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1. Introduction

Rewritable resistive memory effect in
poly[N-(3-(9H-carbazol-9-yl)propyl)-
methacrylamide] memristors
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The synthesis of poly[N-(3-(9H-carbazol-9-yl)propyl)methacrylamide] (PCaPMA) is presented, along with
its physical, photophysical, and electrical properties, revealing its promising potential for the application
in bistable memory devices. The incorporation of the carbazole heterocycle, as a functional charge
carrier transporting unit attached to a saturated polymethacryalamide backbone by a flexible alkyl chain,
facilitates resistive switching by the applied voltage. Thin films of the polymer, sandwiched between Al
or Au and ITO electrodes, exhibit rewriteable flash memory behavior with bistable conductivity with a
setting voltage ranging from 2 to 4.5 V, achieving a current ON/OFF ratio exceeding 100. The device
demonstrates a remarkable lifetime and remains persistent for more than 10* seconds under a static
voltage of 0.5 V. The main physical mechanisms driving the resistive switching have been attributed to
the electric field-induced reorientation of heterocycles, which modulates charge transport, and
trapping/detrapping of charges in localized states within the bulk of the polymer. Memory persistence is
strengthened by the physical crosslinking caused by hydrogen bonds between amide and carbonyl
groups in the aliphatic side chains. This physical network further enhances the thermal and mechanical
stability of the PCaPMA in comparison to similar polymers highlighting its potential as a suitable material
for organic memory devices.

on voltage-induced resistance changes to switch between two
conducting states,””® representing logical “1” and “0” in digital

Organic materials hold great promise as potential candidates
for high-density digital and analogue data storage and logic
circuits."* Resistive-random-access-memory (ReRAM) devices
made of polymers or their composites offer the possibility
of manufacturing large-area electronics through cost-effective
printing technologies.®® Unlike field-effect transistors (FET),
which are more difficult to print due to their three-electrode
system, two-terminal ReRAMs meet the needs of flexible
printed electronics. Moreover, unlike charge-storage-based
memory devices with FET floating-gate systems, ReRAMs rely

“ Institute of Macromolecular Chemistry, Czech Academy of Sciences, Heyrovského
ndm. 2, 16206, Prague 6, Czech Republic. E-mail: pfleger@imc.cas.cz

b Faculty of Mathematics and Physics, Charles University, Ke Karlovu 3, Prague 2,
Czech Republic

¢ Center for Optical Materials Science and Engineering Technology (COMSET),
Department of Materials Science and Engineering, Clemson University, Clemson,
SC 29634, USA

4 Department of Bioengineering, Clemson University, Clemson, SC 29634, USA

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc03394e

This journal is © The Royal Society of Chemistry 2023

electronics.'® Engineering these devices in 3D stacked struc-
tures using crossbar arrays with peripheral and control circuitry
presents a cost-effective alternative for low-end applications
compared to conventional electronics.”"** These devices exhi-
bit nonlinear current-voltage (I-V) characteristics with voltage-
dependent hysteresis and can mimic the behaviour of biologi-
cal synapses, making them potentially useful for neuromorphic
computing®'*"* and machine learning.'**?

Depending on the material used for the active layer, various
mechanisms have been proposed for the transition between
different conduction states of the ReRAM. They mainly include
redox reactions influenced by ion migration, phase or confor-
mational transitions, thermophoresis, conducting filament for-
mation, electron tunnelling, or charge trapping in localized
states.'® In polymers, the introduction of different n-conjugated
or electron-donating/accepting substituents, or a modification
of the chain length between the polymer backbone and the
electronically active group can influence these effects.'”” In
carbazole-based polymers, the resistance switching is mainly
attributed to the voltage-induced conformational changes
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and/or charge trapping/detrapping processes.”'”">° The carba-
zole m-electron moieties in the polymer act as electron donor
and hole-transporting units.”"*> When the positive bias is
applied to the anode, holes get injected into the organic layer
and move in the bulk of the polymer via hopping through the
carbazole groups. A sufficiently long flexible spacer in the
sidechain can provide these groups with sufficient degrees of
freedom, facilitating the reorientation with respect to the
direction of the applied electric field. Such reorientation has
an impact on the transfer integrals between the molecular
orbitals of the adjacent molecules and, hence, can influence
the charge carrier transport.'”*

Poly(N-vinyl carbazole) (PVCa), a polymer discovered already
in the thirties of the last century, played an important role in
organic electronics due to the photosensitivity and charge
transport properties of the carbazole group. It was the first
polymer in which the photoconductivity was observed. It has
been studied intensively due to its capability to photogenerate
and transport charges, and having good insulation and charge
acceptance properties at the same time, which made the
polymer applicable in electrophotography. Later, PVCa and
polymers incorporating carbazole units showed promising
properties for application in photonics, such as the photore-
fractive materials for holography, and materials for photonic
crystals and light-emitting diodes.***® Highly polarizable car-
bazole groups also yield a very large value of the third-order
susceptibility and the polymers containing carbazole groups
are promising for application in non-linear optics,*® particu-
larly those with conjugated polymer backbone.?” Later, PVCa
and other polymers incorporating carbazole units have demon-
strated hysteretic behaviour suitable for volatile or nonvolatile
rewritable resistive memory”*®2°
times memory (WORM)."”*°
PVCa can act as an active layer in the rewritable and WORM
memory devices, depending on the thickness of the active
layer. However, carbazole based rewritable memory devices
that exhibit also non-volatile characteristics have not been fully
explored yet.

In this study, a carbazole-based non-conjugated polymer,
poly[N-(3-(9H-carbazol-9-yl)propyl)methacrylamide] (PCaPMA)
was synthesized, and its memristive behaviour was investi-
gated. Sandwiching this polymer between indium-tin oxide
(ITO) and aluminium or gold electrodes revealed bistable
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resistive switching and a non-volatile memory effect. The poly-
mer properties were characterized and compared to the com-
mercially available PVCa, enabling a better understanding of
the role of the side groups in the memristive behaviour of the
new polymer.

2. Experimental section

Materials

Dimethyl sulfoxide (DMSO), acetonitrile, and chloroform, all
the spectroscopic Uvasol grades, were purchased from Merck
(Prague, Czech Republic). Chlorobenzene, N,N-dimethyl forma-
mide (DMF), dioxane, tetrahydrofuran (THF), and tetrabuty-
lammonium hexafluorophosphate (n-Bu,NPFg), all analytical
grade, were obtained from P-LAB (Prague, Czech Republic)
and used as received. Glass substrates coated with a 100 nm
thick layer of ITO and quartz substrates (area 15 mm x 20 mm),
were purchased from Ossila Ltd (Sheffeld, UK), and Prizisions
Glas & Optik GmbH (Iserlohn, Germany), respectively. PVCa
(BASF Aktiengesellschaft, Luvican®, M,, ~ 10°) was purified
before use by precipitation of its chlorobenzene solution into
excess methanol followed by filtration, repeating the process
seven times.

Synthesis of PCaPMA

The synthesis of PCaPMA is summarized in Scheme 1. It
consists of three steps of the monomer preparation, inspired
by the early work on the synthesis of aliphatic substituted
diamines,*! followed by the radical polymerisation.

