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Abstract 

 

Strain Tuning of Thermal, Electrical and Optical Properties  

of Semiconductors  

 

Xianghai Meng, PhD 

The University of Texas at Austin, 2019 

 

Supervisor: Yaguo Wang, Co-Supervisor: Jung-Fu Lin 

 

The discovery of graphene by mechanical exfoliation has opened a new realm of 

research. Compared to traditional 3D crystal structures, 2D materials are characterized by 

strong in-plane covalent bond and weak interlayer van der Waals force, giving them 

unique 2D crystal structure. In the past ten years, various 2D materials have been 

explored with very different electronic properties, ranging from wide band-gap insulators 

to conductors. Owing to the different bond strength, 2D materials behave differently in 

their electrical, thermal properties along the cross-plane and in-plane direction. In 

addition, the in-plane electrical, optical and thermal properties are also found to be 

anisotropic for some particular 2D materials due to the asymmetric crystal structure. Both 

the in-plane and cross-plane anisotropic properties of 2D materials give rise to a 

possibility to design the micro/nano devices in various applications.  

The intrinsic properties of TMDs can be further adjusted by external factors, such 

as electrical fields, temperature, magnetic field, et al. Among all the external 
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stimulations, strain has been shown an effective method to control the electronic, thermal, 

optical properties of semiconductors. With the discovery of 2D materials, the application 

of strain tuning has been growing since the reduced dimensional structures can sustain 

much larger strains than bulk crystals.  

In this dissertation, in-plane anisotropic nonlinear optical nonlinearity is studies 

with an Intensity-scan spectroscopy at ambient conditions. Then a diamond anvil cell 

(DAC) device is employed to generate large strain on MoS2. With our home-built pico-

second Transient Thermoreflectance technique, ~7x enhancement in cross-plane is 

observed due to the pressure/strain modified interlayer interaction. Moreover, 

photoluminescence and Raman spectroscopy are used to probe the impurity levels in BAs 

crystal. Pressure/Strain modified impurity level change will also have significant effect 

on this high thermal conductivity material. Lastly, a modified pico-second Transient 

Thermoreflectance system is developed to achieve simultaneous measurement on thermal 

conductivity and specific heat of materials. 

 

Keywords: high pressure, strain, thermal conductivity, nonlinearity, defects 
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Chapter 1: Introduction 

1.1 Two-Dimensional Materials 

In recent years, the discovery of graphene1 has sparked a largely increasing 

attraction to the family of two-dimensional (2D) materials2. Due to their unique structure, 

where covalent bond holds together the atoms within each layer and adjacent layers are 

connected by weak van der Waals (vdWs) forces, as demonstrated in Fig 1.1, 2D 

materials possess superior electrical, optical, thermal properties that bulk materials do not 

have.  

 

Figure 1.1 a) Crystal structure of bi-layer graphene. b) Crystal structure of MoS2. c) 

Crystal structure of black phosphorus d) Top view of crystal structure of ReS2. 
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In particular, graphene has proved to be a great candidate for emerging 

technologies such as flexible electronics3 and solar cells4, due to its high carrier mobility 

and current density. However, the lack of bandgap in this material considerably restricts 

its application in semiconductor industry and some optical devices that require a switch 

for operation. TMD compounds, possessing layered structures, are consisted of 

Chalcogen-Transition metal-Chalcogen sheets covalently bonded in each individual 

layer. Unlike graphene, TMD compounds usually possess a layer dependent bandgap5,6. 

When these materials are in a multilayer configuration, an indirect bandgap dominates; 

when thinned down to monolayer condition, a direct bandgap relationship appears, which 

usually corresponds to visible wavelength. Other types of 2D semiconductors have also 

been discovered, such as black phosphorous, possessing a layer dependent direct bandgap 

from 1.88 eV at monolayer condition to 0.3 eV at bulk condition7, which has potential 

applications in infra-red wavelengths. 

As the demand for high performance devices keep increasing, scientists contrive 

various architectures. However, intrinsic properties of materials have become bottleneck 

for further improving device functionalities. On one hand, researchers never stop 

exploring new materials that have superior properties, on the other hand, they focus on 

existing materials. In the latter, they can optimize their intrinsic properties and functions 

by introducing external disturbances, such as defect engineering8-10, chemical doping2,11, 

and surface functionalization12,13. Among various methods, strain engineering has been 

shown to be a powerful way to alter semiconductor properties. In the semiconductor 

industry, strain engineering has been already employed to improve device and material 
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performance. NMOS and PMOS based on silicon experience much higher carrier 

mobility in the MOSFET channel when tensile and compressive strains are applied, 

respectively14-16. 

1.2 Strain tuning on 2D materials with mechanical method 

Due to their flexible nature, strain can be more easily applied on 2D materials as 

opposed to other bulk materials. There are several research studies that apply strain with 

mechanical methods on 2D materials to modify their intrinsic features. For example, 

black phosphorus sheets subjected to periodic stress have a remarkable shift in absorption 

band-edge of 0.7 eV between the regions under tensile and compressive strain17. For bi-

layer WSe2 under uniaxial tensile strain, the PL intensity enlarges by 35X, which is 

comparable to that of an unstrained WSe2 monolayer. DFT calculations prove that this is 

the result of the indirect to direct bandgap transition18. Simulations also predict some 

strain effect on other 2D materials. In bilayer phosphorene, slight compressive strain 

perpendicular to surface leads to increase in electron mobility due to the emergence of 

new conduction band minimum that is decoupled from the in-plane acoustic phonons that 

dominate carrier scattering19. In monolayer MoS2, electron effective mass at different 

positions in B-zone along different directions have different responses to compressive 

and tensile strain20. 
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Figure 1.2 a) Absorption edge shift at different wrinkle position of black phosphorus. b) 

PL shift and enhancement of WSe2 under tensile strain. c) Electron mobility induced by 

compressive strain perpendicular to surface in bi-layer phosphorene. d) Electron effective 

mass along different direction in Brillouin zone at compressive/tensile strain. 

 

Various approaches are widely adopted for studies in 2D materials, those methods 

are summarized as followed:  

1. Deformation of flexible substrates: These methods usually place the 2D 

material on some flexible substrate, such as PDMS, which is attached to a 

high-precision mechanical device for bending/stretching operations. The strain 

is determined by the elongation or radius of curvature of the substrate. In the 

case of stretching, the governing parameters are ε=ΔL/L0, where L0 is the 

original length of substrate and ΔL is the length change21. For bending, ε=t/2r, 

where t is the thickness of sample and substrate and r is the radius of 

curvature, assuming that the radius of curvature is larger than the substrate 

thickness22. This is further parameterized by which whether the sample is 
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placed on the top or bottom surface of the substrate. In the case of bending, 

either tensile or compressive strain can be achieved. 

 

Figure 1.3 a) Schematics of strain tuning by bending flexible substrate22. b) Schematics 

of strain tuning by stretching/shrinking soft substrate21. 

2. Pressurized blisters: The mechanically exfoliated or CVD-grown 2D materials 

are transferred onto pre-defined microcavities in silicon wafers. A sealed 

cavity can be formed due to the good gas molecular impermeability of 2D 

materials. By changing the environment pressure, Pext, the pressure difference 

between inside and outside the sealed cavity can be modified (ΔP = Pint-Pext). 

With this method, biaxial tensile strain can be applied23. 

 

Figure 1.4 Schematics of strain tuning by pressured blisters23. 
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3. Atomic force microscope (AFM) tip: Strain can also be applied through AFM 

tip loading onto a suspended 2D material. This method is suitable for 

examining the mechanical properties (Young’s modulus) of the materials. 

However, this method is not applicable for practical device applications24. 

 

Figure 1.5 Schematics of strain tuning by AFM tips24. 

 

 

Figure 1.6 Schematics of strain tuning by Piezoelectric substrate actuation25. 
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4. Piezoelectric substrate actuation: A piezoelectric film (1-

x)[Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] (PMN-PT) can be applied as a substrate 

for strain tuning. When a bias voltage is applied, an out-of-plane electric field 

can be induced, resulting an in-plane strain (compressive/tensile) in graphene 

of MoS2. The advantage of this method is that the strain can be tuned 

continuously by the continuous applied voltage. However, a very high voltage 

is required for even a small strain (0.2%/500 V)25. 

1.3 Introduction to High pressure Physics in Diamond Anvil Cell (DAC) 

With traditional approaches, only a strain of less than 3% can be reached. 

Diamond anvil cells (DAC) have been developed to create extreme high pressure that 

exist inside the deep earth to study material properties and syntheses which cannot be 

achieved under normal conditions. Hydrostatic pressure created in a DAC provides a 

convenient and effective means to realize compressive strain by as much as 30%26,27. As 

shown in Fig. 1.7a&b, a DAC device is composed of two opposing faced diamond anvils. 

The diamond anvils along with a gasket, usually a strong and stiff metal, enclose a 

pressure medium in a sealed chamber that is secured over four concenctric bolts. The 

applied force is created by tightening these bolts, the uniaxial force is transformed into 

hydrostatic force through the pressue medium. The culet size is usually very small 

(several hundred microns), so with moderate force the pressure can reach a very high 

value, based on the simple equation, P=F/A, where P is pressure, F is force and A is area. 

Since the diamond windows and certain gasket materials are transparent to certain 
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electromagmatic waves, many optical measurement can be achieved, such as Raman, X-

ray diffraction, photoluminescence, etc28. 

 

 

Figure 1.7 a) Schematic picture of a DAC Device. b) Optical image of DAC. 

 

Solid, liquid and gaseous forms of pressure mediums can all be utilized depending 

on specific conditions, such as transparency to the light source and insulation properties. 

Generally, solids (NaCl, KBr) and liquids (silicone oil, 4:1 methanol/ ethanol mixture) 

provide an easy and fast way to load compared to gases. However, solid and liquid 

mediums have a relatively low hydrostaticity limit, some of which could not attain a 

hydrostatic pressure (MgO, Al2O3). For most cases, a hydrostatic pressure is preferred in 

order to avoid distorted observations. On the other hand, condensed gases (He, Ne, Ar) 

perform best for most room and low temperature experiments, but the gas loading could 

be difficult without particular gas-loading or cryogenic devices. Pressure scales could 

generally be either x-ray or optical. For the x-ray pressure scales (NaCl, Pt, Au), the x-ray 

diffraction is measured when applied pressure, and compared prior known equation of 
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state to obtain the pressure value. Optical sensors works by measuring fluorescence shift, 

ruby controls are universally used, but at ultra-high pressure Sm-YAG is used due to the 

unreliability of ruby. These pressures are characterized by the fluorescence of the ruby 

R1 peak and is thus calculated by the equation, 

P =
𝐴

𝐵
{[1 +

∆𝜆

𝜆
]
𝐵

− 1}                         (1.1) 

Where A and B are coefficients, and λ0= 694.22 nm is the room-pressure value at 298 

K28-30. 

Another important feature of applying strain with a DAC over mechanical 

methods is its consistency. When using mechanical approaches, the major assumption is 

that strain transfer from the substrate to the sample is perfect, which may not be true 

under many circumstances because of possibility of slippage at the sample/substrate 

interface. Moreover, mechanical approaches only work well for extremely thin samples, 

preferably monolayers, because the strain transfer across the layer/layer interface is not 

effective due to the weak vdWs forces. These factors cause large uncertainty in the 

estimated strain, hence producing inconsistency in experimental results. 

 Considering the above two advantages of DAC, it provides convenient and easy 

access on studying the strain effect of material properties with accurate results. However, 

it does have drawbacks compared to mechanical methods, in that only compressive strain 

can be applied, where tensile strain applied by mechanical method is still beneficial in 

some application.



1This chapter is published at ‘Meng, X., Zhou, Y., Chen, K., Roberts, R.H., Wu, W., Lin, J.F., Chen, R.T., Xu, X. and 

Wang, Y., 2018. Anisotropic Saturable and Excited‐State Absorption in Bulk ReS2. Advanced Optical Materials, 6(14), 

p.1800137, ’co-authored by Yongjian Zhou. I designed the system, conceived the idea, and wrote the draft. Yongjian 

Zhou did the measurement, and fitting, other authors involved in discussion. 
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Chapter 2: Anisotropic Nonlinear Optical Properties of Two-

dimensional Materials1 

2.1 Introduction 

As mentioned in the introduction chapter, TMDs has layer dependent bandgaps. 

In most 2H TMDs, such as MoS2, WS2 and MoSe2, a direct band gap is only observed at 

single layer form; when the number of stacked layers increases, they transition into an 

indirect gap semiconductor and the band gap drops sharply. 

 

Figure 2.1 Illustration of ReS2 crystal structure: side view (upper) and top view (bottom), 

with a-axis and b-axis marked with red arrows. 

 

Recently, another member of the TMD family, rhenium disulfide (ReS2), has 

begun to attract much attention. Different from the 2H structure of classical TMDs, ReS2 

possesses a distorted 1T triclinic crystal structure, as shown in Fig. 2.131.The bandgap 

evolution of ReS2 is peculiar compared to other 2H TMDs. Dileep et al. and Tongay et al.
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suggested that bulk and multi-layer ReS2 have direct bandgap32,33 and Tongay et al. also 

observed monolayer behavior in bulk ReS2 due to the electronic and vibrational 

decoupling33. However, other studies reported that bulk and multi-layer ReS2 are actually 

indirect band gap semiconductors, with band edge around 1.35 to 1.5 eV34-38. A very 

recent study by Gehlmann et al., which studied ReS2 via k-space photoemission 

microscopy, suggested that only bi-layer ReS2 is a direct bandgap semiconductor39. 

Despite these discrepancies, the reported bandgap energy dependence on layer thickness 

in ReS2 is much weaker compared with classical TMDs. For multi-layer and monolayer 

ReS2, though indirect band gap in nature, the difference of conduction band minimum 

(CBM) and valence band maximum (VBM) in momentum space is very small compared 

with other TMDs, which explains why there is no drastic change of photoluminescence 

(PL) efficiency with reducing layer thickness. 

Aside from its unique bandgap behavior, ReS2 also possesses another prominent 

feature that distinguishes it from 2H TMDs: in-plane anisotropy. The additional d valence 

electron from Re atoms contributes to the formation of zig-zag Re chains parallel to the 

b-axis of the crystal, which drastically reduces its symmetry and affects its physical 

properties. The highly anisotropic optical34, vibrational40, thermal41 and electronic 

transport properties42 demonstrated in ReS2 make it promising for applications in sensors 

and electronic devices35,43, such as polarization-sensitive detectors based on the 

anisotropic in-plane optical absorption44. Comparing with black phosphorous, whose in-

plane anisotropic properties have also been studied45-47, the excitonic and band-edge 

transitions of ReS2 have decoupled polarization dependence between the regularly 
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observed Exciton I (1.51 eV) and Exciton II (1.57 eV), allowing for tuning of individual 

transitions34,48. Furthermore, optical transitions in the near-infrared to visible wavelength 

region and the environmental stability make ReS2 more attractive for opto-electronic 

devices. 

