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We report on switching and negative differential resistance �NDR� behaviors of crossed bar
electrode structures based on Al/organic layer/Al devices in which the organic layer was a
spin-coated layer of 7-�4-�5-�4-tert-butylphenyl�-1,3,4-oxadiazol-2-yl�phenyl�-9,9-dihexyl-N ,N-di-
phenyl-fluoren-2-amine. The addition of gold nanoparticles �0.5 wt % � did not change the switching
behavior of thicker film structures; however, devices incorporating the nanoparticles showed more
reproducible characteristics. In most cases, a “forming” process, in which a large positive voltage
was applied to the top Al electrode, was required before the NDR and conductivity switching were
observed. Three different electrical conductivity mechanisms have been identified: Poole–Frenkel
conductivity in unformed structures, linear current versus voltage characteristics for the ON state in
formed devices, and superlinear current versus voltage behavior for the OFF state in formed devices.
Models based on metallic filaments or on the injection and storage of charge do not explain all our
experimental observations satisfactorily. Instead, an explanation based on the formation of
nanocrystalline regions within the thin film is suggested. The devices can be used as two-terminal
memory cells operating with unipolar voltage pulses. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2968551�

I. INTRODUCTION

As progress in silicon microelectronics moves down the
Moore’s law curve to feature sizes below 50 nm, a world-
wide research effort aiming at devices that go beyond con-
ventional structures is underway. Memories represent by far
the largest part of electronic systems, and there is a need to
develop alternative architectures. Memories are either non-
volatile �for example, Flash memories� or volatile �e.g., dy-
namic random access memory �DRAM��. An ideal device
would combine the speed of DRAM, the retention character-
istics of Flash structures, and the low cost, data density, and
cycling endurance of hard-disk drives.

Beyond the 32 nm node, no consensus has emerged
among device manufacturers on the nature of future memory
structures.1 Disruptive technologies that could be exploited
include ferroelectric storage �ferroelectric RAM�, magnetic
storage �magnetoresistive RAM�, and phase change materials
�PCM memories�. Such devices will be placed at the back
end of commercial integrated circuits, with addressing and
sensing circuits built into the silicon. Other memory struc-
tures have been considered in the International Technology
Roadmap for Semiconductors.2 Resistance change memories,
in which the memory cell is defined by the area of two
crossed metal lines, are very attractive as they are simple to

fabricate �e.g., compared to transistor-based devices� and are
highly scalable. This cross-point �or crossed-bar� architecture
permits the closest packing of bit cells, with each occupying
an area of 4F2, where F is the minimum feature size �the
linewidth and spacing of the electrodes�. Moreover, if the
“active” material can be deposited at low temperature, such
devices could be stacked in three dimensions as additional
processing to form an additional memory layer will not af-
fect the underlying layer�s�.

Over the past 40 years, there have been many reports of
switching and memory effects in thin films.3 The film thick-
nesses are generally less than 1 �m, and the phenomena are
observed in different types of materials �inorganic com-
pounds, such as silicon dioxide, and organic compounds,
such as polymers and charge-transfer complexes�. Further-
more, the thin films have been formed using a variety of
techniques �e.g., spin coating and thermal evaporation�. The
only experimental parameter that is common to all the struc-
tures studied is the presence of metallic electrodes �e.g., Al�
below and on top of the thin film. A significant development
is a recent publication describing a 160 kbit memory based
on a bistable rotaxane.4

There is currently no agreement on how the thin film
memories operate. Indeed, a number of different categories
of devices have been identified according to their switching
behavior.3 Many of the recipes for switching are based on thea�Electronic mail: m.c.petty@durham.ac.uk.
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incorporation of metallic nanoparticles within an organic thin
film.5–7 The presence of the nanoparticles is thought to influ-
ence the transfer of charge �e.g., by a trapping/hopping
process�.1 However, switching has also been reported in de-
vices in which a single organic layer is sandwiched between
metallic electrodes.3,8,9 Bistable devices that do not include
nanoparticles are preferable as their presence will restrict the
device scaling, i.e., when the cell dimensions become com-
parable to those of the nanoparticles. In previous work, we
have described bistable switching and memory effects in a
single fluorene-containing organic compound sandwiched
between aluminum electrodes.10,11 Here, we report, in more
detail, on the electrical characteristics of such devices in an
attempt to identify the key conduction processes and to elu-
cidate the device operation. We also compare the behavior of
structures with incorporated metallic nanoparticles to those
based on a single material.

