included in the

supplementary information.

Fuses were made with PEDOT/PSS with

different bulk conductivities. The device

resistance depends on the type of PEDOT/

PSS and varied between 103Vmm2 and

108Vmm2. The device resistance is about

two to three orders of magnitude higher

than expected from the bulk conductivity.

This difference is due to the contact

resistance between PEDOT/PSS and the

bottom gold electrode. The critical voltage

and the critical power density for fuse

interruption as a function of the fuse

diameter are presented in Figure 3. The

critical voltage is about 2V, almost inde-

pendent of fuse diameter and device resis-

tance. The critical power, taken as the

electrical power at fuse interruption, does

not depend on the device diameter. The

power varies between 100 and 105Wcm�2

depending on the bulk conductivity of

PEDOT/PSS. Fuses with a surface area of

about 10 to 100mm2 interrupt at a critical

power as low as a few mW.

To estimate if fuse interruption is caused

by a thermal process we use a simple static

thermal model. The fuse is treated as a thin

circular heating element with radius, a, on

top of a Si substrate that acts as a heat

spreader. When electrical power is dissi-

pated in the fuse, the temperature rise over

time is determined by the boundary condi-

tions, dimensions, material properties of all

Figure 1. Typical current–voltage characteristics of a PEDOT/PSS fuse
with 5mm diameter. The fuse interrupts at about 2 V. Fuse interruption
does not depend on the polarity and hardly changes with scan speed. The
inset shows the layout of the four-point probe Kelvin structure and a
schematic cross-section of the fuse. The PEDOT/PSS is processed in
vertical interconnects defined in the photoresist and sandwiched between
top and bottom gold electrodes.

Figure 2. a) SEM photographs of a PEDOT/PSS fuse with a diameter of 50mm before and after
interruption. The square gray areas are the top and bottom gold electrodes of the four-point probe
Kelvin device layout. The round sphere in the middle is the vertical PEDOT/PSS interconnect.
Upon fuse interruption, the interconnect is literally blown up. b) The cross-section wasmade using
a FIB200 (Focused Ion Beam). First a thin layer of Pt is deposited to avoid charging. Then a 1.0mm
Pt layer is deposited on the region of interest to protect the sample during FIB milling. A hole is
milled using 30 keV Ga ions in the surface with one steep edge (oriented perpendicular to the
sample surface) at the region of interest, and a step-like construction at the opposite side. In this
way the cross-section is made and studied in the FIB at a tilting angle of 45 8. Ga ions are used to
scan the sample, and the image is formed by detection of the secondary electrons.
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layers involved, and time. As a first-order guess, we may

consider a zero-thickness source with constant flux over its area

on top of a semi-infinite substrate. For this case, the thermal

resistance is given by:

Rth ¼ 8=ð3p2kaÞ (1)

where k is the thermal conductivity of the substrate.[6] The

thermal power to reach a certain critical temperature, Tc, is

equal to the temperature rise (DTc ¼ Tc � T0, with T0¼ 300K)

divided by the thermal resistance. In this simple thermal model

the fuse interrupts when the provided electrical power equals

the thermal power. This equality yields the following

expressions for the critical power and critical voltage:

Pc ¼ 3p2kaDTc=8 (2)

Vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3pkaDTcR=8

p
(3)

where R is the electrical fuse resistance.

For an estimate, we take DTc of 100K as a typical value for

dedoping the conducting polymer, and we take a substrate

thermal conductivity, k, of 120W mK�1. The calculated values

for critical voltage and critical power are included as the solid

lines in Figure 3. There is no agreement between estimated and

measured values. Apart from a discrepancy in the numerical

values, the functional dependences are exactly opposite as

expected. In a simple thermal model the fuse interrupts when

the delivered electrical power equals the critical thermal

power. Hence, the critical electrical power should be

independent of the device’s electrical resistance, while the

critical voltage is expected to increase with device resistance.

