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ABSTRACT

Nonvolatile rewritable organic memory devices baseth poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PS8H nitrogen doped multi-walled
carbon nanotube (NCNT) nanocomposites were faledcan glass and PET substrates.
Organic memory devices with bistable resistive shiitg were obtained using very low
NCTN concentration (~0.002 wt%) in the polymerictma The memory devices exhibited
a good ON/OFF ratio of approximately three orddrsnagnitude, a good retention time of
10" s under operating voltages4V| and a few hundredths of write-read-erase-cgates.
The bistable resistive switching is mainly attréditto the creation of oxygen vacancies.
These defects are introduced into the thin nativeodde (AlOx) layer on the bottom
electrode during the first voltage sweep. The wepersed NCNTs immersed in
PEDOT:PSS play a key role as conductive channelthéoelectronic transport, hindering
the electron trapping at the AlOx-polymer interfasaed inducing a soft dielectric
breakdown of the AIOx layer. These PEDOT:PSS+NCHNiEsnory devices are to easy to

apply in flexible low-cost technology and providhe tpossibility of large-scale integration.



INTRODUCTION

Currently, flexible electronics has become veryaative for the next generation of
electronic devices, particularly wearable and fbldaapplications due to their bendable
properties [1]. Non-volatile memory devices [2-Tigld effect transistors [8,9], light-
emitting diodes [10,11], logic circuits [12], statiandom access memories [13] and other
devices using organic materials have been fabdaatéo flexible substrates, allowing their
application in large area electronics [14] andha tnternet of Things [15]. In particular,
polyethylene terephthalate (PET) has been used asbatrate in various electronic
applications because of its low cost, good therstability, excellent transparency in the
visible range and good mechanical flexibility [5,3-9,16].

Among the various organic electronic devices, omfiehe most studied is the
resistive memory [15,17,18]. Organic rewritableisgge memories consist of a polymer
layer or a polymer composite sandwiched between rvetal electrodes, which can be
switched several times between two different cotidecstates using voltage pulses or
voltage sweeps [19,20]. These organic resistivecdevare becoming an alternative to the
conventional memory technology due to the possgjbidf device miniaturization using
scalable cross-bar array architecture, good operapeed and low energy consumption
[15,17,18]. In addition, the fabrication of orgamemories is easy and inexpensive, and
the flexibility of the organic materials allows thdeposition on either polymeric substrates
or other unconventional substrates [2,5,7]. A ugregd organic materials have been used
for the fabrication of resistive organic memori&$,17,18], of which the most interesting
are the carbon nanostructures [3,21-27]. In soraes;ahese carbon nanostructures, such as
graphene oxide, reduced graphene oxide and grapjremen by CVD, are used as the
resistive switching layer [3,21,22]. In other casieese nanostructures are embedded in
polymer matrices [23-27]. In some of these works pinesence of native Al oxide layer
(AIOx) is crucial for the resistive switching [18,22,27]. Nanocomposites of carbon
nanostructures in a polymer matrix sandwiched betwte/o metal electrodes have shown
write-once-read-many (WORM) [23-25] and rewritalj6,27] memory behaviors. In

particular, nanocomposites of the organic semicotdg polymer PEDOT:PSS and



carbon nanotubes (CNTs) have been used as the dayier in resistive organic memory
devices [24,25,27].

One of the main disadvantages posed by the caroaostructures, such as CNTSs,
is the poor compatibility with polymer matrices,datherefore, it is difficult to obtain a
homogeneous distribution of carbon nanostructurése polymer [26, 28]. To improve the
dispersion of the carbon nanostructures in the rpefic matrix, modification of their
surface by anchoring functional groups via acidttreent is necessary [26]. However, these
modifications of the nanostructure surfaces carseawndesired changes and deterioration
in the properties of nanostructures [29]. Severathods to restore their graphitic
properties, either partially or totally, and to @m the various defects and the oxygen
functional groups have been implemented [11,28,Z9)r the reduction of carbon
nanostructures, some of these methods use a thamaainent at high temperature in a
mixture of gases, and some of these gases coritedgen [11,28]. It has been shown that
the use of reducing agents containing nitrogenadidition to restoring the graphitic
properties, leads to nitrogen doping of carbon stnotures [11,21,28]. This results in a
change in the properties of the carbon nanostrestusuch as an increase in their
conductivity because of electron excess [28,30] rmwadification of their work function;
both properties can be controlled as a functiorthef nitrogen doping concentration for
their use in organic devices. Several works usimgogen doped CNTs (NCNTSs)
embedded in a polymeric matrix for memory applmasgi have been reported: Hwang et al.
reported an Al/polystyrene and NCNT/Al rewritableemmory [28], and Mamo et al.
reported an Al/poly(vinyl phenol) and NCNT/Al WORIhemory [30].

