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The charge-trapping mechanism in conjugated polymers is a per-
formance obstacle in many optoelectronic devices harnessed for
non-volatile memory applications. Herein, a carbonyl-decorated
organic 2D-polymer (TpDb)-based charge-trapping memory device
has been developed with a wide memory window (3.2 V) with low
programming and erasing voltages of +3/—2 and —3/+2. The TpDb
was synthesized by a potentially scalable solid-state aldol conden-
sation reaction. The inherent structural defects and the semi-
conjugated nature of the enone network in TpDb offer effective
charge-trapping through the localization of charges in specific
functional groups (C—O). The interlayer hydrogen bonding
enhances the packing density of the 2D-polymer layers thereby
improving the memory storage properties of the material. Further-
more, the TpDb exhibits excellent features for non-volatile memory
applications including over 10 000 cycles of write/read endurance
and a prolonged retention performance of 10* seconds at high
temperatures (100 °C).

Conjugated polymers exhibit an inherent property of charge
carrier localization due to polymeric structural defects and the
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New concepts

The emergence of novel technologies necessitates the development of
memory devices with increased capability and eco-friendliness. Exploring
sustainable materials for non-volatile memory devices becomes crucial in
this context. Organic 2D polymer materials present themselves as
sustainable alternatives due to their lightweight, low toxicity, and
functional regulation nature, distinguishing them from conventional
inorganic materials. Criteria such as structural requirements to lock
charges, high packing density for enhanced charge storage, chemical
stability for prolonged performance, and environmentally friendly
synthesis are pivotal in the quest for sustainable memory materials. In
this work, we introduced a carbonyl-decorated 2D polymer (TpDb)
through an aldol condensation reaction, employing a simple solid-state
mechanochemistry approach. The material’s interlayer hydrogen
bonding interactions notably boost macroscopic packing, thereby
increasing functional/defective site density in the charge trapping layer.
The TpDb-based memory device exhibited a substantial storage window
of ~3.2 V with exceptional charge trapping and de-trapping behavior.
Furthermore, TpDb showcased a remarkable write/read endurance
exceeding 10" cycles and extended retention performance of 10" seconds at
elevated temperatures of 100 °C.

presence of numerous weak molecular interactions.' Despite
limited charge carrier mobility in conjugated polymers, the
localized charges in such polymers have been explored for non-
volatile memory (NVM) properties where dynamic control over
the charge-trapping sites creates discrete memory states.**
Notably, in comparison with inorganic charge trapping materials,
organic materials offer several advantages such as lightweight, less
toxicity, and functional regulations. Among these, organic two-
dimensional (2D)-polymers exhibit versatile properties including
reticular design, porous structure, and possibilities of pore aper-
ture modifications.” Recently, a few organic 2D polymers were
introduced for charge-trapping in non-volatile memory devices.*”
However, in general, many of the 2D-polymers are composed of
chemically fragile C—N and B-O linkages, affecting the long-term
performance of memristor devices.® Meanwhile, chemically stable
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C—C connected 2D-polymers lack precise charge-trapping centers
in the framework.’ The subtle performance of such 2D polymers
indicates the need for the development of specially designed
reticular frameworks for effective charge trapping. An effective
charge-trapping material should possess charge carrier localization
at precise centers capable of trapping charges and creating long-
lived trap states.” Additionally, charge-trapping materials should
be stable in various environments and at high temperatures.
Besides, it is advised to use sustainable organic polymers for
device applications considering the minimization of electronic
waste. In this regard, it is attractive to develop sustainable,
chemically stable, and specifically designed 2D-polymers to control
the charge trapping-detrapping process in memory devices.
Herein, a novel, chemically stable, carbonyl-decorated (C—0),
sp> carbon-connected two-dimensional (2D)-organic polymer is
developed as an active layer in a non-volatile memory device.
We construct an aldol condensation-based 2D-polymer (TpDb)
from C; symmetric 1,3,5-triformylphloroglucinol (Tp) and C, sym-
metric 1,4-diacetylbenzene (Db) using green solid-state synthesis.
The acid-catalyzed (p-toluenesulphonic acid: p-TSA) reaction
yielded a semi-conjugated enone (—C—C-C—O0) linked 2D-
network. TpDb exhibited a semi-crystalline nature with ultra-
micro channels decorated with C—O and O-H functional
groups, facilitating the formation of interlayer hydrogen-
bonding interactions. Alongside structural defects, the
C—0 groups in TpDb act as electron-trapping centers in the
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Fig. 1
with monomers. (e) The **C solid-state NMR of TpDb.
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charge-trapping layer. As a proof of concept, TpDb was explored
in a charge-trapping non-volatile memory device using an Al/
Al,O3/TpDb/Al,O;/Si-based metal-oxide-semiconductor (MOS)
capacitor structure. Remarkably, a wide window of approxi-
mately 3.2 V was achieved when low programming and erasing
voltages of +3/—2 and —3/+2 were used. Excellent charge trap-
ping and de-trapping in the MOS capacitor device were con-
firmed through an increment of the memory window (i.e. shift
between programmed and erased states) with increasing vol-
tage. The TpDb shows great potential for application in non-
volatile memory with excellent features, including a write/read
endurance over 10* cycles and a long retention performance of
10" seconds at elevated temperatures of 100 °C.

