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Abstract 

 

Among van der Waals materials which have a layered structure and a weak van der 

Waals interaction between the layers, the magnetic transition metal phosphorus tri-

chalcogenides (TMPX3) were studied. Especially, the exfoliated flakes of TMPX3 

were obtained by mechanical exfoliation on various substrates and studied as a form 

of tunnel junction using the vertical transport measurement. 

I studied tunneling transport properties of several exfoliated MnPS3 flakes with 

thickness varying from monolayer to a few tens of layers. To measure current 

through the ultrathin nanostructures, conductive atomic force microscopy was the 

instrument of choice. Using the results, I estimated several key parameters of 

MnPS3 down to the monolayer such as tunneling barrier height and dielectric 

breakdown strength. 

In addition, the first vdW heterostructure with few-layers of NiPS3 was realized 

by dry transfer technique using the new polymer called polycaprolactone. I 

performed vertical transport measurements in this system and successfully observed 

semiconducting behavior with the key features of a Schottky junction. I expect that 

these results will prove helpful for further research on magnetism and spintronics 

in vdW systems. 

 

Keyword: magnetic van der Waals material, transition metal phosphorus tri-

chalcogenides, tunneling transport, conductive atomic force microscopy, van der 

Waals heterostructure, dry transfer technique, magnetic tunnel junction, TMPX3 
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1. Introduction 

 

1.1 van der Waals materials and their magnetism 
 

The discovery of graphene and its rich physics subsequently unearthed has literally 

revolutionized the field of van der Waals materials and the list of newly found vdW 

systems is exploding at a fast pace as shown in Figure 1.1 [1-8]. However, it became 

clear soon after the initial discovery that although the excellent conductivity of 

graphene renders the associated applications fascinating, at the same time the huge 

demand for other types of vdW materials like semiconductors or insulators has 

arisen. This realization has driven more recent searches for vdW materials with a 

sizeable band gap such as hexagonal boron nitride and transition metal di-

chalcogenides (TMDCs) [9]. 

Upon close inspection of the ever growing list of the vdW materials, however, a 

few years ago there were hardly any magnetic vdW systems in the list, with the only 

Figure 1.1: Discovery of van der Waals materials 
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exception being the High-Tc superconductor Bi2Sr2CaCu2O8+d [10, 11]. Following 

the numerous contributions of magnetic materials to fundamental physics and 

industrial applications over many past decades, the magnetic vdW systems will 

likely form an invaluable part of applications in fields like spintronics [12]. And 

then, there are huge potentials yet untapped when it is used in tandem with other 

vdW materials as components of vdW heterostructures [13]. Therefore, the recent 

entries of transition metal phosphorus tri-chalcogenides (TMPX3) and other newly 

found magnetic vdW materials, are in the spotlight as the starting point of numerous 

promising future research topics [14-18]. Several newly found magnetic vdW 

materials and their basic physical parameters are shown in Figure 1.2. 

Among the newcomers, I focused on and heavily studied TMPS3 during the last 

few years (Figure 1.3). One of the big advantages with TMPS3 is that it can host 

some transition metal elements like Fe, Ni, and Mn at the TM sites with diverse 

physical properties. Different TM elements lead to different magnetic ground states 

and varying transition temperatures from 80-150 K although all of them exhibit an 

antiferromagnetic ordering [19]. For instance, MnPS3 has an antiferromagnetic 

order of type II below TN = 78 K [20]. Moreover, one can also replace S by Se while 

keeping the similar crystal structure, adding more flexibility to the choice of 

materials. This diversity of different physical properties in these materials will turn 

out to be extremely useful from a materials point of view when it comes to actual 

applications. More importantly, successful exfoliation has been demonstrated down 

to monolayers of these newly discovered vdW materials [14-15]. 

Figure 1.2: Newly found magnetic van der Waals materials. The symbol shape 

indicates the growth method and the symbol color shows the type of transition. 
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1.2 Outline of thesis 
 

In chapter 2, I will introduce the experimental techniques used in the sample 

preparation and the transport measurements. In the sample preparation part, 

chemical vapor transport and mechanical exfoliation will be included. Also several 

key techniques for finding few-layer samples on the substrate will be introduced. 

In the transport part, I will describe the basics of atomic force microscopy and its 

application for vertical transport. In addition, fabricating nano-sized electrodes by 

E-beam lithography will be included in the transport part. 

Next, I will discuss the tunneling transport properties of MnPS3 which has the 

largest bandgap of 3 eV among the TMPX3 family. The achievement of tunneling 

transport from mono-layer MnPS3 shows its potential for van der Waals tunneling 

devices in future work. The transport experiments were performed by conductive 

atomic force microscopy with a conductive substrate and the details of the 

measurement technique will be described. 

Finally, the first fabrication of van der Waals heterostructures including few-layer 

NiPS3 will be described. The details of the dry transfer technique used for stacking 

the heterostructures will be deeply discussed in chapter 4 including the use of a new 

polymer called polycaprolactone. I performed vertical transport measurements of 

the heterostructures and the results will be discussed.  

  

Figure 1.3: Atomic structure of TMPX3. 
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2. Experimental techniques 

The experimental techniques used in this thesis are discussed in this chapter. The 

sample preparation and the transport measurement techniques will be introduced. 

 

 

2.1 Sample preparation 
 

Preparing samples is of great importance due to the difficulty of making large few-

layer flakes for any experiments. Also, the air sensitivity of the surface of flakes is 

another issue in van der Waals materials. Here, I introduce the best way, so far, to 

get a clean and large sample which includes from crystal growth by chemical vapor 

transport to exfoliation by using thermal release tape. 

 

2.1.1 Chemical vapor transport 

 

The chemical vapor transport method is a powerful way to get a large single crystal 

sample. A single crystal sample is a material which has a single continuous crystal 

lattice across the entire sample. They can be used for various physical property 

measurements and also for mechanical exfoliation if the sample is a layered material. 

Figure 2.1 shows a simple process of the chemical vapor transport method to 

synthesize van der Waals TMPX3 single crystals. Starting materials are mixed in a 

proper stoichiometric ratio as a powder and placed at the end of the quartz tube. 

