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Abstract 

Recent advancements in modern microelectronics continuously increase data storage capacity in 

modern devices, but it requires delicate and costly fabrication processes. As alternatives to 

conventional inorganic based semiconductors, semiconducting polymers are of academic and 

industrial interest for their cost-efficiency, power efficiency, and flexible processability. Here, we 

have synthesized a series of novel oxygen-based polymers through the post-modification reactions of 

poly(ethylene-alt-maleate) with various oxybenzyl alcohol derivatives. The oxygen-based polymers 

are thermally stable up to 180°C and their nanoscale film devices exhibit reliable, power efficient p-

type unipolar volatile and nonvolatile resistive memory characteristics with high ON/OFF current 

ratios. Additionally, when given a higher number of oxygen atoms in oxyphenyl side chains, the thin 

film polymer devices demonstrate a wide operational film thickness range. The memory 

characteristics depend on the oxyphenyl moieties functioning as charge trap sites, where a 

combination of Schottky emission and trap-limited space charge limited conductions in OFF-state, 

and hopping conduction in ON-state are observed. This study demonstrates the chemical 

incorporation of oxyphenyl derivatives into polymer dielectrics as a powerful development tool for 

p-type resistive memory materials. 

 

1. Introduction 

The advancement of modern microelectronics has marched side by side with the development of data 

storage devices from the primitive days of punch cards, bulky tape drives to conventional hard disk 

drives (HDD) and, more recently, compact yet powerful solid state drives (SSD). Conventional HDDs 

and SSDs are characterized by their large data storage capacity, compact form factors and high data 

transfer rates. These hallmarks of modern storage devices enable today’s individuals to be immersed 

in a vast array of information with near instantaneous access. The notion of information immersion 

accompanied by the rapid expansion of information technology infrastructure has opened new 
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opportunities for our society to acquire new skills and competences necessary for education, training, 

self-development, employment, and participation in the community.1 Overall, the 21st century could 

be highlighted as the age of digital information-based society. 

This new age of information-based society, ironically, is facing the perpetual growth in the 

amount of information. Currently, information (i.e., data) gets digitally encoded in binary logical 

states also known as bits (zeroes and ones), in which eight bits make up a single byte. In 2007, 

approximately 0.3 zettabytes (1 zettabyte = 1021 bytes) of new data were stored worldwide.2 The 0.3 

zettabytes, however, accounts only a portion of all data created in 2007. In 2018, approximately 33 

zettabytes of new data were created but, only 15% of the data were stored.3 In 2025, 175 zettabytes 

of new data are predicted to be generated with at least a half of the data expected to be stored. This 

unprecedented growth in amount of data combined with the pressures of deriving value from data for 

digital transformation will create imperatives for organizations across the whole world over the next 

decade to develop appropriate data storage, management, and capitalization strategies that bring about 

a new level of engagement with people using data-informed services and products.3  

Historically, HDDs have been the most accessible and conventional storage devices but SSDs are 

slowly becoming the new standard over the recent years due to the much faster data accessibility and 

smaller form factor. The drawbacks, however, of SSDs reside in the economic and physical aspects. 

High capacity SSDs are characterized by high number density of transistors in a given integrated 

circuit chip, which require considerable miniaturization of the transistor’s dimension (i.e. feature size). 

To achieve this, modern lithographic techniques have successfully reduced the feature size of 

semiconductors inside storage devices from 130 nm in the year 2000 to 10 nm at the present.4-7 

Although this achievement produces high data storage capacity, the mass production of 

semiconductors with feature size of 10 nm requires lengthy and expensive fabrication processes. 

Additionally, current lithographic techniques are facing challenges regarding resolution limit and low 

yield at such small feature size.5 Moreover, the close distance between the transistors increases the 
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probability of crosstalks. Furthermore, the densely packed transistors generate a considerable amount 

of heat requiring additional cooling methods for prolonged use under heavy load. It turns out that the 

current data storage technologies aiming to follow Moore’s law8 have nearly plateaued in 

development and are less likely to provide adequate storage capacity of the near future with a sensible 

cost.9 Thus, new storage device technologies are urgently in need for storing massive amounts of 

information with economic efficiency.  

For future storage devices, many plausible alternatives have been proposed so far: polymer, 

molecular, ferroelectric, magnetic, and phase change memories.4,5,10-13 In particular, polymer memory 

has gained much attention for its various advantages including easy processability, structural 

flexibility, miniaturized dimensions, excellent scalability, low-power operation, three-dimensional 

stacking capability, light weight, wearability, and low-cost potential.10,14-18 According to chemical 

structures and constitutions, three different classes of electrical memory polymers have been reported: 

(i) fully -conjugated polymers,10,14-25 (ii) partially -conjugated polymers with and without 

additional electroactive units,10,14-18,26 and (iii) fully non--conjugated polymers bearing electroactive  

units.10,14-18,27-45 The electrical memory characteristics of the fully and partially -conjugated 

polymers originate from their affinity to charges. The memory behaviors of the non--conjugated 

polymers are known to arise from the innate charge affinities of the incorporated electroactive units. 

Several chemical groups were reported as suitable electroactive units: carbazole and its derivatives, 

diphenylamine and their derivatives, triphenylamine and its derivatives, triazole derivatives, pyridine 

derivatives, fluorene and its derivatives, anthracene and its derivatives, fullerene and its derivatives, 

oxadiazole and its derivatives, tetracyanoethylene and its derivatives, and 

tetracyanoquinodimethane.10,14-18,24-45 Overall, the majority of electrical memory polymers reported 

in literature are limited to -conjugated hydrocarbons, nitrogen atom, and their combination. 

Therefore, the research and development of high performance digital memory polymers are still in 



5 
 

developing stages. The molecular design and synthesis of new memory polymers should be expanded 

beyond hydrocarbon and nitrogen. 

