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Study of water-soluble Polyethylene oxide (PEQO) polymer
based CBRAM devices

Prabir Mahato*?, Etienne Puyoo ?, Sébastien Pruvost b Damien Deleruyelle?
nstitut des Nanotechnologies de Lyon INL UMR CNRS 5270, INSA Lyon, Villeurbanne, France.

bIngénierie des Matériaux Polymeres IMP, UMR CNRS 5223,Univ Lyon, INSA Lyon, Villeurbanne, France.

In this research work, Conductive bridge Random Access memory devices (CBRAMs)
featuring a water-solution processed Polyethylene Oxide (PEO) layer used as solid
polymer electrolyte were fabricated. The devices showed promising results with forming-
free capabilities, switching voltages within the range from -1.5 V to 2.0 V, high OFF/ON
resistance ratio ~10° and >300 cycles each at 10 & 100 uA compliance current (CC).
Cycling at various CC also confirmed that the conductive filament was more stable at
higher compliance current with a higher probability to achieve non-volatile switching.
This article also reports the conduction mechanism in the high and low resistance states
for PEO based devices. Finally, due to their high OFF/ON current ratio, it is suggested
that these devices could also serve as BEOL (Back-End-Of-Line) selector devices while

operating in their volatile mode.
Keywords: CBRAMs, PEO, resistive switching, selectors, water solvent
1. Introduction

Resistive RAMs have gained great interest in the field of emerging non-volatile memories
due to their low energy consumption < 0.1 pJ, downscaling abilities < 10 nm, sub-ns
operating speed and high endurance cycles (>10'%) [1]-[6]. Among them, Conductive
Bridge Random Access Memories (CBRAMs) rely on the formation or dissolution of
conductive paths of Ag or Cu on application of voltage within a solid electrolyte, resulting
into switching between two states, which is in general, stochastic in nature [4][5]. Their
simple Metal Insulator Metal (MIM) architecture enabling solution processed solid

polymer electrolyte layer and compatibility with flexible substrates makes them appealing
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for further research in the field of flexible and sustainable electronics [6], [7]. CBRAMs
consist of three layers - an active electrode (Ag or Cu), a solid electrolyte layer and an
inert counter-electrode. Generally, the solid electrolyte layer consists of metallic oxides,
chalcogenides alloys or porous materials [8]-[9]. However, it has been recently shown
that this layer can be replaced by polymers to ease the process ability and promote

compatibility with flexible substrates [ 10]—[15].

Polyethylene Oxide (PEO) with its attractive features of good binding, film forming
properties, high chemical stability, flexibility, low cost and water solubility is used as the
solid polymer electrolyte layer [16], [17]. Further, PEO brings additional advantages with
respect to other demonstrated solid polymer electrolytes such as polymer blends like PVP
with 2-Amino-5-Methyl-1,3,4-thiadiazole or Polyimide with PCBM (6-phenyl-C61
butyric acid methyl ester) used as SPE layer [18][19]. Firstly, for the processing of the
PEO polymer, no polymer blends are required. Secondly, PEO can be dissolved in non-
toxic, readily available green solvent such as water, reducing the overall ecological
footprint of the fabrication process, whereas for other SPEs precursors and chemical
solvents are required for their deposition. Previous research works on Poly-Ethylene
Oxide (PEO) based CBRAMs have shown results on silicon, glass and flexible substrates
workable with low operating voltages and >100 endurance cycles [20]-[23]. However,
their studies have mainly used acetonitrile (ACN) as solvent for PEO deposition which is
toxic in nature with limitations in electrical performance. Carrying forward, this work, for
the first time reports optimization on the fabrication step- by presenting the critical
thickness of PEO layer, study on the conduction mechanism in detail and relates it’s
electrical performance with applications, as selectors. Upon giving the fabrication details,
the devices were fabricated with three different PEO thicknesses 30, 50 & 150 nm.
Further, devices were subjected to cycling at two different compliance currents 10 and 100
HA. Programming voltages together with Low and High Resistance State (namely LRS,
HRS) were extracted and analysed. A study on the conduction mechanism of the devices
is presented, in the HRS and LRS respectively. The final part of the paper discusses the

possibility of exploiting volatile switching to achieve BEOL selector devices.