The flux agent like iodine or sulfur should be added into the tube to transport the 

starting materials from the hot zone to the cold zone in a 2 zone furnace. Then, these 

Figure 2.1: Chemical vapor transport method 
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mixed materials are sealed in a quartz ampoule under vacuum pressure lower than 

0.01 Torr and placed into a horizontal 2-zone furnace with a certain temperature 

difference as shown in the graph in Figure 2.1. 

After the growth, all samples are immediately subjected to chemical analysis using 

a COXI EM-30 scanning electron microscope equipped with a Bruker QUANTAX 

70 energy dispersive x-ray system to find the 1:1:3 stoichiometry of all the samples 

used in this thesis. The phase purity was further checked by taking powder x-ray 

diffraction (XRD) patterns with a Bruker D8 Discover as well as single crystal XRD 

(XtaLAB P200, Rigaku). I further characterized the magnetic properties using a 

commercial setup (the SQUID magnetometer, Quantum Design). 

 

2.1.2 Mechanical exfoliation 
 

After the growth of large single crystals of van der Waals materials, one can use 

mechanical exfoliation to get few-layer flakes. The first successful realization of 

mono-layer van der Waals flake on silicon oxide substrate were done using graphite 

and scotch tape in 2004 [1]. Because of the weak interaction between the layers in 

van der Waals crystals, it is easy to exfoliate by using commercial sticky tape. 

To get large and clean few-layer flakes, an oxygen plasma-treated SiO2 chip which 

Figure 2.2: Mechanical exfoliation 
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becomes hydrophilic after the plasma treatment is used as a substrate to enhance 

the adhesion between the flake and the substrate. In addition, blue tape (Nitto SPV 

224P) is also used as a thermal release tape. By placing the substrate on a hot plate 

of 100°C for 1 min while the flakes and the tape are placed on the substrate, the 

thermal expansion of the tape makes adhesion between the flakes and the substrate 

much stronger and the heat makes it easy to release the flakes from the tape adhesive. 

Figure 2.2 shows the process of mechanical exfoliation using oxygen plasma 

treatment and thermal release tape, and as-prepared van der Waal flakes of NiPS3. 

The flakes are larger than 10 m which is enough to perform typical optical 

experiments and transport measurements. 

 

 

2.2 Transport in van der Waals materials 
 

Transport measurement in van der Waals materials is quite challenging due to the 

tiny size, large resistance, and non-Ohmic surface contacts of the van der Waals 

flakes [21]. Especially, typical sizes of the flakes are about a few micrometers and 

it is infeasible to make contact with metal wires by hand. Here, I introduce several 

methods to perform electrical transport measurements in van der Waals materials. 

 

2.2.1 Atomic force microscopy 

 

Atomic force microscopy (AFM) is a powerful tool to measure thickness of a thin 

sample of nanometer size. In most cases, AFM is used for checking the roughness 

and cleanness of the surface of a film. Recently, however, it became an invaluable 

tool for mechanically exfoliated materials due to the small sample size of often 

microns. 

AFM is almost the only tool for identifying the number of layers of van der Waals 

flakes. By measuring the thickness of flakes on a substrate, one can easily estimate 

the number of layers by using the known thickness of a mono-layer. Figure 2.3 

shows how to identify the number of layers using AFM. The thickness of mono-

layer MnPS3 is about 0.7 nm, so each thickness in the topography shown in Figure 

2.3 (b) can be transformed to a proper number of layers as shown in Figure 2.3 (c).  

Another powerful mode of AFM is conductive atomic force microscopy (C-AFM) 

which uses a conductive tip to perform an electrical measurement. One can apply a 
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certain voltage through the tip and induce a current between the tip and the sample. 

The typical size of van der Waals flakes is a few micrometers, so it is quite useful 

to use the C-AFM to perform an electrical transport measurement. For example, 

Figure 2.3 (c) shows the current map when a voltage of 1.5 V was applied between 

the tip and the substrate. Few-layer MnPS3 shows insulating behavior as no current 

was detected within the sample area.  

 

2.2.2 E-beam lithography 

 

If one wants to perform lateral transport in van der Waals flakes, fabricating 

electrodes on the flake using e-beam lithography is one of the options. It is easy to 

put micron-sized electrodes onto the sample using lithography, and e-beam 

lithography is one of the powerful lithography methods for few-layer van der Waals 

flakes. 

Typical lithography needs a mask of certain shape to draw a pattern. However, van 

der Waals flakes exfoliated by mechanical exfoliation have various shapes, so each 

flake needs each their own pattern. Therefore, disposable single-use poly methyl 

methacrylate (PMMA) masks made by e-beam lithography are used for van der 

Waals materials. Figure 2.4 (a) shows the as-patterned PMMA mask on the target 

van der Waals flake. 

After the lithography, titanium and gold are deposited on the mask by using e-

beam evaporator. Titanium makes better adhesion between the substrate and the 

gold wire. Typical thickness of the wire is about 5 nm for titanium and 50 nm for 

gold. Then, lift off process which removes the PMMA mask by soaking the sample 

into an acetone for a day completes the patterned electrodes on top of the flake as 

shown in Figure 2.4 (b).  

Figure 2.3: Image from atomic force microscopy 
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All wires are connected with their own gold pad and one can make contact with 

these pads to perform an electrical transport measurement as shown in Figure 2.4 

(c). To avoid any damage on the tiny sample, wiring process is done by using the 

wire bonder and the whole body of experimenter is electrically grounded during the 

wiring.  

  

Figure 2.4: Electrodes patterned by E-beam lithography 
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3. Tunneling transport of mono and few-layer 

magnetic van der Waals MnPS3 

 

 

3.1 Tunnel junctions using van der Waals insulator MnPS3 
 

With the successful initial realization of few-layers TMPX3, further in-depth studies 

of its physical properties are needed. Most of the initial studies have been made by 

using Raman and AFM, leaving many of the physical properties unexplored. For 

example, there had been no report of the transport characteristics of few-layer thick 

flakes of TMPX3, let alone monolayer although it is an essential step for future 

device applications. To measure current through ultrathin nanostructures such as 

thin oxide layers [22, 23], molecules [24], and vdW materials [25, 26], conductive 

atomic force microscopy (C-AFM) has become an instrument of choice. 

