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ABSTRACT: Over the past few years, organic small molecules (OSM) having a #-

conjugated heteroatomic aromatic backbone along with terminal donor—acceptor (D-A) L] peviestre

groups have emerged as one of the most promising materials for organic resistive switching SANALCALE

(ORS) devices. In this research, the resistive switching (RS) properties of two rationally = Glass Substrate 8

synthesized coumarin derivatives, 7-(2-(benzylamino)ethoxy)-4-methyl-2H-chromen-2-one o i
(CAMN1) and 7-(2-(4-methoxyphenylamino)ethoxy)-4-methyl-2H-chromen-2-one e tma 1CC<3--AL
(CAMN2), have been exhaustively studied. The CAMNI1-based ORS device exhibited CAMNI l CAS";:zzmAl

WORM RS behavior with an excellent device yield of 97.22%, while the CAMN2-based — w——— o
device showed both WORM as well as RRAM RS behavior depending on the compliance =1 & Y~ ([0 %
current (CC) with a perfect device yield of 100%. Both devices exhibited superior read % g R];AMA
endurance on the order of 10* as well as a retention time of at least 3 X 10* s with a very ° &
good memory window of the order of 10* or more. Moreover, both devices exhibited &% 3 55 &% 3 i
superior long-term physical and thermal stability. The cyclability of the CAMN2-based -
device in the RRAM mode of operation was found to be 116 cycles. DFT-based calculations

as well as absorption spectroscopic studies reveal the role of the intra/intermolecular charge transfer (CT) in the RS behavior of
both the devices. Moreover, the presence of the methoxy (—OCH;) group in the CAMN2 molecule has been identified as the key
reason behind the observed difference in the RS behaviors of the two molecules.

I. INTRODUCTION even multiple bit data.'"’> For an organic material-based

The current pace of development in advanced data driven device with two stable resistance states, one state can be

technologies like the Internet of things (IOT), artificial considered as the “OFF” state (bi?i‘?’ “0”) and the other state
intelligence (AI), machine learning (ML), Big Data etc. as the “ON” state (binary “1”)." "~ The resistance states of
creates an ever increasing demand for ultrahigh density data such devices can be programmed by applying suitable voltage
storage as well as high speed computing devices.'" The biases either from the “OFF” to the “ON” state or from the
conventional silicon-based memory and computing devices “ON” to the “OFF” state corresponding to the SET and
are soon to become incompatible with this ever increasing RESET operations, respectively, in digital electronics.”'> The
demand due to numerous perceptible drawbacks of these OSM devices in which both SET and RESET operations can
devices, such as low data fidelity, low speed, heat death, high be performed are ideal for resistive-random-access-memory
manufacturing expenses, high power consumption, lack of (RRAM) applications where write-read-erase-read-rewrite
down scalability as well as low packing density.”™* On the operations can be realized using appropriate bias voltage.13’16

other hand, over the past decade, significant progress has been
made in organic resistive switching (ORS) technology makin
it a promising candidate for post-Moore electronics.”*™"
Distinctive advantages, such as faster switching speed, lower
power consumption, higher packing density, higher data
fidelity, ease of processing, low-cost fabrication, etc. make
the ORS devices one of the prime candidates for next
generation information storage systems.”''~"* Moreover, these Received: November 1, 2024
devices can also realize in-memory computation providing a Revised:  February 27, 2025
feasible solution to the von-Neumann bottleneck problem."* Accepted:  March 4, 2025

In general, ORS devices, having a simple 2D metal— Published: March 13, 2025
insulator—metal (MIM) structure, utilize the various stable
resistance states of the active organic layer to store binary or

Such devices have widespread applications in rewritable data
storage as well as computation technologies.'” On the other
hand, in some cases when an ORS device is SET to its “ON”
state, it cannot be RESET to its original (OFF) state. ORS
devices with such switching behavior are ideal for write-once-
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Scheme 1. Synthesis of C-7(0) Modified 4-Methyl Coumarin Derivatives CAMN1 and CAMN2“
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“Reagents and conditions: (i) Conc. H,SO,, 0 °C, 24 h; (ii) 1,2-dibromoethane, K,CO;, reflux, 60-70 °C, 12—20 h; (iii) a. C¢qH;CH,-NH,, b. p-

MeO-C4H,NH, in presence of, 80—100 °C, 12—18 h.

read-many (WORM) applications where once the data is
written, it cannot be erased but read multiple times.">'®"”

In recent times, various organic and organo-composite
materials, including organic small molecules (OSM), polymers
with 7-conjugated backbone, organic polymer blends, bio-
polymers, metalopolymers, organo-metallic complexes, organ-
ic—inorganic-hybrid perovskites etc., have emerged as promis-
ing materials for ORS active layers with apt re-
sults. 5713161820731 1y thig regard, OSM attract the most
attention due to their versatile molecular organization and
superior reproducibility.”~”""*"**** OSM having a z-con-
jugated heteroatomic aromatic backbone along with terminal
donor—acceptor (D-A) groups have been found to exhibit
excellent nonvolatile memory behavior.'"'***** For example,
WORM type ORS memory devices have been recently
developed by Nagarajan et al. based on a series of synthesized
OSM with A-7-D-n—A- and D-7-D-7-D structures comprising
a bis(triphenylamine)-based molecular backbone and ethynyl-
linked electron donor/acceptor groups.” Li et al. designed a
series of mono-, di-, tribranched quinoxaline derivatives-based
ORS memory devices with binary as well as ternary WORM
type switching behavior.”” In most cases, the resistive switching
(RS) behavior of these OSM-based devices can be attributed
to the voltage bias induced intra/intermolecular charge transfer
(CT) from the donor part of the OSM to the acceptor part of
the same molecule or to the acceptor part of the neighboring
molecule.”" **** Moreover, the donor/acceptor moieties may
act as charge traps within the active layer promoting the overall
memory performance of the devices.'””® In spite of having
several such advantageous properties, most OSM-based ORS
devices deliver underwhelming performance in terms of device
yield, long-term physical stability as well as thermal
stability.”'""* In order to address these issues, it becomes
important to develop a new class of OSM with robust RS
behavior. In this regard, coumarin derivatives may serve as
ideal candidates for ORS devices. Coumarin or 2H-chromen-2-
one belongs to the benzopyrone family and is one of the most
versatile and extensively researched molecular scaffolds.” Tt
consists of a an a-pyrone ring fused with a benzene

nucleus.***> Coumarin was first reported by A. Vogel in

1820 and has been reported in various plant species
thenceforth.”® Due to its unique molecular structure, it exhibits
widespread inter/intramolecular interactions including hydro-
phobic, hydrogen bonds and electrostatics interactions with
interesting optoelectronic properties.37 Coumarin derivatives
are reported to be good electron donors having high -
conjugation and relatively low oxidation potentials due to
which coumarin and its derivatives have attracted widespread
research interest in organic semiconducting materials applica-
tions such as, solar energy collectors, potential organic light-
emitting diodes as well as organic resistive switching (ORS)
devices.”®™*’ Moreover, it is possible to easily modulate the
optoelectronic and resistive switching (RS) behavior of
coumarin derivatives through chemical modification.”” Paul
et al. explored the RRAM and threshold RS behavior of the
some 7-Alkoxy-appended coumarin derivatives with D-7-A
structures by varying the donor and acceptor moieties.*!
However, the work lacks a detailed evaluation of the various
performance parameters. Moreover, we have recently demon-
strated WORM type resistive switching in a coumarin
derivative, namely, 7-hydroxy-N-octadecyl coumarin-3-carbox-
amide (7HNO3C) with device structure Al/7HNO3C/ITO."
The performance of the device was enhanced across several
memory parameters (device yield, retention time, memory
window, and read endurance) by incorporating ZnO nano-
particles within the active layer of the device. In light of the
above discussion, it will be an interesting endeavor to identify
novel coumarin derivatives that may serve as active layer
materials in ORS devices with reliable performance. Moreover,
it will also be interesting to see how structural modifications in
such coumarin derivatives affect the performance of such
devices across various memory parameters.

