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Abstract 

A write-only-read-many (WORM) memory device was obtained by irradiating, with a 

commercial ultraviolet-ozone (UVO) lamp, the aluminium bottom electrode in an Al/AlOx-

UVO/Al configuration. The formation of conductive paths due Joule heating is observed 

when a positive or negative bias voltage is applied to the device, occurring a permanent 

transition from high (OFF) to low (ON) resistance state. After OFF to ON transitions, 

physical deformations were observed on the top of the devices, which were analyzed using 

morphological studies of the top electrode. To eliminate these physical deformations, the 

UVO treatment on the aluminium bottom electrode was replaced by the deposition of a thin 

polyvinyl alcohol (PVA) film (10 nm). These Al/AlOx-native/PVA/Al WORM memories 

presented similar I-V behaviours and the same threshold voltages to those Al/AlOx-

UVO/Al devices, but with higher ON/OFF ratios. Analysis of the I-V curves confirms that 

the same physical phenomena, such as the formation of filamentary paths, are occurring for 

both types of devices. 

 

 

 

 

 

 



  

Introduction 

Resistive memory devices consist generally in an active layer embedded between two 

metallic electrodes, which are able to change between a high resistance state (OFF) and low 

resistance state (ON). In the case of a permant change from OFF and ON, these memory 

devices are named write once read many times (WORM) memories, whereas  when these 

memory devices can change several times between the OFF and ON they named rewritable 

memories. One of the main advantages of resistive memories, in comparison with the most 

common memories used in electronic components, is that they are nonvolatile, i.e. these 

retain information even if the power is turned off [1]. In particular, WORM memories have 

potential applications in ultra-low cost digital storage [2] and other permanent digital 

storage applications for video, images, electronic voting and non-editable database [3,4].  

Nonvolatile memory behaviour has been observed for different organic and 

inorganic [5] composites used as active layers. WORM memories have been reported for 

metal/dielectric polymer/metal devices generally with polymer thickness < 100 nm [6]. It 

has been considered for several groups that the presence of an oxide film is the responsible 

for obtaining resistive switching in WORM memories [3,7,8]. Among the inorganic 

materials showing rewritable or WORM characteristics are several oxide films such as TiO2 

[9] and Al2O3 [10]. These oxides are deposited by different methods that are expensive and, 

in some cases, can involve temperature, like sputtering [11] and atomic layer deposition 

[12]. Sometimes, it is only necessary a thin oxide film, created by an oxidation of the 

surface of electrodes or at the interface between two thin films, for their applications in 

devices. For these reasons, several electrode-engineering methods like oxygen plasma 

exposition [13], ultraviolet-ozone (UVO) lamp [14], natural exposition to the atmosphere 

[15,16] and ozone irradiation [17] have been used in order to obtain a thin oxide film. 

Using some of these surface modification techniques allow to compare, for example, the 

differences in the physicochemical properties due to the oxidation of an aluminium thin 

film by oxygen and ozone [17, 18]; it is found that the film irradiated with O3 showed an 

increment of the insulating properties related with the increase of the barrier width [19]. 

Additionally, it has been reported that the irradiation of aluminium films with an UVO 

lamp improves their insulating properties and diminishes the leakage current in organic thin 



  

film transistors [14]. The improvement of the insulating property by ozone irradiation has 

been observed using other insulator materials like Ta2O5 [20].  

In general, the switching mechanism of rewritable memory devices based on 

aluminium oxides (AlOx) can be explained by the formation and destruction of filaments in 

the aluminium oxide film [4,21]. In the case of WORM memories, the conductive filaments 

in the oxide film can only be created and not destroyed [3, 8, 22, 23]. Recently, it has been 

reported Al/Al-rich AlOxNy/Si WORM memory in devices [8] and, for these devices, it has 

been argued that oxygen vacancies could generate filaments that form conductive paths, 

which cannot be destroyed unless a high temperature would be applied. A similar 

explanation was reported by Liu et al. [3], who obtained WORM memory devices by 

irradiating O2 plasma onto a film of indium gallium zinc oxide (IGZO) in Al/IGZO/Al 

devices. They proposed an irreversible formation of a conductive of oxygen vacancies 

filament between both electrodes. Additionally, WORM characteristics for Pt/Al2O3/ITO 

devices have been reported, where the aluminium oxide were growth by molecular beam 

epitaxy [4].  