I have investigated the tunneling transport of mono- and few-layers of MnPS3 by 

using conductive atomic force microscopy. It is relatively easy to get mono-layer 

flakes of MnPS3 comparing with other TMPX3. Due to the band alignment of 

indium tin oxide/MnPS3/Pt-Ir tip junction, the key features of Fowler-Nordheim 

tunneling (FNT) were observed. Using the FNT model and assuming the effective 

electron mass (0.5 me), I estimate the tunneling barrier height to be 1.31 eV and the 

dielectric breakdown strength as 5.41 MV/cm. 

 

 

3.2 Experimental details 
 

All our single crystal samples of MnPS3 were synthesized by a chemical vapor 

transport method; I put a quartz ampoule, containing the raw materials with vacuum 

pressure lower than 0.01 Torr, into a horizontal 2-zone furnace with a temperature 

difference of 780 °C (hot zone) and 730 °C (cold zone) for 168 hours. Highly 

purified powders (>99.99%) of each element were used as the raw materials and 

the furnace was cooled after the synthesis through 2 days. Details of the synthesis 

conditions can be found in Chapter 2. Using these crystals and scotch tape, I 

exfoliated several samples with varying thickness from mono to a few tens of layers 
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onto the substrate. In order to optimize the optical contrast between mono-layer 

MnPS3 and Si substrate, I deposited 70 nm of transparent conductive indium tin 

oxide (ITO) on top of Si substrates; from our simulation, I found this 70 nm 

thickness to give the maximum contrast between the substrate and the sample 

[Appendix]. I then carefully screened different parts of the samples by optical 

microscope and the thickness is confirmed by topological scans as shown in Figures 

2.3 (a) and (b). I found that thin MnPS3 flakes are stable in air for a few days and 

no sign of degradation was observed by optical and AFM images for a week when 

kept inside a desiccator after exfoliation. Topological and current scans were 

performed by C-AFM (Asylum Research Cypher S ORCA Conductive AFM) with 

a Pt-Ir coated Si tip (Nanosensors PPP-NCHPt). During the I-V measurement of the 

ITO/MnPS3/Pt-Ir tip junction, bias voltage was applied to the substrate with the tip 

kept grounded. All measurements were performed within 4 h after cleaving the 

samples. 

I show the typical optical and topological images of mono- to 6-layers MnPS3 in 

Figures 2.3 (a) and (b). As one can see in the Figures, atomically flat MnPS3 was 

successfully isolated and the flake size is found to be bigger than 1 µm. The optical 

image was subsequently obtained using a closed aperture stop to enhance the 

contrast and each individual flakes are clearly distinguishable from one another in 

the images. The profile line in Figure 2.3 (b) also shows that the thickness changes 

along the dashed line with the numbers representing the estimated thicknesses (nm) 

of mono-, bi-, and tri-layer flakes. Layer numbers were then determined by using 

the interlayer distance (0.65 nm) of MnPS3 and they are labeled accordingly in 

Figure 2.3 (c). I note that the measured thickness is slightly larger than the expected 

value probably because of a thin water layer or a difference in the interaction force 

of tip with the substrate and MnPS3 flake as discussed in Ref. 14. A similar 

observation has been often made in other mechanically exfoliated vdW materials 

Figure 3.1: Schematic band alignment of the ITO/MnPS3/Pt-Ir tip junction 
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like graphene [1] and NiPS3 [14, 15]. 

It is rather common to observe carrier transport in a metal/insulator/metal junction 

being affected by band alignment in accordance with the Schottky-Mott theory [27]. 

Figure 3.1 shows the expected band diagram of an ITO/MnPS3/Pt-Ir tip in an 

equilibrium state suitable for our experimental setup. In this schematic, positive 

bias voltage moves electrons from the Pt-Ir tip to the ITO-coated substrate and the 

electrons are supposed to go through the tunneling barrier. Therefore, I can 

determine the barrier height ΦB from the difference between the electron affinity χs 

of MnPS3 and the work function of Pt-Ir. Due to the large barrier height at the 

surface of MnPS3, I expect that the thick flakes are almost insulating as shown in 

Figure 2.3 (c). In fact, the data show that even mono-layer MnPS3 shows a very 

high resistance value while the ITO-coated substrate shows good conductivity 

during the fast current scan (1 Hz, 256 lines). 

 

 

3.3 Results and analysis 
 

In Figure 3.2 (a), I present some representative I-V spectroscopic data with various 

layer numbers of MnPS3 flakes, which exhibit the typical tunneling junction 

behavior. For example, there is clear linear behavior at a low-bias voltage region 

while the current increases rapidly above the breakdown voltage. I comment that 

small asymmetric I-V characteristics observed in Figure 3.2 (b) probably arise from 

the asymmetric band alignment of the junction in Figure 3.1. The breakdown 

voltages in the positive bias are a little larger than those in the negative bias region 

because the barrier height of the tip is higher than that of the ITO. I also show in 

Figure 3.2 (c) the dielectric breakdown voltage as a function of thickness, at which 

the current reaches a typical value of 1 nA [28]. From the slope in the linear fitting, 

I can determine the dielectric breakdown strength of thin MnPS3 flake as 5.41 

MV/cm. This value is smaller than that of SiO2 (8-10 MV/cm) [29] and h-BN (7.89 

MV/cm) [25], but it is a large enough value to make MnPS3 a good insulating vdW 

material down to monolayer. 