As an expansion of the boundaries of memory polymer development, we report a novel resistive 

memory polymers based on oxygen containing electroactive units. A series of poly(ethylene-alt-

maleate)s bearing oxygen constituent and its derivatives as side groups was synthesized: 

poly(ethylene-alt-di(3-methoxylbenzyl) maleate) (PEM-BzOMe), poly(ethylene-alt-di(3,5-

dimethoxylbenzyl) maleate) (PEM-BzOMe2), poly(ethylene-alt-dipiperonyl maleate) (PEM-BzO2C), 

and poly(ethylene-alt-di(3,4,5-trimethoxybenzyl) maleate) (PEM-BzOMe3) (Figure 1). In addition, 

poly(ethylene-alt-dibenzyl maleate) (PEM-Bz) and poly(ethylene-alt-di(4-methylbenzyl) maleate) 

(PEM-BzMe) were synthesized as reference polymers. All polymers are easily fabricated into 

nanoscale thin films by conventional spin coating. Synchrotron wide-angle X-ray scattering analysis 

confirmed that all polymer films are amorphous. The amorphous nanoscale films were determined to 

reveal electron densities ranging from 373 to 417 nm-3 (which are equivalent to 1.161.32 g cm-3 in 

mass density) by synchrotron X-ray reflectivity analysis. The new polymers bearing oxyphenyl-based 

moieties (i.e., PEM-BzOMe, PEM-BzOMe2, PEM-BzO2C, and PEM-BzOMe3) showed p-type 

unipolar resistive memory behaviors with low switching-ON voltage, high ON/OFF current ratios, 

long retention time, and various operation thickness windows. In contrast, the reference polymers 

could exhibit only dielectric characteristics rather than memory behaviors. Considering the chemical 

nature (chemical composition, inductive effect, resonance effect, and molecular orbitals) and 

nanoscale film morphology, the polymers are further examined in order to understand their electrical 

switching mechanisms.  
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Figure 1. Post-modification reaction schemes of poly(ethylene-alt-maleic anhydride) (PEM) with various alcohols; 
EDC: 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; DMAP: 4-dimethylaminopyridine; TEA: 
trimethylamine; DMF: dimethylformamide; RT: room temperature.  

 

2. Experimental Section 

2.1. Materials. Poly(ethylene-alt-maleic anhydride) (PEM, powder, provided by Sigma-

Aldrich; Mn,SEC = 168.0 kDa and  Ð = 2.85, which were measured in this study) was purchased from 

the Sigma-Aldrich Chemicals Co. (St. Louis, MI, USA) and used as received. 1-(3-

Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, >98.0%), 4-

dimethylaminopyridine (DMAP, >99.0%), 4-methylbenzyl alcohol (>99.0%), 3-methoxybenzyl 

alcohol (>97.0%), 3,5-dimethoxybenzyl alcohol (>98.0%), piperonyl alcohol (>98.0%), 

triethylamine (TEA, >99.0%), and 3,4,5-trimethoxybenzyl alcohol (>98.0%) were purchased from 

Tokyo Chemical Industry Co., Ltd. (TCI, Tokyo, Japan) and used as received. Benzyl alcohol 
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(>99.0%) and dry dimethylformamide (DMF; >99.5%; water content, <0.005%) were purchased from 

Kanto Chemical Co., Inc. (Tokyo, Japan), and used as received.  

2.2. Measurements. Proton nuclear magnetic resonance (1H NMR) spectra were measured by 

using JEOL NMR spectrometer (model JNM-ECS400, 400 MHz, JEOL Ltd., Tokyo, Japan). Fourier-

transform infrared (FT-IR) spectra were measured with a PerkinElmer Frontier MIR spectrometer 

(PerkinElmer, Inc., Waltham, MA 02451, USA).  

Size exclusion chromatography (SEC) measurements were obtained at 40 °C with JASCO high-

performance liquid chromatography system (PU-980 Intelligent HPLC Pump, CO-965 Column Oven, 

RI-930 Intelligent RI Detector) (JASCO corp., Tokyo, Japan) equipped with a Shodex KD-G 4A 

guard column (particle size, 8 μm; 4.6 mm (internal diameter) × 10 mm (length)), a Shodex Asahipak 

GF-7M HQ column (linear; particle size, 9 μm; (7.5 mm × 300 mm); exclusion limit, 1×107 

(Pullulan)), and a Shodex Asahipak GF-310 HQ column (linear; particle size, 5 μm; (7.5 mm × 300 

mm); exclusion limit, 4×104 (Pullulan)) (Showa Denko K. K., Tokyo, Japan). The SEC system was 

calibrated with poly(methyl methacrylate) (PMMA) standards; dry DMF was used as the eluent. 

Thermal stability and phase transitions were examined with a temperature ramping rate of 10.0 °C 

min-1 under nitrogen atmosphere by thermogravimetry (TGA; Bruker AXS TG-DTA 2010 SAT, 

Bruker, Billerica, MA 01821, USA) and differential scanning calorimetry (DSC; TA Instruments 

DSC Q20, TA Instruments Inc., New Castle, DE 19720, USA).  

All synchrotron grazing incidence wide angle X-ray scattering (GIWAXS) measurements were 

performed at the 3C beamline of the Pohang Accelerator Laboratory (PAL), Pohang, Korea.43,46-51 

Using a X-ray radiation source with a wavelength  of 0.12301 nm and sample-to-detector distance 

(SDD) of 210 mm, all scattering data were collected at room temperature in vacuum for 1030 s with 

a two-dimensional (2D) charge-coupled detector (CCD) (Rayonix 2D SX 165, Rayonix, Evanston, 

IL 60201, USA). The incidence angle i of X-ray beam with respect to the film sample surface was 

set in the range 0.170–0.185°, which is between the critical angle of the polymer film and the silicon 
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substrate (c,f and c,s). Scattering angles were corrected according to the position of the X-ray beam 

reflected from the silicon substrate as well as by using silver behenate standard (TCI, Tokyo, Japan).  

