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ABSTRACT 

Nonvolatile rewritable organic memory devices based on poly(3,4-ethylene 

dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) and nitrogen doped multi-walled 

carbon nanotube (NCNT) nanocomposites were fabricated on glass and PET substrates.  

Organic memory devices with bistable resistive switching were obtained using very low 

NCTN concentration (~0.002 wt%) in the polymeric matrix. The memory devices exhibited 

a good ON/OFF ratio of approximately three orders of magnitude, a good retention time of 

104 s under operating voltages ≤ |4V| and a few hundredths of write-read-erase-read cycles. 

The bistable resistive switching is mainly attributed to the creation of oxygen vacancies. 

These defects are introduced into the thin native Al oxide (AlOx) layer on the bottom 

electrode during the first voltage sweep. The well-dispersed NCNTs immersed in 

PEDOT:PSS play a key role as conductive channels for the electronic transport, hindering 

the electron trapping at the AlOx-polymer interface and inducing a soft dielectric 

breakdown of the AlOx layer. These PEDOT:PSS+NCNTs memory devices are to easy to  

apply in flexible low-cost technology and provide the possibility of large-scale integration. 
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INTRODUCTION 

Currently, flexible electronics has become very attractive for the next generation of 

electronic devices, particularly wearable and foldable applications due to their bendable 

properties [1]. Non-volatile memory devices [2-7], field effect transistors [8,9], light-

emitting diodes [10,11], logic circuits [12], static random access memories [13] and other 

devices using organic materials have been fabricated onto flexible substrates, allowing their 

application in large area electronics [14] and in the Internet of Things [15]. In particular, 

polyethylene terephthalate (PET) has been used as a substrate in various electronic 

applications because of its low cost, good thermal stability, excellent transparency in the 

visible range and good mechanical flexibility [2,3,5,7-9,16].  

 Among the various organic electronic devices, one of the most studied is the 

resistive memory [15,17,18]. Organic rewritable resistive memories consist of a polymer 

layer or a polymer composite sandwiched between two metal electrodes, which can be 

switched several times between two different conductive states using voltage pulses or 

voltage sweeps [19,20]. These organic resistive devices are becoming an alternative to the 

conventional memory technology due to the possibility of device miniaturization using 

scalable cross-bar array architecture, good operation speed and low energy consumption 

[15,17,18]. In addition, the fabrication of organic memories is easy and inexpensive, and 

the flexibility of the organic materials allows their deposition on either polymeric substrates 

or other unconventional substrates [2,5,7]. A variety of organic materials have been used 

for the fabrication of resistive organic memories [15,17,18], of which the most interesting 

are the carbon nanostructures [3,21-27]. In some cases, these carbon nanostructures, such as 

graphene oxide, reduced graphene oxide and graphene grown by CVD, are used as the 

resistive switching layer [3,21,22]. In other cases, these nanostructures are embedded in 

polymer matrices [23-27]. In some of these works the presence of native Al oxide layer 

(AlOx) is crucial for the resistive switching [18,20,22,27]. Nanocomposites of carbon 

nanostructures in a polymer matrix sandwiched between two metal electrodes have shown 

write-once-read-many (WORM) [23-25] and rewritable [26,27] memory behaviors. In 

particular, nanocomposites of the organic semiconducting polymer PEDOT:PSS and 
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carbon nanotubes (CNTs) have been used as the active layer in resistive organic memory 

devices [24,25,27].  

 One of the main disadvantages posed by the carbon nanostructures, such as CNTs, 

is the poor compatibility with polymer matrices, and therefore, it is difficult to obtain a 

homogeneous distribution of carbon nanostructures in the polymer [26, 28]. To improve the 

dispersion of the carbon nanostructures in the polymeric matrix, modification of their 

surface by anchoring functional groups via acid treatment is necessary [26]. However, these 

modifications of the nanostructure surfaces can cause undesired changes and deterioration 

in the properties of nanostructures [29]. Several methods to restore their graphitic 

properties, either partially or totally, and to remove the various defects and the oxygen 

functional groups have been implemented [11,28,29]. For the reduction of carbon 

nanostructures, some of these methods use a thermal treatment at high temperature in a 

mixture of gases, and some of these gases contain nitrogen [11,28]. It has been shown that 

the use of reducing agents containing nitrogen, in addition to restoring the graphitic 

properties, leads to nitrogen doping of carbon nanostructures [11,21,28]. This results in a 

change in the properties of the carbon nanostructures, such as an increase in their 

conductivity because of electron excess [28,30] and modification of their work function; 

both properties can be controlled as a function of the nitrogen doping concentration for 

their use in organic devices. Several works using nitrogen doped CNTs (NCNTs) 

embedded in a polymeric matrix for memory applications have been reported: Hwang et al. 

