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The effect of thickness variation on the memory behavior of the polymethylmethacrylate-(PMMA)-based devices has been
investigated. The PMMA film thicknesses have been varied between 5 to 300 nm, and we have found that the film thickness
determines the type of behavior: ohmic, write-once-read-many-times (WORM) memory with two ON states, WORM memory
with a negative differential resistance (NDR) region, and WORM memory without NDR region. The fact that similar results were
obtained using different solvents to dilute PMMA (chlorobenzene, chloroform, and dimethyl sulfoxide), as well as using an other
insulating polymer such as polystyrene (PS), leads to the conclusion that the phenomenon of memory depends on the aluminum
electrodes, organic film thickness, and the compliance current used during the electroformation whereas the type of organic layer
(PMMA or PS) has minor influence. From here, we conclude that the conductivity switching of the insulator organic film is due
to the injection of aluminum particles into the film during the first voltage cycle.

1. Introduction

Since the last decade, there has been an intensive research in
the field of organic electronics, the organic memory devices
being one of the emerging research areas in this field. A
considerable number of architectures as well as materials for
the development of devices with memory effect has been
proposed [1–3]. Among the principal thin-film structures
that have been reported are metal-organic insulator-metal
(MIM) [4–14], metal–organic–metal–organic–metal [15–
17], metal nanoparticles embedded in the organic layer in
MIM architecture [18], devices where the embedded metal
nanoparticles are replaced with organic particles such as
fullerenes [19–21], and carbon nanoshells [22]. From all, the
simplest architecture and one of the first to show memory
behavior was the MIM architecture. One of the pioneer
works was realized by Simmons and Verderber [23], who

used a thin film of SiO2 inorganic insulator with a thickness
in the order of nanometers between two metallic electrodes.
The authors explained this phenomenon as the creation of
charge traps in the inorganic film due to an electric field.
However, different theories have been proposed in order to
explain such phenomena, one of them by Thurstans and
Oxley [24] who proposed the effect of electroformation.
They mentioned that once a voltage was applied on the
device, an electric field was induced and this field moves the
metal particles coming from the electrodes into the organic
film, where they form metallic islands. These islands are
responsible of the charge conduction by tunneling through
filamentary pathways. The same kind of memory behaviors,
mentioned before, has been reported using organic insula-
tors. For example, Tondelier et al. [4] have obtained basically
the same effect reported by Simmons and Verderber [23] in
Al/pentacene /Al devices, that is, the threshold voltage varies
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almost linearly with the thickness of the organic film and,
above certain critical thickness, the organic layer behaves
like an insulator. On the other hand for thinner films,
the device has an ohmic behavior. They argued that this
phenomenon is due to the possible inclusion of aluminum
nanoparticles in the pentacene film during the evaporation
of the top electrode. On the other hand, Cölle et al. [5]
explain the memory effect in organic devices arguing the
existence of multiple filament pathways, which appear and
disappear at the same place in the organic film at the
moment of write and erase of the device, respectively. These
filaments were associated with spots observed by infrared
microscopy images. They have used polymers with different
chemical structures and bandgaps, such as polystyrene (PS)
and polyspirofluorene as organic insulator layers, and the
thickness of spin-coated polymer films were varied between
60 nm and 170 nm. Their results suggest that an oxide film,
inherent to the aluminum bottom electrode, is responsible
for this phenomenon. In a last paper [6], this group included
deliberately an Al2O3 film in polyspirofluorene MIM devices
and, from here, they have concluded that the memory effect
is related to a native aluminum oxide layer. This layer is
responsible for the resistive switching effect and the organic
film only acts as a series resistance. However, other authors
have found bistable electrical switching in PS and other
insulator polymer thin films (50–400 nm) fabricated by a
glow discharge deposition technique, although they have
used gold electrodes [25–27]. Even more, Joo et al. found that
spin-coated PS and polymethyl methacrylate (PMMA) films
sandwiched between a bottom aluminum electrode (80 nm)
and top copper electrode (80 nm) did not show memory
behavior [28]. Therefore, the memory behavior of insulator
organic films depends on many experimental parameters,
which must be studied.