(i) Synthesis of 3-(9H-carbazol-9-yl)propanenitrile. The
mixture of carbazole (83.5 g, 0.5 mol) and acrylonitrile (ACN,
375 mL, 302.25 g, 5.7 mol) was cooled down to 0-5 °C with an
ice bath, and the Triton B (benzyltrimethylammonium hydro-
xide) (1.6 mL of 35% solution in methanol (Fluka) was added).
The reaction temperature increased to 50-60 °C, the ice bath
was removed, and the reaction mixture was heated to 70-80 °C
for 1 h. The yellow crystals were filtered off after cooling, and
the mother liquor was reduced to get a second crop of crystals.
Crystals were combined (86.51 g, 79%) and recrystallized from
acetone. Yield: 60.69 g (55%). M.p. 155-156 °C (lit." 155.5 °C).
Anal. caled. for C,5H;,N, (220.27): 81.79% C, 5.49% H, 12.72%
N; found: 81.78% C, 5.52% H, 12.71% N.

olymerisation
o poly

Y
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"H NMR (300.13 MHz, CDCl;, §): 8.07 (d, J = 7.8 Hz, 2H,
carbazole), 7.49-7.43 (m, 2H, carbazole), 7.36 (d, J = 8.1 Hz, 2H,
carbazole), 7.27-7.23 (m, 2H, carbazole), 4.59 (t, J = 7.20 Hz, 2H,
N-CH,), 2.78 (t, J = 7.20 Hz, 2H, N-C-CH,).

FT IR: 3050, 2952, 1592, 1483, 1452, 1351, 1325, 1259, 1224,
1197, 1151, 1123, 1065, 1019, 928, 808, 744, 723, 617, 560, 541,
528 cm™ .

(if) Synthesis of 3-(9H-carbazol-9-yl)propan-1-amine. The
3-(9H-carbazole-9-yl)propanenitrile (75.0 g, 0.34 mol) was dis-
solved in dried dioxane (300 mL), and RANEY® nickel (10.0 g)
was added. The catalytic reduction was performed in an auto-
clave by hydrogen (65-75 atm) at 120 °C for 90 min. The
RANEY™ nickel was filtered off, and a rotavapor removed
the dioxane. The amine was vacuum distilled at 174-177 °C/
75-80 Pa to give a viscous fluorescent liquid that solidifies.

Yield: 55.0 g (72%). M.p. 47-48 °C (lit." 47-48 °C). Anal. calcd
for C;5sH 6N, (224.30): 80.32% C, 7.19% H, 12.49% N; found:
80.34% C, 7.22% H, 12.29% N. 'H NMR (300.13 MHz, CDCl;, d):
8.09-8.06 (m, 2H, carbazole), 7.47-7.37 (m, 4H, carbazole),
7.26-7.11 (m, 2H, carbazole), 4.38 (t, J = 6.90 Hz, 2H, N-CH,),
2.71 (t, J = 6.90 Hz, 2H, N-C-C-CH,), 2.07-1.83 (m, 2H, N-C-
CH,), 1.07 (br s, 2H, —NH,). *C NMR (75.45 MHz, CDClj, §):
140.5, 125.7, 122.9, 120.4, 118.9, 108.7 (12C carbazole), 40.5,
39.7, 32.7 (3C aliphatic).

(iii) Synthesis of N-(3-(9H-carbazol-9-yl)propyl)methacryl-
amide (CaPMA). Trimethylamine (4.25 g = 5.85 mL, 42.0 mmol)
was added to the 3-(9H-carbazole-9-yl)propan-1-amine (7.943 g,
35.4 mmol) in dioxane (200 mL). The methacryloyl chloride
(3.93 g = 3.64 mL, 37.6 mmol) was freshly distilled and added
slowly to the reaction mixture. The raised white suspension was
stirred (for 3 h), filtered off, and the filtrate was evaporated to
dryness. The white suspension was washed with water to
remove trimethylamine hydrochloride, and then it was com-
bined with the evaporated filtrate. The raw material was crystal-
lized from ethanol (charcoal) to give white crystals of the title
compound.

Yield: 6.95 g (67%). Anal. caled for C,oH,ON,O (292.37):
78.05% C, 6.89% H, 9.58% N; found: 78.0% C, 6.70% H, 9.61%
N. 'H NMR (300.13 MHz, CDCI3, 6): 8.06 (d, J = 7.50 Hz, 2H,
carbazole), 7.45-7.09 (m, 6H, carbazole), 5.64 (br s, 1H, NH),
5.42 (s, 1H, =CH,), 5.17 (t,J = 1.50 Hz, 1H, =CH,), 4.34 (t,] =
6.75 Hz, 2H, carbN-CH,), 3.26 (q, J = 6.60 Hz, 2H, carbN-C-C-
CH,), 2.10 (pent, 2H, J = 6.75 Hz, carbN-C-CH,), 1.74 (s, 3H,
CH;). ®C NMR (75.45 MHz, CDCl;, 6): 168.5 (C=0), 140.2
(C—=CHy,), 139.7, 125.9, 123.0, 120.5, 119.6, 108.6 (12C carba-
zole), 119.2 (C—=CHy,), 40.9, 37.9, 28.7 (3C aliphatic), 18.5 (CH;).

(iv) Polymerisation of PCaPMA. PCaPMA was prepared by
radical polymerisation. Due to the relatively stable monomer
radical, the polymerisation yielded preferentially short polymer
chains, and the concentration of the AIBN initiator and reac-
tion temperature had to be optimised to overcome the imbal-
ance between the rate of initiation centres formation
and relatively slow polymer chain propagation. The following
procedure allowed reaching the maximum molar mass
of the polymer: N-(3-(9H-carbazole-9-yl)propyl)methacrylamide
(1.810 g, 6.19 mmol), AIBN (0.027 g, 2 mol% per monomer),

This journal is © The Royal Society of Chemistry 2023
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1,4-dioxane dried with LiAlH, and distilled (13 mL) and DMF
anhydrous (3 mL) were sealed in an ampoule under argon and
heated subsequently at 65 °C (28 h), 70 °C (44 h), 100 °C (24 h),
and 125 °C (147 h). Then the content of the ampoule was
precipitated into diethyl ether (900 mL), and the raw white
polymer was filtered off and reprecipitated from dioxane/DMF
(15/5 mL) into diethyl ether (900 mL). The white polymer was
left for sedimentation, then filtered off and dried by a rotary
pump to constant weight.

Yield: 1.4133 g (78%); M,, = 6000, M, = 4000, D = 1.50, glass
transition temperature T, = 160 °C as determined from the DSC
measurements. "H NMR (600.27 MHz, DMSO, §): 8.20-6.80 (m,
9H, carbazole 8H + NH), 4.06 (br s, 2H, carbN-CH,), 2.86 (br s,
2H, carbN-C-C-CH,), 1.73 (br s, 2H, carbN-C-CH,), 1.60-0.50
(m, 5H, backbone CH, + CH;). **C NMR (150.96 MHz, DMSO,
d): 176.8 (C=0), 139.7, 125.6, 122.0, 120.2, 118.6, 109.0 (6 x 2C
carbazole), 54.8, 44.6, 37.4, 27.8, 17.8, 16.2 (6C aliphatic).