Synchrotron X-ray reflectivity (XR) measurements were conducted in θ–2θ scanning mode at the 

3D beamline43,51-53 of PAL. The X-ray radiation source with λ = 0.1240 nm was used and the beam 

size at the sample position was 0.1 mm × 2.0 mm. The collected data were treated with geometrical 

correction and background subtraction procedures reported in the literature.43,51,52 

Ultraviolet-visible (UV-vis) spectroscopy measurements were conducted using a Scinco 

spectrometer (model S-3100, Scinco Co., Ltd., Seoul, Korea). Cyclic voltammetry (CV) 

measurements were conducted with a scan rate of 100 mV s−1 in tetrahydrofuran (THF) containing 

0.1 M (nC4H9)4NClO4 at 20 °C under argon atmosphere using an electrochemical workstation (IM6ex 

impedance analyzer, ZAHNER-Elektrik GmbH & Co. KG, Kronach, Germany) with three electrodes 

(a Pt working electrode with a diameter of 1.6 mm, a reference electrode 

(Ag/Ag+/CH3CN/(nC4H9)4NClO4), and a Pt auxiliary electrode); in the measurements a 

ferrocene/ferricinium (Fc/Fc
+) couple was used as internal standard. 

2.3. Thin Film Preparation. The individual polymers were dissolved in THF and filtered using 

disposable syringes equipped with polytetrafluoroethylene filter membranes (pore size, 0.22 μm) to 

yield polymer solutions with a concentration of 0.5 wt%. Each polymer solution was deposited on 

silicon (Si) substrates via spin coating process and dried in vacuum at room temperature for 24 h. The 

film thicknesses were measured to range from 35 to 60 nm through a spectroscopic ellipsometer 

(Woollam M-2000, J.A. Woollam Co., Lincoln, NE 68508, USA).  

2.4. Polymer Memory Device Fabrication and Test. The individual polymers were 

prepared into polymer solutions in THF in concentrations ranging from 0.1 to 5.0 wt% to yield 

thickness ranging from 10 to 200 nm. All films were deposited on p-doped silicon (d-Si; dopant = 

boron) substrates via spin coating and dried in vacuum at room temperature for 24 h. Al electrodes 

(200 nm) were deposited on top of the polymer films by thermal evaporation in vacuum through a 
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shadow mask to achieve dimensions of 300 × 300, 500 × 500, and 1000 × 1000 m. I – V analysis 

was conducted under ambient air at room temperature, using a semiconductor analyzer (model 

Keithley 4200, Keithley Instruments, Cleveland, OH 44139, USA). 

 

3. Results and Discussions 

3.1. Synthesis of oxyphenyl-based polymers. To prepare new oxyphenyl-based polymers, 

a poly(ethylene-alt-maleic anhydride) (PEM: Mn,SEC = 168.0 kDa and Ð = 2.85 (dispersity)) was 

chosen for post-modification reactions to incorporate various oxyphenyl-based moieties. For the 

modification reactions, four different alcohols were selected as model oxyphenyl-based moiety 

compounds (4-methoxybenzyl alcohol, 3,5-dimethoxybenzyl alcohol, piperonyl alcohol, and 3,4,5-

trimethoxybenzyl alcohol) and two non-oxyphenyl based alcohols (benzyl alcohol, and 4-

methylbenzyl alcohol) were chosen to serve as controls (Figure 1). With each alcohol compound, the 

ring-opening and diesterification reactions of maleic anhydride units in the PEM were attempted to 

achieve the highest possible conversion. As a result, such reactions were successfully undergone with 

the aids of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), 4-

dimethylaminopyridine (DMAP), and triethylamine (TEA) in dry dimethylformamide (DMF) at 

room temperature for 72 h; synthesis details are in Supporting Information. The obtained products 

were characterized by Fourier transform infrared (FTIR) and proton nuclear magnetic resonance (1H 

NMR) spectroscopies. PEM revealed a clear carbonyl symmetric stretching peak around 1850 cm-1 

and a carbonyl asymmetric stretching peak around 1770 cm-1 of the maleic anhydride units in the 

FTIR spectrum (Figure S1a). The carbonyl asymmetric stretching peaks were no longer discernible 

in the spectra of the target products; instead, an ester carbonyl stretching peak around 1730 cm-1 were 

observed (Figures S1b-g). Additionally, the products bearing methoxy groups exhibited enhanced 

C−H stretching peaks at 2700−3050 cm-1. The 1H NMR spectroscopy analyses also confirmed 

characteristic chemical shifts of the backbone unit and the incorporated oxyphenyl-based moieties 
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(Figures S2-S7). The increase in molecular weight due to the incorporated oxyphenyl-based moieties 

were further determined by size exclusion chromatography (SEC) analysis (Figure S8; Table 1). 

These characterization results collectively indicate that the incorporations of the oxyphenyl-based 

moieties into the PEM polymers were successfully performed via the ring-opening and 

diesterification reactions of maleic anhydride units. The conversion of each reaction could be 

determined from the integrals of characteristic chemical shifts (i.e., the protons of the backbone and 

the incorporated moieties) in the 1H NMR spectra (Figures S2-S7).  The obtained reaction conversions 

range from 89 to 94 % (Table 1). Overall, the reaction conversions are slightly lower than 100 %, 

which could be caused by steric hindrance due to the higher density of maleic anhydride units in the 

backbone. 

3.2. Thermal characterization. The modified polymers have been determined to be thermally 

stable up to 180 C or higher temperatures (= Td,5, temperature at which 5.0 wt% weight loss takes 

place) depending on the incorporated moieties by thermogravimetry (TGA) analysis (Table 1; Figure 

S9). PEM-BzOMe3 exhibits the highest Td,5 (200 C), whereas PEM-BzMe shows the lowest Td,5 (180 

C). The other polymers reveal Td,5 values between those of PEM-BzMe and PEM-BzOMe3. These 

Td,5 values are relatively lower than that (302 C) of PEM (Table 1; Figure S10).  