In the present work, the ORS behavior of two rationally
synthesized coumarin derivatives, namely, 7-(2-(benzylamino)-
ethoxy)-4-methyl-2H-chromen-2-one (CAMN1) and 7-(2-(4-
methoxyphenylamino)ethoxy)-4-methyl-2H-chromen-2-one
(CAMN?2) has been thoroughly investigated. It has been found
that the presence of the electron-rich (electron-donating)
-OCH; group plays a crucial role in determining the RS
behavior (WORM or RRAM) of the coumarin derivatives. The
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-OCHj; containing molecule CAMN?2 exhibited both WORM
as well as RRAM RS behavior depending on compliance
current (CC). On the other hand, the CAMNI1 (excluding the
-OCHj; group) molecule exhibited only WORM type RS
behavior independent of CC. Moreover, in order to evaluate
the memory permanence of these devices, various memory
parameters are thoroughly investigated. It has been found that
both devices exhibit very high device yield, memory window,
excellent read endurance, data retention characteristic as well
as superior physical and thermal stability.

Il. EXPERIMENTAL SECTION

Materials. Resorcinol (purity, > 99.0%), ethyl acetoacetate
(purity, 99%), benzylamine (purity, 99%), p-methoxyaniline
(purity, 99%), anhydrous K,CO; (purity, 99%), ethyl acetate
(purity, 99.8%), and petroleum ether (purity, > 90%) have
been procured from Sigma-Aldrich and used without further
purification. ITO-coated glass substrates of sheet resistance
70—100 Q/sq was purchased from Sigma-Aldrich. Silica gel
plates (60 F254; Merck) were used for monitoring chemical
reactions. Spectroscopic grade chloroform (99.9%, SRL, India)
and dry DMF (99.8%, ACS reagent) were used as solvents as
per requirement.

Synthesis of Compounds. Compound 1 and 2 were
prepared according to Pechmann reaction procedure using
commercially available (Sigma-Aldrich) resorcinol and ethyl
acetoacetate.”® It was then converted to the intermediate 2
according to the literature method.”” Subsequently, inter-
mediate 2 was reacted separately with benzylamine and p-
methoxyaniline at 70 °C in the presence of anhydrous K,CO;
in dry DMF (Scheme 1) to afford CAMN-1 and CAMN-2
respectively. Reaction was constantly monitored by thin-layer
chromatography (TLC) on silica gel plates (60 F254; Merck),
visualized with iodine vapors and ultraviolet light. The reaction
products were purified by column chromatography and Flash
chromatography (Isolera Prime, Biotage, Sweden) eluting with
the mixtures of ethyl acetate and petroleum ether. NMR
spectra of CAMN1land CAMN?2 have been shown in Figures
S1 and S2 of Supporting Information (SI). Chemical structures
of the coumarin derivatives (CAMN1 and CAMN?2) are shown
in Figure la)b, respectively.

7-(2-(Benzylamino)ethoxy)-4-methyl-2H-chromen-2-one
(CAMN1). White solid, 75% yield; mp 152 °C; IR (KBr) v
3446 (N-H), 2925 (C—H), 1713 (C=0), 1622 (C=C)

(a) (b)
e
T\ o o L‘ (o] ]

CAMN1 CAMN2

Figure 1. Chemical structures of CAMN1 (a) and CAMN2 (b).

cm™}; 1H NMR (400 MHz, CDCI3) & (ppm): 2.41 (s, 3H),
3.09 (t, 2H, J = 3.2 Hz), 3.68 (s, 1H), 3.91 (s, 2H), 4.16 (t,
2H, ] = 3.2 Hz), 6.15 (s, 1H), 6.83 (s, 1H), 6.88 (d, 1H, ] = 5.6
Hz), 7.32 (m, 2H), 7.36 (m, 3H), 7.50 (d, 1H, J = 5.6 Hz);
13C NMR (100 MHz, CDCI3) & (ppm): 161.86, 161.30,
155.23, 152.53, 139.72, 128.53, 128.28, 128.21, 127.20, 125.54,
113.73, 112.50, 112.05, 101.55, 68.05, 53.79, 47.79. GCMS
(m/z): caled for CI9H19NO3 309.36, found 309.40.

7-(2-(4-Methoxyphenylamino)ethoxy)-4-methyl-2H-chro-
men-2-one (CAMN2). Gray solid. 60% yield; mp 146 °C; IR
(KBr) v 3380 (N—H), 2933 (C—H), 1714 (C=0), 1615
(C=C) cm-1; 1H NMR (400 MHz, CDCI3) & (ppm): 2.40
(s, 3H), 3.55(t, 2H, J = 3.2 Hz), 3.77 (s, 3H), 422 (t, 2H, ] =
3.2 Hz), 6.15 (s, 1H), 6.69 (d, 2H, J = 5.6 Hz), 6.83 (d, 3H, ]
= 6.4 Hz), 6.90 (d, 1H, J = 6 Hz), 7.51 (d, 1H, ] = 6 Hz); 13C
NMR (100 MHz, CDCI3) § (ppm): 161.69, 161.20, 155.22,
152.65, 152.48, 141.71, 125.63, 114.99, 114.72, 113.88, 112.44,
112.16, 101.62, 67.20, 55.80, 44.14, 18.67. GCMS (m/z):
caled for C1I9H19NO4 325.36, found 325.40.

Device Fabrication. In order to assess the I-V character-
istics of the synthesized molecules CAMN1 and CAMN2, two
devices, namely, device D, and device D,, having device
structures Au/CAMN1/ITO and Au/CAMN2/ITO, respec-
tively, have been fabricated. For the fabrication of the devices,
working solutions of CAMN1 (0.5 mg/mL) and CAMN2 (0.5
mg/mL) have been prepared with chloroform as solvent. Here,
CAMNI1 and CAMN?2 act as the active layers in devices D, and
D,, respectively. The active layers of the devices were
deposited onto ITO-coated glass substrates by a spin coating
method using a commercially available spin coating instrument
(EZspin-SD, Apex Instruments Co, India). In order to do that,
the prepared solutions of the active materials were spread onto
ITO-coated glass substrate, dropwise, while spinning the
substrate for 60 s for each drop at an optimized rotation rate of
900 rpm. Subsequently, the spin-coated films were allowed to
dry in a vacuum chamber for 10 h prior to further processing.
Afterward, arrays (6 X 6) of 36 Au electrodes, having an active
area of 500 um? were deposited onto the active layers of both
devices by vacuum deposition method (vacuum coating unit
Model 12A4D, Hind High Vacuum Co. (P) Ltd.). In both
devices, Au and ITO act as the top and the bottom electrodes,
respectively. Subsequently, the fabricated devices were kept in
a vacuum chamber prior to electrical measurements. Schematic
of the device structures of both devices as well as their optical
images are shown in Figure 2.

