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Transition metal dichalcogenide (TMD) materials consist of strong intra-layer covalently
bonded and weak inter-layer van der Waals bonded layers, which enable the preparation of
atomically thin devices by either mechanical exfoliation or chemical vapor deposition (CVD). As
a certain group of TMDs MX2 (M=Mo, W; X=S, Se, Te) are scaled to the thickness of one threeatom-thick layer, the electronic dispersion undergoes a transition from an indirect to a direct band
gap due to quantum confinement effects. The mechanical flexibility can be also enhanced by
reducing layer number in TMDs. In view of these extraordinary properties, TMDs have been
proposed as good candidate active materials for optoelectronic and photonic devices. However,
the mechanisms of tuning electronic band gap energy and phonon dispersion are still unclear. In
additional, the quantum emission behavior in atomically thin TMDs remains to be better
understood.
This thesis examines the mechanisms of strain and isotope effect on optoelectronic and
photonic transport in atomically thin WSe2. A two-order of magnitude enhancement in the
photoluminescence (PL) emission intensity in uniaxially strained single crystalline CVD grown
WSe2 bilayers is demonstrated using a new encapsulation four-point bending technique. A strain
transfer model is developed considering 3-dimensional Poisson effect. Adding confidence to the
high levels of elastic strain achieved, mode dependent Grüneisen parameters were obtained by
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interpreting the Raman spectra. Additionally, a larger optical band gap in isotopically pure bilayer
WSe2 compared to the naturally abundant sample is reported in this thesis due to the isotope effect
on the indirect excitons. The X-ray diffraction characterization reveals a slightly shorter interlayer
van der Waals bond length in isotopic WSe2 bilayer with heavier atomic mass.
Furthermore, a new route of creating locally defined single photon emitters on nominally
bilayer WSe2 is investigated. The bilayer WSe2 is continuous over 1 cm2 and transferred onto
silicon oxide tip arrays to create engineered defects due to local strain. The seconder order photon
correlation measurement confirms quantum emission arising from engineered defect sites. The
results are promising for integration of quantum emission sites into scaled device architectures.
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Chapter 1: Introduction
1.1 Background on Atomically Thin van der Waals Materials
The van der Waals (vdW) crystals are the materials consisting of strong intra-layer
covalently bonded and weak inter-layer van der Waals bonded atoms. Due to their layered structure
and relatively weak inter-layer van der Waals bonds compared to intra-layer covalent bonds, the
bulk graphite and bulk molybdenum disulfide (MoS2) are commonly used as dry lubricants.
Despite their lubricant applications, the weak van der Waals bonds also enable people to prepare
atomically thin materials with one or few atom thickness by either mechanical exfoliation1,
chemical vapor depositon (CVD)2,3, or other techniques4. Compared to bulk vdW materials,
recently proposed technologies based on these materials offer size, weight, and power advantages
not currently achievable using traditional materials, and are especially promising for nanophotonic
applications5,6 including quantum emission sources7-16.
Graphene was the first obtained free-standing two-dimensional (2D) material consisting of
one atomic carbon layer by mechanical exfoliation1,17. The isolated 2D graphene is stable at room
temperature in air and remains macroscopically continuous with high carrier mobility1,18.
Graphene also shows high thermal conductivity for both suspended19,20 and supported cases21 and
exhibits two-dimensional phonon transportation21 which has drawn numerous attention in
electronic and thermal physics research fields. Owning these extraordinary properties, the
applications of graphene have broadened to atomically thin flexible electronics22, visible light
sources23, optical modulators24, and high performance batteries25.
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However, due to lack of an electronic band gap in graphene and ultra-thin graphite, certain
applications are greatly limited where semiconductors with non-trivial electronic band gap are
required. Transition metal dichalcogenides (TMDs) are a relatively new class of atomically thin
materials receiving interest for overcoming limitations inherent to graphene-based electronics, of
which there are more than 40 unique TMDs encompassing a diverse range of unique properties2629

. Instead of having one only carbon atom in each vdW layer, the TMDs MX2 (M=Mo, W; X=S,

Se, Te) composes three atoms in each layer: chalcogen atoms in the top and bottom, metal atoms
in the middle, as Figure 1.1 shows.

Figure 1. 1 Crystal structure of monolayer van der Waals materials. (a) graphene, (b) WSe2.
Electronic band gap engineering in atomically thin TMDs is a new route to achieve tunable
and flexible electronic and optoelectronic applications. As certain MX2 TMDs are scaled to the
thickness of one three-atom-thick layer, the electronic dispersion undergoes a transition from an
indirect to a direct band gap due to quantum confinement effects30-33. In addition, certain phases
also exhibit electronic band gap tunability via changing layer number30, electrical gating34, and
heterostructure35,36. Therefore, the precise manipulation of electron and phonon band structure in
atomically-thin TMDs materials becomes the key to widespread adoption in applications. Since
2

the difficulty of dynamically changing layer numbers without breaking the materials, other
approaches (strain, isotopes, etc.) become on-demand and more applicable for manipulating
phonons and the optical band gap. In additional to the unique phonon and optoelectronic properties,
atomically thin TMDs have larger flexibility than their bulk phases37 which further broaden their
application in strain or flexible device related fields.
In the following sections of this chapter, first the current status of manipulating electron
and phonon band structures through strain engineering will be discussed. Secondly, single photon
quantum emission arising from these materials will be introduced as a future application of strained
atomically thin TMDs. Thirdly, the idea of manipulating phonon and optical band gap through
isotopic engineering will be raised and discussed. In addition, the fundamental principles of Raman
spectroscopy will be illustrated in order to better understand later chapters. Last, the scope of
present work will be briefly described.
1.1.1 Strain Engineering in Atomically Thin Transition Metal Dichalcogenides
Apart from the unique electrical and optoelectrical properties, atomically thin TMDs also
show outstanding mechanical properties. In contrast to Si which usually breaks at ~1.5% strain,
monolayer MoS2 exhibits breaking at ~11% strain which is similar as graphene with breaking
strain at 13%38. In addition, Figure 1.2 shows that higher thermal expansion coefficient (TEC) was
observed in atomically thin TMDs than their bulk counterparts. The maximum TEC was measured
as 47 times higher in monolayer MoS2 than that of bulk MoS237. Since the bulk modulus is
inversely proportional to the TEC, this results in atomically thin TMDs exhibiting the same order
of magnitude of TEC as that of some polymers39. This significant stretchability in atomically thin
materials not only shows the promising application in bendable and wearable technologies, but
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also open the possibility of tuning the electrical and optoelectrical properties by strain engineering.
Theoretically, it has been predicted that elastic strain40,41 can be used as an extrinsic method to
reversibly engineer a direct band gap in multilayer crystals with indirect band gaps.

Figure 1. 2 The layer number dependent thermal expansion coefficient amplification of transition
metal dichalcogenides. Experimental data is from ref. 37.
One method to strain atomically-thin TMDs is to place them on a piezoelectric substrate,
in which the optical band gap energy increases ~60 meV with 0.2% compressive biaxial strain in
trilayer MoS242. Another approach is to strain suspended atomically thin TMDs placed over a
cavity by creating a pressure difference between the inside and outside of the cavity43. With this
method43, monolayer MoS2 showed an optical band gap change of 99 meV/% biaxial strain and
Grüneisen parameters (γ) were measured to be 0.68 for the E2g mode and 0.21 for the A1g mode
with up to ~2% strain. Besides above two methods, use of an AFM probe44 and a wrinkled
substrate45 were also used to apply tensile strain44. However, it is difficult to accurately evaluate
the strain dependent optoelectrical properties in these methods due to the large strain gradient

4

created in regions of only a few hundred nm which is comparable to the beam spot size of
commonly used laser probes such as 514 nm, 532 nm and 633 nm.
A higher throughput method to strain atomically thin materials is four-point bending which
was first introduced for straining graphene46. Exfoliated graphene was placed onto an SU-8 coated
PET substrate, where the SU-8 was used as adhesion layer and the PET was used as a flexible
substrate46. The Grüneisen parameter was experimentally measured as γE =1.9946 with strain up
2g

to ~1.3%. By a similar method, monolayer MoS2 shows ~45 meV/% strain changes in the optical

band gap, and bilayer MoS2 shows ~120 meV/% strain change with up to 2.2% tensile strain47.
The Grüneisen parameter of the E2g mode was also measured as ~1.06 in the same study47 which
is half that of the graphene’s Grüneisen parameter of E2g mode46 and comparable to that of
hexagonal boron nitride48,49. Moreover, bilayer WSe2 strained by the four-point bending method
exhibits ~35 times higher photoluminescence enhancement at 2% tensile strain due to the
electronic band structure evolution with strain50. The above experiments were all done by directly
placing atomically thin TMDs onto a flexible substrate with either sputtered titanium clamps47 or
without clamps46,50.
Another important topic that needs to be addressed is the efficiency of strain transferred
from the substrate to the atomically thin materials in four-point bending method, as all studies
assumed 100% of the substrate strain was transferred to the material. In order to evaluate the strain
transfer efficiency, the Grüneisen parameter can be measured by Raman spectroscopy and used as
an indicator in comparison with known values or those calculated theoretically. In contrast with
hard substrates such as Si wafers with a Poisson ratio ~0.2251, the flexible polymer substrates have
higher Poisson ratios, such as PET (0.37-0.44)39, PMMA (0.35-0.4)39, PC (0.33)47 and SU-8

5

(0.33)46. Thus, when uniaxial tensile strain is applied to a flexible polymer substrate, nonnegligible compressive strain also occurs in the direction perpendicular to the tensile strain due to
the Poisson effect. If the atomically thin sample is unencapsulated, only the in-plane compressive
strain is considered in the analysis46,47. Moreover, the sample can be also encapsulated between
polymer layers to avoid exposure to air52 or to more efficiently transfer strain from substrate to
sample39,52. For the encapsulated sample, the compressive strain is both in-plane and out-of-plane.
So, it is necessary to know the Poisson ratio of the substrate in both directions if the top and bottom
encapsulation layers are different materials or if the Poisson ratio is anisotropic. The experimental
Grüneisen parameters of some atomically thin van der Waals materials is showing in Table 1.1.
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Table 1. 1 Comparison of experimental and computational Grüneisen parameters of atomically
thin van der Waals materials. (ε denotes the uniaxial strain; for black phosphorus, υ is the Poisson
ratio of the SU-8 polymer substrate).
Grüneisen parameter (γ )
Materials

Graphene

γΕ2γ (γG )

γ2D

1.9946

3.5846

1.97±0.1553

2.83±0.1253

1.8±0.1854

2.6±0.1354

2.4±0.255

3.8±0.355

1.8±0.2

2.4±0.2

1.8 (DFT)46

2.9857

56

γA1g

γA2

γB2g

-

-

-

-

-

-

-

-

-

1g

56

3.6639
MoS2
(monolayer)

1.1±0.247
0.658

0.2159
-

0.6559
MoS2

1.0±0.260

(bilayer)
WS2

0.561

(monolayer)

0.5462

WSe2
(bilayer)

-

-

1.149±0.02739
0.3862

-

Black phosphorus
~15 layers
(ε // to zigzag)

-

-

0.1861

0.307±0.06139

0.357±0.10339

*0.14 (υ=0)52

*0.92 (υ=0)52

*2.47 (υ=0)52

*0.22 (υ=0.33)52

*1.38 (υ=0.33)52

*3.69 (υ=0.33)52

*-0.05

*0.87

*2.10

(υ=0, DFT)52

(υ=0, DFT)52

(υ=0, DFT)52

*-0.46
(υ=0.33, DFT)
Black phosphorus
~15 layers
(ε // to armchair)

-

-

-

*1.31
52

(υ=0.33, DFT)

*3.09
52

(υ=0.33, DFT)52

*1.05 (υ=0)52

*0.01 (υ=0)52

*0.42 (υ=0)52

*1.57 (υ=0.33)52

*0.01 (υ=0.33)52

*0.63 (υ=0.33)52

*0.63

*-0.11

*0.16

(υ=0, DFT)52

(υ=0, DFT)52

(υ=0, DFT)52

*0.89

*-0.64

*-0.73

(υ=0.33, DFT)52

(υ=0.33, DFT)52

(υ=0.33, DFT)52
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*Note: ref. 52 stated that the theoretical simulation results match the experimental results without considering the
Poisson effect from the substrate (υ=0). Whereas, the experimental result considering the Poisson effect (υ=0.33) leads
to larger γ. However, ref. 46 showed the necessity of considering the substrate Poisson effect. Thus, both results are
listed here.

The importance of evaluating strain transfer efficiency can be shown by comparing the
Grüneisen parameter of atomically thin vdW materials from different studies. By extrapolating the
strain dependent E2g mode, the Grüneisen parameter can be calculated as Figure 1.3 shows. In one
previous study50, γE decreases from 1.58 to 1.32 instead of maintaining a constant value. This
2g

indicates slippage or other problems with the study as γ is not strain dependent63. Comparing with
a previous study on monolayer MoS247 and bilayer WSe239, the large and decreasing Grüneisen
parameter in ref. 50 may indicate an overestimated strain value and also slippage between
sample/substrate or between WSe2 layers. Thus, it is necessary to evaluate the strain transfer
efficiency in order to accurately study strain dependent properties when using four-point bending
method.
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Figure 1. 3 Comparison of the experimental E2g mode Grüneisen parameters in TMD materials.
The Grüneisen parameter of unencapsulated bilayer WSe2 calculated based on the data from ref.
50 (red squares) is indicative of serious problems regarding the reported strain transferred to the
2D crystal. The Grüneisen parameters of monolayer MoS2 and bilayer WSe2 are adopted from refs.
47

and 39, respectively.
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1.1.2 Quantum Emission in Atomically Thin Transition Metal Dichalcogenides
Quantum single photon emission is another very recently found phenomenon of atomically
thin TMDs. The single photon state is an excitation of the electromagnetic field, in which detectors
measure exactly one phone for each incident state. So the photon number statistic has a mean value
of one photon with variance of zero64. Single photon generation is a requirement for quantum key
distribution and all-optical quantum computing, crucial for the advancement of quantum
information technologies65-70. The information is encoded in the quantum state of each photon
which travels at the speed of light and weakly interacts with the environment over long distances64.
Using this phenomenon, researchers have recently demonstrated an ‘un-hackable’ transmission of
data over a satellite-based network71.
The single photon purity is one important property for the ideal single photon source which
can be measured by Hanbury Brown and Twiss experiment72. The incident light passes a beam
splitter and two single-photon detectors measuring output, where the correlation of time delay is
measured between these detectors72,73. This correlation can be evaluated by the second order
correlation function as73:
〈n (t)n (t)〉

g(2) (0)= 〈n 1(t)〉〈n2 (t)〉
1

2

(1.1)

where ni (t) is the number of counts detected on detector i at the time t. For an ideal single photon
source, the probability of multiple photon number is zero and g(2)(0)=0.
Solid-state single photon sources have been commonly found to arise from defects in 1dimensional15,74 (carbon nanotube) or 3-dimensional75-79 (quantum dots, diamond and cubic silicon
carbide) materials. Several recent studies have observed single photons originating from defect
10

structures in mechanically exfoliated WSe26-12,14,80, WS26,8, hexagonal-BN (h-BN)81, and
GaSe16,82, and in chemical vapor deposition synthesized WSe283 and h-BN13. Optical emission
energy in these systems resides within the electronic band gap and excitation had been provided
by both direct6-13,16 and remote optical pumping82, and electrical charge injection6. Previous studies
have postulated that non-uniform strain fields govern quantum emission in these materials7,8,84
which may benefit secure communication technologies as the use of single photon sources requires
both spatial control of the emission site and no more than one emitter per site85-87. For secure
military communications, the use of single photon sources requires both spatial control of the
emission site and no more than one emitter per site. However, the mechanism responsible for
recent demonstration of strain-engineered single photon sources in TMDs using tent-pole style
pillars7,8 remains unclear, as does the generality of conclusions based on these studies.
Additionally, scalability also currently limits progress: lab-scale mechanical exfoliation and
powder vapor transport growth of small crystallites constitute the only cases where this effect has
been observed in semiconducting atomically thin materials6-12,14,16,80,82,83 . Thus, an approach for
creating highly spatially localized and well-separated emission sites in a continuous film TMDs is
needed.
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Table 1. 2 Comparison of single photon emission sources in vdW atomically thin materials.
(“FSSE” denotes the fine structure splitting energy)