In this work we use PMMA and PS as organic insulator
layers of MIM devices. We have studied the effect of the film
thickness on the memory behavior, varying their thicknesses
from 7.5 nm up to 300 nm. We have found that the thin
PMMA films as well as thin PS films show a WORM memory
behavior beyond a critical thickness. In general, the state ON
of these devices is obtained at 2 V. In addition, three different
kinds of solvents were used in the spin-coating process and
these solvents do not change the electrical behavior of the
devices. This indicates that the effect is only associated to the
film thickness. Furthermore, our results show that aluminum
electrodes in Al/organic insulator/Al devices are responsible
for WORM memory and that the type of organic insulator
layer (PMMA and PS) only has a minor influence. Therefore,
our results suggest that conductive filaments are formed
under electrical stress that causes migration of electrode
material into the polymeric film.

2. Experimental

Our device architecture is a sandwich type metal/organic in-
sulator/metal deposited over a glass substrate (Figure 1). The
substrates of Dow corning glass were ultrasonically cleaned,
successively, in acetone, methanol, and isopropyl alcohol for
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Figure 1: Schematic diagram of the memory device.

20 minutes at each step, dried in an oven at 50◦C, and, finally,
they were exposed in a UV-ozone ambient for 45 minutes.
The bottom electrode was deposited by thermal evaporation
at a pressure of 1×10−6 Torr. The metal used in these devices
was aluminum, and, as organic films, we have used PMMA
(Aldrich, Mw = 15,000) as well as PS (Aldrich, Mw = 97,400).
After the deposition of the bottom aluminum electrode, the
polymer solution was deposited by the spin-coating method
at 4500 rpm for 40 seconds. The PMMA and PS were diluted
in different solvents such as chloroform (CF), chlorobenzene
(CB), and dimethyl sulfoxide (DMSO). The solutions pre-
pared at different concentrations of PMMA (Table 1) were
magnetically stirred by around 12 hours and then spin coated
on the bottom electrode. The films were annealed at 80◦C
for 90 minutes in a controlled atmosphere of nitrogen. After
that, the top aluminum electrode was evaporated using the
same process described before for the bottom electrode. The
thickness of both aluminum electrodes was around 50 nm
and the active area of the cells was 6 mm2. The thicknesses
of the thermally evaporated metal electrodes and organic
film were measured using an Alpha Step 500 surface profiler
(from Tencor Instruments, Inc.). Electrical characterization
of the devices was performed in ambient condition without
any device encapsulation. The I-V measurements were
performed by using a Keithley 236 source measure unit. The
compliance current was set, in general, at 100 mA. The con-
tacts between the Al electrodes and the Keithley source unit
were made with gold spring probes. In general, the sweeps
of the voltages were continuously applied and the speed of
these measurements was 2 V/s. The electrical properties of
the MIM devices were similar, no matter the polarity between
the top and bottom electrodes during the voltage sweeps.
The top electrode and the polymer films of the devices were
examined by using scanning electron microscopy (SEM) and
atomic force microscopy (AFM). SEM images were taken
using an FEI FEG-XL30 operating at 8 kV.

3. Results and Discussion

First, we examined the memory behavior as a function of
the PMMA film thickness obtained from the spin coating of
PMMA/CB, PMMA/CF, and PMMA/DMSO solutions. The
PMMA films are embedded between two aluminum elec-
trodes. Figure 2 shows typical I-V curves of PMMA (using
CB) thin-film devices, which are presented on semilogarith-
mic scale. The curves were measured applying a bias voltage
between both electrodes and with a compliance current set
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Table 1: Al/PMMA/Al devices fabricated by using different sol-
vents.