Measurements and General Methods. Electrical char-
acterization of the fabricated devices has been carried out in
ambient conditions using a Keithley sourcemeter (Model No.
2614B) and probe station (Everbeing C2). DC staircase
sweeps of optimized magnitude and direction were employed
in order to obtain the optimum I—V response of the devices.
While the I-V characteristics were recorded, the step voltage
was set at 0.05 V per step. A commercially available field-
emission scanning electron microscope (FESEM) (model no.
Sigma 300, Zeiss Pvt Ltd.), operating at an accelerating
potential of SKV, has been utilized in order to visualize the
surface morphology of the active layers of both devices. A
commercially available absorption spectrophotometer (Shi-
madzu, UV-1800) was used to record the UV—vis absorption
spectra of the synthesized compounds (CAMNI1 and
CAMN2). The progress of the reactions was constantly
monitored by thin-layer chromatography (TLC) on silica gel
plates (60 F254; Merck) visualized with iodine vapors and
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Figure 2. (a) Schematic diagram of device D;. (b) Schematic diagram
of device D,. (c) Optical image of device D,. (d) Optical image of
device D,.

ultraviolet light. Commercially available electrochemical work-
station (Corr. Test; Model No.: CS350) was used to perform
the cyclic voltammetry (CV) analysis of the compounds.
Density functional theory (DFT) modeling has been

performed employing GAUSSIAN-16 software applying the
B3LYP functional at the 6-31g(d) level of theory.

lll. RESULTS AND DISCUSSION

Morphological Characterization. Scanning electron
micrographs were obtained by using FESEM in order to
investigate the surface morphologies of the active layers of the
devices. Figure 3a,3b depict the surface morphologies of spin-
coated CAMN1 and CAMN?2 films, respectively. As observed
from the figures, compound CAMNI forms a thread like
aggregation (Figure 3a), whereas compound CAMN?2 forms
spherical aggregation (Figure 3b) in spin-coated thin films.
Both compounds show well connected morphological
structures at the nanoscale which may play a crucial role in
providing efficient pathways for the charge carriers to migrate
within the active layers of both devices.”®* Electrical
characterization revealed that the observed differences in the
nature of aggregations play a prominent role in charge carrier
migration as well as in inter/intramolecular charge transfer
(CT) complex formation.”>** This has been explored in detail
in a later section of the manuscript. Figure 3c,d represent the
cross-sectional FESEM images of device D; and D,,
respectively. The cross-sectional images reveal the formation
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Figure 3. (a) FESEM image of a spin-coated CAMNI film. (b) FESEM image of a spin-coated CAMN2 film. (c) Cross-sectional FESEM images of

device D,. (d) Cross-sectional FESEM images of device D,.

https://doi.org/10.1021/acsomega.4c09849
ACS Omega 2025, 10, 11091-11107


https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
(a) (b) 102
1.0m - emsssssi———d 104.! 2 3
S :::(L ’j,: 4 ‘ \‘!/ 0055\
Device D, 3 il —e— 055V 107 5]3 :::\ )2:
Asoo'ou- f: =S50V 10.51 ‘ i @ 27;'\
<« —9— 055V - y5
b4 I B 4 < 10 oo
S 00 £ .1 V=245V
= V., =-245V 5] g 107{ ‘1\
35 S 9| s 8 Step Voltage : 0.05 V
o ‘ 10°4
-500.0p : © o CC:lmA
2 1074 | mMw=s10'
9 10 e
1.0M ———— 1074
T r r T 10" r r T : T
-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6
Voltage (V) Voltage (V)
© 5 @
8 " Rm«s 8 - R'““
101 . R 10" —=—R
LRS LRS
> 107] —I—‘-«--M > 107 e
g; 10°4  Pulse width 10 ms :'\ 10°4  Pulse width 10 ms
3 10°4 Retention time ~ 3x10* s 3 10°4 Read Endurance = 10*
S 4nt g 1nt
= 10 o = 10 4
K] g
£ 10°] % 10°]
] S -—u-u
“ 10 “ 10
1 04
10" He . T . T 10" e T . : .
10° 10' 10° 10° 10 10° 10’ 10° 10° 10
Time (s) Read (#)
© - ® (€9)
10° 4 100+ % v, 1001 R §
4 3 —=Rl o 6
10* 804 ) 804 HR: é
-5
o 8 i = 3
< 104 o 60+ © 60+ 3
£ 1074 ——cell 1 = 40 % 40
& 10° ——cell 7 H g
Q 1 cell 14 = =
10° -— cell 21 O 20{u=-263V Q 20
3 -— cell 28 o/pn=846%
1040_' cell 35 o % 04
10™" T T T T T . . e ma s
-6 -4 -2 0 2 4 6 -4 -3 -2 -1 10" 10° 10° 10" 10°
Voltage (V) Voltage (V) Resistance (Q)

Figure 4. (a,b) I-V curves of device D; on the linear scale and semi logarithmic scale, respectively. (c) Data retention characteristics of device D;.
(d) Read endurance of device D,. (e) I-V curves of the 35 memory cells showing reliable WORM type resistive switching in device D,. (f)
Cumulative probability of Vggr of 35 cells. (g) Cumulative probability of R g and Rygs.

of almost uniform active layers in devices D, and D,. The
thickness of the active layers in both devices is found to be
approximately 100 nm. Moreover, the Au top electrode and
the ITO bottom electrode are also clearly distinguishable in
the cross-sectional images (Figure 3c,d).

Electrical Characterization. Figures 4a and 3b represent
the I-V characteristics of device D}, having CAMNI1 as the
active layer, in linear scale and semi logarithmic scale,
respectively. The I-V response was recorded by applying
DC staircase sweeps while keeping the compliance current
(CC) set at an optimized value of 1 mA to prevent dielectric
breakdown of the device active layer."" The sweep voltage
range and sequence are included in the figures (Figure 4a,b).
On application of the first voltage scan (0 V to —5 V), the
device was found to be at the high resistance state (HRS) or
“OFF state” initially. However, with the increase in the applied
bias voltage, the device undergoes a sharp transition from the
HRS to the low resistance state (LRS) or “ON state” at a
threshold voltage of —2.45 V. This transition from HRS to LRS
is known as the SET process or “data writing” process and the
threshold voltage is known as the set voltage (Vggr).'”'
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Interestingly, on application of the subsequent voltage sweeps
(-S5V—>0V—> 5V -0V - SV),the device did not return
to the HRS irrespective of the sweep direction and polarity.
Moreover, the device maintained the LRS even when the
external power was removed. Clearly, the device D; shows
WORM type resistive switching (RS) behavior.”"> In such
devices, once information is written, it cannot be erased or
modified afterward. However, the stored information can be
read multiple times by applying suitable read voltage pulses. RS
devices with such behavior are ideal for all kinds of practical
applications where permanent storage of data is necessary
including archival storage, secure databases as well as secure
communication.”" "'>'®** The memory window of the device
is found to be of the order of 10* at a data read out voltage of
0.1 V. Such a high memory window is desirable in RS devices
as it minimizes the data read out error.”

In order to investigate the effects of higher CC in the
observed RS behavior of D, the CC value was gradually raised
from 1 mA up to 50 mA. It was observed that once the device
was switched to the LRS, it maintained that state even when
the value of CC was increased up to 50 mA (Figure S3 of the
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Table 1. Cycle to Cycle Statistical Variation of the Various Memory Parameters of Device D, in RRAM Mode

range
performance parameter min max mean relative deviation
Veer -1V =27V —-1.54V 25.01%
VREsET 09V 275V 1.79 V 20.08%
Iger 140 x 1077 A 2.7 X 207 A 24X 10°A 149.37%
Treser 0.57 X 1073 A 436 X 1073 A 226 X 1073 A 31.81%
Ryps 472 X 10°Q 8.61 X 107 Q 2.39 X 107 Q 57.85%
Rygs 390.54 Q 1061.75 Q 652.61 Q 22.23%
a b
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Figure S. (a,)b) I-V curves of device D, on the linear scale and semi logarithmic scale, respectively, showing WORM RS when CC is fixed at 1 mA
in both polarities. (c,d) I-V curves of device D, on the linear scale and semi logarithmic scale, respectively, showing RRAM RS when CC inset at 1
mA in negative polarity and 50 mA in positive polarity.(e) Data retention characteristics of device D,. (f) Read endurance of the device D,.

