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The concept of Internet of Things (IoT) has been discussed extensively in the recent 

years, where billions of smart devices and sensors communicate with each other and 

provide ubiquitous service. Two-dimensional (2D) materials for such application could be 

exposed to extreme conditions that IoT devices may experience, such as mechanically 

stressing, chemically reactive, high-temperature, and/or radiative environment. Therefore, 

it is crucial to understand the materials’ properties under extreme conditions, and further 

engineer the properties from the acquired knowledge. In this dissertation, we focus on the 

effects of oxygen/moisture condition on air-sensitive 2D materials, and effects of 

hydrostatic pressure on 2D and other layered materials. In Chapter 2, we report detailed 

study on air-degradation of few-layer phosphorene films and field effect transistors, as well 

as an effective encapsulation method that enhances the stability of devices up to several 

months. In the later parts we explore the effects of hydrostatic pressure on layered 

materials, where the anisotropic van der Waals structure exhibit remarkably large pressure-

modulation of material properties. In Chapter 3, pressure effects on Raman modes in bulk 

Mo0.5W0.5S2 alloy are examined to discover strengthening of inter-layer interactions under 

pressure. In Chapter 4, pressure-induced structural transition of bulk WTe2 is discussed, 
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where layer sliding introduces inversion symmetry, similar to the case in monolayer WTe2. 

In Chapter 5, evolution of optical band gaps of monolayer WS2 and Mo0.5W0.5S2 are 

studied, where we show different pressure-behaviors of band edges according to the 

composition. In Chapter 6, structural, vibrational, and topological electronic properties of 

Bi1.5Sb0.5Te1.8Se1.2 topological insulator alloy is explored, to show that the topological 

states could be modulated by pressure, without transitions in the crystal structure. 
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Chapter 1. Introduction 

1.1 OVERVIEW 

The discussion of Internet-of-things (IoT) is growing rapidly as the electronic smart 

devices expand their territory to various objects such as watches, automobiles, home 

appliances, lightbulbs, to name a few. The ultimate connectivity between billions of 

devices will allow seamless and ubiquitous services, where information and energy could 

be obtained from any device and shared with every other device. It will not only prosper 

the lives of people, but also provide platforms to tackle bigger problems, such as energy 

crisis or pollution, for a sustainable future. In order to truly realize the global connectivity, 

devices are required to have various physical forms such as flexible, foldable, wearable, 

patchable, transparent, bio-degradable, bio-implantable, bio-compatible, or windblown. 

Two-dimensional (2D) materials, such as elemental X-enes, transition metal 

dichalcogenides (TMDs), and hexagonal boron nitride (h-BN) are believed to be a strong 

candidate to fulfill many of the various requirements, mainly due to its atomically thin 

structure.1 A wide range of 2D materials from metal to insulators are studied, for various 

future applications including but not limited to electronics, photovoltaic and light emitting 

devices, spintronics, piezoelectric, bio-sensors, and drug delivery. Once realized into IoT 

devices, the 2D materials are likely exposed to the environments without sufficient 

protection toward the operating environment. The environment could be high temperature, 

high pressure, chemically reactive, and/or mechanically stressing. Therefore, it is crucial 

to study the properties of 2D materials under extreme conditions it may encounter. Future 

2D material-based devices will benefit from such understanding, either to avoid negative 

effect from the extreme, or to utilize the extreme to engineer its properties. 
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An extreme condition for 2D materials that demands attention is, strikingly, the 

ambient condition. Since the 2D materials have atoms-thick dimensions, oxidation of a few 

atomic layers could introduce significant degradation and result in total device failure.2 

Phosphorene, for example, is hygroscopic and degrades upon contact with moisture and 

oxygen. Although phosphorene exhibits excellent optoelectronic properties, including hole 

mobility exceeding ~1500 cm2/Vs,3 layer-dependent direct band gap ranging from 0.3 eV 

to 2.0 eV,4 and in-plane anisotropy of electronic/thermal conductivity,5 its life span in 

ambient air does not exceed a few days. Therefore, in order to implement phosphorene 

devices, a reliable encapsulation method is required. Once the degradation is well 

understood and encapsulation method is developed, phosphorene could bridge the gap 

between graphene-based high-frequency devices and transition metal dichalcogenides-

based logic devices.1 

On the other hand, the application of hydrostatic pressure or uni-/biaxial strain on 

crystalline materials influences atomic bond lengths and angles, thus effectively alters 

phonon and electronic structures. Electronic structures of 2D materials also evolve 

according to pressure and/or strain, allowing pressure/strain to be another degree of 

freedom to tune the electronic properties, sometimes referred to as straintronics.6 2D 

materials under pressure or strain exhibit especially unique behaviors thanks to its bond 

strength contrast between strong intra-layer covalent bonds and weak inter-layer van der 

Waals bonds. Considering its atom-thin nature and possible applications for flexible 

optoelectronic devices, it is crucial to understand the effect of pressure or strain on opto-

electronic and vibrational properties of 2D materials. Hydrostatic pressure can be applied 

with a diamond anvil cell (DAC) setup, which offers precise determination and control of 

pressure, up to extremely high strain levels beyond what is typically seen in uniaxial test 
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fixtures. DAC is also compatible with numerable in-situ measurements, including optical 

and electrical measurements. 

 

1.2 DISSERTATION OUTLINE 

This dissertation is composed as following. In Chapter 2, we investigate the air-

stability of phosphorene, or few-layer black phosphorus, using Raman spectroscopy, 

microwave impedance microscopy (MIM), and transport measurements. Also, we report 

robust encapsulation method using atomic layer deposition (ALD) dielectric layer and 

fluoropolymer, which dramatically enhanced the stability of phosphorene devices and pave 

a path to long-term analysis up to a few months.2 From Chapter 3 to Chapter 6, we report 

the effects of hydrostatic pressure on layered materials. In Chapter 3, we report high 

pressure Raman spectroscopy of Mo0.5W0.5S2, which exhibits alloy effects including 

pressure-induced disorder Raman modes. The result emphasized that the hydrostatic 

pressure significantly enhances the interaction between the van der Waals layers.7 In 

Chapter 4, pressure-modulation of optical band gaps in monolayer transition metal 

selenides are investigated, by a combination of photoluminescence spectroscopy, Raman 

spectroscopy, and theoretical calculation. Depending on the metal composition, the 

monolayers exhibit different band gap opening rate and indirect transitions, which suggests 

the possibility to tune the band offset using pressure.6 In Chapter 5, we investigate the 

pressure-induced structural phase transition of Weyl semimetal WTe2, with combination 

of X-ray diffraction (XRD), Raman spectroscopy, and theoretical calculation. At elevated 

pressures, the ambient Td phase undergoes a structural transition into 1Tʹ phase. The phase 

transition coincides with the previously reported superconductivity, suggesting that the 

superconductivity occurs within the 1Tʹ phase. In Chapter 6, pressure-dependent structural, 
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phononic, and topological electronic properties of a topological insulator 

Bi1.5Sb0.5Te1.8Se1.2 is examined. Two structural phase transitions are observed from XRD 

and Raman spectroscopy. Also, from XRD, Raman spectroscopy, and theoretical 

calculation, we report the occurrence of a Dirac semimetal (DSM) phase and related 

anomalies below the first phase transition, revealing that the topological phase could be 

modulated without change in crystal structure.8 In Chapter 7, a summary of this dissertation 

as well as future direction are presented. 
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Chapter 2. Air-Stability of Phosphorene Films and Devices  

(Reproduced with permission from J.-S. Kim, Y. Liu, W. Zhu, S. Kim, D. Wu, L. Tao, A. 

Dodabalapur, K. Lai, D. Akinwande, “Toward air-stable multilayer phosphorene thin-

films and transistors”, Sci. Rep., 5, 8989 (2015)) 

 

2.1 INTRODUCTION 

Bridgman discovered van der Waals bonded black phosphorus crystals in 1914 

during high-pressure experiments.9 While much of its bulk semiconducting properties have 

been investigated for one hundred years,10 it is only recently that few-layer black 

phosphorus or phosphorene, an elemental two-dimensional (2D) layered crystal, has risen 

to scientific limelight.11 As a physical analogue to the graphite system, black phosphorus 

has a distinct puckered or buckled structure.10 Its fully satisfied valence shell results in a 

direct band gap, which has been found to scale inversely with thickness, around 1.5-2 eV 

for a monolayer and 0.3 eV in the bulk limit.10,11 Notably, phosphorene’s high mobility 

(about 1000 cm2/Vs)12 and sizeable band gap place it at the electronic intersection of 

graphene, a zero-gap high mobility 2D crystal,13,14 and semiconducting transitional metal 

dichalcogenides such as MoS2, a large-gap low mobility 2D crystal.15,16 In addition, the 

thickness-tunable direct band gap of phosphorene is ideal for optoelectronics spanning the 

infrared to visible regimes, with a favorable potential for hyperspectral photodetection.17,18 

A fundamental material challenge for phosphorene films is the lack of air-

stability,19,20 a matter of paramount importance for devices that typically operate in ambient 

conditions. Similar to hygroscopic red phosphorus,9,21 it is found that unprotected black 

phosphorus can absorb moisture upon exposure to air, resulting in compositional and 

physical changes of the material with consequent degradation of its electronic properties. 
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This poses a severe problem for prospective device applications in semiconductor 

technology and flexible electronics,1,13-15,22-24 and several recent studies implemented 

dielectric capping layer in order to provide stability for material and device research.4,25,26 

In this light, we have systematically investigated the stability of unprotected and 

capped multilayer phosphorene flakes mechanically exfoliated onto insulating substrates. 

In our study, phosphorene experienced physical degradation in a matter of hours in air, as 

determined by atomic force microscopy (AFM) and optical imaging, and complete device 

failure in a few days. Microwave impedance microscopy with nanoscale spatial resolution 

revealed that samples with thin capping layers, though more air-stable, began to degrade 

from the edges inward within a few days, a unique mechanism different from previously 

reported surface degradation.19,27 Intriguingly, the degradation was primarily electronic 

with only minor changes in flake thickness and volume, in sharp contrast to unprotected 

samples. Our results indicate for the first time that visual or topographical techniques are 

generally inadequate for monitoring the air-degradation in capped phosphorene. Moreover, 

statistics from phosphorene field-effect transistors (FETs) have shown that double layer 

capping with dielectric and fluoropolymer films afford robust week-long air-stability, 

suggesting indefinite long-term stability beyond the timescale of hours reported in a 

previous study.27 The effectiveness of the double layer capping is attributed to the 

fluoropolymer’s hydrophobicity, which prevents moisture from being adsorbed and 

diffusing to the phosphorene interface. The simplicity of the capping methods represents a 

facile route for achieving air-stable phosphorene devices that can enable basic studies and 

potential applications.  
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2.2 METHODS 

2.2.1 Sample Preparation 

Phosphorene samples were mechanically exfoliated from bulk black phosphorus 

(Smart Elements) using conventional scotch-tape method, and transferred onto Al2O3/Si 

substrates in ambient cleanroom conditions. The substrate was prepared by depositing 25 

nm-thick ALD Al2O3 on heavily doped p++ Si wafer, where the thickness of the dielectric 

was selected to provide optical contrast for estimation of phosphorene thickness. The Al2O3 

layer was also used as the back-gate dielectric in electrical measurements. Samples used in 

MIM experiments were capped after mechanical exfoliation by either the evaporation of 

~2-3 nm Al followed by oxidation in 120 °C for 20 minutes, or ALD deposition of 25 nm 

Al2O3 at 250 °C. Back-gated transistor devices were prepared by patterning resist layer 

using Carl Zeiss FE NEON 40 SEM system, followed by metal evaporation of 2/70 nm 

Ti/Au. All devices were designed to have channel length of 1 µm. PMMA EL6 and PMMA 

A3 were spun at 4000 revolutions per minute (rpm) and baked at 180°C for 2 minutes each 

in sequence to provide initial capping of phosphorene flakes and to form the resist layer. 

Thin and thick capping of the transistor devices were formed by ALD deposition of either 

5 nm or 25 nm Al2O3. Double-layer capping was formed by spin-casting DuPont Teflon-

AF at 4000 rpm on regular 25 nm ALD Al2O3 capping layer and cured at 250 °C for 30 

minutes. We note that time of exposure to ambient air before applying capping layers was 

controlled to be less than 1 hours in all samples. 

 

2.2.2 AFM and Optical Characterization 

Few-layer black phosphorus flakes were exfoliated onto Al2O3/Si substrates as 

described above and identified using optical microscope. Flakes with thickness from 5 to 
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25 nm were targeted in this study. AFM images were collected from a Veeco Dimesion 

3100 Atomic Force Microscope under the tapping mode. Non-coated n-doped Si TESP 

probe was used to achieve sub-nanometer scale AFM scanning resolution. AFM images 

were captured in ambient conditions. In between AFM scans, the monitored sample was 

kept in ambient environment with in-door lighting. Raman spectra for typical black 

phosphorus flakes with thickness of 5, 10 and 15 nm were measured using Renishaw 

Raman system using a green 532 nm laser with fixed polarization angle. Under 100× 

magnification and with good focus, the laser beam is 1.2 to 1.5 m in diameter. Raman 

shift of ~1 cm-1 spectrum resolution was achieved using 2400 l/mm gratings. 

 

2.2.3 Microwave Impedance Microscopy 

Microwave impedance microscopy (MIM) based on contact-mode AFM was 

employed to measure topography and local electrical properties simultaneously. Regular 

AFM images were collected simultaneously with laser feedback from an XE-70 Park AFM. 

The 1 GHz microwave excitation with V1GHz ~ 20 mV was guided through the electrically 

shielded cantilever (commercially available from PrimeNano Inc.) to the metallic tip with 

a radius of ~100 nm. The two output channels of MIM correspond to the real and imaginary 

parts of the local sample admittance, from which the conductivity and/or permittivity of 

sample can be deduced. Numerical simulation of the MIM signals was performed by the 

finite-element analysis (FEA) software COMSOL4.3. The temperature and humidity inside 

the AFM cabinet were around 25 C and 46.7 %, respectively. Samples were stored under 

similar environment during the week-long experiment. More information about the MIM 

tip can be found from Ref. 28. 
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2.2.4 Transistor Device Measurements 

All electrical measurements were done under ambient conditions in a Cascade 

summit 11000 AP probing station/Agilent 4156C system using 19 m-radius tungsten tips 

from Cascade. The sweep range of back-gate bias was either ±3 or ±5 V, and drain voltage 

was set to be either -10 mV, -100 mV, or -1 V in each sweep, with source electrode 

grounded. The drain bias sweep range was from 0 to -3 V, with varying back-gate voltages. 

Samples were stored at room temperature at atmospheric pressure, 42~46 % humidity and 

ambient light between each measurements. All measured data was batch-analyzed with 

Matlab to extract consistent statistic results over diverse devices. On current values were 

evaluated according to threshold voltage shift in order to eliminate current level fluctuation 

due to threshold voltage change. Hysteresis were calculated as difference of 

forward/backward sweep gate voltages of maximum gm values.  

 

2.3 RESULTS 

Multilayer phosphorene samples were exfoliated onto 25 nm thick Al2O3 on Si 

substrates. Flakes of thicknesses between 5 and 25 nm were selected by optical and atomic 

force microscopy. For back-gated FETs, device patterning was done by electron-beam 

lithography and electrical contacts were formed by electron-beam evaporation of 2/70 nm 

Ti/Au (Figure 2.1 (a)). The optical image of a typical phosphorene device with contact 

electrodes is shown in Figure 2.1 (b). Raman spectra of typical exfoliated phosphorene 

flakes showed the three characteristic vibrational modes12 (Figure 2.1 (c)). 
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Figure 2.1: Schematic (a) and optical image (b) of a phosphorene field-effect transistor. 