Concentration Solvent Thickness Response
Current (mA)

read at 1 V

2.5 mg/mL CB 7.5 nm Ohmic 5× 10−2

5 mg/mL CB 17 nm
WORM with
two ON states

5× 10−2 ON1

10−3 ON2

10 mg/mL CB 22 nm
WORM with

NDR
10−3

40 mg/mL CB 90 nm WORM 10−4

60 mg/mL CB 140 nm WORM 10−6

120 mg/mL CB 250 nm Insulator 10−9

0.7 mg/mL CF 5 nm Ohmic 5× 10−2

1.5 mg/mL CF 11 nm
WORM with
two ON states

5× 10−2 ON1

10−3 ON2

2.5 mg/mL CF 22 nm
WORM with

NDR
10−3

5 mg/mL CF 37 nm WORM 10−4

20 mg/mL CF 160 nm WORM 10−7

30 mg/mL CF 300 nm Insulator 10−9

4 mg/mL DMSO 5 nm Ohmic 5× 10−2

9 mg/mL DMSO 15 nm
WORM with
two ON states

5× 10−2 ON1

10−3 ON2

17.5 mg/mL DMSO 25 nm
WORM with

NDR
10−3

40 mg/mL DMSO 40 nm WORM 10−4

at 100 mA, which is the default compliance current of the
Keithley 236 source measure unit. The first voltage sweep was
performed from 0 to 8 V, then from 8 to −8 V, and finally
from −8 to 8 V. The I-V curves show different responses as
a function of the thickness of the organic film (Figures 2(a)–
2(d)). For a thickness around 7.5 nm, the device shows an
ohmic behavior with no threshold voltage and the current
is the order of 100 mA (Figure 2(a)). This behavior can be
readily understood and it is related with electron tunneling
processes [29]. In addition, it is also possible that some
metallic particles are introduced into the polymer during the
evaporation process of the top electrode forming metallic
filaments.

As the film thickness continues increasing, the I-
V curves begin to show memory effect with different
behaviors, such as is observed in Figures 2(b)–2(d). The
devices with thicknesses around 17 nm (Figure 2(b)) exhibit
an abrupt transition occurring at a threshold voltage (Vth)
of 2 V, where the I-V curve changes from a high-impedance
(OFF) state to low-impedance (ON) state. In higher voltage
region (|V | > Vth), during the positive and negative voltage
sweeps, the electrical current was saturated. When the voltage
was scanned from 8 to −8 V, the memory device switched to
other ON state around −6 V. This implies that devices with
this thickness and in this voltage interval show multilevel
conductance states [5, 10]. After that the device switched to
the second ON state, the conductivity remains basically at the
same state during the following sweep cycles indicating that
we have a write-once-read-many times (WORM) memory.

A third type of behavior occurs for a PMMA film with a
thickness around 22 nm (Figure 2(c)). The device initially
exhibited a low-conductivity state (the OFF state) and, as the
applied voltage was increased, a threshold voltage at 2 V was
observed. The device switched to ON state and exhibited a
region of negative differential resistance (NDR), which only
occurs in the first positive sweep (0 → 8 V). During the
opposite voltage sweep (8 V → 0 V → −8 V), the device
remains in the ON state and it does not show a threshold
voltage. A second sweep shows that once the device has
reached its ON state, this remains there (Figure 2(c)). In
fact, this state was also observed over 1000 read voltages
and even when the power is turned off. Once again, we
have obtained a WORM memory. When the film thickness is
bigger than those previously described, the memory devices
present the same WORM behavior (Figure 2(d)). However,
the electrical current of the ON state decreases respect to
the thinner organic films (Figures 2(b) and 2(c)), such as
is shown in Table 1. In addition, Figure 2(d) shows that the
device, for thick films (140 nm), has very low conductivity.
Finally, when the polymer film is thick enough (around
300 nm), the device has an insulator behavior. In general, all
the WORM memory devices reported in this work, no matter
the thickness, show good retention for thousands of cycles
and even days, without any encapsulation such as is shown
in Figure 3 for an Al/PMMA/Al device with a thickness of
22 nm.

