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Abstract

Flexible non-volatile memory array

using molybdenum disulfide nanosheets

Myungbin Kim

School of Chemical and Biological Engineering

The Graduate School

Seoul National University

An importance of flexible memory has increased due to internet of things (IoT) 

and wearable devices. And there has also been requirement of development of 

novel memory because of downscaling of dynamic random access memory

(DRAM). A resistive random access memory (RRAM) among the next-generation 

memories achieved high quality properties using molybdenum disulfide (MoS2). 

Molybdenum disulfide has been considered as an emerging semiconducting 

material for post-silicon electronics. Although extensive efforts to uniformly 

control thickness of MoS2 through chemical vapor deposition have achieved, 
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wafer-scale preparation is still challenging. Here, I present wafer-scale flexible 

resistive random access memory (RRAM) using colloidal MoS2 nanosheets which 

act as a resistive switching layer. Filamentary resistive switching of partially 

oxidized MoS2/MoOx hetero-structures is resulted from Poole-Frenkel conduction. 

MoS2-based RRAM arrays show the high on/off ratios. The wafer-scale RRAM 

arrays show uniform physical and electrical characteristics regardless of locations. 

Representative examples demonstrate a novel user-interactive application with 

optical readability which enables external pressures to be stored and then 

visualized by quantum dot light emitting diode (QDLED) arrays. Integration 

strategy allows the MoS2 hetero-structure to be a stepping stone for enhancing 

performances of existing wearable data storage systems. This study provides 

breakthroughs in next-generation flexible memory using new semiconducting 

materials.

Keywords: molybdenum disulfide, flexible electronics, resistive random access 

memory, large scale integration. 

Student number: 2015-21012
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1. Introduction

Recently, as an Internet of things (IoT) emerged with future core technologies, 

a research of wearable/flexible electronics actively is conducted1-3. This is because 

flexibility of electronics is very important to be applied on the curved surface. 

Among flexible electronics, the importance of flexible memory is increasing

because a memory is a core part of all electronics. However, conventional 

memories represented by dynamic random access memory (DRAM) and flash 

memory have reached the limit. Because they have experienced difficulties in 

down scaling. For this reason, a next generation flexible memory is required. 

Especially, flexible resistive random access memory (RRAM) is attracting attention 

due to the simple structure and multi-level cell. Various materials such as TiO2, 

NiO, Cu2O and polymers are studied to improve RRAM4. 

Recently, the RRAM using molybdenum disulfide is an innovation because 

the RRAM using other materials has low performance5. Layered MoS2 has been 

enormously attracted as key materials by virtue of superb electrical properties and 

potent applications for high speed transistors, optoelectronics, and energy 

applications6-9. It was reported that solution processed MoS2/MoOx hetero-

structures sandwiched between silver electrode exhibited a large on/off ratio with 

low operation voltages of 0.1-0.2V. However, there are a lot of critical problems. 

Ag electrode is high cost material and pattering using inkjet printing technology 
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has a limitation, low resolution. And as they used MoS2 nanosheets from 

exfoliation method, these caused non-uniformity in large area device by 

polydispersity of exfoliated MoS2
10. Reliable synthesis and assembly of MoS2 with 

uniformity and controllability is critical for adoption to established electronic 

systems. However, preparation of MoS2 through vapor deposition demands high 

temperature and still has difficult in scalability. Furthermore, separation technique 

to reduce size and thickness distribution after exfoliating bulk MoS2 by either 

lithiation or ultrasonication is underdeveloped. In addition to the synthesis 

approaches, various integration technologies such as Langmuir-Blodgett (LB), 

spin-coating, drop-casting, and transfer-printing processes that make exfoliated 

MoS2 nanosheets or CVD-grown MoS2 film feasible for practical applications are 

still not enough to meet several requirements such as cost effectiveness, 

producibility, and processing compatibility up to date. Thus, a significant 

breakthrough in synthesis and wafer-scale integration of MoS2 has been urgently 

required. 

Here, I describe low-cost and wafer-scale flexible RRAM arrays integrated 

with colloidally synthesized MoS2 nanosheets using a facile spray-coating method. 