In the present work, Al/nitrogen doped multiwallemrbon nanotubes embedded in
a PEDOT:PSS matrix/Al rewritable memory devices ev@abricated. PEDOT:PSS as a
polymeric matrix presents several advantages caedpaith other polymers, such as high
conductivity and good processability. AdditionallZEDOT:PSS is provided by the
supplier as an aqueous dispersion and, the uset@fi@asolvent, such as chloroform or
toluene, is not necessary for its deposition. Tyyaes of N doped CNTs were synthesized
using the same experimental configuration and usedrganic memory devices: (a)

NCNTSs synthesized using benzylamine (B-NCNTSs) hascarbon and nitrogen source and



ferrocene as a catalyst and (b) NCNTs synthesigewjethanol, as carbon source, mixed
with benzylamine, as the carbon and nitrogen so(@EE2NCNTs) and ferrocene as a
catalyst. The use of an ethanol-benzylamine reactiocxture allows anchoring of oxygen
functional groups on the EB-NCNTs surface withosing an acid treatment, improving
their solubility in the PEDOT:PSS matrix while neatusing great damage on their graphene
layers. In this way, the main goal of this work wasstudy the importance of obtaining a
homogeneous dispersion of NCNTs in the PEDOT:PS@xvand the role of the native Al
oxide layer on the bottom electrode in reliable isteee switching of
AlI/PEDOT:PSS+NCNTs/Al memory devices.

EXPERIMENTAL

Poly(3,4-ethylenedioxythiophene):poly(styrenesutiie), PEDOT:PSS (Clevios P), was
purchased from Heraeus. Nitrogen doped multiwatidbon nanotubes were synthesized
by the spray pyrolysis method: (a) using only bészyne as the carbon and nitrogen
source [31] and (b) using a mix of ethanol andziglamine (9:1 v/v) [32-34] as the
carbon, nitrogen and oxygen source; in both tygesyonthesized samples, ferrocene was
used as a catalyst. Before the deposition of theofom electrode, the 1%®ow Corning
glass or PET (Dupont Teijin Films) substrates wadeaned by washing them in acetone,
methanol and isopropanol ultrasonic baths for 20 amd then dried for 40 min. After that,
a 70 nm Al bottom electrode was deposited by themwaporation at 18 Torr and
patterned using a shadow mask or conventional ptiaigraphic process onto the glass or
PET substrates. The photolithography process (Ei@l) was performed by depositing a
thin film of a positive photoresist S1818 via spwating. The deposited film was exposed
to UV radiation by using a HYBRALIGN SERIES 200 lprfor 45 seconds through an ink
mask printed on photographic paper. The exposedvias immersed in CD30 developer
and finally waste developer was removed by wastiegsamples in deionized water. The
nitrogen doped carbon nanotubes and PEDOT:PSS si@pavere prepared by using the
following procedure: the carbon nanotubes were otiissl in isopropanol and the
dispersion was ultrasonicated for 40 min at 58After that, 0.002 wt% of EB-NCNTs (or
B-NCNTSs) was mixed with the previously filtered PBD:PSS aqueous solution (1 pm

pore size filter) for 150 min by ultrasonicationrabm temperature. This composite was



spin-coated at 2500 rpm for 40 seconds onto thieotbm electrode and then dried at 100
°C for 15 min. The PEDOT:PSS+ NCNT film thicknesasmmeasured using a Tencor
Alpha-Step 500 surface profiler and its thicknesass vapproximately 80 nm. Finally, a
thermally evaporated top electrode was depositeéd the polymeric composite layer and
patterned using a shadow mask. The active areshefdevices corresponds to the
overlapping area between the bottom and top elbesr¢Figure 1), which are 6 Mrand

0.1 mnf for shadow masks and conventional photolithograpéspectively.