Materials

Defect

Emission

emission

wavelength

energy (eV)

(nm)

Lifetime

g (2)(0)

(ns)

FSSE

Temperature

(µeV)

(K)

WSe2

~1.636

~7606

9.4±2.86

0.29±0.086

-

106

(monolayer)

1.557

8007

2.8±0.027

0.07±0.047

700-9007

3.57

1.59-1.668

748-7808

3.08-8.818

0.087-0.188

200–7308

108

1.707±0.0019

7269

1.8-6.59

0.329

-

109

1.6819

7389

7-9.69

0.289

-

109

~1.6910

735.810

1.5110

0.20±0.0210

-

4.210

~1.7110

723.510

2.510

0.18±0.0210

-

4.210

1.63611

75811

0.611

0.311

-

4.211

1.65-1.712

729-75112

0.5-1.812

0.3612

730±2912

4.212

1.5814

782.714

4.1414

0.1714

72614

414

1.60-1.72580

719-77580

1.9-2.880

0.19-0.2380

-

1080

1.71983

72183

1.79±0.00283

0.21±0.0683

590-75083

483

~1.48-1.607

775-835

4.8±0.17

0.03±0.027

-

3.57

~1.936

6426

1.4±0.156

0.31±0.056

-

106

~1.97-2.008

618-6308

-

-

300-8108

108

WSe2
(bilayer)
WS2
(monolayer)
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Materials

h-BN

Defect

Emission

emission

wavelength

energy (eV)

(nm)

Lifetime

g (2)(0)

(ns)

FSSE

Temperature

(µeV)

(K)

1.9913

62313

-

~0.313

-

77-30013

h-BN

1.9913

62313

3.0913

0.33±0.1213

-

77-30013

(multilayer)

1.8881

658.681

-

0.3-0.3981

-

10-30081

1.881±0.00216

65916

-

0.3316

-

1016

1.98-1.9982

623-62682

182

0.13-0.3782

-

1082

Solitary

95% < 1.18685

95%>104585

0.431 (4 K)85

0.04-0.39 (4

-

4-29885

doped

E11*: ~1.10785

E11*: ~112085

0.457 (50 K)85

E11*-: ~0.99285

E11*-: ~125085

0.475 (100 K)85

-

30015

(monolayer)

GaSe
(multilayer)

SWCNT

0.420 (150 K)85
0.251 (200 K)85
0.215 (230 K)85
0.194 (260 K)85
0.108 (270 K)85
0.120 (298 K)85

K)85
0.25 (50 K)85
0.07 (100 K)85
0.47 (200 K)85
0.09 (230 K)85
0.17 (260 K)85
-

sp3 defect

0.775-1.12715

1100-160015

~0.07-0.6215

in SWCNT
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85% < 0.115

1.1.3 Isotopic Engineering in Atomically Thin Transition Metal Dichalcogenides
In additional to the strain effect, the isotopic effect is a static state knob to tune phonon and
electron transport of van der Waals materials88 without mechanically changing lattice structure.
Isotopes are the element with same proton and electron numbers but having a different number of
neutrons, resulting lighter or heavier atomic mass. The word of “isotope” was firstly introduced
by Soddy based on his study on radioactive elements having the same intra-atomic charge but
different atomic mass89. Soddy called it “isotope” because of “isos=equal” and “topos=place” in
Greek, which indicates the isotopes of an element occupy the sample position in periodic table. At
the same year, Thomson found the heavier neon atoms in discharge tube90. In 1920, Aston
confirmed the existence of 20Ne and 22Ne by utilizing a mass spectrometer91. The isotope discovery
led to the awarding of a Nobel prize in chemistry to Soddy in 1921 and Aston in 1922.
The atomic mass variances of isotopes directly change the atomic vibrational energy which
can be described as a phonon, and usually can be characterized by phonon frequency and lifetime.
The isotopic mass effect on phonons can be expressed as two factors: (1) average mass which is
the mean of atomic mass for the isotopes of a given element, and (2) mass fluctuation which can
be described as g = ∑ i , j [ci,j(1−Mi,j/Mi,avg)2], where where ci,j and Mi,j are the concentration and
atomic mass of i-th atomic site and the j-th impurity, respectively, and Mi,avg is the average atomic
mass of the i-th atomic site92,93. The frequency of optical lattice vibrations is expected to decrease
with heavier atomic mass according to a simple two-atom basis one-dimensional harmonic
oscillator model94 as ω = [2C/(M1-1+M2-1)]1/2 for zone center and ω = (2C/Mj)1/2, j = 1,2, for zone
boundary phonons where C is the force constant and Mj is the mass of the j-th atom in the two
atom basis chain. Regarding the mass fluctuation effect, the phonon frequency shift can be
expressed as95
14

∆ω=

gω2
24

∞

∫0

ω'
𝜔𝜔0 -ω'

Nd1 (𝜔𝜔′ )d𝜔𝜔′

(1.2)

where g is the 2nd-order mass variance parameter, ω0 is the original phonon frequency, Nd1(ω’) is
the phonon density of state at frequency ω’. The phonon lifetime can be expressed as τ =1/Γ, where
Γ is the phonon linewidth, usually obtained from the full width at half maximum (FWHM) of
Raman spectra. First, we look at the average mass effect on phonon lifetime (or FWHM). When
one phonon decays into two phonons, the FWHM of its Raman spectra is given as95 Γ
=|V3|2Nd2(ω0j)(1+nB1+nB2), where V3 is an anharmonic matrix element, Nd2(ω0j) is the density of
states of the sum for two phonons into which the phonon of frequency ω0j decays, nB1 and nB2 are
the Bose-Einstein factors for the two phonons95. When T is close to 0 K, the anharmonic matrix
element is proportional to M-3/2, and the density of states is inversely proportional to M1/2. So that
we should expect that Γ is proportional to M-1 when T is close to 0 K. This relation between Raman
FWHM and average mass was illustrated using isotopic Ge in which the intrinsic FHWM
decreases with isotopic mass96. Next, we discuss about the mass fluctuation effect on phonon
lifetime (or FWHM). The FWHM of a cubic monatomic crystal can be expressed as Γ
=gω2Nd1(ω0)π/12, where Nd1(ω0) is the density of states of one phonon at frequency ω0, and g is
the mass fluctuation parameter93, The Raman FWHM of a crystal with two different atoms in a
primitive cell is Γ =[gcNd1c(ω0)|ec|2+ gaNd1a(ω0)|ea|2]πω02/6, where g the mass fluctuation parameter,
e is the the orthonormal eigenvector corresponding to the Raman active optical phonon, subscript
“a” and “c” represent anion and cation97. In above two cases, the FWHM is related to both average
mass and mass fluctuation. Although the FWHM is expected to increase with larger mass
fluctuation, this changes could be either very small as for Si or very large as for diamond98.
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Moreover, isotopes also effect on the optical band gap when the electron transition involves
electron-phonon interactions. Electronic transitions from filled to empty states must conserve
electron momentum. In a semiconductor with an indirect electronic band gap, the conduction band
minimum (CBM) and valence band maximum (VBM) are not at the same electron momentum in
reciprocal space. Since the momentum of photons is negligible, the electron transition between
CBM and VBM must involve phonon assistance to obey the momentum conservation rule.
Therefore, the band gap of an indirect semiconductor can be affected by the isotopes. It has been
experimentally observed that the indirect band gap of Ge changes with the atomic mass, by ~2.2
meV between

70

Ge and

76

Ge99. Very recently, the indirect band gap renormalization energy

changes of van der Waals h-BN was reported as ~4.4 meV between h-10BNAN and h-NABNAN88,
where NA indicates a natural abundance isotopic composition.
In the macroscale, the isotopic effect also influences the thermal properties. It has been
reported that the phonon scattering by isotopic impurities is an important mechanism for
manipulating the thermal conductivity κ, such as for high-κ materials that are actively investigated
for thermal management applications100. Experiments on 3-dimensional cubic crystals including
diamond, silicon, and germanium101-103 have shown that isotopic impurities considerably suppress
the thermal conductivity at intermediate temperatures near the peak in κ. 2D structures such as
single-layer graphene21 and h-BN104,105, as well as quasi-2D bulk graphite106 and bulk h-BN107, are
known to possess high in-plane κ due to large crystallite sizes, light atomic masses, and strong
interatomic bonding in the basal plane.
Although the isotopic effect has been reported in various bulk materials, it is still
unexplored in the atomically thin TMDs due to the experimental difficulties, including the
synthesis and characterization of atomically thin isotopic materials. Also, the isotopic effect cannot
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be simply extended from bulk to atomically thin TMDs since they exhibit layer-number- (or
thickness-) dependent phonon and optoelectronic properties. Thus, it is urgent to fill the gap in
knowledge on the isotopic effect on phonon and optoelectronic properties in atomically thin TMDs.
1.1.4 Raman Spectroscopy in Atomically Thin Transition Metal Dichalcogenides
Raman spectroscopy is named after physicist Sir Chandrasekhara Venkata Raman who
published the first paper of this technique at 1928108 and received the Nobel Prize for physics at
1930. When photons scatter from a material system, most of the photons have the same energy as
the incident light and the excited electrons go back to their original state, also known as Rayleigh
scattering109,110. For inelastic scattering however, the scattered photons can be lower or higher
energy than the incident photons, which defines the two types of Raman scattering: Stokes or antiStokes inelastic scattering. The energy loss/gain depends on the vibrational frequency of the
molecule or crystal, which generally increases with bond strength. It has been reported that the
phonon modes of atomically thin materials can be shifted by mechanical strain, which enables
detection of strain using Raman spectroscopy46,111.
However, not all vibrational modes are Raman active based on the selection rule - the
polarizability of a molecule or crystal should change during vibration. Atomically thin MX2 TMDs
belong to the D3h point group112,113. Table 1.3 shows the character table for D3h point group.
According to the irreducible representation, A1' (x2+y2, z2), E' (x2-y2, xy) and E'' (xz, yz) with
quadratic terms are Raman active modes, whereas, A2' (Rz), E' (x, y), and A2'' (z) with linear terms
are IR active modes. In IR characterization, the light will be absorbed when the frequency of IR is
the same as the vibrational frequency of bonds114. By examination of the transmitted light, the
frequency of IR active modes can be measured114. The E' Raman active mode (denotes the E2g
17

mode in atomically thin TMDs) and A1' Raman active mode (denotes the A1g mode in TMDs) are
2

the in-plane and out-of-plane vibrations, respectively. Another A'1 (denotes the A21g mode in
TMDs) only appears for layer numbers larger than 1112. The A21g mode corresponds to the interlayer
vibrations involving both transition metal and chalcogen atoms.

Table 1. 3 Character table for D3h point group atomically thin TMDs. D3h point group has 1 identity
(E), 2 three-fold rotational axis (C3), 3 axis (C2) perpendicular to C3, 1 horizontal plane of
symmetry (σh), 2 center of symmetry (S3), 3 vertical plane of symmetry (σv). “1” denotes the sign
of vector is unchanged by symmetry operation, whereas “-1” represents a sign change due to
asymmetry operation.
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Low-frequency Raman spectroscopy (~below 50 cm-1) can further characterize the weak
interlayer interaction in van der Waals materials. In TMDs, two low frequency Raman modes have
been observed when the layer number is larger than one. Bilayer MoS2 has the interlayer shear
mode at ~23 cm-1, and the interlayer breathing mode at ~36 cm-1 115. Bilayer WSe2 exhibits the
interlayer shear mode at ~18 cm-1, and the interlayer breathing mode at ~28 cm-1 115. The weak
interlayer van der Waals interaction can be affected by either strain, twisting or isotope engineering.
The interlayer shear mode and breathing mode in MoS2 bilayer has been observed to be sensitive
to the twist angle between layers, in which the frequency variation can be up to 8 cm-1 116. For the
isotopic effect, both low frequency shear and breathing modes “red-shift” with isotope mass in hBN88.
1.2 Motivation and Scope of This Thesis
In view of the above-mentioned extraordinary properties of atomically thin van der Waals
materials, it is urgent and beneficial to understand the mechanisms and explore new phenomenon
of optoelectronic and photonic transport in these materials. To achieve this goal, the challenges
include: (i) identifying the mechanisms of strain effects on optoelectronic properties has been
limited by difficulty in quantifying atomic-level strain experienced by an atomically thin material,
(ii) the mechanism responsible for recent spatial control of quantum emitters based on high density,
dielectrically non-uniform pillars7,8 remains unclear, as does the generality of conclusions based
on these studies, (iii) the isotopic effect on the electronic band gap was only examined on bulk
vdW materials, such as h-BN with a large band gap of ~5.2 eV. It remains to be further explored
in other atomically thin vdW materials with smaller band gaps and different symmetry (e.g. the
MX2 TMDs) which are more suitable for nanoelectronics, optoelectronic, and quantum emission
applications.
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Based on the above motivation, the aims of this thesis are to (i) understand the strain
coupled-phonon and optoelectronic transport in atomically thin vdW semiconductors; (ii) establish
a route to create locally defined atomically thin single photon quantum emitter with scalability to
wafer-scale; (iii) explore the isotopic effects on phonon dispersion and optical band gap energy of
atomically thin semiconducting TMDs. Accordingly, these studies, which focus on bilayer WSe2,
are presented in the next four chapters:
Chapter 2 reports a high repeatability chemical vapor deposition (CVD) method for
monolayer MoS2 and bilayer WSe2 using our own custom designed and built CVD system. The
monolayer MoS2 was synthesized in both mass-limited and diffusion-limited growth conditions.
The mass-limited growth showed uniform properties examined by AFM and spatial Raman and
photoluminescence mapping. Whereas the diffusion-limited growth monolayer MoS2 had tiny
nucleation dots on the surface and a rounded profile resulting in non-spatially uniform Raman and
PL spectra. Bilayer WSe2 was also synthesized by a CVD method. In contrast with previous
reports, the top and bottom layers of our WSe2 had the same dimension and lattice orientation. The
crystals showed spatially uniform Raman spectra and thickness. The bilayer structure was further
examined by cross-section scanning transmission electron microscopy (STEM).
Chapter 3 examines the strain effect on optoelectronic and phonon dispersion in a WSe2
bilayer grown by CVD. The crystal structure was characterized by confocal Raman spectroscopy,
atomic force microscopy (AFM), and cross-sectional STEM. The WSe2 bilayer was transferred
and encapsulated by two thin poly(methyl methacrylate) (PMMA) layers laid on a flexible
poly(ethylene terephthalate) (PET) substrate for a better strain transfer rate and larger applied
uniaxial tensile strain. The Grüneisen parameter was obtained by interpreting the strain dependent
Raman spectra using a 3-dimensional Poisson effect analysis model which was derived an
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implemented in this thesis. Through comparison of the Grüneisen parameter of graphene also
obtained in this thesis and that from a previous report50, the strain transferred to the 2D materials
was verified. The strain dependent optoelectronic response was studied using photoluminescence
(PL) spectroscopy. The electronic band gap evolution was examined by deconvolution of the PL
emission peak to indirect and direct electronic transition sub-peaks. A two-order of magnitude PL
intensity enhancement was observed at a maximum of 3.59% uniaxial tensile strain.
Chapter 4 presents a method to create highly spatially localized and well-separated
emission sites in a continuous epitaxial film of nominally bilayer WSe2. To separate the effects of
mechanical strain from substrate or dielectric-environment induced changes in the electronic
structure, the continuous epitaxial bilayer WSe2 was transferred onto isotropically etched silicon
dioxide tip arrays. The second order photon correlation was measured as ~0.3, which confirms the
single photon emission phenomenon occurring at the tips. Other types of defects created during
sample transfer process were also examined by cryo-temperature spatial PL spectra.
Chapter 5 investigates the isotope effect on phonon dispersion and optical band gap energy
in naturally abundant