In order to implement ReS2 into opto-electronic applications, a thorough 

examination of its optical response is essential. Nonlinear optical effects have been 

reported extensively in classical TMDs49-51, however, very few studies of ReS2’s 

nonlinear optical properties have been conducted to date52. Cui et al. have measured the 

different saturation fluence for saturable absorption (SA) in CVD grown multi-layer ReS2 

at 1550-nm wavelength52, but only with light polarization parallel and perpendicular to 

the ReS2 basal plane, so the in-plane anisotropy is not considered. Cui et al. (a different 

group) have derived the third-order nonlinear optical susceptibility |χ3| of monolayer and 

multi-layer ReS2 (~10-18 m2/V2) based on the third harmonic oscillation (THG) and found 

that the intensity of THG depends on the incident light polarization53. 

In this chapter, we have studied the anisotropic nonlinear optical properties in 

exfoliated bulk ReS2 with a new nonlinear optical spectroscopy. Our photon energy (1.57 

eV) is set to resonate with Exciton II to reveal its anisotropic nonlinear properties. By 

simultaneously measuring the polarization-dependent transmission and reflection, the real 

and imaginary part of complex refractive index have been extracted using the transfer 

matrix method, from which we obtain the absorption coefficients. The coefficient of both 

the linear and nonlinear absorption show clear anisotropic behavior. More interestingly, 

we observe a transition from saturable absorption (SA) to reverse saturable absorption 
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(RSA) with polarization angle, which can be attributed to the anisotropic saturable 

absorption and excited-state absorption in bulk ReS2.  

2.2 Measurement Technique: Intensity-Scan spectroscopy 

The measurement of nonlinear optical effect on ReS2 is challenging, which arises 

from the drawback of the standard method to study the nonlinear optical response, so 

called: Z-scan54, where the incident laser power is fixed and the irradiance on the sample 

is changed by scanning the sample position around the laser focal point, as shown in Fig. 

2.2a. The transmitted laser power is recorded by a detector. In the standard Z-scan 

technique, a large sample size and good sample homogeneity are required. As a result, 

most Z-scan experiments in TMDs are conducted in solutions with suspended TMD 

nanoflakes55-57, from which it is difficult to resolve the polarization-dependent response. 

With the intensity-scan (I-scan) technique as shown in Fig. 2.2b, where the laser 

irradiance is controlled by neutral density filters instead of moving the sample position, 

one can determine the nonlinear optical properties in inhomogeneous samples with low 

damage threshold58-60. Thus, the I-scan technique is much better suited to study exfoliated 

or CVD-grown, single-domain 2D flakes, which usually have a very limited radiation 

area61.  
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Figure 2.2 a) Schematic Setup of Z-scan spectroscopy. The sample is scanned through 

the laser focal point by an automated translation stage, DET1 and DET2 are 

photodetectors that can record the transmitted and reflected laser intensity, LIA is lock-in 

amplifier to resolved the signal change modulated by a mechanical chopper at a certain 

frequency b) Schematic Setup of Intensity-scan (I-scan) spectroscopy.  

 

A more detailed description our home-built I-scan experimental set-up is as 

followed: Femtosecond laser pulses are generated from an amplifier system (Spectra 

physics Spitfire ACE) with 790-nm central wavelength and 5-kHz repetition rate. A half-

wave plate and Glan-Taylor polarizer combo is employed to control the laser intensity 

and polarization. The laser beam passes through a neutral density filter wheel, which 

provides the repeatability and convenience between different sets of measurements. A 

lens pair is used to control the collimation, thus adjusting the spot size of the laser on the 

sample surface to prevent sample damage. A 10X Mitutoyo long-working-distance 
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objective lens is used to focus the laser beam on the sample plane with spot size 19 µm 

(1/e2 diameter). The reflected light is collected by the same objective lens and then 

directed to a power meter by a beam splitter. The transmitted and reflected light intensity 

are recorded simultaneously by two highly sensitive photodiode power meters (Ophir 

Photonics). The sample is fixed onto a rotary mount for polarization-dependent 

measurement. A CCD camera is also used to monitor the sample image. 

Z-scan does have advantage that I-scan do not possess, which is the utilization of 

lock-in amplifier (LIA) that can improve the signal-to-noise ratio to a large extent. The 

reason is as followed: The response of DET+LIA is highly nonlinear, meaning the 

reading from LIA does not have a linear relation with respect to the laser power shinning 

on the DET. In Z-scan, this may not be an issue, since the incident laser power on the 

sample is constant, the transmitted laser power shinning on the DET will change due the 

optical nonlinearity, but will not change by a large extent. However, in I-scan, the 

irradiance is altered by change the laser power, meaning even without considering the 

nonlinearity from the sample, the laser power will change by several orders of magnitude 

in order to study the nonlinear optical effect of the sample. In this case, trend from LIA 

reading cannot represent the trend of the laser power shinning on the detector anymore. 

So we employ pre-calibrated powermeters to read the laser power directly. 
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2.3 Anisotropic Saturable and Excited State absorption on ReS2 

2.3.1 Transfer matrix 

This method is employed here due to the fact that our sample thickness is on the 

same order of the laser wavelength. In the thin multi-layer sample, the Fresnel equations 

are no longer accurate in deriving the complex refractive index, because the 

reflection/transmission at multi-layer interface will interfere with each other. This 

interference causes oscillations in the reflection/transmission with respect to laser 

wavelength or sample thickness. The transfer matrix method considers the reflection and 

transmission at each interface and the light propagation in individual layers, thus the 

complex refractive index can be deduced accurately with the consideration of wavelength 

and sample geometry62. 

The transfer matrix method is based on the simple continuity of the electric field 

across the interfaces, according to Maxwell’s equations. For a multilayer structure, the 

electric field in each layer and across the interface can be represented by a matrix. For the 

electric field that propagates in a single material, the matrix is defined as: 

𝑀𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 = [
𝑒
−2𝜋𝑖∗𝑛∗𝑑

𝜆 0

0 𝑒
2𝜋𝑖∗𝑛∗𝑑

𝜆

]                   (2.1) 

Where n is complex refractive index, d is thickness, and λ is the wavelength of the light. 

At each interface, the matrix can be written as: 

𝑀𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 =
1

𝑡
[
1 𝑟
𝑟 1

]                        (2.2) 
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Where t=2*n1/(n1+n2) is the transmittance of electric field, r=(n1-n2)/(n1+n2) is the 

reflectance of electric field. n1 and n2 are the complex refractive index of the materials on 

the left and right hand side of the interface (assuming light propagates from left to right). 

 

Figure 2.3 Multilayer model used in the transfer matrix method. 

Fig. 2.3 shows the schematics of our experimental condition. Since the air and 

glass are very thick, we apply the common Fresnel equation to deal with the transmission 

and reflection at the Air/Glass interface, and only apply transfer matrix method on the 

section within the dashed rectangle. 

From the above propagation and interface matrix information, we can write the 

total transfer matrix with the multiplication of the interface matrix of Glass/ReS2, the 

propagation matrix of ReS2 and the interface matrix of ReS2/Air: 

𝑀 = 𝑀𝑔𝑙𝑎𝑠𝑠/𝑅𝑒𝑆2 ×𝑀𝑅𝑒𝑆2 ×𝑀𝑅𝑒𝑆2/𝑔𝑙𝑎𝑠𝑠 = [
𝐴 𝐵
𝐶 𝐷

]              (2.3) 

Thus in the structure shown in the dashed rectangle in Figure R5, the reflectance can be 

written as: 

𝑅 = |𝑟|2 = |
𝐶

𝐴
|
2

                          (2.4) 

R is the reflectance of intensity, r is the reflectance of electric field. 
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The transmittance can be written as: 

𝑇 = |𝑡|2 ×
|𝑛𝑎𝑖𝑟|

|𝑛𝑔𝑙𝑎𝑠𝑠|
= |

1

𝐴
|
2

×
|𝑛𝑎𝑖𝑟|

|𝑛𝑔𝑙𝑎𝑠𝑠|
                   (2.5) 

Where T is the transmittance of intensity, t is the transmittance of electric field. Here, we 

consider a factor of nair/nglass, due to the fact that incident and transmitted light are in 

different media. The intensity I is proportional to 2nε0cE2, where n is the refractive 

index of the medium, ε0 is dielectric constant, c is speed of light, and E is electric field. 

The total reflectance consists of the reflectance from air/glass interface and 

glass/ReS2 interface. (The reflectance from ReS2/air interface is already considered in the 

transfer matrix): 

𝑅𝑡𝑜𝑡𝑎𝑙 = (
𝑛𝑎𝑖𝑟−𝑛𝑔𝑙𝑎𝑠𝑠

𝑛𝑎𝑖𝑟+𝑛𝑔𝑙𝑎𝑠𝑠
)
2

+ 𝑅 ∗ [1 − (
𝑛𝑎𝑖𝑟−𝑛𝑔𝑙𝑎𝑠𝑠

𝑛𝑎𝑖𝑟+𝑛𝑔𝑙𝑎𝑠𝑠
)
2

]

2

            (2.6) 

Where the first term is the reflectance from air/glass interface, the second term is 

reflectance from glass/ReS2 interface (note that in the second term the light also passes 

through the air/glass interface twice, the transmittance at this interface should also be 

considered). 

Then the total transmittance can be written as: 

𝑇𝑡𝑜𝑡𝑎𝑙 = 𝑇 ∗ [1 − (
𝑛𝑎𝑖𝑟−𝑛𝑔𝑙𝑎𝑠𝑠

𝑛𝑎𝑖𝑟+𝑛𝑔𝑙𝑎𝑠𝑠
)
2

]                     (2.7) 

The calculated Rtotal and Ttotal, both of which contain the real and imaginary part of the 

complex refractive index of ReS2, equal to the measured reflectance (Irefl/Iin) and 

transmittance (Itrans/Iin), and are solved to get the complex refractive index at each laser 

power condition. 
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Then the absorption coefficient could be obtained simply with: 𝛼 = 4𝜋𝑘/𝜆, 

where k is the imaginary part of the complex refractive index of ReS2. 

2.3.2 Linear optical response of ReS2 

 

 

 

Figure 2.4 a) Optical image of bulk ReS2 sample exfoliated onto thin glass substrate; 

inset is the thickness measurement by AFM. Green arrow marks the b-axis determined by 

Raman spectroscopy. b) Polarized Raman spectroscopy of ReS2 sample with parallel 

polarization for excitation (532nm) and collection beams at selected polarizations. Mode 

V, which is used to identify the b-axis, is outlined in orange. c) Experimental and fitted 

result of the intensity of Raman Mode V shown in polar coordinates. 
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The ReS2 sample was prepared via mechanical exfoliation with scotch tape from 

bulk crystal (purchased from 2D Semiconductors), and then transferred onto a thin glass 

substrate (180 µm). The sample thickness was about 328 nm, which was measured with 

Atomic Force Microscopy (AFM) as shown in the inset of Fig. 2.4a. Due to the stronger 

bonding between Re-Re atoms along b-axis, the crystal preferentially breaks along this 

direction and the crystal orientation of ReS2 can be easily determined by the long cleaved 

edge. However, this method alone cannot be applied to determine the orientation of our 

sample with irregular edges. Therefore, we employ polarized Raman spectroscopy to 

resolve the crystal orientation by fitting the angle-dependent intensity of Mode V with the 

equation: 𝐼 = 𝑎 + 𝑏𝑐𝑜𝑠2(𝜃 − 𝜃𝑚𝑎𝑥), where a and b are constants, I is the Raman 

intensity under parallel excitation and collection configuration, and θ is the angle 

between laser polarization and b-axis63. Fig. 2.4b shows the polarized Raman spectrum 

for parallel excitation and collection beams at selected polarization angles. The intensity 

variation of Mode V at approximately 212 cm-1 is fitted with the above equation, as 

shown in polar coordinates in Fig. 2.4c. The b-axis aligns with the direction where the 

intensity of Mode V is maximized,[47] which is marked by the green arrow in Fig. 2.4a. 

Our PL measurements (see Fig. 2.5) reveal the indirect band gap around 1.4 eV34, 

Exciton I around 1.47 eV and Exciton II around 1.57 eV. The photon energy is centered 

at 1.57 eV (790 nm) to resonate with Exciton II.  
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Figure 2.5 PL measurements of bulk ReS2 on the thin glass substrate in the manuscript. 

(Green dash line represents our laser spectrum, solid lines of different colors represent the 

PL measurement at different polarization angle with parallel excitation and collection 

light). 

 

Before studying the nonlinear optical absorption, the anisotropic linear absorption 

of ReS2 is worth studying. We perform simultaneous measurements of reflection and 

transmission at constant incident energy at 30 µW (peak power 1.55 GW/cm2 with 1/e2 

beam radius of 19 μm). The peak power is low enough to make sure nonlinear optical 

effect does not occur. Fig. 6a-c shows the reflectance (R), transmittance (T) and 

absorptance (1-R-T) at different polarization angles with 15-degree increment. The 

polarization angle is defined to be the angle between laser polarization and the b-axis. All 

the three quantities show obvious angle dependent behavior and can be fitted with the 

same equation as in the Raman intensity of Mode V34. In Fig. 2.6a, the reflectance is 

maximized at 0 degrees and minimized at 90 degrees. This phenomenon suggests that the 
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effect of the anisotropic linear reflection should be considered in studying the nonlinear 

effect. As shown in Fig. 2.6b, the transmittance shows a minimum around 147 degrees 

and a maximum around 57 degrees. With both reflectance and transmittance, we derived 

the linear absorptance simply with (1-R-T), as shown in Fig. 2.6c, where the minimum 

and maximum absorptance appear at 13 and 102 degrees, respectively. Even though the 

anisotropic linear absorption in ReS2 has been reported in previous studies, the observed 

dependence on polarization angle is inconsistent. For example, Ho. et al. observed a 

maxima of linear absorption at the indirect band edge when the light polarization aligns 

parallel to the b-axis64,65. Liu et al. reported that the maximum absorption occurs with 

light polarization perpendicular to b-axis over a broad spectrum (1.55 eV to 2.76 eV)44. 

Also, Sim et al. found that the absorption extrema at two exciton energies (1.53 eV and 

1.59 eV) are not aligned with either of the orthogonal directions of b-axis, but at 19 and 

87 degrees, respectively48. The possible reason of the discrepancy observed in the 

anisotropic linear absorption could be the difference in the stacking order of ReS2 layers. 

Raman measurements show that the stacking of ReS2 could be either anisotropic (AA 

stacking, which results in two inter-layer shear Raman modes) or isotropic (AB stacking, 

which results in two inter-layer shear Raman modes)66. In multi-layer ReS2, the stacking 

could be a combination of AA and AB stacking orders.  
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Figure 2.6 Linear a) reflectance b) transmittance c) absorptance vs. polarization angle 

with respect to the b-axis in polar coordinates (Squares are experimental data and lines 

are fitted result). d) Linear absorption coefficient vs polarization angle with respect to the 

b-axis (error bars are standard deviation measured at three spots on the same sample). 

 

With known sample thickness and absorptance, the anisotropic absorption 

coefficient for our laser wavelength (790 nm) can be deduced with the transfer matrix 

method. The imaginary part of the complex refractive index, k, can be directly linked to 

the absorption coefficient α (𝛼 = 4𝜋𝑘/𝜆, where λ is the laser wavelength), which we 

found to vary between 25000 and 31000 cm-1, values smaller than but on the same order 

of magnitude as those reported in literature67,68. 
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2.3.3 Cross-over between saturable and excited-state absorption 

 

Figure 2.7 a) Polarization dependent linear and nonlinear absorption at 1.55 and 72.8 

GW/cm2, respectively. b) Polarization dependent normalized absorption (error bars are 

standard deviation measured at three spots on the same sample). c) Schematic of excited-

state absorption in ReS2. 

