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Abstract: Quantum dots (QDs) are emerging as promising candidates for innovative memristive
materials, owing to their distinct surface, quantum size, and edge effects. Recent research has focused
on tailoring QDs with specific organic molecules to fine-tune charge transfer states between the host
and grafted species, as well as enhancing their dispersibility and processability. Violet phosphorus
(VP), a newly discovered two-dimensional phosphorus allotrope, offers excellent carrier dynamics,
predictable modifiability, and superior oxidation resistance, making it a promising contender in
this domain. In this study, we synthesized a rich azobenzene-containing star-shaped polymer
diazonium salt (AzoSPD) to functionalize violet phosphorus quantum dots (VPQDs), with the dual
objectives of enhancing organic dispersibility and introducing photo-switching capabilities. The
synthesized AzoSPD-VPQDs exhibit intramolecular charge transfer characteristics under electrical
stimuli of ambient conditions, displaying significant non-volatile rewriteable memory properties and
a substantial switching ratio exceeding 2 x 103. Furthermore, the high resistance state (HRS) current
can be enhanced by nearly 40 times under 465 nm illumination, enabling optoelectronic information
sensing and storage within a single device. This work not only provides insights into enhancing
the optoelectronic properties of QDs through functional organic molecular modification but also
represents a pioneering exploration of the potential applications of VPQDs in novel memristors.

Keywords: violet phosphorus quantum dots; star-shape polymer diazonium salt; memristor; charge
transfer mechanism; photoelectric regulation

1. Introduction

The extremely small size and vast specific surface area endow quantum dots (QDs)
with unique quantum confinement effects and abundant active surface sites, offering
broad application prospects in the fields of novel electronics and optoelectronics [1-5]. In
recent years, black phosphorus (BP) and transition-metal dichalcogenide (TMDC) QDs
have emerged as outstanding candidates in the development of novel memristors [6-9].
These QDs can provide satisfying trapping sites during the charge transfer process, leading
to significant resistance state changes under bias, enabling the storage of information
with rapid access and low power consumption. However, most of the reported work has
focused on physically blending QDs with polymer matrices, which can lead to serious
phase separation issues that deteriorate device performance. Additionally, traditional
graphene, BP, and TMDCs suffer from the challenges of zero band gap, oxidation, and
unremarkable carrier dynamics, respectively [10-13]. Therefore, there is an urgent need
to develop novel QDs with improved functionalization effects to further advance the
development of QD-based memristors.
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As a newly discovered two-dimensional material, violet phosphorus (VP) features
a moderate band gap (with an optical band gap of approximately 1.7 eV), high carrier
mobility (7000 cm?/(V-S)), and better environmental stability compared to BP [14], making
it an ideal platform for the development of high-performance memristors. Additionally,
the covalent functionalization method offers a well-established approach for fine-tuning
the properties of quantum dots (QDs) [15]. Specifically designed organic molecules can not
only provide customized performance regulation sites [9,16] but also improve film-forming
properties and passivation protection during the device manufacturing process [17-19].
As one of the most extensively investigated photosensitive organic functional groups,
azobenzene and its derivatives exhibit an intriguing reversible cis-trans isomerization
characteristic, which has the potential to confer specific optically controllable properties to
the traditional memory-only QD-based memristor [20,21]. With the continuous evolution
of the information era, there is an increasing urgency to develop novel hybrid memristors
capable of enabling multi-dimensional information perception and storage [22,23]. The use
of azobenzene-based polymers for the covalent functionalization of VPQDs represents a
promising strategy to diversify device control methods, streamline the device preparation
process, and enhance overall performance.