2.Experimental

2.1. Device fabrication
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Fig. 1 (a) The sketch shows stepwise procedure of fabrication of the CBRAM devices. (b) SEM image of
the cross section of the devices. (c) Fully fabricated CBRAM devices with the different layers and cross
section scheme of the deposited layers.

Samples featuring a PEO layer of 30, 50 and 150 nm were fabricated following the
schematic fabrication procedure illustrated in Fig. 1(a). Firstly, the substrate was dried
with N2 and thereafter, an adhesive Titanium layer (5 nm) and bottom Platinum (50 nm)
electrodes were patterned by using electron beam evaporation through a solid shadow
mask. Samples were then cleaned with Iso-propyl-alcohol (IPA), Ethanol and Acetone and
dried again with N;. UV-Ozone treatment of the surface was then performed for 20
minutes with UVO cleaner (Model number 42A-220) in order to increase the
hydrophilicity of the substrate and promote adhesion of the polymer layer. A polymer
solution was prepared from pure PEO (Sigma Aldrich Chemistry) Mw 600 000 g/mol,

mixed with deionized water to obtain a solution concentration of 20 g/L for spin coating.



More details concerning the solution preparation and spin coating parameters can be found
in reference [13]. Finally, a 150 nm-thick top electrode silver (Ag) was deposited by
electron beam evaporation. Scanning Electron Microscopy (SEM) images were acquired
on the cross section of PEO layer, by cleaving Si/SiO; layer with a diamond tip pen with
Mira Tescan on devices subjected to 5 kV voltage and SEM magnification of 151 kX. Fig.
1(b) showing cross section image of the PEO layer obtained on Si/SiO;. The

corresponding set of fully fabricated devices is shown in Fig. 1(c).
2.2. Electrical Characterization

The electrical characterization of the devices was carried out with a Keithley SCS 4200A
parameter analyser using quasi-static voltage ramps ranging from -1.5 V to 2.0 V and at
set compliance current of 10 & 100 pA respectively. This range was obtained by

progressively subjecting the device from 0 to 1 V for set and 0 to -1 V for reset.

3. Results and discussion

3.1. Workability of devices with various PEO thicknesses
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Fig. 2 (a) The IV characteristics of devices with different PEO thickness of 30, 50, 150 nm respectively,
(b) a typical device characteristic showing high OFF/ON resistance ratio (106, (c) IV characteristics with
different compliance currents (CC) at 10, 50 and 100 pA respectively, (d) the figure illustrates
corresponding multilevel states that can be achieved by setting CC, with resistance states read at 25 mV.

Fig. 2(a) shows typical IV curves of devices with three different PEO thicknesses: 30, 50
and 150 nm. Devices with a 30 nm thick PEO films were systematically short circuited,
while those with a 50 nm thick PEO exhibited set switching but were then stuck in a Low
Resistance State (LRS). Such a behaviour can be related to diffusion of Ag through the
thin PEO layer during e-beam evaporation leading to fully non-functional devices. Finally,
the 150 nm thick PEO CBRAM devices showed complete set and reset phenomena.
Following this, our study further focuses exclusively on the investigation of 150 nm PEO

layer devices. Fig. 2(b) depicts the switching of one of the devices, showing high OFF/ON



resistance ratiol10° and forming free programming voltages [J 0.75 V. Taking the
advantage of such characteristics, Fig. 2(c)-(d) shows the possibility of storing multilevel

states by setting up compliance current (CC) as 10, 50 & 100 p A respectively.

3.2. Cycling at various compliance currents
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Fig. 3 (a) LRS and HRS along cycling at a CC of 10 and 100 pA. (b) Cumulative resistance distribution
at current compliance levels of 10 and 100 pA read at 50 mV.