 

In order to investigate the nonlinear absorption, the incident laser peak power is 

increased to 72.8 GW/cm2 (laser power = 1446 µW), and the absorptance in linear regime 

and nonlinear regime are compared, as shown in Fig. 2.7a. The absorptance at high peak 

power regime also depends on light polarization, and its absolute value (orange curve) 

follows a similar trend to that at low peak power (blue curve). However, there are two 

crossing points between these two curves indicating the deviation from linear absorption 

at high peak power, which is more obvious by plotting the ratio between them 

(normalized absorptance), as shown in Fig. 2.7b. A ratio less than 1 indicates saturable 
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absorption (SA) and a ratio greater than 1 indicates reverse saturable absorption (RSA). 

The nonlinear absorption at high peak power shows RSA at 0 degrees (along b-axis), then 

gradually transits to SA, reaching its peak around 100 degrees before eventually returning 

to RSA. To further investigate this peculiar transition of nonlinear absorption with 

polarization angle, we performed I-scan measurements at different polarization angles 

ranging from 100 degrees to 180 degrees, as shown in Fig. 2.8a. To obtain accurate 

results of nonlinear absorption, we dropped the assumption that reflection does not 

change significantly with laser intensity, which has been routinely used in Z-scan and I-

scan measurements. Instead, both the reflection and transmission are recorded 

simultaneously to extract absorption, and then transfer matrix method is applied to obtain 

the absorption coefficient as in linear absorption case. In Fig 2.8a, the extracted 

absorption coefficients (green circles) are plotted as a function of laser peak power at 

different polarization angles. At 100 degrees, the absorption decreases monotonically 

with laser peak power, suggesting strong SA. As the polarization angle increases, 

especially when larger than 140 degrees, a protrusion starts to rise at low peak power 

regime – which is a sign of RSA – and gradually moves to the high peak power regime 

with broader power range. Eventually, RSA dominates over SA at 180 degrees. 
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Figure 2.8 a) Experimental and fitted results of I-scan measurement at different 

polarization angles (error bars are standard deviation measured at three spots on the same 

sample). b) Contributions of saturable and excited-state absorption to the total absorption. 

 

The mechanism of SA is universal: at high incident power, due to the state filling 

effect at conduction band minimum (CBM) or the depletion of electrons at valence band 

maximum (VBM), extra photons could not induce additional carrier excitation from 

conduction band to valence band, resulting in a decrease in absorption69. The physics of 

RSA is much more complicated and may originate from different mechanisms, such as 

free carrier absorption (FCA), two-photon absorption (TPA), or excited-state absorption 

(ESA)69,70. FCA requires pre-existing electrons at the CBM (or holes at the VBM). Our 

ReS2 sample is undoped with negligible amount of impurities, so the background carrier 

density is extremely small. Moreover, FCA is an intra-band absorption process and 

involves momentum change of excited carriers. Considering the small momentum that 
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photons can carry, FCA needs the assistance of phonons or impurities to conserve the 

momentum70. The efficiency of transitions involving multiple particles processes is 

inherently low. All these factors suggest that FCA can be safely neglected. TPA is 

responsible for the nonlinear optical phenomena observed in many 2D materials71-73. In 

black phosphorous, a similar SA to RSA transition with polarization angle is observed74. 

At certain polarization, the absorption of black phosphorous first decreases with power 

because of SA, then increases at high peak power – a feature of TPA. TPA is related to 

the third-order nonlinear susceptibility term. For most materials, the TPA absorption 

cross section is small and high laser intensity is required. As a result, TPA is usually 

observed at high peak power. However, the RSA behavior observed in our experiments 

appears at low peak power, which is unlikely to be a result of TPA. Therefore, we 

propose ESA to be a possible mechanism. ESA has been studied vigorously in laser gain 

media75-78. ESA requires existence of higher-energy excited states that can induce 

transition between low-lying and high-lying excited states without momentum 

change79,80. As shown in Fig. 2.7c, the simplest case of ESA involves a 

three-energy-level system, S1 (ground state), S2 (first excited state), S3 (second excited 

state). In previous studies, excited (Rydberg) excitonic states of ReS2 have been observed 

in the absorption and photoconductivity spectra81,82, which strongly suggests the 

likelihood of ESA to occur. To observe ESA experimentally, two conditions must be 

satisfied: the first requirement is that the photon energy has to be resonant with a specific 

direct transition so that substantial amount of carriers can be excited to state S2, which 

serves as the “ground state” for transition from S2 to S369. Our PL measurement (Fig. 
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2.5) shows that our laser photon energy (1.51-1.59 eV, centered at 1.57 eV) is resonant 

with one of the exciton transitions at 1.57 eV from the ground state to S2. Hence, the first 

requirement is satisfied. The second requirement is that the laser pulse width should be 

shorter than the relaxation time of excited carrier on state S2, which ensures there is 

sufficient time to excite carriers from S2 to S3. The pulse width of our femtosecond laser 

is about 350 fs (FWHM) at the sample position. The exciton recombination time of ReS2 

is reported to be more than 10 ps68, much longer than our laser pulse width. Therefore, 

the second requirement is also satisfied. To some extent, ESA is similar to TPA. The 

major difference between ESA and TPA is that no eigenstate exists at S2 for TPA; 

instead, S2 of TPA is a virtual state at which the carrier lifetime is extremely short (about 

fractions of 10-15 s)70. 

Since an optical transition is possible for both S1→ S2 and S2 → S3, both the 

absorption and saturation of S2 and S3 states needs to be considered. Taking into account 

the effects from both SA and ESA69,70,81, we construct an analytical model to fit the peak 

power-dependent absorption coefficient at various polarization angles: 

α =
𝛼0

1+
𝐼

𝐼𝛼,𝑠𝑎𝑡

+
𝛽0𝐼

1+(
𝐼

𝐼𝛽,𝑠𝑎𝑡
)

2                         (2.8) 

where α is absorption coefficient, α0 is linear absorption coefficient at low peak power, β 

is ESA absorption coefficient, Iα,sat and Iβ,sat are saturation terms, and I is the peak power. 

Even though the second term is very similar to that of TPA, TPA usually does not occur 

along with single photon absorption, whereas ESA can. 
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Polarization 

(degree) 

α0 

(cm-1) 

Iα,sat 

(GW/cm2) 

β0 

(cm/GW) 

Iβ,sat 

(GW/cm2) 

100 29300 ± 440 500 ± 71 160 ± 218 5 ± 2.5 

120 30200 ± 480 547 ± 90 170 ± 214 6.3 ± 3.1 

140 29500 ± 220 1800 ± 461 150 ± 76 9.56 ± 2.4 

150 29500 ± 119 6000 ± 561 70 ± 23.8 22 ± 7 

160 29000 ± 91 7822 ± 2071 50 ± 11 40 ± 18 

180 27000 ± 75 182000 ± 16717 33.6 ± 9.6 50 ± 34 

 

Table 2.1 Fitting parameters for linear/excited-state absorption coefficients and saturation 

terms based on Equation 2.8. 

 

The fitting results are shown in Fig. 2.8a and all the fitted parameters are 

summarized in Table I. Only the fittings at polarization angles from 100 degrees to 180 

degrees (from the minimum to the maximum normalized absorptance in Fig. 2.7a) are 

shown, which roughly align with the a-axis and b-axis shown in Fig. 2.4a, respectively. 

The fitted linear absorption coefficients at different angles (Table 1) agree well with 

those obtained from linear absorption measurement shown in Figure 2.6d, with only 

about 3% deviation, which validates our model. Both the linear absorption coefficient 

(α0) and ESA coefficient (β0) decrease with polarization angle. With larger linear 

absorption coefficient, density of excited carriers on state S2 is larger. Considering the 
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fact that S2 is actually the initial state of ESA, larger carrier density on S2 will increase 

the probability of optical transition from S2 to S3. It should not be surprising to see that 

β0 follows the same trend as α0 with polarization angle. Even though the fitted saturation 

peak power for SA (Iα,sat) is much larger than that of ESA (Iβ,sat), they both increase with 

the polarization angle. In Fig. 2.8b, we plot the absorption coefficient terms for SA, ESA 

and total absorption separately at different polarization angles, based on the fitting results 

with Equation 2.8. It can be seen that both the SA and ESA show strong dependence on 

polarization angle. When the laser polarization roughly aligns with a-axis, saturation 

effects from both single photon and excited-state absorption are clearly apparent. 

However, because the saturation of state S3 due to ESA occurs at very low laser peak 

power, SA at state S2 dominates the total absorption. When the laser polarization aligns 

with the b-axis (parallel to Re-atom chain), SA at state S2 disappears. Saturation of state 

S3 still occurs, but at much higher laser peak power. ESA dominates the change of total 

absorption coefficients with laser peak power.  

We now consider the origin of this anisotropic response. Saturation peak power of 

certain energy states (S2 or S3 in our case) depend on two factors: transition probability 

from S1 to S2 (or S2 to S3) and density of states (DOS), the latter of which determines 

the capacity of S2 (or S3) to accommodate carriers. Transition probability could be 

obtained from first-principle calculations, but we are not aware of any report about 

transition probability of ReS2 in literature. To some extent, the absorption coefficient for 

SA (α0) and ESA (β0) can reflect the transition probability at different polarization angles. 

Smaller coefficients at larger polarization angles indicate it is more difficult for the 
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optical transition to occur. The DOS is defined as the available number of states per 

energy interval, which is related to the electronic band structure. One recent experimental 

study with angle-resolved photoemission (ARPES) found that the valence band of ReS2 

consists of many narrow mini bands that are anisotropic, and most dispersive along the 

Re-chain direction (b-axis)80. If a similar trend applies to the conduction band, we can 

expect that the DOS along the b-axis is larger. Both the smaller transition probability and 

larger DOS along b-axis could then contribute to the larger saturation laser peak power 

for S2 and S3. 
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2.4 Some Supplemental data on the Power-dependent measurement at different 

polarizations 

 

Figure 2.9. Reflectance and transmittance data for Intensity-scan measurements at various 

polarization angles 
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Figure 2.10. Complex refractive index (ň ~ n+ik) derived from reflectance and 

transmittance by transfer matrix method at various polarization angles 

2.5 Summary 

We have measured the polarization-dependent reflection and transmission in bulk 

ReS2, from which we have deduced the absorption and extracted the absorption 

coefficients with transfer matrix method. Absorption coefficients under high laser power 

show a transition from SA to RSA when rotating the laser polarization with respect to the 

b-axis. We further utilized the I-scan technique to measure the polarization-dependent 
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nonlinear process in ReS2 and found that both saturable and excited-state absorption 

contribute to the observed absorption coefficient change with laser power. Both the SA 

and ESA show strong dependence on the polarization angle, which we attribute to the 

anisotropic optical transition probability and electronic band structure in ReS2. The 

anisotropic SA and ESA with polarization angle suggest potential application of ReS2 as 

a saturable absorber in Q-switch or passive mode-locking lasers. For lasers operating 

with primary wavelength coinciding with direct transition band edge (Exciton II in this 

case), ESA is not desirable. The ESA saturation fluence of ReS2 at 100 degree (1.75 

mJ/cm2) is comparable to other 2D TMDs (2 mJ/cm2 for black Phosphorus82, 2.5 mJ/cm2 

for MoS2
83 and 5.6 mJ/cm2 for WS2

83), while much smaller than traditional saturable 

absorbers, such as Cr4+:LuAG (18 mJ/cm2), Cr4+:YSGG (45 mJ/cm2), and Cr4+:YAG (68 

mJ/cm2)84. Small saturation power of ESA in ReS2 along the a-axis will minimize the 

absorption loss due to ESA and hence provides a unique advantage. Along the b-axis, 

where SA is suppressed, it may be possible to utilize the ESA effect in ReS2 for up-

conversion lasers, e.g. pumping with photon energy of state S2 while lasing at photon 

energy of state S3. Even though only bulk ReS2 sample is studied, this anisotropic 

nonlinear optical phenomenon is expected to also occur in few-layer and mono-layer 

samples, due to the relatively weak inter-layer coupling in ReS2. 

 

Statement: This chapter is published at ‘Meng, X., Zhou, Y., Chen, K., Roberts, R.H., 

Wu, W., Lin, J.F., Chen, R.T., Xu, X. and Wang, Y., 2018. Anisotropic Saturable and 

Excited‐State Absorption in Bulk ReS2. Advanced Optical Materials, 6(14), p.1800137, 
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’co-authored by Yongjian Zhou. I designed the system, conceived the idea, and wrote the 

draft. Yongjian Zhou did the measurement, and fitting.

 

 

 

 



1This chapter is published at ‘Meng, X., Pandey, T., Jeong, J., Fu, S., Yang, J., Chen, K., Singh, A., He, F., Xu, X., 

Zhou, J. and Hsieh, W.P., 2019. Thermal Conductivity Enhancement in MoS2 under Extreme Strain. Physical review 

letters, 122(15), p.155901.’ co-authored by Tribhuwan Pandey. I performed the experimental measurement, fitted the 

result. Tribhuwan Pandey worked on the DFT calculation. Other authors involved in discussion. 
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Chapter 3: Thermal Conductivity Tuning under High Pressure/Strain1 

3.1 Introduction 

Strain is an effective tool to tune physical properties in a wide range of materials 

85-88. In transition metal dichalcogenides (TMDs), strain can alter the interlayer distance, 

as well as bond strength, length and angle between the transition metal and chalcogen 

atoms, modifying the interatomic orbital coupling, interlayer wavefunction overlap and 

valence band splitting89-91. Changes in these physical parameters can modulate electronic 

and phononic properties to a great extent. For example, the electronic band gap and 

phonon Raman peaks in TMDs have been shown experimentally to be very sensitive to 

strain, with an A1g phonon Raman shift as large as ~5-6 cm-1/%92-97. In traditional 

mechanical bending/stretching experiments, the 2D materials sit on a flexible substrate 

and strain is determined by the elongation or radius of curvature of the substrate92,93,98,99. 

Any slippage across the sample/substrate interface or imperfect strain transfer across 

layers can introduce large uncertainties. Therefore, the reported values of strain-induced 

Raman peak shifts using these techniques vary significantly and are sometimes 

contradictory92,94,100 (Fig. 3.1). Moreover, strains generated in stretching/bending 

experiments are typically only less than 4%92,101. Hydrostatic pressure created in a 

diamond anvil cell (DAC) can generate compressive strain as high as 30%27,102, without 

introducing any damage to the samples. DACs have been extensively used in the 

geophysics field to simulate the high-pressure environment in planetary interiors28. The 

reported Raman peak shifts of 2D materials under strain generated in a DAC are highly
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consistent between different studies, including our own103-107 (Fig. 3.2). In Fig. 3.2a&b, 

we plot together the Raman spectra of A1g and E2g modes from our measurements and 

those published in literature103-107. It is clear that the pressure-dependent Raman shifts are 

very consistent. Fig. 3.2c shows the published photoluminescence (PL) measurement on 

monolayer MoS2 under high pressure, including one of our previous work, the PL peak 

evolutions with respect to pressure from different studies are also highly consistent97,108. 