Current-voltage measurements were performed byogrammable Keithley 236
source meter at room conditions. In all the curkasitage measurements of the memory
devices, the bias voltage is applied to the toptedde with the bottom electrode grounded.
At least 90% of the fabricated memory devices shibvgeod reproducibility. The
roughness measurements and morphology images m§ fivere determined using a
Nanoscope Versaprobe 5 atomic force microscoperntact modeThe morphology of the
synthesized NCNTs was analyzed with conventionahgmission electron microscopy
(TEM) by using a Philips TECNAI-F30 HRTEM transmi@s microscope operated at 300
kV. NCNT films for ATR-FTIR measurement were pregdurby dispersing NCNTs (~1
mg) in isopropanol (~1 ml) using a sonication b&th 1 hour and the solution was
immediately dropped on the surface of a piranhangd glass slide and then allowed to
evaporate. The IR measurements were recordedMICQLET 6700 Thermo Scientific
Instrument. Chemical analysis by XPS was performmgidg a Physical Electronics Ulvac
Phi Versa Probe Il spectrometer employing an AlXray source operated at 15 kV and

25W with a take-off angle of 45° and typical opargipressures at *10° Torr.
RESULTS

Figure 2 shows typical (a) TEM image and (b) FTedra of synthesized nitrogen doped
CNTs. The TEM image shows the two typical typesittogen doped CNT morphologies
reported in the literature, the bamboo-like and tradmpartment walls. The most
predominant morphology in the synthesized sample tha bamboo-like structure [31].
The FTIR spectra in Figure 2b show peaks at 2974 and 2900 cr, assigned to the
presence of C-H stretching modes [33,35-38]. ThEiRFSpectra also show three IR bands
at ~1515 crit, ~1230 crit and ~1050 ci associated with C=N and C-N stretching modes



[39-41]. The IR bands at 1515 &m{(C=N) and 1230 cih (C-N) are evidence of the
nitrogen incorporation into the graphitic netwonkjereas the IR band at 1050 tiromes
from C-N bonds not in the graphene layer, i.e., nmiike C-N bonds. The main
differences observed in the FTIR spectra for bgples of samples are as follows: (a) the IR
spectrum of the B-NCNT sample clearly shows thesgmee of C-H bonds on its surface,
and (b) there is a slight shift of the IR bands e C-N and C=N bonds between both
types of NCNTs. These differences in the IR speatearelated to high nitrogen doping on
the B-NCNT surface, i.e., a great quantity of defean the graphitic layers. On the other
hand, the presence of oxygen atoms coming fromethanol decomposition during the
synthesis of EB-NCNTSs results in the incorporatadroxygen functional groups on their
surfaces.

A dispersion stability study of carbon nanotubepet! with different percentages of
nitrogen in a variety of solvents has been repometiterature [42]. It was shown that
nanotubes doped with nitrogen atoms can form stdislgersions in solvents with surface
energies between 66 mJ/and 72 mJ/m Furthermore, 82% of the initial concentration of
CNTs with a high nitrogen doping remain well dildten dimetylacetamide, which has a
surface energy of 66 mJnirhis high dilution of NCNTs occurs in solventsthva surface
energy very close to that of the NCNTs becausdnteeaction between the nanomaterial
surface and the solvent is strong enough to conaperisr the solvation and nanomaterial
exfoliation. When solvents with very different sacé energy than that of NCNTs are used,
the amount of dispersed NCNTs decreases abrumteXample, it was shown that at most
0.5% of the initial concentration of NCNTs can hiuteéd in isopropanol, which has a
surface energy of 51 mJ?nio study the effect of the use of ethanol inrésction mixture
on the surface functionalization of the NCNTs, wafgrmed solubility tests of the two
types of synthesized NCNTs. To perform the soltypilest, 1 mg of the two kinds of
synthesized carbon nanotubes, EB-NCNTs and B-NCINa&s,placed in vials containing 3
ml of isopropanol. Samples were sonicated for 30 nsing an ultrasonic bath at 42 kHz.
The result of this process is shown in Figure 28:NECNTs remain well dispersed in the
liqguid medium, even after 24 hours, while B-NCNTi®e aggregated and completely
sedimented 30 min after sonication. This impliest tthe use of an ethanol-benzylamine