reported an Al/polystyrene and NCNT/Al rewritable memory [28], and Mamo et al. 

reported an Al/poly(vinyl phenol) and NCNT/Al WORM  memory [30].  

In the present work, Al/nitrogen doped multiwalled carbon nanotubes embedded in 

a PEDOT:PSS matrix/Al rewritable memory devices were fabricated. PEDOT:PSS as a 

polymeric matrix presents several advantages compared with other polymers, such as high 

conductivity and good processability. Additionally, PEDOT:PSS is provided by the 

supplier as an aqueous dispersion and, the use of a toxic solvent, such as chloroform or 

toluene, is not necessary for its deposition. Two types of N doped CNTs were synthesized 

using the same experimental configuration and used in organic memory devices: (a) 

NCNTs synthesized using benzylamine (B-NCNTs), as the carbon and nitrogen source and 
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ferrocene as a catalyst and (b) NCNTs synthesized using ethanol, as carbon source, mixed 

with benzylamine, as the carbon and nitrogen source (EB-NCNTs) and ferrocene as a 

catalyst. The use of an ethanol-benzylamine reaction mixture allows anchoring of oxygen 

functional groups on the EB-NCNTs surface without using an acid treatment, improving 

their solubility in the PEDOT:PSS matrix while not causing great damage on their graphene 

layers. In this way, the main goal of this work was to study the importance of obtaining a 

homogeneous dispersion of NCNTs in the PEDOT:PSS matrix and the role of the native Al 

oxide layer on the bottom electrode in reliable resistive switching of 

Al/PEDOT:PSS+NCNTs/Al memory devices. 

EXPERIMENTAL 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate), PEDOT:PSS (Clevios P), was 

purchased from Heraeus. Nitrogen doped multiwalled carbon nanotubes were synthesized 

by the spray pyrolysis method: (a) using only benzylamine as the carbon and nitrogen 

source  [31] and (b) using a mix of ethanol and benzylamine (9:1 v/v) [32-34] as the 

carbon, nitrogen and oxygen source; in both types of synthesized samples, ferrocene was 

used as a catalyst. Before the deposition of the Al bottom electrode, the 1 in2 Dow Corning 

glass or PET (Dupont Teijin Films) substrates were cleaned by washing them in acetone, 

methanol and isopropanol ultrasonic baths for 20 min and then dried for 40 min. After that, 

a 70 nm Al bottom electrode was deposited by thermal evaporation at 10-6 Torr and 

patterned using a shadow mask or conventional photolithographic process onto the glass or 

PET substrates. The photolithography process (Figure S1) was performed by depositing a 

thin film of a positive photoresist S1818 via spin coating. The deposited film was exposed 

to UV radiation by using a HYBRALIGN SERIES 200 lamp for 45 seconds through an ink 

mask printed on photographic paper. The exposed film was immersed in CD30 developer 

and finally waste developer was removed by washing the samples in deionized water. The 

nitrogen doped carbon nanotubes and PEDOT:PSS composites were prepared by using the 

following procedure: the carbon nanotubes were dissolved in isopropanol and the 

dispersion was ultrasonicated for 40 min at 58 °C. After that, 0.002 wt% of EB-NCNTs (or 

B-NCNTs) was mixed with the previously filtered PEDOT:PSS aqueous solution (1 µm 

pore size filter) for 150 min by ultrasonication at room temperature. This composite was 
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spin-coated at 2500 rpm for 40 seconds onto the Al bottom electrode and then dried at 100 

°C for 15 min. The PEDOT:PSS+ NCNT film thickness was measured using a Tencor 

Alpha-Step 500 surface profiler and its thickness was approximately 80 nm. Finally, a 

thermally evaporated top electrode was deposited onto the polymeric composite layer and 

patterned using a shadow mask. The active area of the devices corresponds to the 

overlapping area between the bottom and top electrodes (Figure 1), which are 6 mm2 and 

0.1 mm2 for shadow masks and conventional photolithography, respectively.  