The polymers were further subjected to differential scanning calorimetry (DSC) analysis. PEM-

BzOMe reveals a glass transition at 10 C (=  Tg,onset, onset temperature of glass transition), whereas 

PEM-BzOMe3 exhibits Tg,onset = 45 C (Table 1; Figure S11). The other polymers show glass 

transition temperatures between those of PEM-BzOMe and PEM-BzOMe3. All Tg,onset values are 

lower than that (136 C) of PEM (Table 1; Figure S12).  All polymers and their base polymer only 

exhibit glass transitions; no crystal melting transitions could be observed. These results collectively 

indicate that all modified polymers and their base polymer are amorphous. 
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Table 1. Characteristics of the polymers prepared in this study 

Polymer Mn,SEC 
a (kDa) Ð b Conversion c (%) Tg,onset 

d (C) Td,5 
e (ºC) 

PEM-Bz 168.0 2.85 94  26 186 

PEM-BzMe 307.0 3.23 93  30 180 

PEM-BzOMe 233.0 4.80 92  10 192 

PEM-BzOMe2 312.5 4.34 91  27 199 

PEM-BzO2C 334.0 3.77 90  42 194 

PEM-BzOMe3 312.0 4.29 89  45 200 

PEM 167.5 2.85  136 302 
aNumber-averaged molecular weight measured by SEC with PMMA standards; DMF containing 0.01 M LiCl was 
used as the eluent. bDispersity measured by SEC analysis with PMMA standards. cThe conversion of esterification 
reaction which was determined by 1H NMR spectroscopy analysis. dOnset temperature of glass transition at a 

heating rate of 10 C/min in differential scanning calorimetry (DSC) in a nitrogen atmosphere. eTemperature at 

which 5.0 wt% weight loss occurred in nitrogen atmosphere; a heating rate of 10 C/min was employed.  

 

3.3. Synchrotron X-ray reflectivity. All polymers were found to be soluble in common 

organic solvents such as DMF, tetrahydrofuran (THF), and dichloromethane (CH2Cl2). They were 

processed as nanoscale films on silicon substrates via conventional spin coating and subsequent 

drying process in vacuum at room temperature for 24 h to yield film thickness ranging from 35 to 61 

nm. The obtained nanoscale films were examined by synchrotron X-ray reflectivity (XR) analysis 

(Figure 2). The XR data could be satisfactorily fitted by the Parratt algorithm.54,55 The XR analysis 

confirms that PEM-BzMe exhibits the lowest electron density e (373 electrons nm-3) while both 

PEM-BzOMe and PEM-BzO2C reveal the highest e (417 electrons nm-3) (Table 2). Furthermore, 

this XR analysis found that the polymer films exhibit surface roughness ranging from 0.42 to 0.95 

nm. With respect to the overall film thickness, the surface roughness values indicate that that the 

polymer films are capable of forming good quality thin films via conventional solution cast and 

subsequent drying process. 
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Figure 2.  Representative XR profiles of nanoscale films of the polymers synthesized in this study: (a) PEM-Bz; 
(b) PEM-BzMe; (c) PEM-BzOMe; (d) PEM-BzOMe2; (e) PEM-BzO2C; (f) PEM-BzOMe3. The open circles 
represent the measured data; the red lines were obtained by fitting the data using the Parratt algorithm. An X-ray 

source of  = 0.1240 nm was used.  

 

3.4. Synchrotron grazing incidence wide angle X-ray scattering. The nanoscale 

polymer films were further characterized by synchrotron grazing incidence wide angle X-ray 

scattering (GIWAXS). The films show one to three scattering halos, depending on the polymers 

(Figures 3 and S13). The lack of specific scattering spots or peaks in conjunction with the presence 

of scattering halos indicate that all polymers of this study are amorphous rather than crystalline or 

semi-crystalline. PEM-BzOMe3 reveals three isotropic halos at 4.7, 12.7, and 16.8 (Figures 3 and 

S13f). Taking into consideration its amorphous nature and chemical structure, the first halo (4.7) 

could be assigned to the mean interdistance of polymer chains, the second halo (12.7) could be 

assigned to the mean interdistance between the polymer backbone and the side group, and the third 

halo (16.8) could be assigned to the mean interdistance of side groups. The isotropic nature further 

informs that the polymer chains are randomly oriented inside the nanoscale film. In comparison, 
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PEM-Bz and PEM-BzMe apparently show two anisotropic halos (Figures 3 and S13a-b). The 

scattering intensities of the two halos are relatively stronger along the out-of-plane direction, 

indicating that the polymer chains exhibit orientational bias towards the horizontal direction (i.e. in-

plane of the substrate). Furthermore, their second halo is relatively broader and centered at an angle 

between those of the second and third halos of PEM-BzOMe3. These facts suggest that the halo, 

which originates from the mean interdistance between the polymer backbone and the side group, is 

heavily overlapped with one for the mean interdistance of side groups. This kind of heavy overlap is 

also observed in the scattering patterns of PEM-BzOMe, PEM-BzOMe2, and PEM-BzO2C (Figures 

3 and S13c-e). Such overlap is relatively lower for PEM-BzO2C; hence, the overlapped rings appear 

much broader. These halos are, however, isotropic, indicating that polymer chains are randomly 

oriented in the films.  For all halos, d-spacing values have been estimated and compared in Table 2. 

The d-spacing ranges in 1.0501.530 nm for the first halo, 0.4420.525 nm for the second halo, and 

0.3680.411 nm for the third halo. 