I also display the I-V characteristics for mono-, bi-, and tri-layer MnPS3 in Figure 

3.2 (b). In this Figure, the linear behavior is due to direct tunneling at low bias 

voltage. The change in the slope with layer numbers indicates the layer-number 
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Figure 3.2: Tunneling transport of few-layers MnPS3. (a) I-V characteristics of 

ITO/MnPS3/Pt-Ir tip junction for various thicknesses of MnPS3. (b) Blown-up 

picture of I-V data at a low voltage region of mono-, bi-, and tri-layer MnPS3. As 

voltage increases, a transition occurs from a direct tunneling to a FNT type. Inset 

of (b) indicates that the slope of the linear behavior at low voltage decreases 

exponentially as the number of layer gets increased. (c) Thickness dependence of 

breakdown voltage. The linear fit (dashed line) shows that the dielectric breakdown 

strength is 5.41 MV/cm for thin MnPS3. 



                                              3.3 Results and analysis 

１５ 

 

dependence of tunneling conductance, which decreases exponentially as the 

thickness increases as shown in the inset of Figure 3.2 (b). At low bias voltage (V), 

the tunneling current (I) can be expressed as follows: [25, 30] 

𝐼(𝑉) =
𝐴𝑒𝑓𝑓√𝑚𝑒𝜙𝐵𝑞

2𝑉

ℎ2𝑑
exp [

−4𝜋√𝑚𝑒𝜙𝐵𝑑

ℎ
],             (3.1) 

where Aeff and d are an effective contact area and thickness of MnPS3, respectively 

and q, me, and h are electron charge, free electron mass, and the Plank constant, 

respectively. Thus, Eq. (3.1) naturally explains the exponential decay of the 

tunneling conductance as a function of d. According to our experiment, this direct 

tunneling is almost suppressed for samples thicker than 6 layers. 

On the other hand, at high bias voltage, the I-V curve no longer shows a linear 

dependency. Instead, as the tunneling barrier is deformed by the applied high 

electric field, the field-emitted electrons flow across the sample and the current 

becomes a non-linear function of applied voltage. This behavior can be understood 

by a Fowler-Nordheim tunneling (FNT) theory. In this case, the current can be 

expressed in the following formula: [22–26, 31] 

𝐼(𝑉) =
𝐴𝑒𝑓𝑓𝑞

3𝑚𝑒𝑉
2

8𝜋ℎ𝜙𝐵𝑑2𝑚∗ exp [
−8𝜋√2𝑚∗𝜙𝐵

3/2𝑑

3ℎ𝑞𝑉
],             (3.2) 

where m* is the effective electron mass for MnPS3. Eq. (3.2) can be re-arranged as 

follows: 

ln
𝐼(𝑉)

𝑉2
= ln

𝐴𝑒𝑓𝑓𝑞
3𝑚𝑒

8𝜋ℎ𝜙𝐵𝑑2𝑚∗ −
8𝜋√2𝑚∗𝜙𝐵

3/2𝑑

3ℎ𝑞𝑉
,              (3.3) 

Using this equation, I show the plot of ln(I(V)/V2) versus 1/V from mono- to 9 

layers MnPS3 in Figure 3.3 (a). Linear dependency observed in this plot indicates 

that the tunneling current at high bias voltage can be well explained by the FNT 

theory as expected. Because of the lack of experimental and theoretical results for 

the effective mass of MnPS3, I used m∗ = 0.5 me for our analysis to be followed 

below. For comparison, a similar value of the effective mass (0.56 me) was 

theoretically found for MnPSe3 [32] and the effective mass of MoS2 is also known 

to be 0.35 me for mono-layer and 0.53 me for bulk [26]. Given the same crystal 

structure for both compounds, I anticipate that the real value of the effective mass 

of MnPS3 may not be that different from MnPSe3. Due to the electrical difference 

between S and Se, there might be a difference in order of 0.1 me in effective mass. 

With this assumption, the error of effective mass about 0.1 me causes the uncertainty 

of 8% in barrier height to hold the slope in Eq. (3.3). 

Using the measured thickness of the sample and the assumed effective mass, I can 
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Figure 3.3: Fowler-Nordheim tunneling fitting. (a) ln(I/V2) versus 1/V plots and 

their linear fit using the FNT model. (b) Direct fitting (solid line) of the FNT model 

with the experimental I-V data. A slight deviation from the fitting at low voltage is 

most likely to be due to the direct tunneling and it gets suppressed as the thickness 

increases. (c) Calculated barrier height from both linear fit and direct fit. The barrier 

height was calculated as 1.31 eV (±0.01) for samples thicker than 9 layers, whereas 

for samples thinner than 6 layers the barrier height decreases as the number of layer 

decreases. Inset of (c) shows linear dependency of tunneling barrier term (ΦB
3/2d) 

on the number of layer. 
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calculate the effective contact area and the tunneling barrier height from the linear 

fitting shown in Figure 3.3 (a). To get an independent verification of this approach 

and the values obtained, I have also separately carried out a direct FNT fitting by 

using Eq. (3.2) with the raw I-V data as shown in Figure 3.3 (b). A good agreement 

between the two approaches gives us further confidence in the analysis we adopted 

here (see inset of Fig. 3.3 (c)). The thus calculated barrier heights between the Pt-Ir 

tip and MnPS3 are plotted as a function of thickness in Figure 3.3 (c). From this 

curve, I obtain the barrier height value of 1.31 eV (±0.01) for samples thicker than 

9 layers, which gets decreased with decreasing the layer number. This value is larger 

than that between Pt-Ir tip and MoS2 (0.64 eV) [26] and smaller than that between 

Pt tip and h-BN (3.07 eV) [25]. This means MnPS3 can be used as a 2D 

semiconductor due to its lower contact barrier than that of h-BN. However, much 

higher gating voltage should be applied to make MnPS3 conductive than in the case 

of MoS2. The estimate of electron affinity is 4.09 eV for MnPS3, so illumination 

above this power will be needed to perform any photoelectron experiments. I note 

that a similar reduction of the barrier height was previously reported for MoS2 [26], 

which may well come from the contribution of the direct tunneling in few layer 

thick samples. I further remark that a small mismatch was found in Figure 3.3 (b) 

between the fitting curve and the experimental data just before the breakdown 

voltage. I think that it is most likely to come from the direct tunneling that decreases 

as the layer number gets increased. Therefore, the FNT model must overestimate 

the current for the thinner samples, and this results in the underestimated barrier 

height. The inset of Figure 3.3 (c) shows the linear dependence of tunneling barrier 

term ΦB
3/2d on number of layers. From this analysis, I get an averaged effective 

contact area from mono- to 6 layers around 3.76 nm2, which is a reasonable value 

considering the actual tip radius of 7 nm [26]. 
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4. van der Waals heterostructures based on 