We didn’t perform PL measurement in this study since our sample is bulk which does not 

have a strong photoluminescence signal. Compared with strain measurements in 

mechanical approaches, strain generated in DAC device can be precisely determined with 

good consistency among different groups. 

 

Figure 3.1 Strain dependent Raman shift of a) monolayer/few layer MoS2 E2g mode. and 

b) monolayer MoS2 A1g mode 92,94,100. 
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Figure 3.2 Comparison of pressure dependent a)&b) Raman shifts and c) 

photoluminescence measured in DAC 103-107. 

 

Previous studies demonstrated that with about 9% cross-plane compressive strain, 

molybdenum disulfide (MoS2), one of the most studied TMD material for novel 

electronics109-113, exhibits a semiconductor to metal (S-M) transition90,114, with an 

electrical conductivity enhancement from 0.03 S/m to 18 S/m 102,103. Extreme strain 

should also have a profound impact on phonon transport properties, which can affect the 

thermal conductivity in MoS2. MoS2 possesses highly anisotropic thermal conductivities 
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along in-plane and cross-plane directions. The reported in-plane thermal conductivity (κ//) 

ranges from 35 to 85 Wm-1K-1 115-117 – more than 10 times higher than the cross-plane 

thermal conductivity (κ⏊ ~2-4.5 Wm-1K-1) 115,118-120. Small κ⏊ could jeopardize heat 

dissipation of TMD-based electronics, and so techniques to enhance the cross-plane 

thermal conductivity are required. Previous theoretical studies of strain’s effect on 

thermal conductivity in TMDs have reached inconsistent conclusions121-125, and 

experimental studies have not yet been reported. Thus, exploring the tunability of thermal 

conductivity in TMDs with strain will not only have scientific significance, but also 

inform thermal management techniques in all TMD-based electronic devices. 

In this work, a DAC device is integrated into our recently developed picosecond 

transient thermoreflectance (ps-TTR) system126 to study strain-tuned cross-plane thermal 

conductivity (κ⏊) in bulk MoS2 up to ~19 GPa (over 9% cross-plane strain). We observed 

roughly a 7x increase of κ⏊, from 3.5 W m-1K-1 at ambient pressure to about 25 W m-1K-1 

at 19 GPa. First-principles calculations and electrical conductivity measurements suggest 

that this drastic change arises mainly from the substantially strengthened interlayer force 

and heavily modified phonon dispersions along the cross-plane direction. The group 

velocities of coherent longitudinal acoustic phonons (LAP), measured with coherent 

phonon spectroscopy (CPS), increase by a factor of 1.6 at 19 GPa due to phonon 

hardening, while their lifetimes decrease due to the phonon unbundling effect. Our 

findings could be extended to any 2D materials bonded by vdWs forces, down to bi-layer 

systems. 
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3.2 Measurement Technique: Coherent Acoustic Phonon Spectroscopy (CAPs) 

 

Figure 3.3 Schematic of pump-probe CPS system. 

As shown in Fig. 3.3, for CPS measurements, we employ fs pump-probe system. 

Ti: Sapphire Amplifier system (Spitfire ACE, Spectra Physics) generates laser pulses 

with 35-fs pulse width (full width at half maximum), 5 kHz repetition rate, 1.2 mJ pulse 

energy, and 800 nm central wavelength. Firstly, a beam expander is used to reduce laser 

spot size from 15 mm to 5 mm (diameter), and then the laser beam is split into two parts: 

a strong pump beam and a much weaker probe beam. For each beam, a Glan prism and 

half wave plate are used together to control the beam intensity and polarization. In our 

experiments, both the pump and probe beams each have a polarization parallel to optical 

table surface. A second harmonic generation crystal (Beta Barium Borate, BBO) is used 

to convert pump beam from 800 nm to 400 nm, after which a band-pass filter is used to 
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remove residual 800 nm component. A linear translation stage with a step motor is used 

to control the optical path of probe beam, through which time delays are created between 

pump and probe pulses with a resolution of 14 fs. Both pump and probe beams are 

focused onto the sample collinearly by a 20X objective lens (Mitutoyo) (working distance 

30.5 mm) with a spot size of 10 µm and 1.5 µm (1/e2 diameter), respectively. The probe 

beam reflected from sample surface, together with a reference probe beam, is collected 

by a balance detector. A mechanical chopper is placed in the path of the pump beam, and 

a pre-amplifier and lock-in Amplifier are used to extract data and to improve signal-to-

noise ratio. 

3.3 Measurement Technique: Picosecond Transient Thermoreflectance 

Thermal conductivity and interface thermal resistance have always been 

important parameters when designing systems where heat dissipation and insulation are 

crucial. Thus accurately measuring thermal conductivity offers great guidance for system 

optimization. For bulk materials, several existing methods such as steady-state method, 

transient hot wire method, laser flash diffusion method and transient plane source method 

are mostly used. Recently years, as the miniaturization of semiconductor industry, 

materials dimensions have dropped dramatically, especially their thicknesses. Thin films 

with thickness at nanometer and micrometer range have been used extensively in 

microelectronics, photonics, MEMS, solar cells and thermo-electrics. However, thermal 

conductivity of thin film usually differs from that in bulk materials, due to the shrinkage 

of device size, in this case, heat accumulation become more significant and most of the 
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time detrimental for the stability of the devices. So it is of great importance to explore the 

thermal conductivity at thin film condition, such as the anisotropy between cross-plane 

and in-plane thermal conductivity, the layer dependence thermal conductivity. However 

conventional method for measuring thermal conductivity of bulk material usually cannot 

be applied to thin film measurement because they are too large in physical size to 

measure the temperature different and heat flux across a nano/micro scale length127.  

 

Figure 3.4 Schematic illustration of a) Steady-state measurement of thermal conductivity. 

b) 3ω method. 

Over the past decades, several methods have been invented and adopted to 

overcome the challenge and have been able to measure thin film thermal conductivity. 

Steady-state measurement (Fig. 3.4a) involves a heater/sensor deposited on the thin films, 

another sensor is employed to measure the temperature drop. There are also transient 

methods, such as 3ω method (Fig. 3.4b), where an AC current at frequency ω passes 

through the heater and causes a voltage modulation at a frequency of 3ω, which contains 

the thermal transport information. However, all the methods above require deposition of 
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metal strips of particular dimensions, which is usually carried out by micro-fabrication 

technique. This definitely increases the complexity of sample preparation127. 

Optical thermoreflectance method is able to measure thermal properties with the 

easiest sample preparation, and can work on versatile conditions where other methods are 

not capable of performing experiment, such as small sample where it is difficult to 

deposit metal strips of certain sizes. In thermoreflectance method, the sample is usually 

coated with a metal transducer layer. The heat from pump laser induces temperature 

increase in the transducer layer. This temperature increase is monitored by another probe 

beam delayed with respect to pump beam, by assuming ΔR/R=ΔT/T when temperature 

rise is small. By altering the delay between pump and probe beam, one is able to record 

the temporal response of the temperature change induced by the pump128.  

Conventionally, femtosecond thermoreflectrance technique (Time-domain 

thermoreflectance, or TDTR) utilizes a Ti:sapphire oscillator (center wavelength around 

800nm, repetition rate around 80 MHz) as laser source. The laser output is split into 

pump beam and probe beam as heating and sensing purposes. The pump beam is 

modulated by an acoustic-optic modulator or electro-optic modulator within frequency 

range between kHz and several MHz. The thermoreflectance signal is acquired by a 

detector and extracted by a lock-in amplifier (LIA). LIA can record both in-phase (Vin) 

and out-of-phase (Vout) signal, which correspond to the surface temperature rise/cooling 

and the sinusoidal heating of the sample at modulation frequency respectively. Then 

Vin/Vout is fitted with thermal diffusion model to extract desired thermal properties. The 

advantage that Vin/Vout is chosen instead of only Vin as the final signal is that the ratio 
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avoids many systematic errors. Firstly, the ratio Vin/Vout does not depend on laser 

intensity, sample reflectivity and absorptivity129. Secondly, the fake signal from the 

accidental non-concentric of pump/probe beam or beam radius change with extended 

delay could be minimized since those factors would change Vin and Vout simultaneously, 

thus get cancelled out by using the ratio130. Despite all the advantages, high-repetition-

rate fs TDTR still faces its own shortcoming originated from its laser source. The pulse 

interval of a typical Ti:Sapphire oscillator is 12.5 ns, which is shorter than the thermal 

relaxation time of most materials. In this case, heat accumulation effect from successive 

pulses must be considered, thus increasing the complexity of the model. 

 

 

Figure 3.5 Schematic of picosecond transient thermoreflectance system. 

In this research, we developed another type of optical thermoreflectance method – 

picosecond transient thermoreflectance spectroscopy (ps-TTR), to characterize thermal 
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properties without the heat accumulation effect. As shown in Fig. 3.5, for the transient 

thermoreflectance (TTR) measurement, a picosecond Coherent Talisker laser (pulse 

width 15 ps, 1064 nm, 200 kHz) is used as the heating source (pump), and the reflectance 

change of the Au transducer is probed with a CW laser (Coherent Verdi 532 nm). With 

an ac1oustic-optical modulator (AOM) based divisor, we further reduce the repetition 

rate to 1 kHz by picking up one pulse per 200 pulses. Both the pump and probe beam are 

collinearly incident on the sample through a Mitutoyo 10X IR long working distance 

objective lens, with pump and probe spot size to be 120 μm and 10 μm (1/e2 diameter) 

respectively. The small probe size and sample thickness compared to pump size 

guarantee the feasibility of 1D heat conduction model. A polarized beam splitter and 

quarter waveplate are placed before the objective lens, so that when the probe beam 

passes the quarter waveplate twice (incident and reflected), the loss of reflected probe 

signal from the beam splitter will be minimized. The reflected probe signal is then 

monitored by a fast Hamamatsu APD detector (Hamamatsu C5658, 1 GHz bandwidth), 

and recorded by an oscilloscope (TDS 744A, 2 Gbs sampling rate).  

The ps-TTR, compared to fs-TDTR, has the following advantages: 1. The low 

repetition rate (1KHz) ensures that the temperature rise caused by the previous pump 

pulse is completely relaxed before the next pump, so the heat accumulation effect could 

be neglected, making the model simpler; 2. The application of CW probe provides a 

straightforward way to perform direct time-resolved measurement with oscilloscope, 

without the use the translation stage, which involves complicated system alignment. 
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3.4 Cross-plane Thermal Conductivity Enhancement of MoS2 at High Pressure 

3.4.1 1D thermal conduction model and sensitivity/uncertainty in ps-TTR 

Heat conduction model: 

A one-dimensional (1D) thermal conduction model was used to calculate the 

time-resolved temperature profile and extract thermal conductivity from experiments: 

 𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
= 𝜅

𝜕2𝑇

𝜕𝑧2
+ �̇�                        (3.1) 

In Eq. 3.1, ρ is density, cp is specific heat, T is temperature, κ is thermal conductivity and 

�̇� is the heating source term for the pump laser. With a Gaussian laser pulse, the source 

term takes the form: �̇� = 𝐼0(1 − 𝑟)𝛼 𝑒𝑥𝑝 (−
𝑡2

𝜏2
) 𝑒𝑥𝑝(−𝛼𝑧) , where I0 is peak laser 

intensity, r is reflectivity (0.979 at 1064nm), α is the absorption coefficient of Au at 

pump wavelength (8.22×105 cm-1 at 1064 nm), and τ is the laser pulse width (full width at 

half maximum, 15 ps). Pump and probe spot sizes are 120 µm and 10 µm (1/e2 diameter), 

respectively. With a pump pulse energy of 800 nJ, the temperature rise in the Au layer is 

estimated to be about 9 K.  
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Figure 3.6 Sensitivity and uncertainty analysis at three selected pressures. a)-c) 

Sensitivity of different parameters at three selected pressures. d)-f) Uncertainty of κMoS2, 

R1 and R2 at three selected pressures. 

 

Sensitivity: 

With all the thermal parameters extracted, we perform sensitivity tests on three 

selected pressures. The sensitivity is defined as:  

𝑆𝑎 =
𝑑(𝑙𝑛𝑇)

𝑑(𝑙 𝑛(𝑎))
≈
ln(𝑇1.1𝑎)−ln(𝑇0.9𝑎)

ln(1.1𝑎)−ln(0.9𝑎)
                      (3.2) 
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where T is the surface temperature of Au and 𝑎 is the parameter in the heat conduction 

model. The sensitivity of κMoS2 (yellow curve) starts to rise after 100 ns. 

Sensitivity analysis shows that temperature profiles are mainly sensitive to κMoS2 

after 100 ns (Fig. 3.6). Experimental data up to 300 ns are used for fitting to extract κMoS2. 

Our thermal conduction model considers the silicone oil, Au thin film and MoS2 layers as 

well as the interfaces between them, though not the diamond, as the sample thickness (20 

µm) is much greater than the thermal diffusion length (𝐷 = √
𝜅

𝐶𝑝
∙ 𝑡𝑚𝑎𝑥 is estimated to be 

~ 1.8 μm, if using κMoS2= 25 Wm-1K-1, cp = 2.3×106 Jm-3K-1 and tmax=300 ns). Pressure 

could strongly affect many thermal parameters in the heat conduction model; however, 

the major unknowns are κMoS2, the interface thermal resistance between silicone oil and 

Au (Roil/Au), and that between Au and MoS2 (RAu/MoS2). Values of other parameters at high 

pressure can be extracted from literatures, or neglected due to the close-to-zero sensitivity 

compared with κMoS2. The pressure-dependent thermal parameters are summarized in the 

next section. 

Uncertainty: 

Jiang et al.131 have developed the method to find the minimized square difference 

between the experimental data and simulated data. Yang et al.132 have reported a method 

to estimate the uncertainties of multiple fitting parameters. We have combined these two 

methods and developed our strategy to use different fitting time ranges to achieve small 

uncertainty for desired fitting parameters. We extract the thermal conductivity and 
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interface resistance by simultaneously fitting the experimental results at different fitting 

time ranges using a least-squared regression method. 

 𝜓(𝑈) = ∑ (𝑅𝐸𝑋𝑃(𝑡𝑖) − 𝑓(𝑈, 𝑃, 𝑡𝑖))
2𝑀

𝑖=1   (3.3) 

where 𝑅𝐸𝑋𝑃(𝑡𝑖) is the measured thermoreflectacne signal at time 𝑡𝑖; 𝑓 is the simulated 

thermoreflectacne; 𝑈  is a column vector of the unknown properties, 𝑈 =

(𝜅𝑀𝑜𝑆2 , 𝑅1, 𝑅2)
𝑇
; 𝑃 is the vector including all the known parameters. 

The gradient of 𝜓(𝑈) should be zero in the U space at the best fit,  

 

∑2(𝑅𝐸𝑋𝑃(𝑡𝑖) − 𝑓(𝑈, 𝑃, 𝑡𝑖))

𝑀

𝑖=1

(
𝜕𝑓

𝜕𝑢𝑗
)
𝑈0

= 0 (3.4) 

where 𝑢𝑗  is the j-th component of 𝑈.  

