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ABSTRACT
Designing new materials with high-performance resistive switching (RS) behaviors and/or developing alternative means to
modulate the RS behaviors are of great significance for information storage and neuromorphic computing. Herein, we present
a novel strategy to design and synthesize furan-annulated naphthalenes for high-performance digital and analog RS behaviors
through controlling substituents. By introducing an electron acceptor of trifluoromethyl on the phenyl ring, 3-phenyl-4-(4-
trifluoromethylphenyl)-2H-naphtho[1,8-bc]furan (TPNF) is synthesized with donor–acceptor (D–A) pairs by utilizing the electron
donor of furyl in the naphthalene. Owing to the constructed D–A systems where electrons can be transported under the
external bias voltage, the prepared TPNF thin films demonstrate high-performance bipolar digital RS behaviors with multilevel
storage characteristics. On the other hand, if the substituent on the phenyl ring is replaced by an electron donor of methoxy,
4-(4-methoxyphenyl)-3-phenyl-2H-naphtho[1,8-bc]furan (MPNF) can be constructed with only electron-donor units of furyl
and methoxy. The fabricated MPNF thin films show analog RS behaviors owing to the carrier trapping/detrapping from the
nucleophilic trapping sites generated from the electron-donor units. The analog memristors demonstrate synaptic functions with
high linearity of conductance modulation, which is highly desirable for neuromorphic computing. Such synaptic memristors
based on MPNF are completely capable of recognizing digit images with high accuracy (95.2%) and implementing decimal
arithmetic of addition, subtraction, multiplication, and division operations. This study provides a feasible way to modulate the
RS properties by the strategy of introducing different substituents, demonstrating promising applications of such well-designed
organic semiconductors for multilevel storage and neuromorphic computing.
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1 Introduction

Memristor with tunable resistive switching (RS) properties is
one of the most promising candidates for applications in digital
information storage and logic operations as well as neuromorphic
computing [1, 2]. It would be important and also meaningful
to explore potential materials with suitable RS properties and
synaptic functions. At present, numerous inorganic and organic
functional materials have been employed to serve as the RS layer
in diversememristive devices [3–5]. In recent years, many flexible
and wearable electronic devices have drawn much attention due
to the increasing demand for biocompatible applications [6, 7].
Memristors with good flexibility and biocompatibility are highly
desirable. Compared with their inorganic counterparts, organic
materials have tremendous advantages in memristive devices
owing to their good biocompatibility, mechanical flexibility, low-
temperature manufacturing, and molecular group modifiability
[8–10]. And more importantly, the geometry and structures,
as well as the electrical properties of the organic materials,
can be well tuned through rational design of molecules and
development of synthetic strategy, which provides more potential
for applications inmemristive devices for information storage and
artificial intelligence.

During the past few years, some important achievements have
been reported in memristors based on organic materials [11,
12]. The conductivity of organic materials can be controlled or
modified by charge transfer and redox activities in memristors,
where digital RS with a large ON/OFF ratio can be achieved
[13]. For such redox activities, donor–acceptor (D–A) pairs should
typically be designed with electron donor and acceptor units
to construct the D–A systems, where electrons are prone to be
generated and transported to achieve intrinsic RS behaviors [8,
14]. For example, in 2022, Tao et al., reported the electrochemical
preparation of carbazole-based porous organic polymer films
with a D–A system by using the carbazole unit as the donor and
the cyano group as the acceptor for applications in memristive
devices [15]. However, in this case, the memristors generally
demonstrate digital RS with a high switching ratio [16, 17]. On
the other hand, analog RS behaviors with a series of tunable
resistance states are more suitable for artificial synaptic devices
and future neuromorphic computing [18, 19]. Therefore, the
design of new materials with tunable RS behaviors and/or
developing alternative means to modulate RS behaviors are of
great significance for memristors to meet the needs of different
applications.