TMPX3 for forming antiferromagnetic tunnel 

junctions using dry transfer technique 

 

 

4.1 Magnetic tunnel junctions using vdW heterostructures 
 

vdW heterostructures, devices made by stacking different 2D crystals on top of each 

other, have recently emerged by various transferring and stacking techniques [1, 33, 

34]. However, so far, there has been no report and trial of heterostructures with few-

layer TMPX3 which is an essential step for promising future study on magnetic vdW 

heterostructures. 

Here, I report the first fabrication of vdW heterostructures with few-layers of 

TMPX3 by dry transfer technique. To observe the antiferromagnetic effect in 

vertical transport, in-plane antiferromagnet NiPS3 was used. I found that it is hard 

to pick up exfoliated TMPX3 flakes using an existing polypropylene carbonate 

(PPC) stamp. Therefore, the new polymer called polycaprolactone (PCL) was used 

for picking up the TMPX3. I performed vertical transport measurements in this 

system and successfully observed semiconducting/insulating behavior with the key 

features of a Schottky junction. I expect that these results would be helpful for 

further research on magnetism and spintronics in vdW systems. 

 

 

4.2 Dry transfer using PCL-based PDMS stamp 
 

By using polycaprolactone (PCL) for the top layer of a polydimethylsiloxane 

(PDMS) stamp, exfoliated NiPS3 flakes were successfully picked up and transferred 

to a target substrate. As shown in Figure 4.1 (a) and (b), PCL/PDMS was stacked 

on a glass slide by the spin-coating technique using a PCL solution prepared by 

dissolving PCL (80000 Molecular Weight, Sigma Aldrich) in tetrahydrofuran (THF) 

(Sigma Aldrich) with 15 wt%. To enhance the adhesion between the PDMS and the 

PCL, transparent tape (3M Scotch) was attached on top of the PDMS block (Gel-

Pak) first, and then the PCL was spun at 2000 rpm for 45 seconds. At last, the as-
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made stamp was annealed at 70°C for 1 hour to smooth the surface of the PCL to 

allow easier pick up. 

NiPS3 flakes were prepared by typical mechanical exfoliation on a SiO2 substrate 

as shown in Figure 4.1 (c). Using the PCL/PDMS stamp with a micro-positioner, 

the PCL was carefully pressed down on the target NiPS3 flake at 57 ~ 59°C and 

annealed at 80°C for 30 minutes as shown in Figure 4.1 (d). After that, the PCL was 

cooled down to room temperature and slowly picked up with the target flake. In 

Figure 4.2, the adhesion of PCL is much stronger than PPC which could not pick 

up NiPS3 at all both with and without graphite assistance. 

All exfoliated van der Waals (vdW) materials in this work were prepared on O2 

Figure 4.1: Dry transfer technique using polycaprolactone (PCL) stamp and 

production of large-sized NiPS3 flakes using O2 plasma treatment. (a) Detail of 

structure of PCL/PDMS stamp. PCL was spun on transparent tape at 2000 rpm and 

annealed at 70°C for 1 hour. (b) Photographic image of as-made PCL/PDMS stamp. 

(c) NiPS3 flakes on O2 plasma-treated SiO2 substrate. Smaller size of NiPS3 on 

untreated substrate is shown in the inset. The scale bar is for 10 μm. (d) Process of 

picking up van der Waals materials by PCL/PDMS stamp. 
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plasma-treated SiO2 substrates to get large flakes. In the case of NiPS3, the size of 

exfoliated flakes on a plasma-treated substrate was enlarged 10 times more than on 

an untreated substrate as shown in inset of Figure 4.1 (c). 

Graphite can be used as a top layer for better picking up as shown in Figure 4.2. 

Graphite was also picked up by PCL with the different annealing temperature of 

60°C. The melting temperature of PCL is about 60°C, so it is better not to heat it up 

above the melting temperature during pressing down the graphite on the NiPS3 flake 

because it may cause wrinkles on the graphite. Few-layer NiPS3 flakes were picked 

up efficiently with the graphite assistance as shown in Figure 4.2 (e)-(h). In the case 

of PPC, it is even hard to pick up few-layer graphene without hexagonal boron 

nitride (hBN), so the graphite/hBN stack was used to pick up NiPS3. However, the 

Figure 4.2: Comparison of efficiency for pick-up between PPC and PCL stamp. All 

scale bars are for 10 μm. (a)-(d) Picking up NiPS3 flakes by PPC stamp. (b) hBN 

flakes were used for picking up graphite (yellow dashed line in (c)) and then 

dropped down onto (a) target NiPS3 flake to make (c) NiPS3/Graphite/hBN 

heterostructure. White dashed line in (c) indicates the target NiPS3 flake. (d) The 

remaining NiPS3 flakes after lifting up PPC stamp. (e)-(h) Picking up NiPS3 flakes 

by PCL stamp. (f) Graphite was dropped down onto (e) target NiPS3 flake and 

picked up to make (g) NiPS3/Graphite heterostructure on PCL stamp. White dashed 

lines in (g) and (h) indicate as-picked-up NiPS3 flakes. (h) The remaining NiPS3 

flakes after the picking up by PCL stamp. 
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NiPS3 flakes were not picked up at all as shown in Figure 4.2 (a)-(d) due to the 

weak adhesive force between PPC and vdW materials while the PCL could pick up 

the flakes even without graphite assistance. 

