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Abstract: Memristors are promising candidates for next-generation non-volatile memory
devices, offering low power consumption and high-speed switching capabilities. How-
ever, conventional metal oxide-based memristors are constrained by fabrication complex-
ity and high costs, limiting their commercial viability. Organic-inorganic hybrid perov-
skites (OIHPs), known for their facile solution processability and unique ionic-electronic
conductivity, provide an attractive alternative. This study presents a conjugated polyelec-
trolyte (CPE), PhNa-1T, as an interlayer for OIHP memristors to enhance the high-re-
sistance state (HRS) performance. A post-treatment process using n-octylammonium bro-
mide (OABr) was further applied to optimize the interlayer properties. Devices treated
with PhNa-1T/OABr achieved a significantly improved ON/OFF ratio of 2150, compared
to 197 for untreated devices. Systematic characterization revealed that OABr treatment
improved film morphology, reduced crystallite strain, and optimized energy level align-
ment, thereby reinforcing the Schottky barrier and minimizing current leakage. These
findings highlight the potential of tailored interlayer engineering to improve OIHP-based
memristor performance, offering promising prospects for applications in non-volatile
memory technologies.

Keywords: conjugated polyelectrolyte; ammonium salt; organic-inorganic hybrid
perovskite; memristor; interlayer

1. Introduction

Memristors are regarded as promising random access memory devices with a simple
sandwiched metal-insulator-metal (MIM) architecture, low power consumption, and fast
switching capability [1-3]. However, conventional memristic metal oxide materials such
as titanium, tantalum, and hafnium oxides suffer from uneconomical and complicated
fabrication processing steps, limiting the commercialization of the memristors despite the
fascinating memristic performances. For instance, metal oxides typically require high-
temperature processing (>300 °C) for complete oxidation along with high vacuum-as-
sisted depositions, increasing the manufacturing costs. Furthermore, the intrinsic robust-
ness of metal oxides limits their application in deformable memristors for next-generation
electronics. In analogue, organic materials are also a great potential as form factor-free
memristors and biomimetics [4-7]. Accordingly, organic-inorganic hybrid perovskites
(OIHPs), which exhibit facile solution processability, have been recognized as a superior
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candidate for the next-generation memristic material [8-10]. Although most of the focus
for utilization of OIHPs has been implicated in photovoltaics [11,12], photodetectors
[13,14], and transistors [15], OIHPs are capable of being a superior active memristic mate-
rial due to their low ion migration energy (<1.0 eV), simple compositional engineering
(1.2-3.6 V), and desirable hysteresis derived from the unique mixed ionic—electronic con-
ductivity [16-20]. Accordingly, OIHP-based memristors are great candidates for neuro-
morphic computing, artificial synapse, and vision processing applications [21,22].

Memristors fundamentally require two different resistances at a common voltage. A
large gap between the high resistance state (HRS) and low resistance state (LRS) is a pre-
requisite for an accurate reading of saved data, which is crucial when incorporated in an
array set-up [23]. Electrical biasing of OIHPs with electroactive metals such as silver (Ag)
and aluminum (Al) induces charge filament (CF) formations within OIHP layers through
metal ion migration, allowing direct ohmic conduction between the electrodes in MIM
configuration [24]. CFs allow securing the low value of resistance at LRS to be more
straightforward than the high resistance at HRS. Regulating defect density within the
OIHPs [25], passivating the OIHP surface [26], and interlayers [27] have been explored to
enhance the resistance at HRS for OIHP memristors. Among these approaches, the selec-
tion of suitable interlayers is known to synergistically produce charge-selective Ohmic
contact with an electrode and engineer the bulk defect density of OIHPs [28,29].