 Current-voltage measurements were performed by 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. 

At least 90% of the fabricated memory devices showed good reproducibility. The 

roughness measurements and morphology images of films were determined using a 

Nanoscope Versaprobe 5 atomic force microscope in contact mode. The morphology of the 

synthesized NCNTs was analyzed with conventional transmission electron microscopy 

(TEM) by using a Philips TECNAI-F30 HRTEM transmission microscope operated at 300 

kV. NCNT films for ATR-FTIR measurement were prepared by dispersing NCNTs (~1 

mg) in isopropanol (~1 ml) using a sonication bath for 1 hour and the solution was 

immediately dropped on the surface of a piranha cleaned glass slide and then allowed to 

evaporate.  The IR measurements were recorded on a NICOLET 6700 Thermo Scientific 

Instrument. Chemical analysis by XPS was performed using a Physical Electronics Ulvac 

Phi Versa Probe II spectrometer employing an Al Kα X-ray source operated at 15 kV and 

25W with a take-off angle of 45° and typical operating pressures at ~1×10-9 Torr. 

RESULTS 

Figure 2 shows typical (a) TEM image and (b) FTIR spectra of synthesized nitrogen doped 

CNTs. The TEM image shows the two typical types of nitrogen doped CNT morphologies 

reported in the literature, the bamboo-like and multi-compartment walls. The most 

predominant morphology in the synthesized sample was the bamboo-like structure [31]. 

The FTIR spectra in Figure 2b show peaks at 2974 cm-1 and 2900 cm-1, assigned to the 

presence of C-H stretching modes [33,35-38]. The FTIR spectra also show three IR bands 

at ~1515 cm-1, ~1230 cm-1 and ~1050 cm-1 associated with C=N and C-N stretching modes 
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[39-41]. The IR bands at 1515 cm-1 (C=N) and 1230 cm-1 (C-N) are evidence of the 

nitrogen incorporation into the graphitic network, whereas the IR band at 1050 cm-1 comes 

from C-N bonds not in the graphene layer, i.e., amine-like C-N bonds. The main 

differences observed in the FTIR spectra for both types of samples are as follows: (a) the IR 

spectrum of the B-NCNT sample clearly shows the presence of C-H bonds on its surface, 

and (b) there is a slight shift of the IR bands for the C-N and C=N bonds between both 

types of NCNTs. These differences in the IR spectra are related to high nitrogen doping on 

the B-NCNT surface, i.e., a great quantity of defects on the graphitic layers. On the other 

hand, the presence of oxygen atoms coming from the ethanol decomposition during the 

synthesis of EB-NCNTs results in the incorporation of oxygen functional groups on their 

surfaces.  

 A dispersion stability study of carbon nanotubes doped with different percentages of 

nitrogen in a variety of solvents has been reported in literature [42]. It was shown that 

nanotubes doped with nitrogen atoms can form stable dispersions in solvents with surface 

energies between 66 mJ/m2 and 72 mJ/m2. Furthermore, 82% of the initial concentration of 

CNTs with a high nitrogen doping remain well diluted in dimetylacetamide, which has a 

surface energy of 66 mJ/m2. This high dilution of NCNTs occurs in solvents with a surface 

energy very close to that of the NCNTs because the interaction between the nanomaterial 

surface and the solvent is strong enough to compensate for the solvation and nanomaterial 

exfoliation. When solvents with very different surface energy than that of NCNTs are used, 

the amount of dispersed NCNTs decreases abruptly. For example, it was shown that at most 

0.5% of the initial concentration of NCNTs can be diluted in isopropanol, which has a 

surface energy of 51 mJ/m2. To study the effect of the use of ethanol in the reaction mixture 

on the surface functionalization of the NCNTs, we performed solubility tests of the two 

types of synthesized NCNTs. To perform the solubility test, 1 mg of the two kinds of 

synthesized carbon nanotubes, EB-NCNTs and B-NCNTs, was placed in vials containing 3 

ml of isopropanol. Samples were sonicated for 30 min using an ultrasonic bath at 42 kHz. 