reaction mixture modifies the surface energy of spthesized nanotubes, allowing the
formation of stable dispersions in isopropanol.

Good homogeneous dispersion of CNTs in liquid nmediis essential for the
fabrication of nanocomposites used as the actiyer lan various organic devices such as
organic resistive memories. On the other hand, PEBPSS is a polymer in aqueous
dispersion and can be easily mixed in hydrophilvents, allowing a more homogeneous
mixture of EB-NCNTs with PEDOT:PSS and, therefarapnocomposite films with good
quality can be obtained. Figure S2 shows the mdogimal characterization by
topographic atomic force microscopy of pristine REDPSS (Figure S2a) and
PEDOT:PSS+EB-NCNT (Figure S2b) films; these filnmegent only a slight difference in
average roughness, 0.9 nm and 0.6 nm for PEDOTaR8PEDOT:PSS+EB-NCNT films,
respectively. Furthermore, the nitrogen contenthengraphitic layers and its effect on the
surface chemistry of CNTs can be analyzed using MBSI5]. XPS measurements of EB-
NCNTSs presented an atomic nitrogen concentraticapproximately 1%, while B-NCNTSs
showed an atomic nitrogen concentration of apprakéty 3.5%. Figure 3a shows the Cl1s
spectra of these nanotubes with different nitrogentents. From this figure, we observe
that the position of the C1s main peak at 284.4skNts to 284.6 eV as a function of the
atomic nitrogen concentration on the nanotubess Paiak shift has been related to an
increase in structural disorder, i.e., a disruptainthe structure graphiticity due to the
incorporation of nitrogen atoms into the graphitattice [44,45]. In addition, the
deconvolution of the C1s XPS spectrum shows baeds 285.1+ 0.1 and 286.2 0.1 eV
(Figure 3a and S3), which have been assigned ferelift types of N-C bonds and show
intensity changes as a function of the atomic g#roconcentration on the NCNTSs [43,44].
High N1s resolution spectra (Figure 3b) from botpes of NCNTs show that while the
spectrum of B-NCNTs presents four bands clearlindefat 398.5 eV, 401 eV, 404 eV and
405 eV, the bands of EB-NCNTs are not well defiaed are more difficult to observe.
These bands have been assigned to pyridinic nitr¢@@8.5 eV), quaternary nitrogen (401
eV), intercalated nitrogen molecules (404 eV ) aitidbgen oxide species (405 eV) [44,45].
Thus, the XPS measurements show differences in silméace chemistry of both

nanostructures, which are responsible for thefedg#ht solubilities in isopropanol.



Six different types of devices were fabricated. Tiret ones are using only
PEDOT:PSS film (device A) and using B-NCNT immerge®EDOT:PSS film (device B)
as the active layer, both devices deposited orsglabstrates and thermally deposited Al
bottom electrodes. The next devices were fabricasgtly PEDOT:PSS+EB-NCNTSs as the
active layer and thermally deposited Al bottom &lme with the following configuration:
glass/Al/active-layer/Al (device C) and PET/Al/aeilayer/Al (device D). In the last two
devices, with the configurations glass/Al/activgddAl (device E) and PET/Al/active-
layer/Al (device F), a patterning of the bottomottede using a photolithography process
was performed to reduce by approximately sixty sintlee active area compared with those
obtained using a shadow mask. The |-V electricaratterization of these devices is
shown in Figure 4. In all cases, the voltage waspsvirom 0 to 4 V, from 4 to -4 V and
from -4 to 0 V without previous electroforming. ARown in Figure 4, the device without
nanotubes (device A) or those fabricated using BNNE immersed in the PEDOT:PSS
matrix (device B) do not show a memory behaviorerelas all the devices with EB-
NCNTs (devices C, D, E and F) embedded in a PEDSS:Ryer show a bistable memory
behavior. Device A presents an electrical behasiioilar to that discussed in our previous
work [27] and device B showssslight increase of current flow through the devacound -