To study the effect of different solvents on the electri-
cal response of PMMA thin films, memory devices were
fabricated using CF and DMSO. It was observed that I-V
measurements are independent of the used solvent (CB, CF,
and DMSO) and only depend of the thickness of the films.
This means that the same memory behavior was observed at
a specific range of thickness, no matter the solvent employed.
However, as is shown in Table 1, the thickness depends on
the used solvent as well as of the PMMA concentration. In
general, we obtain that PMMA films (i) with thicknesses
smaller than 10 nm show ohmic behavior, (ii) with thick-
nesses between 11–20 nm show WORM memory with two
ON states, (iii) with thicknesses between 20–25 nm show
WORM memory with NDR, (iv) with thicknesses bigger
than 25 nm only show WORM memory, and, finally, (v) with
thicknesses bigger than 300 nm show an insulator behavior.
For the PS memory devices fabricated by using different
solvents, the results were similar to those obtained with
PMMA, such as is shown in Figure 4. We found only small
differences in the thickness ranges for the different memory
behaviors. For example, the WORM memory with multilevel
ON states, it is now observed from 8 nm up to 14 nm and the
WORM memory with NDR starting from 15 nm. In order
to determine the exact thickness range, it is necessary to do
more experiments. However, the results already show that
small changes to some experimental parameters can lead to
significant changes in the electrical behavior.

To understand the effect of the different thicknesses on
the electrical properties of PMMA films, we have studied
their morphology. Figure 5 shows the morphology of two
PMMA films with two different thicknesses, 9 nm and 15 nm
(Figures 5(a) and 5(b), resp.), which were fabricated using
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Figure 2: I-V response of the Al/PMMA/Al devices as a function of PMMA thickness: (a) 7.5 nm, (b) 17 nm, (c) 22 nm, and (d) 140 nm.
The devices were fabricated using CB as solvent. It can be appreciated that the I-V response changes as a function of the PMMA thickness.

CB. They were studied by AFM and the film with 15 nm
reveals a good deposition with a small roughness about
0.3 nm. In general, all the films processed with the different
solvents show good deposition, except the films smaller than
10 nm. The latter present an ohmic behavior (Figure 5(a))
and they show holes inside the film of the same order of
the film thickness. These holes are responsible for the ohmic
behavior because they cause a short circuit between the
electrodes. Similar AFM images were reported by Pyo and
coworkers for AIDNC films in the same thickness range [30].
On the other hand, the films with thicknesses bigger than
10 nm do not show holes, therefore, they are not responsible
of their WORM memory behavior. The changes in the
electrical properties of the devices could be related with
the introduction of metal particles into the polymeric films.
These metal particles could come from the top electrode,
when this is thermally evaporated, as well as from both

electrodes when the voltage is increased during the first
voltage sweep. In this way, this injection of metal particles
could produce metallic filaments inside the polymeric films,
which would be responsible for the polymer conductivity
increase. The switching from the first state ON to the
second one in Figure 2(b) and the NDR in Figure 2(c) would
correspond to the destruction of weakest metallic filaments
due to the Joule heating, when a higher voltage is applied,
which are not reformed during the subsequent voltage cycles.
To elucidate if the filamentary formation is the responsible
mechanism for the WORM memory behavior, we have
examined the effect of the voltage on the films by SEM.

Reproducible bistable switching has been reported in
devices based on PS thin films and other insulator polymers
[5, 24–26]. To know if the WORM memory behavior of our
devices is a consequence of the interval of used voltages, the
interval was increased to study how this affects their electrical
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Figure 3: (a) I-V curve of an Al/PMMA (22 nm)/Al device. PMMA was dissolved with CB. (b) Effect of the read cycles on the stability of the
On and Off states. The read voltage was set at 1 V.
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Figure 4: I-V response of Al/PS/Al devices. PS was dissolved with CB, for two different PS thicknesses: (a) 11 nm and (b) 18 nm. Note that
the results are basically similar to those of PMMA devices in a similar thickness range.

and morphological properties. Figure 6 shows the I-V curves
of Al/PMMA/Al devices with an organic thickness film of
22 nm. As it was mentioned earlier, the devices with this
thickness showed a WORM memory behavior with NDR
for voltage sweeps from 0 to 8, 8 to −8, and −8 to 8 V. To
study the morphological changes and damages caused by the
application of voltage sweeps to the PMMA film [31], it is
necessary to remove the top aluminum electrode. However,

removing the top electrode without damaging the polymer
layer would be very complicated. Therefore for achieving
this goal, a 10 nm polyvinyl alcohol (PVA) layer was spin
coated between the top electrode and the 22 nm PMMA
layer, which was removed with water after the voltage cycle
application. Note that we are changing the total thickness
of the device and, as a consequence, the I-V characteristics,
but our goal here was to study in a qualitative way the effect
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Figure 5: AFM images of the PMMA films over glass substrates with a thickness of (a) 9 nm, which corresponds to I-V ohmic response and
(b) 15 nm, which corresponds to I-V response with two ON states.
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Figure 6: I-V response of an Al/PMMA (22 nm)/Al memory device.
In addition to the threshold voltage at 2 V, threshold voltages at−12
and 20 V are observed.