II. EXPERIMENT

The chemical structure of the compound used
in this study, compound 1,7-�4-�5-�4-tert-butylphenyl�-1,3,4-
oxadiazol-2-yl�phenyl�-9,9-dihexyl-N ,N-diphenyl-fluoren-2-
amine is depicted in Fig. 1; the material was synthesized as
described previously and has been used in the fabrication of
organic light-emitting devices.12 The compound is a triad
molecule: the oxadiazole, triarylamine, and fluorene units
serve as the electron transport, hole transport, and emitter
segments of the molecule. The organically capped nanopar-
ticles used in this work �Q-Au� were prepared using Schlenk
line techniques.13,14

The devices investigated in this work were all prepared
in a class 1000 microelectronics clean room. Substrates were
glass microscope slides. These were scrupulously cleaned
using the following procedure: �i� rinse in a stream of
propan-2-ol from a washbottle, �ii� sonicate in propan-2-ol
for 15 min, �iii� rinse in a stream of propan-2-ol from a
washbottle, �iv� dry in a stream of nitrogen gas, �v� rinse in a
stream of acetone from a washbottle, �vi� sonicate in acetone
for 15 min, �vii� rinse in a stream of acetone from a wash-
bottle, �viii� dry in a stream of nitrogen gas, �ix� rinse in a
stream of ultrapure water, �x� sonicate in 2% aqueous Decon
90 solution for 15 min, �xi� rinse in a stream of ultrapure
water, �xii� sonicate in ultrapure water for 15 min, �xiii� rinse
in a stream of ultrapure water, and �xiv� dry in a stream of
nitrogen gas.

The bottom electrodes, consisting of 100 nm thick strips
of aluminum 1.5 mm wide and 1.5 mm apart, were deposited
by thermal evaporation through a shadow mask at a rate of
0.5�0.1 nm s−1 under a vacuum of approximately 5
�10−6 mbar. Following metallization, the slides were cut

into pieces 2 cm long. The active organic layer was depos-
ited by spin coating in a glove box under a nitrogen atmo-
sphere. A solution of compound 1 was prepared by adding
1 ml of Aristar Grade chloroform to the solid to give a con-
centration of 6.70 g l−1. For solutions containing Q-Au nano-
particles, 6.6 mg of the active material was dissolved in
0.83 ml of chloroform, and 0.17 ml of a 0.2 g l−1 chloroform
solution of Q-Au was added to give a solution of 0.5 wt % of
nanoparticles. The spin casting parameters for Q-Au doped
films were the same as those for the pure material: 300 �l of
solution was applied to the surface of the substrate using a
pipette, so that the surface was completely covered. The
spinner motor was immediately switched on at 1000 rpm for
a fixed time �nominally 60 s to provide a 50 nm thick film�.

To complete the devices, 100 nm thick aluminum strips,
perpendicular to and having the same dimensions as the bot-
tom electrodes, were thermally evaporated on top of the or-
ganic layers. The evaporation conditions were the same as
those used for the bottom electrodes. The thickness of the
organic layers was measured by mechanically removing the
film �by abrasion in an area between the metal electrodes�
and then imaging the step created using a Digital Instruments
NanoMan atomic force microscope in the tapping mode.

An electrical characterization of the devices was under-
taken with the samples in vacuum and using a Keithley 2400
sourcemeter. The admittance of the devices over a frequency
range of 10 Hz to 1 MHz was monitored with an LCR
bridge �HP4192�; the capacitance at 1 MHz was also mea-
sured with a Boonton capacitance meter. Rigorous and sys-
tematic testing procedures were adopted to check for repro-
ducibility and in order to make valid comparisons between
different devices. Two contrasting measurement procedures
were adopted. These are referred to as measurement schemes
A and B, and are described, in some detail, below.

A. Measurement scheme A: Unipolar voltage sweep

Start with a new �virgin� device and attach the “Hi” ter-
minal of the voltage source to the top electrode.

�1� Perform sequentially the following voltage sweeps �volt-
age step of 0.1 V, step delay time of 1 s�: 0→ +1 V,0
→ +2 V,0→ +3 V, . . . ,0→ +7 V �positive voltage ap-
plied to the Al top electrode� looking for negative dif-
ferential resistance �NDR� in the measured current I ver-
sus voltage V curves or “conduction” switching from a
low state to a high state.

�2� If NDR was not observed, then the voltage sweep 0→
+7 V was repeated a few more times to see if the NDR
region appeared. For some devices, scans were also
made to higher voltages.

If NDR was observed, then voltage pulses were applied
in order to investigate the memory characteristics of the de-
vice under test. The pulse height was equal to the voltage
corresponding to the current maximum �before the onset of
the NDR region� in order to switch the device into the high
conduction state �“write” memory operation�, while the gate
voltage corresponding to the lowest current value in the

FIG. 1. Chemical structure of compound 1, 7-�4-�5-�4-tert-butylphenyl�-1,3,
4-oxadiazol-2-yl�phenyl�-9,9-dihexyl-N ,N-diphenyl-fluoren-2-amine used
in this study.
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NDR region was chosen as the pulse height to drive the
device into the low conduction state �“erase” memory opera-
tion�.

B. Measurement scheme B: Bipolar voltage sweep

Start with a new device and attach the Hi terminal of the
voltage source to the top electrode.

�1� Sweep the voltage in the range −8 V→ +8 V→−8 V
�negative voltage initially applied to the Al top elec-
trode�. Data shown as I-Va �normal mode�.

�2� Repeat step �1�. Data shown as I-Vb.
�3� Reverse polarity of the connections from the voltage

source and perform the same voltage sweep −8 V→
+8 V→−8 V �positive voltage initially applied to the
top Al electrode�. Data shown as I-Vc.