NA

WNASe2 and isotopically purified

186

W80Se2 bilayers. Both samples are

grown using CVD under the same growth conditions to eliminate measurement uncertainty from
other factors besides isotopes. The spatially resolved Raman and PL spectra showed the uniformity
of the bilayer samples. A slightly shorter interlayer van der Waals spacing was obtained by X-ray
diffraction for

186

W80Se2 than for naturally abundant

NA

WNASe2. We demonstrated a higher and

nearly temperature independent optical band gap energy in bilayer
NA

186

W80Se2 than in bilayer

WNASe2 (by 3.92±0.71 meV from 4.41 K to 300 K) likely due to the renormalization of

electronic states. The phonon frequencies decrease in the isotopically pure crystal due to the atomic
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mass dependence of harmonic oscillations, with correspondingly longer optical phonon lifetimes
than in the naturally abundant sample over a temperature range of 4-300 K.
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Chapter 2: Synthesis of Atomically Thin Transition Metal Dichalcogenides
2.1 Chemical Vapor Deposition System
Chemical vapor deposition (CVD) system usually contains 4 major components: carrier
gas supply, reaction chamber, temperature control element and pump system. For atomically thin
transition metal dichalcogenide materials, such as MoS2 and WSe2, the growth prefers to be
performed at atmospheric pressure for lower precursor sublimation rate in order to better control
of growth parameters2,35,117. The oxygen residual inside the system also needs to be minimized
pre-growth for better quality crystal growth. Thus, the modified CVD system with fast switching
between vacuum mode and atmospheric pressure mode was designed and built. The scheme of the
modified CVD system is illustrated in Figure 2.1.

Figure 2. 1 Schematic of the CVD system with capability of both vacuum and atmospheric
pressure. The carrier gas is selected by a 3-way valve. The system pressure can be switched
between vacuum and atmospheric pressure by switching the downstream system from pump to
bubbler. A dual-bubbler is used to prevent the sealant (silicone oil) from flowing back into the
stainless steel gas line.
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The modified CVD system contains multiple gas sources for different materials, such as
N2 for MoS2 growth and forming gas H2(5%)/N2 for WSe2, which can be switched by the upstream
3-way valve. The carrier gas flow was controlled by a digital mass flow controller. The reaction
chamber was made of quartz for high temperature growth (maximum growth temperature 1100°C).
Prior to growth, the CVD reactor was pumped for hours to a rough vacuum pressure lower than
10-4 mbar in order to minimize residual oxygen. Then the downstream 3-way valve was switched
off, and carrier gas was selected and injected into system. Once the pressure reaches atmospheric
pressure, the 3-way valve was switched to the dual-bubbler system which can prevent sealing oil
flowing back into the gas line. Since the inner volume of the CVD system between the two 3-way
valves was relatively small, it was fast to pump down this part and to fill to atmospheric pressure.
The exhaust can contain S or Se residuals and cause health issues to human, thus it is necessary to
connect the exhaust to a fume hood.
2.2 Monolayer MoS2 Single Crystals
2.2.1 Synthesis of Monolayer MoS2 Single Crystals
MoS2 monolayers are synthesized by CVD method using powder precursors. 200 mg of
MoO3 powder (Sigma Aldrich, 99.9% purity) in a crucible was placed in the center of a one-zone
furnace fitted with a 1-inch diameter quartz tube. Sulfur powder in another crucible was placed
upstream outside furnace where the temperature remains ~130°C during growth. A piece of ~285
nm thick SiO2 on 500 µm Si wafer was placed polished-side-down on the crucible containing the
MoO3 powder. After several hours pumping down, the CVD reactor was filled by N2 as a carrier
gas until atmospheric pressure. The N2 gas was set to 10 cm3min-1 during growth, and the growth
was performed using a sealed bubbler filled with silicone oil (Sigma Aldrich) to maintain
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atmospheric pressure. The reaction chamber was heated to 700°C with ramp rate at 10 °C/min,
then stay at 700°C for 10 minutes. After the growth, the system was cooled to 450°C in 20 minutes,
followed by natural cooling to room temperature with the furnace lid open. The synthesis
schematic illustration is shown in Figure 2.2. The critical growth parameter was identified as the
sulfur introduction time. Early sulfur introducing time results in less or no growth. This is due to
the fact that most of the MoO3 was “poisoned” (totally reduced) by sulfur before it sublimates if
sulfur introduced too early in the growth. Nevertheless, later sulfur introducing time results in mass
limited growth which was caused by a lower sulfur vapor pressure in the reaction chamber.

Figure 2. 2 Schematic illustration of the CVD growth of MoS2.

2.2.2 Atomic Force Microscopy Analysis and Optoelectronic Characterization of
Monolayer MoS2 Single Crystals
It has been reported that the atomically thin van der Waals materials, such as graphene, can
be seen under visible light by choosing SiO2 thickness118. Figure 2.3a gives the optical microscopy
image of the CVD grown monolayer MoS2 where the monolayer showing purple color on SiO2
(285 nm)-on-Si. The deposition at the center of wafer usually has thick growth due to high
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precursor vapor density. Towards the edge of wafer, the deposition shows continuous few-layer to
monolayer MoS2, and isolated triangle shape MoS2 monolayers at the edge due to lower Mo
precursor vapor density.
Figure 2.3b gives the multi-energy Raman spectra of MoS2 monolayer on SiO2-on-Si
substrate. Both spectra using 488 nm wavelength blue laser (2.54 eV) and 514 nm wavelength
green laser (2.41 eV) show the E2g and A1g vibrational modes. The Raman spectra using 785 nm
wavelength laser shows no Raman active peak. This is due to the observed electron band gap
energy of MoS2 monolayer is at 1.83 eV, which is larger than the photon energy at 1.58 eV of the
785 nm wavelength laser.

Figure 2. 3 Optical characterization of MoS2 monolayers on SiO2 (258 nm)-on-Si substrate. (a)
Optical microscopy image of MoS2 monolayers. (b-c) Multi-energy Raman spectra of MoS2
monolayer using the Si Raman peak for calibration. (d-e) Photoluminescence.
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Although the synthesis was supposed to be at the equilibrium condition, the mismatch of
Mo- and S- vapor pressure ratio can result in mass limited growth where the number of Mo and S
atoms does not have the correct ratio as 1:2. Figure 2.4 and 2.5 show the diffusion and mass limited
growth of MoS2, respectively, where the diffusion limited growth results in triangular crystals
while mass limited growth results in rounded-triangular shapes. The precursor amount, MoO3
temperature, carrier gas flow rate, and other growth conditions are all the same in the mass limited
growth as for the diffusion limited growth condition, however, the sulfur temperature was slightly
lower for the diffusion limited growth, ~120°C as measured by thermocouple tapped outside the
quartz tube versus ~130°C for the mass limited growth. For mass limited growth, majority region
of the crystal was monolayer with thickness ~0.7 nm as the atomic force microscopy analysis
shows in Figure 2.5 b. However, there are nucleation dots on top of the monolayer. The
photoluminescence mapping shows non-uniform optical band gap over the crystal region. The flat
region at the edge of the crystal exhibits a lower band gap of 1.875 eV, whereas the center region
containing dense nucleation dots has a higher band gap energy of 1.885 eV.

Figure 2. 4 Characterization of diffusion limited growth of an MoS2 monolayer. (a) Optical image
of MoS2 monolayer single crystal, (b) Atomic force microscopy analysis of MoS2 monolayer with
uniform thickness ~0.7 nm. Spatially resolved Raman intensity at (c) 384 cm-1 (E2g mode), (d) 405
cm-1 (A1g mode). (e) Spatially resolved photoluminescence shows uniform distributed optical band
gap as 1.83 eV. The scale bar is 1 µm in all panels.
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Figure 2. 5 Characterization of mass limited growth of an MoS2 monolayer. (a) Optical image of
MoS2 monolayer and (b) atomic force microscopy analysis of MoS2 monolayer with thickness
~0.7 nm at the flat region. Spatially resolved Raman intensity at (c) 384.5 cm-1 (E2g mode), (d)
404.5 cm-1 (A1g mode). (e) Spatially resolved photoluminescence mapping at 1.835 eV (blue color)
and 1.875 eV (cyan color). (f) Point Raman spectra at 3 locations using 514 nm laser excitation.
(g) Point photoluminescence spectra at 3 locations using 514 nm. The corner shows lower optical
band gap of 1.875 eV, whereas the center region has higher optical band gap of 1.885 eV. The
scale bar is 1 µm in all panels.
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2.3 Naturally Abundant Bilayer WSe2 Single Crystals
2.3.1 Synthesis of Naturally Abundant Bilayer WSe2 Single Crystals
At only six atoms in thickness, WSe2 bilayers are grown reproducibly by a chemical vapor
deposition (CVD) method which can also be described as powder vaporization similar as previous
reports117,119. A crucible containing 200 mg of WO3 powder (Sigma Aldrich, 99.9% purity) was
placed in the center of a one-zone furnace fitted with a 1-inch diameter quartz tube. Another
crucible containing 200 mg of Se powder (Alfa Aesar, 99.999% purity) was placed upstream at
the edge of heating zone, which operates at a lower temperature during growth. Crystal growth
occurs on a silicon substrate with a ~285 nm-thick SiO2 film placed polished-side-down on the
crucible containing the WO3 powder. Prior to growth, the CVD reactor was pumped to a rough
vacuum pressure lower than 10-4 mbar, followed by injection of gaseous H2 (4.992%)/N2 (balance)
(Airgas, 99.999% purity) at 100 cm3min-1 to purge the system. Once atmospheric pressure was
reached, the H2/N2 flow was reduced to 50 cm3min-1, and the growth was performed using a sealed
bubbler filled with silicone oil (Sigma Aldrich) at the exhaust to maintain 1000 mbar pressure and
prevent air from diffusing back into the reaction chamber. The system was heated to 1000°C in 1
hour, then keep at 1000°C for 15 minutes. During the growth, the Se temperature was measured
as ~290°C by a thermocouple taped to the outside of the quartz tube. The system was cooled to
750°C in 20 minutes; followed by rapid cooling achieved by opening the furnace lid. We have
identified that a critical parameter in successful growth of WSe2 bilayer single crystals with
uniform thickness is the time at which Se vapor was introduced into the chamber, which can be
finely tuned by adjusting the position of the Se crucible. We achieve high yield growth by
introducing Se when the furnace center’s thermocouple reads ~820°C. We observe that introducing
Se too early in the growth results in small grain sizes and non-uniform thickness likely due to
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poisoning of the metal oxide source powder, which reduces the tungsten precursor concentration.
Introducing Se too late results in thicker samples as thick tungsten oxyselenide nucleation on the
substrate was reduced to WSe2.

Figure 2. 6 Schematic illustration of the CVD growth of WSe2.

2.3.2 Atomic Force Microscopy Analysis of Naturally Abundant Bilayer WSe2 Single
Crystals
Figure 2.7 shows a WSe2 bilayer crystallite with a uniform thickness of ~1.3 nm, in
accordance with the out-of-plane unit cell parameter of AB-stacked bulk WSe2, which was 12.9825
Å (Powder Diffraction File no. 38-1388)120. The growth results in grain sizes on the order of 5–18
µm. In contrast to previous multilayer CVD growth reports for TMDs121, our WSe2 bilayer are
synthesized so that the top and bottom layers possess the same dimensions (up to ~15 µm).
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Figure 2. 7 Atomic force microscopy (AFM) analysis of naturally abundant WSe2 bilayer single
crystal. (A) AFM mapping of the entire domain demonstrates uniform thickness across the
crystallite. (B) Cross-sectional height profiles demonstrate the thickness of WSe2 bilayer single
crystal is approximately 1.3 nm and is consistent with the c-axis unit cell parameter for AB-stacked
WSe2 (1.2983 nm, Powder Diffraction File #38-1388)120.

2.3.3 Cross-sectional Scanning Transmission Electron Microscopy of Naturally Abundant
Bilayer WSe2 Single Crystals
The cross-sectional Transmission Electron Microscopy (STEM) sample was prepared
using a Ga+ Focused Ion Beam (FIB, FEI Helios Nanolab 460F1). The WSe2 on SiO2-on-Si crystal
was first aligned so that the lamella can be prepared along a certain crystallographic direction,
namely 〈10 1 0〉 or 〈 2 1 1 0〉 . To prevent sample damage caused by gallium ion bombardment, the
WSe2 was first coated with carbonaceous platinum by electron beam induced metal deposition
(EBIMD) at 5 kV and 13 nA. As shown in Figure 2.8, the triangular shape of the WSe2 bilayer
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was still observable after 10 minutes EBIMD of platinum. A thicker Pt coating, ~2 µm in thickness,
was subsequently deposited using the Ga+ ion beam at 30 kV and 80 pA and acts as the sacrificial
protective layer for ion milling. The lamella was then cut by the Ga+ beam at 30 kV and 2.5 nA.
The lamella was lifted off and loaded onto the side of a FIB lift-out TEM grid as a ‘flag’ to avoid
copper re-deposition from the grid during the thinning and polishing processes. During the
polishing step, the Ga+ ion beam milling power was gradually reduced to 8 kV and 21 pA to avoid
sample damage. STEM images were acquired using the Lawrence Berkeley National Laboratory
Molecular Foundry’s Transmission Electron Aberration-corrected Microscope (TEAM) 0.5 at 80
kV. STEM analysis clearly reveals the bilayer structure with an interlayer distance ~0.7 nm (Figure
2.9 b and c).
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Figure 2. 8 Cross-sectional scanning transmission microscopy (STEM) sample prepared by
Focused Ion Beam (FIB). Platinum protective layer coated by electron beam induced metal
deposition after (a) 30 second, (b) 2 minutes, (c) 4 minutes, (d) 10 minutes deposition time. (e)
Platinum protective layer coated by Ga+ ion beam induced metal deposition. (f) Ga+ beam image
after etching and polishing. (g) STEM bright field image of transferred laminate on copper grid.
(h) STEM bright field image of the laminate showing Ga+ Pt/e-beam Pt/WSe2/SiO2/Si.
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Figure 2. 9 STEM of a WSe2 bilayer single crystal. (a) Scanning electron micrograph showing a
WSe2 bilayer single crystal (bright triangle) and a thin electron-beam deposited platinum coating
(bright square) used in the cross-sectioning process. (b) Cross-sectional high-angular annular darkfiled (HAADF) STEM analysis shows the bilayer structure of the CVD-grown WSe2. (c) Line
profile of the HAADF intensity along the length of the red line drawn in (b). The interlayer distance
is measured as ~0.7 nm and is in agreement with the {0002} interplanar spacing of WSe2
(d0002=0.6493 nm, Powder Diffraction File #38-1388)120. The STEM image and profile shown in
panels (b-c) were obtained by Dr. Peter Ercius at the Lawrence Berkeley National Laboratory
Molecular Foundry’s National Center for Electron Microscopy using the TEAM 0.5 instrument.
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2.3.4 Optoelectronic Characterization of As-grown Naturally Abundant Bilayer WSe2
Single Crystals
The Raman spectra of a WSe2 bilayer were obtained using a 2.33 eV (λ = 532 nm)
continuous wave excitation at low power (86 µW) to avoid sample damage and spectral shifts due
to local heating effects47. The spatially dependent Raman spectra of as-grown bilayer WSe2 on
SiO2-on-Si substrate was uniform in intensity throughout the entire crystallite for the E2g, A1g and
2

A1g Raman active modes as Figure 2.10 shows.