Low and High Resistance State (LRS/HRS) were evaluated during cycling at various
current compliances. Devices were subjected to back and forth voltage sweeps with
current compliance used exclusively for positive voltage sweeps. After applying a
negative voltage sweep, the HRS was evaluated by reading the current at 50 mV on the
subsequent forward positive sweep while the LRS was taken at the same voltage on the
backward sweep. Fig. 3(a) shows endurance cycles performed on a device at 10 & 100 pA
CC, while Fig. 3(b) shows the corresponding cumulative resistance distributions. Large
LRS values (solid red points) greater than 10° Q can be observed in Fig. 3(a) mostly when
the current compliance was decreased from 100 to 10puA. These failed set states

correspond to volatile switchings where devices spontaneously come back to their HRS



during the backward sweeps and are discussed more in details below. It is observed that
our devices in 1R configuration withstood more than 300 cycles each without breakdown.
Limited endurance cycles (<10%) can be explained by the parasitic current overshoots
commonly observed when using voltage sweeps combined with current compliances as
exposed by Tirano et al. [24]. Hence ITIR configurations or using short-pulse
measurements would probably be more suitable to observe optimal performances. As
illustrated in Fig. 3(b), besides, the large electrical variability observed at lower current
compliance, the most striking feature concerns the overlap of the LRS/HRS distribution,
mostly occurring at a compliance current of 10 pA. As discussed later, this feature can be
attributed to volatile switching occurring at low CC, where a spontaneous breakdown of

the conductive filament is observed during the backward voltage sweep.

Focusing on non-volatile switching, Fig. 4 shows the resistance distributions, presented as
boxplots, obtained at both compliance currents in LRS and HRS. Fig. 4 was obtained from
Fig. 3 by excluding LRS values greater than 1 MQ); this criterion efficiently allows to
distinguish volatile and non-volatile switching as exposed in the next section. As can be
seen, the decrease of electrical variability together with LRS resistance was confirmed
through the decrease of the ratio between the standard deviation (¢) and mean value (J) at

increasing current compliance[25], [26].
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Fig. 4 Box plots of LRS/HRS at 10 pA and 100 pA current compliance restricted to the Non-volatile
switching (RLRS>10% Q ). Values in inset indicate the ratio between the standard deviation and mean
value of the resistance distribution.
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Fig. 5 (a) Programming voltage distribution and (b) corresponding boxplots for 10 pA 100 pA
compliance currents.

Set/reset voltages histograms and box plots are respectively shown in Fig. 5(a) & (b) at
compliance currents (CC) of 10 & 100 puA. A lower variability in set voltages are
observed for 100 pA CC. A possible cause for such behaviour can be that the residual
filament after reset is larger or features more ramifications, due to more incorporation of
Ag within the solid electrolyte; therefore, a lower voltage/electric field would be then
required to reform the complete filament during the subsequent set operation. The
characterization of these PEO based CBRAM devices has been carried out for several
months showing insignificant change in performance of switching, hence proving their

fair stability.
3.3. Study of the conduction mechanism in LRS and HRS

Conduction mechanism was studied on Ag/PEO/Pt devices along 300 set cycles measured

at ambient temperature with a set compliance current of 100 pA. A careful inspection of



the data was undertaken in order to exclude any volatile switching from this study. Fig.
6(a) shows the current density (J) as a function of the electric field (E) computed as the
ratio between the applied voltage and the PEO nominal thickness of 150 nm measured
with a profilometer; current density and electric field in logarithmic scales, along the 300
cycles. The linear behaviour suggests ohmic conduction which can be captured through

the following equation:
J= oY (1

Where o is the electrical conductivity, E the electric field and y a field factor which is
assumed to be equal to 1 for ohmic conduction. ¢ and Yy values were extracted for each IV
curve and their distribution plotted in Fig. 6(b)&(c) respectively. With an average Yy value
of 1.0, ohmic conduction is undoubtedly confirmed in the LRS with an average

conductivity of 2.9 X 10-2 S/m.
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Fig. 6 Study of LRS at CC of 100 pA. (a) J-E plots corresponding to 300 cycles and Ohmic fit using eq.
1 together with mean values of ¢ and Y extracted from histograms presented in (b) and (c) respectively.