The result of this process is shown in Figure 2c; EB-NCNTs remain well dispersed in the 

liquid medium, even after 24 hours, while B-NCNTs are aggregated and completely 

sedimented 30 min after sonication. This implies that the use of an ethanol-benzylamine 
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reaction mixture modifies the surface energy of the synthesized nanotubes, allowing the 

formation of stable dispersions in isopropanol.  

 Good homogeneous dispersion of CNTs in liquid medium is essential for the 

fabrication of nanocomposites used as the active layer in various organic devices such as 

organic resistive memories. On the other hand, PEDOT:PSS is a polymer in aqueous 

dispersion and can be easily mixed in hydrophilic solvents, allowing a more homogeneous 

mixture of EB-NCNTs with PEDOT:PSS and, therefore, nanocomposite films with good 

quality can be obtained. Figure S2 shows the morphological characterization by 

topographic atomic force microscopy of pristine PEDOT:PSS (Figure S2a) and 

PEDOT:PSS+EB-NCNT (Figure S2b) films; these films present only a slight difference in 

average roughness, 0.9 nm and 0.6 nm for PEDOT:PSS and PEDOT:PSS+EB-NCNT films, 

respectively. Furthermore, the nitrogen content on the graphitic layers and its effect on the 

surface chemistry of CNTs can be analyzed using XPS [43-45]. XPS measurements of EB-

NCNTs presented an atomic nitrogen concentration of approximately 1%, while B-NCNTs 

showed an atomic nitrogen concentration of approximately 3.5%. Figure 3a shows the C1s 

spectra of these nanotubes with different nitrogen contents. From this figure, we observe 

that the position of the C1s main peak at 284.4 eV shifts to 284.6 eV as a function of the 

atomic nitrogen concentration on the nanotubes. This peak shift has been related to an 

increase in structural disorder, i.e., a disruption of the structure graphiticity due to the 

incorporation of nitrogen atoms into the graphitic lattice [44,45]. In addition, the 

deconvolution of the C1s XPS spectrum shows bands near 285.1 ± 0.1 and 286.2 ± 0.1 eV 

(Figure 3a and S3), which have been assigned to different types of N-C bonds and show 

intensity changes as a function of the atomic nitrogen concentration on the NCNTs [43,44]. 

High N1s resolution spectra (Figure 3b) from both types of NCNTs show that while the 

spectrum of B-NCNTs presents four bands clearly defined at 398.5 eV, 401 eV, 404 eV and 

405 eV, the bands of EB-NCNTs are not well defined and are more difficult to observe. 

These bands have been assigned to pyridinic nitrogen (398.5 eV), quaternary nitrogen (401 

eV), intercalated nitrogen molecules (404 eV ) and nitrogen oxide species (405 eV) [44,45]. 

Thus, the XPS measurements show differences in the surface chemistry of both 

nanostructures, which are responsible for their different solubilities in isopropanol.  
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Six different types of devices were fabricated. The first ones are using only 

PEDOT:PSS film (device A) and using B-NCNT immersed in PEDOT:PSS film (device B) 

as the active layer, both devices deposited on glass substrates and thermally deposited Al 

bottom electrodes. The next devices were fabricated using PEDOT:PSS+EB-NCNTs as the 

active layer and thermally deposited Al bottom electrode with the following configuration: 

glass/Al/active-layer/Al (device C) and PET/Al/active-layer/Al (device D). In the last two 

devices, with the configurations glass/Al/active-layer/Al (device E) and PET/Al/active-

layer/Al (device F), a patterning of the bottom electrode using a photolithography process 

was performed to reduce by approximately sixty times the active area compared with those 

obtained using a shadow mask. The I-V electrical characterization of these devices is 

shown in Figure 4. In all cases, the voltage was swept from 0 to 4 V, from 4 to -4 V and 

from -4 to 0 V without previous electroforming. As shown in Figure 4, the device without 

nanotubes (device A) or those fabricated using B-NCNTs immersed in the PEDOT:PSS 

matrix (device B) do not show a memory behavior, whereas all the devices with EB-