The TpDb was synthesized through solid-state mechanomix-
ing of the monomers and catalyst (Fig. 1a and Fig. S1, ESIT).
The Db (170 mg) was mixed with PTSA (453 mg) for the
formation of the corresponding enol. The Tp (100 mg) was
added and mechano-mixed with a Db-PTSA mixture resulting in
a white colour paste. The obtained reactant paste was thermally
treated for 24 hours at 90 °C yielding black colour flakes. These
flakes were washed with N,N-dimethylacetamide (at 90 °C),
water (at 60 °C), and acetone. The dried solid flakes were used
for further characterization. It is important to note that the
reactant paste has been fabricated into freestanding sheets
using a surface casting method (Fig. 1b and Fig. S1, ESIf).
The physical nature of TpDb is hard and brittle. Moreover, the
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(a) The scheme of TbDb synthesis. (b) A digital photograph of the TpDb free-standing sheet. (c) The SEM image of TpDb. (d) The FT-IR of TpDb
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SEM images of the free-standing sheets show crack-free solid
monoliths of TpDb (Fig. 1c). The cross-section SEM further
indicates the absence of large cracks or pores (Fig. S2, ESIT).
The SEM images show a non-macroporous nature morphology
of TpDb. Overall, the physical nature and microscopic images
of TpDb could indicate a strong interaction between the 2D-
layers of the polymers, which decreases the flexibility and
creates a non-macroporous structure.

The Fourier-transform infrared (FT-IR) spectroscopy
revealed the chemical bonding features of TpDb (Fig. 1d).
Notably, the absence of a characteristic aldehyde C—0O peak
at 1636 cm™ " from Tp indicates the aldol condensation reaction at
Tp aldehydes. Moreover, the stretching vibration at 1610 cm™*
corresponds to the newly formed C—C bonds and the presence
of a ketone C—0 peak at 1683 cm ' suggests the formation of
a conjugated enone in the framework upon the dehydration
process. The formation of the allyl ketone (C—C-C=O0) structure
signifies successful Aldol condensation. Furthermore, the
presence of weak doublet peaks at 2875-2925 cm™ ' could be
originated from the residual aldehyde C-H stretching, indicating
the possibility of defects in the 2D framework. The *C solid-state
NMR spectroscopy further validated the enone structure of the
TpDb (Fig. 1e). The presence of the C—O from the enone was
confirmed at ~192 ppm. Additionally, the characteristic olefin
C—C signal and the C-O signal were noted at 149 ppm and 161
ppm, respectively. The above observations indicate the formation
of olefin-connected polymeric networks. Interestingly, the peak at
167 ppm could originate from the C=O0O from Tp in the frame-
work due to the possible tautomerism between the newly formed
conjugated enone and enol in Tp.