Besides the polymer prepared according to the procedure
described above, two other batches of PCaPMA were synthe-
sized using different reaction times and temperatures during
the radical polymerisation (see Procedures 1 and 2 in (ESL¥
Section A)) but all of them had lower M,, and M, than that one
used for the study described in this paper (Procedure 3 in (ESL
Section A)). However, no differences in the UV-vis and fluores-
cence spectra were observed between solutions of these batches
(ESLt Fig. S3).

Preparation of memory devices

ReRAM devices were fabricated as a sandwich structure (ESL ¥
Fig. S1) using an ITO on a glass substrate as a bottom electrode
(BE). The ITO electrodes were patterned by chemical etching
(ESL Section B). Before polymer deposition, the substrate was
cleaned in an ultrasonic bath subsequently with deionised
water, acetone, and isopropanol, each solvent for 15 minutes,
dried thoroughly with compressed nitrogen gas, and treated
with UV light for 20 minutes. After cleaning, the surface
resistance of ITO was verified to be about 80 Q sq ™.

Polymer thin films were deposited by spin-casting using
chlorobenzene solution of the respective polymer, with a
concentration in the range of 10-110 mg mL ™' and with a
rotation speed of 2000-4000 rpm, according to the required
thickness. Before casting, the PCaPMA and PVCa solutions were
filtered through PTFE membrane syringe filters subsequently
with pore sizes of 220 nm and 100 nm. Depending on the
solvent, solution concentration and rotation speed, films of
various thicknesses were prepared, with the thickness in the
range between 30 and 500 nm. Some more detailed examples of
various film casting conditions are listed in Table S1, ESIL.{ For
the solvent removal, the deposited layers were thermally cured
in a vacuum (pressure 100 mbar) at 120 °C for 4 hours. Finally,
a 100 nm thick Al or Au top electrode (TE) was deposited by
physical vapour deposition (PVD) through a shadow mask
using MiniLab 60 (Moorfield, UK) in a vacuum (10"’ mbar)
with a deposition rate of 5-10 A s™*. The active area between the
electrodes was about 2 mm?”. Some samples were prepared with

J. Mater. Chem. C, 2023, 11,17093-17105 | 17095
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a smaller area of 0.15 mm? for checking the dependence of
electrical characteristics on the current density.

Three different types of memory devices were fabricated.
Type I and type II devices comprised of a PCaPMA active layer
sandwiched between ITO and Al electrodes (ITO/PCaPMA/Al),
or Au electrode (ITO/PCaPMA/Au), respectively. Type III devices
had a PVCa active layer sandwiched between ITO and Al (ITO/
PVCal/Al).

Characterization

Attenuated total reflectance Fourier-transform infrared (ATR
FTIR) spectra of polymer thin films cast on Al foil were recorded
using a Nicolet Nexus 870 FTIR spectrophotometer (Thermo-
Scientific, Markham, Canada). The samples were measured on
an ATR Golden Gate unit (Specac) equipped with a diamond
prism and a controlled heated top plate in a dry-air-purged
environment. The spectra were recorded at 5 °C steps in the
interval 25-100 °C and at 10 °C steps between 100-150 °C,
followed by cooling of the sample in 10 °C steps. NMR spectra
were measured on multinuclear double-resonance NMR spec-
trometer 300 (Bruker DPX 300, Magritek, USA). Gel permeation
chromatography was obtained on Shimadzu HPLC (Kyoto,
Japan) equipped with a PDA detector.

Differential scanning calorimetry (DSC) and cyclic voltam-
metry (CV) measurements were carried out on DSC Instruments
Q2000 (Haverhill, USA) and PerkinElmer 8000 and AMEL
Potentiostat (AMEL s.r.l., Milano, Italy).

X-Ray Diffraction (XRD) patterns were collected using a high-
resolution Explorer diffractometer (GNR, Italy) with a Mythen
1K strip detector, operated at 40 kv and 30 mA. The measure-
ments were performed under the CuKo radiation (wavelength =
1.54 A) using Bragg-Brentano geometry, in a 20 range of 2-80°,
with a 0.05° step and a step time of 10 s. The peak deconvolu-
tion was carried out using the Fityk 1.3.1 program.*”

Broadband dielectric spectroscopy (BDS) measurements
were performed using Novocontrol Alpha A High-performance
frequency analyser in combination with a QUATRO tempera-
ture controller and ZGS active sample cell (Novocontrol Tech-
nologies, Montabaur, Germany) in the frequency range 10>~
10° Hz and in the temperature range —100 °C to 170 °C for
PCaPMA and —100 °C to 250 °C for PVCa, respectively, with
1 Vuc applied. About 20 pm thick layers were prepared by
drop-casting on a gold-plated brass disc. A second gold-
coated brass disc, placed at the layer surface by heating and
pressing, was used as the TE.

UV-vis absorption and photoluminescence spectra of solu-
tions and solid-state thin films were recorded on PerkinElmer
Lambda 950 spectrophotometer (Shelton, USA) and an FS5
spectrofluorometer (Edinburg Instruments, UK), respectively.
The thickness and roughness of the prepared layers were
observed on the KLA TENCOR P-10 surface profilometer (KLA-
Tencorp, Milpitas, USA).

Keithley 2602 sourcemeter (Keithley Instruments, Solon,
USA) was used for the electrical characterization of memory
devices. Electrical measurements were performed either on air
or inside a vacuum chamber (turbomolecular pump, Pfeiffer

17096 | J Mater. Chem. C, 2023, 11, 17093-17105
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Vacuum GmbH, Germany) tempered using a HAAKE F6 ther-
mostat (Thermo Haake, Karlsruhe, Germany). The devices were
biased through the ITO BE, while the TE was grounded. The
temperature dependences of the current-voltage characteristics
were measured in the range 20-100 °C and 100-125 °C with
15 °C or 5 °C steps, respectively, allowing the sample to
thermally stabilize for 15 min at each step.

3. Results and discussion

3.1. Solubility and thermodynamic properties

The PCaPMA polymer is well soluble in common organic
solvents like chlorobenzene, chloroform, dioxane, and THF.
Although a small weight loss of around 2% can be observed
below 100 °C (originating from solvent and water residues), it
follows from Fig. S2a in ESI} that the polymer is stable up to
250 °C, with the main decomposition starting at 350 °C.
The DSC analysis showed a glass transition temperature Ty ~
151 °C (ESI, T Fig. S2b), markedly lower than the glass transition
temperature T, ~ 220 °C of the reference PVCa. The lower value
of T, obtained for PCaPMA should be attributed to the longer
spacer between the carbazole group and the polymer back-
bone. However, compared to poly[(3-(9H-carbazol-9-yl)propyl)
methacrylate] (PPrMA, T, = 111 °C),>* a polymer with a very
similar molecular structure, having the same side chain length
but missing the amide group, the T of our polymer is markedly
higher. Analogically to the increase of T, in polyacrylamide
compared to polymethacrylate, the higher T, of PCaPMA can be
partially explained by conformational stiffness of the side
group caused by the limited rotation around the C-N
bond,**?* and partially also by the physical crosslinking via
hydrogen bonds formed between the amide and carbonyl
groups, both on the same sidechain or intermolecularly.