(c) Raman spectroscopy of exfoliated phosphorene flakes.  

 

2.3.1 Exposed Phosphorene 

Uncapped phosphorene samples under the normal lighted in-door ambient 

conditions (temperature 24−27 ºC, relative humidity 40−45 %) experienced material 

degradation in a matter of hours, which can be seen in the optical and AFM images of a 

representative flake with smooth terraces of different thicknesses in Figure 2.2 (a). The 

AFM data collected within 24 hrs indicated moisture accumulation on the surface, which 

resulted in substantial local volume expansion and a cleated surface with sharp spikes. 

Corresponding optical images showed increasing optical transparency during the process, 

indicative of continuous thinning of the flake. As the surrounding Al2O3 surface area 

showed no discernible moisture adsorption, we conclude that the degradation is localized 
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to phosphorene. Electrical measurements on a similar flake showed substantial degradation 

over two days and complete device failure in a week (Figure 2.2 (c)), with the flake 

vanishing from the substrate surface (Figure 2.2 (b)).  

 

 

Figure 2.2: (a) Time-lapse optical microscope (top) and AFM (bottom) illustrating the 

physical degradation of an exfoliated few-layer phosphorene sample in 

ambient. (b) Optical pictures of a bare phosphorene FET fully degrading in 

7 days in the ambient condition. (c) Id-Vd characteristic of an uncapped 

phosphorene device, showing severe degradation of electrical conduction 

over time. 

The degradation and swelling of uncapped phosphorene is considered to be a 

consequence of moisture absorption, an attribute of hygroscopic materials.29 The absorbed 

moisture has two adverse effects on phosphorene films: i) physical changes such as volume 

expansion and cleated surfaces (Figure 2.2 (a)), and ii) chemical changes towards a liquid 
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phase, which eventually vanishes from the surface (Figure 2.2 (b)). Compositional analysis 

of degraded phosphorene was performed by energy dispersive X-ray analysis (EDAX) in 

the scanning electron microscopy (SEM) chamber. The phosphorene sample was 

exfoliated onto an Au/Si substrate and kept in air for three days. Before SEM-EDAX 

analysis, the sample was baked on a hot plate at 100 °C for 10 minutes. While the precise 

composition and stoichiometry of the liquid phase is unknown, EDAX indicates that the 

droplet-like cleats or swells are oxygen rich, which may suggest phosphorus oxides in line 

with the study of Favron et al.,27 or phosphorus oxyacids as suggested in the early work of 

Bridgman (Figure 2.3 (a-d)).9 Moreover, Raman spectrum of a degraded flake in Figure 

2.3 (e) displayed peaks characteristic of P-O stretching modes,30-34 lending further 

experimental support to the suggested oxides or oxyacids. The vast diversity of phosphorus 

compounds,35 owing to its wide range of oxidation states (+1 to +5) and coordination 

numbers, and the possible influence of native phosphorene impurities or defects warrant 

rigorous chemistry research beyond the scope of this work to precisely characterize the air-

degraded products. Similar new Raman modes were previously observed in doped multi-

wall carbon nanotubes as a result of strong dopant-carbon interactions.36 
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Figure 2.3: Analysis of a degraded phosphorene flake with 3D AFM mapping (a), SEM 

image (b), EDAX maps of oxygen (c) and phosphorus (d) signal in the same 

sample. (e) Raman spectroscopy of a pristine and air-degraded phosphorene 

samples. 

2.3.2 Thin-Cap Phosphorene 

In order to improve the air-stability of phosphorene films, a thin (~2-3 nm) layer of 

aluminum was deposited on the exfoliated flakes and oxidized into Al2O3,
37 to serve as a 

barrier to moisture adsorption. This range of small dielectric thickness is technologically 

relevant for scaled 2D FETs.38 In addition, a thin passivation layer here also entails that the 

dielectric is thinner than the multilayer phosphorene flakes. Raman intensity maps 

collected on day 9 of exfoliation displayed the three characteristic modes of phosphorene 

(Figure 2.4 (a-c)), which corroborates the topographical data (Figure 2.5 (c)) regarding the 

physical preservation of the film. A bump at 800−900 cm-1 can be seen in the spectrum, 

which is confined to the edge of the phosphorene flake (Figure 2.4 (d)).  
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Figure 2.4: Raman mapping of thin-cap phosphorene. Intensity maps integrating the 

Raman shift signals within the range of (a) 350−375 cm-1 (Ag
1), (b) 430−445 

cm-1 (B2g), (c) 445−475 cm-1 (Ag
2) and (d) 800−900 cm-1. 

To obtain nanoscale electrical information on the thin-cap phosphorene over an 

extended period of time, an AFM-based microwave impedance microscope (MIM) was 

employed (Figure 2.5 (a)) to simultaneously map out the surface topography and electrical 

properties with a spatial resolution of 10~100 nm.2,28,39,40 

In order to understand the effect of surface passivation, we measured a multilayer 

phosphorene sample with thin dielectric capping every day over a period of one week by 

MIM/AFM. The local sheet resistance, which is displayed in Figure 2.5 (b), can be 

estimated from the MIM data using numerical analysis.41 The simultaneously acquired 

AFM images are shown in Figure 2.5 (c). As seen from the MIM data, the sample right 

after the dielectric coating was electrically homogenous except for the folded segment at 
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the bottom. Strikingly, after one day, the local resistance around the sample perimeter 

decreased sharply by two orders of magnitude, likely due to doping from the environment, 

with virtually no change in the surface topography. In other words, unlike uncapped films, 

the initial degradation of phosphorene with thin dielectric capping is mostly electronic 

rather than structural. The edge-initiated process suggests that a capping layer thinner than 

the flake may offer poor sidewall coverage, hence relatively ineffective against moisture 

adsorption at the edges. Moreover, degradation initiated from sample edge dominating 

overall degradation process further suggests that conformal capping layer with sidewalls 

fully covered may play important role in order to provide sufficient capping effect. For 

longer exposure time in the ambient, the highly conductive regions propagated toward the 

center of the flake. After one week, the entire flake became electrically uniform again (Rsh 

~ 105 /sq), which is still an order of magnitude more conductive than the initial state. At 

the same time, the AFM data showed appreciable increase of flake thickness at the edges 

(Figure 2.5 (d)). We note that high conductivity regions scattered near the center of the 

sample in day 2 and day 3 of Figure 2.5 (b) is mainly due to local difference of sample 

thickness, which causes sidewall opening of terrace region.  
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Figure 2.5: Spatial and temporal evolution of phosphorene with thin dielectric capping. 

(a) Schematics of MIM measurement on phosphorene samples with a thin 

Al2O3 capping layer. Red arrows indicate the possible pathways of oxygen 

and moisture to react with the sample. (b) Local sheet resistance maps 

derived from the MIM, and (c) AFM topography of the flake acquired for 7 

days. (d) AFM line profile of the thin-capped sample. 

Based on the AFM/MIM and Raman data, we attribute the degradation of thin-cap 

phosphorene to partial oxidation initiated from the edges, which drastically impacts the 

electrical properties while largely preserving the overall physical integrity. With further 

understanding on their origins, the 800−900 cm-1 Raman shifts may become of practical 

utility in evaluating the purity of phosphorene films similar to the use of the Raman D-

mode in characterizing graphene quality.42,43 
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2.3.3 Thick-Cap Phosphorene 

For improved air-stability, a capping layer thicker than the phosphorene flake was 

deposited on the as-exfoliated samples. As depicted in Figure 2.6 (a), such a thick dielectric 

coating (~25 nm) is expected to serve as an effective barrier against moisture adsorption at 

both the surface and edges. Similar thickness effect of an ALD layer was previously used 

to achieve conformal coatings on pristine carbon nanotubes44 and phosphorene.34,45 The 

simultaneous topographic and electrical imaging data of a thick capped phosphorene 

sample are shown in Figure 2.6 (b) and Figure 2.6 (c). In contrast to the observed electrical 

inhomogeneity on the thin-cap sample, neither the local sheet resistance nor the surface 

topography showed discernible changes during the same week-long MIM/AFM 

monitoring. For a comparison between the two capped samples, selected AFM line profiles 

at the beginning and the end of the monitoring period are plotted in Figure 2.6 (d). The 

absence of changes in the MIM/AFM data signifies the preservation of the physical, 

electrical, and chemical integrity of phosphorene under thick capping over the week-long 

duration. 
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Figure 2.6: Spatial and temporal evolution of 16 nm-thick flake capped by 25 nm Al2O3. 

(a) Schematics of MIM measurement on phosphorene samples with a thick 

(>25 nm) Al2O3 capping layer. (b) Sheet resistance maps approximated by 

the MIM (c) AFM topography of the same flake simultaneously acquired 

during the same time duration. (d) AFM line profile of the thick-capped 

sample, where little change is observed. 

 

2.3.4 Aging of Phosphorene Devices 

Phosphorene field-effect transistors with different capping schemes were fabricated 

to elucidate the aging effect at the device level. Electrical characteristics of representative 

back-gated phosphorene FETs with thin and thick ALD capping are presented in Figure 

2.7 (a) and Figure 2.7 (b), respectively. From Figure 2.7 (a), it is evident that the key device 

parameters, such as the ON current, ON/OFF current ratio, and increase of gate hysteresis 
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fluctuated substantially for the thin-cap FET over the course of two weeks. The thick-cap 

FET, on the other hand, showed better stability over two weeks with the overall ON/OFF 

switching attributes preserved (Figure 2.7 (b)). This increased stability is in agreement with 

recent studies on passivation of phosphorene with ALD deposit Al2O3, and could pave a 

path to achieve profound understanding on long-term reliability of phosphorene 

devices.34,45-48  

However, with conformal nature of ALD deposition that covers sidewalls of the 

phosphorene channel, large hysteresis and rapid degradation of transport characteristics in 

thin-capped devices imply incomplete capping effect of Al2O3.
34 Moreover, thick-capped 

devices which has channel sidewalls fully submerged under surrounding 25 nm-thick ALD 

Al2O3 also shows some extent of degradation through time. The main temporal changes 

are the negative shift of Id-Vg transfer characteristics and the increasingly severe hysteresis 

over time, which may be attributed to the slow diffusion of adsorbates through the Al2O3 

capping layer. This further implies Al2O3 is insufficient to fulfill long-term capping layer, 

and simply growing capping layer thick does may not provide such stability. To further 

improve the air-stability of phosphorene transistors, we have developed a double-layer 

capping scheme by spin-casting a transparent hydrophobic fluoropolymer film (Teflon-

AF) on top of the first layer of 25 nm Al2O3.
49,50 The hydrophobicity is crucial for 

preventing moisture adsorption on the device, resulting in much improved air-stability over 

the same two-week duration (Figure 2.7 (c)). Increased ambipolarity in double capping 

device is attributed to applying fluoropolymer. 

Further insights on the air-stability of phosphorene FETs with thin, thick and 

double-layer capping schemes were obtained by analyzing the change in electrical 

performance metrics as shown in Figure 2.7 (d-f). Here, we have collected the statistics of 

ON current, maximum transconductance (gm,max), and hysteresis in gate voltage for forty-
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six phosphorene transistors over a period of sixteen days. We note that the phosphorene 

samples used in this study are of good electronic quality with initial mobilities around 200 

cm2/Vs and comparable to each other at the beginning of the aging experiment, though the 

crystal orientation is unknown. For thin-cap FETs, severe fluctuations over time and large 

device-to-device variations are observed, consistent with the strong electrical 

inhomogeneity observed in the MIM data. The situation is improved in thick-cap samples, 

which showed relatively moderate variations. In contrast, devices with double-layer 

capping feature robust performance metrics with minimal variations over time, which we 

attribute to the combined benefits of physical and chemical protections against moisture 

and other adverse effects. In a stability and reliability analysis carried out for more than 8 

months, the double-layer encapsulation exhibited near-zero neutrality point voltage, 

improved hysteresis stability, and suppressed degradation under positive bias temperature 

instability (PBTI) stress.47 
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Figure 2.7: Degradation of transport properties of phosphorene FETs. Id-Vg plot of 

phosphorene devices with thin (a), thick (b), and double (c) capping. (d-f) 

Statistical analysis of (d) ION with respect to day 1, (e) gm,max with respect to 

day 1, and (f) hysteresis in Vg between forward and reverse sweeps of 

phosphorene FET devices with different capping methods. Symbols and 

vertical bars represent mean values and the range of ±1 standard deviation, 

respectively. 

 

2.4 CONCLUSION 

The attractive semiconducting properties of reported phosphorene devices that 

affords mobilities approaching graphene and a direct sizeable band gap similar to 

monolayer semiconducting transitional metal dichalcogenides have generated substantial 

interest.12,18,19 However, the poor air-stability of few-layer black phosphorus is a major 

roadblock that precludes the application of bare materials in normal ambient conditions. In 

order to take advantage of phosphorene’s attractive properties, a carefully designed 
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capping layer is needed to isolate it from the environment. While an ultra-thin dielectric 

coating is desirable for maximum gate control or applications in flexible electronics,22,38,51 

the present study shows that, without conformal sidewall coverage, electronic and chemical 

degradation still occurs and propagates inwards from any exposed edges. This suggests 

that the aging process of phosphorene may be more complex than originally considered,27 

with multiple reaction dynamics and pathways contributing to the degradation. 

The double-layer coating in this study, which consists of an ALD film followed by 

the hydrophobic Teflon-AF fluoropolymer, provides a facile route to achieve good air-

stability in phosphorene devices. Since direct deposition of fluoropolymers on 

phosphorene may have adverse effects due to impurity scattering from the solvent residue, 

the Al2O3 or other ALD dielectric films are beneficial for ensuring a high quality dielectric-

phosphorene interface. We note that since spin-casted Teflon-AF is a transparent thin 

film,50,52 its utility as a capping layer is applicable to optoelectronic devices without 

hindering light-matter interactions. 

In conclusion, we have systematically investigated the aging process of multilayer 

phosphorene by microscopy, spectroscopy, and transport measurements. While bare 

phosphorene experiences severe physical and electrical degradation within a day, carefully 

engineered ALD dielectric and hydrophobic polymer capping layers afford much improved 

air-stability over several weeks without compromising the material properties. The non-

invasive MIM, with a unique capability of sub-surface conductivity imaging, was 

employed to elucidate the aging mechanism of ALD-capped phosphorene. For samples 

with a thin coating layer, electrical degradation signaled by order-of-magnitude change in 

local resistivity started from the edges and propagated inward, even though the surface 

topography is largely preserved. Improved air-stability was demonstrated by capping the 

flake with a thick Al2O3 layer and the most air-stable phosphorene devices were achieved 
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with a thick Al2O3 coating followed by a hydrophobic fluoropolymer film. Importantly, 

this work not only provides deep insights on the aging process of phosphorene but also 

points to a viable route towards robust phosphorene devices, a practical requirement for 

prospective applications in nanoelectronics, optoelectronics and flexible electronics. 
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Chapter 3. Vibrational Properties of Mo0.5W0.5S2 under Hydrostatic 

Pressure 

(Reproduced with permission from J. -S. Kim, S. T. Moran, A. P. Nayak, S. Pedahzur, I. 