To this end, a star-shaped polymer diazonium salt (AzoSPD) rich in azobenzene struc-
ture was designed and synthesized to covalently functionalize VPQDs. The introduction of
a star-shaped polymer and azobenzene brings better solubility, environmental stability, and
additional light regulation capability to VPQD-based memristors. Under environmental
voltage stimulation, electrons in the AzoSPD moiety delocalize onto the VPQDs, forming
the charge transfer state that triggers memristive behaviors. The strong light absorption
characteristics and photo-induced configuration transition properties of azobenzene groups
in AzoSPD provide an additional control means for the charge transfer pathway, enabling
the device to exhibit photoelectric regulation capabilities at the macroscopic level. The
modification process is supported by various spectral and theoretical calculations, and
the related devices exhibited significant memristive characteristics with a large switch
ratio (>2 x 10%) in ambient conditions. Under 465 nm illumination, the high-resistance
state current of the device can be increased by nearly 40 times, achieving the perception
and storage of optical information besides the electrical memory. Our research provides a
pioneering exploration experience for the application of VPQDs in the memristor field and
the implementation of optoelectronic tunable storage research in single devices.

2. Materials and Methods
2.1. Chemicals

Trimesoyl chloride, 3-(bromomethyl) heptane, and n-butyl lithium were purchased
from Adamas-beta; 4,4-diaminodiphenyl sulfone, sodium nitrite, and aniline were pur-
chased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China);
3-chloropropanol, 48% tetrafluoroborate, and potassium iodide were purchased from
Shanghai Meryer (Shanghai, China) Chemical Technology Co., Ltd. (Shanghai, China);
sodium bicarbonate and anhydrous calcium chloride were purchased from General-reagent;
tetrabutylammonium hexafluorophosphate was purchased from Bide Pharmatech Ltd.
(Shanghai, China); bulk violet phosphorus was given by Zhang Jinying’s research group
from Xi’an Jiaotong University.

Acetone, dichloromethane, ether, chloroform, and anhydrous ethanol were purchased
from General-reagent; petroleum ether was purchased from Meryer (Shanghai, China)
Chemical Technology Co., Ltd.; N, N-dimethylformamide (DMF) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.; triethylamine was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China); ethanol (HPLC, >99.8%), n-
hexane, and ethyl acetate were purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China); and pure water was produced by a laboratory ultrapure water machine.
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2.2. Synthesis of Modified Molecule AzoSPD
2.2.1. Synthesis of Monomer SDBD

A total of 2.48 g of diaminodiphenyl sulfone and 8 mL of 48% tetrafluoroborate were
added to a 250 mL flask and stirred magnetically. Sodium nitrite aqueous solution was
prepared using 1.5 g NaNO, in 5 mL deionized water. This solution was then slowly added
dropwise to the flask under stirring and in an ice water bath, causing the solution to turn
bluish-white. The reaction was kept below 5 °C and allowed to stand for 30 min. After
filtering, the solid was dissolved in acetone to form a yellow paste, and ether was added
to recrystallize the diazonium salt. The resulting light yellow solid SDBD weighed 2.08 g,
representing a yield of 57.9%. It was then bottled and stored at a low temperature.

2.2.2. Synthesis of Monomer TBTC

Substitution reaction 1: The mixture of 16.2 mL aniline, 5.2 mL 3-chloro-1-propanol,
KI (catalyst), and NaHCOj3 (acid binding agent) was heated and stirred at 100 °C for
5 h. The product was extracted with 50 mL ether and NaHCO3 was added to remove the
residual HCl. The extract was dried with anhydrous CaCl, for 30 min, and the solvent was
removed by rotary evaporation. The obtained viscous liquid was separated by column
chromatography to obtain the product. The column chromatography conditions were as
follows: the first impurity point was eluted with pure dichloromethane eluent, and then
the product 3-(phenylamino) propanol (second point) was eluted with pure ethyl acetate.
The green-yellow oily product of 3.89 g was obtained with a yield of 30.95%.