3.2. Infrared spectroscopy

The representative IR spectra recorded during the heating-
cooling cycle are shown in Fig. 1. The HN-C=O0O amid group
in the sidechain of PCaPMA polymer is manifested through its

7

C=0 stretchihg vibration v[ C-NH deformation vibration

I
N-H stretching l'
I

1653
1594

“ s

1653

150 °C

Absorbance

25°C

4000 3500 3000 1500

Wavenumber, cm™'

Fig. 1 ATR FTIR spectra of PCaPMA at 25 °C, 100 °C, and 150 °C during
the heating/cooling cycle.
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characteristic bands. The N-H stretching band of secondary
amines appears as a doublet at 3434 and 3366 cm '. Upon
heating, these peaks shifted to higher frequencies and per-
sisted there during subsequent cooling.

The amid I (1650 cm™') and amide II (1594 cm™ ') bands,
related to the HN-C—O group complex vibration, originate
from the stretching and deformation vibrations of the C=0
and C-NH groups, respectively. The amide I peak shifts to
1653 cm ' upon heating to 100 °C and remains at this
frequency during further temperature variations. The amide II
band moves to 1592 cm™* when heated to 150 °C, and returns
to 1594 cm™ " after cooling down to room temperature.

Both bands I and II are sensitive to hydrogen bonding as
described, for example, in the proteins secondary structures
stabilized by H-bonds, where the amid I range for B-sheet is
within 1625-1640 cm ™' but for a-helix it is shifted to 1648-
1660 cm™'. Similarly, in the infrared spectrum of N-methyl
acetamide, there is an amide I band found at 1718 cm™* for the
glass phase, at 1653 cm ™' for the H-bonding network, and
1630 cm ™ for the aqueous solution.*® The H-bond depletes the
electron density on the C=O group and, consequently,
decreases the amide I frequency. On the other hand, when
the bending vibration of the N-H group is restricted by the
hydrogen bridge, by increasing the force constant the frequency
of the amide II band increases.*®

The stretching vibration of the H-bonded N-H group
demonstrated the most significant shift with increased tem-
perature with the blue shift towards higher frequencies. This
can be explained by the increase in the N-H bond force
constant as the H-bonds disappear. This aligns with the red
shift of the Amide II band at higher temperatures. Conversely,
the presence of the hydrogen bridge results in a smaller force
constant of the N-H bond, leading to lower frequencies of the
NH band in the infrared spectrum. The carbazole out-of-plane
C-H vibration related to the bands at 745 cm™* and 720 cm™*,
remains virtually unchanged throughout the heating-
cooling cycle.

It is known from the literature cited above that the Amide I
band frequency can vary as much as 90 cm ™' depending on the
strength of the hydrogen bonds. The changes in the FTIR
spectra during heating observed in PCaPMA are small, on the
edge of the spectral resolution. However, the position of IR
bands typical for the presence of hydrogen bonds and the shift
of these bands with temperature, which was reproducible and
occurred at temperatures already below 100 °C, suggest that the
structure of the polymer is influenced by hydrogen bonds. The
more pronounced changes reported in literature®® are due to
the nature of those studied materials, and the high amount of
carbonyl groups involved in their H-bonds, which are highly
disturbed upon the thermal transition. The small changes
observed in PCaPMA point only to their weakening at elevated
temperatures due to the release in molecular motion.

3.3. X-Ray diffraction

To get an insight into the morphology of the PCaPMA polymer
film its diffraction pattern was compared to the XRD of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 X-Ray diffractograms of PVCa (black curve) and PCaPMA (red
curve) together with the peak deconvolution (green line — overall fit, solid
gray line — pseudo-Voigt dashed, grey line — Gaussian peaks). The curves
are vertically shifted for clarity.

reference PVCa. To obtain the accurate positions of the peaks,
the experimental profiles were deconvoluted and fit with a
Gaussian and a pseudo-Voigt function, for amorphous and
crystalline phases, respectively. The XRD pattern of the PVCa
powder exhibits a broad amorphous peak centred around 260 =
19° (dashed grey line in Fig. 2) and four relatively wide peaks at
20 =7.71°,9.52° 13.09°, and 20.10°, corresponding to d-spacing
of 11.5 A, 9.3 A, 6.8 A, and 4.4 A, respectively (Fig. 2). The first
peak could be attributed to the interchain spacing of 11.5 A
between PVCa chains aligned together in a pseudohexagonal
lattice, while the distance of 6.8 A denotes the periodicity along
the c-axis.’” The peak at 20.10° may be attributed to the X-ray
diffraction on n-n stacked carbazole groups.®® In the PCaPMA
spectrum, these three peaks are shifted towards lower 20 values
(wider d-spacing) equal to 6.76° (13.1 A), 12.30° (7.2 A), 19.86°
(4.5 A), which may have been obtained due to the presence of
the PMA spacer. The first reflection is broader and less pro-
nounced than in the case of PVCa, implying less ordered
alignment between polymer chains, whereas the intensity of
the 12.30° peak is much bigger than in the case of the PVCa
sample, suggesting enhanced ordering of polymer chains along
the c-axis. The degree of crystallinity, X., was estimated based
on the method of Nara and Komiya,*® given by the ratio X, = A,/
(Ac + A,), where A, is the area under crystalline peaks and 4, is
the area under amorphous region. The degree of crystallinity
was found 51.6% for PVCa and 40.6% for PCaPMA.

3.4. Optical properties

The UV-vis optical absorption and fluorescence emission spec-
tra of PCaPMA and PVCa dissolved in DMSO and thin films cast
on quartz substrates are shown in Fig. 3, all normalised to the
respective maxima. Only the vibrionic peaks of the lowest
electronic transition in the spectral region with wavelengths
longer than 300 nm are presented. These peaks originate from
the n-n* (*A-'L,) transition of the carbazole chromophores,
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Fig. 3 UV-vis absorption (red lines) and emission spectra (blue lines) of (a)
PCaPMA and (b) PVCa in thin films (solid lines) and solutions in DMSO,
concentration 107> M (dashed lines).

with the transition dipole moment aligned in the direction of
the short axis of the carbazole molecule.*® Compared to PVCa,
the polymer PCaPMA displayed a small shift towards lower
energy, approximately 3 nm, and a very small shift of about
2 nm when going from the solution to a solid phase. Contrary
to the broad and red-shifted emission band found in PVCa
solution due to a stronger mutual on-chain chromophore
interaction, the PCaPMA fluorescence emission spectra demon-
strated an almost ideal mirror symmetry with the absorption
spectra and a markedly smaller Stokes shift. The fluorescence
peaks correspond to the vibrionic structure of the n-rn* optical
transitions of carbazole monomers, with an intense 0-0 vibro-
nic band centred around 355 nm*"*> and a second vibronic
band (0-1) around 372 nm (Fig. 3).