Ruiz, G. Ponce, D. Rodriguez, J. Henny, J. Liu, J. -F. Lin, and D. Akinwande, “High 

pressure Raman study of layered Mo0.5W0.5S2 ternary compound”, 2D Mater., 3, 2 

(2016)) 

 

3.1 INTRODUCTION 

Two dimensional (2D) materials are considered to have remarkable potential for 

applications in future electrical and optoelectronic devices. From the advent of  

graphene,53 several 2D materials have been isolated, which have diverse properties 

including insulators like hexagonal boron nitride (h-BN),54,55 semiconductors such as the 

transition metal dichalcogenides (TMDs)15 and other elemental atomic materials such as 

phosphorene and silicene.56,57 Of these materials, the semiconducting TMDs are of 

particular interest for their tunable mechanical and electronic properties.1,58 For several 2D 

materials, the electronic bandgap and lattice structure of the material is tunable by adjusting 

the number of layers,58-60 intercalation with foreign molecules,57,61,62 applied mechanical 

strain,63,64 stacked out-of-plane heterostructures,65,66 and in-plane 2D heterostructures.67,68 

In the case of TMDs, further engineering their properties can be achieved by adjusting its 

metal and chalcogen atom contributions to form ternary compounds with different elements 

from the same element group.58,69-72 Only a few TMD ternary compounds have been 

synthesized so far.67,70,73-76 These ternary 2D compounds exhibit different electronic 

properties depending on their compositions.58,70-72,77-79  The properties of these 2D 

materials can be further altered by strain,64,80,81 hydrostatic pressure,82-84 chemical doping, 
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and intercalation.57,85-87 Here, we explore the hydrostatic effects on multilayered 

Mo0.5W0.5S2, an in-plane ternary compound, and elaborate on the comparative differences 

between the ternary compound and the pristine binary MoS2 and WS2 layered compounds.7 

 

3.2 METHODS 

3.2.1 Sample Preparation and Characterization  

The Mo0.5W0.5S2 ternary compound with purity 99.9995% was purchased from 2D 

Semiconductors (SKU: BLK-MOWS2). The FEI Quanta 650 scanning electron 

microscope (SEM) equipped with Bruker energy dispersive x-ray spectroscopy (EDX) 

system was used to analyze the chemical composition of the ternary compound. The JEOL 

2010F transmission electron microscope (TEM) was used to evaluate the atomic crystal 

structure of the ternary compound. All Raman spectroscopy and photoluminescence (PL) 

measurements were done using the Renishaw InVia Raman system coupled with a 

continuous 532 nm green laser. Monolayer/bilayer sample was initially mechanically 

exfoliated using Scotch tape method onto Si/SiO2 substrate. Then, using dry pick-and-place 

dry transfer method, the flake was transferred onto a thin Si chip that was previously placed 

on a diamond culet.  

 

3.2.2 High Pressure Experiments 

An initially 250 μm thick Re gasket sheet was pre-indented using a pair of 350 μm 

diamonds and drilled in the middle of pre-indented area to form a sample chamber size of 

diameter 200 μm and thickness 40 μm. A Mo0.5W0.5S2 ternary compound sample cleaved 

to size ~100 μm in diameter and ~10 μm in thickness was placed onto the very center of 

the sample chamber along with two pressure indicator ruby spheres. Neon pressure medium 
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gas was loaded into the sample chamber using the gas loading system; potential chemical 

reactions of the sample with pressure medium gas under high pressure was inhibited by use 

of inert Ne medium. Before loading gas, the sample chamber was vacuumed for 30 minutes 

to remove any potential water and volatile contamination in the sample. The ruby PL (for 

in-situ pressure determination) was measured using 0.000001 mW for 1 second at a ~0.5 

nm resolution with a grating of 1800 line/mm, while the Raman measurements were taken 

for 60 seconds for each given spectrum (6 accumulations of 10 seconds) with a laser power 

of 1 mW with ~1 cm-1 resolution at a grating of 3000 line/mm. These experimental settings 

as well as relative polarization of the incident light in the X direction were maintained 

throughout all measurements.  

 

3.3 RESULTS 

3.3.1 Sample Characterization 

The isomorphism of TMD materials makes them great candidates to form ternary 

van der Waals (vdW) compounds. Two or more elements with similar properties can be 

alloyed into a new layered material, such as the M0.5W0.5S2 ternary TMD (Figure 3.1 (a)). 

Characterizing the Mo0.5W0.5S2 with SEM-EDX shows the elemental composition of the 

ternary TMD structure as well as the amounts of Mo, W, and S present in the sample 

(Figure 3.2 (b)). A previous study of atomic-resolution scanning transmission electron 

microscopy (STEM) on Mo1-xWxS2 has revealed random arrangement of Mo and W in the 

atomic scale.56 To further characterize the ternary compound, analysis of the TEM images 

shows the hexagonal lattice of the material, without any major disorder of the atomic 

structure (Figure 3.2 (c)). Although the chemical composition is static like that in the 

pristine MoS2 or WS2, slight difference in the lattice constants of the unit cell and arbitrary 
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distribution of metal atoms might cause internal stress and local perturbation in vibrational 

modes. Previous studies on the Raman spectra of Mo1-xWxS2 have reported a convolution 

of the two pristine Raman modes observed in MoS2 and WS2, but slight shifts of the peak 

positions are observed when the chemical composition of a given ternary compounds 

changes.71,88 These perturbations of the phonon modes suggest that distortion of the lattice 

constants and the disordered nature at the atomic scale have a large effect on the lattice and 

optoelectronic properties of the ternary compound material. Applying hydrostatic pressure 

onto the ternary compound can further distort the lattice structure and its electronic 

properties, and can be an effective means to investigate the optoelectronic and structural 

properties of the ternary TMDs under high strain conditions. Here, we apply hydrostatic 

pressure on the Mo0.5W0.5S2 ternary compound to understand its lattice phonon vibrational 

behavior using Raman spectroscopy in a DAC.  



 28 

 

 

Figure 3.1: Characterization of structural and vibrational properties of Mo0.5W0.5S2 

ternary compound at ambient conditions. (a) A rendering depicting the 

randomly distributed W and Mo atoms. (b) SEM-EDX spectrum showing 

fluorescence characteristics of Mo, W, and S elements. (c) TEM image and 

Selected Area Electron Diffraction (SAED; inset) pattern of a Mo0.5W0.5S2 

showing layered pattern of the material. (d) Comparison of the Raman 

spectra of WS2, MoS2 and Mo0.5W0.5S2 compound at ambient conditions. 

For 2D materials, room temperature in-situ micro-Raman spectroscopy has been 

used to study the effects of the number of layers,58,70 unwanted byproducts,89 functional 

groups,90 structural damage,91 and chemical modifications.92 Along with many other TMD 

materials, both 2H-MoS2 and 2H-WS2 exhibit D4
6h symmetry (space group P63/mmc, No. 

194) with specific Raman active phonon modes including out-of-plane A1g, in-plane E1
2g, 

rigid E2
2g, and E1g modes. We note that since E2

2g rigid mode appears at ~35 cm-1 for MoS2 

and ~27 cm-1 for WS2, respectively, which is below the cut-off frequency of the Raman 
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system used in this study, and E1g mode is only activated with specialized polarization 

environment, we restrict our analysis to A1g and E1
2g (noted as E2g mode) modes in this 

study93-95. The convoluted Raman peaks for the Mo0.5W0.5S2 compound clearly shows the 

two in-plane E2g modes from pristine MoS2 and WS2, and the two A1g modes superimposed 

at wavenumber 420-430 cm-1. Further analysis of the Raman spectrum of the Mo0.5W0.5S2 

shows a small peak at ~370 cm-1 between the two E2g modes, which corresponds to the 

disorder-activated longitudinal acoustic (DALA) phonon mode,70-72 that represents the 

nature of the lattice disorder in the ternary compound. additional hybridized Raman peaks 

that are not present in the individual MoS2 and WS2 compounds at ambient conditions 

(Figure 3.1 (d)).  

 

3.3.2 High Pressure Raman Spectroscopy 

Using a DAC, hydrostatic pressure can be applied to the material which causes 

compression along all directions (both c-axis and a-axis), allowing for in-plane and out-of-

plane strains to be studied.82,96,97 Due to the anisotropic nature of the vdW compounds, it 

is expected that applied pressure will result in more significant compression in the out-of-

plane direction than in the in-plane direction. Previous high pressure studies on 

multilayered MoS2 and WS2 clearly demonstrated that a metallization transition arises from 

strong interlayer interactions between S-S atoms due to the shortened interlayer distance at 

applied pressures.83,84,98 Studying the in situ change in the hybridized A1g and E2g modes 

with hydrostatic pressure has been shown to be useful in deciphering the electronic 

isostructural phase transitions and the disorder-activated phonon behavior.82,84 In our study 

on the ternary compound here, both the E2g and the A1g modes from the MoS2 and WS2 are 

convoluted in the Mo0.5W0.5S2 compound. The prominence of the A1g mode is significant 
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in comparison to the E2g modes since both the A1g modes for the MoS2 and WS2 are 

separated by Δ≈ 8cm-1, while the E2g modes are further separated at Δ≈ 34cm-1. The 

asymmetric shape of the A1g peak, with a shoulder on lower-wavenumber side, also implies 

that the two A1g peaks are superimposed within the prominent peak. All Raman modes 

exhibit pressure-induced shift toward higher frequencies (Figure 3.2 (a) and Figure 3.2 (b)). 

The E2g modes and DALA mode stay convoluted to form a plateau near 350-400 cm-1, 

which evolved together to higher wavenumber with increasing pressure. Preserved shape 

of the plateau suggests the DALA mode survives up to higher pressure. Raman peak 

positions and full width at half-maxima (FWHM) are extracted from Lorentzian fittings, 

as shown in Figure 3.2. (c). Note that at 30.7 GPa, A† peak and E2g peaks are at slightly 

lower wavenumber and the intensity of A† is significantly larger compared to other 

pressures (Open symbols in Figure 3.2 (b)). Other than the A† and E2g peaks, however, 

other Raman peaks are not affected. We speculate that this phenomenon is correlated to 

lattice sliding like those observed in other TMD materials83,96,99,100. Detailed analysis of the 

peaks denoted as A* and A† will be discussed in the following section.  
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Figure 3.2: (a) Raman spectra of Mo0.5W0.5S2 at selected pressures. (b) Raman peak 

positions as a function of pressure. (c) Lorentzian fittings of Raman spectra 

at selected pressures. 

 

To further confirm the phonon evolution and its origin, the Raman shifts of the 

Mo0.5W0.5S2 compound are compared with Raman shifts of pristine MoS2 and WS2 as a 

function of pressure.82,83,98 The Raman frequencies of both MoS2-like and WS2-like A1g 

modes of Mo0.5W0.5S2 are in fairly good agreement with that of the A1g modes of MoS2 and 

WS2 (Figure 3.3 (a)). The only notable deviation is the behavior of MoS2-like A1g mode. It 

is well known that unlike other 2H-phase TMDs, MoS2 exhibits pressure-induced Hc-to-

Ha layer sliding and metallization at 10-15 GPa, accompanied with slight phonon 
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softening.83,97,101 [Zhao NatComm 2015] MoS2-like A1g mode of the Mo0.5W0.5S2, on the 

other hand, shows phonon softening at at rather higher pressure of 25-35 GPa, speculating 

possible isostructural phase transition or layer sliding similar to those of MoS2, which 

requires further analysis to confirm. The delayed phonon softening might be attributed to 

the random distribution of Mo/W atoms. The in-plane Raman modes of Mo0.5W0.5S2 shows 

a fairly good match with those of MoS2, and WS2 (Figure 3.3 (b)), but with some blue-shift. 

These comparisons suggest that out-of-plane vibration modes (A1g) are less affected by the 

disorder, due to the chalcogen-sandwich structure screening effects of disorder in metal 

atoms. Note that the pressure dependent Raman spectroscopy of the MoS2 and WS2 

compounds is adopted from previous work.83,98 

 

 

Figure 3.3: Peak positions of A1g modes (a) and E2g modes (b) as a function of pressure, 

compared to those of MoS2 and WS2.  

 

Studying the full-width-half-maximum (FWHM) change with pressure can clarify 

electronic changes in the material (Figure 3.4).83,102 In the MoS2, FWHM of both the E2g 

and A1g peak slowly increase up to ~17 GPa where a significant drop is observed along 
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with the previously mentioned layer sliding or metallization. For the Mo0.5W0.5S2 

compound, the FWHM of the peaks monotonically increases without any abrupt drop up 

to ~27 GPa. Absence of such FWHM decrease may be attributed to suppression of 

isostructural phase transition due to metal-metal disorder. The behavior of the DALA peak 

is quite different compared to E2g and A1g peaks. DALA peak FWHM is not significantly 

affected by pressure. The shift in the FWHM could suggest Davydov splitting observed in 

GaSe,103 GaS,104 as well MoS2.
105 

 

 

Figure 3.4: Pressure-dependent Full-Width at Half-Maximum (FWHM) of (a) E2g and 

DALA Raman peaks, and (b) A1g and A* Raman peaks for MoS2, WS2, and 

Mo0.5W0.5S2. 
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3.3.3 Pressure-Induced Disorder Raman Modes 

As briefly mention in the previous section, a peak, namely A* emerged at ~8 GPa 

and continued to grow in intensity (Figure 3.2 (a) and Figure 3.2 (b)). The fact that neither 

MoS2 nor WS2 have been reported to has a new peak develop at ~470 cm-1 at such a 

pressure range suggests that the A* peak is related to disorder of the metal atoms at 

pressures. Moreover, pressure-related activation and enhancement of the peak further 

implies that its origin is related to the disorder-activated vibration mode in the out-of-plane 

direction. Increasing hydrostatic pressure is expected to decrease the inter-layer distance 

of the multi-layer Mo0.5W0.5S2, and therefore would increase the interaction between 

neighboring layers, which have a non-uniform distribution of Mo and W metal atoms along 

the c-axis. It is worthwhile to make a comparison with the DALA, which is related to in-

plane metal-metal disorder and therefore observed even without external pressure. Pressure 

dependence of A* peak similar to that of A1g peaks further supports that the peak originated 

from the out-of-plane disorder (Figure 3.5).  

 

 

Figure 3.5: Pressure-dependence of Raman peaks at their linear regions.  
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At ~30 GPa, another peak (denoted here as A†) was observed at 350 cm-1 suggesting 

that the Mo0.5W0.5S2 compound has further developed an additional disorder-activated 

vibrational mode at this pressure (Figure 3.2 (b)). The A† peak continued to evolve to 

higher wavenumber at a rate of approximately 1.4 cm-1/GPa that is closer to those of A1g 

modes or A* peak at >30 GPa. This higher pressure dependence suggests that A† peak has 

closer lattice movement to A* peak, and therefore the origin of A† peak could be speculated 

as another form of the disorder-activated vibrational mode.71,72,88  

In order to further understand the origin of the A* and A† peaks, we carried out 

similar high pressure Raman experiments on exfoliated Mo0.5W0.5S2 sample with 

monolayer and bilayer regions. At elevated pressures, the A* and A† peaks were observed 

from the bilayer region, but not from the monolayer region (Figure 3.6). This confirms that 

the A* and A† peaks are activated by the reduced inter-layer distance and enhanced inter-

layer interaction under hydrostatic pressure. 

 

 

Figure 3.6: (a) An optical image of Mo0.5W0.5S2 sample with monolayer and bilayer 

regions, and (b) their Raman spectra at 23.3 GPa. Black lines are 

experimentally measured spectra, green lines are Lorentzian fits of 

individual peaks, and red lines are the sum of the fits, respectively. A† and 

A* peaks are only present in the bilayer region. 
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The FWHM of A* peak decreased from its first observation at ~8 GPa through ~30 

GPa (Figure 3.4). The decrease of FWHM supports that the A* mode activates and develops 

into a more synchronized phonon mode as pressure increases, and thus inter-layer distance 

decreases. After 30 GPa, the A* peak also widens due to pressure effect. Further 

experiments involving infrared, absorption spectroscopy, and x-ray diffraction as well as 

theoretical calculation are needed to fully understand the exact origin of the A* and A† 

peaks. 