Figure 2. 10 Spatially dependent Raman intensity of WSe2 bilayer single crystal. (a) Optical image
of bilayer WSe2 on SiO2-on-Si substrate. Spatially resolved Raman intensity at (b) 250 cm-1 (E2g
2

mode), (c) 258.7 cm-1 (A1g mode), and (d) 308.3 cm-1 (A1g mode). Vibrational modes are depicted
schematically in panels (b–d).
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2.4 Isotopically Pure Bilayer WSe2 Single Crystals
2.4.1 Synthesis of Isotopically Pure Bilayer WSe2 Single Crystals
Isotopically pure

186

W80Se2 bilayers are grown by a CVD method39 similar as naturally

abundant samples. 200 mg of 186WO3 (ISOFLEX USA, >99.90% purity) in a crucible was placed
in the center of furnace equipped with a 1-inch diameter quartz tube. 200 mg of

80

Se powder

(ISOFLEX USA, >99.90% purity) was loaded into a separate crucible placed upstream at the edge
of the furnace heating zone. Tungsten diselenide crystals are grown on a single-side-polished
SiO2(285 nm thickness)-on-Si substrate placed polished-side-down on top of the crucible
containing the 186WO3 powder. The CVD reactor was first pumped to lower than 10-4 mbar by a
mechanical pump, followed by injection of gaseous H2 (4.992%)/N2 (balance) (Airgas, 99.999%
purity) at 100 cm3min-1. Once the pressure in the growth chamber was raised to atmospheric
pressure, the exhaust of CVD system was switched to a sealed bubbler filled with silicone oil
(Sigma-Aldrich) in order to maintain atmospheric pressure and prevent air from diffusing back
into the system. The flow rate of H2/N2 was then reduced to 50 cm3min-1 for the growth. The
furnace temperature during growth was set at 1000°C, while the Se temperature was measured to
be ~290°C. By adjusting the position of Se crucible, we optimized the time at which Se vapor was
introduced in order to grow the bilayer tungsten diselenide single crystals with uniform thickness.
High yield growth was achieved by melting the 80Se powder when the center of the furnace reached
~820°C. After the growth, the reactor was cooled to 750°C in 20 minutes; and then rapidly cooled
to room temperature by opening the furnace lid.
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2.4.2 X-ray Diffraction Characterization of Naturally Abundant and Isotopically Pure
WSe2
A Bruker D5005 X-ray diffractometer with Cu Kα radiation (λ = 1.54184 Å) operated at 40
kV and 40 mA was used to perform X-ray diffraction (XRD) measurements at room temperature.
XRD analysis for d-spacing and crystallite size was performed by peak profile fitting with a
pseudo-Voigt function using MDI Jade software. Room temperature X-ray diffraction (XRD)
patterns for NAWNASe2 and 186W80Se2 are shown in Figure 2.11. The Si (004) peak position of the
substrate at 2θ = 69.173° (Powder Diffraction File no. 05-0565) was employed as reference to
correct for specimen displacement. The diffractograms of the thin films were referenced to a
hexagonal phase of tungsten diselenide (P63/mmc, space group 194, Powder Diffraction File no.
38-1388S120). Since the X-ray beam size was on the order of a millimeter, the signal was collected
from an ensemble average of deposited materials and allows for unit cell parameter refinements to
be performed. All XRD patterns were aligned using the silicon peak to compensate for any peak
shifts arising from height differences in sample mount. The XRD analysis for d-spacing and
crystallite size was performed by peak profile fitting with a pseudo-Voigt function using MDI Jade
software. The diffractograms of the thin films were referenced to a hexagonal phase of WSe2
(P63/mmc, space group 194, powder diffraction file #38-1388)120. Besides the expected Si (004)
peak at 2θ = 69.173°, the XRD patterns displayed four distinct characteristic peaks assigned to the
(002), (004), (006) and (008) crystal planes of WSe2, indicating the thin films are all oriented along
the c-axis. The interlayer spacing determined from the (002) peak was 6.467 Å and the c-lattice
parameter was 12.9341 Å for the NAWNASe2 samples, whereas the (002) interlayer spacing and the
c-lattice parameter were 6.464 Å and 12.9298 Å for

186

W80Se2 samples. The c-lattice parameter

difference between NAWNASe2 and 186W80Se2 was relatively small at only 0.033 %, where the XRD
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instrumental uncertainty after Rietveld refinement in this thesis was on the order of 9.5%. Heavier
atomic mass isotopes tend to exhibit smaller van der Waals radii; the van der Waals radius of
deuterium (2H) was ~1.15 Å, whereas that of hydrogen (1H) was ~1.20 Å122. By calculating the
ratio of relative van der Waals radius change to relative change in atomic mass, we note that the
small difference we observe in the c-axis unit cell parameter for WSe2 (-0.027) actually
corresponds well to that expected for hydrogen (-0.042). Although it was hard to draw a further
quantitative conclusion of the isotopic effect on lattice parameters due to the instrumental
uncertainty, the subsequent analysis indicates that such small lattice parameter changes were
expected to have a negligible effect on the phonon dispersion and optical band gap in comparison
to the isotope effect, which will be illustrated in Chapter 5.

Figure 2. 11 (a) Linear- and (b) log-scale XRD spectra of naturally abundant

NA

WNASe2 (black

line) and isotopically pure 186W80Se2 (red line). The diffractograms are aligned to the Si (004) peak
to correct for specimen displacement.
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2.4.3 Atomic Force Microscopy and Optoelectronic Characterization of Isotopically Pure
Bilayer WSe2 Single Crystals
Raman and photoluminescence spectroscopy were conducted on a Horiba LabRAM HR
Evolution system. The spatially dependent room-temperature spectra were obtained using 2.33 eV
(λ=532 nm) continuous wave laser excitation with a beam diameter on the order of 250 nm and
total power of 86 µW measured by a THORLABS PM100D power meter. Power was kept below
100 µW to avoid sample damage or spectra shifts due to local heating effects. The integration time
was 1 s and 2 s for spatially dependent Raman and photoluminescence maps, respectively. The
gratings used were 1800 grooves/mm for Raman, and 600 grooves/mm for photoluminescence.
For temperature dependent Raman and photoluminescence analysis, both
186

NA

WNASe2 and

W80Se2 samples on SiO2-on-Si were mounted into a Janis Microscopy Cryostat ST-500 optical

cryostat while a continuous liquid helium flow was supplied. Before cooling, the sample chamber
was pumped to lower than 10-6 mbar. The sample mount temperature was controlled by a
Lakeshore 335 temperature controller. The system was stabilized at each set-point temperature for
at least 1 hour before characterization. To avoid non-uniform temperature distribution within or
between samples, all the Raman spectra were aligned using the silicon peak at each temperature.
The integration time was 4 s for Raman and 6 s for photoluminescence spectroscopy, respectively.
The gratings used were 1800 grooves/mm for Raman, and 600 grooves/mm for photoluminescence.
Since the optical band gap is extremely sensitive to strain and crystalline quality39,123,124,
the

NA

WNASe2 and

186

W80Se2 bilayers were synthesized under identical growth conditions,

eliminating differences in structure caused by thermal expansion mismatch with the substrate125.
To isolate the isotopic effect from the layer number32,126 and edge effect127 contributions to the
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optical band gap, Fig. 2.12 demonstrates our bilayer WSe2 single crystals were synthesized so that
the top and bottom layers have the same lateral dimensions. Atomic force microscopy (AFM)
analysis shows a uniform thickness of ~1.3 nm over the entire crystallite for both NAWNASe2 and
186

W80Se2 bilayers (Fig. 2.12 b-c). Fig. 1.12 d-f illustrates that the Raman spectra of an isotopically

pure bilayer 186W80Se2 crystallite was spatially uniform in intensity throughout the entire crystallite
for the E2g, A1g and A21g Raman active modes, which is similar as our previous reported naturally
abundant bilayer NAWNASe239. Photoluminescence (PL) also demonstrates spatially uniform peak
intensity and in the entire crystallite (Fig. 2.12 g), further indicating the uniformity of atomic-level
thickness.

Figure 2. 12 Spatially dependent characterization of an isotopically pure bilayer 186W80Se2 crystal.
(a) Optical image and (b) atomic force microscopy (AFM) characterization of 186W80Se2 on a 285
nm SiO2-on-Si substrate. (c) AFM height profile corresponding to line shown in (b). Spatially
resolved Raman intensity at (d) 248.5 cm-1 (E2g mode), (e) 256.7 cm-1 (A1g mode), and (f) 305.9
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cm-1 (A21g mode), where the vibrational modes are depicted schematically. (g) Spatially resolved
photoluminescence (PL) intensity at the peak emission wavelength of 1.58 eV.
2.5 Conclusion
In this chapter, a modified chemical vapor deposition system with fast switching between
vacuum and atmospheric pressure was designed and built. The dual-bubble helps prevent seal oil
to flow back to gas lines. Using this CVD system, monolayer MoS2 was synthesis in both diffusion
and mass limited conditions. The diffusion limited growth shows uniform thickness, Raman
spectra and photoluminescence spectra over the entire triangle shape domain region, whereas, the
mass limited grown MoS2 monolayer has tiny nucleation dots to the surface. The non-uniform
photoluminescence mapping of limited grown MoS2 monolayer indicates non-uniform band gap
energy, where the flat region behaves lower band gap than the region having nucleation dots.
The naturally abundant WSe2 bilayer was also synthesized by CVD method. In contrast
with previous reports, the top and bottom layers of our bilayer WSe2 has the same dimension and
lattice orientation. The spatial Raman mapping shows the uniform phonon vibration mode over
the entire crystal region. The bilayer structure has been further examined and confirmed by crosssectional scanning transmission electron microscopy analysis.
Furthermore, the isotopically pure

186

W80Se2 bilayer was also synthesized by using the

same growth conditions as naturally abundant NAWNASe2 bilayer. The single crystal shows uniform
thickness as the naturally abundant sample. Both spatial Raman and photoluminescence spectra
indicates the uniform properties over the entire crystal region. The XRD shows
slightly shorted vdW bonds.
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186

W80Se2 has

Chapter 3: Strain Dependent Optoelectronic Behavior in Atomically Thin Transition Metal
Dichalcogenides
3.1 Sample Transfer and Encapsulation Method
The NAWNASe2 bilayers were synthesized by CVD method illustrated in Chapter 2. A thin
layer of poly(methyl methacrylate) (PMMA, ~500 nm) was spin-coated onto the WSe2/SiO2/Si
sample at 500 rpm with a slow ramping rate of 15 rpm/s to prevent sample delamination or
interlayer exfoliation and did not undergo a pre-exposure baking step. The coated substrate was
then immersed into 1% HF to etch the SiO2, followed by thoroughly rinsing the PMMA/WSe2
composite in deionized H2O. Meanwhile, another thin PMMA layer (~500 nm) was spin-coated
onto a 1.00±0.01 mm-thick poly(ethylene terephthalate) (PET, Sigma Aldrich #GF74053818)
substrate which served as the bottom flexible substrate used to apply strain in this experiment. The
PMMA/WSe2 composite was then transferred onto PMMA/PET substrate and naturally dried
under an argon atmosphere to prevent WSe2 degradation. To obtain high strain transfer from the
substrate to the encapsulated sample, the PMMA/WSe2/PMMA/PET composite was annealed at
150°C for several hours until both the top and bottom PMMA layers become conformal128. The
sample transfer and encapsulation processes are illustrated in Figure 3.1. The encapsulated bilayer
and few-layer WSe2 were still observable by an optical microscope after the annealing process as
shown in Figure 3.2 c and Figure 3.3 b. We have found that lowering the PMMA annealing
temperature below 150°C results in poor strain transfer from the substrate to the WSe2, while
increasing to temperatures higher than 150°C induces irreversible deformation of the
PMMA/WSe2/PMMA/PET composite. After the annealing treatment, the PMMA encapsulation
layer is strongly attached to the PET substrate and passed standard ScotchTM and Kapton® tape
peeling tests.
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Figure 3. 1 Schematic illustration of WSe2 encapsulation process. The thickness of each PMMA
encapsulation layer is ~500 nm, and the thickness of flexible PET substrate is 1 mm.
As the PMMA/WSe2 composite film was peeled from the SiO2/Si substrate, AFM may not
be an accurate tool to measure the thickness and layer number of WSe2 on PMMA as the spincoated PMMA follows the WSe2 contour. It has been shown that the PL spectra of WSe2 changes
with different layer numbers from monolayer to bulk126. To demonstrate this effect in this thesis,
we identified a CVD-grown WSe2 crystal with different layer numbers and measured its thickness
by AFM before transfer. We then measured the PL spectra after encapsulation in PMMA. Figure
3.2 shows the AFM of a WSe2 crystal on SiO2/Si substrate consists of bilayer, trilayer, sixlayer,
and bulk thicknesses. Similar to what has been previously observed by ref. 126, the encapsulated
sample exhibited a ~800 meV difference in the PL indirect peak energy of bilayer and trilayer
WSe2. We use this as an indicator of layer number for the encapsulated WSe2 samples in this thesis.
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Figure 3. 2 Photoluminescence-based layer number determination of encapsulated WSe2. (a) AFM
analysis of WSe2 crystal with bilayer, trilayer, and bulk features. (b) Cross-sectional height profiles
demonstrate the thickness of bilayer (~1.3 nm) and trilayer (~1.8 nm) WSe2. (c) Optical image of
the PMMA/WSe2/PMMA/PET composite. (d) Photoluminescence spectra of bilayer WSe2 (red
curve) and trilayer WSe2 (black curve) taken from the corresponding regions depicted in (c).
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3.2 Four-Point Bending Apparatus
A custom-designed four-point bending apparatus was used to apply tensile strain to bilayer
WSe2. The bending apparatus consists of two horizontal upper arms to apply the downward force,
and two vertical lower supports whose height was adjusted using a precision vertical linear stage
(Newport #M-MVN80) with 10 µm vertical graduations. Figure 3.3 shows the system with a
strained PMMA/WSe2/PMMA/PET composite. The bend radius was determined using image
processing software (ImageJ 1.51k)129, and the uniaxial strain on the WSe2 was determined as ε//
= τ/(2r) where τ is the composite thickness, measured to be ~1 mm. We note that this value of
strain was limited to the case of perfect strain transfer from the substrate to the encapsulated WSe2.