Substitution reaction 2: A quantity of 4.566 g of the product and 5.793 g of 3-
(bromomethyl) heptane were dissolved in DMF. The mixture was stirred at 100 °C for
24 h with 3.15 g of NaHCOs3 and 0.996 g of KI added. After the reaction, a large amount
of deionized water was added and extracted with chloroform. The emulsification was
broken by solid NaHCOs3. The organic layer was dried with anhydrous CaCl, for 30 min
and the solvent was removed by rotary evaporation. Column chromatography was per-
formed to obtain the product; the first impurity was eluted with a dichloride (petroleum
ether = 2:1), followed by the product and unreacted raw material with dichloromethane
(ethyl acetate = 2:1). The final product (3-((2-ethylhexyl)(phenyl)amino)propan-1-ol) was
brownish-yellow oil, weighing 3.00 g, with a yield of 38.02%.

Synthesis of tris(3-((2-ethylhexyl)(phenyl)amino)propyl) benzene-1,3,5-tricarboxylate
(TBTC) by acyl chloride esterification: Trimethoxy chloride (1.328 g) and triethylamine
(2.8 mL) were dissolved in 30 mL dichloromethane, and 3-((2-ethylhexyl)(phenyl)amino)
propane-1-ol (4.734 g) was dissolved in 60 mL dichloromethane in another container. The
former was dripped into the latter solution during stirring in the ice water bath. After 6 h
of reaction, the solution was washed with pure water, the solvent was mostly removed by
rotary evaporation, and ethanol was used to recrystallize to obtain TBTC. TBTC was then
separated from the recrystallization solution via high-speed centrifugation and dried to
yield an extremely viscous yellow-green liquid (1.37 g), with a yield of 39.63%.

2.2.3. Synthesis of the Star-Shaped Polymer Diazonium Salt Rich in Azobenzene
Structure (AzoSPD)

A total of 0.988 g TBTC was dissolved in a small amount of DMF. The 0.6675 g SDBD
was dissolved in another portion of DMEF, and the former solution was dropped dropwise
under ice water bath conditions (the total DMF was preferably no more than 10 mL). The
reaction was performed for more than 5 days. After the reaction, the system solution was
poured into a large amount of acetonitrile, standing and waiting for the final product to
be precipitated. The product was a red-black viscous body, which was rubber-like after
drying. The reaction equation is shown in Figure 1; the existence form of the monomer in
AzoSPD is abbreviated as A and B, respectively.
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Figure 1. The synthesis reaction equation of AzoSPD: The monomers SDBD and TBTC are polymer-
ized by diazo coupling reaction to obtain AzoSPD, and they exist in AzoSPD in the form of A and

AzoSPD

B, respectively.

2.3. Preparation and Modification of Violet Phosphorus Quantum Dots (VPQDs)
2.3.1. Stripping of VPQDs

The exfoliation of VPQDs employed classical top-down quantum dot fabrication
techniques, including liquid-phase exfoliation and ion-intercalation methods:

Liquid-phase stripping (Figure 2 Reaction (1)): The bulk violet phosphorus was
dispersed in high-purity anhydrous ethanol, and continuous ultrasonic treatment was
performed using an ultrasonic soundproof box in an ice water bath. Anhydrous ethanol
was collected and replaced every 6 h. The collected VP ethanol solution was centrifuged
at 13,000 r/min for 1 h and then centrifuged and washed again with deionized water.
The precipitate was freeze-dried with a small amount of deionized water to obtain a
brownish-yellow powder.

a (1) Liquid phase stripping ; ’é‘ié”\

r
ﬂ.
* (2) Li* intercalation method.  sraps .o “/g
3 {" )

L S A

Bulk VP VPQDs

(3) AzoSPD-N,*BF P
AzoSPD =

AzoSPD-VPQDs

Figure 2. The two-step exfoliation of VPQDs (Reaction (1), (2)) and the surface modification of VPQDs
by AzoSPD (Reaction (3)).