�4� Select a new device and connect the voltage “Lo” termi-
nal to the top electrode.

�5� Repeat steps �1�–�3�. Data shown as RI-Va, RI-Vb, and
RI-Vc �reverse mode�.

Measurement scheme A invariably revealed the devices
in their low conductivity �OFF� state, whereas the measure-
ment scheme B procedure usually showed the devices in
their high conductivity �ON� state; voltage pulsing was
needed to achieve the low conductivity OFF state.

III. RESULTS

A. Devices without nanoparticles: Measurement
scheme A

Figure 2 shows the variation of current with the organic
film thickness for Al/compound 1/Al structures for applied
voltages of 1 and 2 V. The data are for new devices, and the
error bars reflect the standard errors for measurements on
6–11 different samples. The decrease in current with increas-
ing film thickness �note the logarithmic current scale� sug-
gests that a significant part of the applied voltage is dropped
across the organic layer �i.e., as opposed to the interfacial
“oxide” regions�.

The current versus voltage data obtained following mea-
surement procedure A are shown in Fig. 3 for devices con-
taining 40 nm of compound 1. Scans to progressively higher
voltages produced current versus voltage curves displaced to
higher currents. This might result from some sort of anneal-

ing of the film and/or contacts. However, no anomalous re-
gions �e.g., switching or NDR� were observed with applied
voltages up to the maximum used �7 V�.

We have considered that the presence of Schottky barri-
ers between the aluminum electrodes and the organic thin
film might account for the current versus voltage behavior
shown in Fig. 3. For any applied voltage, the conductivity
would be determined by the junction that was reverse biased,
resulting in a low current with a very weak dependence on
the voltage. This is not observed in Fig. 3. We have also
measured devices in which the Al bottom electrode was re-
placed by indium tin oxide �a high work function material�;
these showed a similar current versus voltage behavior to
that of the Al/compound 1/Al structures. Consequently, we
suggest that Schottky barriers are not significant in our de-
vices.

A number of other dc electronic conduction mechanisms
might be expected in thin organic films.15–17 These include
direct quantum mechanical tunneling, space-charge-limited
conductivity, Schottky emission, Poole–Frenkel conductivity,
and Fowler–Nordheim tunneling. The organic layers used in
this work are too thick �all �30 nm� to expect direct quan-
tum mechanical tunneling between the metallic electrodes.
However, tunneling may occur between defect sites if these
are sufficiently close together. For low applied voltages �less
than the energy barrier height divided by the electronic
charge�, the expected dependence of current density J on
applied voltage will be

J � V . �1�

However, at higher voltages, the J-V relationship can deviate
from linearity. For example, one theoretically predicted cur-
rent density versus voltage dependence for a symmetrical
rectangular barrier takes the form18

J � exp�− BV2�sinh�CV

2
� , �2�

where B and C are coefficients related to the tunneling bar-
rier height.

For conditions �super-Ohmic contacts� where the current
is only limited by the space charge between the electrodes,

FIG. 2. Current through a new Al/compound 1/Al device as a function of
organic layer thickness for two applied dc voltages. FIG. 3. Current vs voltage characteristics for a new Al /40 nm compound

1/Al device. Measurements taken by scanning to progressively higher volt-
ages �measurement scheme A: unipolar voltage sweep�.
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space-charge-limited conductivity �SCLC� may be observed.
In this case, the relationship between J and V is given by a
power law

J � L� V

L2�n

, �3�

where L is the distance between the electrodes and n is an
integer. For single carrier injection �electrons or holes� n=2,
whereas for double carrier injection �electrons and holes� n
=3.

At high electric fields, Schottky emission or Poole–
Frenkel conduction may occur. These effects result from the
reduction in the potential barrier to carriers by the electric
field at either the surface �Schottky effect� or surrounding
bulk impurities �Poole–Frenkel conduction�. The current
density versus voltage behavior for Schottky emission is
given by

J � exp�aV1/2� , �4�

whereas the corresponding equation for Poole–Frenkel con-
duction is

J � V exp�bV1/2� . �5�

In both cases, a and b are constants.
Fowler–Nordheim conduction occurs if the electric field

at the electrode is sufficiently large to allow carriers to tunnel
from the metal �through the potential barrier� to the conduc-
tion band of the insulator. The dependence of current density
on voltage is now

J � V2 exp�− c

V
� , �6�

where c is a further constant.
The experimental results in Fig. 3 suggest a nonlinear

relationship between the current and the applied voltage. Fig-
ures 4�a�–4�c� show attempts to fit these data to the Poole–
Frenkel �Fig. 4�a��, Fowler-Nordheim �Fig. 4�b��, and SCLC
models �Fig. 4�c��. The only conduction process showing a
reasonable fit to the theory is Poole–Frenkel conductivity, for
which Fig. 4�a� shows good straight lines in the log�I /V�
versus V1/2 plots over several orders of magnitude of current.
We have also attempted to fit the experimental data to the
expression for Schottky emission �Eq. �4��. However, the fits
were significantly inferior to those for Poole–Frenkel con-
duction �Eq. �5��.