 

3.4 CONCLUSION 

Hydrostatic pressure up to 40 GPa was applied to Mo0.5W0.5S2 layered ternary 

compound to study the vibrational modes and understand the phonon and lattice distortion 

for high compressive forces. Our high pressure results show that with increasing pressure, 

the in-plane E2g modes and out-of-plane A1g modes follow closely to that of pristine MoS2 

or WS2. MoS2-like A1g peak experiences slight phonon softening at 25-35 GPa, where pure 

MoS2 experiences at 10-20 GPa with metallization. A peak (denoted A*) enhances as 

pressure increases to ~8 GPa, with similar pressure dependence to A1g modes. The FWHM 

of the A* peak showed no notable increase as increasing pressure, suggesting that this peak 

originates from the out-of-plane disorder of metal atoms. Another new peak (denoted A†) 

first observed at ~30 GPa, could signify a further developing disorder in the lattice. The 

pressure-activation of A* and A† peaks implies strengthened inter-layer interaction due to 

the reduced van der Waals distance. To fully comprehend the origin of newly reported A† 

peak, as well as phonon softening of MoS2-like A1g mode, future study of the crystal 

structure using x-ray diffraction (XRD), and electrical conductivity measurements will be 

of vital importance.  
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Chapter 4. Optoelectronic Properties of monolayer WS2 and 

Mo0.5W0.5S2 under Hydrostatic Pressure 

(Reproduced with permission from J. -S. Kim, R. Ahmad, T. Pandey, A. Rai, S. Feng, J. 

Yang, Z. Lin, M. Terrones, S. K. Banerjee, A. K. Singh, D. Akinwande, and J. -F. Lin, 

“Towards Band Structure and Band Offset Engineering of Monolayer Mo(1-x)W(x)S2 via 

Strain”, 2D Mater., 5, 1 (2017)) 

 

4.1 INTRODUCTION 

Various types of two-dimensional (2D) materials have been heavily studied for 

diverse applications in nanoelectronics, flexible internet-of-things (IoT) devices, light-

emitting/detecting devices, and/or energy harvesting devices.1,106-111 Monolayer transition 

metal dichalcogenides (TMDs) are attracting interest due to their sizable direct band 

gaps.16,112-114 Unlike single-element layered materials such as graphene,115 phosphorene,2,25 

or silicene,56,116 the primitive unit cell of TMDs is composed of a transition metal (M=Mo, 

W, Re, Ta, Nb, etc.) and two chalcogen (X=S, Se, Te) atoms, allowing for a wide range of 

compositional combinations. Their band structure, and hence their optoelectronic 

properties, vary with elemental composition from semiconducting to semi-metallic. The 

sulfide TMDs (MS2) are well suited for optoelectronic applications thanks to their 

relatively large band gaps, small effective masses, and high carrier mobilities.117,118 

Moreover, the sulfides are known to be the most robust TMDs, chemically and 

mechanically, positioning them to be the most suitable 2D materials for practical 

applications.119,120 
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However superior their properties, the shortage of means to precisely and 

selectively engineer the band edges hinders realizing the spectrum of TMD-based 

electronic devices. Practical structures with desirable functionalities demand various types 

of band offsets or heterojunctions: (i) Type I heterojunctions, in which the band gap of a 

material is completely embodied within the band gap of the other (straddling gap); (ii) Type 

II heterojunctions, in which the band gaps of the two materials partially overlap (staggered 

gap); and (iii) Type III heterojunctions, in which the band gap of a material lies higher than 

the band gap of the other, leaving no overlap between the band gaps (broken gap). Many 

efforts have been made to progressively modulate the band offset beyond the natural 

compositional degree of freedom.65,67,113,121,122 Alloying of metals or chalcogens from the 

same valence group allows for continuous tunability of band structure with respect to the 

compositional ratio. Compositional engineering in Mo(1-x)W(x)S2 and MoS(x)Se(2-x) 

reportedly modulates their band structures, as well as effective mass and carrier transport 

properties.58,74,123,124 Down-shifted band structures, as well as p-type MoS2 and MoSe2 

behaviors, have been obtained by chemical doping of hole-donating Nb atoms.74,125 

However, these methods lack the ability to arbitrarily control the band structures and band 

offsets, or to reverse the modulation.  

Recent studies suggest that strain or pressure could be used to effectively modulate 

band structures and optoelectronic properties of 2D materials in a chemically clean, 

reversible, and precisely controllable manner.6 For example, in-plane tensile strain applied 

on monolayer TMDs has been shown to reduce the optical band gap up to ~100 meV.64,81,126 

Moreover, monolayer MoS2 under out-of-plane compressive strain was reported to 

experience electronic transitions into indirect band gap semiconductor at 0.6 GPa, and into 

metal at 3 GPa, respectively.127 2D materials are especially responsive to hydrostatic 

pressure due to their unique layered geometry, as the interlayer van der Waals bond is 
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highly compressible.83,84,98,124,128,129 Application of hydrostatic pressure delivers 

compressive strains in in-plane and out-of-plane differently, which can help reveal unique 

physical phenomena of 2D materials in extremes. Under a given hydrostatic pressure, the 

interlayers bonded by van der Waals force are expected to be significantly influenced by 

compressive strain such that lattice distance is dramatically shortened, and electronic 

interactions are significantly enhanced. On the other hand, the intra-layers with strong 

covalent bonds will be much less sensitive to the hydrostatic pressure. Multi-layered 

semiconducting TMDs were reported to undergo metallic transitions and orders of 

magnitude resistivity drop as well as the appearance of superconducting phase with 

increased pressure.83,84,98,101,129-133 The direct band gaps of monolayer 1H-MoS2, MoSe2, 

and WS2 were reported to increase up to ~12%, ~9%, and ~5% under hydrostatic pressure, 

respectively.82,134-136 After direct-to-indirect band transition, the band gap of MoS2 is 

theoretically predicted to close at a much higher pressure of 68 GPa.83 The large disparity 

in band gap behavior and transition pressures of the TMDs under hydrostatic pressure 

compared to uniaxial or out-of-plane compressive strain is likely a result of the different 

magnitude of the compressive strain applied onto different crystallographic directions. 

Moreover, MoS2-based field-effect transistors (FET) under hydrostatic pressure have been 

reported to have enhanced mobility, carrier concentration, and conductance.137 In addition, 

charge transfer in MoS2/graphene heterostructures reportedly reduces the band gap of the 

MoS2 and shifts the Dirac point of graphene under hydrostatic pressure.128 Charging effect 

from the pressure medium has been reported to induce difference in exciton intensities in 

monolayer MoSe2 under pressure.136  

In this light, we explore the pressure-induced evolution of band structures in 

monolayer transition-metal disulfides using a diamond anvil cell (DAC) in conjunction 

with theoretical calculations, and examine the possibility of pressure-induced band offset 
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engineering. Monolayer 1H-WS2, 1H-Mo0.5W0.5S2, and 1H-MoS2 were studied to explore 

the composition-dependence of band structure modulation. 

 

4.2 METHODS 

4.2.1 Sample Preparaion 

WS2 atomic layers were synthesized at Pennsylvania State University by 

atmospheric pressure chemical vapor deposition (CVD) method using WO3 (Alfa Aesar, 

99.998%; 2 mg) and S (Alfa Aesar, 99.5%; 300 mg) powders as precursors. The sulfur 

powder and SiO2/Si target substrate were heated up to 250 ℃ and 800 ℃, respectively. 

Argon (100 sccm) was used as a carrier gas during crystal growth. Detailed ramping 

parameters during the synthesis can be found in Lin et al.75 After successful sample 

synthesis and recovery, the WS2 crystals and underlying substrate were cleaved and loaded 

into a diamond anvil cell (DAC).  

Atomically thin Mo0.5W0.5S2 flakes were mechanically exfoliated from bulk crystal 

(2D Semiconductors Inc.) onto a 90 nm SiO2/Si substrate, and annealed at high vacuum to 

remove tape residues. Suitable monolayer flakes were identified using optical microscopy, 

atomic force microscopy (AFM), and Raman/PL spectroscopy, and transferred either onto 

the Si substrate of thickness ~10 μm (University Wafers) that were placed on the diamond 

culet, or directly onto the culet using a dry transfer technique. Detailed dry transfer methods 

can be found in Kim et al. 138 Preparation and initial characterization of Mo0.5W0.5S2 flakes 

were conducted at the University of Texas at Austin. 

Screw-driven symmetric DACs with diamond culet size of 400 μm were used for 

the experiments. Re gaskets were indented to a thickness of ~40 μm and subsequently 

drilled with holes ranging from 190-230 μm in diameter to form sample chambers. Ne gas 
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was used as a pressure medium, in order to minimize possible chemical reaction with or 

charge doping to the sample, while maintaining hydrostaticity up to the maximum pressure 

range of interest. The gas medium was loaded using the Gas Loading System in Mineral 

Physics Laboratory of the University of Texas at Austin. The pressure inside the sample 

chamber was determined by measuring the fluorescence of the ruby R1 line.139 The 

pressure was slowly increased with 0.5-2 GPa increments. 

 

4.2.2 Characterization and Pressure experiments 

The atomic ratio of the Mo0.5W0.5S2 ternary alloy was determined using X-ray 

photoelectron spectroscopy (XPS) with a Kratos X-ray Photoelectron Spectrometer – Axis 

Ultra DLD. CasaXPS software was used to fit peaks of the primary XPS peaks of the 

constituent elements, namely Mo 3d, W 4f and S 2p peaks. The S 2s peak was also fitted 

in order to exclude its overlap with the Mo 3d peak. 

A Renishaw inVia micro-Raman system coupled with a 532 nm laser, and a WiTEC 

Alpha 300 micro-Raman system coupled with a 488 nm laser were used for the initial 

characterization as well as in situ pressure experiments of 1H-WS2 and 1H- Mo0.5W0.5S2, 

respectively. The spectral resolution in Raman measurement of WS2 was ~1.2 cm-1 (2400 

line/mm grating). A laser power of ~20 mW was used, while collection time was varied 

depending on the spectral quality. The spectral resolution in Raman measurements of 

Mo0.5W0.5S2 was ~0.9 cm-1. A maximum laser power of ~2 mW was used for the Raman 

measurements. However, the power controller of the laser can only be manually adjusted, 

so that the precision over laser power is limited. For all cases, the laser was focused within 

a ~1 μm spot size. Lorentzian curve fitting was used in the spectral analysis of Raman 

spectra. Note that the Mo0.5W0.5S2 flake for in situ Raman experiments was transferred 
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directly onto the diamond culet because the Si substrate used in PL experiments was 

unstable at >13 GPa due to the structural phase transition of Si. 

 

4.2.3 First-Principle Theoretical Calculations 

To generate the ideal random alloy of monolayer Mo0.5W0.5S2, the special quasi-

random structures generation (SQS) method140,141 was used with three different supercell 

sizes of 4×4×1, 6×6×1, and 8×8×1. The first-principles density functional theory, as 

implemented in the VASP package, was used for structural relaxation and electronic 

structure calculations.142,143 The projector augmented wave method and generalized 

gradient approximation within the framework of Perdew-Burke-Ernzerhof was adopted for 

the electron exchange and correlation.144 The kinetic energy cutoff for the plane wave basis 

is set to 500 eV. The Γ-centered 7×7×1 k-point mesh is used for the Brillouin zone 

integration, with an energy convergence criterion of 10-04. A 15 Å vacuum was applied 

along the c direction for modeling the isolated layers. All structures were fully relaxed until 

the force on each atom is less than 0.005 eV/Å. For the theoretical modeling of hydrostatic 

pressure, first we apply the lateral and out of plane strain to the monolayer system.  

The applied strain was converted to the pressure by calculating the energy cost per 

unit volume as per the following equation for monolayer: 𝑃 =
𝐸−𝐸0

𝑉−𝑉0
, where E (E0) and V 

(V0) are the energy and volume for the unstrained (strained) systems. The volume of a 

hexagonal lattice can be defined as 𝑉 =  𝑎2 𝑐 𝑆𝑖𝑛 (60) where a is the in-plane lattice 

parameter and c is thickness of slab. The monolayer thickness is defined as the distance 

between S-S atoms.82,128 In order to obtain effective band structures, the eigenvalues of the 

large supercells were unfolded into a primitive cell by a spectral function (SF) of 

continuous variable energy.145,146 
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4.3 RESULTS 

4.3.1 Initial Characterization 

1H-WS2 single crystals with controlled monolayer thickness and lateral size 

reaching ~50 μm were synthesized by chemical vapor deposition (CVD) method, which is 

elaborated in the Methods section.75 Various characterizations including high-resolution 

transmission electron microscopy (HRTEM), atomic force microscopy (AFM), resonant 

Raman spectroscopy, and photoluminescence (PL) spectroscopy indicated good 

crystallinity of CVD-grown monolayer crystals, comparable to that of exfoliated crystals 

(Figure 4.1). The 1H-WS2 crystals with the growth substrate were cleaved and loaded into 

a diamond anvil cell (DAC) for pressure experiments (Figure 4.1 (f)).  

Monolayer 1H-Mo0.5W0.5S2 was achieved by mechanical exfoliation of bulk 

Mo0.5W0.5S2. Mo:W atomic ratio of 53:47 was confirmed using X-ray photoelectron 

spectroscopy (XPS) (Figure 4.2 (b)). According to previous reports, the distribution of Mo 

and W atoms are random in the aforementioned atomic range.58,72,124 After initial 

inspections including optical, Raman spectroscopy, and PL spectroscopy a flake with high-

quality monolayer region was selectively transferred onto a diamond culet of a DAC using 

PDMS stamp method (Figure 4.2 (d)).138 Initial PL characterizations at ambient pressure 

showed strong and nearly symmetric peaks in both WS2 (Figure 4.1 (e)) and Mo0.5W0.5S2 

(Figure 4.2 (c)), indicating that the materials consist of high-quality crystals and have well-

defined monolayer thickness. The direct optical band gaps at ambient conditions derived 

from the maximum point of the PL spectra were ~1.95 eV and ~1.90 eV for of the WS2 

and Mo0.5W0.5S2, respectively. 
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Figure 4.1: Characterization of CVD-grown WS2 samples. Optical microscopy (a), 

HRTEM (b), AFM (c), Raman spectroscopy (d), and PL spectroscopy (e) 

indicate good crystal quality of WS2 sample. (f) Optical image of WS2 

sample loaded in a DAC. 
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Figure 4.2: (a) Schematic of Mo0.5W0.5S2, showing random distribution of Mo and W 

atoms. EDX (b) and PL spectroscopy (c) of Mo0.5W0.5S2. (d) Optical image 

of Mo0.5W0.5S2 sample loaded on a Si chip that was previously loaded in a 

DAC. Inset is the Mo0.5W0.5S2 flake as-exfoliated, before transfer. 

 

4.3.2 High Pressure Raman Spectroscopy 

In-situ Raman spectroscopy was conducted for the monolayer WS2 and 

Mo0.5W0.5S2 at high pressures to explore their pressure-dependent Raman shifts (Figure 

4.3). In both WS2 and Mo0.5W0.5S2 monolayers, in-plane (E') and out-of-plane (A') modes 

blue-shifted under applied pressure.7,58 Higher pressure dependency of the A' mode can be 
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attributed to the faster normal compression and hampered lateral compression.82,98,129,138,147 

Also, it is notable that two Raman peaks denoted A† and A* were observed in the bilayer 

sample at pressures >15 GPa, but not in the monolayers, which confirms the interlayer 

disorder-related origin of the peaks.6,124 Nevertheless, no obvious structural transition was 

observed in WS2 and Mo0.5W0.5S2 up to ~30 GPa, suggesting the stable structure of 

monolayers even under extreme pressure. Theoretical calculations on the pressure 

evolution of the Raman modes is in good agreement with the experimental results.6 Raman 

spectra remained largely unchanged from the initial measurements and after quenching to 

ambient pressure (Figure 4.4), demonstrating that the pressure-induced electronic 

transition is a reversible process. 
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Figure 4.3: (a) Schematic view of in-plane E' and out-of-plane A' modes in monolayer Mo(1-

x)W(x)S2. (b) Mo0.5W0.5S2 alloy system with random Mo/W distribution exhibits 

MoS2-like and WS2-like Raman modes. Raman spectra of WS2 (c) at selected 

pressures and (d) as a function of pressure. Asterisks denote silicon peaks. Raman 

spectra of Mo0.5W0.5S2 (c) at selected pressures and (d) as a function of pressure. 