 

4.3 Experimental details 
 

Permalloy/NiPS3/graphite tunnling devices were fabricated by dry transfer 

technique using polycaprolactone(PCL)-coated polydimethylsiloxane(PDMS) 

stamps. First, few-layers NiPS3 and graphite flakes were prepared on oxygen-

plasma-treated SiO2 substrates. Second, NiPS3/graphite heterostructures were made 

using a PCL stamp as shown in Figure 4.3. Third, the NiPS3/graphite 

heterostructures were dropped down on the pre-patterned permalloy wire. 

Permalloy was deposited by stencil lithography using a non-contact mask to avoid 

surface contact, and kept in a glove box until the drop-down to prevent oxidization. 

Finally, using e-beam lithography, Au wires and pads were deposited and graphite 

was shaped by O2 plasma etcher to avoid the contact between permalloy and 

graphite. 

For tunnelling device of 4 layers NiPS3 in Figure 4.3 (e), the permalloy wires were 

Figure 4.3: Making device by dry transfer technique 
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deposited on pre-patterned Au wire to skip the e-beam lithography. However, the 

graphite broke during the drop-down at the edge of the Au wire, so I had to do 

further lithography to connect graphite and Au. Therefore, for tunneling device of 

bi-layers NiPS3 in Figure 4.5 (f), only permalloy wire was pre-deposited before the 

drop-down, and then I performed further lithography. Measurements of tunnelling 

magneto resistance were performed by PPMS using a rotatable probe. DC voltage 

was applied with a Yokogawa voltage source GS200, and the current was measured 

using an Agilent digit multimeter 34401A with an Ithaco 1211 current preamplifier. 

The rotator option of PPMS was used for rotating the sample with respect to the 

magnetic field. 

 

4.4 Results and analysis 
 

Figure 4.4 (a) shows I-V characteristics at 1.8 K for tunneling devices of 4 layers 

NiPS3. The curves were stable and reproducible during the multiple measurements, 

and clear Schottky behavior was observed with a sudden increase of current around 

2 V. However, the resistivity of NiPS3 tunneling devices is quite high compared 

with reference data of MnPS3 obtained by conductive atomic force microscope at 

room temperature as shown in Figure 4.4 (b). This doesn’t make sense considering 

the lower band gap energy of NiPS3 (1.5 eV) than MnPS3 (3 eV), and larger 

tunneling area (~few μm2) of permalloy wire than that of conductive tip (~few tens 

of nm2). 

It seems there was another electric barrier between the permalloy and Au wire. 

Figure 4.4 (c) shows the optical image of the device after the tunnelling magneto-

resistance (TMR) measurements; there is visible damage at the interface between 

permalloy and Au wire on the left. If the permalloy was deposited on top of dirty 

pre-patterned Au wire, there could be expected to be such contamination at this 

interface. 

Due to the additional electric barrier, the signal was far smaller than I expected, so 

it was very hard to observe an antiferromagnetic signal from rotation and 

temperature sweeps as shown in Figure 4.4 (d), (e), and (f). I could not find any 

changes in resistivity from rotating and heating up around the Neel Temperature. 

There is only a resistivity change with temperature around 180~190 K as shown in 

Figure 4.4 (f). The damage in Figure 4.4 (c) probably occurred at this point. 

Figure 4.5 (a) shows I-V characteristics at 1.8 K for a tunneling device of bi-layer 
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NiPS3. The curves were stable and reproducible during the multiple measurements, 

and clear Schottky behavior was observed with smooth increase of current around 

0.05 V. Such amount of current makes sense considering the band gap energy and 

large tunneling area. There were no changes in optical microscopic image before 

and after measurement which means that there was no contamination and additional 

electric barrier in this device. 

As shown in Figure 4.5 (b), during the temperature sweeping, I could not observe 

any transition near the Neel temperature (~155 K) and it only shows smooth 

Figure 4.4: Tunneling magneto-resistance results of 4 layers NiPS3 device 
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increase of resistivity when the system is cooled down which means the bi-layer 

NiPS3 acts like a semiconductor. It is comparable with MnPS3 which shows always 

insulating behevier even at monolayer limit.  

Comparing the tunneling characteristics of MnPS3 from the previous chapter, the 

scale of the resistivity is also quite reasonable, taking the size of the relevant device 

into account. The room temperature resistivity of bi-layer NiPS3 at 0.34 V is about 

Figure 4.5: Tunneling magneto-resistance results of bi-layer NiPS3 device 
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1224 cm and it is much smaller than that of MnPS3 (12489 cm). The bandgap 

of NiPS3 (1.5 eV) is smaller than MnPS3 (3 eV), so the difference of the resistivity 

is also consistent. 

The current as a function of rotation of B field at 1.8 K is shown in figure 4.5 (c) 

and (d). There is clear dependency with about a 0.3% change and it shows a 

maximum at 50° and minimum at 140°. I performed the same measurement without 

B field, and there is no rotation dependency which means the change is from 

magnetism in this device. Only at around 50°, there is an increase of current when 

the field is turned on and no change at around 140°. If we sweep the B field at 50°, 

one can see the clear peak around 0 T. However, above the Neel temperature (~155 

K), I also observed the same peak as shown in figure 4.5 (e) which means the angle-

dependency is not from the antiferromagnetic transition of bi-layer NiPS3. However, 

considering the reduction of the peak intensity at 250 K as shown in figure 4.5 (f), 

the peak probably comes from the magnetism of NiPS3 , not from the permalloy, 

because the Curie Temperature of permalloy is above 400 K. The reason that the 

peak does not show any change at the same temperature as the antiferromagnetic 

transition is unknown so far. 
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5. Conclusion 

 

 

4.1 Summary 
 

In summary, I report the tunneling transport of mono- and few-layers MnPS3 

exfoliated on top of ITO coated Si substrate. By using C-AFM, I could study the 

thickness dependence of the tunneling transport from a few tens of layers down to 

monolayer. From the I-V spectroscopy, I observed the Schottky junction tunneling 

behavior for our ITO/MnPS3/Pt-Ir junction with a dielectric breakdown strength of 

5.41 MV/cm, suggesting that an insulating behavior remains solid down to a 

monolayer of MnPS3. At the same time, direct tunneling was suppressed at low bias 

voltage for MnPS3 thicker than 4 layers. Using the FNT theory and assuming an 

effective mass of 0.5 me, I estimate the barrier height of thin MnPS3 flakes to be 

1.31 eV (±0.01). I expect that these values of tunneling barrier and dielectric 

breakdown strength will prove helpful for many applications such as field effect 

transistors and magnetic tunnel junctions using this material. 