The constant b in Eq. �5� is given by15

b =
1

kT
� e3

d���0
�1/2

, �7�

where d is the film thickness, T is the temperature, e is the
electronic charge, k is Boltzmann constant, �0 is the permit-
tivity of free space, and � is the relative permittivity of the
organic film. By fitting straight lines to the data in Fig. 4�a�,
relative permittivities in the range of 6–8 are obtained. These
values seem high. Measurements of the capacitance �at
1 MHz� of one of our devices �with no incorporated Q-Au�
revealed a relative permittivity of 3.6. Spin-coated layers of
related polyfluorene compounds have been found to possess

a relative permittivity of approximately 2.7 at a frequency of
10 kHz.19 The discrepancy between our experimental and
theoretical values of permittivity could well be the result of
an inaccurate value for the film thickness or could reflect
some deviation from the simple Poole–Frenkel theory.15 The
presence of a thin layer of aluminum oxide on the aluminum
electrode�s� �with a relative permittivity of approximately 9�
will also reduce the electric field in the organic film, compli-
cating the above analysis.

Increasing the thickness of the organic film revealed
both switching and NDR effects. Figure 5 shows the current
versus voltage behavior for an Al /50 nm compound 1/Al
structure measured under scans to progressively higher volt-
ages �measurement scheme A�. The scan to 8 V shows some
switching behavior, while a NDR region is revealed with a
voltage scan to 10 V. There is clearly some kind of device
“formation” process. This process only occurred with a posi-
tive potential applied to the top electrode. The current versus
voltage characteristics for a fully formed device are depicted
in Fig. 6. The ON �high conductivity� and OFF �low conduc-

FIG. 4. �a� Electrical data in Fig. 3 plotted in the form ln�I /V� versus V1/2.
�b� Electrical data in Fig. 3 plotted in the form ln�I /V2� vs V−1. �c� Electrical
data in Fig. 3 plotted in the form ln�I� vs log�V�.
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tivity� states are evident. Once formed, these characteristics
were independent of the polarity of the applied voltage. The
NDR and memory effects are very similar to those reported
by Bozano et al.5 for three-layer devices in which an alumi-
num layer was sandwiched between thin films of aluminum
tris�8-hydroxyquinoline� �Alq3�. Such characteristics should
be distinguished from those reports in which bistable switch-
ing is observed, but the NDR region is absent.3,7,9,20

The ON state was obtained by applying a voltage close
to the current maximum �just before the NDR region� and by
reducing it rapidly to zero. In contrast, switching from the
high conductivity ON state to the OFF sate was accom-
plished by selecting a voltage near that corresponding to the
current minimum in the NDR region and reducing this rap-
idly to zero �erase�. The state of the device �ON or OFF�
could be determined by measuring the current at a voltage of
1 V �read�.

We have undertaken a preliminary study of the admit-
tance of our devices over the range of 10 Hz to 1 MHz in
both the ON and OFF states. The results �to be presented
elsewhere� are in broad agreement with those of Cölle and
co-workers.24,25 The equivalent circuit of our device in both
states can be represented by a parallel combination of a ca-
pacitor �the geometrical capacitance of the device� and a re-
sistor, together with a small series resistance ��10 	� rep-
resenting the resistance of the contacts and connections. The

switching only affects the device resistance, and there is no
evidence of charge injection into the bulk of the organic thin
film.

Figure 7 shows the log�current� versus log�voltage� char-
acteristics of both the ON and OFF states for a Al /90 nm
compound 1/Al structure, with applied voltages up to 1 V.
The high and low states were obtained after application of a
+3 V, 5 s write pulse and a +6 V, 5 s erase pulse, respec-
tively. The ON state conductivity seems to be well described
by an I�V relationship, perhaps reflecting an Ohmic or a
tunneling process. In contrast, the current versus voltage
curves in the OFF state are nonlinear. These can be fitted
approximately with a power law of the form I�Vn with
1.5�n�2.2; however, these fits are far from perfect. The
conduction processes for both the ON and OFF states are
clearly different from the Poole–Frenkel mechanism identi-
fied for the structures containing the 40 nm thick organic
film �Fig. 4�a��.

B. Devices with nanoparticles: Measurement scheme
A

Similar experiments to those described in the previous
section were then undertaken using samples containing 0.5%
of the gold nanoparticles. The average currents versus or-
ganic film thickness at two different applied voltages are
shown in Fig. 8. The error bars represent the standard errors
on four to six different samples. These data can be contrasted
with those in Fig. 2 for the equivalent devices with no incor-
porated nanoparticles. Within experimental error, both sets of

FIG. 5. Current vs voltage characteristics for a new Al /50 nm compound
1/Al device. Measurements taken by scanning to progressively higher volt-
ages �measurement scheme A: unipolar voltage sweep�.

FIG. 6. Current vs voltage characteristics of an Al /50 nm compound 1/Al
device following the formation process. Voltage scan from 0 to +10 V �on
the top electrode� �full line� and +10 to 0 V �dotted line�.

FIG. 7. Log�current� vs log�voltage� data for Al /90 nm compound 1/Al in
the OFF �lower set of curves� and ON states after application of +3 V /5 s
write pulses and +6 V /5 s erase pulses.