Li* intercalation method (Figure 2 Reaction (2)): An amount of 215 mg VP powder was
dispersed in n-hexane, and 12 mL of n-butyl lithium was added in an Ar atmosphere. The
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mixture was stirred at 75 °C for 40 h to allow the small-sized Li* ions to intercalate between
the VP layers. After stirring, the n-hexane was removed by high-speed centrifugation at
13,000 r/min, and chromatographically pure ethanol was added. During the ultrasonication
process, the Li* ions intercalated between the VP layers reacted with ethanol to generate a
large number of n-butane bubbles, overcoming the van der Waals forces between the VP
layers to achieve exfoliation. Once the solution ceased to produce bubbles, the supernatant
was collected after centrifugation for 40 min. The VPQD precipitate was then collected
at a speed of 15,000 rpm, washed with anhydrous ethanol and deionized water, and then
collected after freeze-drying.

2.3.2. Modification of VPQDs

The modification of VPQDs was achieved through the covalent attachment of diazo-
nium salts: A total of 0.2 g AzoSPD was dissolved in 30 mL DMF with 20 mg of VPQDs
and 0.581 g tetrabutylammonium hexafluorophosphate and reacted in the dark for 20 h; the
reaction diagram is shown in Figure 2 Reaction (3). The reaction solution was centrifuged at
15,000 r/min for 40 min to obtain the modified product AzoSPD-VPQDs. After weighing,
it was sealed with quantitative ethanol and refrigerated.

2.4. Device Structure and Fabrication

An ITO-coated conductive glass (10 x 10 x 0.7 mm, 180 nm ITO) was cleaned in pure
water, absolute ethanol, and acetone for 15 min each using ultrasound, then dried with
N3. AzoSPD chloroform solution (20 mg/mL) was prepared with AzoSPD as an auxiliary
binder. After ultrasonically dispersing the mixture of AzoSPD-VPQDs and ethanol for
3 min, add it to the AzoSPD chloroform solution at a concentration of 0.5 mg/mL. The
mixture was again sonicated for 2 min before dropping 100 puL onto the ITO substrate
placed in a suction cup of a homogenizer. The spin-coating parameters were 300 r/min
20s + 2000 r/min 60 s. The sample was then vacuum oven-dried at 60 °C overnight. The top
electrode uses a vacuum magnetron coating system to prepare a circular top electrode by
electron beam evaporation under the following conditions: Ar gas flow rate of 30 mL/min,
growth chamber pressure of 1.3 Pa, and a 30 W RF power supply. The final prepared
Au/AzoSPD-VPQD/ITO three-layer structure device is shown in Figure 3. Subsequent
tests were performed by powering on both ends of the top electrode Au and the substrate
ITO. Scanning electron microscopy (SEM) characterization showed that the thickness of the
three layers was about 80 nm, 120 nm, and 180 nm, respectively (Figure Sla), and there are
obvious layered element distribution characteristics (Figure S1b).

AzoSPD-VPQDs
ITO coated glass

Figure 3. The schematic diagram and test configuration of Au/AzoSPD-VPQD/ITO device. The I-V
test is conducted by applying voltage across the top electrode Au and the substrate ITO.
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3. Results and Discussion
3.1. Characterization of the VPQDs and AzoSPD-VPQDs

Transmission Electron Microscope (TEM) and Atomic Force Microscope (AFM) mor-
phology characterization methods were used to characterize the size of the prepared
samples. Figure 4a,b show the uniform size distribution of VPQDs characterized by TEM
and AFM, respectively. The 0.20 nm and 0.21 nm interplanar spacing detected in Figure 4a
inset represent the {—4,2,4} and {3,—3,2} planes of VP, respectively. The measured height of
the two lines drawn in Figure 4b are both between 2 and 6 nm (Figure S2). The statistical
results show that the average diameter of VPQD is 4.64 £ 0.69 nm and the average height
is 5.64 £ 2.16 nm (Figure 4c), suggesting that the van der Waals forces between the VP
layers ensure that it still exists in a multilayered form even when reduced to nanoscale
dimensions. The TEM of AzoSPD-VPQDs in Figure 4d shows that the modified VPQDs
are no longer regular; the obvious branching and long-chain characteristics of AzoSPD are
found in high-resolution transmission electron microscopy (HRTEM) in sizes from 20 to
30 nm (Figure 4e). Further amplification can still observe the lattice spacing of 0.20 and
0.29 nm, which belong to the {—4,2,4} and {—3,1,2} planes of VP, respectively (Figure 4f) [24].
This phenomenon indicates the successful surface bonding between AzoSPD and VPQDs
and does not significantly change the crystal structure of VPQDs.