In the solid state, there is an increased Stokes shift and the
0-1 band becomes more intense, indicating considerable struc-
tural changes in the excited state compared to the ground state.
Conversely, PVCa in DMSO solution exhibited a more intense
monomeric emission peak around 373 nm and a small broad
shoulder around 414 nm pointing to a weak mutual interaction
between chromophores in solution. This band increased
significantly in a solid state, suggesting the sandwich-type of
mutual interactions between carbazole groups, resulting from
the overlap of adjacent m-orbitals from intra-chain excimer
formation.>**%*>*3%* Notably, PCaPMA spectra lack this exci-
mer emission, in good agreement with its less ordered struc-
ture compared to PVCa, as observed in XRD diffractograms
(Fig. 2).

It is known from the literature that, in addition to the
mutual interaction of neighbouring molecules in solid state,
the positions of the optical bands of carbazole groups depend
on their chemical substitution. However, in our case the
differences in the optical spectra between PCaPMA and PVCa
observed in thin layers are relatively large compared to
solution, and therefore we attributed this effect to a different
packing of the carbazole molecules in the layer, rather than to
the electronic effect observed by other authors on carbazoles
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substituted with alkyl groups.>” In PCaPMA, besides a higher
flexibility of the side groups, the bulky side chains decrease the
concentration of chromophores, which also contributes to a
lower probability of the excimer formation.*>

The absorption and emission spectra were found to be
insensitive to the polymerisation conditions within the range
of reaction conditions used in our study. All three molecular
weights of PCaPMA exhibit identical spectra (ESI,} Fig. S3).
For further investigation, we exclusively used the polymer
with the highest molecular weight, which also provided the
best pinhole-free thin films by spin-casting deposition (ESL¥
Fig. S4).

3.5. Cyclic voltammetry (CV)

The cyclic voltammograms of the 30-45 nm thick PCaPMA and
PVCa polymer layers cast on an ITO/glass substrate electrode
and immersed in a 0.1 M acetonitrile solution of n-Bu,NPFg,
measured at a scanning rate of 20 mV s~', are presented in
Fig. 4a. A Pt wire was used as a counter electrode, and Ag/AgCl
as a reference electrode. For PCaPMA, the anodic scan reveals
an oxidation peak at approximately 1.37 V with an onset of
about 0.81 V, while in PVCa, the onset appears at approximately
0.92 V. The highest-occupied molecular-orbital energy level
(HOMO) was calculated using eqn (1):*°

Enomo = —[(Eox(onset) = Eox(onsetprer) + 4.8] €V (1)

where Eox(onser) Fepresents the onset oxidation potential, and
Eox(onset),rer 18 the external standard onset potential of the
ferrocene/ferrocenium ion couple measured against Ag/AgCl
reference electrode under the same conditions as for the
polymers.

From these measurements, the energy position of
the HOMO level of PCaPMA was determined as Eyomo =
—5.23 eV, slightly higher than PVCa, where the value Eyomo =
—5.34 eV was obtained, consistent with previous literature
reports,>%4%:46

Both polymers displayed CV curves that were not fully
reversible and exhibited only weak reduction peaks. The

a) 20 i
PCaPMA b) -1 LUMO
Eonset = 0.81 V4 472 48
<
=
€
o
5 PCaPMA  PVCa
&)
® o Al
ITO/\ -4.28
-4.8 G
528 534 O
15 10 05 10 15 o Ceis

E (V) vs Ag/AgCl

Fig. 4 (a) Cyclic voltammogram (CV) of PCaPMA (top) and PVCa (bottom)
cast on the ITO electrode. The scan rate was 20 mV s, sweep direction
indicated by arrows, (b) energy levels diagram of polymers and electrodes.
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(a) Temperature dependences of the spectra of the loss modulus M” of PCaPMA, (b) Arrhenius plot of the frequency of the maxima of the loss

modulus spectra for a-, B- and y-relaxations of PCaPMA (black symbols) and PVCa (blue symbols), respectively, (c) Nyquist plot of the complex
impedance of the pristine sample (black circles), and of the sample after application of the DC voltage +5 V (red squares) in the zoomed view of high
frequency region. Experimental points were fitted using equivalent circuit shown in the inset with fitting parameters: R, = 5.4 x 107 Q (pristine), R, = 6.5 x
10° Q (after application of DC voltage); C = 1.2 x 10 ~° F and R; = 80 Q in both cases.

bandgap, Eg, was therefore determined from the Tauc plot of
the optical absorption spectra. The bandgap for PCaPMA was
found to be 3.51 eV, which is only 0.02 eV, i.e. less than the kT
value, smaller than that of PVCa. Using the above values, the
energy of the lowest-unoccupied molecular-orbital (LUMO)
levels were calculated as —1.72 eV and —1.81 eV for PCaPMA
and PVCa, respectively. The energy diagram is shown in Fig. 4b.

3.6. Broadband impedance spectroscopy

The impedance spectra of PCaPMA polymer clearly show three
distinct relaxation processes labelled as o, B and y relaxa-
tions. These relaxations were distinctly visible in frequency/
temperature-dependent loss modulus shown in Fig. 5a. These
patterns are similar to those observed in poly[11-(9H-carbazol-
9-yl)alkyl methacrylate]s by Bandera Y. et al.*” and McFarlane T.
M. et al.*® but they differ in higher-temperature relaxations,
namely o-relaxation related to the glass transition temperature,
T, and its merging with B-transition (af-merging). In PCaPMA.
We observed a weak band of y-relaxation (between —90 °C and
0 °C), a strong B-relaxation band (between 0 °C and 140 °C), and
an o-relaxation band (between 60 °C and 170 °C). In previous
studies on methacrylate-based polymers, such as reported by
J. Kolafik et al.*® and J. M. Pochan et al.,*® the y-relaxation was
attributed to the motion of end groups (rotational freedom of
the pendant carbazole group), the B-transitions to the relaxa-
tion of side chain conformation around the C-C bond connect-
ing the main and the side chains as well as the wagging
motions of the carbazole unit, and the a-relaxation to the

segmental motion of the main chain. Similar to this series of
polymers, PCaPMA also exhibited an increase in intensity and
temperature of the y-relaxation compared to PVCa due to the
increased volume fraction of the sidechains. The relaxations
were found to be thermally activated processes®® and their
activation energies, E,, were determined from the Arrhenius
plots of the frequency of the maxima of the respective relaxa-
tion, fiax, versus reciprocal temperature as shown in Fig. 5b.
Table 1 summarizes the activation energies of all three dis-
cussed relaxations together with the glass transition tempera-
tures obtained from the DSC measurements for both polymers.