Figure 3. 3 Custom four-point bending apparatus. (a) Photograph of the four-point bending
apparatus assembled onto Horiba Multiline Raman Spectrometer-LabRAM HR Evolution. (b)
Photograph of the experimental apparatus applying uniaxial strain to a poly(methyl methacrylate)
(PMMA)-encapsulated bilayer WSe2 sample affixed to a flexible poly(ethylene terephthalate)
(PET) substrate. Tick marks machined into the right of the device (below scale bar) indicate mm.
(c) Optical microscope image of a bilayer WSe2 crystallite encapsulated by two thin PMMA layers
on a flexible PET substrate. The crystal is outlined in red as a guide to the eye.
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3.3 Strain Analysis
3.3.1 Three-dimensional Poisson Effect Analysis
The Grüneisen parameter (γ) describes the effect of changes in cell volume on the phonon
energies. The macroscopic Grüneisen parameter is defined as130
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(3.1)

where P is the pressure, E is the internal energy, V is the volume of crystal, CV is the specific heat
at constant volume, S is the entropy, and T is the temperature. From the quasi-harmonic
approximation, the entropy, S, can be expressed as131
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and its volume derivative at constant temperature can be expressed as
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where kB is the Boltzmann constant, ħ is the reduced Planck constant, i denotes the phonon mode
index, k denotes the phonon wave vector, and ωk,i is the angular frequency of phonon mode i at
wavevector k. The macroscopic Grüneisen parameter, γ, can be further expanded according to
equations 3.1–3.3 as
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Based on Einstein’s model94, where all oscillators have the same energy, ωk,i = ω0,i and the
vibrational density of states was defined as g(ω0,i) = δ(ω–ω0,i). The specific heat can be expressed
as
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Thus, in the Einstein limit of a non-propagating optical phonon with frequency ω0,i, the
microscopic Grüneisen parameter can be expressed as

γi = −

∆ω 0,i
V ∂ω 0,i
,
=−
ω 0,i ∂V
ε h ω 0 ,i

(3.6)

where εh is the hydrostatic component of strain and ∆ω0,i is the phonon frequency change due to
strain. In this thesis, the phonon polarizations of interest are the in-plane transverse optical E2g
2

mode and the out-of-plane transverse optical A1g and A1g modes.
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Figure 3. 4 Schematic of the Poisson effect on a uniaxially strained WSe2 bilayer encapsulated in
PMMA on top of a PET substrate: ε// is the uniaxial strain applied through the four-point bending
apparatus, ε ⊥ ⊥ ,

in-plane

is the in-plane compressive strain caused by the Poisson effect of the

PMMA/PET composite, and ε⊥⊥, out-of-plane is the out-of-plane compressive strain from the Poisson
effect on the PMMA encapsulation layer.
For a non-encapsulated and tensile-strained sample, an in-plane perpendicular compressive
strain component (ε⊥⊥, in-plane) arises due to the Poisson effect of the substrate, which should be
considered when estimating the Grüneisen parameter of strained atomically thin materials placed
onto flexible substrates. It has been shown that the in-plane compressive strain component in the
substrate can overcome the counter force from covalent bonds within graphene46 and MoS247. For
an encapsulated and tensile-strained sample, an additional out-of-plane compressive strain (ε⊥⊥,
out-of-plane)

will arise due to the Poisson effect of the encapsulation layer as illustrated in Figure 3.4.
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The counterforce for this out-of-plane strain is the interlayer van der Waals bonds, which are orders
of magnitude weaker in energy than the covalent bonds. Thus, for encapsulated layered materials,
it is necessary to consider both the in-plane and the out-of-plane Poisson effects. In this thesis, εh
has three components depicted in Figure 3.4: (i) ε//, the uniaxial tensile strain applied by the
bending substrate, (ii) ε ⊥ ⊥ ,in-plane, the compressive strain due to the Poisson effect of the
PMMA/PET substrate in the sample plane and perpendicular to ε//, and (iii) ε⊥⊥,out-of-plane, the
compressive strain due to the Poisson effect of the PMMA encapsulation layer perpendicular to
both the sample plane and ε//. The hydrostatic strain and Grüneisen parameter can then be
expressed as
ε h = ε // + ε ⊥⊥ , in - plane + ε ⊥⊥ , out -of - plane = ε // (1 − ν in - plane − ν out -of - plane )

γi = −

∆ω0,i
,
ε // (1 −ν in-plane −ν out-of -plane )ω0,i

and

(3.7)

(3.8)

respectively, where ν in-plane is the Poisson’s ratio within the sample plane, and ν out-of-plane is the
Poisson’s ratio along the direction perpendicular to sample plane. The semi-crystalline PET used
here has a Poisson’s ratio between 0.37–0.44 (range provided by manufacturer, Goodfellow
Cambridge Ltd.). As the PET substrate is ~103 times thicker than the PMMA layers, we have
chosen ν in-plane = 0.4 for the PMMA/PET composite. Since the WSe2 crystals are well-separated
and cover only a small region of the PMMA layer, we treat the PMMA/WSe2/PMMA composite
as a PMMA block instead of a heterogeneous structure. Thus, the Poisson’s ratio for the out-ofplane compressive strain, νout-of-plane, was chosen as 0.33 since this value is commonly used for
spin-coated PMMA132. The measured Raman spectra enables us to calculate the exact phonon
frequency change with applied mechanical stimulus for Raman active modes. The E2g Raman
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+

-

active mode is an in-plane vibration. Since the E2g mode decomposes into separate E2g and E2g
peaks under uniaxial strain, we can define the frequency shifts and Grüneisen parameter of the E2g
mode as46
∆ω 0,± E 2g = ∆ω 0,h E 2g ±

1
∆ω 0,s E 2g
2

= −ω 0, E2g γ E 2g (ε // + ε ⊥⊥ , in -plane

s
1 ∂ω 0,E 2g
(ε // − ε ⊥⊥, in-plane − ε ⊥⊥, out-of -plane )
+ ε ⊥⊥ , out -of -plane ) ±
2 ∂ε s

and (3.9)

respectively, where ∆ω h0,E2g and ∆ω s0,E2g are the phonon frequency changes corresponding to the
hydrostatic component and shear component of strain, respectively. The phonon frequency of the
E2g mode at 0% strain is denoted as ω 0,E2g. The Grüneisen parameters of the in-plane E2g optical
2

phonon mode and the out-of-plane A1g and A1g optical phonon modes can be now be expressed as

∆ω0+,i + ∆ω0−,i
, i = E 2g and
γi = −
2ε // (1 − ν in -plane − ν out -of -plane )ω0,i

γi = −

∆ω0,i
2
, i = A1g , A1g
.
ε // (1 − ν in -plane − ν out -of -plane )ω0,i

(3.10)

(3.11)

The above equations also apply to the non-encapsulated samples, where one can simply set
the Poisson’s ratio of the encapsulation layer, νout-of-plane, to zero which reduces equations 3.10 and
3.11 to previously reported expressions46,47.
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3.3.2 Strain Reversibility Study
The strain reversibility verification was carried out through PL emission spectra
measurements under repeated strains. The PL emission spectra and the maximum PL intensity in
Figure 3.5 show that the strain effect is reversible until 1.56% strain. The PL spectra does not
exhibit hysteresis in cyclic straining, indicating no slippage between two WSe2 layers or between
the WSe2 bilayer and the PMMA. After 1.56% strain, the PET or PMMA enter the plastic regime
so cyclic testing was not performed at strain values of 1.93% or above, but we did not observe
creep or relaxation as evidenced by our Raman spectra at high strains.

Figure 3. 5 Reproducibility of strain-controlled photoluminescence (PL) emission spectra. (a)
Cyclic stability of the maximum PL intensities of bilayer WSe2 at uniaxial strain, ε//, demonstrating
elastic and reversible strain up to 1.56%. (b) Corresponding PL spectra of cyclically strained
bilayer WSe2.
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3.3.3 Strain Transfer Verification
It is critical to verify the amount of strain transferred from the flexible substrate to the WSe2
sample. In this thesis, we have verified the strain transfer by measuring the Grüneisen parameter
of monolayer graphene from the strain-dependent Raman spectra. The graphene was grown on
copper foil (Alfa Aesar #13382) by thermal catalytic decomposition of methane, similar to ref.
133. This was performed by Dr. Robert A. Burke of the U. S. Army Research Laboratory in
Adelphi, Maryland. The coating on the Cu foil was first removed with dilute nitric acid, where the
pretreatment etching time was limited to prevent roughening of the Cu surface while removing the
protective coating similar to what has been reported by ref. 134. After pretreatment, the foil was
loaded into a low-pressure CVD reactor system and the growth was carried out at 1000°C for 30
minutes at ~0.333 mbar using 100 cm3min-1 of H2 and 1 cm3min-1 of CH4. We note that we have
observed small areas of discontinuity in the graphene film for growth times of 20 minutes or less.
For a 30-minute growth, we obtained full coverage while preventing the emergence of a disorder
peak.
In contrast with a previous report46, where only the bottom side of the exfoliated graphene
was in contact with a SU-8/PET substrate, we encapsulated our graphene using PMMA to act as a
control experiment to compare with WSe2 bilayer. The graphene film was milled into triangular
shapes with 12 μm edge lengths to simulate the domain size for our bilayer WSe2 crystal. As this
involved the use of focused ion beam patterning with Ga+ ions (FEI Helios NanoLab 460F1). The
ion beam current was set at 7 pA to avoid serious sample damage. As shown in Figure 3.6, the 2D
peak: G peak Raman intensity ratio was 2:1 both before and after milling which indicates that the
single layer structure remained intact135. The D peak appears for patterned graphene due the
scattering of Ga+ ions which creates defects away from the area directly exposed to the ion beam.
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The PMMA/graphene film was removed from the Cu substrate using 0.1 M ammonium persulfate
at room temperature. The Raman spectra was measured by a Horiba Multiline Raman
Spectrometer-LabRAM HR Evolution. Since we were unable to resolve the G mode from the
signal arising from the PMMA/PET substrate, we evaluated the Grüneisen parameter of dispersive
in-plane transverse optical (iTO) phonons using the 2D mode of the sample and the threedimensional Poisson effect model as described above (equation 3.11).

Figure 3. 6 Patterned graphene used in strain verification experiment. (a) Scanning electron
microscopy image of a continuous monolayer graphene film patterned into triangular domains with
edge lengths of ~12 μm. (b) Raman spectra of graphene before and after patterning. Although the
defect-enabled D peak appears for graphene patterned by Ga+ focused ion beam milling, the 2Dto-G peak intensity ratio remains ~2 as expected for monolayer graphene.
Figure 3.7 shows the evolution of the 2D peak with uniaxial strain. The linear strain
dependence up to 2.49% strain indicates that the strain relaxation by slippage or plastic
deformation is not observable. The difference in the slopes of the strain-dependent Raman shift
between this thesis (δω/δε// = -26.6±1.68 cm-1/% strain) and ref. 46 (δω/δε// = -64.5±4.8 cm-1/%
strain) arises from the fact that our encapsulated graphene experiences an out-of-plane
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compressive stress due to the 3D Poisson effect of the substrate, while the graphene in ref. 46 was
unencapsulated. The uncertainty in δω/δε// was given as the upper and lower 95% confidence
bounds of the linear regression model used to fit the data. For our encapsulated graphene, we have
obtained a value of γ 2D = 3.66 with a standard deviation of 0.23 (Figure 3.7). The value we obtained
for graphene is consistent with the value for the iTO modes we calculated by analyzing the 2D
strain-dependent frequency shift reported in a similar study on graphene46, γ 2D = 3.583±0.267,
where we have defined the uncertainty from the upper and lower 95% confidence bounds. In our
analysis of ref. 46, we did not consider the out-of-plane Poisson effect as the sample was not
encapsulated, and the Grüneisen parameters were calculated as

γ 2D,non-encapsulated = −

∆ω0,2D

ε // (1 − ν in -plane )ω0,2D

.

(3.12)

We have chosen a Poisson’s ratio of 0.33 for the SU8-coated PET and Perspex substrates
used in that report46. The small deviation of Grüneisen parameters between ref. 46 and this thesis
likely arises from the uncertainty of the estimated Poisson’s ratios of the different flexible
substrates. For example, PET has a manufacturer-provided range of 0.37–0.44 for semi-crystalline
PET, and PMMA has a range from 0.3–0.4. Additionally, we note the appropriateness of our 3D
model as follows: if we were to adopt a two-dimensional Poisson effect model for our encapsulated
samples as described by equation 3.12, the Grüneisen parameter of our graphene would be
underestimated by roughly a factor of two.
Beside the study on patterned graphene, we also carried out the Raman measurement on
unpatterned and isolated graphene with domain size as tens of µm. Figure 3.8 shows the strain
dependent Raman spectra of unpatterned graphene. We have chosen the exact same analysis and
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Grüneisen parameter calculation model as it for patterned graphene. Both patterned and
unpatterned graphene exhibit similar 2D mode phonon frequency changes with strain as 26.6±1.7
cm-1/% and 29.6±1.6 cm-1/%. The Grüneisen parameter is calculated as 3.894±0.214. The slight
larger Grüneisen parameter comparing with it of patterned graphene may contribute by uncertainty
of strain value estimation or other aspects, but still in agreement with previous reported Grüneisen
parameter as 3.5846. The maximum applied strain is 1.6% which is ~23% higher than previous
reported using four-point bending method with uncapsulated graphene46.

Figure 3. 7 Measured Raman spectra and Grüneisen parameter of the 2D mode of CVD-grown
encapsulated graphene patterned into triangles. (a) Raman spectra as a function of applied uniaxial
strain. (b) Strain dependence of the 2D peak Raman shift, obtained by deconvolution of the
experimental spectra using Lorentzian distributions. Also shown is the strain dependence of the
2D mode of unencapsulated graphene reproduced from ref. 46. Uncertainties in ∂ω/∂ε// are given
as the upper and lower 95% confidence bounds of a linear regression model for both data sets. The
linear train dependence of the Raman shift indicates no observable strain relaxation. (c) The
Grüneisen parameter for the 2D mode is obtained from the strain-dependent Raman spectra as 3.66
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with a standard deviation of 0.23. This is in agreement with the 2D mode value of 3.583±0.267
calculated from ref. 46, where uncertainty is defined using the upper and lower 95% confidence
bounds.