Although MoS2 switching layers are crumpled locally, RRAM arrays show high 

electrical performances with good uniformity ranging from single-level device 

performances in a rigid substrate to wafer-scale array evaluations in deformable 

designs. Specifically, unipolar resistive switching (URS) of MoS2/MoOx hetero-

structures which are driven by partial oxidation of MoS2 are resulted from Poole-
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Frenkel conduction. Additionally, representative examples demonstrate a novel 

user-interactive application with optical readability which enables applied 

handwriting pressures to be successfully stored in RRAM arrays and thereby 

instantaneously visualized through quantum dot light emitting diode (QDLED) 

arrays.
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2. Wafer-scale integration of MoS2 nanosheets

2.1 Wafer-scale integration of the MoS2 nanosheets

A spray-coating method of MoS2 nanosheets enables large-scale assembly. 

The areal uniformity of physical properties of a large-scale assembled MoS2-MoOx

hetero-structures film is analyzed by using Raman spectroscopy and XPS. Figure 

1a shows Raman analysis and Figure 1b show XPS analysis. As shown in Figure 1a, 

Raman peaks of E12g and A1g are almost same at 5 different locations in the wafer 

(Figure 1a inset). XPS peaks also show good uniformity at the same region. 

Especially, Mo6+ 3d and S 2p peaks which are newly observed, indicate the 

existence of MoS2-MoOx hetero-structures in a form of the oxidized MoS2

nanosheets. The assembled MoS2-MoOx hetero-structures film can be precisely 

patterned on a large scale using CF4 plasma. Figure 2 shows the patterned MoS2

nanosheets on the wafer using CF4 plasma. I developed a wafer-scale RRAM 

device composed of individual cells and 10 × 10 crossbar arrays using a 

conventional microfabrication process, which is identical to that of a single-level 

device. The fabrication of the RRAM device is described at Scheme 1. Figure 3 
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shows the images of wafer-scale RRAM device.

Figure 1. a) Raman analysis of the MoS2-MoOx hetero-structure. b) XPS 

spectra of the MoS2-MoOx hetero-structure
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Figure 2. a) An image of the patterned MoS2 film. b) An enlarged image of the 

dotted box
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Scheme 1. A Schematic image of the fabrication process
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Figure 3. Wafer-scale fabrication of the MoS2 RRAM
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2.2 Characterization of wafer-scale resistive memory

Figure 4 shows that there are variation of spray-coated film thickness. The 

film thickness is measured on 5 locations of wafer (top, bottom, center, left, right) 

using atomic force microscope. Although the film thickness of spray-coated MoS2-

MoOx hetero-structures is variable ranging from tens-of-nanometer to hundreds-of-

nanometer, the RRAM device shows uniform electrical characteristics without 

depending on the thickness that is well matched with a previous result (Figure 5). 

Statistical data is acquired by measuring random 50 cells from each size. On/Off 

ratio is measured at a read voltage -0.1V. Statistical data shows that on/off ratio and 

operation voltage. The RRAM devices have extreme high On/Off ratio (~108) and 

low operation voltage. Furthermore, the results support the typical behavior of 

filamentary resistive switching, since the resistance in LRS and HRS is 

independent on the cell area. Besides, Figure 6 shows that electrical characteristics 

are also uniform in a 10 × 10 crossbar array. If 1D1R structure is applied to 10 × 10 

crossbar array, the array is more practical.
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Figure 4. AFM analysis for the film thickness of the spray-coated MoS2
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nanosheets

Figure 5. a) Cumulative probability plot of the operation voltage. b) 

Cumulative probability plot of the resistance at a read voltage of -0.1V
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Figure 6. a) Cumulative probability plot of the operation voltage form the 

crossbar array. b) Cumulative probability plot of the resistance at a read 

voltage of -0.1V from the crossbar array
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2.3 1D1R array

As minimum dimensions are getting smaller, suggested RRAM structures 

should be adapted to meet the requirements for 3-dimensional high density 

architecture such as a 1-diode 1-RRAM (1D1R) array. To demonstrate the 

possibility, I prepared 1R and 1D1R array (2 × 2). I successfully measured the 

resistance of a HRS cell near 3 LRS cells in the 1D1R array by either real-time 

recording (-1 V) or sweeping from 0 to -2 V under Icc of -1 mA.