Herein, we present a novel design strategy to achieve digital
RS behaviors for multilevel storage or analog RS behaviors
for synaptic through introducing different substituents to serve
as electron acceptors or donors. Recently, we developed an
Rh-catalyzed intramolecular annulation of O-bearing alkyne-
tethered benzocyclonovel for the synthesis of furan-annulated
naphthalenes via C─C bond activation [20]. By using this proto-
col, naphthaleneswith electron-rich and/or -deficient aryl groups
can be easily synthesized in a regio-controlled manner, which
may offer a good platform to explore various RS behaviors. As a
proof of concept, we design and synthesize two organic semicon-
ductors. By introducing an electron acceptor of trifluoromethyl
on the phenyl ring, 3-phenyl-4-(4-trifluoromethylphenyl)-2H-
naphtho[1,8-bc]furan (TPNF) is synthesized with D–A pairs by

utilizing the electron donor of furyl in the naphthalene. On the
other hand, if the substituent on the phenyl ring is replaced
by an electron donor of methoxy, 4-(4-methoxyphenyl)-3-phenyl-
2H-naphtho[1,8-bc]furan (MPNF) can be constructed with only
electron-donor units of furyl and methoxy. The TPNF with D–
A pairs by using the trifluoromethyl as an electron acceptor and
the furyl as a donor demonstrates typical non-volatile bipolar
digital RS behaviors and multilevel storage characteristics. While
the MPNF with only electron donors of furyl and methoxy
demonstrates analog RS behaviors and good synaptic functions
of paired-pulse facilitation (PPF) and paired-pulse depression
(PPD), as well as long-term potentiation (LTP) and long-term
depression (LTD), with high linearity of conductance modu-
lation. Furthermore, simulation results demonstrate that the
synaptic memristors are completely capable of recognizing digit
images with high accuracy and performing decimal arithmetic
of addition, subtraction, multiplication, and division operations.
This study indicates that substituents in well-designed organic
semiconductors can be used as an additional degree of freedom
to control the RS behaviors for applications in multilevel storage
and neuromorphic computing.

2 Results and Discussion

The organic semiconductors arewell designed and synthesized by
using 1.0 mol% [Rh(cod)OH]2 as the catalyst and 1.5 equiv. ZnCl2
as the Lewis acid (see Figure S1 and Section 4 for more synthesis
details). Then, the organic thin films can be deposited on
SiO2/Si substrates for characterization and on the indium tin
oxide-coated polyethylene terephthalate (ITO/PET) for device
fabrication by the thermal evaporation method, as schematically
shown in Figure 1a. The synthesized organic materials are char-
acterized by 1H nuclearmagnetic resonance (NMR) spectroscopy,
as shown in Figure 1b. The specific peak analysis is shown
in Figure S2, suggesting the successful synthesis of the two
types of organic materials. Figure 1c shows the ultraviolet-visible
(UV–VIS) absorption spectrum of the two materials. The two
absorption peaks located at 212 and 270 nm may be caused by π–
π* transitions [21, 22], while the weak absorption peak at 339 nm
may be attributed to n–π* transitions [23]. According to the UV–
VIS absorption spectrum, the bandgap of TPNF andMPNF can be
calculated to be 3.20 and 3.21 eV, respectively, as shown in Figure
S3. In addition, ultraviolet photoelectron spectroscopy (UPS) has
been used to detect the synthesized materials, as shown in Figure
S4. The highest occupied molecular orbital (HOMO) energy level
of −5.87 eV (−5.86 eV) can be estimated from the UPS spectrum,
and the lowest unoccupied molecular orbital (LUMO) energy
level of TPNF (MPNF) can be calculated to be−2.67 eV (−2.65 eV)
according to the equation of ELUMO = EHOMO + Eg (EHOMO and
ELUMO are the HOMO and LUMO energy levels, respectively, and
Eg is the bandgap of TPNF or MPNF). Furthermore, quantum-
chemical geometry optimization of density functional theory
(DFT) at the B3LYP level with 6–31G basis functions has been
used to validate the observed differences in HOMO/LUMO
levels and electronic distributions between TPNF and MPNF,
as shown in Figure S5. The HOMO and LUMO levels can be
calculated by using the B3LYP/6-31G level of DFT calculations, as
shown in Table S1, suggesting that the HOMO and LUMO levels
calculated using UPS andUV–VIS absorption spectra are reliable.
Figure 1d demonstrates X-ray diffraction (XRD) patterns of the
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FIGURE 1 Characterization of the synthesized organic semiconductor of TPNF and MPNF. (a) Synthesis process and preparation of thin film by
thermal evaporation. (b) 1H NMR spectra of TPNF andMPNF. (c) UV–VIS absorption spectra of TPNF andMPNF. (d) XRD patterns of TPNF and TPNF
thin film. (e) Raman spectra of MPNF and MPNF thin film. (f) Surface morphology of the SEM image for the TPNF thin film. (g) Cross-sectional SEM
image of TPNF thin film deposited on SiO2/Si substrate.