SI). For a CC value higher than S0 mA, the active layer of the
device got permanently damaged due to Joule’s heating.'" For
further characterization of the device, the CC value was
maintained at 1 mA. Low read voltage as well as low CC values
are always desirable in RS devices as it is related to low power
consumption requirement. Moreover, high CC may also
significantly alter the read endurance and data retention
characteristics of the device.”
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In order to assess the data retention characteristics of the
device D, the values of HRS and LRS resistances (Rygg and
Rips respectively) have been measured by applying read
voltage pulses of amplitude 0.1 V and pulse with 10 ms
continuously, at an interval of 10 s for 3 x 10* s'’. The
measured resistance values are plotted against time, as shown
in Figure 4c. As observed from the Figure 4c, the values of
Ryrs an Rypg show negligible variation for the entire duration

https://doi.org/10.1021/acsomega.4c09849
ACS Omega 2025, 10, 11091-11107


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c09849/suppl_file/ao4c09849_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Current (A)

(©)
3
¥ v
8 vv"v"",'v' "v " v
1 v
LA A A
vy V% v IV 5r M AR
1 v oy v Yy
3 .
@ RESET
g0 .,
S
1 4.3‘5# e L Lak SL L4 Mt 0e
AA “ A‘ 'A A“
21 ‘A A A‘A‘ Al
AA‘ A
-3 T T T T T T T
0 20 40 60 80 100 120
Cycles (#)

(b)

10°

» RIIR\
10°y s y 2 " .le\
= g " - 'l
rﬁm —qH'l =
Z 1074 Sl P -r.."r-'-:"'
S
® 10°4
g
g 10°4
z
Z 10°4
&
3
(L QTR S T, YT T S
10+ - T : r T -
0 20 40 60 80 100 120
Cycles (#)
@
10 i
1074 ° I
% ) '3 9 LX)
1041 &@;gw. %0%".“;%’ %S?, o,
< 10*]
g °
E10°] - ,,“:e%%‘ ”
Q 9
6 A ° °p
10°4 ?w f\m.. &01 o .8
10-7’ ° ° °
10°+— : r r

0 20 40 60 80 100 120
Cycles (#)

Figure 6. (a) I-V response of D, for 116 continuous switching cycles. (b) Cycle to cycle variation of Ryjpg and Ry gs. (c) Cycle to cycle variation of

Vggr and Viggpr- (d) Cycle to cycle variation of Iggr and Igggpr-

of measurement which indicate that the device D, can retain
the stored data for at least 3 X 10* s. Moreover, the read
endurance of the device has also been evaluated by measuring
the values of Ryrg and Ryyg by applying read voltage pulses of
amplitude 0.1 V and pulse width 10 ms for 10* times at an
interval of 10 ms'!. The measured values of Ryjpg and Ry yg are
plotted against pulse number as depicted by Figure 4d. The
values of Ryjpg and Ry pg remains stable for at least 10* reading
cycles as evident from the Figure 4d. This suggests that once
the data are written in the memory device, they can be read at
least 10* times without any read error.

From the application point of view, it is important to ensure
that the desired memory behavior is observed in a statistically
significant number of devices with an acceptable device yield.*’
This gives an idea about device reproducibility with almost
negligible error, which is very important for large-scale
production for future applications. In order to assess the
reproducibility of the device as well as to investigate the
device-to-device (D2D) variability of the various switching
parameters, we have fabricated 36 memory units in a 6 X 6
array having device structure identical to that of device D;. The
I-V measurements of these memory cells indicate that, out of
the 36 fabricated memory cells, 35 showed excellent WORM
behavior with a memory window of 10* or higher. The I-V
responses of the 35 memory units are depicted in Figure 4e.
Evidently, the device yield of device D is 97.22%. Such a high
device yield is desirable for commercially viable memory
*’ The cumulative probability of Vggr of all the 35 cells
is presented in Figure 4f, while the cumulative probability of
Ryrs and Rygg are depicted in Figure 4g. The statistical
variation of the various memory parameters of device D, is
given in Table 1. The above results imply that device D; with

devices.
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device structure Au/CAMNI1/ITO is an excellent candidate
for next generation nonvolatile WORM memory applications.

The I-V response of the device D,, having structure Au/
CAMN?2/ITO, has been recorded by applying DC staircase
sweeps in the sequence 0 V- -SV—->0V >S5V —>0V->
—5V = 0V. The CC was initially set to an optimized value of
1 mA in both negative and positive polarity, initially. Figure
Sa,b depict the typical I-V response of the device D,, having
structure Au/CAMN2/ITO, in linear scale and semi
logarithmic scale, respectively, with a CC value set at 1 mA.
The sweep direction and sequence are also included in the
figures (Figure Sab). Here also, the device D,, was initially
found to be at the HRS on application of the first scan (0 V —
—5V) similar to device D;. However, with the increase in the
applied voltage, the device switches from the HRS to the LRS
at Vggr = —2.25 V and retained the LRS state during the return
scan -(—5 V — 0 V) similar to device D;. Moreover, the device
D, continued to remain in the LRS even under subsequent
voltage scans (0V = SV = 0V — =5V — 0 V) exhibiting
WORM type RS behavior similar to device D;. The memory
window of device D, was found to be of the order of 10* at a
data read out voltage of 0.1 V.

Recently, several researchers have identified that CC may
play a crucial role in the switching behavior of RS devices.'**’
In the present study also, the effects of CC in the RS behavior
of the device D, have been investigated by gradually raising the
CC from 1 to 50 mA at an interval of 1 mA in the positive
polarity while keeping the CC fixed at 1 mA in the negative
polarity. With CC up to 2 mA, the device showed WORM
behavior. However, when the CC was 3 mA, the -V nature of
the device became quite interesting. The corresponding I-V
curves are depicted in Figure Sc,d in linear scale and semi
logarithmic scale, respectively. Here, the device D, switched

https://doi.org/10.1021/acsomega.4c09849
ACS Omega 2025, 10, 11091-11107


https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09849?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c09849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

from the HRS to the LRS during the first voltage scan (0 —
—5 V) and maintained the LRS state during the reverse scan
(=5 V. > 0 V) like the previous cases. However, most
interestingly, during the third scan (0 V. — S V) the device
undergoes a transition from the LRS to the HRS at a threshold
voltage of 1.45 V. This transition from the LRS to the HRS is
known as the RESET process which is equivalent to the “data
erasing” process in digital memory.*” The voltage at which the
transition occurs is known as the reset voltage (Vgpspr)."
Subsequently, during the fourth scan (S V — 0 V), the device
retained the HRS state. Moreover, the HRS of the device can
be reprogrammed to the LRS by applying the voltage scan (0 V
— —5V) again. This kind of RS behavior is suitable for RRAM
application where write, read, erase and rewrite ogerations can
be realized by applying appropriate voltage bias.">*’ Here it is
important to note that both states (HRS or LRS) of the device
were maintained even after the removal of the external power
indicating the stable and nonvolatile nature of the stored
information in device D,. These results suggest that device D,
with device structure Au/CAMN2/ITO exhibits RRAM
behavior with a memory window of the order of 10* (@ 0.1
V) when the CC is set to an optimal value of 3 mA or more
(up to 50 mA)."> However, with CC greater than 50 mA, the
device active layer got permanently damaged due to Joule’s
heating.44 Therefore, the device D, can operate in two modes,
either in the WORM mode or in the RRAM mode, depending
on the measurement protocol (i.e, CC).

The data retention characteristics and read endurance of the
device (D,) have been evaluated for both WORM and RRAM
modes by measuring the values of Ryjpg and Ry g of the device
following the same protocol as that followed for device D;. The
corresponding results are shown in Figure Se and Figure 5f,
respectively. As indicated by Figure Se, device D, can also
retain the stored information for at least 3 X 10* s. Moreover,
the read endurance of device D, is found to be at least 10*.