Using Taylor expansion at the first order at a neighboring point (𝑈∗,𝑃∗), we can derive a 

simple matrix format, 

 𝐽𝑈
𝑇(𝑅𝐸𝑋𝑃 − 𝐹) − 𝐽𝑈

𝑇𝐽𝑓,𝑈(𝑈
∗ − 𝑈0) − 𝐽𝑈

𝑇𝐽𝑃(𝑃
∗ − 𝑃) = 0 (3.5) 

where 𝑅𝐸𝑋𝑃 = (𝑅𝐸𝑋𝑃(𝑡1), 𝑅𝐸𝑋𝑃(𝑡2),… , 𝑅𝐸𝑋𝑃(𝑡𝑁))
𝑇
 is a column vector of the measured 

thermoreflectance signal, and 𝐹 is the column vector simulated thermoreflectance signal, 

the matrices 𝐽𝑈 and 𝐽𝑃 are Jacobian matrices of the thermal model, 
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where 

𝐽𝑈 =

(

 
 

𝜕𝑓(𝑡1)

𝜕𝑢1
⋯

𝜕𝑓(𝑡1)

𝜕𝑢𝑙
⋮ ⋱ ⋮

𝜕𝑓(𝑡𝑁)

𝜕𝑢1
⋯

𝜕𝑓(𝑡𝑁)

𝜕𝑢𝑙 )

 
 

𝑈0,𝑃

 (3.6) 

and 

 

𝐽𝑃 =

(

 
 

𝜕𝑓(𝑡1)

𝜕𝑝1
⋯

𝜕𝑓(𝑡1)

𝜕𝑝𝑚
⋮ ⋱ ⋮

𝜕𝑓(𝑡𝑁)

𝜕𝑝1
⋯

𝜕𝑓(𝑡𝑁)

𝜕𝑝𝑚 )

 
 

𝑈0,𝑃

 (3.7) 

𝑈∗ − 𝑈0 can be derived as a linear function of 𝑃∗ − 𝑃 as, 

 𝑈∗ − 𝑈0 = (𝐽𝑈
𝑇𝐽𝑈)

−1𝐽𝑈
𝑇(𝑅𝐸𝑋𝑃 − 𝐹) + (𝐽𝑈

𝑇𝐽𝑈)
−1(𝐽𝑈

𝑇𝐽𝑃)(𝑃
∗ − 𝑃) (3.8) 

Take the covariance of Eq. 3.8 on both sides: 

 𝑣𝑎𝑟[𝑈] = (𝐽𝑈
𝑇𝐽𝑈)

−1𝐽𝑈
𝑇𝑣𝑎𝑟[𝑅𝐸𝑋𝑃]𝐽𝑈(𝐽𝑈

𝑇𝐽𝑈)
−1

+ (𝐽𝑈
𝑇𝐽𝑈)

−1(𝐽𝑈
𝑇𝐽𝑃)𝑣𝑎𝑟[𝑃](𝐽𝑈

𝑇𝐽𝑃)
𝑇(𝐽𝑈

𝑇𝐽𝑈)
−1 

(3.9) 

Eq. 3.9 is the error propagation formula and contains the uncertainty from the 

experiments and from the known parameters. In our measurements, the majority of 

uncertainty comes from the second term while the experimental error contributes less 

than a few percent to the entire propagation. 

The covariance matrix 𝑣𝑎𝑟[𝑈] and 𝑣𝑎𝑟[𝑃] are expressed as: 
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𝑣𝑎𝑟[𝑈] =

(

 
 

𝜎𝑢1
2 𝑐𝑜𝑣[𝑢1, 𝑢2] ⋯ ⋯

𝑐𝑜𝑣[𝑢2, 𝑢1] 𝜎𝑢2
2 ⋯ ⋯

⋯ ⋯ ⋱ ⋯
⋯ ⋯ ⋯ 𝜎𝑢𝑙

2

)

 
 

 (3.10) 

where the variances of the unknown parameters are the diagonal elements, and the off-

diagonal elements are the covariance. 

 

𝑣𝑎𝑟[𝑃] =

(

 
 

𝜎𝑝1
2

𝜎𝑝2
2

⋱
𝜎𝑝𝑚
2
)

 
 

 (3.11) 

The input uncertainties of the known parameters at elevated pressures are all 10%. 

3.4.2 Parameters in the thermal conduction model at high pressure 

With the sample configuration (Silicone oil/Au/MoS2/diamond), four materials 

have to be considered in thermal conduction model: silicone oil, the pressure medium, 

Au, MoS2 and the diamond anvils. The maximum time delay, 𝑡𝑚𝑎𝑥 , used in TTR 

measurements and thermal model is about 300 ns. Within this time range, the thermal 

diffusion depth 𝐷 = √
𝑘

𝐶𝑝
∙ 𝑡𝑚𝑎𝑥 , is estimated to be ~ 0.7 μm in MoS2 at ambient 

condition (with κ= 3.5 Wm-1K-1, cp = 1.95×106 Jm-3K-1), much smaller than the sample 

thickness. At high pressure, DMoS2 is roughly estimated to be ~1.8 μm (with κ= 25 Wm-

1K-1, cp = 2.3×106 Jm-3K-1), still much smaller than the sample thickness. As a result, 

thermal conduction mainly happens within the MoS2 layer and does not reach the 
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MoS2/diamond interface within our maximum time range, thus the diamond is ignored in 

the heat conduction model, and only the silicone oil, Au and MoS2 layers are considered 

here. 

The experimental data from our ps-TTR measurements can be sensitive to both 

interface conductance (or resistance) and thermal conductivity of the layer beneath the 

interface, if the layer’s thickness (or thermal diffusion length in the layer) is properly 

designed to be comparable with the Kapitza length. For a two-layer structure, e.g., Au 

film on top of MoS2, the Kapitza length is defined by the thermal conductivity of MoS2 

divided by the interface conductance between Au and MoS2.: Λ =κMoS2/G= κMoS2R. The 

Kapitza length is equivalent to the thickness of a perfect crystal with the same thermal 

resistance as the interface133. To decouple the thermal conductivity and interface 

conductance from experimental data, the thermal diffusion length inside the MoS2 sample 

has to be comparable to the Kapitza length. At room pressure, Λ is estimated to around 

282 nm, with κMoS2 of 3.5 W/mK and RAu/MoS2 of 82×10-9 Km2W-1. The thermal diffusion 

length, 𝐷 = √
𝜅

𝐶𝑝
∙ 𝑡𝑚𝑎𝑥 is estimated to be ~ 700nm, if using κ= 3.5 Wm-1K-1, cp = 

1.95×106 Jm-3K-1 and tmax=300 ns. At the highest pressure, Λ is estimated to 1.12 µm with 

κMoS2 of 25 W/mK and RAu/MoS2 of 45×10-9 Km2W-1. The thermal diffusion length D is 

estimated to be about 1.8 µm (using κ= 25 Wm-1K-1, cp = 2.3×106 Jm-3K-1). For the whole 

pressure range, the thermal diffusion length in MoS2 is comparable to the Kapitza length; 

therefore, our experimental data is able to resolve both κMoS2 and RAu/MoS2.  
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Figure 3.7 Thermal parameters extracted at high pressures. a) CpSilicone oil vs pressure134. 

b) κsilicone oil vs Pressure135. c) CpAu vs pressure. Due to the relatively low Debye 

temperature of Au (178K) at ambient pressure and slight increase up to 220 K at 14 GPa 
136, which are both well below the room temperature, the heat capacity should be in good 

agreement with classical limit. Thus, we set the heat capacity per atom as a constant 

number, and extract the volumetric heat capacity by considering the density change. The 

density change of Au at high pressure is extracted from an equation of state (EOS)137. d) 

hAu vs pressure. The thickness of Au at high pressure is also extracted from its EOS137. e) 

CpMoS2 vs pressure. The Cp,MoS2 is obtained from theoretical results while performing first-

principles calculations. 
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For each individual layer, there are three parameters in the model – thickness, 

volumetric heat capacity and thermal conductivity. Since the silicone oil and MoS2 layers 

are thermally thick, the exact thicknesses are not important. The thermal conductivity of 

Au shows close-to-zero sensitivity at three selected pressures as shown in Fig. 3.6, and 

thus is set as a constant. All other parameters are extracted from literature and shown in 

Fig. 3.7. 

3.4.3 Pressure-dependent thermal conductivity 

 

 

Figure 3.8 a) Optical image of MoS2 in DAC (for CPS). b) Optical image of MoS2 

sample in DAC (for ps-TTR). 

 

Bulk MoS2 samples were prepared by exfoliation from a single crystal (purchased 

from 2D Semiconductors) with non-residual semiconductor tape (from UltraTape). The 

sample for CPS measurements does not have a critical requirement on thickness, we 

employed the sonication method to remove the MoS2 flakes from the tape and chose a 

sample with a clear and shiny surface. The sample thickness for the picosecond TTR 

measurement has to be in a proper range so that it is thin enough for the DAC device, but 
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thick enough that we can ignore the heat conduction across the MoS2/diamond interface. 

Samples with smooth and shiny surfaces and proper thicknesses were cut with a knife to 

desired sizes (below 200 μm for a 500 μm culet). The sample for TTR measurements was 

then coated with a 61 nm Au transducer layer in the e-beam evaporator under 5×10-5 Torr 

pressure. Both samples were transferred onto the diamond culet with a micro-edge tip. 

The samples loaded in the DAC for both CPS an ps-TTR measurement are shown in Fig 

3.8. 

 

Figure 3.9 Ruby fluorescence R1 peak shift at selected pressures. 

As mentioned earlier, selected ruby R1 peaks are presented in Fig. 3.9 showing the 

calibration of the pressure inside DAC by measuring fluorescence. 



 56 

 

Figure 3.10 Experimental setup, total and electronic thermal conductivity under high 

pressure. a) Schematic of thermal conductivity measurement with a diamond anvil cell 

(DAC) integrated with a ps-TTR system. b) Experimental data and fitting of ps-TTR 

measurements at two selected pressures, with ±20% confidence interval shown. c) 

Extracted cross-plane thermal conductivity (both lattice and electronic) as a function of 

pressure. The red curve is included only as a guide to the eye. Semiconducting and 

intermediate regions are labeled based on Ref. 102. d) Electronic thermal conductivity of 

MoS2 against pressure, determined from measured electronic conductivity via the 

Wiedemann-Franz law 102. Three regions of the semiconductor to metal transition are 

labeled. 

Fig. 3.10a shows a DAC device implemented into our ps-TTR system. The MoS2 

sample used in this study was prepared by mechanical exfoliation, with a thickness of 

about 20 μm. A 61-nm thick Au thin film was deposited onto the sample surface to 

increase the thermoreflection of the probe (532 nm). Fig. 3.10b presents the 

thermoreflectance spectra at two selected pressures.  
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Plotted in Fig. 3.10c is the pressure-dependent cross-plane thermal conductivity 

κ⏊,total of MoS2 extracted from ps-TTR measurements (see Fig. 3.111 for pressure-

dependent Roil/Au and RAu/MoS2 ). At ambient pressure, the measured κ⏊,MoS2 and interface 

resistance RAu/MoS2 values are 3.5 ± 0.57 Wm-1K-1 and 82×10-9 ±14 Km2W-1, respectively. 

Our κ⏊,MoS2 value is within the range of the previously reported results, between 2.0 ± 0.3 

Wm-1K-1 115,120 and 4.75 ± 0.32 Wm-1K-1 115,120. In literature, a value for RAu/MoS2 of 58×

10-9 Km2W-1 was predicted with first-principles calculations 138, consistent with what we 

have measured. The top axis of Fig. 3.10c shows the corresponding strain along the 

cross-plane direction, which is derived from the pressure-dependent lattice parameters of 

MoS2
102. κ⏊,total exhibits a dramatic change from about 3.5 Wm-1K-1 at ambient pressure 

to about 25 W m-1K-1 at 15 GPa, and tends to saturate thereafter. Both Roil/Au and RAu/MoS2 

increase with pressure, consistent with previous experimental and theoretical works 139-142 

(Fig. 3.11). This ~7x κ⏊,total enhancement with pressure has two possible origins: a) 

enhanced electronic thermal conduction along with S-M transition; b) enhanced phonon 

contribution due to reduced interlayer distance and modified phonon structure. 
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Figure 3.11 Fitted values of a) R1 and b) R2 at different pressures. Error bars are 

calculated with 10% uncertainty assigned to input parameters. 

Electronic thermal conductivity is related to electrical conductivity. Fig. 3.10d 

shows the pressure-dependent electronic thermal conductivity converted from electrical 

conductivity measurements102 via the Wiedemann-Franz Law: κe/σ=LT, where σ is 

electrical conductivity, L is Lorenz number taken as 2.44×10-8 WΩ K-2, and T is 

temperature 143. κe increases from about 10-7 Wm-1K-1 at ambient pressure to about 10-3 

Wm-1K-1 at 20 GPa due to the closure of the electronic bandgap at high pressure (S-M 

transition)102. However, compared with the pressure-dependent κ⏊,total, the contribution 

from κe is negligible, accounting for less than 0.01% of the total thermal conductivity. In 

normal metals, electron thermal conductivity usually dominates heat conduction. For 

metallic MoS2 
102,144, the small κe is attributed to the small electron density of states near 

the Fermi level. Therefore, the substantial increase observed in κ⏊,total should be 

attributed to the strain-modified phonon properties. 
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Figure 3.12 Calculated lattice thermal conductivity, interatomic force constant and 

phonon dispersion curves. a) Pressure-dependent in-plane and cross-plane lattice thermal 

conductivities obtained by first-principles calculations, with contributions to κ⏊,lattice 

from acoustic, optical, longitudinal acoustic (LA) and two transverse acoustic (TA1, 

TA2) phonon branches. b) Pressure-dependent interatomic force constants of the 

interlayer Mo-S bond, interlayer S-S (S1-S2) bond and intralayer S-S bond from first-

principles calculations. c) First-principles calculations of the pressure induced change of 

phonon dispersion curves and phonon group velocities in multilayer MoS2 along both 

cross-plane (Γ-A) and in-plane (Γ-M) directions. Group velocities are shown using a 

color gradient, with warmer colors indicating higher group velocities. 

 

Plotted in Fig. 3.12a are the lattice thermal conductivities calculated with density 

functional theory and Boltzmann’s transport equation. The calculated pressure-dependent 

κ⏊,lattice increases monotonically from 3.2 Wm-1K-1 to 28.3 Wm-1K-1, which agrees 
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relatively well with our measured values. The discrepancy in pressure dependence at 

intermediate pressures may arise from the difference between the actual lattice constants 

and those optimized in simulations to minimize the total energy. In contrast to κ⏊,lattice, 

in-plane thermal conductivity κ//,lattice shows only moderate enhancement (< 37%) at 

lower pressures and reaches a maximum around 5-10 GPa. This trend – an initial increase 

and subsequent decrease in κ//,lattice with pressure – was also predicted with first-principles 

calculations in monolayer AsP145, bi-/tri-layer graphene146, and penta-SiC2
147; it was 

attributed to the competition between decreasing phonon velocity/heat capacity and 

increasing phonon lifetimes under tensile strain. The dissimilar pressure dependence 

between κ⏊,lattice and κ//,lattice comes from the differing compressibilities along cross-plane 

and in-plane directions. The top axis of Fig. 3.12a shows the pressure-induced strain for 

each direction. Even under hydrostatic pressure, the cross-plane strain generated is more 

than 10% while in-plane strain is less than 5%. At room pressure, the ratio of κ⏊,lattice / 

κ//,lattice is only about 3.9%; at 20 GPa, this ratio becomes 29.4 %. Fig. 3.12b presents the 

trace of interatomic force constants (IFC) calculated with a first-principles approach for 

three different types of bonds in MoS2. At ambient condition, the IFC of the interlayer 

Mo-S bond is positive due to the vdWs interaction, which gives the bond an “anti-spring” 

behavior. With increasing hydrostatic pressure, the IFC of the Mo-S bond becomes 

negative and increases by about 10 times at 20 GPa, indicating substantially strengthened 

interaction between interlayer atoms. Similarly, the interlayer S1-S2 bond shows a 2x 

increase at 20 GPa. In contrast, the intralayer S-S bond exhibits a slight decrease from its 

ambient value, due to the already strong covalent bonding among intralayer atoms. Fig. 
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3.12a also presents the contributions to κ⏊,lattice from various phonon branches. One 

noteworthy feature is that optical phonons account for ~27-38% of κ⏊,lattice, unlike most 

common semiconductors, for which the optical phonon contribution is usually negligible. 