3 V due to the presence of nitrogen doped carbootoaes in the active layer. However,
as the dispersion of these kinds of CNTs was nlahble in comparison with those
fabricated with EB-NCNTs (Figure 4b), devices B giiie 4a) presented an erratic
electrical behavior, i.e., it was not reproducibla.the case of the devices with EB-NCNTs
(devices C, D, E and F), the write process is peréal at approximately -2 V switching
from the OFF state to the ON state and these dewae be erased at approximately 3 V
switching from the ON state to the OFF state. Thdeegices presented only minor
variations in their electrical behavior. The resuhidicate that the presence of conductive
CNTs immersed in the polymeric matrix is necessarprovide load transfer across the
CNT/matrix interface. Furthermore to obtain thectieal bistability in the memory
devices, the CNTs must be very well dispersed i@ BEDOT:PSS films, forming
conductive pathways that control the flux of chabgéwveen both electrodes.

On the other hand, the EB-NCNTs concentration @.00%) embedded in
PEDOT:PSS is very small, but these nitrogen dopaxbon nanostructures abruptly



changed the electrical properties of the memorycdsv It has been shown that when very
small CNT concentrations (< 0.2 wt%) are embeddeidsulating polymeric matrices, the
electrical properties of the resulting devicestamse of the insulating hosts [46,47]. Thus,
the differences in the electrical behavior compawéti our devices could be related to the
fact that PEDOT: PSS is a p-type semiconductingrpet and the presence of the electron-
rich EB-NCNTs in the PEDOT:PSS matrix enhances d¢harge transport through the
device. Furthermore, these works showed [46,4 %]ttt CNT concentration embedded in
the insulator polymeric matrix can modulate thecieal response of the devices, i.e., the
same device configuration can show WORM (~1 wt% GN\Tewritable (~2 wt% CNTS)
or ohmic (> 3 wt% CNTs) behavior depending of tiéTCconcentration embedded in the
polymeric matrix. In addition, the role of N-dop&NTs (~ 1.5 wt%) in rewritable
polymeric matrices has been reported in the liteeatThese electron rich N-doped CNTs
create shallow charge traps [28] compared to pastines, and this tuning of charge traps
can be used for the fabrication of multi-level séise memories. In all these cases,
however, it is proposed that the mechanism of ¢heitable memory behavior is related to
a charge carrier trapping/detrapping process oogunn the CNT network. For CNT
concentrations of approximately 1.5 wt%, the nammstires make contact with both
electrodes. The energy differences between the fuoritions of the CNTs (~5.1 eV) and
the electrodes of the organic memories, generdll-A3 eV), prevent the trapped charges
in CNTs from being released when the power supplyined off, resulting in nonvolatile
memory behavior. Under the application of a bialsage with reverse polarity and reliable
magnitude, the trapped charges in the CNTs withéatralized or extracted, and therefore,
the device will be returned to its low conductivigyate. Thus, this mechanism cannot
describe the switching behavior of our memoriesgenehthe CNT concentrations in our
devices are almost three orders of magnitude bétose reported in the literature for the
mechanism of a charge carrier trapping/detrappioggss in CNTs networks.