~~
o
<

Diameter = 4.64 + 0.69 nm

Fraction (%)
3 & 8

4 5
Diameter (nm)

Height = 5.64 £ 2.16 nm

-
>

-
[

g
c
§
g

Figure 4. Morphology characterization of VPQDs and AzoSPD-VPQDs. (a) TEM characterization
of VPQDs. The inset shows the lattice fringe images under HRTEM; (b) AFM characterization of
VPQDs; (c) statistical analysis of the dimensions and heights of VPQDs measured in (a,b); (d) TEM
characterization of AzoSPD-VPQDs; (e) HRTEM image of AzoSPD-VPQDs; (f) Further enlarges the
lattice fringes shown in (e).

Given the significant differences in elements and bonding after the modification
reaction, a variety of spectroscopic characterizations were performed on the prepared
samples. In the IR characterization of Figure 5a, the stretching vibration peak of the
—N=N- bond generated by polymerization on AzoSPD is located at 1390 cm~!. The
large consumption of diazo bonds in the polymerization leads to a significant decrease
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in the strength of the stretching vibration peak of the remaining diazo bond (—N*=N-)
on AzoSPD and the expansion of the conjugated system makes the peak wavenumber
shift from 2288 cm~?! to 2110 cm™!. The modified product, AzoSPD-VPQDs, has a new
absorption peak at 1444 cm !, corresponding to the Ph-P bond stretching vibration peak
of AzoSPD and VP. Figure 5b shows the XPS broad-spectrum scan of AzoSPD-VPQDs
and verifies all the elements, including O1s, N1s, Cls, S2s, P2s, S2p, P2p, and O2s, with
the binding energies located at 531, 399, 284, 232, 189, 169, 132, and 25 eV, respectively.
In addition, the XPS fine spectra fitting results of Cls and P2p in Figure 5¢,d both reveal
obvious contributions from the C-P bond, providing further evidence for the successful
covalent modification of VPQD:s.

(b)

O1s

C1s

'<-N=N-

1
) Ph-P L 1 1 1 1 1 1
2500 2000 1500 1000 500 600 500 400 300 200 100 0
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Figure 5. (a) IR spectrum characterization of SDBD, AzoSPD, and AzoSPD-VPQDs; (b) the XPS
spectrum of AzoSPD-VPQDs in the binding energy range of 0—600 eV; (c) C1s high-resolution fine
XPS spectrum of AzoSPD-VPQDs; (d) P2p high-resolution fine XPS spectrum of AzoSPD-VPQDs.

Fluorescence is one of the key detections based on the quantum confinement effect of
quantum dot materials, and the intramolecular charge transfer processes occurring within
the system may be closely related to the fluorescence quenching mechanism [9,25-27]. The
liquid-phase ultraviolet—visible fluorescence emission spectrum of AzoSPD-VPQDs can
be seen in Figure S3. The solid-state fluorescence excitation and emission spectra, which
are more relevant to device behavior, are shown in Figure 6. The optimal excitation and
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emission bands for the prepared VPQDs were measured at 358 and 440 nm, respectively.
Their time-resolved fluorescence spectra (TRPL) fit a bi-exponential formula (see Figure 6
inset), expressed as:

y=yo+ Alefﬁ + Ay B2

Excitation

—— Emission 5
= 440 nm §
o 358 nm £
>
=
n 10 20 30
E Decay (ns)
£
-
o

1 1 1 1 " n 1 1
200 300 400 500 600 700 800

Wavelength (nm)

Figure 6. The fluorescence excitation (black line) and fluorescence emission (red line) spectra of
AzoSPD-VPQDs.

