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Abstract: We have investigated highly flexible memristive devices using reduced graphene oxide
(RGO) nanosheet nanocomposites with an embedded GQD Layer. Resistive switching behavior of
poly (4-vinylphenol):graphene quantum dot (PVP:GQD) composite and HfOx hybrid bilayer was
explored for developing flexible resistive random access memory (RRAM) devices. A composite
active layer was designed based on graphene quantum dots, which is a low-dimensional structure,
and a heterogeneous active layer of graphene quantum dots was applied to the interfacial defect
structure to overcome the limitations. Increasing to 0.3–0.6 wt % PVP-GQD, Vf changed from
2.27–2.74 V. When negative deflection is applied to the lower electrode, electrons travel through
the HfOx/ITO interface. In addition, as the PVP-GQD concentration increased, the depth of the
interfacial defect decreased, and confirmed the repetition of appropriate electrical properties through
Al and HfOx/ITO. The low interfacial defects help electrophoresis of Al+ ions to the PVP GQD
layer and the HfOx thin film. A local electric field increase occurred, resulting in the breakage of the
conductive filament in the defect.

Keywords: HfOx; GQD; RRAM; memristive devices; resistive switching

1. Introduction

Changes in the capacity and intensive industrial structure of information storage
devices require high-performance storage devices for the functionality of complex sys-
tems [1–12]. In particular, in the case of Resistive Random Access Memories (RRAMs),
various studies on organic/inorganic structures have been conducted to maximize the
price and performance of existing memory semiconductors in terms of integration, low
power, and fairness compared to simple structures [13–18]. For example, not only tradi-
tional inorganic structures such as aluminum oxide film and titanium dioxide, but also
organic structures such as poly(methyl-me-thacrylate) [19], polyvinyl alcohol [20], poly(4-
vinylphenol) (PVP), graphene oxide film, etc. Studies on two-dimensional structures are
also being focused. However, in the stacked structure of organic field effect transistors
(OFETs) devices and various inorganic thin films, it is impossible to control defects fun-
damentally occurring at the interface, which directly deteriorated device performance.
Among these materials, graphene oxide (GO) has been extensively studied to develop
electronic devices, and reduced graphene oxide (rGO) can be produced from electrically
insulating GO by removing the oxygen groups via thermal and chemical reductions. There-
fore, GO thin films can be used as a promising active layer in resistive switching memories.
The microscopic origin of the resistive switching phenomenon in GO-based memories has
been generally explained by oxygen ion migration and the formation of a metal filament
within GO films. In this study, a low-dimensional graphene quantum dot-based composite
active layer was designed, applying a heterogeneous active layer of graphene quantum
dots to the interfacial defect structure. To present the performance degradation issue, a
bipolar resistive switching memory device of Al/PVP GQD/HfOx/ITO structure through
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bias change was fabricated, and characteristics were checked. The high-performance re-
peatability according to the set and reset confirmed voltage changes in individual devices.
The resistive switching operation according to the concentration of active layers was guar-
anteed. In addition, as the concentration of PVP GQDs increased, the defect depth at
the interface decreased, confirming the appropriate electrical repeat characteristics at the
voltage change through the Al and HfOx/ITO electrodes. This work first provides evidence
of localized graphitic channels formed in nanoscale GO thin films by oxygen ion diffusion.