FIG. 8. Current through a new Al/compound 1+0.5% Q-Au /Al device as a
function of organic layer thickness for two applied dc voltages.
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data are very similar, although it might be argued that the
currents through the Q-Au-containing devices are somewhat
larger at lower film thicknesses.

All the Q-Au-containing structures investigated exhib-
ited NDR and switching effects, irrespective of the thickness
of the organic layer. In most cases, a formation procedure
�positive voltage applied to the top aluminum electrode� was
needed before these conductivity phenomena were observed.
However, some of the thicker structures �70 nm organic film
thickness� exhibited NDR and switching behaviors on the
first voltage scan. Generally, the electrical characteristics of
the nanoparticle-containing devices were less noisy and more
reproducible than those measured on devices with no Q-Au.
The effects of different organic film thicknesses on the elec-
trical characteristics of the Q-Au-containing devices are
shown in Fig. 9. The current maximum, at approximately
3 V, is similar in all the samples studied. However, the mini-
mum value �i.e., the current valley� appears to increase with
the sample thickness. The best switching, in terms of the
largest peak-to-valley ratio, was achieved with the thickest
�70 nm� sample. This is shown in Fig. 10, which depicts the
read current, Iread �measured at an applied voltage of 1 V�,
following write and erase pulses for different thickness
samples incorporating the Q-Au nanoparticles.

The current versus voltage data presented in Fig. 9 are
redrawn in the form of log�current� versus log�voltage� in
Fig. 11. The OFF state current is characterized approxi-
mately by a power law, similar to the data for the devices

with no Q-Au �Fig. 7�. In the case of the nanoparticle-
containing devices, the value of n is then in the range of
1.2–1.7.

C. Measurement scheme B

Voltage scans from −8 to +8 V, as described in Sec. II,
for 40 nm thick samples with no Q-Au are shown in Fig. 12.
In Fig. 12�a� the first two curves, I-Va and I-Vb, represent
consecutive scans on a new sample, while the curve denoted
by I-Vc is a subsequent scan, with the voltage polarity re-
versed. If the voltage polarity applied to a fresh sample is in
the opposite sense, this generates curves RI-Va, RI-Vb, and
RI-Vc, shown in Fig. 12�b�. In all these measurement con-
figurations, neither NDR nor switching was observed in the
40 nm samples. Apart from the slightly higher current noted

FIG. 9. Current vs voltage characteristics for Al/compound 1+0.5%
Q-Au /Al structures following device formation. The different curves corre-
spond to different organic film thicknesses.

FIG. 10. Read current �at 1 V� following write and erase pulses for Al/
compound 1+0.5% Q-Au /Al structures as a function of the thickness of the
organic film.

FIG. 11. Log�current� vs log�voltage� for Al/compound 1+0.5% Q-Au /Al
structures in their OFF states. The different curves correspond to different
thicknesses of the organic film.

FIG. 12. Current vs voltage characteristics for an Al /40 nm compound 1/Al
structure. Measurement scheme B �bipolar voltage sweep�. �a� Normal
scans. �b� Reverse mode scans.
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for the initial scan in the normal polarity �curve I-Va�, the
curves are more or less identical and can be fitted very well
to the Poole–Frenkel model given by Eq. �5�.

Electrical data for devices with a 50 nm organic layer
are shown in Fig. 13. In this case NDR is clearly evident.
However, the appearance of this phenomenon is dependent
on the precise sequence of the measurements. For example,
in the case of the first −8 to +8 V scan in the normal mode,
Fig. 13�a� �curve I-Va� does not reveal the NDR. This only
appears in the +8 to −8 V sweep, i.e., after a positive volt-
age has been applied to the top Al electrode. In contrast, if
+8 V is applied to a fresh device—Fig. 13�b� curve
RI-Va—the NDR region is immediately present. These data
are entirely consistent with the observation in the previous
sections �measurement scheme A� that a positive voltage
needed to be applied to the top electrode in order to “form”
the device.

Measurement scheme B invariably revealed the devices
in their high conductivity ON state. Following the device
formation, continuous voltage scanning between −8 and
+8 V always resulted in curves of the type depicted in Fig.
13�b�. To reveal the OFF state, the applied voltage was first
fixed at the point corresponding to the current minimum in
the NDR region and then rapidly reduced to zero. This
switching would occur using either a positive or a negative
voltage, i.e., following formation, the device was completely
symmetrical, as suggested by the current versus voltage data
in Fig. 13�b�.

Similar results were obtained for samples containing the
Q-Au nanoparticles. In these cases, a forming process �posi-
tive voltage applied to the top Al contact� was generally

needed, although, as noted in the previous section, some of
the thicker Q-Au-containing devices did not require forming.
Figure 14 shows the initial reverse scans �RI-Va measure-
ments� for three different thickness structures incorporating
Q-Au. All the devices reveal NDR regions. The current val-
ues are smaller for the thickest �70 nm� device, which re-
veals some noise �“switching”�. The current maxima for the
Q-Au-containing devices are higher than the corresponding
devices without nanoparticles �compare the absolute current
levels for the 50 nm Q-Au structure in Fig. 14 to those
shown in Fig. 13�.