NCNTs (devices C, D, E and F) embedded in a PEDOT:PSS layer show a bistable memory 

behavior.  Device A presents an electrical behavior similar to that discussed in our previous 

work [27] and device B shows a slight increase of current flow through the device around -

3 V due to the presence of nitrogen doped carbon nanotubes in the active layer. However, 

as the dispersion of these kinds of CNTs was not reliable in comparison with those 

fabricated with EB-NCNTs (Figure 4b), devices B (Figure 4a) presented an erratic 

electrical behavior, i.e., it was not reproducible.  In the case of the devices with EB-NCNTs 

(devices C, D, E and F), the write process is performed at approximately  -2 V switching 

from the OFF state to the ON state and these devices can be erased at approximately 3 V 

switching from the ON state to the OFF state. These devices presented only minor 

variations in their electrical behavior. The results indicate that the presence of conductive 

CNTs immersed in the polymeric matrix is necessary to provide load transfer across the 

CNT/matrix interface. Furthermore to obtain the electrical bistability in the memory 

devices, the CNTs must be very well dispersed in the PEDOT:PSS films, forming 

conductive pathways that control the flux of charge between both electrodes.  

On the other hand, the EB-NCNTs concentration (0.002 wt%) embedded in 

PEDOT:PSS is very small, but these nitrogen doped carbon nanostructures abruptly 
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changed the electrical properties of the memory devices. It has been shown that when very 

small CNT concentrations (< 0.2 wt%) are embedded in insulating polymeric matrices, the 

electrical properties of the resulting devices are those of the insulating hosts [46,47]. Thus, 

the differences in the electrical behavior compared with our devices could be related to the 

fact that PEDOT: PSS is a p-type semiconducting polymer and the presence of the electron-

rich EB-NCNTs in the PEDOT:PSS matrix enhances the charge transport through the 

device. Furthermore, these works showed [46,47] that the CNT concentration embedded in 

the insulator polymeric matrix can modulate the electrical response of the devices, i.e., the 

same device configuration can show WORM (~1 wt% CNTs), rewritable (~2 wt% CNTs) 

or ohmic (> 3 wt% CNTs) behavior depending of the CNT concentration embedded in the 

polymeric matrix. In addition, the role of N-doped CNTs (~ 1.5 wt%) in rewritable 

polymeric matrices has been reported in the literature. These electron rich N-doped CNTs 

create shallow charge traps [28] compared to pristine ones, and this tuning of charge traps 

can be used for the fabrication of multi-level resistive memories. In all these cases, 

however, it is proposed that the mechanism of the rewritable memory behavior is related to 

a charge carrier trapping/detrapping process occurring in the CNT network. For CNT 

concentrations of approximately 1.5 wt%, the nanostructures make contact with both 

electrodes. The energy differences between the work functions of the CNTs (~5.1 eV) and 

the electrodes of the organic memories, generally Al (~4.3 eV), prevent the trapped charges 

in CNTs from being released when the power supply is turned off, resulting in nonvolatile 

memory  behavior. Under the application of a bias voltage with reverse polarity and reliable 

magnitude, the trapped charges in the CNTs will be neutralized or extracted, and therefore, 

the device will be returned to its low conductivity state. Thus, this mechanism cannot 

describe the switching behavior of our memories, where the CNT concentrations in our 

devices are almost three orders of magnitude below those reported in the literature for the 

mechanism of a charge carrier trapping/detrapping process in CNTs networks.  

A possible mechanism for the electrical bistability and bipolar switching in our 

memory devices could be related to the presence of a native oxide layer at the Al/polymeric 

nanocomposite interface, as discussed in our previous report, where the use of an Al 

electrode is needed to obtain a rewritable memory [27]. The application of an 

electroforming voltage could induce the creation of oxygen vacancies (VO) in the oxide 
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layer of Al [48]. In this way, this switching mechanism could be related to the electronic 

barrier changes at the Al/AlOx interface caused by the drift of oxygen vacancies or oxygen 

ions under the application of opposite electric fields. The vacancy drift toward the interface 

creates conductive pathways switching the electronic barrier to the ON state; applying the 

opposite polarity will cause a drift of vacancies away from the interface, changing the 

interface to the OFF state [48,49]. This mechanism was used to explain the electrical 

switching in Al/TiO2/Al memory devices, where it was shown, by energy-filtered–

transmission electron microscopy, that the drift of oxygen ions at the interface between the 

Al top electrode and the bulk TiO2 region during the ON-OFF switching is the responsible 

mechanism for the bipolar resistive switching [50].  