of the electric field on the top electrode and PMMA film of
the memory device. Furthermore, the total thickness (32 nm)
of the PVA-PMMA layer is similar to films with WORM
behavior (see Figure 2(d) and Table 1). The top electrode and
the PMMA layer were observed by using SEM. From the
Figures 7(a) and 7(b) no appreciable damages on PMMA
layer and on the bottom surface of the top electrode were
observed when cycles of 8 V were applied, compared with the
pristine ones. From elemental mapping SEM photographs,
we were unable to observe properly the aluminum parti-
cles in the films because the signal coming from the bottom

aluminum electrode interfered. However, this inconvenience
was resolved using ITO as the bottom electrode, instead of
Al. From the elemental mapping, we observe the injection
of aluminum particles into the film, in this way filamentary
formation is occurring.

When the interval of used voltages was extended, the
MIM device with 22 nm of thickness showed other threshold
voltages at −15 and 20 V (Figure 6), which indicate the for-
mation of several levels of electrical conduction. These new
levels of electrical conductance were obtained by using the
following procedure. A voltage sweep from 0 to −15 V was
applied and, at around −12 V (Vth2), the device conductivity
switched from state 2 to state 3 (3 × 10−5 A read at 1 V).
During this voltage sweep, we note that the top electrode
begins to burn, possibly due to the Joule heating. We consider
that this damage on the top electrode is the responsible
mechanism of the decrease in the conductivity [25, 26, 32].
In the subsequent voltage scans (from −15 to 15 V and from
15 to −15 V) the device remains in the state 3, even when the
supply is turned off. Finally, a voltage scan was performed
from 0 to 30 V. In this sweep, the device shows another con-
ductivity switching at around 20 V (Vth3) from state 3 to state
4 (1×10−7 A read at 1 V). The conductivity remains there for
the following voltage sweep (from 30 to−30 V and from−30
to 30 V). To quantify the damages of the higher voltage cycle
on the top electrode and PMMA layer, we have realized the
same procedure described before in order to study, by using
SEM, the physical damages on the devices as a consequence
of the voltage application. For this, cycles from 0 to 20 V,
from 20 to −20 V, and from −20 to 20 V were applied to a
device fabricated with a PVA layer of 10 nm and PMMA layer
of 22 nm. We observe that at voltage around 20 V, the PVA-
PMMA device begins to burn similarly to the films without
PVA. Figures 7(c) and 7(d) show the effects of the strong
electric fields in the polymer and aluminum layers, respec-
tively. From Figure 7(c), the formation of circular craters in
the polymer layer can be appreciated, where material appears
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Figure 7: SEM images of (a) polymer layer and (b) the top aluminum electrode show no damage when cycles of 8 V were applied to the
Al/PVA (10 nm)-PMMA (22 nm)/Al device. Contrary to the first case, when cycles of 20 V were applied, SEM images show physical damages
in both, (c) the PMMA layer and the (d) top aluminum electrode. The inset of (c) shows the aluminum elemental mapping of the PMMA
layer.

to be ejected, and, from the inset of the figure, the removal of
the aluminum particles from the craters. On the other hand,
Figure 7(d) shows the rupture on the bottom surface of the
top aluminum layer. Therefore, these damages in the top
electrode and in the PMMA film come from Joule heating
as well as the intense electric fields, and they are responsible
for the conductivity decrease. Thus, the existence of these
ON multistates for high-voltage application is consequence
of damages to the device and suggests that once the metallic
filaments have been broken, it is impossible for them to be
reformed. other possible explanation could be that the rate
of rupture or destruction of filaments is bigger than their
formation.