We conclude that fuse interruption is not due to thermal

dedoping. The inadequacy of a thermal explanation also

follows from some additional runs that have been performed,

including the gold and SiO2 layers on top of the Si substrate

attached to a chuck at room temperature. For example, the

calculated temperature rise for a 100mm2 fuse dissipating

103W cm�2 was only 1 8C.
The critical voltages being constant and about 2V strongly

indicates that electrolysis of water in the PEDOT/PSS is

responsible for fuse interruption. The oxidation and reduction

electrode half-reactions are:[7]

2H2OðlÞ ! O2ðgÞ þ 4HþðaqÞ þ 4e� with

E0
ox ¼ �1:23V

(4)

2HþðaqÞ þ 2e� ! H2ðgÞ with E0
red ¼ 0:0V (5)

At a pH of zero the reduction potential of water is 0V by

definition, and the oxidation potential is 1.23V. Both electrode

potentials depend on pH but shift in parallel.[8] Hence the

potential for water electrolysis at 25 8C is 1.23V at all pH’s.

However, a free energy of activation is often needed for the

reaction to occur. Required overpotentials may easily amount

to about 1V.[9] Therefore, potential values for water electro-

lysis are typically around 2V, which is comparable to the values

of the critical voltages. Gasses formed upon hydrolysis cannot

escape because the fuses are enclosed in the photoresist and

sandwiched between a top and bottom electrode. The pressure

rises and the fuse expands. The PEDOT/PSS delaminates at

the least adhering surface, which Figure 2 shows is the bottom

gold contact. To even further reduce the adhesion, self-

assembled monolayers (SAMs) of alkanethiols were applied

on the bottom gold electrode. However, no changes in critical

voltage were measured.

Fuse interruption is a self-limiting process. Upon delamina-

tion the current path is interrupted and the electrolysis stops.

The equivalent circuit of the fuses is represented by the

PEDOT/PSS bulk resistance in series with the contact

resistances, all shunted by the nonlinear resistance of the

electrochemical cell. The tiny amount of charge needed to

generate sufficient gas to blow up the fuse can be calculated

from the expanded volume. The electrochemical current is a

negligible fraction of the total current. The experimental data

of Figure 3 can now be explained as follows: fuse interruption

occurs at the onset of electrochemical decomposition of water,

around 2V, the current at fuse interruption is dominated by the

PEDOT/PSS resistance, and the electrochemical current can

be disregarded.

Figure 3. a) Critical voltage for fuse interruption as a function of fuse area.
The solid lines are critical voltages as calculated for a simple static thermal
model. b) Power at fuse interruption as a function of fuse area. The solid
line is the critical power as calculated for a simple static thermal model.
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Figure 3 shows that the breakdown is voltage driven and not

current driven. A threshold voltage for circuit interruption can

be set by connecting fuses in series. Figure 4 shows that the

critical voltage for interruption of strings linearly increases

with the number of interconnected fuses.

Electrochemistry relies on the presence of water. To support

electrolysis as the responsiblemechanism, the fuse interruption

was measured as a function of ambient pressure and

temperature. A constant bias of 2.5V was applied and the

current was measured. Figure 5 shows the current as a function

of time. At room temperature in air the fuse interrupts after

about 100 ms. However, when the measurement is either done

in dynamic vacuum of 10�5 mbar or in air at 140 8C, the fuse

does not interrupt. The water content of the fuse is then too

low. Changing the bias does not make a difference. The devices

in vacuum or at elevated temperatures were stable up to at

least 7V. Finally we note that the operation is not limited to

PEDOT/PSS. Fuses based on poly(vinyl alcohol) in ambient

conditions did interrupt as well. However, the bias needed was

high because the conductivity of poly(vinyl alcohol) is

negligible. In vacuum the fuses were stable, similar to the

PEDOT/PSS based fuses.

In summary, we have fabricated vertical PEDOT/PSS fuses

on 150mm wafers yielding 500 fuses at a time. The fuse is

processed in vertical interconnects defined in the photoresist

and sandwiched between top and bottom gold contacts. Fuses

with diameters from 10 to 100mm can be programmed with

power as low as a few mW. The operation mechanism is not

power-driven thermal dedoping but delamination of PEDOT/

PSS by gas formation upon electrolysis of water. The process is

voltage-driven and fuse interruption starts at the onset of

electrochemical reduction of water, which is about 2V. The

technology can be implemented in existing organic electronic

process flow-charts yielding the first electrically programmable

WORM organic memories.
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Figure 4. Critical voltage for breakdown of strings as a function of the
number of interconnected fuses.

Figure 5. Current as a function of time. A constant bias of 2.5 V was
applied. In air at room temperature the fuse interrupts at about 0.1 s. In
vacuum and at a temperature of 140 8C, the fuses do not interrupt but are
stable over time.
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