synthesized TPNF and the deposited thin film. All the observed
diffraction peaks of the thin film are consistent with those of
the bulk materials, indicating the successful preparation of the
thin films. Figure 1e shows the Raman spectra of the synthesized
MPNF and the deposited thin films. Among them, the Raman
feature peaks at 3058 and 2929 and 1187 cm−1 correspond to the
phenyl ring C─H vibration mode of symmetrical stretching, anti-
symmetrical stretching, and shear vibration mode, respectively
[24]. The Raman peak at 1607 cm−1 may arise from the phenyl
ring C═C bending vibration mode [25]. The peak located at
1275 cm−1 may represent the C─O stretching vibration mode,
suggesting the existence of ─OCH3 [25] The peak located at
1214 cm−1 may result from the symmetric stretching of C─O─C
from the furan [26] All the Raman feature peaks observed
in the thin film are well consistent with those in the bulk,
suggesting theMPNF thin filmhas beenwell deposited on SiO2/Si
substrates. The atomic force microscopy (AFM) technique has
been employed to characterize the surface morphology and
determine the topographical uniformity of the organic thin films
(Figure S6), exhibiting the synthesized continuous and uniform
thin films. The scanning electron microscope (SEM) is also used

to determine the thickness of the as-prepared TPNF thin film on
the SiO2/Si substrate, as shown in Figure 1g. The thickness of the
deposited film is about 20 nm. All the aforementioned data show
that the TPNF andMPNF thin films can be successfully prepared
by the thermal evaporation method.

In order to explore the memristive properties, the organic thin
films are deposited on ITO-coated PET substrate, and two-
terminal memristors with Pt as the top electrode and ITO as the
bottom electrode are fabricated. As shown in Figure 2a, TPNF
demonstrates non-volatile bipolar digital RS behaviors with a
typical current–voltage (I−V) characteristic curve where a sharp
current transition can be observed from the high resistance
state (HRS) to low resistance states (LRS) at the SET voltage
of 0.55 V and from the HRS to the HRS at the RESET voltage
of 0.51 V, respectively. The fabricated device demonstrates good
environmental stability. After 1 month, the device still exhibits
comparable bipolar RS behaviors without obvious degradation,
as shown in Figure 2b. Moreover, the cycle-to-cycle variations
for the TPNF memristor are shown in Figure S7. All the I−V
curves demonstrate typical bipolar digital RS behaviors with very
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FIGURE 2 RS behaviors of TPNF and MPNF. (a) Typical digital RS behavior of TPNF-based memristor. The inset shows the molecular structure
of TPNF. (b) I−V curves of fresh TPNF memristor and device after being stored in air for one month. (c) Endurance characteristics of the memristor
at a read voltage of 0.02 V. (d) Typical analog RS behavior of MPNF-based memristor. The current and voltage data as a function of time for the six
consecutive cycles at both positive (e) and negative voltages (f).