2. Materials and Methods
2.1. Materials

The following processes fabricated GQDs. Graphene oxide (GO) was prepared from
graphite powder using the Hummers method [21,22]. The GO was deoxidized in a hori-
zontal furnace at 350–450 ◦C for four hours under Ar to produce reduced graphene oxide
powder. About 5.0–6.5 g of graphene oxide powder was oxidized by ultrasonication in
concentrated 15 mL H2SO4 and 40 mL HNO3 for 22 h. In addition, 350 mL deionized
water was used to dilute the mixture. A 200 nm membrane filtered it to neutralize. The
size-reduced and purified 2.5 g GO powder was redissolved in 15 mL deionized water, and
NaOH was used to set the pH to 7.8. The aliquot was transferred to a nitrogen-ambient
furnace and heated at 350–400 ◦C for six hours. After cooling to room temperature, the
resulting powder was redispersed in 40-mL DI water for two hours under ultrasonication.
Then, by filtering the resulting suspension through a 200-nm nanoporous membrane, a
brown solution was separated. Since the colloidal solution still contained some large
graphene nanoparticles (<200 nm) emitting weak blue fluorescence, it was further filtered
in a dialysis bag with a cutoff of 3500 Da molecular weight overnight, thereby producing
strongly fluorescent GQDs. The GQDs were separated into different sizes using several
dialysis bags of 1000–50,000 Da and a 20-nm nanoporous membrane.

2.2. Device Fabrication

After the direct synthesis of the extracted GQD and PVP, graphene quantum dots of
each shape were directly grown on a patterned transparent electrode in a Cu thin film
through a modified CVD method. After washing the composite GQD layer through the
deionized water cleaning process, heat treatment was performed. The solution for dielectric
structure of PVP was prepared by sonication of 1.7–5.8 wt % PVP in 2-propanol for 60 min
for preparing five samples with different PVP concentrations. The solution was spin
coated at 6500 rpm for 45 s to obtain a ~75 nm thick PVP layer. A cross-bar type Al/PVP
GQD/HfOx structure was deposited on an ITO substrate by thermal evaporation using a
150 µm wide overlapping hard mask. The Al electrode was fabricated using the electron
beam deposition method, and the HfOx structure was deposited on the Ti adhesive layer.

2.3. Characterization

The morphologies of GQDs were analyzed using an HRTEM (High-resolution Trans-
mission Microscopy) (FEI Tecnai F30 S-Twin). To make the HRTEM specimens, the GQDs
were dispersed in DI water, a drop of which was then put on a C- or SiO-coated Cu
grid (Tedpella, Inc., Redding, CA, USA) and mica substrate, respectively. The current-
voltage (I–V) curve of the device was analyzed in an electrical and electronic workstation
(Keithley 2400).

3. Results and Discussion

Figure 1a is a schematic diagram applied to the Poly(4-vinylphenol) (PVP)/HfOx stack
structure on the ITO substrate. To fabricate a resistive memory structure, an ultra-thin HfOx
layer was synthesized by atomic layer deposition on an ITO transparent substrate, which is
the lower electrode, and graphene quantum dots in PVP were synthesized. A conductive Al
ion structure was applied. After the 10 nm or smaller graphene quantum dot structure was
fabricated, Al ions were formed as channels in the graphene quantum dot region [23,24].
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Figure 1b is a cross-sectional bright-field TEM image in the ON state obtained after applying
a negative bias to the upper electrode. The non-uniform interface state was confirmed
in the Al/PVP GQD/HfOx/ITO stack structure. Although the graphene quantum dot
region in PVP has a more regular and densely stacked path than the off state, vacancy
in the metal atomic layer increased at the interface, which means that the defects in the
interfacial region in Al and HfOx increased. As shown in the TEM image, in the Al/PVP
GQD/HfOx/ITO structure, locally bonded atomic layer regions were observed at the
heterogeneous interface, and it can be judged that the Al oxide film affected the charge
transport layer formation in the ON state. An irregular interfacial structure appeared in
another localized region, and the boundary between the graphene quantum dot channel
crystallization region and the HfOx region could be identified.
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Figure 1. Schematic illustration (a) of the device architecture based on PVP GQD/HfOx/ITO/
graphene. (b) and TEM image of PVP GQD/HfOx layer. The scale bar indicates 20 nm. Inset on right
panel: high-resolution TEM image showing GQDs. Scale bar, 5 nm. Characterization of chemical
state in the GQD layers, the ON and the OFF state. Raman intensity ratio maps of D and G bands at
(c) ON state, and (d) OFF state. Inset: Raman profiles of the blue and yellow box in (c,d).