Figure 3. 8 Measured Raman spectra and Grüneisen parameter of the 2D mode of CVD-grown
encapsulated unpatterned graphene. (a) Raman spectra as a function of applied uniaxial strain. (b)
Strain dependence of the 2D peak Raman shift, obtained by deconvolution of the experimental
spectra using Lorentzian distributions. Also shown is the strain dependence of the 2D mode of
unencapsulated graphene reproduced from ref. 46. Uncertainties in ∂ω/∂ε// are given as the upper
and lower 95% confidence bounds of a linear regression model for both data sets. The linear train
dependence of the Raman shift indicates no observable strain relaxation. (c) The Grüneisen
parameter for the 2D mode is obtained from the strain-dependent Raman spectra as 3.894 with a
standard deviation of 0.214. This is in agreement with the 2D mode value of 3.583±0.267
calculated from ref. 46, where uncertainty is defined using the upper and lower 95% confidence
bounds.
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3.4 Strain Dependent Phonon Dispersion
Strain-dependence of the phonon energies in bilayer WSe2 yield information on atomic
displacement and fundamental thermodynamic properties. Figure 3.9 shows the evolution of
optical phonon energies with strain as obtained by Raman spectroscopy. The unstrained sample
shows three major Raman active modes: (i) the in-plane transverse optical E2g mode at 250.1 cm1

2

, (ii) the out-of-plane transverse A1g mode at 259.5 cm-1, and (iii) the out-of-plane transverse A1g

mode at 310.7 cm-1. The E2g and A1g peak energies are comparable to those reported for unstrained
2

CVD-grown117 and mechanically exfoliated WSe2 thin layers136, while the A1g mode only appears
for multilayer WSe2112,117. As increasing the uniaxial tensile strain breaks the crystal symmetry,
+

-

the doubly degenerate E2g mode evolves into two discrete modes, E2g and E2g, corresponding to
the in-plane atomic vibrations perpendicular and parallel to the applied strain direction,
+

-

respectively. Both the E2g and E2g modes exhibit a consistent shift with strain (Figure 3.9b),
indicating a lack of Raman-observable slippage between the WSe2/PMMA, PMMA/PET, and
-

WSe2/WSe2 interfaces over a large range of strain (0%-3.59%). The redshift of the E2g mode arises
+

from phonon softening in the presence of tensile strain (ε//), while the blueshift of the E2g mode
indicates stiffening due to perpendicular compressive strain (ε⊥⊥) resulting from the Poisson effect

of the substrate. In contrast with previous un-encapsulated cases that only consider the in-plane
two-dimensional Poisson effect46, we have evaluated the Grüneisen parameter of our encapsulated
bilayer WSe2 with a three-dimensional Poisson effect model developed to incorporate the
compressive strain in the out-of-plane direction arising from the strained encapsulation layer.
Using this three-dimensional Poisson effect model, the phonon polarization specific Grüneisen

parameters are evaluated as
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∆ω0+,i + ∆ω0−,i
, i = E 2g
 −
 2ε // (1 − ν in -plane − ν out -of -plane )ω0,i
γi = 
,

∆ω0,i
, i = A1g , A1g2
−
 ε // (1 − ν in -plane − ν out -of -plane )ω0,i

(3.13)

where ω 0,i is the frequency of the unstrained phonon mode i, ∆ω 0,i is the change in frequency of
the phonon mode i with uniaxial strain, νin-plane is the Poisson’s ratio of the PMMA/PET composite,
and νout-of-plane is the Poisson’s ratio of the PMMA. Over the range of 0–3.59% strain, the Grüneisen
parameter (γ) of the E2g mode is measured as 1.149 with a standard deviation of 0.027, γ of the A1g
2

mode is 0.307 with a standard deviation of 0.061, and γ of the A1g mode is 0.357 with a standard
deviation of 0.103, which are comparable with MoS247. We justify the importance of our 3D model
for encapsulated atomically thin materials as follows. If we applied a two-dimensional Poisson
effect model to our experimental data, the Grüneisen parameter of our samples would be calculated
as 0.517±0.012, 0.138±0.027 and 0.161±0.046 for the E2g, A1g and A21g modes respectively. Thus,
by neglecting the out-of-plane Poisson effect in encapsulated samples, the Grüneisen parameter
would be underestimated by a factor of 2.2, which was of importance as it governed the anisotropic
intrinsic phonon scattering processes in these materials137-140.
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Figure 3. 9 Raman spectra of bilayer WSe2 as it is strained up to 3.59%. (a) Raman spectra as a
function of uniaxial strain (ε//). As strain increases, the in-plane E2g optical phonon mode evolves
+

-

+

-

into separate E2g and E2g modes. (b) Strain dependence of the peak Raman shifts for the E2g, E2g,
2

A1g, and A1g modes, obtained by deconvolution of the experimental Raman spectra using
Lorentzian distributions. The linear strain dependence of the Raman shift indicates strain
relaxation by slippage or plastic deformation is not observed. (c) Mode-specific Grüneisen
parameters of bilayer WSe2 are constant over the range of 0.01 ≤ ε// ≤ 0.036.

3.5 Strain Dependent Photoluminescence and Optical Band Gap Evolution
The PL emission spectra of WSe2 bilayer were obtained using a 2.33 eV (λ = 532 nm)
continuous wave excitation at low power (86 µW) to avoid sample damage and spectral shifts due
to local heating effects47. Figure 3.10 and 3.11 shows the PL emission response to uniaxial tensile
strain. The PL emission spectra was deconvolved for each strain value using Gaussian distributions
as shown in Figure 3.10. We note that the coefficient of determination (R2) is 0.983 for the
unstrained sample due to the low PL signal-to-noise ratio, and higher than 0.997 for all strained
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cases. The PL spectra were deconvolved by two Gaussian peaks which differ in energy by ~138
meV for the unstrained bilayer WSe2 and by ~8 meV for a strain of 3.59 % (Figure 3.10).

Figure 3. 10 Photoluminescence spectra of bilayer WSe2 with increasing uniaxial strain. PL
intensity versus emission energy is shown for ε// = (a) 0, (b) 0.54, (c) 1.03, (d) 1.56, (e) 1.93, (f)
2.47, (g) 3.18, and (h) 3.59% under continuous wave excitation at an energy of 2.33 eV (λ = 532
nm). The indirect (dash-dotted lines) and direct (solid lines) optical transition peaks were
deconvolved using Gaussian distributions, and the background is shown as a gray dashed line.

To elucidate the mechanisms driving the measured strain-coupled optoelectronic effects,
our collaborators Dr. Jin Wang and Prof. Avinash Dongare at the University of Connecticut
Department of Materials Science and Engineering have developed a full theoretical analysis of the
electronic dispersion evolution with strain using density functional theory (DFT), the main results
of which are shown in Figure 3.11. Spin orbital coupling (SOC), van der Waals interaction (vdW)
of WSe2 layers, and the Poisson effect of the substrate are all taken into account for the electronic
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band structure calculation. As Figure 3.11 b depicts, the experimental strain-dependent indirect
and direct emission peaks matched well with their theoretical prediction, with only a slight
difference arising from the assumption of strain-independent binding energy and the estimation of
the substrate’s Poisson ratio. We also compared our experimental results with a previous DFT
prediction using the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional which did not consider
vdW interactions or the Poisson effect50 (Figure 3.11 b). The HSE-DFT result predicted an
indirect-to-direct transition crossover at a small strain of ~0.5%, which differs from our
experimental and theoretical results by an order of magnitude. This large deviation indicates the
importance of the vdW interaction for layered TMDs such as bilayer WSe2 and the Poisson effect
of the substrate in achieving physically reproducible theoretical predictions for strain-coupled
transport phenomena. We note that it is reasonable to neglect the vdW interaction for unencapsulated monolayer TMDs, however, this component is critical for multilayer TMDs.
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Figure 3. 11 Amplification of the photoluminescence (PL) emission intensity of WSe2 bilayer
when strained up to 3.59%. (a) PL emission spectra resulting from excitation at 2.33 eV as a
function of applied uniaxial strain. Inset shows the PL spectra of the unstrained material, ε//=0,
where the indirect (dash-dotted line) and direct (solid line) electronic transitions have been
deconvolved using Gaussian distributions. (b) Experimental PL amplification versus strain,
defined as I(ε//) / I(ε//=0). Subscripts max, direct, and indirect denote amplification obtained using
the max intensity of the experimental PL, the max intensity of the deconvolved direct sub-peak,
and the max intensity of the deconvolved indirect sub-peak, respectively. All computational
results were conducted by Dr. Jin Wang and Prof. Avinash Dongare, University of Connecticut
Materials Science and Engineering, and obtained by density functional theory (DFT) including the
effect of spin orbit coupling, van der Waals interactions, and Poisson effect from PMMA/PET are
shown for the direct (solid light blue line) and indirect (dashed light blue line) electronic transitions.
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To assign the two PL sub peaks to electronic transitions, we first compared the PL peak
energy difference to the spin-orbit valence band splitting energy at the Κ-point in the Brillouin
zone, which is ~0.5 eV from 0 to 2% uniaxial tensile strain123. The valance band splitting energy
is at least four times larger than our measured PL peak energy difference, and its dependence on
strain is much less than we measured here. Secondly, neither of the two PL peaks are expected to
result from trion emission since the charged exciton energy was only ~30 meV lower than the
exciton energy for unstrained bilayer WSe2141, which is ~4.6 times lower than we have measured.
Thirdly, these two PL peaks do not belong to biexcitonic recombination since its observability
should significantly diminish above 70 K142. We can also conclude that these two peaks do not
stem from slippage between the top and bottom WSe2 layers at high strain. As slippage will
increase with strain, the difference between these two peaks would revert to a larger energy closer
to that of the unstrained material, which is contradictory with our experimental observation of
continuously decreasing separation with strain. As shown in the inset of Figure 3.10a, the
unstrained PL peak at 1.50 eV has a full width at half maximum (FWHM) of 121.03 meV, which
is similar to the reported FWHM of the indirect band transition of unstrained bilayer WSe2136.
Additionally, the strain-dependent blue (red) shift of the lower (higher) energy PL sub peak also
matches the indirect (direct) electronic band gap strain dependence calculated by our ab initio
model which includes spin-orbit coupling, interlayer van der Waals bonding, and the Poisson effect
from the PMMA encapsulation layer (Figure 3.11). Thus, we assign the lower energy PL sub peak
to the indirect electron transition between the conduction band minimum at the Σ-point (CBMΣ)
and the valence band maximum at the Κ-point (VBMΚ), and the higher energy sub peak to the
direct electronic transition at the K-point (CBMΚ–VBMΚ). The PL indirect band gap linearly
increased with strain at a rate of 11.14 meV/% to 1.54 eV (FWHM = 123.08 meV) at 3.59%
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uniaxial tensile strain. The PL direct band gap decreased with strain at a rate of 27.9 meV/% from
1.64 eV (FWHM = 117.2 meV) in the unstrained material to 1.54 eV (FWHM = 53.6 meV) at 3.59
% uniaxial tensile strain. The FWHM of the direct transition peak is similar to that reported for
mechanically exfoliated monolayer WSe2 (FWHM = 56 meV)136. Our theoretical model predicts
that the PL indirect-to-direct crossover will occur at 4.28 %, however, the ability to reach this
value experimentally is limited by the fatigue of the PMMA/PET substrate.
Since the bilayer WSe2 is by definition an indirect semiconductor under uniaxial strain up
to 3.59%, we report optical strain-coupled behavior for direct and indirect transitions separately
int this thesis. Figure 3.11b shows the PL intensity corresponding to the direct excitonic transition
(colored squares) is enhanced by 124.3 times at 3.59% strain. The enhancement of the overall
maximum PL intensity (colored triangles) is 101.4 times at 3.59% strain. Even at 1.93% uniaxial
strain, the maximum PL intensity enhancement is ~42.6 times, which is 42% larger than previously
reported at 2% strain50 due to the high amount of strain transferred to the TMD sample in this
thesis as verified experimentally using thin graphite. The maximum PL intensity enhancement is
smaller than the enhancement of the direct transition since the indirect transition has a higher PL
intensity than the direct transition for the unstrained sample. As the strain increases to values higher
than ~0.5%, the direct transition begins to dominate the PL response as shown in Figure 3.10.
To elucidate the mechanisms responsible for the large enhancement observed here and to
understand the maximum achievable amplification, we have used our DFT-vdW-Poisson
theoretical model to calculate the enhancements of the direct and indirect excitonic transitions. To
estimate the PL intensity enhancement of the direct transition, we use a similar approach as
reported in ref. 50 and define the radiative efficiency η for the direct transition as143
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η=

Anp
,
Anp + Bnp 2 + Cn

(3.14)

where n is the electron concentration, p is the hole concentration, Anp represents radiative
recombination, Bnp2 represents Auger recombination, and Cn represents Shockley-Read-Hall
recombination. The PL intensity of the direct electronic transition can be estimated as

ndirect
I direct ∝ η ⋅ 
 ndirect + nindirect


 ⋅ (ndirect + nindirect ) ,


(3.15)

where ndirect and nindirect are the electron concentrations at the direct and indirect conduction band
minima, CBMdirect and CBMindirect, respectively. To estimate the PL intensity amplification, we
simplify the above equation by assuming the radiative efficiency, η, remains constant with strain.
The PL intensity enhancement can be expressed as

ndirect (ε // )
I direct (ε // )
=
.
I direct (ε // = 0) ndirect (ε // = 0)

(3.16)

Using the Boltzmann approximation, we approximate ndirect using the strain-dependent direct
electronic band gap obtained by our DFT-vdW calculations, ∆Edirect, as

−

∆Edirect (ε // )
k BT

I direct (ε // )
e
= ∆Edirect (ε // =0 ) .
−
I direct (ε // = 0 )
k BT
e

(3.17)

A similar treatment can be used to predict attenuation of the indirect transitions as

−

∆Eindirect (ε // )
kBT

I indirect (ε // )
e
= ∆Eindirect (ε // =0 ) .
I indirect (ε // = 0) − kBT
e

(3.18)
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where ∆Ej(ε//) and ∆Ej(ε//=0) are the band transition energies of the strained and unstrained bilayer
WSe2. The PL intensity enhancement for the experimental direct transition (colored squares in
Figure 3.12b) and theoretical prediction results (light blue solid line in Figure 3.12b) were
consistent. The experimental PL enhancement was 124.3 times and the calculated result was 81.35
times at 3.59% strain. The deviation at lower strain may arise from simplifying assumptions for
Equation 1 and the assumption of a strain-independent binding energy in the DFT-vdW-Poisson
model.
As can be seen in Figure 3.12b for the indirect transition, a large disagreement in both trend
and magnitude between the experimental (colored triangles) and calculated (light blue solid line)
amplification of the indirect transition likely arises due to enhanced scattering between Κ and Σ
valleys in the conduction band, which become closer in energy with strain as will be discussed.
This mechanism is also likely responsible for reducing the overall experimentally observed PL
amplification in comparison with calculated amplification of the direct transition for strains above
2%. The experimental PL intensity of the indirect transition f amplified by ~59.7 times at 3.59%
strain, which was contrary to both our experimental observation and theoretical prediction of an
increase in indirect band gap energy with tensile strain. Applying Equation 1 to the indirect
transition, the PL intensity is expected to attenuate with tensile strain to a value of
Iindirect/Iindirect(ε//=0) = 0.52 at 3.59% strain. This can be explained by an increase in the phononassisted electron scattering from the conduction band minimum at the Κ-point (CBMdirect) to the
conduction band minimum at the Σ-point (CBMindirect) as illustrated in Figure 3.12a. The PL
intensity of the indirect transition is the result of competition between: (i) an increase in the indirect
band gap with strain which weakens the radiative recombination rate and (ii) phonon-assisted
CBMdirect-to-CBMindirect electron scattering which enhances the indirect recombination rate. The
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phonon-assisted CBMdirect-to-CBMindirect intervalley transition rate is proportional to the direct
transition rate which increases with strain. Thus, the indirect transition PL intensity is enhanced
with strain. Meanwhile, increasing the indirect band gap with strain counteracts the PL intensity
enhancement due to the phonon-assisted CBMdirect-to-CBMindirect intervalley transitions. The
energy difference between CBMdirect and CBMindirect drives this intraband electron transition and
can be evaluated as
∆ECBM direct −CBMindirect = ∆Edirect −indirect = Edirect − Eindirect .