In a previous report we found that irradiating for one minute the aluminium bottom 

electrode with an UVO lamp of Al/AlOx-UVO/poly(3,4-ethylenedioxythiophene): 

polystyrene sulfonate (PEDOT:PSS) + carbon nanotube/Al  rewritable memory device, 

their memory characteristics were improved due to physicochemical changes occurring on 

its surface. On the other hand, if the irradiation time is increased up to 30 minutes, the 

memory characteristics practically disappear due to an augmentation of AlOx layer from 2.8 

nm, native AlOx layer, to 4.0 nm as a function of UVO treatment time, i.e. the formation of 

a very insulating oxide film on the bottom electrode [24]. In the present work, we show that 

a permanent storage of information can be fabricated by irradiating the aluminium bottom 

electrode using an UVO lamp for 30 minutes to create a 4.0 nm insulating AlOx layer in 

Al/AlOx-UVO/Al devices. These Al/AlOx-UVO/Al devices presented physical 

deformations on the top of them during the voltage sweep. These deformations are related 

with the creation of conductive paths or aluminium conductive filaments, and are indication 

of the permanent change of the devices from OFF to ON state. If the aluminium bottom 

electrode is not UVO irradiated, i.e. only has its native aluminium oxide layer, the Al/AlOx-



  

native/Al devices do not show the physical deformation nor memory characteristics. 

Additionally, and for contrast, we have fabricated WORM memories by using organic 

insulator films of polyvinyl alcohol (PVA) with a thickness of ~ 10 nm between two 

aluminium electrodes. In these devices, the bottom electrode was not UVO irradiated. PVA 

has been previously used in two terminal resistive memory devices as the active layer or as 

the supporting layer due to its advantages such as water solubility; it is easily processed, 

present strong thermal and chemical resistance as well as excellent electrical properties [25-

27]. PVA films in combination with carbon nanotubes [25] or reduced graphene oxide 

decorated with Au particles [26] have shown electrical switching. Additionally, it has been 

shown that rewritable memory devices based in graphene oxide nanosheets embedded in 

PVA matrix present better performance and a higher ON/OFF ratio compared with the 

devices not containing graphene oxide [27].  Our Al/AlOx-native/PVA/Al devices show 

WORM memory behaviour, although do not present visible physical deformation on the 

top electrodes, suggesting the formation of conductive aluminium filaments inside the PVA 

film due to electrical electroforming during a voltage sweep. Our results represent a facile 

and economic way to fabricate stable WORM memory devices. 

Experimental 

 Before the deposition of the Al bottom electrode, the 1 in
2 

Dow Corning glass substrates 

were cleaned by washing them in acetone, methanol and isopropanol in ultrasonic baths for 

20 min and then dried for 40 min. Immediately, after evaporation of the solvents, the 

substrates were maintained in a UV-ozone ambient for 25 min. After that, a 90 nm Al 

bottom electrode was deposited by thermal evaporation at 10
-6

 Torr and patterned using a 

shadow mask. For Al/AlOx-UVO/Al devices, the bottom electrode was irradiated by 30 

minutes in an UV-Ozone environment using a commercial lamp in order to increase the 

thickness of the native AlOx insulating layer. For the fabrication of Al/AlOx-native/PVA/Al 

devices, a composite of PVA (Sigma-Aldrich, Mw =9000-10000) and deionized water (1 

wt%) was magnetically stirred overnight and spin coated at 6000 rpm by 40 seconds. Then, 

the PVA film was dried for 15 min at 100°C in an oven. The PVA and aluminum film 

thicknesses were measured using a Tencor Alpha-Step 500 surface profiler and were 

approximately 10 nm and 90 nm, respectively. Finally, a 90 nm thermally evaporated top 



  

electrode was deposited on Al/AlOx–UVO, or on the polymeric composite PVA layer, and 

patterned using a shadow masks. Two different active areas, corresponding to the overlap 

of bottom and top electrodes, were used: 6 mm
2 
and 0.25 mm

2 
for both types of memories.  