Other important variable in the filamentary formation is
the compliance current. In Figure 8, we compare the effect
of the compliance current on the electrical properties of a
17 nm PMMA memory. First, we have electroformed the
device using a compliance current of 20 mA and the voltage
bias was swept from 0 to 8 V. After that, we have studied
as the formation and rupture of filaments depend on the
compliance current and the voltage interval. Note that all
experiments were performed on the same device. When the
compliance current is low, 40 mA, we observe (Figure 8(a))
that the I-V curves almost remain the same. This may occur
because at low-compliance currents, possibly, there is no
rupture or formation of new filaments. Another possible
explanation is that the rate of formation of new filaments is

equal to the rate of their rupture. The increase of the com-
pliance current to 60 mA (Figure 8(b)) shows similar results
to those reported for 40 mA, although in the first sweep of
the voltage, we observe the formation of new filaments and,
possibly, the rupture of the weakest. When the compliance
current was increased to 80 mA (Figure 7(c)), we observe
formation of new filaments, in the first sweep of voltage,
but since the second sweep, the destruction of filaments
due to Joule heating is much larger than their formation.
Thus, the conductivity of the MIM device decreases sharply.
We performed five sweeps of voltage on the device, and
we did not observe the recovery of the initial conductivity.
This indicates that at high-compliance currents, once the
filaments are broken due to Joule heating, these are difficult
to reform or the rate of formation of filaments is much
less than their rupture. In addition, we have studied the
possibility of increasing the rate of formation of filaments
with respect to their rupture. For this, the bias voltage
was swept from 0 to 12 V, and the compliance current was
decreased from 80 mA to 60 mA. Figure 7(d) shows that the
conductivity increases in the first and second voltage sweeps,
indicating that the rate of filament formation is higher than
its rupture or destruction. This conductivity recovery can be
related with a new influx of metallic particles coming from
fractures of the electrodes due to the electric field and, as
consequence, the formation of new filaments. In the third
sweep of the voltage, the rate of broken filaments is higher
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Figure 8: I-V behavior of a 17 nm PMMA device as a function of the compliance current. The electroforming of the device was realized
using a compliance current of 20 mA, and the bias voltage was swept from 0 to 8 V. To study the effect of the compliance current on the
formation and rupture of filaments, these were set at (a) 40 mA, (b) 60 mA, (c) 80 mA, and (d) 60 mA (see text). The I-V measurements
were sequentially performed on the MIM device.

than their formation and, therefore, the conductivity begins
to decrease. In the fourth sweep, almost all the filaments were
broken and the conductivity is minimal. The filamentary
formation is initiated again in the following scan of the
voltage. During sweeps performed in this voltage interval,
it has been observed at first glance that the top electrode
begins to degrade due to the intense electric fields and Joule
heatings. All these results show that the compliance currents
and voltage intervals are fundamental parameters for the
formation and rupture of filaments in MIM devices.

4. Conclusion

We have obtained WORM memory devices by using the
simple structure aluminum/insulator polymer/aluminum.
In particular, we have used PMMA as well as PS like the
insulator polymer, and the films have been deposited by spin
coating technique using different solvents. The I-V behavior
of the devices is independent of the solvent and polymer
used, but this strongly depends on the thickness of the
organic layer, the compliance current, and voltage intervals
used during the voltages sweeps. The MIM devices show
different behaviors as a function of the film thickness: (i)
films having a thickness smaller than 10 nm are in short
circuit, (ii) when the film thickness is between 11 and 20 nm

the device shows a WORM behavior with two ON states, (iii)
films with thicknesses between 20 and 25 nm present WORM
memory with strong NDR, (iv) with thicknesses bigger than
25 nm, polymer films show WORM memory, (v) finally,
organic films bigger than 300 nm have insulator behavior.
The negligible dependence of the insulator polymer type
used for the memory devices leads us to conclude that the
influence of the organic layer is minimal and we can attribute
the memory effect to the metal electrodes. We consider
that small metallic particles coming from the aluminum
electrodes are introduced during the evaporation of the top
electrode and/or from both electrodes during the voltage
application. The introduction of these particles is the re-
sponsible mechanism of the conductivity switching in the
devices and of the formation of metallic filaments. Thus, the
existence of some devices with two ON state or with NDR
region is obtained when some weak metallic filaments are
irreversible broken due to the Joule heating.
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