For acoustic phonons, contributions from longitudinal acoustic (LA) and transverse 

acoustic (TA) branches are comparable. 

One important question is whether the interlayer interaction at 20 GPa is still 

vdWs type or not. Our previous work shows that with pressure, electron charges tend to 

move away from S atoms and accumulate at the Mo atoms in adjacent layers, and 

electron hybridization takes place between the p electrons of S atoms and the d electrons 

of Mo atoms 102. This charge transfer and hybridization reinforce the interlayer 

interaction to be much stronger than vdWs force, which induces a drastic increase of 

electrical conductivity. Nevertheless, even at 20 GPa, the interlayer S1-S2 distance is 

about 2.93 Å, still much longer than that of the S-S dimer (1.8 Å) in Sulfur molecule. 

Also κ⏊,lattice (28.3 Wm-1K-1) at 20 GPa is still much smaller than κ//,lattice (96 Wm-1K-1). 

These facts suggest that the interlayer interaction at 20 GPa is still much weaker than the 

intralayer covalent bond.  

Fig. 3.12c shows phonon dispersions along both cross-plane (Γ-A) and in-plane 

(Γ-M) directions, with group velocities indicated by a color gradient. Along the Γ-A 

direction, the three low-frequency optical phonon branches are close to the acoustic 

branches and display large dispersions, which explains the significant contribution of 

optical phonons to κ⏊,lattice. The in-plane phonons possess much larger group velocities 

and phonon frequencies than cross-plane phonons; therefore, κ//,lattice is much larger than 
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κ⏊,lattice over the entire pressure range. At ambient pressure, cross-plane optical and 

acoustic branches are bundled into a narrow frequency range. With increasing pressure, 

frequencies and group velocities of all phonon branches along Γ-A direction increase 

rapidly (phonon hardening effect) and their dispersions span a broader frequency range 

(unbundling effect). In-plane phonons also show an increase in frequencies and group 

velocities. High-frequency optical phonons along all directions do not exhibit obvious 

change with pressure. 

Larger phonon group velocity at high pressure increases the lattice thermal 

conductivity. The phonon unbundling effect can provide more phonon scattering 

channels, which could enhance phonon scattering, reduce phonon lifetimes and result in 

reduced thermal conductivity. The overall trend of the pressure-dependent thermal 

conductivity depends on these competing factors. The initial increase of κ//,lattice indicates 

that the phonon hardening effect dominates at lower pressures, while subsequent decrease 

in κ//,lattice indicates that enhanced phonon-phonon scattering dominates at higher 

pressures. 

We then use CPS to confirm the first-principles calculation on the group velocity 

at high pressures. CPS was used to measure the pressure-dependent group velocity and 

lifetime of coherent longitudinal acoustic phonons (LAPs) along the cross-plane 

direction. For CPS measurements, we used a 1-μm thick, bare MoS2 sample roughly 100 

μm in longest dimension (Fig. 3.13a). When pump pulses are absorbed at the MoS2 

surface, a wave packet of coherent acoustic phonons are generated and propagate into the 
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sample. The traveling coherent phonons modify the local dielectric constants and cause 

partial reflection of the probe pulse (impulsive Brillouin scattering), which will interfere 

constructively or destructively with the reflected probe pulse from the sample surface. 

The oscillations shown in Fig. 3.13b correspond to coherent acoustic phonons 

propagating into the sample148,149, which can be fitted with a damped harmonic oscillator: 

 
𝑑𝑅

𝑅
= 𝐴 ∙ 𝑒𝑥𝑝(−

𝑡

𝜏𝐿𝐴𝑃
) ∙ 𝑐𝑜𝑠(2𝜋𝑓𝑡 + 𝜑)                 (3.12)  

where A is the phonon amplitude, τLAP is the phonon lifetime, f is the phonon frequency 

and φ is the initial phase of phonon oscillations. Phonon frequency can be converted to 

phonon group velocity using the relation: υg=λf/2n, where λ is the probe wavelength (800 

nm), and n is the refractive index (4.2 for MoS2) 
150,151.  
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Figure 3.13 CPS measurements and first-principles calculations of phonon frequency and 

lifetime. a) Schematic of CPS measurements of coherent acoustic phonons in an uncoated 

MoS2 sample. b) Pressure-dependent coherent oscillations of longitudinal acoustic 

phonons (LAP) measured with CPS. c) Pressure-dependent LAP frequencies extracted 

from CPS measurements (black circles) and LAP group velocities from first-principles 

calculations (red squares). d) Pressure-dependent LAP lifetimes extracted from CPS 

measurements (black circles) and from first-principles calculations (red squares), as well 

as lifetimes of A1g optical phonons extracted from Raman measurements (green 

triangles). 

Fig. 3.13c-d display the pressure-dependent phonon frequency, group velocity and 

lifetime of LAPs from CPS experiments and first-principles calculations. Both 

experimental and simulation results show that with increasing pressure, the group 

velocity of LAPs increases by a factor of 1.8, but phonon lifetimes are reduced by a 
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factor of 3. Results from first-principles calculations agree with experimental 

observation. As discussed earlier, the increase of LAP group velocity is mainly a result of 

strengthened interlayer interaction and phonon hardening. The decrease of phonon 

lifetime relates to the intensified three-phonon (anharmonic) scattering due to phonon 

unbundling at high pressure. When phonon dispersions spread over a broader frequency 

range under high pressure, revealed in Fig. 3.12c, more scattering channels are available 

that satisfy energy and momentum conservations simultaneously. The green symbols in 

Fig. 3.13d show that the lifetime of A1g optical phonons also decreases under high 

pressure (derived from our previous Raman measurements102), following a similar trend 

with LAP.  

The thermal conductivity shown in Fig. 3.10c indicates an increase about 7 times 

at high pressure, while in Fig. 3.13c, the increase of longitudinal phonon group velocity is 

only about 1.8 times. There are a couple of reasons that can cause this seeming 

inconsistency. Firstly, due to the limitation of coherent phonon spectroscopy, we can only 

detect one specific longitudinal phonon mode. While the thermal conductivity includes 

contribution from all phonon modes. Secondly, the thermal conductivity change is not 

only affected by the phonon group velocity and lifetime, but also by the MoS2 volumetric 

specific heat, which increases a factor of 1.7 at high pressure. Thirdly, experimental 

measurements at high pressure usually have larger uncertainty because of the lack of 

other high-pressure thermophysical properties. Considering all these factors, what we 

observed in the enhanced thermal conductivity at high pressure is reasonable. 
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Several first-principles calculations predicted that, under tensile strain, phonon 

lifetime in 2D materials increases and the phonon group velocity decreases due to phonon 

softening145-147. Under compressive strain, it is reasonable to observe the opposite effect, 

i.e., decease of phonon lifetime and increase of phonon group velocity. Quantitatively, 

increase of LAP velocity and decrease of LAP lifetime could not explain the 7x increase 

of κ⏊,total with pressure. Nevertheless, κ⏊,total includes contributions from all phonon 

modes, which could not be represented by the single LAP mode detected here, and our 

calculated values agree well with experimental results. Based on these discussions, we 

conclude that the drastic increase of κ⏊,total with pressure is primarily the result of 

strengthened interlayer forces and enhanced group velocity of LAPs. The saturation of 

κ⏊,total above 15 GPa is associated with the combined effects from increasing group 

velocity and reduced phonon lifetimes (Fig. 3.12). 

 

Figure 3.14 Phonon scattering rates under various pressures at 300K (The simulation 

result is carried out by Dr. Tribhuwan Pandey from Prof. Abhishek Singh’s group at 

Indian Institute of Science). 
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3.5 Some Supplemental on the High Pressure TTR measurement 

About interface thermal resistance at high pressure: 

The measured interface thermal resistance of R1 and R2 both decrease with 

increasing pressure. R1 has a factor of ~1.7 decrease and R2 has a factor of ~1.4 decrease 

from 0 GPa to 19 GPa. Pressure-dependent interface thermal resistance values are limited 

in the literature. Hohensee et al.139 has reported an interface thermal resistance of 10-8 

Km2W-1 between metal and silicone oil (converted from thermal conductance), and fix 

the same value for different pressures due to the small sensitivity. However, in our 

three-parameter fitting process (κMoS2, R1 and R2), the R1 does decrease at high pressure. 

The same trend is also observed for R2. Hsieh et al.140 studied the strong and weak 

interface conductance with pressure, the strong Al/SiC interface has a high conductance, 

but very weak pressure-dependence until 12 GPa. The weak interface Al/SiOx/SiC and 

Al graphene/SiOx/SiC, has small ambient thermal conductance, but a rather strong 

pressure-dependence, which increases by a factor of ~7 (thermal resistance decreases by a 

factor of 7.) Hohensee et al.141 observe a factor of 2 increase of the thermal conductance 

of Al/Si, Au(Pd)/Si and Au(Pd)/Si(Ge) interface from ambient to ~10 GPa. Wilson et al. 

152 find that the thermal conductance of the Al/MgO interface increases by a factor of 

~1.6 from 0-20 GPa. The interface thermal resistance generally follows a decreasing 

trend with pressure. Therefore, the fitting values for R1 and R2 are reasonable and 

consistent with literature. In addition, Prasher et al. predicts a saturation of interface 

conductance between vdWs layers, which we did not observe in our experiment, since the 
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highest pressure we apply is 20 GPa – much lower than his predicted saturation pressure 

of 50 GPa142. 

Comparison of the effect on thermal decay when using air and silicone oil on top of 

a metal transducer layer: 

 

Figure 3.15 a) Simulated curves showing the drastic increase on thermal decay due to the 

silicone oil. b) Experimental curves showing the drastic increase on thermal decay due to 

the silicone oil. 

During the experimental and fitting process, we find the thermal decay rate 

increases drastically when silicone oil is on top of the Au transducer layer. Fig. 3.15a 

shows a simulation result with all the thermal parameters at ambient condition but with 

silicone oil or air on top of Au; and Fig. 3.15b shows experimental comparison between 

0.44 GPa with silicone oil and ambient condition with air (the reason that we use 0.44 

GPa data for the silicone oil case is that it is difficult to perform an ambient condition 

measurement with the DAC open and with silicone oil on the Au layer, since silicone oil 

flows. Clearly, the drastic increase on decay rate could not be explained by the slight 

thermal conductivity difference of MoS2 between ambient and 0.44 GPa condition). We 
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attribute the reason to be the much larger thermal effusivity of silicone oil compared with 

air as shown in Table 2. 

 

 Volumetric 

heat capacity 

(Jm-3K-1) 

Thermal 

conductivity 

(Wm-1K-1) 

Thermal 

effusivity 

(Ws0.5m-

2K-1) 

Air 1225 0.026 5.6 

Silicone 

oil 

1.4×106 0.15 458.3 

 

Table 3.1 Comparison of thermal effusivity between Air and silicone oil 

3.6 Summary 

In summary, our findings demonstrate the remarkable tunability of cross-plane 

thermal conductivity under extreme strain. The roughly 7x enhancement of κ⏊,total has a 

different physical origin than that of the electronic S-M transition reported previously, 

and is dominated by heavily modified phonon properties rather than electronic 

contributions. The electronic S-M transition begins around 10 GPa, where κ⏊,total has 

already increased from 3.5 Wm-1K-1 to about 15 Wm-1K-1. MoS2 maintains its 

semiconducting nature before and during the early stage of S-M transition (< 15 GPa), 

where the band gap decreases from 1.03 eV to 0.2 eV and the electrical conductivity 

increases from 0.03 S/m to 18 S/m102. This study suggests that it is possible to tune 

electrical and thermal properties simultaneously with pressure to achieve both high-

thermal-conductivity and high-electrical-conductivity semiconducting MoS2. Moreover, 

larger κ⏊,total will ensure that heat generated in electronic devices can be dissipated more 
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effectively into the substrate, which will improve device performance and stability. 

Finally, it is conceivable that the observed phenomena should occur in most 2D materials 

with interlayer vdWs bonding153,154 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Statement: This chapter is published at ‘Meng, X., Pandey, T., Jeong, J., Fu, S., Yang, J., 

Chen, K., Singh, A., He, F., Xu, X., Zhou, J. and Hsieh, W.P., 2019. Thermal 

Conductivity Enhancement in MoS2 under Extreme Strain. Physical review letters, 

122(15), p.155901.’ co-authored by Tribhuwan Pandey. I performed the experimental 

measurement, fitted the result. Tribhuwan Pandey worked on the DFT calculation. 
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Chapter 4: Photoluminescence and Phononic Properties of BAs under 

High Pressure/Strain 

4.1 Introduction 

Heat management has been becoming a critical issue in VLSI as more and more 

transistors are confines onto a limited area when pursuing Moore’s law. On the way to 

pursue high device density, there is always a comprise between the device performance 

and reliability155. In order to dissipate heat more effectively, researchers have been 

spending drastic amount of effort on synthesizing materials with high thermal 

conductivity. In the past, diamond is proven to have the highest thermal conductivity, and 

with the advent of polycrystalline CVD diamond, wafer-scale coverage can be achieved 

with wide range of thermal grades, offering flexible applications in some certain areas for 

heat dissipation156. However, the application of diamond still suffers from slow growth 

rate, high cost, challenging integration with semiconductors157,158. Graphite, as another 

type of C-based material, though could also offer high thermal conductivity, is only 

limited to in-plane efficient heat transfer, due to the anisotropic nature. Moreover, the 

electronic band structures of diamond (insulators) and graphite (semimetal), restrain them 

from broader applications in electronics159.  

Recently a new III-V compound boron arsenide (BAs) has been successfully 

synthesized by chemical vapor transport and proven to have historically high thermal 

conductivity158-160. BAs possesses the cubic zincblende structure with lattice constant = 

0.4777 nm. The involvement of a heavy and a light atom creates a large frequency gap 
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between acoustic phonons and optical phonons, limiting the scattering, which will induce 

a high thermal conductivity. Unlike the insulating and semi-metallic nature of diamond 

and graphite respectively, BAs has a moderate direct bandgap ~ 4.1 eV, the indirect 

bandgap even falls between 1 eV and 2 eV, which behaves as a semiconductor. However 

current studies do not have a common view on the band gap of BAs. Simulations and 

experiments obtain various values, such as 1.46 eV161, 1.6 eV162, 1.93 eV163, et al. The 

inconsistency of the result of indirect bandgap may arise from the different impurities and 

defects induced in growth techniques and different simulation functions. According to 

previous studies160,164,165, free carriers would suppress the thermal conductivity through 

scattering, thus, it is important to obtain a better understanding of the origin of the free 

carriers and whether the scattering could be controlled to achieve a better thermal 

performance.  