It is not easy to create a controllable electric field in a specific region because a typical
HfOx thin film has defects related to interfacial oxygen ions. The highly crystallized
graphene quantum dot region in PVP, considered as a conductive channel, makes the
inter-interface defect spacing large by the change in the desorption of Al ions and HfOx
oxygen ions, but by the movement of the metal interface and HfOx oxygen ions under a
strong electric field to the conductive PVP graph. It can be confirmed that the graphene
quantum dot channel is formed gradually [25–28]. Figure 1c,d show the Raman spectra
of the GQDs for chemical state in the GQD layers, the ON and the OFF state and PVP
GQD/HfOx/ITO/graphene substrate. The Raman spectrum of the GQD resolves into
two distinctive D and G bands at ∼1410 cm−1 and ∼1550 cm−1, respectively. The D and
G bands are almost not shifted by varying the ON and the OFF state. In contrast, the G
band shows a considerable GQD edge dependent shift. There have been numerous studies
on the behaviors of Raman bands in graphene sheets. The G band corresponds to the E2g
phonon at the Brillouin zone center, and its frequency is known to downshift as strain
increases [29].



Molecules 2021, 26, 6758 4 of 8

Figure 2a is a current–voltage (I–V) curve of the PVP-GQD/HfOx/ITO structure. A
negative bias was applied to the upper electrode, keeping the lower electrode at ground
potential. A compliance current of 10 mA was applied to protect the device. The PVP
GQD/HfOx/ITO structure showed stable resistive switching operation without structural
deformation of the upper electrode. The initial switching occurred at Vf = 1.84 V for
0.5 wt % PVP, and Vf changed from 2.27 to 2.74 V when increasing from 1.5 to 3.5 wt % PVP.
When changed up the sweep voltage to 10 V, there was no resistive switching characteristic
at 4.0 wt % PVP. In the next switching stage, at 0.5 wt % PVP, the high resistance state
(HRS) was maintained when the bias was applied below 0.5 V, and when the bias was
applied over 1.14 V, the current rapidly increased, and the low resistance state (LRS) was
converted [30,31].
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Figure 2. (a) Schematic illustrating the flexible device structure with PVP GQD layer; (b) I–V curves
of Al/PVP GQD/HfOx/ITO/graphene/PET memory devices plotted on a semi-logarithmic scale.
The inset is an optical microscopy image of Al/PVP GQD/HfOx/ITO/graphene device (scale bar:
200 µm). Cross-sectional TEM images of (c) conductive channel region at the ON state and (d) the OFF
state; (e,f) corresponding cross-sectional HR-TEM images obtained in the red and blue rectangular
region of (c,d), respectively.

The applied bias was continuously converted to a conductive high resistance state
until it was swept to V reset = −0.47 V. On the other hand, in the 0.5 ~ 1.5 wt % RRAM
device, the resistive switching behavior of set and reset was confirmed at V set = 1.53 V
and V reset = −0.76 V. It was found that it was difficult to define the characteristics for
the switching characteristics of the 3.5–4.0 wt % device due to the low voltage switching
operation due to interfacial defects. At 0.18 V, the Ion/Ioff ratio is more than 68, indicating
an evident bipolar resistive switching characteristic. The resistance of repeated V set/V
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reset and stable repetitive operation of 100 DC cycles made it possible to confirm the
uniform switching voltage characteristics. Figure 2b shows the most consistent number
of processes and resistance switching results in 10 or more devices randomly selected
to evaluate whether there is a significant difference between devices and the switching
operation characteristics. It was confirmed that there was no deterioration in the device’s
constant data retention characteristics and current change due to the bias of V = 0.23 V in
the low-resistance state and V = −0.21 V in the high-resistance state. Figure 2c–f show an
HRTEM image of the Al/PVP GQD/HfOx layer at the ON and the OFF state. The inset in
Figure 2e,f describes a HR-TEM images obtained in the red and blue rectangular region
of (c) and (d), respectively. The observation is that GQD is organized into a PVP layer as
nanoparticles that uniformly incorporate the interface of HfOx at the ON state, meaning
that the crystallinity of the GQD layer increased. In contrast, the GQD is activated into PVP
layer as aggregation that nonuniformly penetrate the interface of HfOx at the OFF state.