It was found to be possible to “unform” �in contrast to
switching to the OFF state� some of the devices with a nega-
tive voltage applied to the top Al electrode. For example,
Fig. 15 shows results for an Al /50 nm compound 1+0.5%

FIG. 13. Current vs voltage characteristics for an Al /50 nm compound 1/Al
structure. Measurement scheme B �bipolar voltage sweep�. �a� Normal
scans. �b� Reverse scans.

FIG. 14. Current vs voltage characteristics, measurement scheme B �bipolar
voltage sweep�, initial reverse scans, for Al/compound 1+0.5% Q-Au /Al
structures. The different curves correspond to different organic film
thicknesses.

FIG. 15. Current vs voltage characteristics for Al /50 nm compound 1
+0.5% Q-Au /Al structure. Measurement scheme B �bipolar voltage sweep�.
�a� Normal scans. �b� Reverse scans.
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Q-Au /Al structure. The normal mode scans �Fig. 15�a�� re-
veal the elimination of the NDR region on the application of
a negative bias to the top electrode �I-Vc scan�, while the
reverse mode scans �Fig. 15�b�� show the elimination of the
NDR region with a negative applied voltage to the top elec-
trode and its reappearance later in the same scan with a posi-
tive voltage applied to the top aluminum electrode �RI-Vc
scan�.

D. Effect of top electrode deposition rate

In a series of experiments, we have investigated the ef-
fect of the deposition rate of the top electrode on the electri-
cal behavior of the devices �keeping the overall top electrode
thickness the same�. For the experiments described in the
previous section, the aluminum top electrode was deposited
at 0.5 nm s−1. Here, we have used both higher �2.5 nm s−1�
and lower �0.1 nm s−1� rates. Figure 16 shows the current
versus voltage curves for 50 nm devices with no Q-Au.
These data were recorded using measurement scheme B, and
the data depicted are for the second scans in the normal
mode, corresponding to I-Vb. Therefore, these measurements
are made following the device formation process. It is evi-
dent that a relatively slow evaporation of aluminum results in
a device with a weak NDR region. Data for 50 nm Q-Au-
containing structures are shown in Fig. 17 for normal scans
I-Vb; Fig. 17�a� shows the data on a log�current� scale, while
Fig. 17�b� is for the same data on a linear current scale. Once
again, the slowest deposition rate gives the weakest NDR.

We have also attempted to study the effect of the bottom
aluminum electrode on the device characteristics. By prepar-
ing the devices in a nitrogen glove box �in which the Al
evaporator was installed�, we hoped to minimize the thick-
ness of the aluminum oxide layer beneath the spin-coated
organic film. Structures with and without the Q-Au nanopar-
ticles were investigated. This fabrication procedure led either
to devices that did not exhibit any switching or to devices
that showed a very noisy switching behavior. Our conclu-
sion, therefore, was that the presence of a native aluminum
oxide on the bottom electrode was crucial for reproducible
NDR and switching effects.

IV. DISCUSSION

The results from our various experiments presented here
can be summarized as follows:

�a� Switching and NDR can be observed in Al/compound
1/Al structures in which the organic film thickness is
greater than about 50 nm. The addition of gold nano-
particles �0.5 wt % � does not change the basic switch-
ing behavior; however, devices incorporating the nano-
particles show more reproducible characteristics.

�b� Samples in which the organic film is less than about
50 nm in thickness do not exhibit NDR or switching
unless a small concentration of gold nanoparticles is
added.

�c� A device formation process, requiring the application
of a positive voltage to the top Al electrode, is gener-
ally needed before the NDR and switching become evi-
dent.

�d� The presence of an oxide layer on the bottom alumi-
num electrode is necessary for reproducible NDR and
switching.

�e� A number of different electrical conductivity processes
have been identified: Poole–Frenkel conductivity in un-
formed structures, linear current versus voltage charac-
teristics for the ON state for formed devices, and su-
perlinear current versus voltage behavior for the OFF
state in formed devices.

Any theory to explain the switching and NDR behaviors
in resistive thin film memory devices must account for all the
experimental observations. Currently, the explanations for

FIG. 16. Effect of the top electrode deposition rate �TEDR� on the current
vs voltage characteristics for Al /50 nm compound 1/Al structures. Second
scans in the normal mode. Measurement scheme B �bipolar voltage sweep�.

FIG. 17. Effect of TEDR on the current vs voltage characteristics for
Al /50 nm compound 1+0.5% Q-Au /Al structures. Measurement scheme B
�bipolar voltage sweep�. Initial scan in the normal mode. �a� Semilogarith-
mic scale. �b� Linear scale.
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these phenomena fall into two distinct categories: �i� the in-
jection and storage of charge in the thin film and �ii� metallic
filament formation. The formation process must hold a
strong clue to the operating mechanism of our devices. Other
workers have also noted that some kind of formation is re-
quired before switching effects are observed, but sometimes
details of the process are sketchy. There is also some confu-
sion in the literature between the electrical behavior of the
unformed �virgin� device and that of the ON and OFF states.
In common with the recent data reported by Cölle and
co-workers24,25 for aluminum/organic layer/metal devices,
we have found three different states for our devices, each
exhibiting different current versus voltage behaviors: un-
formed, formed ON state, and formed OFF state.