Al/graphene oxide (GO) film/Al devices presented a similar bipolar resistive 

switching behavior, which was attributed to the rupture and formation of conducting 

filaments, due to oxygen ion drifts at the top interface [22]. In Al/GO film/Al devices, it 

was shown that the UV ozone-treated native AlOx layer at the bottom electrode mainly 

protects the devices from an irreversible dielectric breakdown, but using Au as a bottom 

electrode generates this breakdown [22]. However in our devices, we consider that the 

native AlOx layer on the Al bottom electrode causes the bistable resistive switching. When 

a positive bias voltage is applied to the top electrode, during the first voltage sweep, the 

density of oxygen vacancies, VO
2+ (electron empty oxygen vacancies VO), created and 

localized in the native oxide layer AlOx on the bottom electrode is increased due to the 

migration of oxygen ions (O2-) to the top electrode. As a consequence the device switches 

to the high resistance state, i.e., the device is electroformed in the OFF state [48]. If instead, 

a negative bias voltage is applied to the top electrode in the first voltage sweep, a similar 

process occurs in the AlOx layer on the bottom electrode, and the device is electroformed 

in the ON state; the resistive switching of the memory device is basically the same (Figure 

S4). Additionally, we observed that a previous process of electrical forming in the devices 

was unnecessary for showing a memory type behavior. This is related to the presence of a 

native Al oxide layer on the bottom electrode, which is extremely thin, between 2 and 4 

nm. It has been shown in devices based on metal oxides that the electroforming process can 

be eliminated using a very thin metal oxide layer of a few nanometers, alone or in 

combination with a conductive oxide layer [48], which corresponds well with our results.  
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To corroborate the assumption that the existence of AlOx on the bottom electrode is 

responsible for the memory behavior, we used gold as an electrode, a material difficult to 

oxidize, in different configurations of the memory device. At first, a device fabricated with 

a Au film as the bottom electrode, in the Au/PEDOT:PSS+EB-NCNT /Al configuration, 

showed no memory behavior (Figure 5a). When a Au film was used as the top electrode, 

these Al/AlOx/PEDOT:PSS+EB-NCNT/Au devices showed rewritable behavior (Figure 

5b, Figure S5). These last results were almost the same as those previously obtained 

(Figure 4b, Figure S4), indicating that much of this behavior can be related to the bottom 

electrode. On the other hand, I-V curves from Al/AlOx/PEDOT:PSS+EB-NCNT/Al 

(Figure 6a) and Al/AlOx/PEDOT:PSS+EB-NCNT/Au (Figure 6b) devices were plotted 

using log-log plots to identify the transport mechanism through the devices. The slopes of 

the log I-log V curves from the OFF state showed a slope change from m = 1 to 2. This 

behavior is consistent with shallow traps associated with a space charge limited current 

(SCLC) transport mechanism. The ON state presented an ohmic behavior with m ≈ 1, 

which shows the formation of conductive filaments; however, these are not metallic 

filaments because they exhibited a resistance of a few hundred ohms [51,52]. Note that in 

the memory devices where the resistive switching involves the drift of oxygen vacancies or 

oxygen ions, the ON states do not exhibit ohmic behavior [22, 48-50]. Moreover, during 

the oxygen vacancy creation process, the O2- ions drift toward the anode evolve into O2 gas 

and escape from the memory device. Therefore, it is unlikely that by changing the voltage 

polarity, these O2- ions can be reintroduced into the AlOx layer and cause the resistive 

switching. Contrary to what was reported by Yang et al. [48] in their study of Pt/TiO2/Pt 

memory devices, the bubbles created in our devices are permanent and neither disappear 

nor shrink as a function of voltage polarity (see Figure S6).  