Figure 3a shows the high-resistance (HRS) state for the ohmic conductive region
at high bias voltage to understand the conduction mechanism in the current–voltage
characteristics. Ohmic conduction is a characteristic that occurs due to moving electrons
in the conduction band and the movement of holes in the valence band. This reflects the
characteristics of charge mobility depending on the upper and lower electrode states, total
carrier density, and material dielectric constant. In addition, in the set state of the device,
an ohmic characteristic showing the metal behavior of the conductive filament in the low
resistance region was exhibited. After applying a bias to the electrode, it is known that,
under the influence of an extremely high electric field, oxygen vacancy, which serves as
a trap site for the injected charge from the lower electrode, is created in the metal oxide
film [32].
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Figure 3. (a) Device-to-device variation of the switching; (b) a plot of retention time measurement by
applying voltages of −0.5 V and 0.5 V in HRS and LRS, respectively.

These oxygen vacancies can be considered as pervasive point defects in metal oxides.
The atomic bonds are weakened when a changing electric field is applied to the HfOx
layer, which is particularly important for controlling resistive memory properties, available
physical properties [33]. Figure 3b shows the data retention time by an applied voltage
of −0.5 V to 0.5 V in the high resistance (HRS) and low resistance (LRS) states. The data
retention time characteristics of 7000 s in each state were exhibited without deteriorating
the current level.

Figure 4a,b are schematic diagrams illustrating the resistive switching mechanism of
Al/PVP-GQD/HfOx/ITO/graphene devices. In several research groups, the formation of
conductive filaments has been described as influenced by electron transfer of Al+ ions in
HfOx thin films and PVP GQD layers [34]. When a positive bias is applied to the upper
electrode, the oxidation of Al atoms occurs. As a result, Al+ ions are generated, which
electromigrates through the PVP GQD, and when a negative bias is applied to the lower
electrode, the HfOx/ITO interface electrons move through. While interacting with electrons
injected from the lower electrode, Al+ ions decreased and switched the device to a low-
resistance state. Under a high electric field, the electron mobility of Al+ ions is significant
where deep defects are located, and the electron mobility of Al+ ions is considerable in
the defects occurring at the lower electrode and oxide film interface [35]. During the reset
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process with the change in polarity due to the reverse bias, the electric field and current
density were maximized near the interfacial defect, and the electrochemical reaction and
destruction of the conductive filament by joule heat occurred.
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Conductive filaments with a diameter of several to several tens of nanometers gen-
erated local joule heat, and a current of 17 mA or more flowed through it, which was
sufficient to induce a high current density of 1010 A/cm2 or more as a result. As observed
in previous research reports, the conventional resistive switch metal thin film conductive
filament formed an irregular shape, and the reliability was reduced due to the increase
of irregular interfacial defects during the reset process [36]. Figure 4c shows schematic
diagrams illustrating the resistive switching mechanism of the conductive filament (CF)
evolution model in the SET process and equivalent circuit with parasitic effects. The CF for-
mation is assisted by electro-migration of Al+ ions in PVP/GQD layer and HfOx/graphene
layer. The Al+ ions get reduced to Al atoms, the CF is formed, and device is switched
to LRS. The detailed analysis of HRTEM images for GQDs shows that the periphery of
GQDs consists of mixed zigzag and armchair edges. The equivalent circuit of RRAM is
shown in the inset. It consists of contact resistance (Rc), a parallel resistance (Rp), a parallel
capacitance (Cp), and the resistive switching elements (Rs).