Green and black solid lines are Lorentzian fits and fit sum, respectively. Black 

solid lines are from theoretical calculated values.6 
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Figure 4.4: Raman spectra of (a) WS2 and (b) Mo0.5W0.5S2 before applying pressure and 

after quenched to ambient conditions. 

 

4.3.3 Optical Band Gap Opening under Pressure 

The change in optical band gaps of the monolayer 1H-WS2 and 1H-Mo0.5W0.5S2 

under high pressure were evaluated from analysis of the measured PL spectra in situ 

(Figure 4.5). For 1H-WS2, a rapid increase in the direct band gap, as well as monotonic 

decrease in PL signal intensity were observed with increasing pressure. Analysis of the PL 

peak at 4.0 GPa indicated a band gap of 2.08 eV, but its intensity dropped below the noise 

level after 4.0 GPa, which implies a direct-to-indirect (D-to-I) band transition.82 1H-

Mo0.5W0.5S2 alloy exhibited a similar pressure-dependent direct band gap increase to 2.05 

eV at 6.1 GPa. The PL signal decreased and vanished above 6.1 GPa, which is attributed 

to the D-to-I band transition. 

Analysis of the PL results, as well as results of MoS2 adapted from Nayak et al.,82 

are summarized in Figure 4.5 (c), presenting increase of direct band gap as a function of 
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pressure, with different pressure dependence according to the different composition. The 

ambient band gaps range from 1.95 eV in WS2, 1.90 eV in Mo0.5W0.5S2, and to 1.85 in 

MoS2, which are in good agreement with the previously reported composition-dependent 

band gap values.58 The D-to-I transition pressures, attributed to the vanishing PL signal, 

ranged from 4.0 GPa for WS2, 6.1 GPa for Mo0.5W0.5S2, and 16 GPa for MoS2. 

Interestingly, higher W composition led to a more pressure-sensitive direct band gap 

opening. The rate of WS2 was the fastest (54 meV/GPa), which was more than double of 

that of MoS2 (25 meV/GPa). The direct band gap opening rate of Mo0.5W0.5S2 was an 

intermediate 36 meV/GPa. The maximum direct band gap values before D-to-I transition 

remained 2.05-2.08 eV, regardless of composition. 

 

 

Figure 4.5: PL spectra of monolayer (a) 1H-WS2 and (b) 1H-Mo0.5W0.5S2 at selected 

pressures. (c) Optical direct band gap evolution of 1H-WS2, 1H- 

Mo0.5W0.5S2, and 1H-MoS2 as a function of pressure. Solid lines are 

polynomial fits to the data. MoS2 data is adapted from Nayak et al.82 

 

4.3.4 Evolution of Calculated Band Structures 

DFT band structure calculations were carried out for all monolayer systems in order 

to provide a comprehensive understanding of their electronic and optical properties under 

pressure with different compositions (Figure 4.6).6 Also, the correspondence of in-plane 
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strain as a function of pressure is calculated and shown in Figure 4.7. The D-to-I band 

transition and metallization of 1H-WS2 are predicted at 9 GPa (~13 % in-plane strain) and 

86 GPa (~46 % in-plane strain), respectively. (Figure 4.6 (a)). The 1H-Mo0.5W0.5S2 alloy 

undergoes a D-to-I transition at 15 GPa (~19 % in-plane strain), and metallization at 77 

GPa (~46 % in-plane strain). The trend of band gap widening and D-to-I transition pressure 

is in good agreement with the experimental results.  

 

 

Figure 4.6: Band structures and DOS of monolayer (a) 1H-WS2, (b) 1H-Mo0.5W0.5S2, and 

(c) 1H-MoS2 at ambient (top row), indirect transition (middle row), and 

metallization (bottom row) pressures. Green arrows indicate band gaps. 
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Figure 4.7: Compressive strain (δx=δy) in monolayer 1H-WS2, Mo0.5W0.5S2, and MoS2, 

with respect to hydrostatic pressure. 

The difference in the metallization pressure can be also understood in terms of their 

ionization potential, which controls the ability to transfer charge for Mo and W. In 

comparison to W, Mo has a lower ionization potential indicating that Mo can donate 

charges relatively easily and thereby facilitate the interaction between chalcogen atoms, 

which results in a S-M transition at a relatively lower pressure for MoS2 monolayer than in 

WS2. The same is true for bilayer and bulk MoS2/WS2.
148 It is notable that extremely high 

pressure (>150 GPa) reportedly caused no structural transitions to bulk MoS2 other than 

Hc-to-Ha sliding at 29 GPa.101 Moreover, bulk WS2 is reported to lack the sliding transitions 

and has more stable Hc phase.97  

It is notable that despite seemingly similar D-to-I band transitions in Mo(1-x)W(x)S2 

monolayers, the valleys forming the CBM and VBM could differ according to the 

composition. Therefore, the carrier behaviors such as effective mass could be different in 

Mo-rich systems and W-rich systems. Also, it is conceivable that by precisely engineering 
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the band structure and its orbital contributions through composition tuning, a monolayer 

system that maintains direct band gap at elevated pressure may be achievable. 

 

4.3.5 Discussion on Band Offset Modulation 

Calculated band gaps of WS2, Mo0.5W0.5S2, and MoS2 with different thicknesses as 

a function of pressure are calculated as summarized in Figure 4.8 (a). Band gaps in bulk 

WS2, Mo0.5W0.5S2, and MoS2 immediately decrease with applied pressure and metallize at 

pressures of 33 GPa, 27 GPa, and 23 GPa, respectively. In bilayers and monolayers, where 

sulfur-sulfur interaction is limited, applied pressure initially increases band gaps. Direct 

band gaps of monolayer WS2, Mo0.5W0.5S2, and MoS2 increase until reaching indirect 

transition, and their maximum values at 21~24 GPa, and finally metallize at 86 GPa, 77 

GPa, and 68 GPa, respectively. It is clear that the interaction between the layers induces 

charge concentration at chalcogen sites and therefore metallization is promoted.83  

Evolutions of individual conduction band minima (CBMs), and valence band 

maxima (VBMs) of monolayer WS2, Mo0.5W0.5S2, and MoS2 with respect to the vacuum 

level are summarized as a function of pressure in Figure 4.8 (b). For all monolayers, rapidly 

increasing CBMs and decreasing VBMs up to ~20 GPa lead to the band gap opening of the 

monolayers. VBMs show relatively similar pressure-dependent behavior regardless of 

metal composition, due to the similar contribution of W/Mo d-orbitals to the VBM. On the 

other hand, the different contribution of the metal d-orbitals to the CBM is responsible for 

the difference in the band structures. Considering the asymmetric evolutions of band 

extrema, it is conceivable that the hydrostatic compressive pressures or strains could be 

applied to purposely modulate band edges of monolayers (Figure 4.9 (c)). If a contact is 

formed between the strained/pressurized monolayer region and unstrained monolayer 
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region or other smaller band gap 2D materials, the pressure-broadened band gap is 

expected to contain the other band gap and form a type I heterostructure (Figure 4.8 (d)).  

 

 

Figure 4.8: (a) Calculated band gap of WS2, Mo0.5W0.5S2, and MoS2 with varying layer 

thicknesses as a function of pressure. Direct band gaps are shown in open 

symbols, whereas indirect band gaps are shown in solid symbols. (b) 

Calculated conduction band minima (ECBM) and valence band maxima 

(EVMB) of monolayer 1H-Mo(1-x)W(x)S2 as a function of pressure. 

Interestingly, the VBMs increase after the pressure ~20 GPa, recovering initial 

values at pressures of 36 GPa, 31 GPa, and 28 GPa for WS2, Mo0.5W0.5S2, and MoS2, 

respectively. The monolayers with pressure-elevated VBM and CBM above the ambient 

values are potentially suitable for forming a type II heterojunction with unstrained 

monolayers. With further pressure, VBMs continue to rise and even exceed the CBM levels 

at ambient conditions. This overtaking occurs at 77 GPa, 68 GPa, and 60 GPa for WS2, 

Mo0.5W0.5S2, and MoS2, respectively. At such pressures, a contact with unstrained 

monolayer could form a type III heterojunction, where the charges from the pressurized 
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VBM could tunnel directly to the unstrained CBM, which opens the possibility of tunneling 

devices. 

 

 

Figure 4.9: Proposed structure capable of applying pressure to selective regions of a 

monolayer (a) through the use of actuators, (b) from external mechanical 

stress. (c) Band alignment schematics of Type-I, Type-II, and Type-III 

heterojunctions between strained and unstrained monolayer. 

To demonstrate functional devices with modulated band offsets, structures capable 

of applying pressure or strain to a selective region are required, either to a particular layer 

in vertical heterostructures, or to a particular area of homogeneous monolayers. Such 

selective pressure could be actively provided by piezoelectric or electro/magnetostrictive 

actuators (Figure 4.9 (a)). Recent studies have suggested that TMD-based devices 

operating by piezoelectric gate barriers to be feasible, and could obtain a sub-60 mV/dec 

subthreshold swing (SS).149,150 In energy harvesting devices or pressure/strain sensor 

applications, external mechanical stress could be passively delivered to a particular region 

of the monolayer (Figure 4.9 (b)).110,134 The pressure- and composition-engineered band 
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structure could provide a wide range of band offsets and allow for the design of precise 

structures such as p-n junctions, quantum wells, superlattices, or tunneling structures. 2D-

material-based optoelectronics such as transistors, light-emitting or detecting devices, 

and/or tunnel-FET could take advantage of the pressure-modulation technique.  

 

4.4 CONCLUSION 

In summary, pressure-dependent band structures of monolayer 1H-WS2 and 1H-

Mo0.5W0.5S2 have been experimentally and theoretically explored to demonstrate the 

tunability of the band structure and band offset under compressive strain. The band gaps 

of monolayer Mo(1-x)W(x)S2 increased under pressure, where higher W composition 

contributed to faster band gap opening. With stable CBMs after the initial pressure 

increase, and significant rise of the VBMs, the strained monolayers are suggested to 

construct type I, type II, and type III heterojunctions with unstrained monolayers, according 

to the magnitude of applied pressure. Raman spectra of WS2 and Mo0.5W0.5S2 monolayers 

experienced no noticeable structural transition or instability up to ~35 GPa, nor after 

recovering to ambient conditions, implying the pressure could provide reversible 

modulation of the polarity. The pressure modulation of carrier polarity in transition metal 

disulfides could allow for versatile engineering of opto-electronic device structures, such 

as logic devices, light-emitting devices, or photovoltaic devices.  
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Chapter 5. Structural Properties of WTe2 under Hydrostatic Pressure 

(Reproduced with permission from P. Lu*, J. -S. Kim*, J. Yang, H. Gao, J. Wu, D. Shao, 

B. Li, D. Zhou, J. Sun, D. Akinwande, D. Xing, J. -F. Lin, “Origin of superconductivity 

in the Weyl semimetal WTe2 under pressure”, Phys. Rev. B, 94, 224512 (2016)) 

 

5.1 INTRODUCTION 

2D transition-metal dichalcogenides (TMDs) have recently become one of the most 

extensively investigated materials due to their unique properties including tunable 

electronic and transport properties, high mechanical flexibility, and their potential 

applications in vertical fabricated devices.65,151,152 Among the Group VIb element TMDs, 

tungsten ditelluride (WTe2) has recently been reported to possess a number of 

extraordinary physical properties. For instance, a large unsaturated magnetoresistance 

effect has been observed under a magnetic field of up to 60 Tesla at cryogenic temperatures 

below 4.5 K.153 The enhanced magnetoresistance was first described as a result of the 

symmetric balance between electron and hole pockets on the Fermi surface,154-158 however 

recent studies have suggested that other mechanisms can play a role in the origin of the 

magnetoresistance.159-161 Additionally, WTe2 was recently proposed as a candidate for a 

new type of Weyl semimetal (WSM) (Type II) in which the Weyl points exist at the 

boundary of electron and hole pockets, rather than at the point-like Fermi surface in 

traditional WSM (Type I) systems.162-164 

Recently, pressure-induced superconductivity in WTe2 was observed by two 

different groups,131,132 but the critical pressure for the emergence of the superconductivity 

varies from 2.5 GPa to 10.5 GPa in these reports. The superconducting critical temperature 

(Tc) reaches a maximum of around 6-7 K at certain pressure and decreases with 
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compression to form a dome-like diagram.131,132 Furthermore, a quantum phase transition 

is proposed to occur from high-pressure electrical resistance measurements and the 

pressure-dependent Hall coefficient with a sign changing from the positive to the negative 

at around 10.5 GPa. 131 However, the relation between the structural parameters of the 

superconducting phase and the mechanism of the superconductivity in WTe2 under 

pressure remains to be elucidated. A clear structural phase transition has not been 

thoroughly explored along with the emergence of superconductivity. 131,132   

WTe2 crystallizes in the orthorhombic structure with a distorted octahedral 

coordination (Td) (space group Pmn21, No. 31) under ambient conditions,165 which is 

uniquely different from the typical trigonal prismatic structure in other TMDs, such as the 

2H-MoS2, 2H-WSe2 (space group P63/mmc, No. 194)16 or the monoclinic structure 1Tʹ-

MoTe2 (space group P21/m, No. 11).165 Since the crystal structure of WTe2 is different from 

other TMDs at ambient conditions, it is reasonable to assume that the crystal structure of 

WTe2 at high pressures may play a significant role in the origin of these aforementioned 

unique physical properties. However, despite its significance, high-pressure phase stability 

of WTe2 remains largely unknown and has hindered our understanding of the fundamental 

physics of the TMDs system in extreme environments. 

In this study, to give new insights on the aforementioned scientific issues, we 

explore the structures of WTe2 under pressure up to 30 GPa, with a combination of 

synchrotron powder X-ray diffraction, Raman spectroscopy, and ab initio calculation. We 

have identified the 1Tʹ phase in the high pressure XRD and Raman experiments, and 

resolved its structure. The Td to 1Tʹ transition pressure is close to the pressure where 

superconductivity occurs,131,132 implying that the superconducting WTe2 is actually in the 

1Tʹ phase. 
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5.2 METHODS 

5.2.1 Ab initio calculations 

We use ab initio random structure searching (AIRSS)166,167 methods to find low-

enthalpy structures of WTe2, with system sizes up to eight formula units per simulation cell 

during the search. Crystal structure optimization calculations are performed by the Vienna 

Ab initio simulation package (VASP),168 with Perdew-Burke-Ernzerhof (PBE)169 

generalized gradient approximation (GGA) exchange-correlation density functional and 

optB86b functional170-172 together with van der Waals density functional (vdW-DF) 

corrections of Dion et al.173 The cutoff parameter for thewave functions is 400 eV, and k-

point meshes are generated through Monkhorst-Pack method with a spacing of 0.02 × 2π 

Å−1.  