Notably, TpDb is a 2D-polymer, constructed using conju-
gated sp® carbon atoms from symmetric planar building
blocks (C3; and C,). The physical appearance of the as synthe-
sized TpDb resembles hard-rocks, which could be due to the
efficient packing of 2D layers through intermolecular weak
interactions like hydrogen bonding and m-m stacking. The
powder X-ray diffraction (PXRD) of TpDb is investigated to
understand the periodic nature of the polymer (Fig. 2a). The
PXRD profile of TpDb shows a broad peak at 20 ~ 8.0° along
with a broad amorphous peak range of 20 ~ 15° to 30°.
Although it is difficult to build an exact structure of TpDb
using the obtained PXRD, theoretical models were con-
structed to understand the possible mode of layer stacking
in TpDb (Fig. S3, ESIt). Interestingly, the ABC stacking of 2D
layers is best matched with the experimental PXRD compared
to AA, slip-AA, and AB stacking of layers (Fig. 2b). We surmise
that the ABC stacking of TpDb could be due to the possible
interlayer hydrogen bonding between C=0 and C-O-H (3.1 A)
(Fig. 2¢). Compared to other stacking modes, the ABC stacking
results in maximum close packing of the layers, which creates
ultramicroporous channels. Furthermore, it forms high-
density occupancy of functional groups in the polymeric
matrix of TpDb. Interestingly, the broad peak observed in
TpDb suggests its semicrystalline nature, characterized by
numerous structural defects, in contrast to highly crystalline
COFs. This lower crystallinity, coupled with the presence of
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structural defects, may offer potential advantages in enhan-
cing charge-trapping properties.

The solid-state UV-visible spectroscopy of TpDb showed a
broad visible range absorption from 600 nm to 400 nm with
wavelength maxima at 474 nm and 590 nm (Fig. S4, ESIt). The
Tauc plot suggests an optical band gap value of 2.7 eV (Fig. S5,
ESIt). The electrical conductivity measurements of free-
standing sheets of TpDb were analyzed by a four-probe method
using the Signatone probe station, which showed a conductivity
of 6.075 x 107° + 0.245 x 107° S m™* (Fig. S6-S8, ESIt). The
low conductivity is attributed to the semiconjugation of the
TpDb network and structural defects. The thermogravimetric
analysis showed that the thermal stability of TpDb was main-
tained up to 200 °C (Fig. S9, ESIt).

The DFTB calculation, conducted on the ABC stacked model
of TpDb, provides insights into the charge density distribution
across the network (Fig. 2d and e). The results distinctly reveal
that oxygen atoms exhibit electron-rich characteristics, whereas
hydrogen atoms, particularly the phenolic proton, appear
electron-deficient. The electronic distribution within the frame-
work suggests a potential for interlayer hydrogen bonding in
TpDb. We hypothesize that, along with structural defects, these
hydrogen-bonding sites may serve as potential charge-trapping
levels in TpDb, given the functional interactions (C—O with
C-0O-H) within the polymeric layers. Moreover, electron affinity
(Eea), a pivotal parameter influencing charge trapping effi-
ciency, is determined by assessing the energy difference
between the vacuum level (E,,.) and the conduction band
minimum (Ec)."® The calculated E., of 3.14 eV (with respect
to the vacuum level), underscores the material’s robust inclina-
tion to attract electrons. This observation aligns with the
behavior seen in conjugated polymers, where E., typically spans
from 1 to 4 eV (with respect to the vacuum level)."*

To understand the charge-trapping behavior, TpDb was
employed as a charge-trapping layer in a non-volatile MOS
capacitive device. The MOS capacitor memory device is fabri-
cated on a p+Si substrate, as shown in Fig. $10 and 11 (ESIt). In
the first step, a p+Si wafer was etched using buffer oxide
etchant (BOE) for 3 min to remove the native oxide and washed
with deionized water. Then, the wafer was cleaned using a
nitrogen gun to remove the native oxide. Next, an Al,O;
tunneling layer of 3 nm thickness was deposited by plasma-
enhanced atomic layer deposition (PE-ALD) at 250 °C using Al
(CH3), trimethylaluminum, and O, plasmas as the Al and O
precursors. Furthermore, a charge-trapping layer TpDb was
drop cast on the tunneling layer using the TpDb solution and
then the device was dried initially at 80 °C temperature using a
hot plate and later at room temperature for 5 hours. Thereafter,
a 15 nm thick Al,O; blocking oxide layer was deposited on
TpDb by PE-ALD. Finally, an Al layer top electrode of 120 nm
was deposited via direct current magnetron sputtering using a
metal shadow mask. Fig. 2f and g are the cross-sectional
schematic diagrams of the MOS capacitor device architecture
and FIB (focused ion beam) assisted HRSEM (high resolution
scanning electron microscopy) cross-sectional images, respec-
tively. Fig. 2f-h clearly shows the TpDb film with a thickness of