 

Figure 4.1 Crystal structure of BAs. 
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In this chapter, we present a study on the photoluminescence (PL) and Raman 

spectroscopy on cvt-grown BAs crystals. With the low temperature PL and first-

principles calculation, we attribute the intrinsic indirect bandgap, and different impurity 

levels within the bandgap. Moreover, we utilize a diamond anvil cell (DAC) to 

implement high pressure study the phononic and photonic properties of BAs as a function 

of pressure. Under pressure, we observed an enhanced LO-TO phonon splitting in Raman 

spectrum. The indirect bandgap and impurity induced donor-acceptor pair (DAP) 

recombination peaks in PL spectrum red shift with pressure. Through first-principles 

calculation, we attribute the red shift of DAP recombination to be a combined effect of 

the shrinkage of both the indirect bandgap and ionization energy, which may affect the 

formation of free carriers, thus affecting the thermal conductivity. 

4.2 Measurement Technique: Photoluminescence and Raman Spectroscopy 

Photoluminescence (PL) and Raman spectroscopy are widely used to probe the 

energy bands and vibrational states in materials. PL is usually used for charactering the 

bandgaps of semiconductors, where a laser beam with photon energy larger than the 

bandgap excites the material. The photo-excited carriers will quickly release excessive 

energy, and locate at the conduction band minimum (CBM) and valence band maximum 

(VBM) (Fig. 4.2a). The emission photon from the recombination of electrons at CBM 

and holes at VBM serves as an indicator of the bandgap of the materials.  

In Raman spectroscopy, same excitation laser source as in PL will be used, 

however, the emission photon is not a direct indicator of the energy level. Instead, the 

shift or the energy different between excitation and emission photon corresponds to the 

vibrational energy levels, with the following equation:  

∆ν = (
1

𝜆0
−

1

𝜆1
)                        (4.1) 
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Where ∆ν is the Raman shift, 𝜆0 and 𝜆1 are the laser wavelength of excitation and 

emission photon respectively(Fig. 4.2b).  

 

Figure 4.2 Schematic illustrations of the mechanism of a) photoluminescence and b) 

Raman spectroscopy. 

 In this research, PL and Raman spectrum is taken with Renishaw In-via Raman 

system with 532nm laser excitation. The laser is focused with a 20X long working 

distance objective lens with 5 um spot size at focal point. The signal beam is collected 

through the same objective lens and sent to diffraction grating and CCD. For PL and 

Raman measurement, 2400/mm and 1200/mm gratings were used respectively. Fig. 4.3 

shows a DAC under the In-via Raman system. 

 

Figure 4.3 Picture of a DAC under the 20X long working distance objective lens of the 

In-via Raman system. 
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4.3 Pressure Tuning on the Bandgap and Impurity levels of BAs 

4.3.1 Raman at high pressure 

We first perform Raman spectroscopy on BAs single crystal to characterize and 

resolve the phononic properties. At ambient pressure, the Raman spectrum shows two 

peaks at 697.7 and 720.8 cm-1, corresponding to the separate vibration from 11B and 10B 

isotopes during the growth158,166. The peaks difference between 11B and 10B is 23.1 cm-1.  

In order to perform high pressure measurement, the BAs crystal is loaded into a diamond 

anvil cell (DAC) with 500 um culet size as shown in the inset of Fig. 1a. Ne is utilized as 

pressure medium to maintain hydrostatic pressure condition. A ruby sphere, which is 

used to calibrate the pressure, is placed on the culet as well, but not too close to the 

crystal, to avoid the interfere between the later photoluminescence (PL) measurement 

(~1.4 -1.8 eV) and the ruby fluorescence (~1.78 eV). R1 peak shift of ruby fluorescence 

has been used to monitor the pressure inside the DAC. We perform measurement from 

ambient pressure up to ~ 20 GPa with increment ~1-2 GPa. Previous researches have 

shown that BAs undergoes Zinc-blende (ZB) to Rock-salt (RS) phase transition at 

pressure 93 to 141 GPa167-171. Our pressure range is well below the transition pressure, so 

is supposed to be in a single phase (ZB) throughout the measurement. 
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Figure 4.4 a) Experimental data of Raman spectrum from ambient pressure to 20 GPa 

(dashed lines are guide to the eye). b) Fitted pressure-dependent Raman peak shift, inset 

is the optical image of BAs sample loaded in diamond anvil cell (DAC). 

With increasing pressure, Fig. 4.4a shows that both the 11B and 10B peaks blue 

shift due to phonon hardening. Fig. 4.4b plots the fitted Raman peak shifts as a function 

of pressure, showing that the 10B peak shift faster at 6.36 cm-1/GPa compared to 4.34 cm-

1/GPa for 11B peak because of the lighter atomic weight, eventually resulting in a larger 

peak difference of 39.1 cm-1 at 19.4 GPa, which is 16 cm-1 larger than that at ambient 

condition. An interesting feature is that the 11B peak splits starting from ~ 4 GPa and this 

split increases with pressure, eventually reaches 7.1 cm-1 at 19.4 GPa. This split, 

according to theoretically calculation, is defined at LO/TO phonon splitting172, as a result 

of different hardening rate between the LO and TO phonons. The LO/TO splitting 

already exists at ambient condition theoretically, however, is only able to be observed at 

elevated pressures due to the fact that the splitting at ambient condition is too small for 

our Raman equipment to resolve. We do not observe any splitting of the 10B peak, 

possibly to its weak peak intensity at high pressure. 
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4.3.2 PL at high pressure 

As mentioned earlier, the free carriers in BAs causing by impurities is detrimental 

to its thermal behavior. We then focus on its impurities’ properties through 

photoluminescence (PL) spectroscopy. Due to the transparent nature of the BAs crystal, 

the collected beams from the top and bottom surface of the crystal will interfere with 

each other and cause oscillations in the collected PL spectrum. We remove the 

oscillations by applying FFT filter, as shown in Fig. 4.5. All the PL spectra presented 

later are after removing the oscillations. 

 

 

Figure 4.5 Examples of applying FFT filter to remove the oscillations causing by the 

interference from the front and bottom surfaces of BAs in PL measurement. 
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Figure 4.6 Example of three peak Gaussian fitting of the PL spectrum. 

 

Low temperature PL has been widely employed to reveal the origins of 

photoluminescence signal. To cool down the BAs crystal, our sample is placed onto a Si 

substrate, then attached to the Cu sample holder with thermal conduction paste. The Cu 

holder is loaded inside a Janis ST-500 microscopy cryostat with liquid nitrogen cooling. 

The temperature range is 80 -300 K, monitored by a built-in Si diode sensor through its 

voltage-temperature correlation. 
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Figure 4.7 a) Experimental data of photoluminescence of BAs crystal from 80 K -300 K. 

b) Fitted PL peak intensity VS temperature. c) Fitted PL peak shift VS temperature. d) 

Schematic of Donor-Acceptor Pair (DAP) pair recombination process, illustrating three 

optical transitions, which are from indirect bandgap, C-DAP recombination and Si-DAP 

recombination, respectively. e) First-principles calculation on the formation energy VS 

fermi level, showing DAP recombination of C and Si defects in BAs. Open symbols are 

donor levels of impurities, solid symbols are acceptor levels of impurities. Square 

represents Si impurities levels, and Circle represents C impurities levels. (CB and SiB 

represent C/Si occupying B sites, which are donor levels releasing free electrons; CAs and 

SiAs represent C/Si occupying As sites, which are acceptor levels releasing free 

electrons). 
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Figure 4.8 TOF-SMIS measurement showing the existence of Si and C impurities inside 

the BAs single. 

 

Fig. 4.7a summarizes the experimental photoluminescence spectra of BAs under 

different temperatures ranging from 80 K to 300 K. The spectrum shows two dominant 

peaks at 300 K, which are located at about 1.4 eV (left) and 1.73 eV (right), where the 

right peak has much higher intensity than the left one. When the temperature decreases, 

an extra peak (middle) starts to appear and become stronger at lower temperatures, 

eventually become the dominated peak when temperature reaches 80 K. We find that the 

left peak and middle peak have similar temperature-dependent features, where their 

intensities increase when temperature decreases, while the right peak has the opposite 

dependency. We then perform Gaussian Fitting of the spectra at different temperatures, 

resolving the temperature-dependent intensity and peak shift of the three feature peaks 

respectively. The exampled fitting result can be found in Fig. 4.6, and the temperature 

dependent parameters are summarized in Fig. 4.7b and 4.7c. As shown in Fig. 4.7b, 
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similar temperature-dependent PL intensities are observed on the left and middle peak, it 

is reasonable to assume those two transitions share the same mechanism but different 

from the right peak. It is always beneficial to know the electronic band structure of the 

BAs before pursuing deeper analysis on more complicated electronic/optical transitions. 

We first perform first-principles calculation on the band structure of BAs with HSE06 

hybrid function. As shown in Fig. 4.10, the direct bandgap of BAs occurs at Γ- Γ, with 

4.1 eV transition energy, which is over the range of our visible PL spectroscopy. 

However, BAs also possess an indirect bandgap, which occurs between Γ point (VBM) 

and 80% of Γ-X (CBM). DFT calculations predicts this indirect transition to be 1.75 eV. 

This value is close to the energy of the right peak in our PL measurement, which is at 

1.73 eV at 300 K and 1.71 eV at 80 K, shown in Fig. 4.7c. Compared to other literatures 

on band structure calculation of BAs, our calculated indirect bandgap is slight larger than 

those using local density approximation (LDA)173,174. However, the underestimation of 

bandgap with LDA is well known175,176, and our calculated bandgap agrees well with our 

measured value, which justify both our experimental and simulated bandgaps. We then 

turn to determine the mechanism of the left and middle peak. It is commonly known that 

BAs behaves p-type conductivity161,164, which originates from free holes released from 

acceptor levels in BAs. Even tough various mechanisms may contribute to acceptor level 

in the band gap, in this specific scenario of BAs, all native defects, native vacancies lead 

to deep acceptor levels in the band gap. Deep acceptor levels are not expected to be easily 

ionized to account for the apparent p-type conducting behavior164. Instead, the 

temperature-dependent PL intensity in Fig. 4.7b reveals possible donor-acceptor pair 
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(DAP) recombination process. The intensities of the left and middle peaks monotonically 

decrease when temperature lowers, which is common in most low temperature PL 

measurement on DAP recombination, due to the thermal quenching of PL emission at 

high temperatures177,178. As shown in the schematics in Fig. 4.7d, upon optical excitation, 

electrons and holes are trapped by donor and acceptor levels to form neutral donor and 

neutral acceptor levels, constructing donor-acceptor pair excitons, which can efficiently 

luminesce. DFT calculations on the donor/acceptor levels induced by various elements is 

performed to confirm our hypothesis. Fig. 4.7e shows that the DAP recombination from 

Si and C impurities agrees well with our observations of the left and middle peak, where 

deducting ionization energies (EA(C) = 0.081 eV, ED(C) = 0.283 eV, EA(Si)=0.07 eV, 

ED(Si)=0.14 eV) from the indirect bandgap gives reasonable match with the optical 

transition energies of the left and middle peaks in PL measurement. This result is further 

confirmed by our TOF-SIMS measurement (shown in Fig. 4.8), directly showing the 

abundance of Si and C impurities in BAs crystal. Fig. 4.7e also shows that for most Fermi 

level positions, the acceptor level (CAs and SiAs) is lower in formation energy thus more 

stable than the donor levels (CB and SiB), which accounts for the p-type conductivity. 

With all the three PL peaks assigned, we revisit the temperature-dependent PL intensity 

and peak position in Fig. 4.7b. The intensities of indirect bandgap peak and DAP 

recombination peaks possess opposite trend with temperature, this could be attributed to 

an effect that temperature-dependent thermal energy influences the free exciton 

formation. At low temperature, thermal energy is small, which could not ionize sufficient 

amount of free excitons, instead bound excitons are easy to survive, leading to high DAP 
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recombination peaks. As the temperature increases, larger thermal energy will drastically 

enhance the dissociation of the donor/acceptor bound excitons into free excitons, where 

more free electron and hole pairs could recombine at the energy of indirect bandgap, 

resulting a higher intensity of the indirect transition. In general, the overall effect is the 

free exciton intensity increase at the expense of bound excitons with increasing 

temperature179. The PL shift shows very little temperature dependence, where indirect 

bandgap transition blue shifts and DAP transitions red shift with increasing temperature, 

which however, are not our main focus in this study. 

After assigning the three PL transitions, the pressure-dependent PL spectra are 

captured along the high-pressure Raman spectroscopy mentioned in earlier section, and 

are plotted in Fig. 4.9a. It is observed that all the three PL peaks show red shift. After the 

same multi-peak fitting process as in temperature-depend PL measurement, the peak 

position and peak width are summarized and plotted in Fig. 4.9b and 4.9c. The indirect 

bandgap shrinks from 1.73 eV to 1.62 eV when pressure increases from 0 GPa to 19.4 

GPa with ~5.15 mV/GPa, which is consistent with previous theoretical calculations (4.7 

mV/GPa)170. The two DAP peaks also monotonically red shift with increase pressure. Si-

DAP has  the same PL position change(0.1 eV) and pressure tuning rate ( 5.15 mV/Pa) 

as the indirect bandgap transition, but the pressure effect on C-DAP is weaker compared 

to the other two peaks, with total PL peak position change~0.04 eV and pressure tuning 

rate ~ 2.06 mV/GPa across the pressure range.  

 

 



 84 

 

Figure 4.9 a) Experimental data of Photoluminescence spectrum from ambient pressure 

to 20 GPa. b) Fitted PL peak position VS pressure. c) Fitted PL peak width VS pressure. 

First-principles calculation is carried out on the band structure and the 

donor/acceptor levels of C and Si impurities at high pressures. Fig. 4.10 compares the 

band structure at ambient condition and high pressures, showing that the direct bandgap 

between Γ-Γ point increases with pressure; on the contrary, the indirect bandgap 

decreases as a function of pressure from 1.75 eV to 1.55 eV, close to our observed trend 

in experiment. From Fig. 4.11, the acceptor levels of CAs and SiAs are almost constant 

(~0.08 eV, shaded in light blue color) with respect to the valence band maximum (VBM) 

at different pressures. In contrast, the donor levels of CB and SiB(shaded in yellow color) 

change with respect to the conduction band minimum (CBM), which is labeled in dashed 

lines of different colors on the very right of the plot. For CB, the ionization energy (ED) 

are 0.283, 0.3, 0.28, 0.2, 0.16 eV respectively from low to high pressure; for SiB, the ED 
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are 0.21, 0.19, 0.12, 0.1 and 0.055 eV. In summary, the red shifts in both C and Si DAP 

recombination in our measurement is a combined effect of both indirect bandgap 

shrinkage and ionization energy decrease of donor levels at high pressures, the ionization 

energy of acceptor levels do not contribute to this effect. 

 

Figure 4.10 First-principles calculations on the band structure of BAs under different 

pressures. Red arrow indicates the direct bandgap, green arrows indicates indirect 

bandgap. 