Key functionalities for the selective charge collection as an interlayer rely on the type
of majority carrier density, energy level alignment, and dipole regulation [30,31]. In effect,
organic-based interlayers are advantageous to meet the economic feasibility and mechan-
ical flexibility of next-generation electronics [32]. Recently, conjugated polyelectrolytes
(CPEs), which are special derivatives of conjugated polymers with ionic groups in side
chains, have emerged as promising interlayer materials for perovskite electronics. Partic-
ularly, its ionic pendant groups provide CPEs to possess increased conductivity via self-
doping, energy level modulation through dipole inducement, and higher surface energy
[33-37]. Increased hydrophilicity from the ionic functionality for CPE is additionally ben-
eficial for the growth of OIHPs in solution processing due to the polar nature of OIHPs
[38].

Here, we adopted the CPE, PhNa-1T, as an interlayer between an electrode and the
OIHP for the first time in memristor applications. Moreover, the additional post-treatment
with alkylammonium salt on the CPE interlayer, which would improve the resistance at
the HRS by reducing the doping of CPE, was applied. Moreover, the OIHP layer on OABr-
treated CPE was found to have more favorable crystallographic characteristics due to the
alkylammonium and lead interaction. As a result, the OIHP memristor with CPE inter-
layer after alkyl ammonium salt treatment was demonstrated to provide an increased
ON/OFF ratio of 2150 from 197. Step-by-step thin film characterization revealed that the
post-treatment of CPE is effective at formulating a more favorable OIHP layer. Moreover,
a desirable Schottky junction was formed between the electrodes, which was found to be
effective at suppressing current flow before the conductive filament formation within
OIHP memristors.

2. Materials and Methods
2.1. Materials

Methyl ammonium bromide (MABr), phenethyl ammonium bromide (PEABr), and
n-octyl ammonium bromide (OABr) were purchased from Greatcell Solar Materials. Lead
(II) bromide (PbBr2) was purchased from Tokyo Chemical Industry. N,N-Dimethylforma-
mide (DMF), diemthy sulfoxide (DMSO), and 2-propanol were purchased from Sigma-
Aldrich. All the unspecified materials are provided by Sigma-Aldrich.
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2.2. Preparation of Organic-Inorganic Hybrid Perovskite Memristors

Indium-doped tin oxide (ITO) (15 mm x 15 mm) substrates were cleaned with soapy
water, deionized water, acetone, and 2-propanol successively through water bath soni-
cation for 15 min each. Cleaned ITOs were blown with N2 gun and left in convection oven
at temperature of 100 °C for 20 min. Dried substrates were then treated under UV-Ozone
treatment for 20 min before spin-coating processes. For PhNa-1T deposition, 2 mg mL-" of
PhNa-1T in deionized water was prepared and filtered. Filtered solutions were mixed
with 2-propanol at 1:1 v/v and spin-coated on the ITO substrates with spinning rate of
3000 rpm for 60 s. The films were left on a hotplate at 100 °C for 10 min. An amount of 20
mg mL-! of OABr in 2-propanol was spin-coated on the PhNa-1T to prepare PhNa-
1T/OABr interlayer. To prepare OIHP layer, 1.4 M of PbBr2 in DMF:DMSO (8:1 v/v) was
spin-coated on the substrate at 4000 rpm for 30 s, which would provide a thickness of ~550
nm [39]. Then, 20 mg mL-"' of MABr:PEABr (1:1 w/w in 2-propanol) was dynamically spin-
coated at 4000 rpm for 30 s and left on a hotplate for 10 min at 100 °C. For passivation of
the OIHPs, 2 mg mL-! of OABr in 2-propanol was spin-coated on the OIHP layer at 4000
rpm for 30 s with further annealing on a hotplate at 100 °C for 10 min. The growth of low
dimensional OIHP was reported to be optimized at 100 °C [40]. All the processes were
performed under ambient conditions (relative humidity of 25-35% and temperature of
25-35 °C). Lastly, the samples were transferred into high vacuum chamber (<107 torr)
with patterned aluminum shadow mask (d = 100 pm) to thermally evaporate Ag (100 nm).