 

Table 2. Structural parameters and densities of the polymer films prepared in this study 

Polymer film 

First peak
a
  Second peak

b
  Third peak

c
  

Thickness 
f
  

(nm) 
ρe 

g  
(nm-3) 

ρg 
h  

(g cm-3) d1,┴

d
  

(nm) 

d1,║

e
  

(nm) 
 d2,┴

d
  

(nm) 

d2,║

e
  

(nm) 
 d3,┴

d
 

(nm) 

d3,║

e
  

(nm) 
 

PEM-Bz  
1.050 
(5.98) i 

1.050 
(5.42) 

 0.455 
(14.82) 

0.445 
(14.72) 

 - j -  51.5  
(0.7) k 

401 
 

1.26  

PEM-BzMe  
1.190 
(5.16) 

1.180 
(4.75) 

 0.445 
(14.55) 

0.442 
(14.49) 

 - -  60.7  
(0.9) 

373 
 

1.16  

PEM-BzOMe  
1.100 
(5.46) 

1.080 
(5.11) 

 - -  0.400 
(15.39) 

0.393 
(15.16) 

 58.2  
(0.7) 

417 
 

1.31  

PEM-BzOMe2  
1.200 
(4.77) 

1.350 
(4.65) 

 - -  0.368 
(16.41) 

0.408 
(16.23) 

 40.2 
(0.5) 

412 
 

1.29  

PEM-BzO2C  
1.000 
(6.12) 

-   0.471 
(14.94) 

0.480 
(14.39) 

 0.411 
(17.44) 

0.395 
(16.89) 

 50.2 
(0.5) 

417 
 

1.32  

PEM-BzOMe3  
1.200 
(4.78) 

1.530 
(4.59) 

 0.525 
(12.98) 

0.510 
(12.53) 

 0.395 
(16.93) 

0.380 
(16.79) 

 35.6  
(0.4) 

392 
 

1.23  

aThe scattering peak positioned around 5°. bThe scattering peak positioned in the range of 10-20°. cThe scattering 
peak positioned in the range of 10-20°. dThe d-spacing of the scattering peak along the αf direction (i.e., out-of-plane 
direction). eThe d-spacing of the scattering peak along the 2θf direction (i.e., in-plane direction). fFilm thickness 
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determined by synchrotron XR analysis. gAverage electron density determined by XR analysis. hMass density 
obtained from the electron density and chemical composition. iThe angle of scattering peak. jCould not be 
distinguishable due to either heavy overlap or too weak. kSurface roughness. 

 

 

Figure 3. Representative 1D scattering profiles of nanoscale films (35−61 nm thick) of the polymers extracted from 

synchrotron 2D GIXS images (Figure S13)  measured with an X-ray source of  = 0.1230 nm at a sample-to-detector 

distance (SDD) of 210 mm. (a) 1D profiles extracted along the αf direction (i.e., vertical direction) at 2f = 0.011; 
(h) 1D profiles extracted along the 2f direction (i.e., horizontal direction) at αf = 0.388 (PEM-Bz) or 0.377 (the 
other polymers). The open circles represent the measured scattering intensity; the red lines are the calculated 
intensity from the fitted results.  

 

3.5. Molecular orbital characterization. For the polymers, cyclic voltammetry (CV) and 

ultraviolet-visible (UV-vis) spectroscopy analyses were performed to characterize molecular orbitals 

(highest occupied molecular orbital (HOMO) and lowest molecular orbital (LUMO)) and band gaps. 

The HOMO energy (EHOMO) levels of all polymers were obtained from the measured oxidation half-

wave potentials (E1/2) vs Ag/AgCl (Fig S14), under the assumption that the EHOMO of the Fc/Fc+ 

standard is 4.80 eV with respect to the zero vacuum level. The band gaps (Ebg) of the polymers were 
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measured by UV-vis spectroscopy analysis (Fig S15). From the EHOMO and Ebg data, the LUMO 

energy (ELUMO) levels were calculated. Overall, depending on the incorporated side groups, EHOMO 

ranges between 4.61 and 4.72 eV, whereas ELUMO varies from 1.38 to 2.25 eV; Ebg is in a range 

of 2.43 to 3.99 eV (Table 3). 

 

Table 3. Molecular orbitals, band gaps, and energy barriers of the polymers prepared in this study 

Polymer 
EHOMO

 a 
(eV) 

ELUMO
 b  

(eV) 
Ebg

 c  
(eV) 

┃EHOMO -Ф┃d 
(eV) 

┃ELUMO -Ф┃e 
(eV) 

PEM-Bz -4.62 -1.38 3.24 0.34 f / 0.18 g 2.90 h / 3.42 i 
PEM-BzMe -4.68 -0.69 3.99 0.40 / 0.12 3.59 / 4.11 
PEM-BzOMe -4.68 -2.25 2.43 0.40 / 0.12 2.03 / 2.55  
PEM-BzOMe2 -4.62 -2.18 2.44 0.33 / 0.17 2.48 / 3.00 
PEM-BzO2C -4.61 -2.16 2.45 0.33 / 0.17 2.12 / 2.64 
PEM-BzOMe3 -4.72 -2.24 2.48 0.44 / 0.08 2.04 / 2.56 

aHighest occupied molecular orbital level. bLowest unoccupied molecular orbital level. cBand gap. dThe energy 
barrier of HOMO level to the work function Ф of an electrode. eThe energy barrier of LUMO level to the work 
function Ф of an electrode. fThe energy barrier of HOMO level to the work function Ф (= (-4.28 eV) of aluminum 
electrode. gThe energy barrier of HOMO level to the work function Ф (= (-4.80 eV) of highly boron-doped silicon 
electrode. hThe energy barrier of LUMO level to the work function of aluminum electrode. iThe energy barrier of 
LUMO level to the work function of highly boron-doped silicon electrode.  

 

3.6. Resistive memory characterization. With the polymers, thin film resistive memory 

devices were fabricated in an electrode/polymer/electrode structure using p-doped silicon substrate 

(d-Si; dopant = boron) as a bottom electrode and aluminum layer as a top electrode (Figures 4a-b). 

Both PEM-Bz and PEM-BzMe exhibit dielectric behaviors in positive and negative voltage sweeps 

and their reverse sweeps, even though their films are very thin (ca. 10 nm) (Figures 4c-d).  