Current-voltage measurements were performed using a programmable Keithley 236 source 

meter at room conditions. In all the current-voltage measurements of the memory devices, 

the bias voltage is applied to the top electrode with the bottom electrode grounded. The 

morphological characterizations of the rewritable memory devices were performed using a 

Quanta 250 scanning electron microscope, operated at 20 kV, and a Jeol JSPM-5200 

atomic force microscope in contact mode. AFM micrographs were processed using WSXM 

software [28]. 

Results 

The Al/AlOx-UVO/Al devices were I-V characterized using voltage sweeps from 0 to 4 V, 

4 to – 4 V and -4 to 0 V (Fig. 1a) or from 0 to -4 V, -4 to 4 V and 4 to 0 V (Fig. 1b). For 

both cases, the pristine memory devices start in the OFF state (~10
-3 

A at 1 V) until a 

threshold voltage is reached, then the current increases switching permanently the device to 

the ON (~10
-1

 A for both polarities) state. The devices present symmetrical switching 

behaviour during the electroformation of the pristine devices, showing threshold voltages of 

~ 2 V for positive bias (Fig. 1a) and ~ -2 V for negative bias (Fig. 1b). Using a second 

voltage sweep, it can be corroborated that the memory devices present WORM 

characteristics. The fabricated memory devices have an ON/OFF ratio between 1.5 and 2 

orders of magnitude at a read voltage of 1 V. On the other hand, Al/AlOx-native/Al devices, 

i.e. with no UVO exposition on the bottom electrode, showed an ohmic behaviour, before 

electrical current reaches the compliance current of the Keithley multimeter (Fig. S1).   

It has been reported in ITO/Al2O3/Pt WORM devices that when the threshold voltage is 

reached, the oxygen vacancies act as electron traps and these vacancies migrate due to the 

electrical field applied across the device forming a conductive filament in the oxide film 

[4]. Additionally, in the ITO/Al2O3/Pt WORM devices, the pristine memory devices start in 

the high conductive ON state. However, our Al/AlOx-UVO/Al devices start in the high 

resistive OFF state, thus, the physical phenomenon responsible of the resistive switching is 



  

not the movement of oxygen vacancies, but the creation of metallic filament paths due to 

the high electrical field during the electroforming process. These metallic pathways across 

the aluminium oxide film are observed as physical deformation on the top electrode. SEM 

micrographs showed that paths are created along the most of the overlapping area of the 

two electrodes (Fig. 2a); the image amplification shows aluminium pathways that have 

circular craters (Fig. 2b). 2D (Fig. 3a) and 3D (Fig. 3b) AFM micrographs of the top 

electrode of Al/AlOx-UVO/Al devices show the morphology of these deformations. The 

profile of the line drawn in the Fig. 3a, using WSXM software, shows that the craters have 

the depth of approximately two aluminium electrodes (Fig. 3c); the aluminium oxide layer 

is very thin. Then, aluminium was removed from some regions of the active area creating 

conductive pathways in the contour of the craters with height of ~ 400 nm (with height of ~ 

4 aluminium layers). The voltage stress applied to the device induced the melting of the 

aluminium films forming an overlapping of the two aluminium layers. The creation of these 

conductive paths occurs when a threshold voltage is reached, not depends of the polarity 

and is irreversible. These paths are created by the dielectric breakdown of the insulating 

layer due to the higher electric field in the AlOx film.  This dielectric breakdown can be 

qualitatively understood considering the memory device as a parallel plate MIM capacitor. 