2.3. Characterization

Ultraviolet-visible (UV-Vis) absorbance spectra were obtained by using V-770
(JASCO, Japan). Atomic force microscopy (AFM) and Kelvin probe force microscopy
(KPFM) images were taken with Multimode8 (Bruker, USA). X-ray photoelectron spec-
troscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) were performed with
Versaprobe II (ULVAC-PHI, Japan). X-ray diffraction (XRD) was taken with Ultima IV
(Rigaku, Japan). Electrical characterizations were performed with Keithly 4200-SCS
(Keithly, USA) connected to probe station (MS tech, Korea).

3. Results and Discussions

The chemical structure of CPE, named PhNa-1T, and OABr ammonium salt are
shown in Figure 1a. PhNa-1T has the anionic sulfonated pendant group (SOs-) on the phe-
nyl-thiophene copolymeric conjugated backbone. The anionic sulfonate group is known
to generate polarons along conjugated polymers through electrostatic interaction [41].
OABr ammonium salt was chosen due to the high passivating capability for OIHPs as
previously reported [42,43]. Moreover, ammonium salt was reported to have a strong in-
teraction with SOs- in the CPE [44]. Figure 1b shows absorbance spectra in the film state
of PhNa-1T and PhNa-1T/OABr, in which the polaron states are observed (A = 600-800
nm). Note that PhNa-1T/OABr samples were prepared by spin-coating OABr solution,
dissolved in 2-propanol, onto PhNa-1T films whereas PhNa-1T is insoluble in 2-propanol.
The maximum absorbance peak at a wavelength of 454 nm and the peak was shown to be
blue-shifted to 447 nm when treated with OABr. We attribute this to the variation in the
planarity of the CPE backbone after the OABr treatment, which possibly causes a partial
ion exchange from sodium ion (Na*) to n-octyl ammonium [45].
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Figure 1. (a) Chemical structure of PhNa-1T and OABr. (b) UV-Vis absorbance spectra of PhNa-1T
and PhNa-1T/OABEr. (c) XPS plots of S 2p for PhNa-1T films before and after OABr treatment (dot-
ted points are raw data, and blue lines are total fitted data, yellow lines are S 2p12 for SOs-, red lines
are S 2psp for SOs-, peach lines are S 2pii for S, and green lines are S 2p3p for S). (d) Memristic [-V

curve of PhNa-1T interlayer with OIHP (inset image: device architecture).

In addition, the magnitude of the self-doping effect was also affected by the ion ex-
change, as evidenced by the diminished UV-vis absorption intensity in the wavelength
region of 700-800 nm [46]. The effect of ion exchange is observed from XPS measurement
of S 2p as shown in Figure 1c. The S 2p XPS data showed two distinct peaks assigned for
SOs- at higher binding energy and C-5-C at lower energy regions [47]. The peaks were
deconvoluted and it was found that the peaks assigned for C-S-C showed insignificant
differences after the OABr treatment, showing constant peaks at 163.2 and 164.3 eV for S
2p12 and S 2psp, respectively. However, the peaks corresponding to SOs- for PhNa-1T at
167.8 and 169.0 eV showed the peak shifts to a lower binding energy at 167.6 and 168.8 eV
(0.2 eV). The shift to the lower binding energy of sulfur from sulfonate results from a
weaker electronegativity of ammonium compared to that of sodium ion.