Very similar electrical data to those presented here were
also reported in 1967 by Simmons and Verderber.21 These
authors used thin �20–300 nm� films of silicon oxide sand-
wiched between aluminum and gold electrodes. The forming
process �described in detail by the authors� involved the ap-
plication of a positive voltage to the gold electrode. This was
thought to result in Au ions being injected into the insulating
film. However, subsequent experiments by Dearnaley et al.22

contradicted this idea. A theory was developed in terms of
the growth and thermal rupture of many conducting fila-
ments through the insulating layer. Further different mecha-
nisms were proposed by the same authors to explain the
formation.23 In the work of Cölle and co-workers,24,25 it is
argued that the device formation results from a “soft” break-
down in the underlying aluminum oxide layer. The role of
the organic film in the subsequent switching is only as a
limiting series resistance.

Our current experiments also reveal that the electrical
behavior of our devices depends on the evaporation condi-
tions of the top metal electrode. The interaction of vapor-
deposited metal atoms with some organic materials has been
reported. In the case of self-assembled monolayers, it was
observed that Al atoms exhibit a wide range of chemical and
physical interactions.26,27 For example, reactive surfaces,
such as -COOH and -OH, can interact with the aluminum to
form a series of organometallic complexes in the first few
monolayers. In contrast, when the terminal group of the alkyl
chain of the self-assembled monolayer contains an unreac-
tive group, such as –CH3, penetration of the metal atoms
through the monolayer occurs to the Au /S interface where it
forms an adsorbed layer. Once the formation of this layer is
complete, the monolayer penetration ceases and the alumi-
num overlayer begins to grow at the self-assembled
monolayer/vacuum interface. On this basis, we would expect
the Al to bond strongly to the various polar groups of com-
pound 1 and not to penetrate the thin film appreciably. The
nature of the thin organometallic region that forms will al-
most certainly depend on the metal evaporation conditions,
such as the evaporation rate. The molecules in our spin-
coated film may not be as highly packed as the alkyl chains
in a self-assembled monolayer, and 50 nm films of com-
pound 1 are likely to contain defects.

Tang et al. suggested that evaporating metals can form
metal islands within nanometer-wide crevices in organic thin
films.28 Our devices are electrically resistive in their as-

deposited state, with no evidence of metallic filament forma-
tion. If metal filaments are responsible for the switching and
memory effects in our devices, then these must result from
the formation process. Any filaments must also be destroyed
by switching the device to its OFF state. In two exploratory
experiments, we have modified the top electrode in our de-
vices: �i� by evaporating a thin �1.8 nm� layer of Cr beneath
the Al and �ii� by depositing either two or four Langmuir–
Blodgett �LB� layers of arachidic acid or cadmium arachi-
date between the spin-coated organic layer and the Al top
electrode. Both these changes would have been expected to
influence the diffusion of Al from the top electrode into the
spin-coated film. For example, an ultrathin �submonolayer�
chromium film has been shown to be a very effective barrier
against the penetration of Ag into organic films.29 However,
devices with modified top electrodes exhibited NDR and
switching effects that were very similar to the reference
structures.

The current versus voltage behavior of our unformed
structures can be explained very well by Poole–Frenkel con-
ductivity. The ON state of the formed device exhibits an
approximately linear dependence of the current on the ap-
plied voltage. This may be the Ohmic conductivity associ-
ated with conductive metal filaments or tunneling through
defect states in the organic film, as suggested by Simmons
and Verderber.21 The OFF state conductivity shows a roughly
quadratic dependence of current upon voltage. This behavior
is reminiscent of single carrier space-charge injection �Eq.
�3��. The I�V2 regime is often followed �with increasing
applied voltage� by a sharp increase in the current corre-
sponding to the filling of all the traps with injected carrier
�trapped-filled limit�, which, of course, is what we observe in
our devices �Figs. 6 and 9�. SCLC has been proposed as a
mechanism to explain the electrical behavior of resistive
memory devices; see, for example, Ref. 30. However, the
expression for tunneling conductivity in Eq. �2� can also ex-
hibit a current versus voltage behavior that seems to be of the
form of I�V2.31

The theory developed by Simmons and Verderber relies
on a defect band in the insulator having a finite energy width
and a particular energy relationship with the Fermi level in
the metal. In the low conductivity �OFF� state, all the traps in
the organic material are filled, while the ON state occurs
when the trapping levels are empty. As the applied voltage in
the NDR region is increased, the buildup of space charge in
the traps reduces the current. Rapidly decreasing the voltage
from that corresponding to the minimum current to zero
turns the device OFF as this action leaves the trapping cen-
ters charged. On the other hand, if the device voltage is
switched to zero from the value corresponding to the maxi-
mum current, the device state remains ON �traps uncharged�.
Our measurements show very little change in the device ca-
pacitance between its ON and OFF states, suggesting that
there is little charge storage in the devices.