As the temperature increased, all relaxation maxima shifted
towards higher frequencies. The y-relaxation in PCaPMA
occurred at a higher temperature compared to PPrMA (polymer
with the same length of the side chain but missing the amide
group), where the y relaxation was observed in the temperature
interval between —150 °C and —70 °C, with E, = 45.3 kJ mol .
This difference can be attributed to the formation of hydrogen
bonds in the side chain*® and it is in accord with the similar
finding in IR spectroscopy. However, a decrease in the activa-
tion energy of the B-transition (Eg = 128.4 k] mol ') for PCaPMA
compared to PPrMA (Eg = 152.6 kJ mol ') is not fully under-
stood. At higher temperatures, above 120 °C, the a-transition
merges with B-relaxation as observed by R. Bergman et al. in
polymethylmethacrylates with longer side chains.”®

Besides the temperature dependences of the loss modulus
(M") that best illustrate the relaxation modes of the polymer, we
also measured the temperature dependence of the spectra of

Table 1 Glass transition temperature, T4 and activation energies, E, of the a-, B- and y-relaxations of PCaPMA and PVCa

Activation energy, E,

Glass transition
temperature, Ty

o- relaxation

B- relaxation v-relaxation

Material (°C) (k] mol ™) (eV) (kJ mol ™) (eV) (kJ mol ™) (eV)
PVCa 220 99.4 1.03 90.7 0.94 —

PCaPMA 151 93.1 0.96 128.4 1.33 51.2 0.53
This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. C, 2023, 11,17093-17105 | 17099
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the dielectric constant, ¢ (see ESI,f Fig. S5). The value &' =
3.1 (1 kHz) was found from these measurements at room
temperature.

To elucidate the phenomena responsible for resistance
switching invoked by the applied voltage, we measured the real
and imaginary part of the impedance on a fresh sample (ITO/
PCaPMA 80 nm/Al) and the same sample after applying the DC
voltage sweep from 0 V to +5 V. The impedance data were
analysed using the Nyquist plot (Fig. 5¢) and an equivalent
electronic circuit model consisting of parallel R,C combination
in a serial connection with a resistor R, (see inset of Fig. 5¢c). As
can be seen from the fitted parameters, only the real part of the
impedance has been changed after switching between two
conducting states of the device. For both conducting states,
an identical value for the capacitance C was obtained as well as
for the serial resistance R;. It shows that the interface electrode
effects or changes in the injection barrier, possibly formed by
Al,03,°"°? do not play a role in the switching mechanism.
Similarly, the unchanged value of capacitance in the pristine
and in the voltage-loaded sample suggests that no dielectric
breakdown occurred in the active layer.>

3.7. Electrical characterization

The DC current-voltage (I-V) characteristics of the sandwich
devices containing active layer made of PCaPMA (devices I and
II) and PVCa (device III) are depicted in Fig. 6. All measure-
ments were performed under ambient conditions at room
temperature in the dark unless otherwise stated. The typical
electrical measurements were performed by sweeping the
voltage in the course 0 V — +Upax =& —Umax — 0 V. Two
subsequent cycles are shown in each figure. The sign/polarity of
the voltage refers to the bottom ITO electrode. The presented
I-V characteristics were obtained from devices with an 80 nm
thick active layer but similar results were observed for devices
with active layer thicknesses ranging between 80 and 190 nm.

View Article Online
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As shown in Fig. 6a, the device I exhibited a repeatable
bistable switching behaviour between a high resistance (HR)
state and a low resistance (LR) state, with the difference in the
resistance exceeding two orders of magnitude. During the
positive voltage sweep, when the applied voltage reached a
threshold value, Vi, the current increased from the HR to the
LR state, which could be switched back to the HR state by
reversing the voltage polarity. In the first positive bias sweep,
0 — +4 V, the current abruptly increased from HR (OFF state)
current ~10"% Ato ~107> A at about +3.6 V. The LR (ON state)
state current was at least 100 times higher than at the OFF
state, and in some samples, the ON/OFF current ratio exceeded
10". Such current ON/OFF ratios, 10°-10", exceptionally even

°, have been reported for rewritable memories made of
similar polymer materials but they mostly compromise their
rewritable ability or nonvolatility.”'”'®* During the reverse
sweep (4 — 0 V), the device remained ON. However, in the
subsequent sweep to the negative applied voltage (0 —» — 4 V),
the device resets back to the HRS with a resetting voltage of
about —2.3 V.

In subsequent I-V cycles, the setting voltage decreased
slightly, which could be attributed to easier conformational
changes in the sidechains after the 1st cycle, similar as
described by the Ling group.'® The setting and resetting
processes were not abrupt but continuous in some cells, lead-
ing to a negative differential resistance (NDR), which was
dominant at fast scan rates, above 10 V s '. Vi ranged from 2
to 4.5 V among devices but most devices with ~80 nm thick
layers switched around 2.7 V. Additionally, some variations in
other electrical parameters, such as the current in the HRS and
LRS, ON/OFF current ratio, resetting voltage, and device per-
formance were observed from sample to sample. Around 30%
of the samples failed to show reproducible characteristics; as
they were either short-circuited or showed only a WORM
behaviour. The limited reliability might be due to the electrical
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105 4 I\ % HRS
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J— [ ]
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Fig. 6 Two subsequent cycles of current-voltage (/-V) characteristics of (a) device | (ITO/PCaPMA/AL), (b) device Il (ITO/PCaPMA/Au), and (c) device IlI
(ITO/PVCal/Al) black — 1st cycle, red — 2nd cycle. The thickness of the active layer was ~ 80 nm, and voltage sweep rate of 0.05 V s~* in all cases, sweep
direction indicated by the respective arrows. The sign of the applied voltage refers to the bottom ITO electrode. The current compliance value /c = 1072 A
was set for devices I and Ill, and Ic = 5 x 103 A for device II. HRS and LRS stands for high- and low-resistance state, respectively. Viet and Vi eser Stands for
the threshold voltage in which the resistance changes to LRS and HRS, respectively.
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breakdown of the active layer caused by the substrate inhomo-
geneity or the formation of pinholes due to the very small
thickness of the active layer.

Devices with Au top electrode (device II) also exhibited a
hysteresis in the current-voltage characteristics, but the thresh-
old voltage Vi was noticeably lower, and the current was higher
in both the LR and HR states compared to the device I (Fig. 6b).
Setting the compliance limit Ic;, was necessary to prevent
electrical breakdown, and setting it to values higher than 5 x
10~% A mostly resulted in permanent electrical breakdown of
the sample. The lower Vy and higher current could be attrib-
uted to a lower Schottky barrier between the HOMO level of
PCaPMA and the work function of gold, compared to ITO (see
Fig. 4b). Moreover, a relatively high current was observed even
in the OFF state and the electrical breakdown above Iy,
indicates the possibility of the gold diffusion into the bulk of
the sample during the vacuum deposition of Au, forming
filaments or nanoparticles that penetrate the polymer layer.
As suggested by J. G. Simmons and R. R. Verderber,>* this
diffusion can change the electrical characteristics of the device,
mainly decreasing the bulk resistance.