The PhNa-1T and PhNa-1T/OABr were then applied at the interface between OIHP
and the bottom electrode (BE). ITO was used for the BE, and the top electrode (TE) was
prepared with Ag. OIHP was prepared through a two-step deposition [48]. The current-
voltage (I-V) data are shown in Figure 1d. The voltage scan steps at the TE were as follows:
0V— +4 V— -5V — 0 V. The memristic behavior was observed with the device configu-
ration (inset image of Figure 1d) with similar LRS current values of 2.92 x 10-3, 2.82 x 103,
and 2.91 x 103 A for control, PhNa-1T, and PhNa-1T/OABr at 0.1 V, respectively. The drop
of current values at HRS (0.1 V) was observed from 2.19 x 10~ A (control) to 5.72 x 105 A
with PhNa-1T, and 3.23 x 105 A with PhNa-1T/OABr. The ON/OFF ratios for bare ITO,
PhNa-1T, and PhNa-1T/OABr devices were calculated to be 13.3, 49.3, and 90.1. The initial
assessment for enhanced resistance level at HRS was compared with the conductance of
PhNa-1T and the PhNa-1T/OABr interlayer. The -V data acquired from the device archi-
tecture of ITO/Interlayer/Ag is shown in Figure S1. The resistance value of ITO/Ag was 1
Q while the value of ITO/PhNa-1T/Ag was 12.5 Q, and ITO/PhNa-1T/OABr/1T was 21.9
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Q (active area of 0.091 cm-2). We ascribe the reduced conductance after inserting CPE be-
tween BE and TE to the enhanced resistance value at HRS of OITHP memristors. Moreover,
deducting the polaron state of the CPE with the OABr treatment would reduce the charge
transport ability of CPE and thus result in obtaining a higher resistance at HRS [49,50].

To further verify the effectiveness of OABr treatment on the CPE interlayer in OIHP
memristors, a surface passivation strategy was adopted for the OIHP layer [51]. Surface
passivation of the OIHP layer was performed to improve the LRS/HRS resistance ratio
and operational stability. The schematic device architecture of the memristors is illus-
trated in Figure 2a. The representative -V curves of the memristors with PhNa-1T and
PhNa-1T/OABEr interlayers are shown in Figure 2b. The first [-V scans of the memristors
showing a steep increment of current upon biasing, which is an indication of electro-form-
ing of Ag-based conductive filaments, are shown in Figure S2. The current compliance of
0.1 A was used. The CF conduction mechanism, as revealed by ohmic (n ~ 1), trap-related
(n > 2), and trap-free (n ~ 2) space charge, limited current regions during SET, and the
RESET process is observed, as shown in Figure S3. The current values at the HRS for the
PhNa-1 T-based memristors were measured at an electrical bias of 0.1 V was 8.18 x 10-6 A,
whereas the PhNa-1T/OABr device resulted in a current value of 7.59 x 107 A. The current
values at LRS were both 1.61 x 10-* and 1.63 x 103 A for the PhNa-1T and PhNa-1T/OABr.
The corresponding ON/OFF ratio for the PhNa-1T- and PhNa-1T/OABr-based OIHP
memristors are calculated to be 197 and 2150, respectively. These ON/OFF ratios were
relatively greater than the value obtained from devices without any passivation (Figure
S4). The operational stability of the memristors was further considered by testing the de-
vices through endurance and retention testing. The endurance cycling test for 1000 cycles
measured by voltage list sweep function (1 cycle=-5V, +0.1 V, +4 V, and +0.1 V) is shown
in Figure 2c. The resistance values at LRS for both PhNa-1T and PhNa-1T/OABr devices
remained below 102 Q) over 1000 cycles. However, the resistance value of the PhNa-1T
device showed 10° Q, whereas PhNa-1T/OABr preserved a resistance level of close to 105
Q) after 1000 cycles. For the retention testing of the OIHP memristors, as shown in Figure
2d, a continuous bias of 0.1 V was applied for 10° s for both LRS and HRS. Both OIHP
memristors with PhNa-1T and PhNa-1T/OABr showed consistency in the resistance val-
ues (below 102 Q) after 10° s at LRS. The PhNa-1T device showed a resistance value of
around 104 Q after 10° s, whereas the PhNa-1T/OABr device resulted resistance value of
close to 10° Q. Lastly, resistance values of 40 individual devices were recorded to draw
cumulative probability distribution as shown in Figure S5. PhNa-1T interlayer-based
OIHP memristors demonstrated o/u% of 32.1% while PhNa-1T/OABr devices showed
27.6%.
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Figure 2. (a) Schematic device configuration of the OHP memristor used in this study. (b) Current—
voltage measurement of the memristors with PhNa-1T and PhNa-1T/OABr interlayers. (c) Endur-
ance and (d) retention testing results for OIHP memristors depending on interlayers. (Resistance

range at HRS were shaded with color for retention tests)