close SET and RESET voltages. Figure 2c exhibits the endurance
characteristics of the memristor by applying a pulse voltage of
0.8 and −1 V at a read voltage of 0.02 V. The device can realize
write and erase operations for 400 cycles with a high ON/OFF
the ratio up to 104, indicating good endurance characteristics. On
the other hand, MPNF demonstrates the non-volatile analog RS
behaviors, as shown in Figure 2d. A slight current loop can be
observed without an abrupt transition, suggesting the analog RS
behaviors. When a series of consecutive voltage scanning circles
of 0→ 1→ 0 V or 0→−1→ 0 V are performed, the current shows
a gradient change with a gradual potentiation or depression
trend, as respectively shown in Figure 2e,f. Furthermore, the
RS behaviors of 30 memristors based on MPNF thin films are
measured to examine the cell-to-cell uniformity, as shown in
Figure S8. All 30 memristors demonstrate comparable analog RS
behaviors with slight current loops, suggesting good cell-to-cell
uniformity for the MPNF devices. Such analog RS is desirable for
the simulation of biological synapses.

The underlying physical mechanism for the two types of RS
behaviors should be well explored. The observed non-volatile
bipolar digital RS behaviors with the SET voltage of 0.55 V and
ON/OFF ratio up to 104 in the TPNF mainly generate from
the formed D–A pairs in the organic semiconductor, where the
furyl in the naphthalene can work as the electron donor and
trifluoromethyl on the phenyl ring can serve as the electron
acceptor. In the D–A systems, the electrons are prone to be
generated and transported when the bias voltage is in excess
of the SET voltage to achieve intrinsic RS behaviors, giving
rise to the observed digital RS. Similar digital RS behaviors
have been reported in previous studies. [8, 14] On the other
hand, in the organic semiconductor of MPNF, the D–A system

cannot be constructed due to the absence of an electron-acceptor
unit. Considering the barrier between the Pt (work function of
−5.65 eV) and the HOMO level (−5.86 eV) of MPNF is smaller
than that between Pt and the LUMO level (−2.65 eV), the positive
carriers of the hole may be injected from the electrode to the
MPNF thin film when an external electric field is applied [27].
Moreover, Figure S9 shows the transport properties of the MPNF
thin film, suggesting p-type transport characteristics. Thus, the
carriers in the MPNF are dominated by the holes. Herein,
the RS mechanism is considered to be associated with charge
trapping/detrapping. In the MPNF, the electron-donor units of
methoxy and furyl groups can serve as nucleophilic trapping sites
[28], giving rise to hole trapping and detrapping when stimulated
by the external voltages. Initially, there are nucleophilic trapping
sites randomly located in the MPNF. When positive voltages are
applied, the nucleophilic trapping sites can be filled with holes.
Thus, the subsequently injected holes can be transported more
freely, resulting in a decrease in the resistance of theMPNF.When
negative voltages are used, the holes filled in trapping sites are
detrapped, inducing the potential well for the migration of the
charge carrier as well as the increase in resistance of the MPNF.

Furthermore, the resistance states of fabricatedmemristors based
on TPNF thin films can be tuned by the compliance current (ICC)
in the positive voltage sweeping ranging from 20 to 800 µA, as
shown in Figure 3a. For each ICC, non-volatile bipolar RS behavior
can be obtained, and more importantly, we can achieve four
different LRSs. Figure 3b illustrates the retention performance of
the HRS and four LRSs at each ICC at a read voltage of 0.02 V. The
five resistance states can be clearly distinguished andmaintained
without obvious degradation for 10,000 s. And more importantly,
there are no overlaps between the different resistance states,
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FIGURE 3 Digital RS behaviors of the TPNFmemristor. (a) Typical bipolar I−V curves with different ICC ranging from 20 to 800 µA. (b) Retention
stability of the HRS and four LRS at each ICC at a read voltage of 0.02 V. (c) Switching endurance performance in pulse mode of HRS and LRS at each
ICC for 20 cycles. (d) The I−V curves of five typical memristors from 40 devices. The distribution of SET (e) and RESET (f) voltages of the 40 devices.