In contrast to the devices made of PCaPMA, the device III,
having the PVCa active layer, switched from HR to LR state after
the threshold voltage had been reached, and it remained
permanently in the ON state during further cycling. Even when
higher voltages were applied with both polarities, no recovery of
the OFF state was observed. Hence, device III behaves as a
write-once-read-many times (WORM) memory, which has been
previously reported in the literature for pure PVCa'”*° or PVCa
composites.>”

3.8. Memory device performance

The dynamic switching characteristics of the device I, involving
the “write-read-erase-reread”” (WRER) process are illustrated in
Fig. 7a. The device underwent more than 200 cycles in this test,
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with +5 V used to switch the device from the HR to the LR state,
and —5 V for resetting it back to the HR state. Both voltages
were chosen slightly higher than the minimum switching and
resetting voltages to ensure the complete transition of the
device resistance. After each setting and resetting, the current
was measured at the applied voltage of +0.5 V for 60 seconds.
The extended reading time in both states was employed to
check the persistence of the current level. The device remained
electrically stable over 200 WRER cycles. However, after 40
measurement cycles, some partial failure in switching/erasing
was observed along with the gradual decrease in conductance
of about 10%.

To assess the stability or persistence of the device, current
measurements in both states were conducted also at the
permanently applied +0.5 V (Fig. 7b). The current was found
to remain stable for up to 2 h, maintaining the current ON/OFF
ratio higher than 100. Both the dynamic WRER and the
persistence tests were carried out in the dark and under
ambient conditions.

In addition to the persistence, a volatility test was con-
ducted, too. In this test, device I was initially set to the ON
state at + 5 V, and then the current was measured at +0.5 V every
10 minutes, with the applied voltage turned off between mea-
surements (Fig. 7c). The test was first performed under vacuum
conditions (pressure < 10~ * mbar). After setting the device to
the LR state, the current initially decreased, being reduced to
about one-half of the current measured immediately after
setting the device to the ON state. However, over a longer
duration only a small decrease, less than 5%, was observed,
indicating a promising retention ability of the device.

The device was also tested under ambient conditions. Dur-
ing this test, several cycles with the voltage sweep 0 — +4 V
were recorded with an increasing period between cycles (ESL
Fig. S6). After the first sweep that switched the device to the ON
state at about +3.5 V, the sample was left to relax without the
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Fig. 7 The memory behaviour of the device |, (a) dynamic test with repeated write-read-erase-reread (WRER) cycles, (b) persistence test of both ON and
OFF states under constant voltage stress +0.5 V, (c) volatility test. The time course of voltage pulses is shown in red in the upper charts, and the
corresponding current response in black colour in the bottom graphs. W, E, Ron, and Rogr indicate writing (setting), erasing (resetting), and reading in the
LR (ON) state and reading in the LR (OFF) state, respectively. (a) and (b) show the measurements in ambient conditions while (c) was measured in vacuum

(pressure 5 x 10~* mbar).
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applied voltage for the increasing period between subsequent
cycles. During the following sweep after a minute, the -V
characteristics followed the ON state current with only a
negligible decrease. However, after 10 minutes of relaxation,
the subsequent sweep showed a decrease in current almost an
order of magnitude, but the ON state was recovered at about
+1.2 V. This markedly smaller value of the voltage setting the
device back to the ON state can be understood since the device
was not fully reset to the HR state (OFF state) between these
cycles. As the time delay between the sweeps increased, the
current at a smaller applied voltage decreased, reaching only
one hundredth of the ON value after 14 hours of relaxation. The
retention capability of the memory device is thus markedly
worse in ambient conditions compared to vacuum. However,
the ON/OFF ratio of around 50 observed after 14 hours is
still quite convincing, indicating that the device retains its
memory state to a significant period of time even under
ambient conditions.

4. Resistive switching mechanism

For explaining the mechanism of resistive switching several
phenomena have to be considered, which were addressed by
additional experiments.

4.1. Resolving the resistance switching mechanism

First, we wanted to exclude the effect of the electrode oxide
layer naturally formed in the air at the Al electrode/polymer
interface. For this, the electrical characterization of the memory
device was performed inside the evaporation vacuum chamber
(pressure ~10~7 mbar) immediately after depositing the Al top
electrode. Before the electrode deposition, the sample was
placed in the evacuated vacuum chamber for 48 h to release
any trapped oxygen and moisture from the layer. This device
showed similar resistance switching behaviour as the device
stored and measured in the ambient conditions, with about
one order of magnitude higher current in both ON and OFF
states. This suggests that a mechanism based on the conduct-
ing filament (CF) formation supported by the presence of
oxides at the electrode/polymer interface as suggested by H.
L. Gomes et al,’® is not likely. The identical characteristics
observed inside the vacuum support the idea that the resistance
switching can be attributed to changes in the polymer material
properties rather than to the metal oxide.

We further compared the I-V characteristics for two samples
with different electrode active areas, namely 2 mm® and
0.15 mm®. The same ON state current density was obtained
in both cases (ESLf Fig. S7), indicating the absence of any
localized conducting filament and electrical breakdown that
could be responsible for the higher current in the LR state.

4.2. Analysis of the charge transport mechanism

Due to the small Schottky barrier between the work function of
ITO and HOMO of the PCaPMA polymer, compared to the
barrier height between LUMO and opposite Al electrode
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(Fig. 4b), the injection of holes is favourable at positive applied
voltage. The saturated backbone of the polymer suggests that
the polymer is nearly insulating, with only negligible free
charge carrier concentration in thermal equilibrium, making
the electrical current space charge limited (SCLC).>”*® This
SCLC is usually affected by localized states inside the bulk of
the layer and, hence, it is trap-controlled.*

To confirm the space charge limited nature of the charge
transport, we plotted the first sweep of the I~V cycle measured
on the device I in a double-logarithmic scale. The data pre-
sented in Fig. 8a show several different linear regions that can
be fitted with different slopes, pointing to different current
regimes. In the OFF state, between 0 and 0.6 V, a typical Ohmic
conduction I oc V" with m = 1 dominates.'®” In the voltage
range 0.7-3 V, below the setting voltage, the slope increased to
m ~ 2 suggesting the trap-controlled SCL current.’® At the
setting voltage Vr, the electric field shifts the quasi-Fermi level
above the energy of traps and, consequently, to the trap-free
SCLC conduction responsible for the LR (ON) state. The device
remains in the trap-free SCLC regime as the voltage decreases
but with an increasing contribution of Ohmic conduction
below the Vr value. It stays in this LR state until the voltage
drops below the negative reset value.