A possible mechanism for the electrical bistabiktyd bipolar switching in our
memory devices could be related to the preseneenative oxide layer at the Al/polymeric
nanocomposite interface, as discussed in our pusvieport, where the use of an Al
electrode is needed to obtain a rewritable memdty].[ The application of an

electroforming voltage could induce the creationogfgen vacancies @) in the oxide



layer of Al [48]. In this way, this switching meafiam could be related to the electronic
barrier changes at the Al/AIOx interface causedh®ydrift of oxygen vacancies or oxygen
ions under the application of opposite electritdie The vacancy drift toward the interface
creates conductive pathways switching the eleatrbarrier to the ON state; applying the
opposite polarity will cause a drift of vacanciesag from the interface, changing the
interface to the OFF state [48,49]. This mechanwgas used to explain the electrical
switching in Al/TiO/Al memory devices, where it was shown, by eneiljgred—
transmission electron microscopy, that the drifowygen ions at the interface between the
Al top electrode and the bulk Tj®egion during the ON-OFF switching is the respblesi
mechanism for the bipolar resistive switching [50].

Al/graphene oxide (GO) film/Al devices presentedsiailar bipolar resistive
switching behavior, which was attributed to thetuwnp and formation of conducting
filaments, due to oxygen ion drifts at the top iifgee [22]. In Al/GO film/Al devices, it
was shown that the UV ozone-treated native AlOellagt the bottom electrode mainly
protects the devices from an irreversible dielectrieakdown, but using Au as a bottom
electrode generates this breakdown [22]. Howeveoun devices, we consider that the
native AlOx layer on the Al bottom electrode cauesbistable resistive switching. When
a positive bias voltage is applied to the top etelt, during the first voltage sweep, the
density of oxygen vacancies,o¥ (electron empty oxygen vacancies)V created and
localized in the native oxide layer AlOx on the tbat electrode is increased due to the
migration of oxygen ions (& to the top electrode. As a consequence the daeviitehes
to the high resistance state, i.e., the devicéem@formed in the OFF state [48]. If instead,
a negative bias voltage is applied to the top eldetin the first voltage sweep, a similar
process occurs in the AlOx layer on the bottomtedele, and the device is electroformed
in the ON state; the resistive switching of the rngyrdevice is basically the same (Figure
S4). Additionally, we observed that a previous psscof electrical forming in the devices
was unnecessary for showing a memory type behativs. is related to the presence of a
native Al oxide layer on the bottom electrode, whis extremely thin, between 2 and 4
nm. It has been shown in devices based on metdésxhat the electroforming process can
be eliminated using a very thin metal oxide layéraofew nanometers, alone or in

combination with a conductive oxide layer [48], ainicorresponds well with our results.
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To corroborate the assumption that the existen@d@x% on the bottom electrode is
responsible for the memory behavior, we used gsldraelectrode, a material difficult to
oxidize, in different configurations of the memalgvice. At first, a device fabricated with
a Au film as the bottom electrode, in the AU/PEDRSS+EB-NCNT /Al configuration,
showed no memory behavior (Figure 5a). When a Au was used as the top electrode,
these AI/AIOX/PEDOT:PSS+EB-NCNT/Au devices showedvnitable behavior (Figure
5b, Figure S5). These last results were almoststdmae as those previously obtained
(Figure 4b, Figure S4), indicating that much oftbehavior can be related to the bottom
electrode. On the other hand, |-V curves from ABAIPEDOT:PSS+EB-NCNT/AI
(Figure 6a) and Al/AIOX/PEDOT:PSS+EB-NCNT/Au (Figu6b) devices were plotted
using log-log plots to identify the transport megisan through the devices. The slopes of
the log I-log V curves from the OFF state showeslogpe change from m = 1 to 2. This
behavior is consistent with shallow traps assodiatéh a space charge limited current
(SCLC) transport mechanism. The ON state preseatedhmic behavior with m 1,
which shows the formation of conductive filamentgwever, these are not metallic
filaments because they exhibited a resistancefeivahundred ohms [51,52]. Note that in
the memory devices where the resistive switchinglires the drift of oxygen vacancies or
oxygen ions, the ON states do not exhibit ohmicabedr [22, 48-50]. Moreover, during
the oxygen vacancy creation process, thedds drift toward the anode evolve inte gas
and escape from the memory device. Therefore,unigely that by changing the voltage
polarity, these @ ions can be reintroduced into the AlOx layer andseathe resistive
switching. Contrary to what was reported by Yan@le{48] in their study of Pt/TigPt
memory devices, the bubbles created in our de\acegpermanent and neither disappear
nor shrink as a function of voltage polarity (seguFe S6).