The dielectric strength of alumina, Al2O3, is ~13.4 MV/m and has an electrical constant 

alumina  10, whereas the strength of the electric field E in the active layer for a parallel 

plate MIM capacitor with a alumina layer with thickness d  4 nm at 2V is E = 

2V/(dalumina)  50MV/m. The process of dielectric breakdown of an oxide dielectric, has 

been proposed that is performed in three steps: (a) an electron percolation path is 

established, which is carried out through the dielectric grain boundaries, in our case the 

aluminum oxide; (b) as the current flow through these percolative paths increases, the Joule 

heating process takes place and results in an increase in the area of the percolative paths. 

Finally, (c) the Joule heating is so intense that the materials in contact, the aluminum oxide 

and the electrodes of aluminum, melt and atoms of these materials can be introduced into 

the percolative paths [29]. This mechanism explains the electrodes melting observed in the 

SEM images (Fig. 2) and in the AFM micrographs (Fig. 3). This type of organic memories, 

based on the dielectric breakdown of the active layer, is generally called antifuse memories. 

On the other hand, Al/AlOx-native/Al devices, without UVO irradiation on the bottom 



  

electrode, show neither memory behaviour nor physical deformation when a voltage stress 

was applied at the device. This is because the native aluminium oxide layer, consisting of 

hydroxide and aluminium oxide, is very thin, approximately 2.8 nm, [24] in such a way that 

the electrons can easily tunnel through it. 

A method to eliminate the visible physical deformation on the top electrode was 

using an organic very thin film (~10 nm) of a water-soluble polymer (PVA) embedded 

between two aluminium electrodes, without UVO treatment on the bottom electrode. The 

increase of the insulator layer thickness up to 12.8 nm (10 nm of PVA + 2.8 nm of native 

oxide layer) as well as the increase in the dielectric strength of the active layer decrease the 

strength of the electric field E inside of the active layer; the dielectric strength of PVA is 

approximately ~50 MV/m whereas its dielectric constant is PVA  2 [30]. Therefore, the 

dielectric breakdown of the active layer is softer (Fig. S2). These Al/AlOx-native/PVA/Al 

devices showed WORM behavior and this fabrication method is an alternative to obtain 

very cheap WORM memories with good electrical characteristics.  In these devices (Figs. 

4a and 4b), a higher ON/OFF ratio (~4 orders of magnitude) could be attributed to a higher 

thickness of the active layer, PVA film (~10 nm) and the native aluminium oxide (~2.8 nm) 

compared with the thickness of the aluminium oxide layer due to UVO treatment (~ 4 nm) 

[24]. Additionally, it can observe from these figures that the electrical current levels in the 

OFF state of Al/AlOx-native/PVA/Al devices are considerable lower, around four orders of 

magnitude at a read voltage of -1 V, in comparison with the Al/AlOx-UVO/Al devices (Fig. 

2), implying that the PVA layer reduces the magnitude of the electrical current passing 

through the device. Note that the tunnelling current depends on the energy barrier as well as 

the width of this barrier [31]. Thus, the differences in current levels in the OFF state in both 

kind of devices are related to differences in energy gaps of the insulating layers (AlOx has a 

bandgap of 8.8 eV in its crystalline form [31] and between 5-7.1 eV for its amorphous form 

[32] while PVA has a bandgap of 5.4 eV [33]) as well as the thickness of the insulating 

layers. On the other hand, the differences in the current levels in the ON state between both 

devices are not so different (~ 1 order of magnitude).  In the Al/AlOx-native/PVA/Al 

memory devices, we consider that conductive filaments have being created through the 

polymer layer, although no physical deformations were observed on the top electrode. i.e. 

the presence of the PVA layer between both aluminium electrodes softens the dielectrical 



  

breakdown and minimizes heating Joule effects (Fig. S2). Thus, the use of PVA as insulator 

and dielectrical layer hinders the current flow through the device; the Joule heating is not so 

intense and no melt of aluminium electrodes is achieved. Therefore, the creation of the 

conductive filaments in the PVA layer is due to the migration of atoms from the electrodes 

in metal-insulator-metal devices; this has been a recurrent explanation in this type of 