Cyclibility is one of the most important memory parameters
in case of an RRAM device from the application point of
view.*® Cyclibility refers to the number of times the resistance
states (HRS and LRS) of the RRAM device can be altered by
applying suitable voltage scans.'”* In order to assess the
cyclibility as well as the cycle -to-cycle (C2C) variation of
various memory parameters of the RRAM device (D,), the I—
V response of a particular memory unit in D, has been
recorded by applying DC staircase sweeps in the sequence 0 V
- =5V =0V =5V = 0V, repeatedly for 120 cycles. The
obtained I-V response of the RRAM memory unit is depicted
in Figure 6a. It has been observed that the particular memory
unit can undergo 116 consecutive write-read-erase-read cycles
without significant degradation in the memory window.
However, during the 117th cycle, the device fails to switch
to the LRS and subsequently, remains in the HRS permanently
(Figure S4 of the SI). The values of Rygs, RirgVser Vreser
Iger and Ixgger have been extracted from the I-V curves and
plotted against the number of cycles as shown in Figure 6a, 6b
and 6¢, respectively, in order to obtain a comprehensive
understanding of the temporal (C2C) variation of the various
memory parameters. From the graphs (Figure 6b,c,d), it can be
observed that the C2C variation of all the memory parameters
mentioned above increases with cycle number. This increase in
the C2C variation may be due to the degradation of the active
layer of the device (D,) under repetitive voltage stress.”” The
C2C variation increases significantly around the 80th cycle
mark as the device moves toward SET failure in the 117th
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cycle. However, the memory window of the device remains
almost unaltered up to the 116th cycle. This indicates that the
CAMN2-based RS device can be used for RRAM application
for at least up to 116 cycles. Clearly, cyclibility of the present
device is 116, which is very good in case of an organic RRAM
device."” A detailed statistical analysis of the C2C variability of
the key performance parameters such as Vggr, Vigser Iser
Irgser Rurs and Rygg of the device D, in the RRAM mode of
operation is given in tabular form in Table 1. Here, it may be
mentioned that, in the case of device D}, an analysis of C2C
variability is immaterial since it exhibits nonreversible WORM
behavior only.

For RS devices, it is important to investigate the D2D
(spatial) variability of the switching parameters along with the
C2C (temporal) variability.*® In order to assess the D2D
variability of device D,, 36 independent and identical memory
units have been prepared in a 6 X 6 array, having a device
configuration identical to that of device D,. Interestingly, all 36
memory units showed excellent WORM as well as RRAM
switching behavior depending on the CC with memory
window of at least 10%. I-V curves of all 36 memory cells
are shown in Figure S5 of SI. In order to gain a deeper insight
into the spatiotemporal (D2D and C2C) variability of the
switching parameters of the RRAM device D,, the values of
Vet Vereser Rurs and Ry pg have been extracted from the -V
curves of the first 30 cycles of each of the 36 memory units of
D,. The spatiotemporal variability of Vgzr and Vygger, has been
depicted in Figure 7a using box-plot. The vertical bars show
the temporal variations of Vg and Viyggpr for a particular
device. Similarly, the spatiotemporal variability of Rygpg and

@) 4
[ RESET
R "
oo oV it sl o Mg
& ] ” o b I #ﬂ
2
z 0
=}
? 1+ o t*"i * i e ;
E - -
= 2 y L]
| Y A AL
-34
v\[’.l
-4 - T T T T T T T
1 6 11 16 21 26 31 36
Device (#)
(b)»]()9
10° Rz
> 10" {ls ] LR MR L ‘. |
S 10t
®
g 10°
v
= 10
‘E RI.R\
E 10 psh e Fastast N g g et Gy
107
10" - - - - - - -
1 6 11 16 21 26 31 36
Device (#)

Figure 7. (a) Spatiotemporal variability of Vggr and Viggpr. of device
D,. (b) Spatiotemporal variability of Rypg and Rygg of device D,.
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Table 2. Device-to-Device Statistical Variation of the Various Memory Parameters of Device D, and D,

memory parameters device D, device D,
switching behavior WORM WORM RRAM
Vger range —2Vito-3V —0.95 V to —3.05 V* —0.95 V to —3.05 V*
mean -2.63V —221 V¢ —221V*
relative deviation 8.46% 26.73%" 26.73%"
ViReser range NA® NAY 0.85 to 2.80 V¢
mean NA® NA® 21V
relative deviation NAY NAY 27%"
Ryprs range 4.76 MQ to 27.26 MQ 4.72 MQ to 87.11 MQ* 4.72 MQ to 87.11 MQ*
mean 13.404 MQ 23.88 MQ“ 23.88 MQ“
relative deviation 36.13% 41% 41%
Rigs range 202 Q to 395 Q 309.5 Q to 1034.2 Q° 309.5 Q to 1034.2 Q“
mean 2789 Q 652.6 Q“ 652.6 Q°
relative deviation 17.62% 22.08%" 22.08%"
memory window ~10* ~10* ~10*
cyclibility NA“ NA“ 116
read endurance 10* 10* 10*
retention time 3 x 10* 3 x 10* 3 x 10*
device yield 97.22% 100% 100%
“values extracted from first switching cycle of all the memory cells bnot applicable.
Table 3. Performance Comparison of Various OSM-Based RS Devices
SL Switching VReser retention read memory device
No. Device configuration Behavior Veer (V) W time endurance cyclibility =~ window yield ref
01  Al/BHEPDQ/ITO RRAM 226 V —2.88 V 10* s ND ND 100 ND 60
02  Al/Py-Fc/ITO RRAM -16 3V 2X10%s ND” 10° 10* 80% 56
03  Ag/triarylamine and WORM —0.82 NA“® 10° ND NA 10> 100% 23
benzophenone/ITO
04  Ag/Functionalized Bis WORM -119 NA 10° s 10 NA 10, ND 57
(triphenylamine) /ITO
05  Al/BODIPY?ITO WORM 2.6 to 3.5 NA 8500 ND NA 10° ND 27
06  Ag/TAA-quinoline/ITO WORM —-1.21 to NA 10° 10 NA 10° ND 58
—-2.12
07  Au/Indolel/ITO RRAM —2.45 2.58 5.4x 10° s ND 50 10° 86.7% 13
08  Al/7HNO3C/ITO WORM 1.67 NA 4% 10°s 1270 NA 10* ND 11
09  Ag/phenazine and quinoxaline- WORM —0.74 NA 10% s 100 NA 10° to 10* ND 9
derrivatives/ITO
10  Ag/benzothiadiazole-derivatives/ WORM -0.80 V NA 10° s 10 NA ~10* ND 59
ITO
11 Au/CAMNI1/ITO WORM —2.45 NA 3 x 10* 10* NA 10* 97.22%  #°
12 Au/CAMN2/ITO RRAM -225 1.45 3 x 10* 10* 116 10* 100% #
WORM 228 NA 3 x 10* 10* NA 10* 100%

“NA = not applicable. UND = no data. “#this work.

Rigs, has been depicted in Figure 7b with the vertical bars
representing the temporal variation of Rygpg and Rpgg,
respectively. As observed from Figure 7a, all 36 memory cells
in D, show a significant temporal variation in Vggr and Vygger
values. However, the temporal variation for Rypg and Rygg,
values of all 36 memory cells (Figure 7b) is negligible,
indicating the spatiotemporal stability of both resistance states
(HRS and LRS) of the CAMN2-based RRAM device. Here, it
may be noted that the higher temporal variation in Vggr and
Vgresgr may be due to the fatigue induced in the device active
layer under repeated voltage stress.>*® Statistical variations of
the memory parameters of device D, are also represented in
Table 2.

The above results clearly indicate that both devices (D, and
D,) show excellent RS memory behavior with outstanding
device yield of 97.22% and 100%, respectively, which is very
important from a commercial application point of view. The

11099

device D; with CAMNI1 as active material exhibits WORM
type memory behavior, whereas the device D, with CAMN2 as
the active layer shows both WORM and RRAM type RS
behavior. Over the past decade, significant progress has been
made in the organic small molecule (OSM)-based resistive
switching technology.””~>"'~"*%**%> A number of OSMs has
been reported in the literature which may contribute
significantly in the next-generation organic electronic technol-
JALI323272851260 1y thig regard, it is important to assess
the performance of the proposed coumarin-based devices (D,
and D,) in comparison with the previously reported OSM-
based devices. Table 3 provides a comprehensive and fair
comparison of the memory performance of both devices D,
and D,, with the previously reported OSM-based devices.