4. Conclusions

In this study, the resistive switching behavior and electrical characteristics of flex-
ible devices with Al/PVP GQD/HfOx/ITO/graphene/PET structures were presented
according to the GQD concentration in the PVP GQD active layer. As observed in the
current–voltage characteristics, the reset voltage decreased as the concentration of the active
layer, including GQDs increasing. This result is because the defect depth at the interface
decreased as the PVP GQD concentration increased. Appropriate electrical repeatability
was observed in the voltage change through Al and HfOx/ITO/graphene electrodes, and
this result can be presented as a highly reliable bipolar resistive switching operation. The
low voltage and stable switching operation reduced the interfacial defects in the device
structure, and the electromigration of Al+ ions through the PVP GQD layer and the HfOx
thin film was supported. Reversing the bias voltage resulted in high current density and
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local electric field increasing at the junction due to electrochemical interaction and joule
heating. These results indicated that the conductive filament was broken at the pinhole
tip. In addition, GQD channels and conductive filament pathways instead of multiple
conductive filament pathways at the PVP/GQD interface helped charge transfer, which
was shown to affect the performance of the resistive switching device.

Author Contributions: J.M.K. performed device design and characterization for the memristive
device. S.W.H. initiated and fabricated the device, supervised the work, and wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Technology Innovation program (20005011, Development
of materials and process technology for highly luminance micro display with 2000 PPI resolution)
funded by the Ministry of Trade, Industry & Energy (MOTIE, Korea).

Institutional Review Board: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Huang, A.D.; Zhong, Z.; Wu, W.; Guo, Y.X. An artificial neural network-based electrothermal model for GaN HEMTs with

dynamic trapping effects consideration. IEEE Trans. Microw. Theory Tech. 2016, 64, 2519–2528. [CrossRef]
2. Li, X.; Gao, J.; Boeek, G. Microwave nonlinear device modeling by using an artificial neural network. Semicond. Sci. Technol. 2006,

21, 833–840. [CrossRef]
3. Lee, J. Physics-guided neural modeling for low-dimensional thermoelectric module. IEEE Electron Device Lett. 2019, 40, 1812–1815.

[CrossRef]
4. Li, M.; Irsoy, O.; Cardie, C.; Xing, H.G. Physics-inspired neural networks for efficient device compact modeling. IEEE J. Explor.

Solid-State Compu. Devices Circuits 2016, 2, 44–49. [CrossRef]
5. Zhang, L.; Chan, M. Artificial neural network design for compact modeling of generic transistors. J. Comput. Electron. 2017, 16,

825–832. [CrossRef]
6. Jarndal, A. On neural network based electro- thermal modeling of GaN devices. IEEE Access 2019, 7, 94205–94214. [CrossRef]
7. Chaminda, A.; Samarasekera, J.; Shin, H. Outage Probability for Cooperative Nano Communication in the THz Gap Frequency

Range. KSII Trans. Internet Inf. Syst. 2017, 11, 102–122.
8. Won, J.; Kang, C.; Kim, M.; Cho, M. Deterministic Multi-dimensional Task Scheduling Algorithms for Wearable Sensor Devices.

KSII Trans. Internet Inf. Syst. 2014, 8, 3423–3438.
9. Kim, K.; Lee, J. Deep CNN based Pilot Allocation Scheme in Massive MIMO systems. KSII Trans. Internet Inf. Syst. 2020, 14,

4214–4230.
10. Li, T.; Xu, W.; Wang, L.; Li, N.; Ren, Y.; Xia, J. An Integrated Artificial Neural Network-based Precipitation Revision Model. KSII

Trans. Internet Inf. Syst. 2021, 15, 1690–1707.
11. Gaikwad, N.; Tiwari, V.; Keskar, A.; Shivaprakash, N. Heterogeneous Sensor Data Analysis Using Efficient Adaptive Artificial

Neural Network on FPGA Based Edge Gateway. KSII Trans. Internet Inf. Syst. 2019, 13, 4865–4885.
12. Yang, Y.; Ouyang, J.; Ma, L.; Tseng, R.; Chu, C. Electrical Switching and Bistability in Organic/Polymeric Thin Films and Memory