The lifetimes of the AzoSPD-VPQD components are t; = 1.28 ns (93.02%) and
Ty = 6.89 ns (6.98%), from which the average lifetime (tay) is calculated to be 1.67 ns.
The short-lifetime (t1) and the two longer-lifetime (1;) components arise from different
emission sites on the VPQDs, corresponding to the fast- and slow-decay components, which
are associated with the recombination at intrinsic states and defect states of the VPQDs,
respectively [28].

The UV-Vis spectrum was used to reveal the photosensitive properties of the samples.
Figure 54 displays the complete UV-Vis spectrum of AzoSPD within the 200-800 nm
range, primarily comprising two strong absorption peaks. The peak at 250 nm is the r—mr*
transition peak on the phenyl group of azobenzene in the AzoSPD-conjugated system, and
the maximum absorption peak at 440.75 nm is the 77—7t* electron transition absorption peak
allowed by the symmetry between the two N atoms on the azobenzene [20]. The latter
peak not only serves as the absorption band that initiates the configurational transition of
azobenzene but also exhibits strong absorption characteristics indicative of considerable
photoexcited electronic transition properties. Figure 7 compares the UV-Vis spectra of
AzoSPD, VPQDs, and AzoSPD-VPQDs. AzoSPD-VPQDs exhibit a moderate maximum
absorption peak at 441 nm, which is stronger than the peak of VPQDs at 433 nm, confirming
that the modification has enhanced the light absorption of VPQDs. At the same time, the
wavelength of AzoSPD-VPQDs is shorter than that of the pure AzoSPD molecule (458.4 nm)
but longer than that of VPQDs (433 nm), reflecting the change in the chemical environment
of VPQDs due to covalent modification. The introduction of the large conjugated system of
the AzoSPD molecule makes the —7t* electronic transition in VPQDs more facile, which is
distinct from conventional physical mixing methods (Figure S5 shows the comparison with
UV-Vis physical mixing).
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Figure 7. UV-Vis spectrum comparison of samples before and after modification. The inset is a local
amplification image of VPQDs and AzoSPD-VPQDs at 350-550 nm.

In order to utilize the abundant photoresponsive azobenzene groups in AzoSPD, we
investigated the photo-regulation conditions of AzoSPD-VPQDs by studying the temporal
relationship between the duration of UV light exposure and the UV-Visible absorption
spectra under 465 nm light conditions. For the solution state of AzoSPD-VPQDs, a per-
sistent effect of the 465 nm light on the phenyl 7—7t* transition absorption peak within the
200-250 nm range was observed, with the absorption intensity slightly increasing with
prolonged exposure time, indicating a trend affected by the light (as shown in Figure 56).
For the film state products, which have a more device-relevant light absorption effect
(prepared by spin-coating), the relationship between the intensity of the main UV-Vis ab-
sorption peaks in the film and time is shown in Figure 8. The intensity of the 7—m* electronic
transition absorption peak at 441 nm associated with the N=N bond in the film samples de-
creases with increasing light exposure time, while the intensity of the 7t electronic transition
absorption peak of the benzene ring (at 298 nm) increases with exposure time. This suggests
that under UV light, the waveform and intensity of the azobenzene gradually transition
from the original E configuration to the Z configuration. Under prolonged continuous light
exposure, there is little change in the spectrum, which may be related to the insufficient
light intensity of the azobenzene in AzoSPD or large steric hindrance in the inversion space,
but it also indirectly indicates the material’s stability under UV light exposure.