indicating the potential applications in multilevel storage.
Figure 3c shows the endurance behaviors of the HRS and four
LRS at each ICC for 20 cycles. There are no obvious fluctuations
for the HRS and LRS at each ICC for 20 cycles. Such retention and
endurance characteristics demonstrate the potenial applications
in multilevel storage for the TPNF memristors. [29, 30] Besides,
the TPNF thin film shows homogeneous RS behaviors with little
device-to-device variation. Figure 3d shows the I−V characteristic
curves of five typical memristors from 40 devices, and the RS
behaviors of an additional 35memristors are shown in Figure S10.
All 40 devices demonstrate typical bipolar digital RS behaviors.
The statistical results of the SET and RESET voltages about the
40 devices based on the TPNF films are shown in Figure 3e,f,
respectively. The average value of SET (RESET) voltages is 0.58 V
(−0.53 V), suggesting the homogeneous RS behaviors for the
TPNF thin films. All these RS measurements suggest that the
TPNF with D–A pairs can exhibit bipolar digital RS behaviors
with a high ON/OFF ratio, and the LRS can be tuned by the ICC,
indicating multilevel storage characteristics.

On the other hand, artificial synapses can be achieved by utilizing
the fabricated MPNF memristors with analog RS behaviors,
where the conductance changes of the organic thin film can be
used to represent the synaptic plasticity [31]. As schematically
shown in Figure 4a, two neurons are interconnected by the
synapse, which consists of the presynaptic membrane, synaptic
cleft, and postsynaptic membrane [32]. The synaptic plasticity
can be divided into short-term plasticity of PPF and PPD and
long-term plasticity of LTP and LTD [33]. Among them, PPF
demonstrates the enhancement of synaptic current response
to the second pulse compared with the first one, while PPD
represents the depression of that. Figure 4b shows the PPF index
triggered by two consecutive pulses with positive voltage (V= 4 V,
W= 0.3 s, whereV stands for pulse voltage andW for pulse width)
with different pulse intervals (∆t). The PPF index is defined as

[(A2 − A1)/A1] × 100%, where A1 and A2 are the synaptic current
responses to the first and second pulse, respectively [34]. For PPF,
A2 is higher than A1 owing to the potentiation stimulated by the
positive pulses. The PPF index decreases exponentially with the
pulse intervals. PPD can be stimulated by two consecutive pulses
with negative voltage (V=−4 V,W= 0.3 s), as shown in Figure 4c.
For PPD, A2 is lower than A1 due to the depression stimulated by
the negative pulses. The PPD index decays with pulse intervals,
indicating that the increased pulse intervals can reduce the
depression effect. The simulated PPF and PPD behaviors are
consistent with those of the biological synapses [35].

Furthermore, long-term plasticity LTP and LTD functions can
be implemented based on the MPNF memristors, as shown in
Figure 4d. A total of 20 sequential positive pulses (V = 4 V,
W = 0.3 s, and ∆t = 0.3 s) are used to implement the LTP
functions with the conductance increased from 0.95 to 1.80 nS.
In contrast, 20 sequential negative pulses (V = −4 V, W = 0.3 s,
and ∆t = 0.3 s) are employed for the LTD functions with the
conductance reduced to 0.96 nS. Moreover, the LTP and LTD
functions of a typical device are examined at different times, as
shown in Figure S11. The device can maintain comparable LTP
and LTD even after 90 days, suggesting good stability. To evaluate
the linearity of the weight update in both the LTP and LTD
processes, the changes in conductance of LTP (GLTP) and LTD
(GLTD) with the pulse number (x) can be expressed by Equations 1
and 2, respectively [36].

𝐺𝐿𝑇𝑃 (𝑥) =
𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛

1 − 𝑒𝑥𝑝 (−𝐴𝑃)

[
1 − 𝑒𝑥𝑝

(
−𝐴𝑃

𝑃𝑚𝑎𝑥
× 𝑥

)]
+ 𝐺𝑚𝑖𝑛 (1)

𝐺𝐿𝑇𝐷 (𝑥) =
𝐺𝑚𝑎𝑥 − 𝐺𝑚𝑖𝑛

1 − 𝑒𝑥𝑝 (−𝐴𝐷){
1 − 𝑒𝑥𝑝

[
−𝐴𝐷

𝑃𝑚𝑎𝑥
× (2𝑃𝑚𝑎𝑥 − 𝑥)