WORM memories in different systems and using different metallic electrodes [34]. These 

effects have been observed in a previous report, when we fabricated Al/polymethyl 

methacrylate (PMMA)/Al and Al/ polystyrene (PS)/Al devices [23] and where introduction 

of aluminium particles, due to an applied bias voltage, could be observed in the polymeric 

films after top electrode delamination.  Other materials with similar electrical properties, 

such as PMMA with energy band gap of 5.6 eV [35] and dielectrical constant of 3.6 [36] 

could be also used as softener layer. However, there are other physical and chemical 

properties that should be considered. One of the advantages of the use of PVA is its great 

solubility in water, which is not flammable and a harmless solvent, while PMMA is highly 

soluble in organic solvents such as chlorobenzene or chloroform, which are flammable and 

exhibit degrees of toxicity from low to moderate. Other important parameter is the 

wettability of the polymer layer on the metal electrode, where the chemical composition 

and thickness of the oxide layer affect the wettability and adhesion of polymers [24,37]. 

Even more, it is known that the outermost surface layer of oxide films is covered with a 

layer of hydroxyl groups and the nature of these surface hydroxyl groups determines the 

physicochemical properties of the surface of the films [24,37]. PVA present well wettability 

and adhesion properties on the aluminium electrode and, for this reason, we have a pinhole 

free polymeric layer with a thickness 10 nm whereas that is not possible in the case of 

using PMMA as an active layer [23]. 

The stability of both types of memory devices was also measured. First, the OFF 

state was read by the application of pulses of -1 V for 10
3
 times. After that, a negative bias 

is applied (0 to -4 V) to switch the device to the ON state and then, the ON state was read 

for 10
3
 times by the application of -1 V pulse. Al/AlOx-UVO/Al (Fig. 5a) as well as 

Al/AlOx native/PVA/Al (Fig. 5b) showed good stability. In order to elucidate the charge 

transport mechanism in both memory states, ON and OFF, as well as to understand the 

electroformation process in both kind of memory devices, log (V) vs log (I) curves, for 



  

Al/AlOx-UVO/Al (Fig. 6a) and Al/AlOx-native/PVA/Al (Fig. 6b), have been analyzed 

using conduction models. From this analysis, we obtain that ON state for both type of 

memory devices can be described using an ohmic model; the slope is m~1 for both 

Al/AlOx-UVO/Al and Al/AlOx-native/PVA/Al devices indicating metallic filaments have 

been created when a threshold voltage is reached. Their respective OFF states, on the other 

hand, are well described by the ohmic model for low voltages (< 0.4 V) and by the space-

charge-limited-current (SCLC) model for higher voltages (> 0.4 V), which is in good 

agreement with WORM memories reported in the literature [38]. The slope for the 

Al/AlOx-UVO/Al device for voltages between 0.45 and 1.8 V is m~2.2 and the slope for 

the Al/AlOx-native/PVA/Al device is m~2.5 for the same voltage range. Slopes higher than 

m~2 (I ~ V
2
) suggest that the SCLC model is dominant in the OFF state as I ~ V

m+1
 with m 

>1 [39]. The slopes of the log (V) vs log (I) curves for OFF and ON states are very similar 

in both types of devices, then, it is expected that the same physicochemical phenomena are 

occurring if Al-UVO treated layer or PVA film are used as the active area. The differences 

in the electrical currents for ON and OFF states of the devices and in ON/OFF ratios can be 

related to differences in the electrical properties between PVA and aluminium oxide, as 

well as the higher thickness of PVA film compared with the aluminium oxide film. In 

addition, the transition from OFF to ON states is more abrupt in the PVA memories due the 

same reasons. Nevertheless, both devices present basically the same behaviour for ON and 

OFF states, which suggests that metallic filaments were created through PVA films 

although no physical deformations are observed on the top electrode. Furthermore, 

Al/AlOx-UVO/Al devices as well as Al/AlOx-native/PVA/Al could be scaled using shadow 

masks. I-V curves of both type devices with an active area of 0.25 mm
2
 (~500 m x 500 

m) show WORM behaviour for negative and positive sweeps (Figs. S3 and S4). It is 

important to note that both type of devices show symmetrical I-V characteristics. SEM 

micrograph of the top electrode of Al/AlOx-UVO/Al devices shows similar physical 

deformation and these deformations are confined in the overlapping area after several 

voltage sweeps were applied (Fig. S5). These results show that these WORM devices can 

be miniaturized increasing their data storage. 