Similar studies were conducted on the high resistance state (HRS) of our Ag/PEO/Pt
devices, as illustrated in Fig. 7. From Fig. 7(a) it can be seen that J-E curves still exhibit a
linear behaviour before approaching Set voltage (i.e. 0V<V<0.5V). However, as shown in
Fig. 7(b)&(c) the average conductivity fell to 0.68 nS/m while the extracted field factors

were ranging between 0.8 and 2.0.
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Fig. 7 Study of HRS for Ic =100 pA. (a) J-E plots and Ohmic fit using eq. 1 together with mean values of
6 and Yy extracted from histograms (b) and (c).

The drastic decrease of the electrical conductivity can be attributed to the filament
breakdown leaving the PEO layer as the main contributor for HRS current and is
consistent with the large ON/OFF resistance ratio observed on our devices. In order to
evaluate the intrinsic conductivity of PEO, a reference Pt/PEO/Pt device was investigated
through temperature measurements ranging from 230 to 330K. As shown in Fig. 8(a) J-E
curves exhibited a linear behaviour together with temperature-activated -electrical
conductivity. In order to catch the temperature-dependency, an Arrhenius law was

introduced in Eq. (1) as follows:
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where g is the high-temperature conductivity, E. the conduction activation energy and
ko T the thermal energy. The Arrhenius plots of Fig. 8(b)&(c) show that y remained almost
constant with temperature with a mean value of 1.36 while the high-temperature
conductivity (gy) and conduction activation energy (E.) were extracted with respective
values of 46.4 X 105 nS /m and 0.41 eV. From these values, the effective conductivity at
ambient temperature (300 K) was evaluated to be 0.51 nS/m. This conductivity value
together with y extracted on Pt/PEO/Pt device is consistent with values those obtained on
Ag/PEO/Pt in the HRS state (Fig. 7) and suggest that HRS conduction is mostly controlled
by the PEO solid-electrolyte. Finally, the HRS field factor ranging between 0.9 and 2.0
can be indicative of a mixed conduction regime involving both Ohmic conduction (y=1)

and Space Charge Limited Current (y=2)[27], [28].
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Fig. 8 Study of Pt/PEO/Pt reference device. (a) J-E plots at various temperatures from 230 to 330 K (b)
and (c). The J-E curve of the reference Pt-PEO-Pt recorded at 300 K is shown in (a) for comparison.

3.4. Volatile CBRAMs as selectors



As stated in the previous section, devices programmed at a 10 uA CC mostly
returned to the HRS during the backward sweep from the positive voltage bias leading to a
volatile-switching. This behaviour is illustrated in Fig. 9(a) showing both a non-volatile
and a volatile switching cycle. The spontaneous breakdown of the conductive filament
(CF) at low voltages can be related to weakness of the CF at low CC due to the
dependency of its size (area) on the compliance current as exposed in previous research
works [29], [30]. It has been mentioned that the cross sectional area of the CF decreases
with decrease in CC , with theoretical investigations showing that reducing the CF
diameter by 5 times would decrease the lifetime of the CF by 150 times [26], [29], [30].
Such type of volatile switching was related to the surface diffusion of Ag clusters into the
dielectric material [25].This leads to the computation of set failure rate of the devices.
Based on the typical I-V curves presented in Fig. 9(a) and the LRS resistance distribution
of Fig. 4, we evaluated the occurrence of volatile switching by considering LRS values
(read at 50 mV) exceeding 1MQ. This threshold resistance value being intermediate state
between the HRS and non-volatile LRS states, allowed a systematic distinction between

both types of switching events.

m Non-Volatile @ Volatile

100 5.3%
(b)
- i3
g
o g £8.8%
d & 94.7%
) 25
i =&~ non-volatile
1074 ~#— volatile B12%
T T T T T (4] Y
0.0 0.2 0.4 0.6 0.8 1.0 10 100
Voltage ) Compliance current ()

Fig. 9 (a) I-V curves illustrating a volatile and non-volatile switching. (b) Percentage of volatile and non-
volatile switching obtained at CC of 10 and 100 pA respectively.

The percentage of the non-volatile and volatile switching was then calculated for

each compliance current and presented in Fig. 9(b). While almost 95% of the obtained



switching were non-volatile at a compliance current of 100 pA, more than 68% were

volatile as the current compliance was decreased to 10 pA.