]}
+ 𝐺𝑚𝑖𝑛 (2)
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FIGURE 4 Synaptic behaviors of MPNF-based memristors. (a) Schematic of a biological synapse. (b) The PPF function is stimulated by positive
pulses. (c) The PPD function is stimulated by negative pulses. (d) Typical LTP and LTD functions. (e) Three cycles of the “learning-forgetting” process.

where Gmax (Gmin) is the maximum (minimum) conductance,
AP (AD) is the nonlinear parameters of conductance update for
LTP (LTD), and Pmax is the maximum number of voltage pulses.
The nonlinear parameters for LTP and LTD can be calculated
to be 0.48 and −0.54, respectively, suggesting high linearity of
the weight update for the LTP and LTD [37]. Furthermore, the
learning-forgetting experience can be emulated by utilizing the
MPNF memristors, as shown in Figure 4e. When stimulated by
20 positive voltage pulses (V = 2 V, W = 0.5 s, and ∆t = 0.05 s),
the device exhibits a stable increase in response current from
3.63 to 7.72 nA, which corresponds to the learning process. Then,
the current is gradually decreased to 4.39 nA after removing the
voltage pulses, which is the forgetting process. In the subsequent
relearning process, only 11 pulses are needed to achieve the same
current level as in the first learning process, where 20 pulses are
employed. This is analogous to the relearning experiencewith less
time to achieve the same cognitive level as the first learning [38].
Moreover, after continuous stimulation of the pulse sequence, the
remaining current after the decay process can be continuously
increased, that is, ∆I3 > ∆I2 > ∆I1, indicating that the cognitive
level can be improved through constant learning.

For neuromorphic computing, the accuracy of recognition is
highly dependent on the linearity of the weight update in LTP
and LTD and the repeatability of the LTP/LTD cycles [39, 40].
Figure 5a demonstrates 10 sets of LTP and LTD cycles with
good linearity and symmetry in each cycle and good repeatability
between each cycle. The retention characteristics for multilevel
conductance states in the synaptic plasticity are measured for
1000 s, as shown in Figure S12. Although fluctuations and
overlaps for adjacent conductance states can be observed during

retention tests, the fluctuations are well confined, and the
conductance states show the LTP trend as the pulse number
increases. Then, a three-layer artificial neural network (ANN)
can be simulated through the CrossSim platform with the pro-
gram code written in Python according to the backpropagation
algorithm [41, 42], which can be used for handwritten digit recog-
nition, as demonstrated in Figure 5b. The synapticmemristors are
simulated in an N × M crossbar array for the ANN, as shown in
Figure 5c. The small image with 8 × 8 pixels and the large one
with 28 × 28 pixels are used for training and testing of the digit
recognition [42]. The recognition accuracy of handwritten digits
as a function of the training epochs is shown in Figure 5d,e. After
40 training epochs, the recognition accuracy for small images can
be maintained at 95.2%, which is very close to the ideal value
of 96.7%. The recognition accuracy for a large image can reach
up to 91.5%. Furthermore, to evaluate the effect of the cell-to-cell
variations on the CrossSim simulations, the LTP/LTD functions
from five typical MPNF memristors are employed to perform
the handwritten digit recognition simulation [43]. The LTP/LTD
variations of the five typical devices with seven cycles of LTP and
LTD for each memristor are shown in Figure 5f. The recognition
accuracy can reach up to 92.36%, even after considering the
cell-to-cell variations, as shown in Figure 5g. Such simulation
results indicate potential applications of our MPNF memristors
for future neuromorphic computing.