3.2. Current-Voltage Characteristics and Performance Parameters

To test the application potential of modified VPQDs in the field of memristors, we
constructed the Au/AzoSPD-VPQD/ITO structure device. Under the environmental
conditions of 0~£3 V volt-ampere characteristic scanning, the cycle power scanning
was carried out at a step frequency of 0.05 V and a limit current of 0.01 A. The de-
vice shows obvious memristive characteristics between the high-resistance state (HRS)
and the low-resistance state (LRS) during the Set/Reset process of more than 90 cycles
(Figure 9a). The power consumption during the switching process could be calculated
from the I-V curve to be in the range of 1078 to 107> W. The resistance of the HRS is
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about 10° ), and the resistance of the LRS is about 10° Q). The statistics of Set/Reset
voltage show that the average Set voltage is 1.75 V, and the average Reset voltage is
—1.52 V, with a standard deviation of 0.18 V and 0.37 V, respectively (Figure 9b). The
average switch ratio of nearly 90 cycles at a voltage of 0.1 V is over 2 x 10% (Figure 9¢).
In contrast, the switch ratio of the device with AzoSPD or VPQDs as the functional layer
is only 96.87 or 5.24 (the I-V scan curve of the control group can be seen in Figure S7).
The time retention test is carried out under the condition that the reading voltage is
0.01 V and the time interval time is 0.4 s, and the high- and low-resistance states did not
fluctuate greatly in the time of 1500 s (Figure 9d). It is worth mentioning that stability
and repeatability are still the major disadvantages of current two-dimensional material-
based memristors [29]; devices made by few-layer two-dimensional materials usually have
difficulty achieving 100 switch cycles [30,31]. The presence of metal-free quantum dots
coupled with the protective modification by AzoSPD confers good cycling performance
on the device under environmental conditions [25,27,32]. Leveraging this advantage, a
comparison of performance and power consumption between memristors based on metal
and metal-free quantum dots is displayed in Table S1 (Supporting Information).

1000 ® Abs. (441nm)
0.99 - © Abs. (298nm)
5 098 Abs. = -5.43x 10t + 0.98
S o97f ® o
8 0.96 o
c = -
(4]
2 o078}
o
(V)]
<
0.77 1 Abs. = 3.11x10%t + 0.77
0.76 1 M 1 M 1 M 1 M 1 " 1

0 10 20 30 40 50
Time (min)

Figure 8. Time-dependent UV-Vis spectrum of AzoSPD-VPQDs under 465 nm light irradiation.

3.3. Photo Response Characteristics

The abundant photosensitive group azobenzene in AzoSPD provides an additional
optical control method for the device. Compared with the HRS current in the dark, the
HRS readout current of the Au/AzoSPD-VPQD/ITO device increases by nearly 40 times
after 20 min of 465 nm light irradiation, while the LRS readout current also increases by
1.4 times (Figure 10). It means that the 465 nm light can significantly reduce the switching
ratio of the device, reflecting the device’s ability to sense light signals and store information.
Given the quenching behavior of QDs in solid-state films, the photo-storage behavior of
the device is mainly associated with the bandgap changes induced by the photo-induced
configurational transition of azobenzene in AzoSPD and the photo-excited electrons.
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Figure 9. (a) The memristive characteristic curve of the Au/AzoSPD-VPQD/ITO device;
(b) Set/Reset voltage statistics of the device; (c) cycle stability test of the device; (d) time reten-
tion test of the device.
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Figure 10. The average change of the I-V characteristic curve after 465 nm irradiation for 20 min.
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3.4. Mechanism Explanation

To further detail the conversion mechanism of the device, the density functional
theory (DFT) calculation of the AzoSPD-VPQD structural unit is performed in Gaussian09
using the B3LYP mixing function method and the 6-31G(d) basis set. The result of the
optimization is shown in Figure 11a, and the structural unit of AzoSPD-VPQDs selects the
AzoSPD monomer (the other two sites of TBTC are filled with SDBD) and the VP unit which
directly connects to AzoSPD. Additionally, the unmodified SDBD terminal diazo group is
removed to maintain the system’s electrical neutrality. The Molecular Electrostatic Potential
(ESP) diagram, shown in Figure 11b, depicts the distribution of electrostatic potential
within the molecule, and the VP part shows a higher electronegativity that can be used
to capture the delocalized 7t electron during AzoSPD excitation. The HOMO and LUMO
orbital shapes of AzoSPD-VPQDs are plotted by using the single point energy calculation
results (Figure 11c,d). In the HOMO, the wave function is mainly concentrated on the
AzoSPD side, while in the LUMO, the wave function is distributed in the VP region. When
AzoSPD-VPQDs get excited, AzoSPD acts as an electron donor, and the HOMO electron is
delocalized and transfers to VP along the chemical bond to generate the charge transfer
state (AzoSPD*-VPQDs ™). This allows VP to have additional electrons to trigger electronic
conductance and obtain better conductivity. During the memristive test, the change in HRS
current at low voltage adheres to Ohm’s law. But when the voltage gradually increases
to the electrical excitation threshold of AzoSPD-VPQDs (1.75 V), the appearance of the
charge transfer state (AzoSPD*-VPQDs ™) transforms the device from HRS to LRS until the
reverse voltage is large enough (—1.52 V) to re-extract the electrons back to the VP part and
return to HRS.