Such volatile CBRAMs can be exploited as selectors to suppress sneak paths in
large crossbar arrays [31]-[36]. These selectors devices can then suppress such leakage
current in 1S-1R configuration at each cross point [37]. A selector is in ON state above a
threshold value of voltage with an abrupt increase in resistance, hence supplying current
only to the selected cell. In a similar way in the low voltage regime, the selector returns in
its OFF state below a hold voltage (Vhola) as shown in Fig. 10(a), which hinders leakage
current flow through the half-selected cells. Fig. 10(b) & (c) shows the extracted hold

voltages and ON/OFF current ratio with median values 70 mV and 2x10* respectively.
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Fig. 10 (a) Definition of hold voltage (Vuow) and (b) distribution of Vhou and (c¢) Ioniorr achieved at 10
UA compliance current.

Table 1 shows comparison of the figure of merits- non linearity and voltage margin for
different RRAMs used as selectors making our CBRAM devices suitable candidates as
selectors when operated at 10 pA CC. Non linearity ratio is the Ion/orr ratio during the
backward sweep as shown in Fig. 10(a), whereas the voltage margin is defined as the
difference between the Vs and Vioa accounting for the variability of performance of a

selector. With high non-linear ratio 0 10° and voltage margin 0.7 V allowing good



selectivity, our polymer-based devices are competitive with other reported selector devices
based on inorganic materials. Extending the scope of our previous studies [13], this work
suggests that PEO-based devices can be an affordable and sustainable way to develop both
resistive and selector devices for applications such as low-cost flexible electronics

applications.

Table 1 Comparison of the figure of merits- non linearity and voltage margin for different RRAMs

Reference Materials Non linearity Voltage Margin =
ratio = Ion/orr Vset = Vhola(V)
ratio

[31] Cu/Ti/HfO»/Ti0, 3x10° C1
[32] Ag/TiO,/Pt 107 £0.10
[38] Ag/SiTe/HfO»/TiN 107 £0.70
[39] TiN/TaxOs/TiN 3.3X10° L0.75
[35] Ni/TiO2/Ni 10° £2.0
[36] Ag /HfO./ Pd 10" £0.15

This work Ag/PEO/Pt 1 [0.70

used as selectors

Moreover, in this work we achieved the advantage of low cost and low-temperature
process so that it can be integrated in the back-end-of-line (BEOL) where thermal budget
is strictly limited to 450°C. A comparison of OFF/ON resistance ratio enabling multilevel

states between different CBRAMs based on polymers is made in Table 2.



Table 2 Summarizes the OFF/ON resistance ratio of CBRAMs based on different SPE layers

[40] PI:PCBM 10*
[41] EMAR : CNTs 10*
[19] PCBM :MoS, 10°
[42] PVP :PMF 10°
This work Polyethylene oxide (PEO) e

4. Conclusion

In this work, CBRAM devices based on a water casted Polyethylene oxide (PEO) solid
polymer electrolyte layer were fabricated and investigated. With switching voltages
ranging between -1.5 V and +2 V, high OFF/ON resistance ratio ([J10°) and fair cycling
capabilities in 1R configuration, these devices exhibited promising performances in the
field of low-cost and low-thermal budget non-volatile memory. Through a statistical study
conducted at a current compliance of 100 puA over 300 measurements, ohmic transport
was unambiguously confirmed in LRS while a super linear conduction regime was
observed in HRS. The latter conduction regime was also confirmed on a reference device
featuring inert electrodes. This behaviour was attributed to a mixed contribution of ohmic
transport and Space-Charge-Limited-Conduction in the PEO layer. Decreasing the current
compliance down to 10 pA lead to an increase of both the electrical variability (both in
LRS and HRS) and of the occurrence of volatile switching. In this context, it was
suggested that such volatile CBRAM, may be exploited as selector devices given the high
non-linearity of their switching characteristics and high ON/OFF ratio. In conclusion, PEO
based water casted CBRAMs are promising candidates for moving towards sustainable

technology.
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