Moreover, we compare the key parameters of our memristors
with some publishedworks based on organicmaterials, including
the ON/OFF ratio, SET and RESET voltages, endurance and
retention performance, multilevel storage, nonlinear parameter,
and recognition accuracy, as shown in Table S2. Our memristors
possess comparable RS behaviors and synaptic functions to
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FIGURE 5 Neuromorphic computing based on the synaptic memristors. (a) 10 sets of LTP/LTD cycles. (b) Schematic of a three-layer artificial
neural network for image recognition. (c) Schematic of the crossbar array used for matrix operations. Recognition accuracy of the artificial neural
network as a function of the training epoch for (d) a small image of 8 × 8 pixels and (e) a large image of 28 × 28 pixels. (f) The LTP/LTD cycles for five
typical synaptic memristors. (g) The recognition accuracy after considering the device-to-device variations.

recently published ones. Furthermore, our organic materials in
memristive devices offer significant advantages over inorganic
counterparts owing to their cost-effectiveness, low-temperature
processing, tunable molecular structures, and mechanical flex-
ibility. Then, the flexibility of the device is examined on the
flexible PET substrate, as shown in Figure S13. The memristor
still demonstrates good LTP and LTD behaviors even after 1000
bending times and bent at the bending radius of 15, 10, and
5 mm, respectively, suggesting good flexibility for our synaptic
memristors.

Furthermore, the decimal arithmetic can be performed based on
the good linear relationship between the device conductance and
the number of voltage pulses [44, 45]. Such decimal arithmetic
can also demonstrate a proof of concept for designing new
arithmetic operations beyond the binary system. [46, 47] As
shown in Figures 2d–f, the device current can be continuously
modulated by the consecutive positive and negative scanning

voltages, suggesting the potential of high linearity in potentiation
and depression. Figure S14 shows the nearly linear relationship
between the device currents read at ±1 V and voltage sweep-
ing numbers, suggesting that the memristor has good linear
modulation capability in both pulse and DC modes, as well as
good potential for applications in decimal arithmetic. Based on
the fabricated synaptic memristors, positive pulses that linearly
increase the device current can be utilized to implement addition
operations, while negative pulses that linearly decrease the device
current can be used for subtraction operations in decimal arith-
metic. Figure 6 shows the implementation of decimal arithmetic
of addition, subtraction, multiplication, and division operations.
The percent change of the device current (PCDC) was recorded
to count the quantity of input pulses. In order to achieve accurate
arithmetic operations, the 12 – 12 = 0 operation is performed
to calibrate the current variation of the memristor, as shown in
Figure 6a.When 12 consecutive positive pulses (V= 4V,W= 0.5 s)
are employed to stimulate the device, the PCDC with respect to
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FIGURE 6 Emulation of decimal arithmetic of addition, subtraction, multiplication, and division operations based on the synaptic memristors. (a)
Calibration with the operation 12 – 12= 0 for accurate decimal arithmetic. (b) The addition operation of 5 + 7= 12. (c) Subtraction operation of 12 – 7= 5.
(d) Multiplication operation of 4 × 3 = 12. (e) Division operation of 11/5 = 2.2.

the initial current gradually increases to 80%. This PCDC value
is defined as the decimal number 12, and the numbers between
0 and 12 can accordingly be indexed proportionally. Then, 12
negative pulses (V = −4 V, W = 0.5 s) are applied to the device.
The PCDC returns to 0%, which executes a subtraction operation
of 12 – 12 = 0 as well as the calibration for arithmetic operations.
By utilizing the initial calibration, the cell-to-cell variations can
be ruled out. For the addition operation of 5 + 7 = 12, a sequence
of five pulses (4 V, 0.5 s) is applied to the device first, followed
by a sequence of seven pulses (4 V, 0.5 s) after an interval of 10 s
(Figure 6b). The PCDC can reach 80%, indicating the addition
operation of 5 + 7 = 12. Furthermore, the commutative law of
the addition operation can be verified by reversing the order of
the two pulse sequences, that is, 7 + 5 = 5 + 7 = 12, as shown in
Figure S15a. For the subtraction operation of 12 – 7= 5, a sequence
of sevennegative pulses (−4V, 0.5 s) followed by a sequence of five
negative pulses (−4 V, 0.5 s) after an interval of 10 s is employed
to stimulate the device with a PCDC value of 80%, as shown in
Figure 6c. The PCDC value of the device can be reduced from
80% to 0%, indicating the subtraction operation of 12 – 7 = 5.
Then, consecutive addition operations are used to implement
multiplication. Take the operation of 4 × 3 = 12 as an example;
three pulse sequences with four voltage pulses in each sequence
(4 V, 0.5 s) are used to stimulate the device, achieving 80% of
the PCDC value (Figure 6d). Moreover, the commutative law of
the multiplication operation of 4 × 3 = 3 × 4 is demonstrated in
Figure S15b. Furthermore, the division operation is implemented
by combining the subtraction and addition operations. For the
operation of X/Y, the subtraction operation “X − Y − Y. . . ”
will be continued until the remainder (r) is less than Y. The
quotient is defined as the number of the implemented subtraction
operations. Then the r is performed, the addition operation of