(3.19)

Our theoretical results shown in Figure 3.12b indicate that ∆Eindirect-direct decreases with
increased strain at a rate of 35.7 meV/%, from 155 meV at ε//=0% to 12.2 meV at ε//=4%. Thus,
the phonon-assisted CBMdirect-to-CBMindirect transition rate is expected to increase with tensile
strain by 250.6 times at 4% uniaxial tensile strain according to

−

∆ECBM direct − CMBindirect (ε // )

k BT
I intraband (ε // )
e
= ∆ECBM −CMB (ε // =0 ) .
direct
indirect
I intraband (ε // = 0 )
−
k BT
e

(3.20)

The consequences of increased intraband scattering can be observed in Figure 3.12b, where
the maximum PL enhancement becomes closer to the direct transition enhancement at high strain
while entering into an apparent saturation regime as the valley minima near degeneracy.
Additionally, the high amplification of the indirect transition intensity with strain (as opposed to
the theoretically predicted attenuation) results from the greatly increased intraband scattering
processes as ∆Eindirect-direct decreases towards degeneracy.
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Figure 3. 12 Indirect-to-direct electronic band transition conversion through strain. (a) Evolution
of the electronic band structure in response to uniaxial strain calculated using density functional
theory including both spin orbit coupling, interlayer van der Waals interactions, and the Poisson
effect (DFT-vdW-Poisson) for ε// = 0% (red) to 4% (purple) in increments of 0.5%. Direct and
indirect electronic transitions are depicted. (b) Strain-dependence of the interband transition
energies normalized to that of the unstrained indirect PL transition. Experimental values have been
obtained by deconvolution of the PL emission spectra using Gaussian distributions and are shown
in comparison with a DFT-vdW-Poisson model (blue lines, DFT calculations by Dr. Jin Wang and
Prof. Avinash Dongare, University of Connecticut Materials Science and Engineering) and a
calculation neglecting van der Waals interactions (DFT-HSE, obtained from ref. 50). The indirectto-direct conversion occurs at ε// > 3.5% in both the experiment and DFT-vdW-Poisson calculation
and at ~0.5% when vdW interactions are neglected (DFT-HSE50), indicating that increased
interlayer coupling strength may lead to weaker strain-coupled effects in layered materials.
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3.6 Strain Transfer Analysis of Unencapsulated WSe2 Bilayer Single Crystals
Straining unencapsulated atomically thin materials has been widely used in previous
reports46,47,50,111,144,145. Due to non-ideal contact for bottom and top side, the unencapsulation
method may have strain transfer issues, such as yield and strain transfer efficiency. We are using
our strain transfer method to analyze previously reported strained WSe2 bilayers39 . Figure 1.3
(Chapter 1) shows that a previously reported WSe2 bilayer was strained up to 1.5% with an
overestimated and constantly decreasing Grüneisen parameter over their entire strain range. This
is an unphysical result, which is indicative of non-uniform application of strain the previous report
of Desai et al.50 In contrast, our result shows consistent Grüneisen parameters of all three Raman
active modes up to 3.59% uniaxial tensile strain, and it is comparable with previous reported
monolayer MoS247.
Regarding the direct and indirect bang gap energies, we deconvoluted the
photoluminescence spectra reported in ref. 50. We have examined the optical indirect and direct
band gap energy evolution with strain (Figure 3.13) to conclude that there is no evidence that the
indirect-to-direct transition was observed in that report and that the PL intensity enhancement is
instead due to the decreasing of the direct band gap energy and an increasing of indirect band gap
energy rather than band gap type switching.
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Figure 3. 13 Comparison of experimentally observed optical direct and indirect band gap energy
in this thesis (red circles, orange squares) and in a report by Desai et al.50 (blue and green triangles).
The direct and indirect band gap energies for the previous work50 are obtained by deconvolution
of the photoluminescence spectra reported in that publication.
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3.7 Conclusion
In conclusion, we have demonstrated that a two orders of magnitude photoluminescence
enhancement in WSe2 bilayers stems from strain-dependent electronic band gap evolution in the
elastic regime. The encapsulation technique and four-point bending method developed for this
thesis enable us to apply up to ~3.59% uniaxial strain on our atomically thin material while
preventing sample degradation from exposure to air during thermal processing and laser irradiation.
We have postulated an important materials design guideline related to band degeneracy as
suppression of intervalley electron scattering events through band engineering may lead to further
increases in emission enhancement. This thesis also demonstrates the necessity of considering van
der Waals interactions and the Poisson effect in the atomically thin material’s surrounding
environment for theoretical predictions of strain-coupled optoelectronic phenomena.
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Chapter 4: Single Photon Source in Atomically Thin Transition Metal Dichalcogenides
4.1 Epitaxial Nominally Bilayer WSe2 Growth and Characterization
Scalability issues in the synthesis of two-dimensional (2D) materials is a major roadblock
to large-scale device integration. The powder vaporization119,146-148 chemical vapor deposition has
been widely adopted as previous session shown, but it usually results in the non-continuous
crystals with dimensions as tens of µm. To overcome the scalability challenges, the chemical vapor
deposition-based techniques using gaseous sources offer accessibility for wafer scale integration
was used here. The epitaxial wafer-scale WSe2 used in this chapter was provided by Prof. Joan M.
Redwing of the 2D Crystal Consortium–Materials Innovation Platform at The Pennsylvania State
University and synthesized according to ref. 149. The synthesis method employs W(CO)6 and
H2Se vapor-phase sources enabling control over WSe2 nucleation density and lateral domain
growth which are necessary to achieve uniform epitaxial films on sapphire (0001). Our nominally
bilayer WSe2 was grown by a recently developed vertical cold-wall CVD reaction scheme149 to
deposit WSe2 over a roughly 1 cm2 sapphire c-plane (0001) substrate, where the above challenges
have been solved by using H2Se as the selenium precursor with a significant amount of excess
chalcogen - Se: W ratio of ~26,000: 1 - to obtain stoichiometric and uniform films verified by Xray photoelectron spectroscopy as shown in Figure 4.1. The PL mapping at cryo-temperature, 4K,
was also conducted for as-grown WSe2 on sapphire as Figure 4.2 showing. It is showing no PLobservable defect emission peak in as-grown WSe2 on sapphire through the entire mapping region.
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Figure 4. 1 Wafer-scale, nominally bilayer epitaxial WSe2 synthesized on c-plane sapphire. (a)
Scanning electron micrographs showing large-area coalesced and uniform coverage of small-grain
size WSe2 synthesized by gas source chemical vapor deposition. (b) Atomic force microscopy
analysis showing textured growth of predominantly bilayer to trilayer WSe2. (c) X-ray
photoelectron spectroscopy analysis demonstrates a 1:2 atomic ratio tungsten:selenium, and no
detectable coordination with oxygen. (d) Raman spectroscopy exhibits no carbonaceous peaks and
indicates 2–3 layer WSe2 (inset).
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Figure 4. 2 The photoluminescence mapping at 4K of as-grown WSe2 on sapphire c-plane (0001)
substrate. (a) Photoluminescence mapping of emission peak center at 758 nm at 4K temperature.
(b) All PL spectra of mapping shows no defect emission from WSe2 at each pixel. (c) The pointPL emission spectra show two high intensity PL peak originating from sapphire. (d) Point-PL
spectra shows the emission of nominally bilayer WSe2 on sapphire.
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4.2 Transfer Epitaxial Nominally Bilayer WSe2 onto Sharp Tip Arrays
Transfer of the WSe2 film from the sapphire substrate to the ultra-sharp tips was carried
out by spin-coating 950,000 molecular weight PMMA (4% in anisole) onto the WSe2/sapphire
substrate at 1000 rpm for 1 minute without postbaking, which resulted in a ~ 500 nm thick film. A
2.5 M potassium hydroxide (KOH) solution was used to etch the growth substrate and release the
PMMA/WSe2 composite film which was then thoroughly rinsed in deionized water. To minimize
or prevent puncture, we placed the composite film so that the PMMA acted as a buffer layer
between the WSe2 and the sharp tip. We loaded the substrate into a tube furnace with 100 sccm
nitrogen, purged for 2 hours, and then increased the temperature slowly from 25–400°C in 3 hours.
The slow ramp rate softened the PMMA first to ensure contact between tip and PMMA. Thermal
annealing at 400°C under nitrogen for 1 hour was then was used to remove residual PMMA and
create a conformal WSe2 film over the sharp SiO2 tips, after which the furnace lid was opened and
allowed to cool to room temperature under nitrogen flow. Figure 4.3 shows the sample wafer-scale
transfer process before and after PMMA removal.
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Figure 4. 3 Demonstration of ability to transfer of large-area WSe2 onto ultra-sharp tip arrays. (a)
Optical microscopy and (b) scanning electron microscopy images of MOCVD-grown nominally
bilayer WSe2 coated with ~500 nm of poly(methyl methacrylate) (PMMA) transferred onto a tip
array. (c) Scanning electron microscopy image of the WSe2 on the tip array after removal of
PMMA with acetone and hydrogen annealing.

We postulate that spatially controlled bending based on the sharp radius of the tips gives
rise to electronic localization effects through morphology alone, as the WSe2 experiences a
uniform SiO2 dielectric environment in the device geometry chosen for this investigation. Figure
4.4a and b illustrate that for a 1–5-layer sample placed onto a 10-nm diameter tip, a maximum
strain of 3.2–16.2 % will arise with an ultra-high strain gradient on the order of 1010 %m-1. The
strain is estimated as:

ε=τ/r

(6.1)

where τ is the half thickness of bilayer WSe2, r is the sharp tip radius.
This symmetric strain profile thus should have an observable effect on excitonic emission39
and kinetics, although the true strain experienced will depend on a number of other issues such as
76

compliance. The relationship of thermal expansion coefficient (α) to elastic modulus (E) can be
expressed as α = γρcv/E, where γ is the Grüneisen parameter, ρ is the mass density, and cv is the
specific heat. Since this thermophysical property is inversely proportional to the elastic constant,
and since α has been recently reported to increase significantly as layer number is reduced37, it is
likely that mono- and few-layer TMD materials are more compliant than their bulk counterparts
and thus more able to be strained locally by the sharp tips.

Figure 4. 4 Ultra-large strain and strain gradients are possible for atomically thin crystals
transferred onto ultra-sharp tips. (a) Calculated maximum strain that will arise on the top (tensile)
and bottom (compressive) surfaces of an n-layer WSe2 film as a function of tip radius according
to equation 6.1. (b) Calculated strain gradient occurring across the sample. (c-d) Scanning electron
micrographs of a representative sharp tip.
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4.3 Single Photon Emission in Epitaxial Nominally Bilayer WSe2
4.3.1 Continuous-wave Photoluminescence Spectroscopy of Epitaxial Nominally Bilayer
WSe2 on Sharp Tip
The spatial continuous-wave PL emission spectra of WSe2 is obtained using a confocal
Raman micro-spectrometer (LabRAM HR Evolution, Horiba Scientific, Ltd.) with a 2.33 eV (λ =
532 nm) continuous wave excitation at low power (86 µW) to avoid sample damage and spectral
shifts due to local heating effects47. The sample temperature is controlled between 4K to room
temperature by Janis continuous flow cryostat with flowing liquid helium. Although the laser beam
diameter is ~250 nm, the mapping spatial resolution is set to 2 µm due to the beam reflection and
interference effect when passing through the optical viewport of cryostat.
Figure 4.5 gives the photoluminescence intensity mapping of the emission peak at 758 nm
over a sharp tip at liquid helium temperature, 4.14 K. It shows the defect originating from the exact
tip center within the spatial resolution of the excitation beam. Since the sharp tip is relative high,
few µm, the laser focal plane may not correctly set and cause non-identical background signal
among each site. It is necessary to remove the background signal firstly. Figure 4.5b shows the PL
intensity mapping of peak at 758 nm after background signal removal.
As the laser moves away from the apex of the sharp tip, the emission intensity decreases
and eventually disappears at the flat part of substrate. As the geometry of sharp tip showing in
Figure 4.4c and d, the applied local strain on WSe2 also gradually decreases when the location
moves away from the apex of sharp tip. The consistent changing trend between emission intensity
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and local strain distribution indicates the emission stems from the strain induced engineered
defects on nominally bilayer WSe2.

Figure 4. 5 Continuous-wave photoluminescence spectra shows the engineered emission sites. (a)
Optical micrograph and (b) spatial continuous-wave excitation PL of nominally bilayer epitaxial
WSe2 transferred onto an ultra-sharp SiO2 tip on a SiNx-on-Si substrate, where the integrated area
of the localized exciton peak over the free exciton is shown versus x-y coordinate.
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4.3.2 Power and Temperature Dependent Photoluminescence of Epitaxial Nominally
Bilayer WSe2 on Sharp Tip
The operation temperature of the quantum emitter was examined by the temperature
dependent PL spectra, obtained by Dr. C. Kavir Dass and Dr. Joshua R. Hendrickson at the U. S.
Air Force Research Laboratory in Dayton, Ohio. Figure 4.6 gives the temperature dependent
emission spectra of a localized quantum emission site. Over the temperature range of 3.5–25 K,
the emission energy remains relatively constant with a mean and standard deviation of 772.953
nm (1.604 eV) and 0.830 nm (1.72 meV), respectively. The emission peak center wavelength
shows consistent over 3.5-25 K indicating the stability of the emitters characterized in this thesis.
The emission intensity is depressed when temperature increasing. Similar to previous studies612,16,83

, localized emission is not observable at temperatures above 25 K.
The power dependent PL peak emission wavelength is also studied in this thesis, center

wavelength 772.882 nm (1.604 eV) and a standard deviation of 0.274 nm (0.57 meV) as shown in
Figure 4.7, which agrees with temperature depend PL spectra showing in Figure 4.6.
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Figure 4. 6 Temperature dependence of localized emission. Photoluminescence spectra of
localized emission from WSe2 on an ultra-sharp SiO2 tip as a function of temperature obtained
using femtosecond excitation at 540 nm. Inset shows that the peak emission wavelength is
relatively constant over the measured temperature range with a mean of 772.95 nm and a standard
deviation of 0.83 nm. This experiment was conducted by Dr. C. Kavir Dass and Dr. Joshua R.
Hendrickson at the U. S. Air Force Research Laboratory in Dayton, Ohio.
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Figure 4. 7 Power dependent PL spectra of localized emission. (inset) Peak emission wavelength
is relatively constant over the measured excitation power range with a mean of 772.88 nm and a
standard deviation of 0.27 nm. This experiment was conducted by Dr. C. Kavir Dass and Dr.
Joshua R. Hendrickson at the U. S. Air Force Research Laboratory in Dayton, Ohio.
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4.3.3 Time Resolved Photoluminescence of Epitaxial Nominally Bilayer WSe2 on Sharp Tip
In order to determine the underlying carrier relaxation dynamics and single photon
generation characteristics of the WSe2, ultra-fast optical characterization was performed using a
Ti:Sapphire femtosecond laser (140 fs, 80 MHz repetition rate) for time resolved
photoluminescence (TRPL) and Hanbury Brown-Twiss (HBT) interferometry was performed
using a HeNe continuous wave laser with spectral windows defined by inserting band-pass and
tunable long- and short-pass filters into the beam path. Figure 4.8 gives the spectroscopic
characterization results of optical emission arising WSe2 on the apex of an ultra-sharp SiO2 tip.
The TRPL spectra was obtained by Dr. C. Kavir Dass and Dr. Joshua R. Hendrickson at the U. S.
Air Force Research Laboratory in Dayton, Ohio.
The gas source CVD WSe2 films contain grains smaller than the 0.7–1 µm excitation beam
diameter, thus the contribution of grain boundary defects to quantum emission is an additioanl
remaining unknown in this field. As the TRPL intensity I(∆t) at any defect emission wavelength
contains contributions from both free and localized (bound) excitons, we implement a biexponential rise and decay model to gain insight into the lifetimes of bound and free excitons as
∞

I(∆t) − Ibkgd = �

j=fast, slow

�

I0, j �(e+(∆t−iT)�τrise, j )

i=−∞

−1

−1 −1

+ (e−(∆t−iT)�τdecay, j ) �

(6.2)

where Ibkgd is the background count rate, the subscript j indicates the fast and slow processes which
we attribute to free and localized excitons respectively, the subscript i is the peak index, I0,j is the
exciton emission intensity, ∆t is the time delay, T is the period, and τrise,j and τdecay,j are the
characteristic lifetimes of excitonic rise and decay respectively. The experimental and fitted data
is shown in Figure 4.8.
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Figure 4. 8 Time resolved photoluminescence (TRPL) spectra of localized emission from WSe2
on an ultra-sharp SiO2 tip as a function of average excitation power obtained using femtosecond
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excitation at 540 nm. Equation 6.2 is used to deconvolve free (fast decay, dotted line) and bound
(slow decay, dashed line) exciton contributions to the measured event count. The bottom graph
shows the fitting residue at each laser power. This experiment was conducted by Dr. C. Kavir Dass
and Dr. Joshua Hendrickson at the U. S. Air Force Research Laboratory in Dayton, Ohio.