On the other hand, in some resistive memory devices where an AlOx layer is used 

as the resistive switching layer, the mechanism responsible for the resistive switching is the 

creation (destruction) of a sub-band, a mid-gap band, due to the change of VO
2+ (electron 

empty oxygen vacancies VO) to VO
1+ (electron occupied VO) by an electron injection 

(ejection) [51,52]. These memory devices exhibit an ohmic ON state. Based on the above 

discussion, we propose that the origin of the bistable resistive switching in our devices is 

the creation/destruction of a sub-band caused by an increase/decrease of the number of 
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electrons in the oxygen vacancies located in the AlOx layer of the bottom electrode (Figure 

7) and not in the creation/destruction of conductive filaments due to the movement of O 

ions. However, in our memory devices, the native AlOx layer thickness is between 2 and 4 

nm, while the thickness of the PEDOT:PSS + EB-NCNTs nanocomposite is approximately 

80 nm. Thus, the EB-NCNTs embedded in the polymeric matrix and the sub-band 

formation in the AlOx layer are important for the electrical bistability and bipolar resistive 

switching. If EB-NCNTs are not embedded in the polymeric matrix, the devices do not 

show memory-like behavior. EB-NCNTs are conductive channels for electronic transport 

that reduce electron trapping at the AlOx polymer film interface, which induces a soft 

dielectric breakdown in the AlOx layer. In addition, it is very important that the CNTs are 

well dispersed in the polymer matrix and that the graphitic layers are doped with low 

concentrations of N atoms (~ 1% at). The effect of nitrogen doping, based on the absence of 

electrical forming in our devices, could be related to interactions between the nitrogen 

atoms on the graphitic layers and the AlOx native layer, where it has been shown that 

nitrogen doping of AlOx layers results in electroforming-free resistive memory devices 

[53]. 

The retention characteristics of the conductive states are also an important feature 

for memory devices. Figure 8 shows that the ON and OFF states read at 1 V were retained 

for at least 104 s with an ON/OFF ratio of three orders of magnitude, indicating a 

reasonably stable behavior in terms of information storage capability. For obtaining the 

write-read-erase-read (WRER) cycles, ON and OFF states were read by applying a 1 V 

pulse. The erasing process was performed by applying a 4 V pulse, switching the device 

from the ON state to the OFF state, whereas the writing process was performed by applying 

a -4 V pulse, switching from the OFF state to the ON state. The devices with thermally 

evaporated Al bottom electrodes showed 500 WRER cycles on glass substrate (device C) 

and 250 WRER cycles on the plastic substrate (device D). On the other hand, the devices 

for which a photolithography process was used for bottom electrode patterning onto glass 

(device E) and PET (device F) showed 200 and 100 cycles, respectively (Figure 9). Note 

that the memory devices on PET (devices D and F) showed good amount of WRER cycles 

without any additional process to improve the adhesion between the plastic substrate and 

the metal layer. The difference in the memory performances of the devices deposited on 
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different substrates using a shadow mask, those with an active area of 6 mm2, is mainly 

related to the increase of the Al bottom electrode average roughness on PET compared with 

glass. In contrast to devices deposited on different substrates, when the Al bottom electrode 

is patterned using conventional photolithography, the decrease of WRER cycles is mainly 

due to the use of solvents during the photolithography process, which strongly affect the Al 

bottom electrode on the plastic substrate. As reported in the literature, oxygen-containing 

plastic substrates can oxidize the metal bottom electrode during deposition of metal and 

affect the electrical characteristics of the resistive memory [2]. Analysis of the Al bottom 

electrodes for the samples on glass and PET showed clear differences in the quality and 

average roughness of the electrodes (Figure S7). For the electrodes deposited on glass using 

a shadow mask, the average roughness is ~3.9 nm, while the electrodes patterned using 

conventional photolithography onto PET substrates present an average roughness of ~6.7 

nm. Moreover, the inset in Figure S7 shows micrographs obtained by an optical 

microscope, where it is observed that the quality of the Al bottom electrode on the PET 

substrate is poor. However, these devices exhibited rewritable memory behavior indicating 

that the memory device size can be reduced without losing its memory device 

characteristics. 