Furthermore, I fabricated a well-behaving bi-layer NiPS3 tunneling device by dry 

transfer technique with PCL stamp and the device shows good semiconducting 

behavior with anisotropic magnetoresistance due to the magnetism of NiPS3. 

Unfortunately, however, I conclude the anisotropic magnetoresistance doesn’t come 

from the antiferromagnetic transition of NiPS3 because of the same signal above 

the Neel temperature. Nevertheless, I expect that these results would be helpful for 

further research on magnetism and spintronics in vdW systems. 

 

 

4.2 Outlook 
 

I showed that TMPX3 is one candidate of the promising magnetic van der Waals 

materials for both basic fundamental physics and applied physics. Due to its various 

magnetic ground states and types, one can study each 2-dimensional magnetic 

system using the TMPX3 family. Moreover, using their band gap energies crossing 

the visible light spectrum and their magnetism, one can construct new van der Waals 

devices for optics or spintronics. Therefore, I suggest two primary routes for future 
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research in TMPX3: observing magnetism in the 2D limit directly and realization 

of TMPX3-based vdW device for spintronics.  

To observe the magnetism in mono-layer TMPX3 directly, photoemission electron 

microscopy (PEEM) can be an experimental choice. PEEM is a powerful tool for 

visualizing magnetic domain structures by detecting photo-electrons emitted from 

a sample due to an incident light. The amount of the emitted electrons depends on 

the direction of the easy axis of antiferromagnetic ordering. If one performs the 

PEEM measurement with various thicknesses of sample and various temperatures, 

the thickness dependence of the antiferromagnetic transition will be observed 

directly. It was hard to observe such a magnetic signal in Laser-PEEM experiment 

which I performed at Tokyo University because the laser intensity was lower than 

the work function of TMPX3 and so it was hard to pump out photo-electrons. Also, 

there might have been a surface contamination on top of the TMPX3 flake. 

Therefore, I recommend the synchrotron radiation to provide enough photon energy 

and graphene capping can be an option to avoid a surface degradation. 

Spin pumping using antiferromagnetic and insulating thin TMPX3 can be one way 

for the TMPX3-based vdW spintronics. Spin current through an antiferromagnetic 

insulator is amplified and detectable by the inverse spin Hall effect. Thin TMPX3 

is also an antiferromagnetic insulator, so one can test the similar spin pumping with 

TMPX3 heterostructures. For example, Pt/TMPX3/FM heterostructures may show 

much larger inverse spin Hall voltage in Pt layer than that in case of Pt/FM 

heterostructures.  
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Appendix 

 

 

Codes for the calculation of optical contrast 
 

To calculate the optical contrast of the mono-layer flake of MnPS3 on ITO substrate, I 

made a Mathematica code Optical contrast of MnPS3.ITO.SiO2.Si.nb. 

 

Clear["Global`*"]; 

Sidata=Import["D:\Graduate School\Program\Optical Contrast 

Calculation\Si.txt","Data"]; 

nSi=Sidata[[All,1;;2]]; 

kSi=Sidata[[All,{1,3}]]; 

nSiFitting=Fit[nSi,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[Lambda]^5,\[

Lambda]^6,\[Lambda]^7,\[Lambda]^8,\[Lambda]^9},\[Lambda]]; 

Show[ListPlot[nSi,PlotStyle->Red,PlotLabel->"n of Si"], 

Plot[{nSiFitting},{\[Lambda],400,700}]] 

kSiFitting=Fit[kSi,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[Lambda]^5,\[

Lambda]^6,\[Lambda]^7},\[Lambda]]; 

Show[ListPlot[kSi,PlotStyle->Red,PlotLabel->"k of Si"], 

Plot[{kSiFitting},{\[Lambda],400,700}]] 

n0=nSiFitting+I*kSiFitting; 

SiO2data=Import["D:\Graduate School\Program\Optical Contrast 

Calculation\SiO2.txt","Data"]; 

SiO2dataFitting=Fit[SiO2data,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[La

mbda]^5,\[Lambda]^6,\[Lambda]^7},\[Lambda]]; 

Show[ListPlot[SiO2data,PlotStyle->Red,PlotLabel->"n of SiO2"], 

Plot[{SiO2dataFitting},{\[Lambda],400,700}]] 

n1=SiO2dataFitting; 

ITOdata=Import["D:\Graduate School\Program\Optical Contrast 

Calculation\ITO.txt","Data"]; 

nITO=ITOdata[[All,1;;2]]; 

kITO=ITOdata[[All,{1,3}]]; 

nITOFitting=Fit[nITO,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[Lambda]^

5,\[Lambda]^6,\[Lambda]^7},\[Lambda]]; 

Show[ListPlot[nITO,PlotStyle->Red,PlotLabel->"n of ITO"], 

Plot[{nITOFitting},{\[Lambda],400,700}]] 
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kITOFitting=Fit[kITO,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[Lambda]^

5,\[Lambda]^6,\[Lambda]^7},\[Lambda]]; 

Show[ListPlot[kITO,PlotStyle->Red,PlotLabel->"k of ITO"], 

Plot[{kITOFitting},{\[Lambda],400,700}]] 

n2=nITOFitting+kITOFitting*I; 

MnPS3data=Import["D:\Graduate School\Program\Optical Contrast 

Calculation\MnPS3.txt","Data"]; 

nMnPS3=MnPS3data[[All,1;;2]]; 

kMnPS3=MnPS3data[[All,{1,3}]]; 

nMnPS3Fitting=Fit[nMnPS3,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[La

mbda]^5,\[Lambda]^6,\[Lambda]^7,\[Lambda]^8,\[Lambda]^9},\[Lambda]]; 