In small design-rules, the RRAM should have a layout of the high-density 

array such as a 1-diode 1-RRAM (1D1R) array. I demonstrated such possibility by 

using a 1R and a 1D1R array (2 × 2) (Figure 7). Individual MoS2 RRAM cells are 

connected to commercial diodes (1N4001) through conducting wires in the 1D1R 

array configuration. All the bottom electrodes are isolated, and each top electrode 

shares with the first and second rows of the RRAM cells in an array (2 × 2). Before 

connecting the conducting wires between the RRAM cells and the diodes, all the 

RRAM cells (‘1’ (red), ‘2’ (orange), ‘3’ (green), and ‘4’ (blue)) were first switched 
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to the LRS by applying a “SET” voltage of -7 V under the Icc of -1 mA. Then the 

selected cell (‘2’ (orange)) was switched to the HRS. The resistance states of each 

cell were confirmed by applying a read voltage of -0.1 V. After connecting the 

conducting wires between the parallel top electrodes, the HRS of the selected cell 

was not read due to the sneak current paths in the array. Figure 8a shows the result 

that a low resistance is measured at HRS cell due to sneak path. Figure 8b shows

how sneak path affects the current. To test the 1D1R operation, all RRAM cells are 

connected to the diodes, which have a threshold voltage of ~0.7 V (Figure 9a). As 

shown in Figure 9b, the “RESET” operation in 1R and 1D1R array is quite distinct 

from each other owing to the diode. The “RESET” operation voltage is increased 

by the diode threshold voltage. Finally, I successfully measured the resistance state 

of the selected cell (‘2’ (orange)) near peripheral cells at a read voltage of -1 V 

(Figure 10).
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Figure 7. An image of the 1D1R set up

Figure 8. a) I-V characteristics of failure by sneak path. b) Schematic 

illustration of the 1D1R structure
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Figure 9. a) I-V characteristics of a commercial diode. b) I-V characteristics of 

the 1R and 1D1R device
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Figure 10.  I-V characteristics of 1D1R array for 10s at a read voltage of -1V 

for data read
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2.4 Flexibility test

Figure 11 shows flexible RRAM arrays on a polyethylene terephthalate (PET)

substrate. As the substrate becomes thinner, the memory devices can act as an 

artificial skin for the next-generation wearable big data systems. Figure 12 shows 

the possibility as an artificial skin of wafer-scale memory. A device array is picked 

up using thermal tape. Then, it transfers onto the PI film coated with PDMS. Figure 

13 proves that the wearable memory array is ultra-light weight. To verify the 

mechanical capability of the memory device, I calculated strain distributions on the 

MoS2-MoOx hetero-structure surface using finite element analysis, which shows 

minimal strains even after bending the substrate up to bending radius of 3 mm. 

Finite element simulations are used to analyze the strain distribution of the MoS2

RRAM array during the bending test. Figure 14 proves theat there are very little 

strain on MoS2-MoOx hetero-structure. Figure 15 shows that the electrical 

performances were not affected by bending-induced strains owing the neutral 

mechanical plane design and ultra-thin structure. The minimization of the strains at 
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the MoS2-MoOx hetero-structure is able to maintain good electrical performance 

after repetitive bending.



21

Figure 11. An image of the flexible MoS2 RRAM on a PET substrate
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Figure 12. Images of transfer process of the MoS2 RRAM

Figure 13. The weight of the RRAM arrays. a) A rigid substrate. b) a thin PI 

film. c) An ultrathin substrate



23

Figure 14. Bending test images (top) and corresponding strain distributions 
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(bottom). 