Neither of the models described above provides a com-
pletely satisfactory explanation for all of our experimental
data. The metallic filamentary model is attractive in that it
certainly accounts for the observation of switching and NDR
in a wide range of thin film systems and explains the noisy
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�and somewhat random� nature of the switching events ob-
served by ourselves and others �see, for example, Fig. 15�.
However, the fact that our devices still work when an addi-
tional layer �Cr or a LB film� is interposed between the top
electrode and the organic layer provides a strong argument
against this theory.

Rozenberg et al. put forward a phenomenological model
based on the assumption that the semiconducting part of the
memory device possesses a nonpercolating domain structure,
in particular, regions adjacent to the electrodes together with
a central domain.32 The electrical behavior is then character-
ized by domain-domain and domain-electrode tunneling
rates and the number of domains. This idea may have some
merit when applied to our devices. Although the develop-
ment of a full model is beyond the scope of this experimen-
tally based paper, we put forward a tentative explanation for
our results.

First, we suggest that the operation of our devices is
dependent on two types of domain, or region, between the Al
electrodes: a region immediately adjacent to the electrodes,
which can be affected by the electrode evaporation condi-
tions, and a central domain, which is mainly responsible for
the observed switching and NDR effects. Carrier transport is
determined by tunneling between the surface and the central
domains and by the conduction process within the domains.

For the as-deposited �unformed� films, the conductivity
is controlled by carriers moving between trapping states lo-
cated throughout the film; the outcome is the observation of
Poole–Frenkel conductivity. The application of a large posi-
tive voltage to the top Al electrode results in the nucleation
of a percolating conductive pathway throughout the central
domain. This process may involve the local phase change
�e.g., a local crystallization of amorphous regions of the or-
ganic film� and could be influenced by the polar nature �di-
pole moments of the various chemical groups� of the thin
film; the presence of metallic nanoparticles will also play an
important role. In this respect, the process may be similar to
the electric field poling of a ferroelectric material. Very thin
film structures do not exhibit NDR or switching simply be-
cause there is no significant central domain; i.e., the electri-
cal behavior is dominated by the electrode regions. Follow-
ing the device formation, a relatively high current flows and
Ohmic conductivity is observed. However, as the applied
voltage is increased further, the conductive pathway is rup-
tured through heat dissipation and the current is confined to
the amorphous regions of the central domain; the device cur-
rent then falls with increasing applied voltage �NDR�.

If the voltage at the current maximum is rapidly reduced
to zero, then the device ON state is formed as the organic
thin film still contains a conductive pathway between the
electrodes. In contrast, if the voltage corresponding to the
current minimum is reduced to zero, the connections be-
tween the conductive regions have been broken and the de-
vice OFF state is measured. Increasing the voltage for the
device in this OFF state does not, however, reveal the I-V
characteristics of an unformed device �i.e., Poole–Frenkel
conductivity� as a conductive nanocrystalline infrastructure
remains within the film. The current voltage behavior will be
determined by the amorphous regions between the ruptured

nanocrystalline segments in the central domain. For example,
carriers may tunnel from one nanocrystal to the next, ac-
counting for the nonlinear I-V behavior observed in Figs. 7
and 11.

The essential feature of the model suggested here is that
the ON-state current is carried by conductive nanocrystalline
regions within the organic thin film rather than by metal
filaments. As a consequence, some dependence of the device
operation on the chemical composition of the organic thin
film �and also on the nature of defects and impurities within
the film�, as noted in our previous work, is expected.11 The
theory relies on the ability of these crystalline regions to
form under the application of a voltage, in a fashion similar
to the metallic filament model of Dearnaley et al.22 The de-
tailed nature of the internal structure of our films is unclear
and prompts a number of experiments. The electrical behav-
ior of our thin films may simply reflect a transition from
surface-dominated to bulk-controlled processes and may be a
natural feature of all thin films of semi-insulating materials.
This would account for the wide ranging reports of memory
and NDR phenomena.

V. CONCLUSIONS

Switching and NDR have been observed in crossed bar
devices based on Al/organic layer/Al architectures in which
the organic layer was a spin-coated layer of 7-�4-�5-�4-tert-
butylphenyl�-1,3,4-oxadiazol-2-yl�phenyl�-9,9-dihexyl-N ,N-
diphenyl-fluoren-2-amine. However, the thin film must be
greater than 50 nm in thickness in order to observe these
effects. The addition of gold nanoparticles �0.5 wt % � did
not change the switching behavior; however, devices incor-
porating the nanoparticles showed more reproducible charac-
teristics. In most cases, a forming process, in which a posi-
tive voltage was applied to the top Al electrode, was required
before the NDR and switching were observed. Three differ-
ent electrical conductivity mechanisms have been identified:
Poole–Frenkel conductivity in unformed structures, linear
current versus voltage characteristics for the ON state for
formed devices, and superlinear current versus voltage be-
havior for the OFF state in formed devices. Models based on
metallic filament formation and charge injection/storage do
not account for all our experimental observation. We suggest
that a domain structure in which charge transport can occur
through nanocrystalline regions may provide a better expla-
nation for our data. The development of a full model will be
a subject of further work.
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