 



 86 

The decrease in donor levels will have another impact on the measured PL 

spectra. As shown in Fig. 4.9c, the peak width (FWHM) of indirect transition become 

broader from 0.176 to 0.215 eV. This broaden behavior is commonly seen in most high-

pressure PL and Raman measurement180,181, which results from the larger band splitting 

and enhanced electro-phonon coupling due to the increasing crystal field strength at high 

pressure182. However, the two DAP recombination peaks narrow at high pressure, 

possibly from the donor levels shift. In details, as previously mentioned, BAs behaves p-

type conductivity, meaning holes are the majority carriers and electrons are minority 

carriers. When the excess carrier concentration is small compared to the majority carriers, 

in time-resolved PL (TRPL), PL decay time equals to minority carrier lifetime183. Since 

PL peak width is also another indicator of the carrier lifetime, where narrow width 

corresponds to longer lifetime, the result in Fig. 3c illustrates that the lifetime of minority 

carriers in BAs (electrons) increase with pressure. The lifetime elongation could be 

considered as an effect from the donor ionization energy (ED) shrinkage, with the 

schematics showing the mechanism in Fig. 4.12. At high pressure, due to the smaller 

ionization energy with respect to the CBM, the donor levels will be easier to be ionized to 

release free carriers and harder to recombine with the acceptor levels, compared to that at 

ambient conditions. This phenomenon is expected to be more prominent at the condition 

that when ED approaches the thermal energy activation (0.026 eV at room temperature), 

however our ED values are still larger than 0.026 eV, which explains the decreasing of 

FWHM of both Si-DAP and C-DAP are not significant. 
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Figure 4.11 First-principles calculations on the donor/acceptor levels of C (upper panel) 

and Si (lower panel) in BAs at different pressures. Open symbols are donor levels of 

impurities, solid symbols are acceptor levels of impurities. Square represents Si 

impurities levels, and Circle represents C impurities levels.  Lines and symbols with 

different colors represent different pressures. Vertical dashed lines on the very right 

correspond to the conduction band minimum at different pressures with an orange arrow 

showing the decrease of indirect bandgap with increasing pressure. Regions shaded with 

light blue and light yellow highlight the donor/acceptor level change with pressure, where 

acceptor levels of both CAs and SiAs are insensitive to pressure, and donor levels of CAs 

and SiAs are sensitive to pressure. 
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Figure 4.12 Schematics showing the pressure effect on the photoluminescence photon 

energy and the free carriers release. The energy levels changes are exaggerated for 

illustration purposes. 

4.4 Summary 

In conclusion, we have carried out both Raman and photoluminescence 

measurement on cvt- grown BAs single crystals under both ambient, low-temperature and 

high-pressure conditions. We observe two isotope (11B and 10B) Raman peaks, and the 

LO/TO phonon splitting enhanced by high pressure. Combining the low temperature PL 

and first-principles calculation, we determine that the indirect bandgap of BAs is ~ 1.73 

eV, and the DAP recombination due to impurities of C and Si are the cause of the two 

extra transitions within the gap. PL measurement at high pressure and first-principles 

calculation proves the shrinkage of donor level with respect to CBM, which has a 

profound impact on the recombination process of DAP and free carrier releasing. 

Considering the influence of free carriers on the thermal conductivity of BAs, our study 

brings a deeper understanding on the impurities levels in the bandgap, but also provide a 

possibility to control BAs’ thermal conductivity through free carriers tuning by high 

pressure. 

 



 89 

Chapter 5: Simultaneous Measurement of Thermal Conductivity and 

Specific Heat 

5.1 Introduction 

Coupling of the diamond anvil cell (DAC), with optical pump-probe (ps-TTR) 

systems enable us to alter the thermal conductivity and perform in-situ characterization. 

This technique can be further applied to geophysical research about the materials system 

in the earth shell and earth mantle, where are all under high pressure conditions. The 

thermal conductivity distribution of various samples could give a hint on the earth’s 

evolution. In optical thermal conductivity measurement techniques, thermal effusivity is 

the parameters that is directly measured. In order to obtain thermal conductivity, specific 

heat has to an input parameter184,185. However, in some certain case, the specific heat of a 

material in difficult to resolve186,187. For example, when the sample density is not 

uniformly distributed, or when sample at high pressure conditions, people most of time 

use constant or extrapolate values as specific heat. Sometimes people would use bulk 

values for thin film cases188,189. The un-accuracy and large uncertainty in determining the 

specific heat will propagate into the uncertainty of thermal conductivity. Moreover, the 

specific heat itself is an important thermal property that determines the heat storage. So it 

is of great meaning to develop a technique which can resolve thermal conductivity and 

specific heat simultaneously. Since in our ps-TTR technique, we can only extract thermal 

conductivity with one dataset. In order to attain both thermal conductivity and heat 

capacity, we need two sets of data. This can be done in conjunction with another system 

configuration which can resolve thermal diffusivity. With known thermal effusivity and 

thermal diffusivity, thermal conductivity and specific heat can be solved.  
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5.2 System configurations and Sensitivity 

System configurations: 

In order to get thermal effusivity and thermal diffusivity, we modify our original 

ps-TTR system. As shown in Fig. 5.1a, it is the original ps-TTR system, where pump and 

probe come from the same side of the sample. In Fig. 5.1b, the pump laser is routed to the 

back side of the sample. These two configurations are named front-pump front-probe and 

back-pump front-probe configurations respectively. The reason we change the pump 

direction in these two configurations and keep probe direction constant is that the 

reflected probe needs to go into the detector following the same route. 

 

 

Figure 5.1 Schematic configuration of a) front-pump front-probe and b) back-pump 

front-probe  

 

Sensitivity: 

Sensitivity test is performed with equation on both the thermal conductivity and 

specific heat of the two configurations respectively. The result is summarized in Fig. 5.2. 
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In Fig. 5.2a, it shows that for the front-pump front-probe configuration, thermal 

conductivity and specific heat both have negative sign. By revisiting the definition of 

thermal effusivity, where thermal conductivity and specific heat are under the square 

root, meaning they should have the same sign, we can confirm that the front-pump front-

probe configuration is sensitive to thermal effusivity. In Fig. 5.2b, it shows that for the 

back-pump front-probe configuration, thermal conductivity and specific heat have 

opposite signs. By revisiting the definition of thermal diffusivity, where thermal 

conductivity and specific heat are at numerator and denominator respectively, meaning 

they should have opposite signs, we can confirm that the back-pump front-probe 

configuration is sensitive to thermal diffusivity. Thermal effusivity is a parameter to 

evaluate how heat is exchanged with surrounding, and thermal diffusivity is a parameter 

defining how fast heat is propagates inside a single material. 

 

Figure 5.2 a) Sensitivity test on κ and Cv in front-pump front probe configuration, 

showing the signal is sensitive to thermal effusivity. b) Sensitivity test on κ and Cv in 

back-pump front-probe configuration, showing the signal is sensitive to thermal 

diffusivity 
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5.3 Test result of metal films with one-parameter fitting 

I choose several metal films as test sample. The reason I choose metal films is that 

they can be directly deposited onto transparent substrate (glass), and thickness can be 

controlled well. Under the current pump pulse energy, the temperature rise is small on the 

probe side in the back-pump front-probe configuration, so the thickness of the sample 

needs to be relatively thin. There are various metal films that can be deposited with e-

beam evaporation, however, in order for the diffusive heat conduction model to be 

effective, metals with high electron-phonon coupling constants (Pt, Ni, Al) are selected. 

The three metal films are deposited by e-beam evaporation with thickness to be 510 nm 

(Pt), 730 nm (Ni), and 1600 nm (Al) on a thin glass substrate (~180 um), respectively. 

Then a gold metal transducer layer is then deposited on top of the metal films to enhance 

thermoreflectance. The sample configurations with pump and probe directions are 

illustrated in Fig. 5.3. 

 

Figure 5.3 Schematics showing how pump and probe lasers illuminate the sample 

structure with glass substrate in front-pump front-probe and back-pump front-probe 

configurations. 

 



 93 

The signal collected and fitted curves for the two configurations are listed in Fig. 

5.4. In front-pump front-probe configuration, the temperature change on the pump side is 

monitored, as the heat propagates inside the sample, the signal will decay. In the back-

pump front-probe configuration, the temperature change on the opposite side of the pump 

is monitored. As the heat propagating from the pump side to the probe side, the signal 

will show an increase, this signal is similar to that in laser flash method. 

 

 

Figure 5.4 Experimental data and fitting curves of three different test metal films 

deposited on thin glass for front-pump front-probe and back-pump front-probe 

configurations.  
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Ti (510nm) Ni (730 nm) Al (1600nm) 

Cv (J/m3K) (literature) 2.35*106 4.47*106 2.486*106 

Fit κ from fpumpfprobe (W/mK) 9.1 63 199 

Fit κ from bpumpfprobe (W/mK) 10 32 248 

Average of above two κ 9.55 47.5 223.5 

κ (literature) (W/mK) 17 91 237 

Table 5.1 Summarized literature and fitted values on three metal films for front-pump 

front-probe and back-pump front-probe configurations.  

 

Before performing simultaneous fitting of thermal conductivity and specific heat, 

we perform one-parameter fitting, where the literature specific heat values are input into 

the front-pump front-probe and back-pump front-probe dataset respectively, to extract the 

fitted thermal conductivities from the two system configurations of the three test 

materials. The input and fitting values are summarized in Table 3. Due to the ultrathin 

nature of the metal films, the thermal conductivity value extracted are smaller than the 

bulk value due to interface/surface scattering. So we just use the one-parameter fitted 

value as benchmark values to test our two-parameter fitting algorithm and values later.  

5.4 Two-parameter fitting  

As mentioned in previous section, one-parameter fitting is to input literature value 

of specific heat to fit thermal conductivity. Here we want to design an algorithm to utilize 

two datasets (front-pump front-probe, back-pump front probe) to extract two parameters 

(specific heat, thermal conductivity) without any literature information. The algorithm is 

described as follows. 
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Figure 5.5 Illustration on the algorithm to fit κ and Cv with two datasets from front-pump 

front-probe and back-pump front-probe configurations. 

 

As Fig.5.5 shows, for the first iteration, an initial Cv value is input into back-

pump front-probe dataset. This Cv does not have to be literature value, just a random 

guess value. However, for most solid materials, Cv is spanned between 1*106-5*106 

J/m3K, and we can input any number in this range, and the input value would not be 

orders of magnitude off compared to the real value. Then we can fit κ. Then this fitted κ 

is taken as the input parameter for the front-pump front-probe dataset to obtain fitted Cv, 

this concludes the first iteration.  

For the second iteration, the fitted Cv from the first iteration will be used as the 

input instead of a random initial value. And the rest would remain the same. 

Fig. 5.6 illustrates the fitted value evolution with respect to iteration numbers 

using the algorithm mentioned above on the 510 nm-Ti datasets. An initial Cv value of 

1*106 and 5*106 J/m3K are inputs for the left and right respectively. As the iteration 

proceeds, the fitted κ and Cv in each iteration approach the benchmark value and 

literature value, eventually result in a reasonable match in about ten iterations.  
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Figure 5.6 Plots showing the converge of the fitting process based on the algorithm with 

both 1*106 and 5*106 J/m3K as input value for the Cv of Ti. In each iteration, open 

symbol represents the current input value from the fitting of previous iteration, solid 

symbol represents the fitted value of the current iteration. Red symbols and axis are 

related to κ, blue symbols and axis are related to Cv. The two horizontal lines represent 

the κ value from one-parameter fitting (red), and literature Cv (blue). 

 

 

Figure 5.7 Comparison between the results from two-parameter fitting (κ and Cv) and 

one-parameter fitting (κ) and literature values (Cv) 

 

In Fig. 5.7 the two-parameter fitting result are compared with one-parameter 

fitting result for κ (due to the thin sample, cannot compare with bulk value) and literature 

value for Cv. All results from the three test metal films agrees well.  
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5.5 Summary 

In conclusion, we have upgraded the ps-TTR system (ps-Transient 

Thermoreflectance) to double-side pump single-side probe. The front-pump front-probe 

and back-pump front-probe configurations are proved to be sensitive to thermal effusivity 

and thermal diffusivity respectively. Since thermal effusivity and thermal diffusivity are 

both functions of κ and Cv, with the two datasets from two configurations, both κ and Cv 

are able to be resolved. We also come up with a fitting algorithm to utilize the two 

datasets to fit κ and Cv without necessity to know any thermal information beforehand. 

To test the system and algorithm, we prepare three types of metal thin films (Ti, Ni, Al) 

deposited on thin glass substrate. The simultaneously fitted κ and Cv agrees with the 

effective κ from one-parameter fitting and literature Cv. This technique provides the 

possibility to probe thermal conductivity and specific heat on a material where the 

properties are not uniform (porous material, where the density distribution is not uniform) 

or the properties are changing with external environment (high pressure). With an 

information of the thermal property distribution at different depths, it would help 

geophysicist and geochemist to discover the earth core and earth mantle evolution. 
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Chapter 6: Implication and Outlook 

The onset of 2D materials has been a boosting area in materials research due to its 

many unique features. The intrinsic properties can be further modulated by external 

factors, such as electrical fields, temperature, magnetic field, etc. Among all the external 

stimulations, strain has been shown effective on 2D materials due to its weak interlayer 

bonding and flexibility.  

We have proven the enhancement of the cross-plane thermal conductivity of 

multi-layer MoS2 under pressure, and due to the enhancement of interlayer interaction 

under pressure, all other 2D materials should also possess similar behavior. As mentioned 

in Chapter 3, the interlayer interaction in MoS2 is still vdWs force in the pressure range 

of our experiment. In comparison, due to the active carbon atoms, graphite is predicted to 

have several phases under pressure other than the four well-known carbon allotropes 

(graphite, cubic diamond, hexagonal diamond and amorphous carbon), such as 

monoclinic M-carbon190, cubic body center C4 carbon191, orthorhombic W-carbon192, and 

Z-carbon193. These phases appear with the accompanying increase in electrical resistivity, 

increase in optical transmittance, broadening of the high frequency E2g Raman peak, or 

change in x-ray diffraction patterns between 10-25 GPa. Since covalent bonds are formed 

between layers in these phases, the cross-plane thermal conductivity should be altered 

more compared to MoS2 under pressure. And due to the existence of many phases, 

enhancement behavior would be more complicated and involve more interesting physics. 

Also the optical, electrical properties along with these different phase transitions are also 

worth studying. 

An addition to the integration of strain tuning of 2D materials would be the 

modification of in-plane properties, such as carrier mobility or optical response, as 
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mentioned in the second chapter. This would lead to the abilities of either creating in-

plane anisotropy from a non-anisotropic material (such as MoS2) or modify the existing 

anisotropy (such as ReS2). With this in mind, mechanical strain-tuning devices are still 

worth working with due to the fact that DAC can only apply in-plane strain isotropically.  

Lastly in our simultaneous measurement of thermal conductivity and specific 

heat, the signal intensity or the signal-to-noise (SNR) still need to be improve for the 

back-pump front-probe configuration. This can be done by applying larger pump pulse 

energy with a wider pulse width, which will ensure larger temperature rise on the probe 

side as well as not damaging the sample. After completing this, this method can be 

extended to measure more universal samples. 
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