On the other hand, in some resistive memory devidesre an AlOx layer is used
as the resistive switching layer, the mechanismpaesible for the resistive switching is the
creation (destruction) of a sub-band, a mid-gapdbane to the change ofo¥/ (electron
empty oxygen vacanciesgy to Vo'* (electron occupied § by an electron injection
(ejection) [51,52]. These memory devices exhibitbamic ON state. Based on the above
discussion, we propose that the origin of the bistaesistive switching in our devices is

the creation/destruction of a sub-band caused binemease/decrease of the number of
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electrons in the oxygen vacancies located in ti@xAlyer of the bottom electrode (Figure
7) and not in the creation/destruction of conductilenfents due to the movement of O
ions. However, in our memory devices, the nativ®Xlayer thickness is between 2 and 4
nm, while the thickness of the PEDOT:PSS + EB-NCNasocomposite is approximately
80 nm. Thus, the EB-NCNTs embedded in the polymenatrix and the sub-band
formation in the AlOx layer are important for thiearical bistability and bipolar resistive
switching. If EB-NCNTs are not embedded in the podyic matrix, the devices do not
show memory-like behavior. EB-NCNTs are conductitannels for electronic transport
that reduce electron trapping at the AlOx polymén finterface, which induces a soft
dielectric breakdown in the AlOx layer. In additjahis very important that the CNTs are
well dispersed in the polymer matrix and that thlmapgitic layers are doped with low
concentrations of N atoms (~ 1% at). The effecatiobbgen doping, based on the absence of
electrical forming in our devices, could be relatedinteractions between the nitrogen
atoms on the graphitic layers and the AlOx natiaget, where it has been shown that
nitrogen doping of AlOx layers results in electnofong-free resistive memory devices
[53].

The retention characteristics of the conductivéestare also an important feature
for memory devices. Figure 8 shows that the ON @R& states read at 1 V were retained
for at least 1 s with an ON/OFF ratio of three orders of magrétuéhdicating a
reasonably stable behavior in terms of informattorage capability. For obtaining the
write-read-erase-read (WRER) cycles, ON and OFtestaere read by applying a 1 V
pulse. The erasing process was performed by amgplid V pulse, switching the device
from the ON state to the OFF state, whereas thingnprocess was performed by applying
a -4 V pulse, switching from the OFF state to thé Sate. The devices with thermally
evaporated Al bottom electrodes showed 500 WREResyan glass substrate (device C)
and 250 WRER cycles on the plastic substrate (dedic On the other hand, the devices
for which a photolithography process was used fiitdm electrode patterning onto glass
(device E) and PET (device F) showed 200 and l1@syrespectively (Figure 9). Note
that the memory devices on PET (devices D and &Wet good amount of WRER cycles
without any additional process to improve the adimedetween the plastic substrate and

the metal layer. The difference in the memory penénces of the devices deposited on
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different substrates using a shadow mask, those avitactive area of 6 nfiis mainly
related to the increase of the Al bottom electraderage roughness on PET compared with
glass. In contrast to devices deposited on diftesabstrates, when the Al bottom electrode
is patterned using conventional photolithography, decrease of WRER cycles is mainly
due to the use of solvents during the photolithplaygprocess, which strongly affect the Al
bottom electrode on the plastic substrate. As tegdan the literature, oxygen-containing
plastic substrates can oxidize the metal bottorntrelde during deposition of metal and
affect the electrical characteristics of the résestmemory [2]. Analysis of the Al bottom
electrodes for the samples on glass and PET sholead differences in the quality and
average roughness of the electrodes (Figure SV}hEelectrodes deposited on glass using
a shadow mask, the average roughness is ~3.9 nile thlke electrodes patterned using
conventional photolithography onto PET substratesgnt an average roughness of ~6.7
nm. Moreover, the inset in Figure S7 shows micrplgsa obtained by an optical
microscope, where it is observed that the qualitthe Al bottom electrode on the PET
substrate is poor. However, these devices exhibg@editable memory behavior indicating
that the memory device size can be reduced withosing its memory device

characteristics.