Devices. Adv. Funct. Mater. 2006, 16, 1001–1014. [CrossRef]
13. Scott, J.; Bozano, L. Nonvolatile Memory Elements Based on Organic Materials. Adv. Mater. 2007, 19, 1452–1463. [CrossRef]
14. Lee, M.-J.; Lee, C.B.; Lee, D.; Lee, S.R.; Chang, M.; Hur, J.H. A fast, high-endurance and scalable non-volatile memory device

made from asymmetric Ta2O5−x/TaO2−x bilayer structures. Nat. Mater. 2011, 10, 625–630. [CrossRef] [PubMed]
15. Azzaz, M.; Benoist, A.; Vianello, E.; Garbin, D.; Jalaguier, E.; Cagli, C. Benefit of Al2O3/HfO2 bilayer for BEOL RRAM integration

through 16kb memory cut characterization. In Proceeding of the European Solid State Device Research Conference, Graz, Austria,
14–18 September 2015; pp. 266–269. [CrossRef]

16. Chou, C.-T.; Hudec, B.; Hsu, C.-W.; Lai, W.-L.; Chang, C.-C.; Hou, T.-H. Crossbar array of selector-less TaOx/TiO2 bilayer RRAM.
Microelectron. Reliab. 2015, 55, 2220–2223. [CrossRef]

17. Zhao, Y.; Huang, P.; Chen, Z.; Liu, C.; Li, H.; Chen, B. Modeling and optimization of bilayered TaOx-RRAM based on defect
evolution and phase transition effects. IEEE Trans. Electron Devices 2016, 63, 1524–1532. [CrossRef]

18. Prezioso, M.; Merrikh-Bayat, F.; Hoskins, B.D.; Adam, G.C.; Likharev, K.K.; Strukov, D.B. Training and operation of an integrated
neuromorphic network based on metal-oxide memristors. Nature 2015, 521, 61–64. [CrossRef] [PubMed]

http://doi.org/10.1109/TMTT.2016.2586055
http://doi.org/10.1088/0268-1242/21/7/001
http://doi.org/10.1109/LED.2019.2944395
http://doi.org/10.1109/JXCDC.2016.2636161
http://doi.org/10.1007/s10825-017-0984-9
http://doi.org/10.1109/ACCESS.2019.2928392
http://doi.org/10.1002/adfm.200500429
http://doi.org/10.1002/adma.200602564
http://doi.org/10.1038/nmat3070
http://www.ncbi.nlm.nih.gov/pubmed/21743450
http://doi.org/10.1109/ESSDERC36343.2015
http://doi.org/10.1016/j.microrel.2015.04.002
http://doi.org/10.1109/TED.2016.2532470
http://doi.org/10.1038/nature14441
http://www.ncbi.nlm.nih.gov/pubmed/25951284


Molecules 2021, 26, 6758 8 of 8

19. Das, U.; Bhattacharjee, S.; Sarkar, P.K.; Roy, A. A multi-level bipolar memristive device based on visible light sensing MoS2 thin
film. Mater. Res. Express 2019, 6, 075037. [CrossRef]

20. Feng, X.; Li, Y.; Wang, L. First demonstration of a fully-printed MoS2 RRAM on flexible substrate with ultra-low switching
voltage and its application as electronic synapse. In Proceeding of the Symposium on VLSI Technology and Circuits, Kyoto,
Japan, 9–14 June 2019; pp. T88–T89.

21. Zhai, Y.; Yang, X.; Wang, F. Infrared-sensitive memory based on direct-grown MoS2-upconversionnanoparticle heterostructure.
Adv. Mater. 2018, 30, 1803563. [CrossRef]

22. Sun, B.; Zhao, W.; Liu, Y. Resistive switching effect of Ag/MoS2/FTO device. Funct. Mater Lett. 2015, 8, 2–5. [CrossRef]
23. Rehman, M.M.; Siddiqui, G.U.; Gul, J.Z. Resistive switching in all-printed, flexible and hybrid MoS2 -PVA nanocomposite based

memristive device fabricated by reverse. Offset Sci. Rep. 2016, 6, 36195.
24. Kadhim, M.S.; Yang, F.; Sun, B. Existence of resistive switching memory and negative differential resistance state in self-colored

MoS2/ZnO heterojunction devices. ACS Appl. Electron. Mater. 2019, 1, 318–324. [CrossRef]
25. Wang, Q.; Wen, Y.; Cai, K. Nonvolatile infrared memory in MoS2/PbS van der waals heterostructures. Sci. Adv. 2018, 4, 7916.