A close look at Table 3 reveals that both devices D, and D,
exhibit comparable RS performance with the earlier reported
studies on OSM-based devices in terms of cyclibility and

ogy
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memory window. However, both CAMNI1- and CAMN2-
based devices show a greater retention time compared to the
earlier reported OSM-based RS memory. Moreover, read
endurance and device yield, which are very important
performance parameters for a commercially viable memory
device, are rarely studied. In the current study, the read
endurance and the device yield of devices D, and D, have been
thoroughly investigated. Read endurance of both devices has
been found to be on the order of 10 which is excellent from
an application point of view. Moreover, both devices D, and
D, exhibited very high device yield (97.22% and 100%,
respectively), which is important for effective commercializa-
tion.

Although OSM-based RS devices show promising results as
viable candidates for electronics technology, the long-term
physical stability as well as thermal stability still remains a point
of concern.”"®> Hence, it becomes important to analyze the
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physical and thermal stability of the proposed coumarin-based
devices. Here, the long-term physical stability of devices D,
and D, has been investigated by recording the I-V data of
both devices for an extended period of time. The obtained I-V
curves, depicted in Figures S6 and S7, respectively, clearly
revealed that device D, showed reproducible WORM behavior
even after 400 days of fabrication, whereas the device D,
showed reliable WORM and RRAM behavior for the same
duration. However, both the devices continued to show their
respective RS behavior even beyond this period of measure-
ment.

The thermal stability of the coumarin-based devices (D, and
D,) has been investigated by recording the I—V response of
both devices with increasing temperature starting from 25 to
95 °C at an interval of 10 °C. It was observed that both devices
showed their respective RS behavior even at higher temper-
atures, indicating excellent thermal stability. For a compre-
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hensive assessment of the performance of both devices at
higher temperatures, the I-V response of five separate memory
units were recorded for each temperature for both devices. The
values of Vg and Vigeer, extracted from the I-V curves of D,
and D,, have been depicted in Figure 8a,, respectively,
whereas the values of Rygg and Rjgg have been plotted in
Figure 8b,d, respectively. As observed from Figure 8a, the
variation of Vg for D, falls well within the D2D variability of
the device. Similarly, the variation in Vggr and Vyggpr for D,
falls well within the spatiotemporal variability of the device
(Figure 8c). Similar behavior has been observed in a previously
reported coumarin-based device.'> Moreover, the values of
Ryrs and Ry g of device D, have been found to vary randomly
with increasing temperature, which is well within the
spatiotemporal variability of the device. The temperature
independent variability in Rygpg and Rypg values of D, is
indicative of the semiconducting nature of the device.” Similar
variations have been observed in the Rjpg values of the
CAMNI1-based device D; (Figure 8b) indicating the semi-
conducting nature of the LRS of the device. However,
interestingly, the values of Ryps (@ 0.1 V) of device D,
show a decreasing trend, on average, with increasing
temperature (Figure 8b). This decrease in the Rypg values
may be due to the presence of a higher number of thermally
generated charge carriers in the device active layer at low
applied bias.""*”® This is explored further in a later section of
the manuscript. Clearly, both devices show significantly high
physical and thermal stability which are extremely important
from an application point of view. The above results clearly
reveal that both devices hold significant potential to play a
major role in next generation electronics technology.

In order to evaluate the performance of the proposed
resistive switching memory devices (D, and D,) comprehen-
sively, it is important to analyze the conduction as well as the
resistive switching mechanisms of the devices. In recent years
several conduction and switching mechanisms, such as space-
charge-limited-conduction (SCLC), charge tunneling and
hopping, trapping-detrapping, Schottkey emission, Poole-
Frankel emission etc, have been proposed for OSM-based
resistive switching devices.®*™® In the present case, the
conduction mechanisms of the coumarin-based devices (D,
and D,) have been investigated by replotting the I-V data of
the devices in double-logarithmic scale and identifying the I-V
relationship at various voltage ranges using linear fitting
method."" Figure 9 shows the linear fitting results in the
double-logarithmic plot of the I—V responses of devices D,
and D, in different operating modes. As evident from Figure
9a, three distinct regimes can be identified in the I-V response
of the HRS of device D;. In regime Ry, (0.05 to 0.15 V, slope =
1.01) Ohmic conduction (I & V') is observed, which may be
due to thermally generated electrons in the device’s active layer
at low applied voltage. This assessment also aligns with the fact
that at low voltage (0.1 V), the resistance of the HRS of device
D, decreases with increasing temperature (Figure 8b). Here, as
the temperature increases, a larger number of electrons are
liberated in the active layer as they gain suflicient energy and
consequently contribute to the current conduction. Regime R,
(0.15 to 1.95 V) is characterized by a slope value of 1.91 (~2),
indicating that the I-V response obeys Child’s law (I o V?).
This type of quadratic I-V relation is observed when the
number of charge carriers injected from the electrode
dominates the number of thermally generated electrons in
the active layer. Consequently, in this regime (R,), the current

conduction is mainly due to the injected charge carriers and
controlled by the charge traps present in the active layer.”**
The oxygen atoms present in the coumarin scaffold may act as
trap centers for the injected charge carriers. Here, initially, the
injected charge carriers are trapped in the charge traps present
in the active layer. However, with the increase of applied bias,
the charge traps present in the active layer begin to fill up
rapidly which is characterized by a sharp rise in slope value in
regime Ry (1.95 to 2.45 V, slope = 3.73). As the applied bias
increases further, all the traps, present in the active layer, get
filled up completely, forming a conducting channel. As a result,
the device switches to the LRS exhibiting an Ohmic (I « V')
I-V relationship (regime Ry, slope = 1). The linear fitting of
the double logarithmic I-V curves for device D, in WORM
mode and the first cycle (SET or data writing process) of
RRAM mode is shown in Figure 9b. Here, even at low bias,
current in the device (D,) follows Child’s law (I « V?) in
regime R; (0.05—1.25 V), characterized by a slope value of 2.2.
Clearly, current conduction in the HRS of device D, is largely
dominated by the charge carriers injected from the electrodes
and controlled by the charge traps even at a lower applied bias.
Similar to device D), as the applied bias is increased, the charge
traps present in the active layer of device D, begins to fill up
rapidly and a sharp rise in the slope value (slope = 4.11) is
observed in regime R, (1.25 to 2.25 V) of the HRS of device
D,. With a further increase in the applied bias, the charge traps
are filled up completely forming a conduction channel and the
device D, switches from the HRS to the Ohmic (I o V') LRS
with a slope value of 0.99 (regime R;). Figure 9c depicts the
linear fitting results of the RESET (data erasing) process of
device D, in the RRAM mode. As observed from the figure, the
LRS of the device (regime R,) exhibits Ohmic conduction
(slope = 0.987) up to the reset voltage of 1.45 V after which
the device exhibits SCLC conduction (in the HRS state) with
characteristic slope values of 1.086 (0.05 V to 1 V), 2.001
(1.05 V to 3.30 V) and 3.138 (3.35 V to S V) in regime Ry, R,
and R;, respectively. The conduction mechanism of device D,
during the “data rewriting” process in RRAM mode is analyzed
from the linear fitting results presented in Figure 9d. It is
interesting to note that during the “data rewriting” process also
the device exhibits SCLC mechanism similar to that during the
“data writing” process or the first switching cycle of the device
with slightly different slope values (2.18 in regime R, and 5.38
in regime R;) at the HRS of the device. The above analysis of
the double logarithmic graphs of the I—V response of the
devices (D, and D,) clearly indicates that the conduction
mechanism in both devices (D, and D,) is dominated by a
trap-controlled SCLC mechanism.””**” The nature of the
charge carriers and the traps are further explored in later
sections of the manuscript. Here, it is interesting to note that,
unlike device D,, the HRS of device D, does not exhibit
Ohmic conduction at low applied voltages during the SET
process. The absence of an Ohmic slope in the HRS indicates
the absence of thermally generated charge carriers at low
applied bias in device D,. This assessment is consistent with
the fact that, in the case of device D,, the HRS resistance (at
low applied bias) does not decrease with temperature
predominantly (Figure 8d) like that in the case of device D,
(Figure 8b).