To elucidate the reason for the improvement of meristic performance with PhNa-
1T/OABEs, the film investigation for the OIHP was examined using AFM and XRD meas-
urements. Firstly, the topology of PbBr: films on the interlayers was examined as shown
in Figure 3a. The PbBr: layer on the PhNa-1T film showed a smooth topology, with a root-
mean-square (RMS) roughness value of 7 nm. Interestingly, distinct grains with an aver-
age size of 150 nm for PbBr: films on PhNa-1T/OABr were observed with a slightly re-
duced RMS roughness value of 5 nm. The XRD patterns of the PbBr: films were considered
as shown in Figure 3b. A new strong peak at 26 of 10° was observed for PbBr: films on
PhNa-1T/OABr without any further overall change in XRD peaks corresponding to PbBr2
films (Figure S6). The grains obtained from the PbBr. AFM images would be OABr/PbBr2
adducts as shown by XRD data. Indifferent UV-vis absorption spectra for the PbBr: films,
as shown in Figure S7, imply that no OIHP is formed.
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Figure 3. (a) AFM images and (b) XRD patterns for the PbBr: films on PhNa-1T and PhNa-1T/OABr.
(c) AFM images and (d) microstrain analysis for the OIHP films on PhNa-1T and PhNa-1T/OABr

(AFM images were taken with dimensions of 4 um x 4 um).

Then, the topology of the OIHP films was measured with concurrent measurement
methodology after spin-coating ammonium salts on the PbBr: layers. As shown in Figure
3¢, the OIHP film on the PhNa-1T layer exhibited distinct rod-like grain structures with
an RMS roughness value of 85 nm. The rod-like morphology of the OIHP films is concur-
rent with the reported 2D OIHPs [52,53]. In contrast, the OIHP film on the PhNa-1T/OABr
layer displayed a more interconnected grain network with reduced rod-like features and
a significantly lower RMS roughness value of 56 nm. This transformation indicates an im-
proved grain connectivity and a smoother surface. Grain boundaries of OIHPs were re-
ported to have relatively inferior memristic behavior than the intra-grain counterparts
[54]. Moreover, a smoother surface can alleviate the formation of excessive CF during the
operation, which is a source of the irreversible failure state of the OIHP memristors [55].
Furthermore, the presence of ammonium salt in CPE was known to assist in both interfa-
cial passivation and OIHP morphology [56]. These morphological improvements would
be associated with the OABr treatment on the CPE.

UV-vis absorption measurement and XRD, as shown in Figures S8 and S9, revealed
that the OIHP layer is composed of mixed MAPbBrs and (PEA):PbBrs. Then, the peaks
from the XRD measurement for OIHP films were analyzed by drawing Williamson—Hall
plots for the derivation of microstrain (&) of the crystallites, and the results are shown in
Figure 3d [57]. The peaks for MAPbBrs and (PEA):PbBrs were separately plotted. Crystal-
lite sizes for MAPDbBrs with PhNa-1T were determined to be 11.0 nm, whereas PhNa-
1T/OABr showed 13.8 nm. The absolute € value for the OIHP layer on PhNa-1T was 7.10,
and the PhNa-1T/OABr sample demonstrated a reduced value of 4.13. Similarly,
(PEA)2PbBr: crystallites showed a similar drop of € value on PhNa-1T/OABr (4.77) than
that on PhNa-1T (5.99) with similar crystallite sizes (15.2 and 14.7 nm for PhNa-1T and
PhNa-1T/OABr, respectively). These results indicate that the growth of MAPbBrs and
(PEA)2PbBr: crystallites are more favorable on PhNa-1T/OABr than on pristine PhNa-1T.
Less strain of the crystallites would provide lower levels of defect [58]. The XPS data for
Pb are in accordance with € analysis, as shown in Figure S10. A slight reduction in metallic
lead (Pb®) was observed for the OIHP films on PhNa-1T/OABr compared to films on
PhNa-1T, as shown in Figure S11. Therefore, the reduced strains of the OIHP crystallites
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on PhNa-1T/OABr contribute to the higher resistance value at the HRS of corresponding
OIHP-based memristors. In addition, the characteristics of OIHPs after the surface pas-
sivation were also investigated through UV-vis and XRD analysis, as shown in Figure S12.