CONCLUSIONS

In resume, two types of nitrogen doped multiwallétiTs were used in the
fabrication of A/PEDOT:PSS+ NCNT/AI organic memodgvices onto glass and PET
substrates. The first type of nitrogen doped CN&s synthetized using benzylamine as a
carbon and nitrogen source (B-NCNTSs) whereas thengktype was synthesized using an
ethanol:benzylamine (9:1 v/v) mixture (EB-NCNTs)asarbon and nitrogen source. The
memories fabricated with EB-NCNTs showed rewritaikemory behavior, whereas those
fabricated with B-NCNTs showed no memory behavibhne difference in the electric
responses between both memory devices is relatadbtter solubility of EB-NCNTSs in
isopropanol, which results in more a homogenougetson of these carbon nanotubes in
the PEDOT:PSS matrix. Furthermore, the reversiblstive switching behavior of the
devices fabricated with EB-NCNTSs is mainly relatedhe formation of a native AlOx thin

film (between 2 and 4 nm) on the bottom electrod@ the creation of oxygen vacancies

13



(Vo) in the AlOx layer during the first voltage swedp.addition, no electrical forming is
necessary in these devices to produce memory tgpavior, which is also related to the
extremely thin native AlOx layer on the bottom étede. Based on the I-V curve fits of the
ON and OFF states, we propose that the resistiitetsng between both states is primarily
due to the creation (destruction) of a sub-banthénelectronic bandgap of the AlOx layer
because of a change ofo¥ (Vo'') to Vo' (Vo?") by electron injection (ejection).
Additionally, the presence of the EB-NCNTs in tHeDRDOT:PSS matrix is necessary for the
observed electrical bistability because EB-NCNT® aonductive channels for the
electronic transport, hindering the electron tragpat the AlOx polymer film interface,
which allows a soft dielectric breakdown in the AlQayer. Finally, the retention
characteristics of the glass/AlI/PEDOT:PSS+EB-NCNTaAd PET/AI/PEDOT:PSS+ EB-
NCNT/AI devices, for both active areas, 6 and O.rh’mindicated a reasonably stable

behavior in terms of information storage capabhility
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Figure Captions

Figure 1. a) General diagram and b) photograph e tnemory device using

photolithography for bottom electrode patterning.

Figure 2. a) TEM image, b) FTIR spectra of nitrogieped CNTs and (c) photograph of B-
NCNTs and EB-NCNTs mixed with isopropanol sonicdtad30 min in a sonication bath.

Figure 3. a) C1s and b) N1s XPS spectra of NCNyhthetized using ethanol:benzylamine
mix 9:1 v/iv (EB-NCNTSs) and only benzylamine (B-NC&T

Figure 4. |-V characteristics of a) AI/PEDOT:PSS/&hd AI/PEDOT:PSS+B-NCNT/AI
memories (A and B devices) and b) A/PEDOT:PSS+EBNY/Al memories (C,D,E and

F devices).

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

Figure 6. Log(l) vs log(V) curves for a) AI/PEDOTBB+EB-NCNT/Al and b) Al/
PEDOT:PSS+EB-NCNTSs /Au devices.

Figure 7. Schematic representation of the mechaafdime memory devices. The diagrams
showed the presence of oxygen vacancies in theenAli oxide film. a) Those traps are
reduced to form a ¥* sub-band or conductive state due to the applicatioa negative

voltage sweep to the top electrode. b) The trapo=idized by the application of opposite

polarity voltage sweeps forming a non-conductiregesbr OFF state.

Figure 8. Retention characteristics of Al/l PEDCIS*EB-NCNTSs /Al devices fabricated

onto glass and PET substrates.

Figure 9. Write-read-erase-read curves of AI/PEDRBS+EB-NCNT/Al memory devices
on the glass substrate (C and E) and on the PESiratd (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:PSSis essential for resistive switching