adding r × 9 for the subsequent subtraction of Y. The subtraction-
addition-subtraction operation will be continued until the r is
0. For the division operation of 11/5 = 2.2, a sequence of 11
positive pulses (4 V, 0.5 s) followed by two sequences of five
negative pulses (−4 V, 0.5 s) is employed to stimulate the device,
corresponding to the subtraction operation of 11 – 5 – 5, as
shown in Figure 6e. The quotient is 2, and the r is 1. Then, nine
positive pulses are employed to perform the addition operation
of 1 + 1 × 9. After the addition operation, two sequences with
five negative pulses (−4 V, 0.5 s) in each are used to perform
the subtraction operation of 10 – 5 – 5, inducing that the PCDC
value returns to 0%. Therefore, the quotient for the division
operation of 11/5 is 2.2. All these data indicate that the fabri-
cated MPNF memristors can be used for implementing decimal
arithmetic.

3 Conclusions

In summary, we propose a novel design strategy of introducing
different substituents to serve as electron acceptors or donors
to achieve high-performance digital RS behaviors for multilevel
storage or outstanding analog RS behaviors for synaptic mem-
ristors. Based on the furan-annulated naphthalenes, we design
and synthesize an organic semiconductor of TPNF by introducing
the substituent of trifluoromethyl on the phenyl ring to form D–
A pairs, demonstrating typical bipolar digital RS behaviors with
multilevel storage characteristics. On the other hand,MPNFwith
only electron-donor units demonstrates analog RS behaviors and
excellent synaptic functions of PPF, PPD, LTP, and LTD. More
importantly, the memristors exhibit high conductance modula-
tion linearity in LTP and LTD, which is highly desirable for future
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neuromorphic computing. Simulation results demonstrate that
the MPNF memristors with high linearity of conductance mod-
ulation are completely capable of recognizing digit images with
high accuracy and performing decimal arithmetic of addition,
subtraction, multiplication, and division operations. This study
indicates that the strategy of introducing different substituents is
a feasible way to modulate RS properties, and our well-designed
organic semiconductors are suitable for applications inmultilevel
storage and neuromorphic computing.

4 Experiments Section

The detailed synthesis routine is shown in Figure S1, Supporting
Information. Then, the organic thin films were deposited by
the thermal evaporation method under the vacuum condition of
6 × 10− 3 Pa at 120◦C on SiO2/Si substrates for characterization
and ITO-coated PET substrates for memristor fabrication. The
synthesized powder and deposited thin films were characterized
by NMR, XRD, and Raman spectroscopy. The NMR spectra were
obtained on an Avance NEO 600 M spectrometer. A raman
spectroscope (Renishaw/inVia, UK) with a 532 nm laser and
XRD (Rigaku/MiniFlex, Japan) were employed to characterize
the organic materials. The surface morphology and thickness of
the organic film were determined by AFM (Bruker/Size Edge,
US) and SEM (Seiss/Sigma 500, UK). Moreover, a UV–VIS
spectrophotometer (UV2310II) and a UPS (Thermo ESCALAB
250XI) were employed to further characterize the two organic
materials. For measurements of the RS behaviors, Pt electrodes
with a thickness of about 100 nm were prepared through the
sputtering technique by using a well-designed shadow mask. All
electrical performance tests were performed with a four-probe
station system equipped with a double-channel source meter
(Keithley 2636B).
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