 

5.2.2 High-pressure powder XRD and Raman experiments 

A symmetric diamond anvil cell (DAC) with a pair of diamond culet size 400 μm 

was used for the high-pressure Raman experiments. Re gasket, initially ∼250 μm thick, 

was preindented to ∼40 μm and drilled at the very center to form a diameter of 200 μm for 

the sample chamber. A piece of WTe2 sample purchased from 2D Semiconductors was cut 

into a ∼20 μm disk and then placed near the center of the sample chamber, along with a 

couple of ruby spheres used as the pressure indicator. The Ar pressure medium was loaded 

with the sample in the chamber using a gas loading system in the Mineral Physics Lab of 

The University of Texas at Austin. Raman and ruby spectra were collected using Renishaw 

inVia Raman spectroscopy system equipped with a 532 nm green laser and 3000 line/mm 

grating. In order to prevent the sample from thermal damaging, laser power was restricted 

to <5 mW, with integration time up to 5 minutes. Obtained spectral data were then analyzed 
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according to background spectra, and peak position and full width at half maximum 

(FWHM) extracted using Lorentzian fitting. Samples for XRD experiments were 

purchased from HQ Graphene, and ground using mortar to form randomly oriented 

powder. Externally heated DAC (EHDAC) with culet size 500 μm was used for high-

pressure XRD measurements. The Titanium-Zinc-Molybdenum (TZM) gasket was 

preindented down to 37 μm thickness and drilled with a 180 μm hole in the center. Powder 

WTe2 were compressed to disks and stack-loaded in the sample chamber in order to 

guarantee sufficient thickness and random orientation. The Au particle and ruby were also 

loaded as pressure indicators. Ne gas was used for pressure transmitting medium. The XRD 

experiments were conducted at GSECARS 13IDD beamline of the Advanced Photon 

Source, Argonne National Laboratory. An incident x-ray beam time of approximately 

0.3344 Å in wavelength and 2–3 μm in beam size (FWHM) was used for the experiments, 

while XRD patterns of the sample were collected by a Mar charge-coupled device (CCD) 

detector. High temperature was applied either by external resistive heating or laser heating.  

 

5.3 RESULTS 

Two high-pressure phases in WTe2 with P21/m and P63/mmc symmetry were 

theoretically predicted, which resemble the most common 1Tʹ and 2H structure in TMDs, 

respectively.133 The crystallographic structures of Td, 1Tʹ and 2H phases are shown in 

Figure 5.1. In the Td phase, the tungsten atoms are sandwiched between two layers of 

tellurium atoms in which one layer is rotated 180 degrees with respect to the other, forming 

the W-Te6 octahedral coordination. These layers in the Td and 1Tʹ phase exhibit buckled 

surface structure, whereas the 2H structure only contains flat layers. 1Tʹ structure is very 

similar to Td such that it can be constructed from Td phase with shear strain, which 
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introduces an inversion center. Viewing the structure from the out-of-plane direction, 

tungsten and tellurium atoms are packed in a honeycomb crystal lattice for the 2H structure, 

similar to graphene or h-BN, but it displays a rather complicated atomic arrangement in Td 

and 1Tʹ phase. 

 

 

Figure 5.1: Schematic representations of (a) Td, (b) 1Tʹ and (c) 2H crystal structures of 

WTe2 along a axis and c axis, respectively. 

 

5.3.1 Theoretical Prediction of Phase Transitions 

Calculated enthalpy-pressure (ΔH-P) and volume-pressure (V-P) curves of WTe2 

are shown in Figure 5.2, which show two structural phase transitions, from Td to 1Tʹ at 

around 5 GPa and from 1Tʹ to 2H phase at around 10 GPa.133 Td structure is found to be 

thermodynamically stable at ambient conditions, in agreement with the experimental 

observation.165 However, the relative enthalpy difference between Td and 1Tʹ phase is very 

small, less than 0.5 meV per formula unit, at ambient pressure. Moreover, calculated lattice 

parameters and unit cell volumes of Td and 1Tʹ phase are very close to each other.133 The 

2H phase is thermodynamically stable under higher pressure, with a lower enthalpy than 
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that of 1Tʹ phase by 150 meV/f.u. at 25 GPa. As 2H structure with flat layers is more 

compact than the 1Tʹ structure with buckled layers, there is a sudden drop in unit cell 

volume for the 1Tʹ-2H transition. Compared with other typical TMDs with flat layers, 

WTe2 in ambient condition with uneven surface suggests that applied pressure could act to 

smooth the layers by providing a compressive strain, and therefore tune the electronic 

properties of the TMD as well as its structure to a higher symmetry. This can be further 

justified by comparing with WS2, which has stable 2H phase at ambient condition, although 

WS2 does not undergo any structural phase transition up to 60 GPa nor an abrupt 

metallization at high pressures.98 

 

 

 

Figure 5.2: Relative enthalpy difference between 2H and Td phases as a function of 

pressure (top panel) and their pressure-volume curves (bottom panel). 
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5.3.2 Phase Transition in Raman Spectroscopy 

  Thirty-three irreducible representations of the optical phonons in Td-WTe2 exist 

at the Gamma point for the C2v (mm2) group: Γoptic = 11A1 + 6A2 + 5B1 + 11B2, which are 

all Raman active. Seven of them are observed in laser spectroscopic experiments for the Td 

structure under ambient pressure including A1 (78.9 cm-1), A2 (88.4 cm-1), A2 (109.9 cm-

1), A1 (114.6 cm-1), A1 (129.9 cm-1), A1 (160.6 cm-1), and A1 (207.7 cm-1).174,175 For the 1Tʹ 

structure with the point group C2h (2/m), there are thirty-three optic modes at the Gamma 

point as well: Γoptic = 12Ag + 5Au + 6Bg + 10Bu. Eighteen of them, 12Ag + 6Bg, are Raman 

active modes. The evolution of these modes under high pressure is shown in Figure 5.3 (a). 

Six Raman peaks measured in ambient pressure, denoted as P1, P2, P3, P5, P6, and P7, 

undergo blueshift as pressure increases, where the overall trend shows a good match with 

calculated results up to 30 GPa. The discontinuity of Raman bands above 11 GPa, such as 

the vanishing P3 band and the occurrence of the P4 band with a higher frequency, suggests 

that Td-1T' transition has occurred.  

As shown in Figure 5.3 (b), the pressure dependence of the FWHM of the Raman 

bands P6 and P7 rapidly increased from -0.02 cm-1/GPa to 0.25 cm-1/GPa and from -0.05 

cm-1/GPa to 0.19 cm-1/GPa, respectively, at ~11 GPa. When compared to the relatively 

slow broadening of P1 (-0.1 cm-1/GPa to 0.07 cm-1/GPa) and P2 band which both remain 

sharp at high pressure, broadening of P6 and P7 may be attributed to the appearance of the 

1T' phase. 
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Figure 5.3: (a) Experimental Raman spectra of WTe2 under pressure. Dashed lines are 

guided line of the peaks. (b) FWHM of P1, P6, and P7, indicating dramatic 

broadening of P6 and P7 at pressure >11 GPa. Dashed lines are linear fit 

lines for the range before and after 11 GPa. 

 

5.3.3 Phase Transition in X-Ray Diffraction 

Analysis of the high pressure X-ray powder diffraction spectra has confirmed the 

theoretically-predicted occurrence of the Td-1Tʹ transition at high pressures. In the 

simulated XRD patterns in Figure 5.4 (a), the 1Tʹ phase can be effectively distinguished 

from Td phase by splitting of (011) and (113) peaks.133 Evolution of the experimental 

patterns as pressure increases in Figure 5.4 (b) clearly shows such splitting, despite 

somewhat broad peaks due to the existence of deviatoric stress under high pressures. The 

diffraction signal of 1T' phase first appears at around 4 GPa (violet solid lines), which 

agrees very well with the theoretical prediction. After applying external heating to ~350 K 

at high pressures, the 1Tʹ diffraction signal is significantly enhanced and becomes 

dominant at higher pressure/temperature (red solid lines). A representative experimental 
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XRD spectrum of WTe2 is compared with theoretical prediction of 1Tʹ and Td phase, which 

resembles 1Tʹ phase in overall range of the spectra (Figure 5.4 (a)). The Td and 1Tʹ structure 

can be fitted to the XRD patterns measured at 1.4 and 7.6 GPa, respectively, as shown in 

Figure 5.5. Le Bail method was used to fit the experimental XRD data, because WTe2 is 

intrinsically layered and therefore can develop textures at high pressures which hinders 

Rietveld refinement to provide suitable analysis.  
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Figure 5.4: (a) Simulated XRD patterns at 10 GPa, compared with experimental values at 

10 GPa / 300 K. Black arrows in the experimental spectrum indicates the 

splitted (011) and (113) peaks. (b) Experimental XRD spectra under high 

pressure, showing clear splitting in (011) and (113) peaks. 
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Figure 5.5: High-pressure x-ray powder diffraction spectra for (a) Td phase at 1.4 GPa / 

300 K, and (b) 1Tʹ phase at 7.2 GPa / 350 K. The two experimental data 

matched well with calculated Bragg peaks. The Le Bail method was used in 

order to fit the diffraction, where the layered WTe2 has preferred 

orientations and therefore highly textured structure 

We note that the 1Tʹ-to-2H phase transition was not observed in the high pressure 

experiment, even with increased temperature; up to 22.9 GPa and 450 K for externally 

heated DAC (EHDAC), and 15.4 GPa and >2000 K for laser heated DAC (LHDAC), 

respectively. It is possible that the transition may be a sluggish process due to the high 

kinetic barriers, and therefore the equilibration time during the experiment was not long 

enough to fully transform to 2H phase, even if the applied pressure and temperature were 

sufficiently high. Because the main focus of present study is to relate superconductivity to 

the structural phase of WTe2 at relatively low pressures, no additional experiments were 

designed to apply higher pressure and temperature.  
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5.3.4 Discussion on Origin of Superconductivity in WTe2 

Analysis of the calculated band structures and Fermi surfaces suggest 1Tʹ-WTe2 to 

be a semimetal as a result of the electron and hole pockets along the Γ-Y direction. The 

band structures and the Fermi surface of the 1Tʹ phase are very similar to those in the Td 

phase,153 including a perfect balance between electron and hole pockets, which may induce 

the large unsaturated magnetoresistance (MR) on the 1Tʹ-WTe2 system. The shape of the 

Fermi surface is very sensitive to applied pressure, such that an increase in pressure causes 

an increase in the size of electron and hole pockets. This relationship indicates that 1Tʹ-

WTe2 undergoes a Lifshitz-like, or so-called electronic topological phase transition under 

pressure. This naturally draws the question whether pressure could change the topological 

properties of WTe2. However, in the Td phase, spin degeneracy is broken by the spin-orbital 

coupling due to the absence of an inversion symmetry, while the spin degeneracy will 

remain in the 1Tʹ phase with an inversion center. Thus, the Weyl fermions in the ambient 

Td phase should disappear after the structure phase transition. In previous works,131,132 it 

was proposed that superconductivity found in WTe2 emerges from a suppressed large 

magnetoresistance (LMR) state under high pressure. The critical pressure of 

superconductivity around 2.5 GPa is close to the Td-1Tʹ transition pressure from this work, 

it is conceivable that superconductivity in WTe2 emerges from the 1Tʹ phase, rather than 

the Td phase. 

 

 

5.4 CONCLUSION 

In summary, high-pressure XRD and Raman measurements confirmed the 

theoretically predicted Td-1Tʹ transition and give consistent critical transition pressure at 

around 4–5 GPa. Since the transition pressure is very close to the emergence pressure of 
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the superconductivity, we thus attribute the pressure-induced superconductivity in WTe2 

to the Td-1Tʹ structure transition. The predicted 2H phase at higher pressure has not been 

observed experimentally, likely due to a high energy barrier. These results show that 

applied pressure not only influences the stacking sequences but also the electronic 

structures of the layered TMD materials, giving rise to very rich electronic features of 

WTe2 at high pressures and low temperatures. 
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Chapter 6. Structural, Vibrational, and Topological Electronic 

Properties of Bi1.5Sb0.5Te1.8Se1.2 under Hydrostatic Pressure 

(Reproduced with permission from J. -S. Kim, R. Juneja, N. P. Salke, W. Palosz, V. 

Swaminathan, S. Trivedi, A. K. Singh, D. Akinwande, and J. -F. Lin, “Structural, 

vibrational, and electronic topological transitions of Bi1.5Sb0.5Te1.8Se1.2 under pressure”, 

J. Appl. Phys., 123, 115903 (2018)) 

 

6.1 INTRODUCTION 

Topological insulators (TIs) have attracted research interest in the last several years 

especially due to their conducting edge states (in 2D TIs) or surface states (in 3D TIs) that 

are topologically protected against backscattering and cannot be passivated or destroyed 

by impurities or imperfections.176-179 This leads to “dissipationless” transport by the edge 

or surface states that could be realized in a variety of applications including spintronics and 

quantum computing, and possibly create the elusive “Majorana fermion”.180 Among the 

many TIs that have been identified, the metal chalcogenides of the A2B3 (A = Bi, Sb; B = 

S, Se, Te) series and their solid solutions have been studied extensively from the 

perspective of topological behavior as well as thermoelectric properties.181-185 Specifically, 

the composition of Bi1.5Sb0.5Te3-ySey with y = ~1.2 was found to have the highest bulk 

resistivity, making the compound optimal for studying the surface transport 

behaviors.181,182,184 

The TI states of the A2B3 chalcogenide family are likely closely related to their 

crystal structures. Reportedly, R3̅m crystals such as Bi2Te3, Sb2Te3, and Bi2Se3 are TIs, 

whereas Pnma crystals such as Sb2Se3, Bi2S3, and Sb2S3 are topologically trivial in ambient 

conditions (Figure 6.1).186 Therefore, it is of great importance to understand the role of 
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crystal structure in the topological behavior. An effective method for probing this 

relationship is via the application of hydrostatic pressure, which is a powerful means to 

modulate lattice parameters and crystal structures of a material, as well as its electronic 

structures and topological states.6,133 Pressure-induced crystal structural transitions in the 

R 3̅ m structured chalcogenide family have been well explored, and their electronic 

topological transitions (ETTs) within the TI phase are also reported.187-191 On the contrary, 

Pnma-structured chalcogenides remain structurally stable up to 25 GPa, and their pressure-

induced ETTs are under debate.192-197 It is notable that a pressure-induced TI state in Sb2Se3 

has been reported, despite some outstanding debates relating to the pressure transmitting 

medium (PTM).102,193,198 Importantly, the relationship between crystal phase transitions 

and topological transitions (e.g., whether the surface TI state is exclusively dependent, or 

irrelevant to the crystal structure) remains to be clarified.193,199,200 
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Figure 6.1: Schematic showing the crystal structure and topological states of (Bi, Sb)2(Te, 

Se, S)3 family.  

In this chapter, we investigate the effect of hydrostatic pressure on the topological 

insulator quaternary alloy Bi1.5Sb0.5Te1.8Se1.2, with an assistance from theoretical 

calculations. Two structural phase transitions were observed from X-ray diffraction (XRD) 

and Raman spectroscopy: from the ambient pressure rhombohedral R 3̅m phase to a 

monoclinic C2/m phase at ~13 GPa, and to a tetragonal disordered I4/mmm phase at ~22 

GPa. Furthermore, within the ambient R3̅m phase, a series of electronic transitions were 

demonstrated by the evolution of the band structure as a function of pressure. The bulk 

indirect band gap of the quaternary alloy undergoes indirect-to-direct (I-to-D) band gap 

transition at ~5.8 GPa. At ~8.24 GPa, the bulk band gap closes and develops a linear 

crossing of bands to form a 3D Dirac semimetal (DSM) state. On further increase of 
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pressure, the system becomes a normal metal before it undergoes the first structural phase 

transition to the metallic C2/m and I4/mmm phases. Concomitant with the pressure-

induced electronic transitions, various observations from experiments also revealed 

profound changes at these transitions, such as c/a ratio anomaly from XRD, and pressure 

coefficient change and full width at half maximum (FWHM) anomalies from Raman 

spectroscopy. This result implies that, although closely related, the surface states of TIs 

could be modulated without change in crystal structure under hydrostatic pressures. Also, 

in comparison to binary end member compounds, the Bi1.5Sb0.5Te1.8Se1.2 alloy showed 

structural phase transition and other anomalies at higher pressures. Change in axis 

compressibility and increase in electron-phonon coupling are suggested to be precursors of 

the structural transitions. 