This journal is © The Royal Society of Chemistry 2024
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(a) The experimental PXRD profile of TpDb with simulated PXRD of the ABC stacking model. (b) The theoretical models of the ABC stacking model

of TpDb (2 x 2 cells). (c) The vertical view of the ABC-stacked model of TpDb along with the possible interlayer interaction through hydrogen bonding. (d)
and (e) Total charge density distribution across different atoms (isosurface = 0.3) in TpDb. (f) Cross-sectional schematic diagram of the MOS capacitor
device. (g) FIB assisted HRSEM cross-sectional image of the MOS capacitor (Al/Al,O3/TpDb/Al,O3/Si) device. (h) SEM image of TpDb flakes using the
drop-casting technique at 100 um scale, showing highly dense flakes all over the surface.

~60 nm sandwiched between the Al,O; (tunneling layer ~
3 nm) and the Al,O; (blocking oxide layer ~ 15 nm). The SEM
image for the drop-cast TpDb reveals the morphology, compact-
ness, and high density of the drop-cast layer (Fig. 2h). The
results verify the high density of TpDb flakes with different
dimensions. It is anticipated that the 2D flakes with a highly
dense arrangement are responsible for a larger charge trapping
density at the Al,O3/TpDb interface or within the TpDb layer in
the device, thus enabling a larger memory window.

Fig. 3a displays the multi-cycling (1st, 100th, 500th, 800th,
1000th cycles) capacitance-voltage (CV) characteristics when
programming by sweeping the gate voltage from +3 Vto —2 V
and while erasing by sweeping the gate voltage from 3 V to
—2V, ata 100 kHz frequency at room temperature. A stable and
wide memory window of ~3.2 V is observed at such low
program/erase voltages. It is also evident that after 1000 cycles,

This journal is © The Royal Society of Chemistry 2024

a negligible shift in the CV curve is observed compared to the
1st cycle. The breakdown electric field intensity (E) range
between 1.94 and 1.75 MV cm™ ' across the TpDb layer (see
Fig. S12) was calculated (details are in ESIt). To confirm the
interface trapping, the C-V curve at different frequencies was
also analyzed (inset of Fig. 3a). Additional frequency-dependent
C-V characteristics are also shown in the ESIt (see Fig. S13).
The frequency hysteresis (Fig. S13, ESIt) confirms the presence
of an interfacial state at the Al,O;/TpDb interface. Fig. 3b shows
the threshold voltage at different programming/erasing (P/E)
voltages from +2 V up to £8 V. A noticeable increase in the
memory window is observed, which confirms that a large
charge trapping density is available within the TpDb. This
could be due to high-density packing of the TpDb network,
which provides more trapping sites per unit volume. More
specifically, at £8 V sweeping voltages, a remarkable 8 V

Mater. Horiz., 2024, 11, 3878-3884 | 3881
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(a) Capacitance-voltage (C-V) characteristics of the MOS capacitor at a +3 V bi-directional sweeping voltage showing the charge trapping

Time (s)

phenomenon over 1000 cycles at room temperature (RT). (b) Threshold voltage (V) under different bi-direction scan voltage ranges at 100 kHz
frequency. (c) Extracted charge trapping density (CTD) as a function of P/E voltage. (d) Device-to-device stability of 10 random devices. (e) Endurance of
the MOS capacitor. (f) Retention characteristics of the MOS capacitor at room temperature (RT) and at 100 °C.

memory shift is obtained. The observed shift of the threshold
voltage towards both negative and positive directions during the
different sweeping conditions indicates that both hole and electron
trapping are achieved in the TpDb layer.">"* These observations
signify the presence of charge-trapping sites within TpDb that can
stabilize both positive and negative charges through weak mole-
cular interactions such as hydrogen bonding. The current-voltage
characteristics across the device are also measured (Fig. S14, ESIT),
which shows the low gate leakage current.