[CrossRef] [PubMed]
26. Yan, Y.; Sun, B.; Ma, D. Resistive switching memory characteristics of single MoSe2 nanorods. Chem. Phys. Lett. 2015, 638, 103–107.

[CrossRef]
27. Han, P.; Sun, B.; Cheng, S. Preparation of MoSe2 nano-islands array embedded in a TiO2 matrix for photo-regulated resistive

switching memory. J. Alloys Compd. 2016, 664, 619–625. [CrossRef]
28. Zhang, X.; Qiao, H.; Nian, X. Resistive switching memory behaviours of MoSe2 nano-islands array. J. Mater Sci. Mater. Electron.

2016, 27, 7609–7613. [CrossRef]
29. Zhou, G.; Sun, B.; Yao, Y. Investigation of the behaviour of electronic resistive switching memory based on MoSe2-doped ultralong

Se microwires. Appl. Phys. Lett. 2016, 109, 143904. [CrossRef]
30. Han, P.; Sun, B.; Li, J. Ag filament induced nonvolatile resistive switching memory behaviour in hexagonal MoSe2 nanosheets. J.

Colloid Int. Sci. 2017, 505, 148–153.
31. Li, P.; Sun, B.; Zhang, X. Effect of temperature on the magnetism and memristive memory behavior of MoSe2 nanosheets. Mater

Lett. 2017, 202, 13–16. [CrossRef]
32. Xia, Y.; Guo, X.G.; Ji, T.X. Neutrophil count to lymphocyte count ratio is a potential diagnostic index for bacteremia in adult. Life

Sci. J. 2014, 11, 172–177.
33. Qian, K.; Tay, R.Y.; Nguyen, V.C.; Wang, J.; Cai, G.; Chen, T.; Teo, E.H.T.; Lee, P.S. Hexagonal boron nitride thin film for flexible

resistive memory applications. Adv. Funct. Mater. 2016, 26, 2176–2184. [CrossRef]
34. Jing, X.; Puglisi, F.; Akinwande, D. Chemical vapor deposition of hexagonal boron nitride on metal-coated wafers and transfer-free

fabrication of resistive switching devices. 2D Mater. 2019, 6, 035021. [CrossRef]
35. Rehman, M.M.; Siddiqui, G.U.; Doh, Y.H. Highly flexible and electroforming free resistive switching behavior of tungsten

disulfide flakes fabricated through advanced printing technology. Semicond. Sci. Technol. 2017, 32, 095001. [CrossRef]
36. Yin, Z.; Zeng, Z.; Liu, J. Memory devices using a mixture of MoS2 and graphene oxide as the active layer. Small 2013, 9, 727–731.

[CrossRef] [PubMed]

http://doi.org/10.1088/2053-1591/ab154d
http://doi.org/10.1002/adma.201803563
http://doi.org/10.1142/S1793604715500101
http://doi.org/10.1021/acsaelm.8b00070
http://doi.org/10.1126/sciadv.aap7916
http://www.ncbi.nlm.nih.gov/pubmed/29770356
http://doi.org/10.1016/j.cplett.2015.08.035
http://doi.org/10.1016/j.jallcom.2015.12.238
http://doi.org/10.1007/s10854-016-4744-6
http://doi.org/10.1063/1.4962655
http://doi.org/10.1016/j.matlet.2017.05.087
http://doi.org/10.1002/adfm.201504771
http://doi.org/10.1088/2053-1583/ab1783
http://doi.org/10.1088/1361-6641/aa77db
http://doi.org/10.1002/smll.201201940
http://www.ncbi.nlm.nih.gov/pubmed/23161780

	Introduction 
	Materials and Methods 
	Materials 
	Device Fabrication 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