The Ohmic nature of the LRS of both devices (D, and D,)
is indicative of the presence of conductive filaments in the LRS
of the devices. The nature of such filaments can be evaluated
by assessing the variation of LRS resistance (R gs) with the
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temperature. As per earlier reports, a monotonic increase in
Rips with increasing temperature may indicate the metallic
nature of such filaments.'"””" However, as discussed earlier, the
value of Ry pg has been found to vary randomly with increasing
temperature for both devices (Figure 8b,d). Moreover, in this
study, we have utilized Au as the top electrode in both devices.
Since Au is a novel metal, formation of Au filaments due to
electrochemical metallization is very rare. These observations
clearly regress the possibility of metallic filament formation in
the LRS of both devices. On the other hand, recent studies
have identified that intra- and intermolecular charge transfer
(ICT) process play a crucial role in the switching behavior of
RS devices-based on OSMs with donor-z-acceptor (D-z-A)
configuration.””! 1?23?8322 Typically, it has been observed
that in the ground state of the molecule, the highest occupied
molecular orbital (HOMO) is situated within the donor region
of the molecule. Conversely, in the excited state, especially
when a charge transfer (CT) process occurs, the lowest
unoccupied molecular orbital (LUMO) tends to be found in
the acceptor region of the molecule.'"***’

In the present case also, the ICT process may play a crucial
role in the RS mechanism of devices D; and D, where CAMNI1
and CAMN2, having a D-7-A configuration, act as the active
layers, respectively. Here, DFT-based calculations have been
carried out in view of comprehending the involvement of ICT
process in the RS behavior of both devices D; and D,. The
molecular orbital energy levels as well as the electrostatic
potential surface (ESP) diagrams of CAMNI1 and CAMN?2,
obtained from DFT calculations, are depicted in Figure 10a,b,
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Figure 10. (a) HOMO and LUMO orbitals of CAMN1 and CAMN2.
(b) ESP diagrams of CAMN1 and CAMN?2.

respectively. As observed from the Figure 10a, in the ground
state of the molecules (CAMNI and CAMN2), the HOMO
orbitals are primarily located at the electron-donor part of the
molecules. On the other hand, the LUMO orbitals are mainly
located over the coumarin scaffold which is attributed to the
electron-accepting nature of the coumarin scaffold as a whole.
Now, when voltage sweep (0 V to —5 V) is applied, the
electrons in the HOMO level starts to accumulate sufficient
energy and transfer to the LUMO of the molecules in the
excited state and subsequently form a charge transfer (CT)
complex.””** The creation of the CT complex leaves behind a
large number of holes in the HOMO level (electron-donor
part) of the molecules.”””® Now, as the applied bias
approaches the Vpr values of the devices, the holes, created
during the CT process, form an open conductive channel
through the delocalizations in the donor parts of the molecules

and subsequently drive the devices to their corresponding
LRS.”***® Moreover, both CAMN1 and CAMN?2 exhibit
comparatively high dipole moment (3.465 and 7.853 D,
respectively). This high dipole moment stabilizes the CT
complexes which results in the observed long retention time
(Figure 4e and Se, respectively) in both devices.”””**
Moreover, the role of the ICT process can be further
substantiated by UV—vis spectroscopic analysis of the active
layers (CAMN1 and CAMN?2) of devices D, and D,.”* Figure
S8a,b shows the UV—vis spectra of CAMN1 and CAMN?2 in
solution state (chloroform) and in spin-coated thin film,
respectively. As observed from Figure S8a, both CAMNI1 and
CAMN?2 show prominent peaks at around 320 nm, whereas no
prominent peaks were observed at lower energy bands.
However, it is interesting to note that, in spin-coated thin
films, both CAMNI1 and CAMN?2 show significant absorption
at lower energy bands (Figure S8b). The existence of such
absorption bands in the spin-coated films of the compounds
may be attributed to the formation of CT complexes in thin
film state due to the intramolecular charge transfer process
from the electron-donor part of the molecules to electron-
accepting coumarin scaffold in case CAMNI1 and due to the
intermolecular charge transfer process from the electron-donor
part of one molecule of CAMN?2 to the electron-accepting part
of a neighboring CAMN?2 molecule.”” Moreover, due to the
presence of the strongly donating -OCH; group, CAMN2
forms strong intermolecular CT complexes in thin film state.”
In order to explore this further, we have studied the solvent
dependent nature of the absorption spectra of both CAMNI1
and CAMN?2 in three solvents having different polarities,
namely, chloroform, toluene, and dichloromethane. The
absorption spectroscopy results are shown in the Figure S9
of the SI. As observed from Figure S9, both CAMNI1 and
CAMN?2 molecules do not show any shift in the absorption
peak positions with respect to the variation in solvent polarity.
This indicates that the nature of the charge transfer for
CAMNI1 and CAMN?2 compounds are independent of solvent
polarity. Moreover, the spin-coated thin films of both
compounds (Figure S8b) exhibit significant absorption at
lower-energy bands. In particular, the spin-coated thin film of
CAMN?2 exhibits a broad absorption peak in the lower energy
bands indicating the formation of strong charge transfer
complexes in the solid state where the molecules are closely
packed due to dipole—dipole interactions among the
neighboring molecules.””’* However, because they are in the
solution state, the molecules are separated from one another by
the solvent molecules, and the dipole—dipole interaction is
significantly reduced.”” As a result, in the solution state, both
CAMNI1 and CAMN2 compounds do not show significant
absorption in the lower energy bands. Moreover, the presence
of -OCH; in CAMN?2 group plays a crucial role during the
RESET process of the CAMN2-based RRAM device D,. This
has been explored in detail in later sections of the manuscript.

In order to probe deeper into the switching mechanism of
the devices, we analyzed the electrochemical properties of both
CAMNI1 and CAMN2 compounds using cyclic voltammetry
experiments. Cyclic voltametric analysis of both compounds
were carried out with DMSO as solvent. Both compounds
were examined in the solution phase with 50 mM
tetrabutylammonium hexafluorophosphate DMSO solution as
the supporting electrolyte at a scan rate of 100 mV/s. Platinum
electrode was used as the working electrode in both cases. Ag/
AgCl electrode and a platinum wire were used as the reference
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Table 4. Electrochemical Properties of CAMN1 and CAMN2 Compounds

DFT Cyclic Voltammetry
Compound HOMO LUMO Band Gap (Eg) HOMO LUMO Band Gap (Eg)
CAMN1 —5.962 eV —1.507 eV 4.455 eV —5.924 eV —1.465 eV 4.459 eV
CAMN?2 —5.799 eV —1.478 eV 4.321 eV —5.788 eV —1.637 eV 4.151 eV

and the counter electrode, respectively. Ferrocene was used as
the external standard for calibrating the potential and
estimating HOMO—LUMO energy levels.”® Figure S10ab
shows the cyclic voltammograms of CAMN1 and CAMN2,
respectively. The values of HOMO (Eyopmo), LUMO (E umo)
and energy band gap (E,) obtained from the cyclic
voltamograms (details are mentioned in the SI) are
summarized and compared with their computational counter
parts (obtained from the DFT calculations) in Table 4.”” As
observed from Table 4, the values of Eyopo, Erymo and E,
obtained from theoretical (DFT) calculators closely correlate
with their experimentally obtained counter parts. To
comprehend the nature of the charge carrier transport across
the device active layer, an energy level diagram of the HOMO
and LUMO levels of the compounds is plotted and compared
with the work functions of the Au and ITO electrodes, as
shown in Figure 11. As observed from Figure 11, both
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Figure 11. Energy level diagrams of CAMN1land CAMN2 with the
work functions o the electrodes.