6.2 METHODS 

6.2.1 Growth of Bi1.5Sb0.5Te1.8Se1.2 

Bi1.5Sb0.5Te1.8Se1.2 single crystals were grown in a two-step process. The material 

was first synthesized by a modified vertical Bridgman technique similar to that reported by 

Wang et al.184 Stoichiometric quantities of high purity (≥5N) metals of bismuth (5N), 

antimony (5N), selenium (6N) and tellurium (7N) were vacuum sealed (10-6 torr) in a fused 

silica ampoule and melted at 900C for two days and slowly cooled to room temperature. 

The reacted material was then resealed under vacuum in a growth ampoule with a taper. 

The ampoule was heated to 900C for two days, cooled down to 550C over 180 hours and 

held at that temperature for 4 days before being quenched in liquid nitrogen and brought to 

room temperature. The resulting crystal was highly crystalline and could be cleaved or 

exfoliated using the Scotch tape method.   
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6.2.2 High pressure Raman experiments  

A symmetric diamond anvil cell with a pair of 350-μm diameter diamond culets 

was used for the high-pressure experiments. Rhenium gaskets pre-indented to ∼40 μm in 

thickness were drilled at the center to form the sample chamber with a diameter of ~200 

μm. A piece of Bi1.5Sb0.5Te1.8Se1.2 was cleaved and then placed near the center of the 

sample chamber, along with a ruby sphere used as the pressure indicator. The shift of ruby 

R1 line was used to calibrate the pressure in situ with uncertainty of <1%.139,201,202 Neon 

pressure medium was loaded at the Mineral Physics Lab at the University of Texas at 

Austin. The thermal conductivity of Ne PTM at the pressure range used in this work is 

above 0.3 W/m-K, which is larger than the thermal conductivity of methanol-ethanol 

mixture PTM at ambient pressure.203,204 Raman and ruby spectra were collected using a 

Renishaw inVia Raman spectroscopy system equipped with a 532-nm green laser and a 

2400-line/mm grating. To prevent thermal damage, laser power was restricted to below 3 

mW. The spectral resolution of the Raman spectroscopy is 1.2 cm-1, and the spectrometer 

was calibrated for each measurement within ±0.5 cm-1 error range using Si reference 

sample.  

 

6.2.3 High pressure X-ray diffraction experiments 

Samples for X-ray diffraction (XRD) experiments were ground to form a randomly 

oriented polycrystalline powder. An Au particle and ruby were also loaded as pressure 

indicators. The XRD experiments were conducted at GSECARS 13IDD beamline of the 

Advanced Photon Source, Argonne National Laboratory. X-ray diffraction patterns were 

collected at various pressures using an X-ray beam of wavelength 0.3344 Å and spot size 

of 2-3 µm. Images of powder diffraction patterns were recorded using a MAR345 CCD 

detector with pixel size 79 × 79 µm2. Obtained images were integrated using FIT2D.205 
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XRD patterns were analyzed by Le Bail refinement method using FullProf software.206 

Backgrounds of the XRD data were modeled by selecting points manually to create a 

smoothly varying background profile. Peak profiles of the XRD data were modeled using 

Thompson-Cox-Hastings pseudo-Voigt functions. For all XRD patterns, unit cell 

parameters and half-width parameters were refined. 

 

6.2.4 Theoretical calculations 

Theoretical calculations were performed using first-principles density functional 

theory (DFT)207 as implemented in the Vienna Ab initio Simulation Package (VASP).168,208 

Projector augmented wave (PAW)143,144 pseudopotentials were used to represent the ion-

electron interactions. The Perdew-Burke-Ernzerhof (PBE)169 generalized gradient 

approximation was used to approximate the exchange and correlation part of the total 

energy. The kinetic energy cut-off for a plane wave basis was set to 450 eV. All electronic 

structure calculations were carried out on fully optimized special quasirandom structures 

(SQS), generated using the Monte Carlo SQS tool as implemented in Alloy Theoretical 

Automated Toolkit (ATAT).209 For feasible computations, the structures were modeled at 

the composition Bi1.5Sb0.5Te1.5Se1.5, which marginally differs from the experimental 

composition Bi1.5Sb0.5Te1.8Se1.2. All the structures were fully relaxed by employing a 

conjugate gradient scheme until the Hellmann-Feynman forces on the atoms were less than 

0.005 eV/Å. 
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6.3 RESULTS 

6.3.1 X-Ray Diffraction and Structures 

X-ray diffraction patterns of Bi1.5Sb0.5Te1.8Se1.2 were taken up to 45 GPa in order 

to study the structural behavior of the quaternary alloy. Figure 6.2 shows the selected XRD 

patterns collected up to ~ 45 GPa. Peaks marked with # and * indicate the emergence of 

C2/m and I4/mmm phases, respectively. Major peaks from each phase are marked with hkl 

indices. Inset of the Figure 6.2 shows the enlarged view around 7.7° at 22 GPa. The 

Bi1.5Sb0.5Te1.8Se1.2 crystallizes in rhombohedral structure with space group R3̅m at ambient 

pressure (Phase I; Figure 6.3 (a)). With increasing pressure, the first structural phase 

transition was observed in the pressure range of 13-15 GPa, where new X-ray diffraction 

peaks appeared and co-existed with Phase I. Observed above the transition was a 

monoclinic phase (Phase II) with space group C2/m. Further increase in pressure resulted 

in an additional transition to a tetragonal I4/mmm phase (Phase III) at 22-24 GPa, which 

persisted up to the highest pressure carried out in the present study. This structural sequence 

observed is close to parent compound Bi2Se3, rather than the closest composition 

Bi2Te3.
93,189 The unit cells of three phases, R3̅m, C2/m, and I4/mmm, are shown in Figure 

6.3. 
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Figure 6.2: X-ray diffraction data of Bi1.5Sb0.5Te1.8Se1.2 at selected pressures. 

 

 

Figure 6.3: The unit cells of quaternary alloy Bi1.5Sb0.5Te1.5Se1.5 in three different phases 

R3̅m, C2/m, and I4/mmm. 
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Unit cell volume per formula unit for each of the three phases is fitted using a third 

order Birch-Murnaghan equation of state (EoS) in Figure 6.4 (a).210,211 Volume collapse of 

3.52% and 2.32% were observed across the first and second phase transitions, respectively. 

Bulk modulus at ambient conditions (K0), first derivative of the bulk modulus at ambient 

conditions (K0
') and zero pressure volume per formula unit (V0/Z) for the three phases are 

given in Table 6.1. For phase R3̅m and C2/m, K0 values are comparable to reported bulk 

moduli of parent compound Bi2Se3 (48-53 GPa, and 60-64 GPa, respectively), despite the 

composition closer to Bi2Te3.
93,189 In the I4/mmm phase, however, K0 for 

Bi1.5Sb0.5Te1.8Se1.2 is observed to be much lower compared to Bi2Se3. It is suggested that 

alloying with Sb2Te3 does not alter the structure but dramatically softens the I4/mmm 

phase. It is notable that a few weak peaks coexisting with phases C2/m and I4/mmm in the 

pressure range of 16 to 30 GPa were observed. These peaks could presumably be attributed 

to the C2/c phase, but they are too weak to draw a definitive conclusion. 

 

 

Table 6.1: Bulk modulus (K0) and first derivative of bulk modulus (K0') at ambient 

conditions, and zero pressure volume per formula unit (V0/Z) for all the 

three phases of Bi1.5Sb0.5Te1.8Se1.2 

 

Phase K0 [GPa] K0` V0/Z [Å3] 

R3̅m 52(2) 4 152.1(7) 

C2/m 61(2) 2.4(2) 146.4 

I4/mmm 66(6) 4 134(2) 



 78 

 

 

Figure 6.4: Unit cell volume of Bi1.5Sb0.5Te1.8Se1.2 as a function of pressure, fitted using a 

third-order Birch-Murnaghan equation of state. Insets show (b) normalized a 

and c lattice parameters and (c) axial ratio c/a as a function of pressure for 

ambient rhombohedral R3̅m phase. 

 

Figure 6.4 (b) and Figure 6.4 (c) shows the normalized lattice parameters and axial 

ratio c/a as a function of pressure for the ambient R3̅m phase. Due to the anisotropy of 

compressibility between intra-quintuple layers (QL) and van der Waals type inter-QL, the 

axial c parameter is more compressible than the axial a parameter. However, c/a ratio 

showed an anomalous minimum at ~7 GPa. Anomalous minimum followed by an increase 

in the c/a ratio is frequently regarded as indicative of ETT or Lifshitz transition, despite 

existing debates on the origin.189,199,212-215 Polian et al.214 reported for Bi2Te3 that the c/a 

anomaly is due more to the pressure variation, or EoS anomaly, of the in-plane lattice 
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parameter rather than the out-of-plane lattice parameter. In order to investigate the origin 

of the c/a anomaly, we have also fitted pressure-dependent a and c lattice parameters using 

a modified Birch-Murnaghan EoS, as shown in Figure 6.5.93,189 The Ka,0 and Kc,0 values 

were 56(4) and 47(2) GPa, respectively. The c lattice parameter fits relatively well with the 

EoS, whereas a lattice parameter shows some deviation. It is clear that the EoS anomaly in 

the a lattice is inducing the c/a ratio anomaly. Unfortunately, the data points measured in 

this study was not dense enough to confirm if the a lattice parameter fits well with two or 

more equation of states. 

 

 

Figure 6.5: Fitting of axial compressibility of a- and c-axes for R3̅m phase. 

 

6.3.2 Raman Spectroscopy 

Raman spectra were measured as a function of pressure up to 30.7 GPa. Raman 

spectra at selected pressures are shown in Figure 6.6 (a), and Raman peak positions as a 
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function of pressure are shown in Figure 6.6 (b). Peak positions and FWHM of peaks are 

obtained by Lorentzian fitting of the observed Raman lineshapes, as illustrated at 1.9, 10.1 

and 15.6 GPa of Figure 6.6 (a). Green and red lines represent individual Lorentzian fits and 

sum of the fitted peaks, respectively. The phase transitions were observed with good 

agreement with XRD and theoretical predictions. At 10.1 GPa, two new peaks denoted as 

P1 and P2 appeared at 25-50 cm-1, clearly indicating the first phase transition. Peak P3, 

which is relatively isolated and well-defined, also showed abrupt changes in its FWHM 

and intensity with the transition (Figure 6.7). At 24.1 GPa, all the features in the Raman 

spectra vanished, confirming the second phase transition to the disordered I4/mmm phase. 

It should be noted that Raman spectroscopy probes the material close to the surface, in 

contrast to XRD, and it is therefore likely that the phonon spectra from the surface layer 

are more affected at the onset of the transition. 

 

 

Figure 6.6: Raman spectra of the quaternary Bi1.5Sb0.5Te1.8Se1.2 alloy at selected pressures 

(a), and Raman peak positions as a function of pressure (b). 
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Figure 6.7: Full-Width at Half-Maxima (FWHM) (a) and intensity of P3 Raman peak in 

Bi1.5Sb0.5Te1.8Se1.2 as a function of hydrostatic pressure. The vertical error 

bars in (a) are errors of Lorentzian fitting. 

 

Peak Wavenumber (cm-1) Proximity to observed modes in 

binary compounds 186,189,190,216-218 

P1 29 (10 GPa) 𝐴𝑔
1  or 𝐵𝑔

1 (C2/m) 

P2 43 (10 GPa) 𝐴𝑔
1  or 𝐵𝑔

1 (C2/m) 

P3 72 𝐴1𝑔
1  

P4 116 𝐸𝑔
2 

P5 133 𝐸𝑔
2 

P6 158 𝐴1𝑔
2  

P7 172 𝐴1𝑔
2  

P8 225 Chalcogen A1 

Table 6.2: Raman modes of Bi1.5Sb0.5Te1.8Se1.2 observed in Figure 6.6. 
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Listed in Table 6.2 are the observed Raman peak positions derived from Lorentzian 

fitting of the lineshapes. The R3̅m phase has two transverse (Eg) and two longitudinal (A1g) 

Raman-active zone-center phonon modes, and the C2/m phase has 15 Raman active modes 

(10Ag + 5Bg).
189,190,219,220 Alloying can induce continuous shift of the Raman frequencies 

with the composition (one-mode behavior), discontinuities and peak splitting for 

intermediate value of composition (two-mode behavior), or disorder-related modes.6,124,216 

The 𝐸𝑔
1 and 𝐴1𝑔

1  modes exhibit one-mode behavior upon metal or chalcogen alloying, 

whereas 𝐸𝑔
2 and 𝐴1𝑔

2  modes exhibit two-mode behavior upon chalcogen alloying.216,221 

In this regard, the frequencies and number of Raman peaks of Bi1.5Sb0.5Te1.8Se1.2 are not 

necessarily identical to those of binary end members. For example, P3 could be assigned 

as 𝐴1𝑔
1  mode based on the proximity of the frequency. However, it is unlikely a mode 

from a specific binary compound, but likely originated from a continuous frequency shift 

with respect to the compositional alloying. On the other hand, P4-7 are results of both one-

mode and two-mode behavior. By comparing the frequencies to the binary end members 

and close component BiSbTe2Se, it is suggested that P4-5 and P6-7 have originated from 

𝐸𝑔
2 and 𝐴1𝑔

2  modes, respectively.216,217 The large (small) pressure coefficient of P4 (P7), 

which will be discussed shortly, also confirms the origin of the Raman modes.188-190,199 P1 

and P2 peaks in C2/m phase are suggested to be 𝐴𝑔
1  or 𝐵𝑔

1  mode, based on the 

frequencies and their negligible pressure dependence.189,190 Further theoretical and 

experimental work is suggested to identify the origin of the two peaks.  

The highest energy mode (P8) at ~225 cm-1 is likely a chalcogen A1 mode, which 

is a sign of crystallized chalcogen defects.218,222,223 Note that due to the notably weak 

intensity and high frequency, the influence of P8 on the analysis of P1-7 is marginal. Also, 

P8 does not show a monotonic increase in its intensity (Figure 6.6 (a)) despite repeated 
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Raman measurements on the same spot, which implies that the laser beam does not induce 

ongoing damage to the sample. 

 

 

Figure 6.8: Raman shifts of modes P3 and P4 (a) and P7 and P8 (b) as a function of 

pressure (GPa) enlarged within the R3̅m phase. The vertical error bars are 

errors of Lorentzian fitting 

Figure 6.6 (b) shows the positions of the Raman peaks P1-P8 as a function of 

pressure. Peaks P3-P7 hardened with increasing pressure, due to the decreasing bond 

lengths under pressure. The peak positions of selected peaks up to ~9 GPa are enlarged in 

Figure 6.8. P8 showed clear redshift with a pressure coefficient of -2.88 cm-1GPa-1, in good 

agreement with previous reports.218,222,223 From linear fits of regions below and above 4 

GPa, the pressure coefficients of P3 and P4 exhibit clear decrease, whereas those of P7 and 

P8 show very little change. The changes in pressure coefficients are also observed for the 

𝐴1𝑔
1  and 𝐸𝑔

2  modes of binary Bi2Te3
190, Bi2Se3

189, and Sb2Te3
224, speculated to be an 

indication of an isostructural ETT or Lifshitz transition. However, as will be discussed in 

the following section, DFT calculations do not reveal any anomalous topological behavior 

near ~4 GPa. Bera et al. related the pressure coefficient change in Bi2Se3 to an isostructural 
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transition featuring rapid decrease in c/a ratio and increase in internal bond angle α.199 It is 

notable that the Ne pressure medium crystallizes at 4.8 GPa, but non-hydrostaticity starts 

to develop only at higher pressures of 15-20 GPa.202,225 Also, considering the stable FWHM 

of P3, the crystallization of Ne medium is unlikely to cause the pressure coefficient change. 