Figure 15. The resistance versus the inverse of the bending radius. Inset shows 
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the maximum principal strain as a function of the bending radius

3. System-lever demonstration for optical 

readability

3.1 Mechanical data storage system

Next, I demonstrate a mechanical data storage system developed using wafer-

scale RRAM array (15 × 15), pressure sensitive rubber (ZL45.1, Zoflex), and 

conducting rubber (CD45.1, Zoflex) sheets (Scheme 3). Scheme 2 shows a basic 

operation principle and a corresponding image of the mechanical data storage 

system. The bottom Al electrodes of the RRAM array are grounded and a SET 

voltage is applied to the conductive rubber. When external pressures are applied 

using a pen, the low resistance of the pressure sensitive enables the selected 

RRAMs cell to be electrically switched on. Figure 16 shows that the finger 

pressures can be monitored at the LRS RRAM cells at a read voltage of -0.1 V.
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Figure 17 shows an image of the mechanical data storage. ‘SNU’ character is 

written using a pen and resistance states stored from the mechanical pressures can 

be read in separate memory cells at a read voltage of -0.1 V (Figure 18).

Scheme 2. a) Schematic illustration of mechanical data storage. b) Schematic 

illustration of a cross sectional structure
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Figure 16. The resistance changes of the pressure sensor as a function of time 
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with a soft touch

Figure 17. An image of the mechanical data storage
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Figure 18. The signals corresponding to the applied pressures

3.2 Optical data read system

In addition to the pressure sensing and data storage system, I realized a novel 

information verification tool equipped with optical readability. Scheme 3 indicates 

a basic operation principle of the optical read system. Figure 19 shows the design 

of a quantum dot light emitting diode (QDLED) array11. When pixelated Au/Al 

pads of a QDLED array (15 × 15) are connected to the top Al electrodes of the 

RRAM array using Ag paste, the LRS cells can only turn on the corresponding 

QDLED cells which are operated at an applied voltage of 4 V. Specifically, 

intimate contact is critical, since a malfunction of few pixels can happen due to a 

contact failure. In Figure 20, the optical read system with the QDLED array is used 

to instantaneously display the pressure information applied by writing ‘SNU’ 

characters. Based on these functionalities such as pressure sensing, data storage, 

and optical read, our system-level demonstrations can be used for future electronic 

tattoos or invisible security codes.
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	Scheme 3. a) Schematic illustration of optical data reading system. b) 
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Schematic illustration of a cross sectional structure

Figure 19. An image of the QLED array
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Figure 20. A photograph showing the optical reading
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4. Experimental section

4.1 Fabrication MoS2-based devices

First, polyimide (PI) (polyamic acid, Sigma Aldrich, USA; ~1.2 µm, spin-

coated at 4000 rpm for 60 s) was coated and cured on a sacrificial SiO2/Si substrate 

(test grade, 4science, Korea), followed by thermal evaporation of 100-nm-thick Al 

film. The deposited Al layer was patterned by photolithography and wet etching to 

construct the bottom Al electrodes. Then, MoS2 nanosheets were spray-coated and 

patterned using RIE (CF4 plasma, flow rate of 50 sccm, chamber pressure of 55 

mTorr, 100 W RF power for 2 minutes). On top of the formed structures, a layer of 

epoxy (SU-8 2000.5) was spin-coated and via holes were patterned. The substrate 

was subsequently annealed on a hot plate at 200 °C for 3 hours to construct high 

oxidative density of MoS2-MoOx hetero-structures. Top Al electrodes with 

thickness of 100 nm was deposited and patterned using the same method as the 
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bottom electrodes. Finally, a PI layer was spin-coated again and cured at 250 °C for 

1 hour, followed by patterning using RIE (O2 plasma). The device sandwiched 

between the PI layers was then picked up with a thermal-release tape (TW-50R150, 

Tape world, Republic of Korea), and transferred to a flexible substrate (PET) on a 

hotplate at 100 °C. Electrical measurements are carried out using a parameter 

analyzer (B1500A, Agilent, USA). The SET process was conducted under a Icc of -

1mA, and the RESET process was conducted under a Icc of a -100mA. The wafer 

scale fabrication followed the same methods described above, in large area, and the 

volume of MoS2 sprayed was slightly increased to ensure better uniformity.