The device kept its LR state even when the power was turned
off, behaving as a nonvolatile memory device. The reverse bias
was used to bring the device to its original OFF state by
eliminating the previously formed space charge and emptying
the filled trapping sites by neutralizing them with electrons.®

The above analysis was even better illustrated by the more
accurate fitting of the I-V characteristics plotted in linear scales
using analytical formulas for respective regions (Fig. 8b). The
experimental data were fitted using several possible charge
transport mechanisms, such as SCLC, or SCLC with field
dependent mobility (SCLC-F), combined with Ohmic or
Schottky contact behaviour. Since the field-dependent mobility
was reported in the literature for similar carbazole-based
polymers,® obtained directly from the time-of-flight measure-
ments, we adopted the SCLC-F model, typical for dispersive

This journal is © The Royal Society of Chemistry 2023
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hopping transport,®* and the Ohmic dependence:*®

1 *Ag e~ﬁex —0'891 eS—V .
= R P\ kT \nea

+ BVexp (—%)

where T is the room temperature (298 K), i is the hole mobility
at a low electric field (3 x 107® em® V™' 57, value taken from
the similar polymer material®), ¢; is the permittivity (ESIT Fig.
S5), and d is the film thickness (100 nm in this case). A, B, and C
are voltage and temperature-independent constants. This equa-
tion gives Ohmic dependence dominating in the lower region
(0-1 V) and SCLC-F in the higher field region (1-3.5 V).
Although the differences were very small, this model provided
slightly better agreement with the experimental data in the OFF
state than the fit with the field-independent mobility. Contrary,
in the ON state the attempt of fitting the data with electric field
dependent mobility was markedly worse and the data were
fitted by the combination of the Ohmic model and SCLC given
by eqn (3)59,61,62

2)

c\ ., 9, V?
I=AVexp (—?) + gB,ueiﬁ (3)

Additional information about the charge carrier transport
mechanism was obtained from the temperature dependence of
the ON and OFF state currents. The temperature dependence
was recorded on the device I, with the 80 nm thick polymer
layer (ESI,T Fig. S8). First, we measured the OFF state at 1 V and
then in the ON state at 5 V. The conductivity of the PCaPMA
polymer in the ON state was almost temperature independent,
similar to the observation made by Kondo et al.*®* on the PVCa
layer cast on a silver-modified ITO substrate. It shows that the
localized states are mostly occupied and the hopping transport
is less influenced by the energy barrier between hopping states.
It is also in agreement with the above current-voltage char-
acteristics with electric field independent mobility. In contrast,
the device showed semiconducting behaviour in the OFF state,
with the current increasing with temperature. The activation
energy calculated from the Arrhenius plot of the temperature
dependence of the current was determined to be E, = 0.33 eV.

These measurements suggest that the resistive switching
mechanism originates from the trapping/detrapping process.
However, the observed non-volatility of the device cannot be
explained solely by thermally activated detrapping from the
trap with a depth of 0.33 eV. There must be some other
mechanism stabilizing the LR state. This supporting mecha-
nism is likely related to the reorientation of carbazole groups in
the side chains induced by the applied voltage facilitating the
charge transfer between adjacent chromophores.>***> The LR
state is then stabilized by the hydrogen bonds. The near Ohmic
response with a slight SCLC contribution at higher applied
voltage is consistent with this mechanism.

The small decrease in current over time observed in both the
vacuum and ambient conditions could be attributed to the
thermally activated release of carriers from shallow traps
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localized in the bulk or close to the polymer/electrode interface
or changes in the carbazole conformation.'®"”

4.3. Trapped charge evaluation by photo-detrapping

To further investigate and validate the presence of trapping
centres and to determine the concentration of trapped charge
carriers, we conducted an electric field-induced trapping and
optical detrapping experiment on Device I, inspired by the work
performed by Q. Chen et al.®® In this experimental setup, the
traps were initially filled with charge carriers by applying
voltage +1 V to the ITO electrode for a specific duration.
Subsequently, the sample was connected to the electrometer,
and the current was recorded under short-circuit conditions
while being illuminated with light from a Xenon lamp
equipped with a thermal and bandpass filter transmitting light
in a 300-400 nm region. The discharge current under illumina-
tion was measured as a function of time (Fig. 9). The current
decayed in time asymptotically following the stretched expo-
nential dependence I = I, exp(—(t*)/t) with = 0.5, 7 = 6.8 s (inset
of Fig. 9) until the traps are emptied. No current observed
under the same illumination conditions without prior applica-
tion of voltage (ESL Fig. S9) proves the origin of the current
being in trapped charges. Since the current was seen only in the
wavelength range where the carbazole chromophore absorbs
light, it can be explained by the removal of the space charge
trapped in localized energy levels within the bandgap by free
charges photogenerated intrinsically in the polymer. By inte-
grating the discharge current, we determined the amount of
stored charge in the 80 nm thick film to be approximately 10"®
charges per em®.

It can be seen also from Fig. 9 that the discharge current did
not change after the illumination had been interrupted for
about two minutes but it continued at the same value. It shows

<

10+ e
= 1 <
= =
=4 (0]
= S
= S
«E’ >
o 14
5 LoFF
© >—i < -
- LoN I

0
I T T T
1200 1400 1600 1800
Time, t (s)

Fig. 9 Charging by applied DC voltage and photodetrapping of trapped
space charge by illumination of device | (blue line). Applied voltage showed
as the red dotted line. Inset: The time course of the discharge currentin a
semilogarithmic plot fitted with the stretched exponential function (red
line). Sample thickness 80 nm, electrode area 2 mm?, illumination through
the glass/ITO side using Xe-lamp equipped with a bandpass filter, light
intensity 400 pW cm™2. Logr — in the dark, Loy — under illumination.
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that charges are trapped in deep levels with a low escape rate.
The charging/light-induced discharging cycle has been found
fully reversible. This experiment strongly supports the trap-
ping/detrapping process as the underlying mechanism respon-
sible for the resistive switching behaviour of the device with the
long persistence of the resistive state.

5. Conclusion

A new polymer, poly[N-(3-(9H-carbazol-9-yl)propyl)-methacryl-
amide] (PCaPMA) was prepared by radical polymerization. By
the optimization of the initiator concentration, temperature
and polymerization time, a sufficient molar mass of the poly-
mer was achieved for casting compact pinhole-free layers
suitable for electrical measurements. Contrary to PVCa, the
polymer shows molecular dynamics determined by an interplay
of the free movement of the sidechains, limited rotation around
the C-N bond, and their stabilization by intra- and intermole-
cular hydrogen bonds. It explains its T, value, which is lower
compared to the reference PVCa but higher than a similar
polymer with the equally long side group but missing the amide
group. Compared to PVCa, the PCaPMA polymer shows less
crystallinity and less ordered alignment between polymer
chains, but enhanced ordering of polymer chains along the
c-axis. It results in a weaker intermolecular interaction between
carbazole groups which is also in agreement with the missing
excimer emission. The sandwiched structures incorporating
the PCaPMA as an active layer between ITO and Al or Au
electrodes exhibited hysteresis in their volt-amp characteristics.
The resistance could be switched by an applied voltage between
two distinct bistable states, making the polymer applicable in
ReRAM resistive memory devices. Such ReRAM showed resis-
tive switching with a significant current ON/OFF ratio of more
than 100, and satisfactory retention time in hours under
ambient conditions even without the device encapsulation.

Based on the experimental findings, it has been concluded
that the resistive switching is caused by the bulk properties of
the polymer and does not originate in electrode interface
phenomena. The combination of several experiments, and
particularly the photodischarge experiment performed in the
low resistance state, points to trapping/detrapping of charges
as the main switching mechanism with the involvement of the
physical crosslinking via hydrogen bonds, which are likely to be
responsible for the long persistence time of the memory state.
The comprehensive understanding of these mechanisms opens
up possibilities for the development of nonvolatile memory
devices with enhanced performance and stability.
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