 



  

Conclusions 

A simple way to obtain very simple WORM memories was presented, which consists of an 

aluminium bottom electrode irradiated with a commercial UVO lamp by 30 minutes and an 

aluminium top electrode.  These Al/AlOx-UVO/Al devices present an ON/OFF ratio of ~ 

10
2
 and the ON and OFF states retain the information for at least 10

3
 times. When a voltage 

sweep was applied to the pristine device, physical deformation on the top electrode were 

observed implying that physical pathways, due to Joule heating, were created forming 

irreversible high conductive pathways. Additionally, Al/AlOx-native/PVA (~10 nm)/Al 

devices were fabricated, which show WORM memory behaviour but without any physical 

deformation on the top electrode, which implies that PVA layer acts as a softener layer 

reducing the electrical current passing through the device and, therefore, minimizing the 

Joule heating effects. These Al/AlOx-native/PVA/Al devices present similar retention 

characteristics than the Al/AlOx-UVO/Al devices and higher ON/OFF ratios (10
4
). The I-V 

characteristics of both types of devices were analyzed using various conduction models and 

these showed similar behaviour, their states OFF can be described by ohmic model for low 

voltage (< 0.4 V) and SCLC mode for voltage between 0.45 and 2.2 V, whereas their ON 

state is described by ohmic model. This corroborates that the same physical phenomena are 

occurring in the electroforming process for both devices: the creation of conductive 

pathways when the device is under voltage stress. The devices could be scaled down ~24 

times presenting basically the same behaviour. 
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Figures 

 

Figure 1. I-V characteristics of: a) of Al/AlOx-UVO/Al device with voltage sweep from 0 

to 4 V, 4 to -4 V and -4 to 0 V and b) of Al/AlOx-UVO/Al device with voltage sweep from 

0 to -4 V, -4 to 4 V and 4 to 0 V. 

 

 



  

 

Figure 2. SEM micrographs at two different scales of the top electrode of the Al/AlOx-

UVO/Al device after several voltage sweeps between -4 and 4 V. 

 

 

 

 



  

 

 

 

Figure 3. a) 2D-AFM micrograph of the top electrode of Al/AlOx-UVO/Al device after the 

application of several voltage sweeps between -4 and 4 V.  b) 3D-AFM micrograph in the 

same region than a), and c) profile obtained following the line showed in a). 

 

 

 

 

 

 

 



  

 

Figure 4. I-V characteristics of a) of Al/AlOx-native/PVA/Al device with voltage sweeps 

from 0 to 4 V, 4 to -4 V and -4 to 0 V and b) Al/AlOx-native/PVA/Al device with voltage 

sweep from 0 to -4 V, -4 to 4 V and 4 to 0 V.  

 

 

 

 

 

 



  

 

 

Figure 5. Number of readings of the ON and OFF states at -1 V of: a) Al/AlOx-UVO/Al 

and b) Al/AlOx-native/ PVA/Al devices. 

 

 

 

 

 

 



  

 

 

 

Figure 6. Log (V) vs Log (I) curves for: a) Al/AlOx-UVO/Al devices and b) Al/AlOx-

native/PVA/Al devices. 
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Highlight 

1.- Simple WORM memories fabricated by irradiating an aluminum electrode with UV-

ozone lamp.   

2.- These Al/AlOx-UVO/Al memories retain OFF and ON states for at least 103 times using   

-1V pulse.  

3.- Similar WORM memories can be obtained replacing UVO treatment with a thin PVA 

layer.  

4.- Both type of WORM memories show the same conduction mechanisms in ON and OFF 

states.   

 

 