Lastly, the energy level alignments of interlayers were investigated. Energy level
alignments of different layers in a multi-stacked device are an important factor to be con-
sidered to modulate charge transport [59-61]. UPS measurements were conducted for
PhNa-1T and PhNa-1T/OABr on ITO, as shown in Figure 4a. The work function calculated
from bare ITO was 4.76 eV, which is within the range of the reported value of ITO [62].
The binding energy offset change when PhNa-1T and PhNa-1T/OABr were deposited on
ITO was -0.52 and —0.32, respectively. This result indicates that the estimated Fermi en-
ergy (Er) of PhNa-1T is -5.28 eV and —5.08 eV for PhNa-1T/OABr. This upshift in the Er
would be due to the existence of ammonium ions on the interlayer surface [63,64]. The
onset of the binding energy from UPS measurements for PhNa-1T was 0.27 eV, whereas
0.56 eV was found for PhNa-1T/OABr. This result is also consistent with the drop of po-
laron states in CPE upon the OABr treatment. Therefore, electrons moving from the ITO
side to the counter electrode would experience a large energetic barrier to overcome in the
device with PhNa-1T/OABr. We attribute such an enlarged energetic barrier as one of the
main driving causes for the enhanced resistance value at the HRS. In addition, thermal
activation energy (Ea) was acquired from temperature-dependent current measurement
according to the Arrhenius equation (In (I) ~ exp(-Ea/kT)). I refers to the current at -0.1V,
k is the Boltzmann constant, and T is the absolute temperature. The thermal E. of 0.177 eV
for PhNa-1T OIHP memristor was obtained while a higher E. of 0.278 eV for PhNa-
1T/OABr was observed, which is consistent with the enlarged energetic barrier at the in-
terface between PhNa-1T/OABr and the OIHP layer, as shown in Figure S15.

(a)
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Figure 4. (a) UPS spectra for PhNa-1T and PhNa-1T/OABr films. (b) Schematic diagram for energy
level alignments occurred for PhNa—-1T and PhNa-1T/OABr.

Lastly, an additional energetic barrier induced from the surface passivation of OIHP
would synergistically hamper band-to-band electron transport across the memristors. The
surface energy level change upon surface treatment of OIHP was monitored through
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KPFM, as shown in Figure S13. A slight upshift (~150 mV) in the contact potential differ-
ence after the surface treatment was observed for both films on PhNa-1T and PhNa-
1T/OABr. A detailed energy level alignment diagram for the layers adopted in this study
is shown in Figure S14.

4. Conclusions

In summary, CPE was adopted as an interlayer between the BE and OIHP layers. The
CPE layer was treated with OABr, which allowed the exchange of counter ions from Na
to n-octyl ammonium. The self-doping characteristic of CPE was mitigated through the
ion exchange, which resulted in the drop in conductance between BE and TE. The result-
ing OIHP memristors, along with surface passivation strategy with communal OABr
treatment on OIHP, showed an improved ON/OFF ratio from 197 to 2150. The improve-
ment was mainly derived from a drop in the resistance level at the HRS for the PhNa-1T
interlayer after the OABr treatment. Further investigation of the OIHP layer formation on
the PhNa-1T and PhNa-1T/OABr film demonstrated that the strain of perovskite crystal-
lites is reduced when OABr is treated on CPE. Moreover, the OABr treatment of PhNa-1T
produced an upshift in the energy level, providing the amplified energetical barrier for
electron transport from BE to TE, which is consistent with the reduced current level at the
HRS in the device with the PhNa-1T/OABr interlayer. We believe our findings provided
by this study for ammonium salt treatment on CPE interlayer will contribute to the devel-
opment of advanced optimization strategies for OIHP-based memristors.
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