CAMNI1 and CAMN?2 exhibit significantly lower hole injection
barrier (1.224 and 1.088 eV, respectively) between the ITO
bottom electrode and the HOMO levels of the active layers
compared to the electron injection barrier between the Au top
electrode and the LUMO of the active layers of both devices
D, and D,, (3.635 and 3.463 €V, respectively). Therefore, hole
injection from the ITO bottom electrode to the HOMO of the
active layers of the devices, under a negative voltage sweep,
dominates the conduction process in both devices. Notably,
the slightly larger hole injection barrier for D; compared to
that of D, (Figure 11) may contribute to the observed higher
value of Vggr for D,. Moreover, the energy band gap for
CAMNI is found to be slightly greater than that of CAMN2
(Figure 11) which may also be responsible for the higher Vg
for D;.

In previous sections of the paper, we have found that trap-
controlled SCLC is the key mechanism behind current
conduction in the HRS of both devices. In this regard, ESP
diagrams (Figure 10b), obtained based on the Merz—
Kollmann potential, may Erovide significant insights into the
nature of the charge traps.”® The ESP diagrams show a shift in

color (from blue to red) with an increasing electron density. As
observed from the ESP diagrams (Figure 10b), a significant
negative ESP is observed over the “=0" region of the
coumarin scaffold of both molecules which may be attributed
to the lone electron pair of the oxygen molecules. Moreover, a
slightly negative ESP is also observed over the “-O-” regions of
both molecules. These negative ESP regions, present in the
molecules, show strong affinity toward the holes injected from
the ITO bottom electrode under negative voltage sweep and
act as charge traps within the active layer of the device.
Furthermore, the slightly positive ESP regions spread over the
entire molecular backbone may provide a smooth pathway for
hole transport along the molecular framework.

Moreover, the observed difference in the RS behavior of the
devices D; and D, may be due to the presence of the -OCH,
group in the donor part of the CAMN2 molecule. In order to
explore the role of the methoxy (—OCH;) group in defining
the resistive switching behavior of the devices, we consider the
HOMO and LUMO energy levels and isosurfaces and ESP
diagrams of both CAMNI1 and CAMN?2 molecules presented
in Figure 10a and 10b, respectively. As observed from the
Figure 10a, the LUMO orbitals of both molecules (CAMN1
and CAMN2) are primarily located over the entire coumarin
scaffold which is attributed to the electron-accepting nature of
the coumarin scaffold as a whole. However, a significant
difference is observed in the positions of the HOMO orbitals
of CAMN?2 with respect to CAMNI1. The HOMO orbital is
spread over the molecular backbone of CAMNI, while the
HOMO orbital of CAMN2 molecule is localized densely over
the methoxybenzene moiety creating a greater charge
separated state for CAMN?2 as compared to that of CAMNI.
Due to the large charge separation between HOMO and
LUMO of CAMN?2, it possesses a stronger dipole moment
(7.853 debye, obtained from DFT calculations) compared to
CAMNI1 (3.465 debye, obtained from DFT calculations). This
difference in the dipole moment of the molecules (CAMNI1
and CAMN2) plays a crucial role in determining the nature of
the self-assembly of the molecules in spin-coated thin films by
adjusting the relative orientation of the molecules.”* Due to the
high dipole moment of CAMN?2 molecule, stronger dipole—
dipole interactions may take place among the neighboring
molecules in CAMN?2 thin film compared to that in CAMN1
thin film.”” As a result of this strong dipole—dipole interaction,
CAMN?2 molecules tend to form strong intermolecular charge
transfer complexes where the negative pole of one CAMN2
molecule is closely packed with the positive pole of a
neighboring CAMN2 molecule forming a three-dimensional
spherical microstructure as observed from the SEM images of
CAMN?2 spin-coated films in Figure 3a. On the other hand,
due to weaker dipole moment, CAMNI1 molecules do not
exhibit such strong dipole—dipole interaction and tend to self-
assemble along the orientation of dipolar moments to form a 3-
dimensional rodlike microstructure as observed from the SEM
ima%e of the spin-coated thin film of CAMN1 shown in Figure
3b.* Due to such molecular organization, CAMNT1 tends to
form intramolecular charge transfer complexes, where charge is
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transferred from the HOMO to the LUMO of the same
molecule, instead of forming intermolecular charge transfer
complexes where charge is transferred from the HOMO of one
molecule to the LUMO of a neighboring molecule as observed
in case of CAMN2.”* Accordingly, the energy required for the
HOMO-LUMO intramolecular charge transfer (in the case of
CAMNI1) is comparatively larger than the energy required for
the HOMO—LUMO intermolecular charge transfer (in the
case of CAMN2). This is because the HOMO—LUMO energy
gap is less for the intermolecular charge transfer than that for
the intermolecular charge transfer. As a result, device D,
requires more energy to transit from the HRS to LRS
compared to device D,. This observation also agrees with the
fact that the value of VSET for D, (—2.45 V) is larger than that
of D, (-225 V).

Now, in the case of device D,, when CC is increased beyond
3 mA, due to excessive flow of current, a large number of
charge carriers are injected into the active layer of the device
which may disrupt the stability of the intermolecular charge
transfer complexes formed within the CAMN?2 thin film. As a
result, the hole-mediated conductive pathways formed during
HRS to LRS transition (during scan 0 V to —S V) within the
CAMN?2 thin film is ruptured, the device undergoes LRS to
HRS transition (during scan 0 V to SV, CC = 3 mA) and the
device D, exhibits RRAM behavior. On the other hand, in case
of device D,, the intramolecular charge transfer complex
formed within the CAMN1 molecule during the HRS to LRS
transition, remain unaffected even when a large number of
charge carrier is injected into the CAMNI thin film.
Consequently, once switched to the LRS from the HRS,
device D, remains in the LRS, permanently, even when
compliance is increased beyond 3 mA showing WORM type
resistive switching.

IV. CONCLUSION

In conclusion, ORS memory devices having structures Au/
CAMNI1/ITO and Au/CAMN2/ITO have been fabricated
using synthesized coumarin derivatives 7-(2-(benzylamino)-
ethoxy)-4-methyl-2H-chromen-2-one and 7-(2-(4-
methoxyphenylamino)ethoxy)-4-methyl-2H-chromen-2-one.
The surface morphology of the spin-coated active layer of the
devices has been investigated using FESEM which reveals the
formation of well connected structure for both devices. The
CAMNI-based device exhibited WORM type RS behavior,
while the CAMN2-based device showed both WORM as well
as RRAM RS behavior depending on compliance current. The
device yields of the designed ORS have been found to be
97.22% and 100%, respectively, for the CAMN1 and CAMN2-
based devices. The read endurance and the data retention time
was found to be 10* and 3 X 10* s, respectively, for both
devices. Moreover both the devices exhibited superior physical
stability of at least 400 days as well as thermal stability up to 95
°C. DFT-based calculations as well as absorption spectroscopic
studies revealed that the intra/intermolecular charge transfer
phenomenon was mostly responsible for the observed RS
behavior of both the devices, while trap-controlled SCLC
mechanism was responsible for the current conduction in both
cases. It was found that the presence of the methoxy (—OCHs;)
group in the CAMN2 molecule and the absence of the same in
the CAMNI1 molecule is the key reason behind the observed
difference in the RS behaviors of the two molecules. Moreover,
in the RRAM mode of operation, the CAMN2-based device
was found to have a cyclibility of 116 cycles, that is, the device
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could undergo at least 116 continuous write-read-erase-read-
rewrite operations after which the device remained in the
“OFF” state permanently. This cyclability can be further
improved by addressing the degradation of the active layer
material under a constant voltage stress. This may be done by
introducing various matrix materials (such as fullerene) within
the device active layer or by modifying the molecular structure
of the coumarin derivative. Work is going on in these
directions in our laboratory.
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Figure S1. (a,b) 1H - NMR and 13C - NMR spectra,
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