Thermal shifting of the Raman peaks could be also ruled out since the 𝐸𝑔
2 and 𝐴1𝑔

2  modes 

in Bi2Te3 family have similar temperature-dependent shifts.123 

 

 

Figure 6.9: FWHM of Raman peaks (a) P4 and P5, and (b) P6 and P7 as a function of 

pressure (GPa). The vertical error bars are errors of Lorentzian fitting. 

The FWHMs of the peaks P4-P7 from Bi1.5Sb0.5Te1.5Se1.5 are shown in Figure 6.9, 

with linear fits. The FWHMs of P4 and P5 peaks were suppressed up to ~7 GPa and 

increased substantially in the pressure range 7-11 GPa. The FWHMs reached maxima at 

~11.5 GPa, followed by rapid decreases. Considering that the increase in FWHMs is rather 

gradual compared to the abrupt changes in P1-P3 with phase transition, and the fact that 

the FWHMs decrease after the maxima, the peak broadenings are unlikely due to the 

emergence of the new phase. Instead, in the sense that the linewidth of Raman peaks are a 
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measure of electron-phonon coupling (EPC), the changes in FWHMs as a function of 

pressure imply an abrupt increase in EPC.226,227  

 

6.3.3 DFT Results 

To investigate the electronic and topological properties, electronic band dispersions 

were calculated. The electronic band structures for the R3̅m phase with and without spin-

orbit coupling (SOC) are shown in Figure 6.10, and the band structures for the two high 

pressure phases are shown in Figure 6.11. The ambient pressure phase is a direct band gap 

semiconductor without SOC. However, due to presence of heavy elements, the dispersion 

of states both in the valence and conduction bands are affected by the inclusion of SOC, 

causing the phase to become an indirect band gap semiconductor. The orbital contribution 

also changes its order across the Fermi level around the Γ point when SOC is applied (inset 

of Figure 6.10). The distinct band structure feature as well as the inversion of orbital 

contribution near the Γ point of VBM indicates the topological insulating state of the 

quaternary alloy in its parent phase.176-179 Having determined the ambient pressure phase 

to be a topological insulator and the higher pressure phases as normal metals, we are thus 

interested in determining the evolution of the band structure and the electronic topology of 

the R3̅m phase before it undergoes its first phase transition. Hence, the band structures in 

the R3̅m phase at various pressures are examined, and selected band structures at particular 

pressures are shown in Figure 6.12. 
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Figure 6.10: Band structure of Bi1.5Sb0.5Te1.5Se1.5 R3̅m phase before and after inclusion 

of spin-orbit coupling (SOC). The insets show the inversion of the major 

orbital contributions and the character of bands near the Γ point. 

 

Figure 6.11: Calculated band dispersion with SOC for (a) C2/m phase, and (b) I4/mmm 

phase. Both the phases are normal metals. 
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Figure 6.12: The evolution of the band structure of Bi1.5Sb0.5Te1.5Se1.5 in the R�̅�m phase 

as a function of pressure. 

At zero pressure, the quaternary alloy is a topological semiconductor, with indirect 

bulk band gap having VBM at Z|N and CBM at M|R. With an increase in pressure, the 

conduction bands start to move down along Z|N direction in a significant rate, whereas the 

CBM along M|R direction starts to move up slightly. At 5.80 GPa, the alloy becomes a 

direct band gap semiconductor, with both VBM and CBM at the Z|N high symmetry point. 
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Note that the DFT calculation does not exhibit topological origin of the aforementioned 

anomalies in c/a ratio and Raman pressure coefficients at the pressure range 4-5 GPa. 

However, the EoS anomaly in the a axis is likely be related to both pressure coefficient 

change and the rapid lowering of VB at Z|N direction that induced indirect-to-direct (I-to-

D) band transition.  

Upon further increase in the pressure, the dispersion along the Z|N–Γ high 

symmetry direction comes closer to the Fermi-level, whereas the remaining states are 

gapped along the other high symmetry directions. At 8.24 GPa, the band gap along the 

Z|N–Γ direction vanishes completely, creating a linear touching of bands. The ambient 

topological phase of quaternary alloy thus undergoes a transition to a non-trivial Dirac 

semimetal (DSM) state. Accordingly, the surface state will mix with bulk state and lose its 

topologically protected state as the bulk band gap collapses.186,219 The anomalous FWHM 

jumps in P4 and P5 in the pressure range 7-11 GPa coincide with the transition to a DSM 

state from DFT calculations. It is suggested that the increase in the EPC assists phonon-

mediated renormalization of the electronic structure, and leads to the DSM state and 

elimination of surface states.228 The FWHM anomalies were absent in P6 and P7, which 

we have attributed to longitudinal vibrations, supporting the contention that the ETT 

signature is related more to the in-plane than the out-of-plane characteristics.220 On further 

increasing the pressure, the system becomes a normal metal at 12.09 GPa, below the 

predicted phase transition to the C2/m phase. It is notable that since DFT has a tendency to 

underestimate the band gap, and the modeled system has slightly different concentration 

than the experimental one, the theoretical values of the band gap will be slightly different 

from those observed experimentally. 
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6.3.4 Discussion on Compositional Effects 

Figure 6.13 summarizes reported structural phase transitions, TI states, and 

reported anomalies of Bi2Te2, Bi2Se3, Sb2Te3, Sb2Se3, and Bi1.5Sb0.5Te1.8Se1.2 (from this 

study) as a function of pressure.93,102,187-191,193,198,199,214,229-233 The first structural phase 

transition of Bi1.5Sb0.5Te1.8Se1.2, from R3̅m to C2/m at 13-15 GPa, is consistent with that 

reported in other binary compounds such as Bi2Te3
190,229, Bi2Se3

93,189,230,233, and 

Sb2Te3.
188,190,231 Interestingly, the structural transition is observed at a higher pressure than 

the binary end members (~7-10 GPa). The delayed structural transitions could be attributed 

to the atomic disorders within the pnictogen and chalcogen layers. Nam et al. have reported 

that with introduction of Sb, the pnictogen layer develops a random distribution of Bi/Sb 

atoms.221 The second structural phase transition of Bi1.5Sb0.5Te1.8Se1.2 to I4/mmm phase 

resembles the structural transition of Bi2Se3. Although the composition of the alloy is 

closest to Bi2Te3, introduction of Se resulted in the I4/mmm structure, instead of 𝐼𝑚3̅𝑚 

structure. The C2/c phase was not as clearly observed in the Bi1.5Sb0.5Te1.8Se1.2 as in 

Bi2Se3.
233 

Comparable with the delayed first structural transition, the c/a ratio anomaly and 

Raman FWHM anomaly (noted as ‘p’ and ‘w’, respectively) of the Bi1.5Sb0.5Te1.8Se1.2 were 

observed at higher pressures than those of the binary compounds.102,188-190,197 The minimum 

in c/a ratio and FWHM anomaly have been observed below 5 GPa in case of binary 

compounds, compared to ~7 GPa in Bi1.5Sb0.5Te1.8Se1.2. It is conceivable that the c/a 

anomalies occur when the vdW-like interlayer bonds are compressed enough to be as 

incompressible as intra-layer covalent bonds, and a further increase in pressure results in 

the structural phase transitions. In this sense, the c/a anomaly could be regarded as a 

precursor to the structural phase transition. The c/a anomaly is also closely accompanied 

by the Raman FWHM anomaly, which likely promotes the DSM state and dismantles the 
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surface TI state. It could be considered that the TI state is encased in the R3̅m crystal phase, 

but only before the structural transition is imminent. 

 

 

Figure 6.13: Pressure-dependent phase diagram of Bi2-xSbxTe3-ySey binary compounds 

and Bi1.5Sb0.5Te1.8Se1.2. Values for binary compounds are adapted from 

references 93,187-190,193,229-231,233. Vertical error bars indicate the variation of 

transition pressures from different reports. Regions dotted in red indicate TI 

states, albeit the upper boundaries are not clearly defined. Reported 

anomalies that are attributed to have topological origin are marked as 

horizontal bars and characters as noted in the top right panel. Anomalies are 

adapted from references 102,188-191,198,199,214,232. 
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6.4 CONCLUSION 

We have carried out a detailed study of the effects of hydrostatic pressure on the 

structural, vibrational, and topological properties of topological insulator 

Bi1.5Sb0.5Te1.8Se1.2 using diamond anvil cell experiments with assistance from ab initio 

density functional theory calculations. Two structural phase transitions were observed up 

to ~30 GPa: from the ambient rhombohedral R3̅m phase to a monoclinic C2/m at ~13 GPa, 

and to a disordered I4/mmm phase at ~22 GPa. A series of electronic transitions were 

demonstrated within the R3̅m structure: i) indirect-to-direct bulk band gap transition at 

~5.8 GPa, ii) transition to 3D Dirac semimetal phase and vanishing of TI state at ~8.2 GPa, 

and iii) transition to topologically trivial metal at ~12 GPa. The occurrence of the DSM 

state following c/a ratio anomaly and FWHM anomalies of in-plane Raman modes 

suggests contribution of electron-phonon coupling to the topological transition. By 

comparing with binary compounds, the aforementioned anomalies are also suggested to be 

precursors of the structural phase transition. Hydrostatic pressure has proven to be effective 

in modulating crystal symmetry and atomic bonds, and therefore capable of dramatically 

changing the electronic properties. This study on pressure-induced structural and 

topological transitions in the Bi1.5Sb0.5Te1.8Se1.2 provides deep insights towards 

understanding the surface state properties and their relationship to crystal structure.8 
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Chapter 7. Summary 

In this dissertation, we have explored the transport, optoelectronic, structural, 

vibrational, and/or topological properties of properties of van der Waals layered materials 

under extreme conditions, such as oxygen/moisture-rich condition and under hydrostatic 

pressure. The driving force behind this work is to speculate for the Internet of things (IoT) 

applications, where the devices are expected to tolerate extreme conditions without 

sufficient protection toward the operating environment.  

In Chapter 2, we have investigated the degradation process of multilayer 

phosphorene, and developed an effective encapsulation method with ALD dielectric and 

fluoropolymer double layer. The operating lifetime of phosphorene devices was improved 

to more than a few months, allowing long-term stability and reliability analyses. The 

effective encapsulation method will pave a path to realizing devices that take full advantage 

of phosphorene’s intrinsic superior optoelectronic properties.  

In later chapters, effects of hydrostatic pressure on layered van der Waals materials 

were discussed in vibrational, optoelectronic, structural, and topological perspective. In 

Chapter 3, hydrostatic pressure up to 40 GPa was applied to multi-layer Mo0.5W0.5S2, to 

understand the vibrational modes and lattice distortion due to alloying. The Raman 

softening coinciding with metallization in MoS2 was suppressed due to the alloyed 

structure, and new Raman peaks were observed under pressure. It is suggested that the 

compressive strain dramatically enhanced the inter-layer interaction, and developed 

disorder-related modes.  

In Chapter 4, pressure-modulations in monolayer Mo(1-x)W(x)S2 band gaps are 

comprehensively explored, experimentally and theoretically. Pressure-dependent optical 

band gap opening, as well as direct-to-indirect band gap transition were observed. A novel 
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straintronics device structure was proposed that exploits pressure effects are suggested to 

control band structure of monolayer, and band offsets of their heterostructures. 

In Chapter 5, structural transition in WTe2 was studied, with a combination of 

Raman spectroscopy, X-ray diffraction, and theoretical calculation. WTe2 undergoes the 

Td-to-1Tʹ phase transition at ~5 GPa, which coincides with the onset of superconductivity 

reported in other reports. It is suggested that the superconductivity occurs in 1Tʹ phase, 

where inversion symmetry is introduced and therefore is topologically trivial. 

The crystal structures of pnictogen chalcogenides are closely related to the 

topologically insulating state; R 3̅ m crystals such as Bi2Te3, Bi2Se3, and Sb2Te3 are 

topological insulators, whereas Pnma or C2/m crystals are topologically trivial. To 

understand the relationship between the crystal structures and topological states, pressure-

induced structural, vibrational, electronic, and topological properties of topological 

insulator Bi1.5Sb0.5Te1.8Se1.2 was explored in Chapter 6, with a combination of Raman 

spectroscopy, X-ray diffraction, and ab initio density functional theory calculations. Two 

structure transitions and two electronic transitions, indirect-to-direct (I-to-D) band 

transition and Dirac semimetallic (DSM) phase, were observed with increasing pressure. 

From Raman FWHM anomaly, an electron-phonon coupling (EPC) is suggested to play a 

role in DSM state. Moreover, the DSM state is occurring independent of the crystal 

structure, implying that the crystal and topological structure could be modulated separately. 

In general, this study highlights the effects of extreme conditions, such as humid 

air condition or mechanically pressurized condition, to layered van der Waals materials 

and their devices. 2D material devices will benefit from this study, by either minimize the 

negative effects or actively exploits the positive effects of the extreme environments.  
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Appendix 

APPENDIX A. FABRICATION PROCESS 

A1. Air-stable Back-Gated Phosphorene Devices 

1. Prepare substrate & exfoliate 

- Acetone + Isopropanol (IPA) rinse + N2 dry 

- Heat 120 °C; 60 sec 

- Avoid using needle-shaped bulks 

- Quick optical microscope scan for feasibility 

2. PMMA layer = e-beam resist + interim encapsulation 

- Polymethyl methacrylate (PMMA) A4 

- Spin cast: 4000 rpm; 60 sec 

- Bake: 180 °C; 120 sec 

- Comprehensive flake scan 

3. Source/Drain Pattern 

- e-beam lithography 

- Develop in MIBK:IPA = 1:3 for 2mins 

- IPA rinse 

- Metal evaporation; Ti/Au = 20/400 Å; minimize sample heating 

- Lift off in acetone; 2+ hours 

- Acetone + IPA rinse + N2 dry 

4. Dielectric encapsulation 

- Atomic Layer Deposition (ALD) Al2O3 (H2O + Trimethylaluminium 

precursor) 

- Base temperature = 150 °C 
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- Remove stabilizing steps & immediately initiate precursor with cycle run; for 

minimizing thermal exposure 

- Recipe: (N cycles for N Å of deposition) 

5. Fluoropolymer 

- DuPontTM AF (Amorphous Fluoropolymer Solution;) 

- Deposit over ALD layer 

- Spin coat fluoropolymer 4000 rpm; 120 sec 

- Solidify at 250 °C; 30 min 

 

A2. Pick-and-Place Dry Transfer 

1. PDMS stamp 

- PDMS on thin glass slides 

- Spin cast adhesion layer, 15% PPC in Anisole; spin at 3000 rpm for 60 sec; 

bake at 130 °C for 120 sec 

2. Pick up 

- Vacuum baking helps picking up 

- Contact stamp and heat stage to 45-50 °C 

 Instruction # Value Units 

0 pulse 0 (H2O) 0.015  

1 wait  20 sec 

2 pulse 1 (TMA) 0.025  

3 wait  20 sec 

4 goto 0 N cycle 
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3. Drop 

- Drop on diamond culet: 110 °C; totally melt adhesion layer 

- Drop on Si/SiO2 chip: 130 °C; totally melt adhesion layer 

- Drop on Si/SiO2; 90-100 °C; drops only flakes 

4. Transfer on Diamond Anvil Cell 

- Pre-load substrates on culet: to prevent possible doping effect 

- Thin Si/Al2O3 substrate used: 10 μm thickness from UniversityWafer, Inc. + 

ALD deposition 

- Drop flake on the substrate 

- Dissolve PPC layer with Acetone:Alcohol = 1:1 mix 
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