Show[ListPlot[nMnPS3,PlotStyle->Red,PlotLabel->"n of MnPS3"], 

Plot[{nMnPS3Fitting},{\[Lambda],400,700}]] 

kMnPS3Fitting=Fit[kMnPS3,{1,\[Lambda],\[Lambda]^2,\[Lambda]^3,\[Lambda]^4,\[La

mbda]^5,\[Lambda]^6,\[Lambda]^7,\[Lambda]^8,\[Lambda]^9},\[Lambda]]; 

Show[ListPlot[kMnPS3,PlotStyle->Red,PlotLabel->"k of MnPS3"], 

Plot[{kMnPS3Fitting},{\[Lambda],400,700}]] 

n3=nMnPS3Fitting+kMnPS3Fitting*I; 

n4=1; 

r0=(n1-n0)/(n1+n0); 

r1=(n2-n1)/(n2+n1); 

r2=(n3-n2)/(n3+n2); 

r3=(n4-n3)/(n4+n3); 

DSiO2=4; 

Dflake=1; 

pi1=2*\[Pi]*n1*DSiO2/\[Lambda]; 

pi2=2*\[Pi]*n2*d/\[Lambda]; 

pi3=2*\[Pi]*n3*Dflake/\[Lambda]; 

{i,r}={{Exp[-I*pi3],r3*Exp[I*pi3]},{r3*Exp[-I*pi3],Exp[I*pi3]}}.{{Exp[-

I*pi2],r2*Exp[I*pi2]},{r2*Exp[-I*pi2],Exp[I*pi2]}}.{{Exp[-

I*pi1],r1*Exp[I*pi1]},{r1*Exp[-I*pi1],Exp[I*pi1]}}.{1,r0}; 

R=r/i; 

Intensity1=Abs[R]^2; 

DensityPlot[Intensity1,{d,0,350},{\[Lambda],400,700},PlotLabel->"Intensity of 

Reflected Light with MnPS3",PlotLegends->Automatic,PlotPoints->100,AxesLabel-

>{"Thickness of ITO","Wavelength"}] 

Clear[n3,r2,i,r,R]; 

n3=1; 
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r2=(n3-n2)/(n3+n2); 

{i,r}={{Exp[-I*pi2],r2*Exp[I*pi2]},{r2*Exp[-I*pi2],Exp[I*pi2]}}.{{Exp[-

I*pi1],r1*Exp[I*pi1]},{r1*Exp[-I*pi1],Exp[I*pi1]}}.{1,r0}; 

R=r/i; 

Intensity2=Abs[R]^2; 

DensityPlot[Intensity2,{d,0,350},{\[Lambda],400,700},PlotLabel->"Intensity of 

Reflected Light without MnPS3",PlotLegends->Automatic,PlotPoints->100,AxesLabel-

>{"Thickness of ITO","Wavelength"}] 

Contrast=(Intensity2-Intensity1)/(Intensity2); 

DensityPlot[Contrast,{d,0,350},{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 

ITO substrate",PlotLegends->Automatic,PlotPoints->100,Mesh->6] 

d=60; 

Plot[Contrast,{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 60 nm ITO 

substrate",PlotLegends->Automatic,PlotPoints->500,PlotRange->All] 

d=70; 

Plot[Contrast,{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 70 nm ITO 

substrate",PlotLegends->Automatic,PlotPoints->500,PlotRange->All] 

d=80; 

Plot[Contrast,{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 80 nm ITO 

substrate",PlotLegends->Automatic,PlotPoints->500,PlotRange->All] 

d=90; 

Plot[Contrast,{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 90 nm ITO 

substrate",PlotLegends->Automatic,PlotPoints->500,PlotRange->All] 

d=100; 

Plot[Contrast,{\[Lambda],400,700},PlotLabel->"Contrast of MnPS3 on 100 nm ITO 

substrate",PlotLegends->Automatic,PlotPoints->500,PlotRange->All] 

Clear["Global`*"]; 
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국문초록 

자기 반데르발스 물질인 전이금속 

삼황화린의 합성과 응용 
 

이성민 

물리천문학부 물리학전공 

서울대학교 대학원 

 

층간 약한 반데르발스 (van der Waals) 결합력을 가진 층상 구조의 

반데르발스 물질 중에서 자기 반데르발스 물질인 전이금속 삼황화린 (TMPX3) 

이 연구되었다. 특히, 박리 된 TMPX3의 시편을 다양한 기판 위에 기계적 

박리법을 이용해 구현하였고, 터널링 접합 형태를 제조하여 수직방향 전기적 

특성을 연구하였다. 

먼저 단일 층에서 수십 층까지 두께가 다양한 MnPS3 시편의 터널링 

특성을 연구하였다. 초미세 나노구조를 통과하는 전류를 측정하기 위해 

전도성 원자현미경을 이용하였고, 추출된 데이터를 통해 MnPS3 터널링 

소자의 터널링 장벽 높이와 절연파괴 문턱전압 등, 수 분자층 MnPS3의 주요 

전기적 물리량를 도출하였다. 

추가로 NiPS3를 이용한 반데르발스 다층구조체 (Heterostructure) 를 폴리 

카프로 락톤 (Polycaprolactone) 이라는 새로운 고분자 물질을 이용한 건식 

이동 기술 (Dry Transfer Technique) 로 구현하였다. 이 다층구조체에서 

수직방향 전기적 특성을 측정하여, 쇼트키 접합 (Schottky Junction) 의 핵심 

특성이 나타나는 반도체적 동작을 성공적으로 관측하였다. 이러한 연구 

결과들은 앞으로의 반데르발스 시스템 자성 연구나 스핀트로닉스 (Spintronics) 

와 같은 응용적 측면에서의 연구에도 도움이 될 것으로 기대된다. 

 

주요어: 자기 반데르발스 물질, 전이금속 삼황화린, 터널링 전류, 전도성 

원자현미경, 반데르발스 다층구조체, 건식 이동 기술, 자기 터널 접합, TMPX3 
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