 

CONCLUSIONS 

In resume, two types of nitrogen doped multiwalled CNTs were used in the 

fabrication of Al/PEDOT:PSS+ NCNT/Al organic memory devices onto glass and PET 

substrates. The first type of nitrogen doped CNTs was synthetized using benzylamine as a 

carbon and nitrogen source (B-NCNTs) whereas the second type was synthesized using an 

ethanol:benzylamine (9:1 v/v) mixture (EB-NCNTs) as a carbon and nitrogen source. The 

memories fabricated with EB-NCNTs showed rewritable memory behavior, whereas those 

fabricated with B-NCNTs showed no memory behavior. The difference in the electric 

responses between both memory devices is related to a better solubility of EB-NCNTs in 

isopropanol, which results in more a homogenous dispersion of these carbon nanotubes in 

the PEDOT:PSS matrix. Furthermore, the reversible resistive switching behavior of the 

devices fabricated with EB-NCNTs is mainly related to the formation of a native AlOx thin 

film (between 2 and 4 nm) on the bottom electrode and the creation of oxygen vacancies 
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(VO) in the AlOx layer during the first voltage sweep. In addition, no electrical forming is 

necessary in these devices to produce memory type behavior, which is also related to the 

extremely thin native AlOx layer on the bottom electrode. Based on the I-V curve fits of the 

ON and OFF states, we propose that the resistive switching between both states is primarily 

due to the creation (destruction) of a sub-band in the electronic bandgap of the AlOx layer 

because of a change of VO
2+ (VO

1+) to VO
1+ (VO

2+) by electron injection (ejection). 

Additionally, the presence of the EB-NCNTs in the PEDOT:PSS matrix is necessary for the 

observed electrical bistability because EB-NCNTs are conductive channels for the 

electronic transport, hindering the electron trapping at the AlOx polymer film interface, 

which allows a soft dielectric breakdown in the AlOx layer. Finally, the retention 

characteristics of the glass/Al/PEDOT:PSS+EB-NCNT/Al and PET/Al/PEDOT:PSS+ EB-

NCNT/Al devices, for both active areas, 6 and 0.1 mm2, indicated a reasonably stable 

behavior in terms of information storage capability. 
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Figure Captions 

Figure 1. a) General diagram and b) photograph of the memory device using 

photolithography for bottom electrode patterning. 

Figure 2. a) TEM image, b) FTIR spectra of nitrogen doped CNTs and (c) photograph of B-

NCNTs and EB-NCNTs mixed with isopropanol sonicated for 30 min in a sonication bath. 

Figure 3. a) C1s and b) N1s XPS spectra of  NCNTs synthetized using ethanol:benzylamine 

mix 9:1 v/v (EB-NCNTs) and only benzylamine (B-NCNTs). 

Figure 4. I-V characteristics of a) Al/PEDOT:PSS/Al and Al/PEDOT:PSS+B-NCNT/Al 

memories (A and B devices) and b) Al/PEDOT:PSS+EB-NCNT/Al memories (C,D,E and 

F devices). 

Figure 5. I-V characteristics of a) Au/PEDOT:PSS+EB-NCNT/Al and b) 

Al/PEDOT:PSS+EB-NCNT/Au devices. 

Figure 6. Log(I) vs log(V) curves for a) Al/PEDOT:PSS+EB-NCNT/Al and b) Al/ 

PEDOT:PSS+EB-NCNTs /Au devices. 

Figure 7. Schematic representation of the mechanism of the memory devices. The diagrams 

showed the presence of oxygen vacancies in the native Al oxide film. a) Those traps are 

reduced to form a VO
1+ sub-band or conductive state due to the application of a negative 

voltage sweep to the top electrode. b) The traps are oxidized by the application of opposite 

polarity voltage sweeps forming a non-conducting state or OFF state.  

Figure 8.  Retention characteristics of Al/ PEDOT:PSS+EB-NCNTs /Al devices fabricated 

onto glass and PET substrates. 

Figure 9.  Write-read-erase-read curves of Al/PEDOT:PSS+EB-NCNT/Al memory devices 

on the glass substrate (C and E) and on the PET substrate (D and F). 
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Highlights 
 

Native AlOx layer on the bottom electrode is necessary to obtain resistive switching 

 

Physical deformation on top electrode indicates creation of oxygen vacancies.  

 

Functionalization on the NCNT surface improves device reliability 

 

Low NCNT concentration (~0.002 wt%) in PEDOT:PSS is essential for resistive switching 

 

 

 

 