Surprisingly PEM-BzOMe, however, reveals electrical switching behaviors (Figure 4e). The 11.3 

nm thick film is initially in an OFF-state at 0 V. When positive bias is applied, the electrical current 

I steadily increases with applying voltage V until 3.0 V where a sudden transition to a higher current 

level is observed (= Vc,ON, critical switching-ON voltage). The high current level is maintained until 

the maximum applied voltage of 7.0 V. In the subsequent reverse sweep (7.0 V  0 V), such high 

current level is retained until ca. 2.0 V. With further decreasing voltage, the current level decreases 
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and eventually returns to the OFF-state when electrical power is turned off. Similar electrical 

switching-ON and OFF behaviors are observed in the negative voltage sweep. Similar switching 

behaviors are further discernible in film thicknesses of 18.7 and 31.1 nm (Figure S16). At 50.2 nm, 

however, this polymer exhibits dielectric characteristics. Collectively, PEM-BzOMe successfully 

demonstrates excellent unipolar dynamic random access memory (DRAM, a volatile memory) 

behaviors over a limited thickness range of <50 nm. Even within such thickness limit, Vc,ON is 

increased with increasing film thickness (Figure S20a). A similar trend of DRAM behaviors is 

observed for PEM-BzOMe2 in the thickness range of <30 nm (Figures 4f, S17, and S20b).  

Interestingly, quite different switching behaviors are observed for PEM-BzO2C. In the case of 

10.3 nm devices, switching-ON takes place in both positive and negative voltage sweeps; Vc,ON is 3.8 

V in the positive voltage sweep and 4.2 V in the negative sweep (Figures 4g-h). However, once 

switched on, the films could not be returned to the OFF-state in the subsequent reverse voltage sweeps 

as well as in the subsequent opposite voltage sweeps. Moreover, the ON states are retained even after 

electrical power is turned off. Overall, the 10.3 nm device demonstrates a permanent, non-volatile 

memory characteristic in the form of unipolar write-once-read-many-times (WORM) memory. 

WORM memory behaviors are further discernible in 17.7 nm devices (Figure S18a).  

At 38.0 nm of polymer film thickness, however, the observed memory behavior changes to 

DRAM memory mode; such DRAM memory behaviors are observed for devices with film thickness 

less than <136 nm (Figures S18b-f and S20c).  A very similar trend of digital memory behaviors is 

observed for PEM-BzOMe3, with the exception of DRAM behavior persisting to a higher film 

thickness of 165 nm and dielectric behavior observed at a film thickness of 209 nm (Figures 4i-j, S19, 

and S20d).  

The devices revealing digital memory behaviors were additionally tested from the aspect of 

reliability (Figure 5). The PEM-BzOMe (11.3 nm) device maintains the OFF-state as well as the ON-

state for 40,000 s in air ambient condition. Similar level of reliability is confirmed for the PEM-

BzOMe2 (11.1 nm) device in air ambient condition. The PEM-BzO2C (10.3 nm) and PEM-BzOMe3 
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(12.2 nm) devices show highly stable OFF-state and ON-state in air ambient condition as permanent 

memory devices. Similar stabilities were observed for the other memory devices. 

  

Figure 4. Representative I–V curves of the boron-doped silicon(d-Si)/polymer/Al devices, which were measured 
with a compliance current set of 0.01 A in air ambient condition: (a) fabricated device cells; (b) schematic device 
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cells and IV measurement; (c) PEM-Bz (9.7 nm thick); (d) PEM-BzMe (12.0 nm); (e) PEM-BzOMe (11.3 nm); (f) 
PEM-BzOMe2 (11.1 nm); (g, h) PEM-BzO2C (10.3 nm); (i, j) PEM-BzOMe3 (12.2 nm). The electrode contact area 

was 500  500 μm2. 

 

As described above, all digital memory devices are confirmed to stably function even in air 

ambient condition. They show high ON/OFF current ratios ranged from 1.0  103 to 1.0  108, 

depending on the reading voltages and the incorporated oxygen-containing moieties. Their switching-

ON voltages are lower than  7 V, depending on the type of incorporated oxygen-containing moieties. 

Moreover, the resistive memory type could be controlled between volatile or non-volatile through the 

selection of oxygen-containing moiety and adjusting film thickness. Overall, they demonstrate 

excellent levels of unipolar resistive memory performance. 

These interesting memory behaviors may stand on the chemical, physical, electrical, and 

morphological natures of the polymers. In particular, it is quite intriguing to comprehend which 

factors and mechanisms are functioning as the driving force behind such high performing memory 

characteristics. Therefore, we try to consider the chemical structure, the molecular orbital energy 

levels, the charge-oxyphenyl moiety interaction, charge affinity, and resonance effect associated with 

the novel polymers to discuss the memory behaviors in detail as follows. 

This study confirmed that PEM-Bz and PEM-BzMe are dielectric. Given that the starting 

material PEM is a known dielectric material, it can be concluded that the hydrocarbon-based vinyl 

backbone as well as the ester linkers, the benzyl moieties and the methylbenzyl moieties as side 

groups do not contribute to induce resistive memory behaviors. In contrast, PEM-BzOMe, PEM-

BzOMe2, PEM-BzO2C and PEM-BzOMe3 exhibit both non-volatile and volatile memory 

characteristics. Comparing the chemical structures of the polymers informs that, despite having the 

same vinyl backbone and the ester linkers as PEM-Bz and PEM-BzMe, the presence of oxygen atoms 

adjacent to phenyl units as the forms of monomethoxy, dimethoxy, trimethoxy and methylenedioxy 

substituents is the driving force behind the memory characteristic. In other words, the local 

distribution of the monomethoxyphenyl, dimethoxyphenyl, trimethoxyphenyl and 

methylenedioxyphenyl moieties throughout the dielectric matrix formed by the vinyl backbone and 
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the ester linkages is correlated to the semiconducting nature of PEM-BzOMe, PEM-BzOMe2, PEM-

BzO2C and PEM-BzOMe3. 

 

 

Figure 5. Representatives of the retention times of d-Si/polymer/Al devices in ON- and OFF-states, which were 
measured with a compliance current of 0.01 A in air ambient condition: (a) PEM-BzOMe (11.3 nm thick); (b) PEM-
BzOMe2 (11.1 nm); (c) PEM-BzO2C (10.3 nm); (d) PEM-BzOMe3 (12.2 nm). The reading voltage was 1.0 V for 
the OFF-state and 5.0 V for the ON-state. The electrode contact area was 500  500 μm2. 