Figure 11. The Gaussian theoretical calculation of AzoSPD-VPQD monomer. (a) Structural optimiza-
tion result of AzoSPD-VPQDs; (b) ESP distribution map of AzoSPD-VPQDs; (¢) the HOMO orbital
shape of AzoSPD-VPQDs; (d) the LUMO orbital shape of AzoSPD-VPQDs.

Under the exposure of 465 nm light, the change in current value can be mainly at-
tributed to the photosensitive characteristic of AzoSPD. Due to the strong absorption in the
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UV-Vis spectrum, 465 nm light can provide enough transition energy for the ground-state
electron of AzoSPD-VPQD:s so that the electron in some molecules is excited in advance to
form the charge transfer state (AzoSPD*-VPQDs ™) and results in a higher HRS current.
At the same time, the small-scale configuration transition induced by UV light may also
make the charge delocalization easier, reducing the bandgap energy difference, thereby
enhancing the degree of charge transfer, which results in a slight increase in the LRS current.
The aforementioned results demonstrate the controllable photoelectric improvement char-
acteristics of AzoSPD chemical modification on VD, providing a preliminary exploration
for the multi-modal regulation of memristive ability.

4. Conclusions

In summary, we have successfully synthesized a star-shaped polymer diazonium salt
rich in azobenzene structure (AzoSPD) and grafted it to VPQDs through C-P covalent
bonds. This is the first study to explore a modified composite material based on VPQDs as
a photosensitive functional layer in memristors. The prepared Au/AzoSPD-VPQD/ITO
memristor exhibited remarkable memory characteristics under ambient conditions, with a
stable cycle number of over 90 times, a switching ratio exceeding 2 x 10%, and a retention
time of 1500 s. Under 465 nm illumination, the HRS current can also be increased by nearly
40 times, enabling optical signal perception and storage. The mechanism of charge transfer
explains the tunable optoelectronic properties through the Gaussian theory calculation
fitting results in combination with the material properties of azobenzene. This research
investigates the modification method of VPQDs and its application potential in memristors,
providing insights into the development of photoelectric tunable devices based on the
charge transfer mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11123429 /51, Figure S1. (a) The SEM characterization of the
device is ITO, AzoSPD-VPQDs, and Au, with thicknesses of 180, 120, and 80 nm, respectively.
(b) EDS analysis under SEM characterization. Figure S2. The height distribution map of the AFM
along the two lines. Figure S3. The fluorescence emission spectrum of the AzoSPD-VPQDs solution
at 360 nm excitation. Figure S4. UV-Vis spectrum of AzoSPD in the range of 200~800 nm. Figure S5.
UV-Vis contrast diagram of chemical modification and physical mixing. Where ‘@’ represents physical
mixing and ’-’ represents chemical bonding. Figure S6. The UV-Vis absorption peak intensity of
the AzoSPD-VPQDs solution changed with the irradiation time under 465 nm light irradiation
(200~250 nm). Figure S7. The memristive characteristic curve of the control group, (a) Au/AzoSPD/ITO
structure device; (b) Au/VPQDs/ITO structure device. Table S1. The performance of this work
compared with some QDs memristors. Refs. [9,25,27,33-35] are cited in the Supplementary Materials.
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