4.2 Spray Coating of MoS2 Nanosheets

The substrate was placed on a hot plate at 200 °C. MoS2 dispersed in pyridine 

was spray-coated at a distance of 20 cm using an airbrush at a pressure of 40 psi. 

The substrate was held on the hot plate for 5 minutes to remove the solvent 

completely.

4.3 Fabrication of QLED arrays

An indium tin oxide glass substrate was sequentially washed with detergent, 
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distilled water, and isopropanol and subjected to an ultraviolet (UV)/O3 treatment 

for 20 min. A 25-nm-thick PEDOT:PSS layer and 20-nm-thick TFB layer as the 

hole-transport layer were spin-coated and annealed at 180 °C for 30 min. A 35-nm-

thick red quantum dot layer and a 45-nm-thick ZnO nanocrystal layer were spin-

cast and annealed at 150 °C for 30 min in an Ar atmosphere. The CdSe quantum 

dots and ZnO nanocrystals were synthesised according to a previously reported 

method. A 50-nm-thick Li-Al electrode was deposited by thermal evaporation as 

the cathode under a high vacuum. The size of one quantum dot LED pixel was 25 

mm2. To minimise the contact resistance, a 10-nm-thick Au film was deposited by 

thermal evaporation on the Li-Al electrode.
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5. Conclusion

Based on the synthesized nanosheets, I develop high performance 

RRAM devices ranging from an individual cell level to wafer-scale arrays.

This	memory	device	has	properties	of	 low	voltage	operation	and	high	on/off	

ratio	 (~108).	 And	 the	 large-scale	 RRAM	 device	 shows	 uniform	 electrical	

characteristics.	 I	 prove	 this	 device	 works	 well	 on	 flexible	 substrate	 through	

bending	 test.	 A novel system equipped with a mechanical data storage 

function and optical readability has been also developed using wafer-scale 

RRAM devices and QDLED arrays. The large-scale integration of 

synthesized nanomaterials into flexible non-volatile memory devices can be 

a stepping stone for facilitating the next-generation wearable big data 

systems.
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*This contents were published in Advanced Materials (Adv. Mater. 2016, 

28, 9326-9332)
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요약 (국문초록)

MoS2 기반의 휘어지는 비휘발성

메모리

서울대학교 공과대학원

화학생물공학부

김명빈
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플렉서블 메모리의 중요성이 점점 증가하고 있지만, 기존의 DRAM은 집

적화의 문제에 부딪혀 차세대 메모리의 필요성이 대두되고 있다. 차세대

메모리로 주목 받고 있는 저항 메모리는 새로운 물질인 이황화 몰리브덴

(MoS2)을 이용하여 큰 진보가 있었다. 이황화몰리브덴은 실리콘 기반의

전자소자를 대체할 차세대 반도체 물질로 크게 주목 받고 있는 물질이다.

그러나 이황화몰리브덴을 화학증착법을 통해 균일한 두께의 박막을 얻어

보고자 하는 활발한 연구에도 불구하고, 이황화몰리브덴의 대면적 박막

형성에는 어려움을 겪고 있다. 이 논문에서는 콜로이드성의 이황화몰리

브덴 용액을 이용해서 대면적 저항 메모리를 만들었다. 이 저항 메모리는

Poole-Frenkel 전도에서 비롯되는 필라멘트 저항 변화 방법으로 작동하

고, 낮은 구동 전압과 높은 온/오프 비율의 특성을 보였다. 대면적으로 제

작한 후에도 위치에 관계없이 균일한 특성을 나타냈다. 또한, 외부의 기계

적인 힘으로 정보를 저장하고 시각적으로 저장된 정보를 읽을 수 있는 새

로운 시스템을 제시했다. 이러한 결과는 향후 웨어러블 정보 저장 시스템

에 디딤돌이 될 것이다. 이 연구는 새로운 반도체 물질을 사용하는 차세

대 플렉서블 메모리의 혁신에 크게 기여할 것이다.

주요어: 이황화몰리브덴, 유연전자소자, 저항 메모리, 대면적 공정

학번: 2015-21012
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