 
Molecular orbital energy level analysis provides further insight regarding the nature of the 

semiconducting phenomenon for the polymers. Table 3 shows that the magnitude of |EHOMO  Φ| 

values are six to thirty-four times smaller than the |ELUMO  Φ| values for all the polymers of this 

study. Smaller |EHOMO  Φ| values indicate that all polymers are likely to have hole injections into 

the HOMO level from the electrodes rather than the electron injections into the LUMO level. As a 

result, PEM-BzOMe, PEM-BzOMe2, PEM-BzO2C and PEM-BzOMe3 can be classified as p-type 

memory materials where the current running through the polymer films is dominated by holes.  
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The interaction between the oxyphenyl moieties and injected holes in the OFF- and ON-states 

can be described in detail based on the analysis of the IV profiles. In the OFF-state, the four memory 

polymers present three-regime behaviors in the IV profiles (Figure 6a, S21a, S22a and S23a). The 

IV data in the first-regime (i.e., regime-I) could be successfully fitted by using a Schottky emission 

conduction model,56-58 whereas those in the second- and third-regimes (regime-II and III) could be 

well fitted with trap-limited space charge limited conduction (SCLC) model.59,60 They further show 

single regime behaviors in the IV data of ON-state (Figure 6b, S21b, S22b and S23b). The IV data 

of ON-state could be well fitted by using either a hopping conduction model61,62 or an Ohmic 

conduction model.63 Here, it is noted that the PEM-Bz and PEM-BzMe dielectrics always reveal IV 

profiles that follow regime-I trend that exhibits Schottky emission conduction model (Figure S24). 

This may be a clue about why they could not exhibit any memory behaviors. Collectively, the analysis 

results inform that the p-type volatile and/or non-volatile memory behaviors could be governed by 

Schottky emission conduction combined with trap-limited SCLC mechanism in the OFF-state. In the 

ON-state, hopping conduction mechanism utilizes the locally-distributed electroactive oxyphenyl 

moieties as charge trap sites and charge hopping sites for current flow. A detailed description of the 

theorized conduction mechanism and proposed schematic (Figures 6c, S21c, S22c and S23c) is as 

follows. In regime-I, holes are injected into the polymer-electrode interface from the aluminum 

electrode until the applied electric potential reaches a critical transitional voltage Vtr, in which the 

holes transition from stationary injected state to transporting state. In regime-II, the injected holes are 

transported to and trapped in the electroactive sites within the polymer film by exhibiting behaviors 

of space charge. Such charge trapping process continues until a critical point of charge trap saturation 

voltage VCTS. In regime-III, all electroactive sites are saturated, and an excess of holes continually 

injected from the polymer-electrode interface begin to build up and actively traverse inside the 

polymer layer while retaining characteristics of space charges. When the electric potential reaches 

the critical switching-ON voltage Vc,ON, the excess of injected holes flow through the whole polymer 

layer from the aluminum electrode to the doped silicon substrate via hopping process using the 

charged trapped sites as stepping stones. 
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Figure 6. IV data analysis of the d-Si/PEM-BzOMe3(12.2 nm thick)/Al devices which were measured with a 
compliance current of 0.01 A in air ambient condition: (a) OFF-state where the symbols are the measured data and 
the solid lines represent the fit results using Schottky emission conduction and trap-limited SCLC models; (b) ON-
state where the symbols are the measured data and the solid line represents the fit results using hopping conduction 
model; (c) schematic diagrams of charge injection, trap, trap-saturation, and hopping process (i.e., transportation) 
between two electrodes via using oxyphenyl-based moieties (trimethoxybenzyl: BzOMe3) as electroactive sites. Vtr 

is the voltage starting to transfer charges from the charge injection stage to the charge trapping stage;  VCTS denotes 
the on-set voltage reaching to the charge trap saturation stage from the charge trapping stage; Vc,ON denotes the 
switching-ON voltage. 

 

Regarding the charge trapping and hopping processes utilizing the locally-distributed 

electroactive moieties, one may expect higher molecular packing and higher density to benefit and 

improve the memory performance. However, it is difficult to rationalize such correlation of 

morphological and physical properties to the memory performance from the results of this study. For 

example, PEM-BzOMe shows a very limited memory performance in comparison to PEM-BzOMe3, 

despite exhibiting a higher electron density as well as a relatively shorter interchain distance than 

PEM-BzOMe3. Therefore, the molecular packing and density characteristics (Table 2) do not have 

correlations to the charge trapping and hopping processes, and the observed memory characteristics. 
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All polymers of this study are chemically analogues each other, which are based on polyvinyl 

backbone and benzyl ester side groups; they have only different substituents on the phenyl unit in the 

side group (Figure 1). Nevertheless, they exhibit significantly different electric behaviors as discussed 

above. Thus, one can raise the following question: Why could they reveal such different electrical 

characteristics? Two factors are considered to play critical roles on the electrical behaviors as follows. 

The first considerable factor is the affinity for charges (holes and/or electrons). The polyvinyl 

backbone may have relatively quite low affinity for charges because of low electronegativities of the 

carbon and hydrogen atomic components and the covalent bonding amongst them. The ester linker is 

composed of a carbonyl unit having a certain level of polarity and an ether oxygen atom having two 

lone pair electrons; thus, the ester linkers may have some affinity for charges. Phenyl group is known 

as a weak electron acceptor and hence has an affinity to charges although the level is relatively low. 