Furthermore, the charge trapping density in the storage
layer at different program/erase voltages (Fig. 3c) is calculated
using the equation N, = C; x AVy/q, where C; is the capacitance
of the device per unit area, AV, is the memory window of the
device at Vg and q is the elementary charge. It is clear that the
trapped charge density increases at larger operating voltages,
reaching a high value of 1.562 x 10" cm™ > at 8/—8 V P/E
voltages. The device-to-device stability of ten randomly chosen
devices is estimated and the corresponding memory window
for all ten devices is found to be ~3.2 V (Fig. 3d). This result
confirms the excellent stability of all devices for both program-
ming and erasing states, even though the drop-casting techni-
que does not usually result in a good uniformity of the
deposited layer; thus, a different density of flakes is expected
to exist within the different devices. However, the stable results
and low device-to-device variability confirm that the large
charge trapping density within the TpDDb is larger than the
number of charges tunneling at a specific P/E voltage. To test

3882 | Mater. Horiz., 2024, 11, 3878-3884

the endurance of the MOS memory, the device was P/E using
voltages of +3/—2 and —3/+2 (Fig. 3e). The device shows good
endurance up to 10* cycles without any degradation. Fig. 3f
demonstrates the retention performance measured at both
room temperature (RT) and at 100 °C using the P/E voltages
of +3/—2 and —3/+2, respectively. A good memory window was
observed at RT for 10* seconds. While by increasing the
temperature up to 100 °C, the memory window is reduced by
a negligible voltage, which confirms that it can also withstand
up to 10" seconds. Therefore, the MOS memory shows good
retention properties (up to 10" seconds) with a wide memory
window (~3.2 V), even when stressed at an elevated temperature
of 100 °C. These noticeable retention characteristics could be due
to the large conduction and valence band shifts between the TpDb
and surrounding oxides, resulting in a large charge potential
barrier during the retention operation. Such excellent endurance
and retention properties along with the large memory hysteresis
make the TpDb promising for non-volatile memory applications
compared with other reported materials (Fig. 4a and b)."**> Over-
all, the TpDb-based device was reliable up to 10* cycles and it
showed over 52% increase in memory window compared to pre-
viously demonstrated devices while using a lower P/E voltage.
It should be noted that the memory hysteresis reported in ref. 15,
16, and 19 is not reported on the graph as the used P/E voltages
were very large (>50/—50 V). Thus, TpDb-based MOS memory
stands out as a highly promising device for non-volatile memory
applications.

This journal is © The Royal Society of Chemistry 2024
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(a) and (b) represent the comparison of the endurance and memory window of our MOS capacitor device with previously reported work. (c) The

energy band diagram of the MOS capacitor (Al/Al,Os/TpDb/Al,O3/Si) structure (flatband condition). (d) and (e) The program and erase operations of the

CTM, respectively.

To better explain the physics of the device, the charge-trapping
memory’s energy band diagram (Fig. 4c) is constructed incorpor-
ating the E., value of TpDDb calculated using DFT calculations and
the reported band offsets and bandgaps of the used materials.>*
When program voltage sweeps (+3 V to +2 V) are applied to the
MOS gate (Fig. 4d), electrons in Si conduction states gain suffi-
cient energy to tunnel through the Al,O; and become trapped
within the TpDb’s quantum well formed by the band offsets and
within the interface states along the alumina. Simultaneously,
holes in the TpDb acquire enough energy to be emitted into the
ptSi substrate. Similarly, Fig. 4e shows the erase operation of the
memory.

These results show (Fig. 3a) a right shift of the memory’s
programmed C-V characteristic (V-1 V). Conversely, during the
erase voltage sweeps (—3 V to 2 V), electrons from the TpDb

This journal is © The Royal Society of Chemistry 2024

tunnel back to the Si bulk, while holes are ejected into the
TpDb. This causes the C-V characteristic of the memory to shift
back to the left (V, ~ —2 V). The large band offsets between the
TpDb and surrounding oxides explain the excellent retention
characteristic of the memory.

Conclusions

In conclusion, we have developed a novel carbonyl-decorated
semi-conjugated 2D-polymer through solid-state mechano-
mixing synthesis. The resulting 2D-polymer showed a high-
density packing of the network layers with the potential cap-
ability of trapping charges through weak interactions and
structural defects. The TpDb-based capacitive memory device
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(Al/Al,03/TpDb/Al,03/Si) showed a wide memory window
(~3.2 V) at low programming and erasing voltages of +3/-2 V
and -3/+2 V. An excellent stability and small variation was
obtained for ten random devices. Furthermore, the devices also
display desirable reliability characteristics in terms of a robust
endurance performance (10 000 cycles) and a good 10* seconds
retention at an elevated temperature of 100 °C. Moreover, these
excellent features demonstrated charge trapping in the TpDb-
based MOS memory, unlocking the potential for future non-
volatile memory applications.
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