Methyl and methylene units are known as weak electron donors because of their nonpolarities and 

covalent bonding characters. Methoxy and methylenedioxy units are known as good electron donors 

and their oxygen atoms have two lone pair electrons; indeed, they may have relatively high affinities 

to charges, holes in particular. Collectively, the charge affinity (i.e., inductive effect or inductive 

power) may be in the increasing order: methylene  methyl   vinyl repeat unit < phenyl << methoxy 

< methylenedioxy < ester linker. The second considerable factor is the resonance effect that functions 

to stabilize the trapped charges. Phenyl unit is well known to have two different resonance forms via 

-conjugations. There are two different resonance forms (which include a charge-separated form) 

possible for ester unit. The other components have no resonance forms. Then, the resonance effect 

could be listed in the increasing order: methylene  methyl   vinyl repeat unit  methoxy   

methylenedioxy < ester linker << phenyl. As a result, higher charge affinity and higher resonance 

effect have a synergistic correlation that positively impacts both the charge trapping capacity and the 

stabilization of trapped charges, a key aspect of developing memory polymers. Considering the two 

aforementioned factors, the charge trapping and charge stabilization power is in the increasing order: 

methylene  methyl  vinyl repeat unit  methoxy  methylenedioxy < ester linker < phenyl < 

methylphenyl << monomethoxyphenyl < dimethoxyphenyl < methylenedioxyphenyl < 

trimethoxyphenyl (Figure S25). This can be expanded to the overall charge trapping and stabilization 
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power of polymers in this study as the following increasing order: PEM-Bz    PEM-BzMe << PEM-

BzOMe < PEM-BzOMe2 << PEM-BzO2C < PEM-BzOMe3. Thus, no digital memory behaviors (i.e., 

dielectric characteristics) of PEM-Bz and PEM-BzMe might be attributed to the low charge affinities 

of their chemical components, in particular the phenyl and methylphenyl moieties. The DRAM 

behaviors of PEM-BzOMe and PEM-BzOMe2 could be driven by the monomethoxyphenyl and 

dimethoxyphenyl moieties having intermediate levels of charge trapping and stabilization power. The 

WORM memory and DRAM behaviors of PEM-BzO2C and PEM-BzOMe3 might originate from the 

3,4-methylenedioxyphenyl and trimethoxyphenyl moieties having high levels of charge trapping and 

stabilization power. Here it is noted that PEM-BzO2C exhibits better digital memory performances 

(WORM memory, DRAM, and wider film thickness window) than PEM-BzOMe2. These results 

indicate that 3,4-methylenedioxyphenyl moiety exhibits relatively higher charge trapping and 

stabilization power than dimethoxyphenyl group. Overall, it can be rationalized that the phenyl unit 

having higher number of methoxy substituents behaves higher trapping and stabilization power to 

holes and eventually provide higher digital memory performances, namely more stable memory mode 

and wider film thickness window.  

Here, one can raise another question: Why do all electroactive polymers of this study reveal film-

thickness-dependent memory behaviors? In general, hopping conduction is widely adopted as a 

higher energy process in comparison to conduction processes in metallic conductors because of its 

hopping nature. The hopping nature may cause severe reductions in the charge mobility. The charge 

mobility may be further influenced by the charge trapping and stabilization power of locally-

distributed electroactive moieties. Therefore, the observed thickness-dependent memory behaviors 

could be attributed mainly to the limited charge mobility due to the hopping conduction processes 

using the locally-distributed electroactive moieties. The charge mobility associated with higher 

charge trapping and stabilization power of electroactive moieties could lead wider thickness window 

of resistive memory behavior. The significance of the energy intensive nature of hopping process is 

evident in the case of PEM-BzO2C and PEM-BzOMe3, which exhibit film thickness-dependent 

memory mode changes. The 3,4-methylenedioxyphenyl and trimethoxyphenyl moieties have higher 

charge trapping and stabilization powers, compared to the other moieties. The high trapping and 
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stabilization powers could lead a more stable mode of digital memory (i.e., WORM memory) for film 

thickness up to around 20 nm. However, such trapping and stabilization powers might not be enough 

to continue revealing non-volatile memory for films thicker than 20 nm thickness. It turns out that 

the thickness-dependent memory mode changes are attributed to the hopping process nature 

associated with the limited charge trapping and stabilization powers and resulting charge mobilities. 

 

4. Conclusions 

A series of new oxyphenyl-based polymers have been synthesized by the post-modification reactions 

of PEM with various oxybenzyl alcohol derivatives: PEM-BzOMe, PEM-BzOMe2, PEM-BzO2C, and 

PEM-BzOMe3. The polymers exhibit thermal stability up to 180 C or higher temperatures. They are 

easily processed via conventional spin-coating and subsequent drying processes to produce 

amorphous high quality nanoscale films with low surface roughness. Their various properties have 

been characterized: glass transition temperature, electron and mass densities, molecular orbitals, and 

band gap. 

All polymers successfully exhibit p-type unipolar resistive memory behaviors with low 

switching-ON voltages, high ON/OFF current ratios and high reliability. PEM-BzOMe and PEM-

BzOMe2 show only volatile memory characteristics whereas PEM-BzO2C and PEM-BzOMe3 exhibit 

either non-volatile or volatile memory behaviors depending on the film thickness. In particular, these 

polymers showed memory behaviors over the exceptionally wide thickness window of <210 nm. The 

memory behaviors manifest through the combination of Schottky emission and trap-limited SCLC 

conductions in OFF-state and hopping conduction in ON-state using the locally-distributed 

electroactive moieties (i.e., oxyphenyl derivatives) as charge trap sites and stepping stones. 

Overall, this study reports the first demonstration of the incorporation of electroactive oxyphenyl 

derivatives into polymers as a highly effective developmental strategy for designing high 

performance resistive memory materials. The modes (i.e., volatile and non-volatile) and working 

thickness window of resistive memory is shown to be highly controllable by tailoring the number of 

oxyphenyl units and/or oxy atomic components in the phenyl unit. PEM-BzO2C and PEM-BzOMe3 
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are the best candidates from this study for the low-cost mass production of p-type unipolar non-

volatile and volatile high performing memory devices. 
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This study demonstrated for the first time that the chemical incorporation of oxyphenyl derivatives 
into dielectric polymers as electroactive moieties is a very powerful development route of high 
performance digital memory materials. Oxyphenyl-based polymers in nanoscale films exhibit volatile 
and non-volatile digital memories with low power consumption, high ON/OFF current ratios and high 
reliability; higher number of oxy substituents in the phenyl unit could lead permanent memory (which 
is the most stable memory mode) and much wider thickness window. They are suitable for the low-
cost mass production of p-type permanent and volatile memory devices with high performances. 

 

 

 

 

 