The second order photon correlation can be described as the probability of detecting a
photon in the time frame of ∆t as150:
g(2) (∆t) =

〈𝐼𝐼(𝑡𝑡)𝐼𝐼(𝑡𝑡+∆𝑡𝑡)〉
〈𝐼𝐼(𝑡𝑡)〉2

,

(6.2)

where 〈 〉 express the statistical average, 𝐼𝐼(𝑡𝑡) and 𝐼𝐼(𝑡𝑡 + ∆𝑡𝑡) indicate the detected photon number

at time of t and t+∆t. The time-dependent photon field intensity correlation, g(2)(∆t), for an
engineered localized emitter is shown in Figure 4.8 which proves spatially localized quantum
emission at the apex of an ultra-sharp SiO2 tip at ~ 3.5 K (measurement conducted by Dr. C. Kavir

Dass and Dr. Joshua R. Hendrickson at the U. S. Air Force Research Laboratory in Dayton, Ohio).
The data can be modeled using a single exponential decay (two level) photon antibunching
model13:
g(2) (∆t) = 1 − [1 − g(2) (∆t=0)] e−|∆t|⁄τdecay ,

(6.3)

where ∆t is the time delay, τdecay is the lifetime, and g(2)(∆t=0) is the second order photon
correlation parameter for single photon emission, and [1 – g(2)(∆t=0)] is defined as the single
photon purity. A high degree of photon antibunching was obtained g(2)(0) < 0.3 over a 0.75 h
collection time, and exhibited stable emission up to 8 hours. Such long collection times were
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needed as the event count rate at the single photon detectors was on the order of several thousand
events per second, in contrast to state-of-the-art diamond nitrogen-vacancy complexes68,151 which
emit ~105–106 s-1. Improving the emission rate for the engineered emission sites in this thesis may
be possible using resonant excitation152.

Figure 4. 9 Second order photon correlation of nominally bilayer WSe2 on the apex of sharp tip.
Measured second order photon correlation g(2)(∆t) obtained using continuous wave excitation at
532 nm and collected at λemission = 772.9 nm using short- and long-pass tunable filters for a
collection period of 45 minutes as a function of time delay ∆t. This experiment was conducted by
Dr. C. Kavir Dass and Dr. Joshua Hendrickson at the U. S. Air Force Research Laboratory in
Dayton, Ohio.
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4.3.4 Polarized Photoluminescence of Epitaxial Nominally Bilayer WSe2 on Sharp Tip
The emission is random-unpolarized when excited with linearly polarized light with a
polarizer placed in the collection beam path. We note that if the emission site was actually localized
because of a symmetric strain potential then there would be no preferred polarization to the emitter,
as we observed. This is unlike the case of an intrinsic defect localization, where the defect is likely
to have some trap potential asymmetries. In comparison to this thesis, the pillars used in previous
works7,8 are quite wide (150–280 nm diameter) with observable asymmetry, which may explain
why those works observe fine structure splitting and we do not. We note that to conclusively
establish mechanisms resulting in strain-based quantum emission, the atomic arrangement and
induced defect structures located at the tip apex will need to be studied in more detail both through
experiment and theory.

Figure 4. 10 Polarization dependence of the localized peak emission intensity (squares)
demonstrates no preferential orientation of the emitted photons, which can be fit as 8.68±0.18
counts･s-1･µW-1 (line).
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4.4 Continuous-wave Photoluminescence from Intrinsic Defects
We note that WSe2 thin films can contain different types of intrinsic defect beside strain
engineered defect discussed in above sessions. First, the WSe2 contains grains smaller than the
0.7–1 µm excitation beam diameter which results grain boundary defects to quantum emission.
Second, the W- or Se- defects can be created during growth duo to non-equilibrium growth
condition. Thirdly, the introduced defects may be caused by transfer process. In this session, we
focus the intrinsic defects created during sample transfer process. Figure 4.11 shows the defect PL
emissions at ~740, 750, and 765 nm center wavelength of WSe2 over a sharp tip which optical
image was shown in Figure 4.11. In contrast with the emission mapping of 758nm peak, the
mapping shows difference distribution which is not in agreement with sharp tip location. We
believe these types of defect is intrinsic from growth or created during WSe2 transfer process due
to the location mismatch between these emission sites and sharp tip, instead of stemming from
strain effect. However, we were not able to examine the seconder order photon correlation of these
intrinsic defect sites and thus more focused experiments are required to understand intrinsic
localized emitters in epitaxial WSe2, which may be influenced by surface conditions as shown for
other 2D materials20,153-156.
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Figure 4. 11 Continuous-wave spatial photoluminescence of WSe2. (a) PL intensity of three
intrinsic defect emission peaks. Spatial PL mapping of emission peaks at (b) 740 nm, (c) 750 nm,
and (d) 765 nm. The peaks shown in (a) are obtained from the brightest pixel in corresponding
panels (b-d) and are weaker than the quantum emitter detected on the sharp tip apex (see Figure
4.5b).
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4.5 Conclusion
In conclusion, we have demonstrated a new route to engineer spatially localized defect
emission sites in the 750–800 nm regime using epitaxial nominally bilayer WSe2 and ultra-sharp
SiO2 tip arrays. Engineering of quantum emission in 2D materials is still in a very early stage, and
further efforts are required to increase the yield of deterministically placed quantum emitters and
the thermal detrapping energy for room-temperature operation. Future large scale statistical
investigations are also required to better understand defect emission including fine structure and
polarization characteristics in the 2D material/ultra-sharp tip array system.
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Chapter 5: Isotope Effect on the Indirect Excitonic Transition in an Atomically-thin
Transition Metal Dichalcogenides
5.1 Phonon Dispersion of Naturally Abundant and Isotopically Pure WSe2 Bilayers
Atomic vibrations described as phonons have energies which are dependent on the atomic
mass, where frequency changes stemming from isotopic substitution can be monitored by Raman
spectroscopy157. Figure 5.1a and b show the evolution of optical phonon energies with temperature
in NAWNASe2 and 186W80Se2 bilayers using Raman spectroscopy and 532 nm laser excitation with
a point-to-point resolution of ~0.51 cm-1 using an 1800 gr/mm grating. To minimize the
instrumental uncertainty, we conducted 6 sets of measurements with spectral windows defined by
initial points differing by 0.1 cm-1 to fully cover the point-to-point separation. The mean and
standard deviation of modeled peak positions and full width at half maximum (FWHM) obtained
for each of these 6 spectra was used as the uncertainty for each data point. To avoid any influence
from the slightly non-uniform temperature distribution on the sample mount in the optical cryostat,
all Raman spectra were aligned using the silicon substrate peak at each nominal temperature.
The frequency of optical lattice vibrations is expected to decrease with heavier isotopic
atomic mass according to a simple one-dimensional harmonic oscillator model94 as ω = [2C/(M11

+M2-1)]1/2 for zone center and ω = (2C/Mj)1/2, j = 1,2, for zone boundary phonons where C is the

force constant and Mi is the mass of the j-th atom in the two atom basis chain. The experimental
frequency difference between

NA

WNASe2 and

186

W80Se2 bilayers for each Raman active mode is
2

evaluated as Δωi = ωi,NA – ωi,isotope, i = E2g, A1g, A1g, where ωi is the Raman peak frequency of the
i-th Raman active mode. Figures 2c and 3 show that the phonon frequency globally red-shifts in
the isotopic samples over the entire temperature range from 4.41 to 300 K. The E2g mode
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corresponds to intralayer tungsten and selenium atoms vibrating against each other in the
hexagonal basal plane, in which the phonon frequency difference between
186

NA

WNASe2 and

W80Se2 bilayers is ∆ωE2g = 1.378±0.048 cm-1. The A1g mode represents selenium atom

vibrations along the out-of-plane direction with ∆ω A1g = 1.526±0.072 cm-1. The more interesting
2

2

mode here is A1g with ∆ωA21g = 1.942±0.061 cm-1. The A1g mode represents an interlayer vibration
involving both tungsten and selenium atoms from different van der Waals layers, and only appears
for two or more layers of WSe2112. We observe that the isotopic effect on the interlayer out-of2

plane A1g mode is larger than on the in-plane E2g mode or the intralayer out-of-plane A1g mode,
which arises from the fact that the isotopic effect on the weak interlayer van der Waals interaction
is larger than it is on the strong intralayer W-Se covalent interaction.
Besides the harmonic oscillation of phonons, the contribution of van der Waals bond length
on phonon frequency also needs to be evaluated to support the statement above. The phonon
frequency changes due to strain can be defined as39 ∆ωi,strain = -εγiωi where γ is the Grüneisen
parameter, ε is the hydrostatic strain, and i represents the phonon mode. The interlayer van der
Waals bond length change can be treated as ∆c = εc where ∆c is the c-lattice parameter change
due to isotopic substitution and c is the natural abundance c-lattice parameter, and εzz is the outof-plane strain component. Thus, the phonon frequency change due to isotopic substitution in this
thesis can be approximated as ∆ωi,strain = -γiωi∆c/c. By adopting the experimental Grüneisen
2

parameter of the A1g mode in bilayer WSe2 as 0.35739 and the c-lattice parameters obtained from
XRD analysis the phonon frequency changes expected due to isotope induced changes in van der
Waals bond length can be estimated on the order of ∆ωA21g,strain = 0.04 cm-1, which is negligible
compared to the measured experimental frequency changes.
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The phonon lifetime is an important parameter that describes phonon scattering processes,
and can be estimated from the FWHM of the Raman peak as158 τ = ħ/Γ where τ is the phonon
lifetime, ħ is the reduced Planck constant, and Γ is the FWHM. Figure 2d,e illustrates that
isotopically pure

186

W80Se2 exhibits larger phonon lifetimes for both the intralayer in-plane E2g
2

mode and the interlayer out-of-plane A1g mode, which is expected due to the two-orders of
magnitude higher mass variance parameter in the naturally abundant sample than the purified
sample. The observed decrease of the phonon lifetime with temperature arises from an increase of
phonon occupancy and phonon-phonon interaction with temperature159. At 4.41 K, the phonon
lifetime of bilayer

186

2

W80Se2 is ~2.9 ps for the E2g mode and ~2.2 ps for the A1g mode which is

11.5% and 15.8% higher than that of bilayer NAWNASe2.
2

Figure 5.1 a-c shows the temperature dependent Raman shift of the E2g, A1g, and A1g modes
of bilayer

NA

WNASe2 and

186

W80Se2. As the temperature increases from 4.41 to 300 K, the E2g

mode frequency decreases by 1.313±0.025 cm-1 in
186

NA

WNASe2 and by and 1.223±0.031 cm-1 in

W80Se2. The A1g mode frequency drops a similar amount over the same temperature range,
2

1.580±0.105 cm-1 and 1.533±0.055 cm-1 in NAWNASe2 and 186W80Se2 respectively. The A1g mode
frequency drops by nearly twice as much, 2.575±0.031 cm-1 and 2.447±0.039 cm-1 in NAWNASe2
and

186

W80Se2 bilayers respectively. This behavior can be explained by the positive thermal

expansion coefficient (TEC) of both in-plane and out-of-plane unit cell parameters37,160. We
2

observe that the out-of-plane vibrational modes – A1g and A1g – have ~1.2 and ~1.9 times higher
frequency changes than the in-plane vibration mode (E2g), respectively, which arises from an outof-plane TEC approximately 1.6 times higher than the in-plane TEC160.
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Figure 5. 1 Isotopic mass dependent Raman spectra of bilayer WSe2. Normalized Raman spectra
of (a) naturally abundant

NA

WNASe2, and (b) isotopically pure

186

W80Se2 over the temperature

range from 4.41 to 300 K. (c) The phonon frequency difference (∆ω) of E2g (red), A1g (blue) and
A21g (green) modes between

NA

WNASe2 and

186

W80Se2, where error is defined by the standard

deviation of 6 measurements each with a different spectral window initial point in order to
minimize the instrumental uncertainty. Temperature-dependent phonon lifetime and full width at
half maximum of the (d) E2g mode and (e) A21g mode from 4.41 to 300 K.
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Figure 5. 2 Temperature dependence of Raman active mode peak positions isotopically engineered
bilayer WSe2. Raman shift for the (a) E2g, (b) A1g, and (c) A21g modes of naturally abundant
NA

WNASe2 (solid symbols) and isotopically pure 186W80Se2 (open symbols).
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5.2 Optical Band Gap of Naturally Abundant and Isotopically Pure WSe2 Bilayers
Electronic transitions from filled to empty states must conserve electron momentum.
Bilayer WSe2 is known as a semiconductor with an indirect electronic band gap32, in which the
conduction band minimum at the Σ-point (CBMΣ) and valence band maximum at the K-point
(VBMK) are not at the same electron momentum in reciprocal space. Since the momentum of
photons is negligible, especially in the wavelength range used in this thesis, the transition between
CBMΣ and VBMK must involve phonon assistance to obey the rule of momentum conservation,
which means the band gap can be affected by the isotope effect. Figure 5.3 reports the temperature
dependent PL spectra for bilayer NAWNASe2 and 186W80Se2. To avoid uncertainty arising from nonidentical local heating by the excitation laser, all the samples were characterized under the same
conditions including laser power and acquisition time at each temperature. Surprisingly, we
observe a higher optical band gap energy in bilayer 186W80Se2 compared with bilayer NAWNASe2
where the PL spectra of the isotopically pure sample blue-shifts by 3.92 ±0.71 meV over the entire
temperature range from 4.41 to 300 K (Fig. 5.3c). This trend is similar to the PL spectra blue-shift
with increasing atomic mass phenomenon observed in other isotopically purified indirect band gap
semiconductors, where the indirect band gap renormalization energy changes ~4.4 meV between
h-10BNAN and h-NABNAN88, and ~2.2 meV between 70Ge and 76Ge99.
The mechanism responsible for this observable change in emission energy is indirect band
gap renormalization95. When evaluating the normalized electronic states in an indirect band gap
semiconductor, the band gap renormalization energy inversely proportional to the square root of
effective mass and depends on the zero-point vibrational energy, calculated with all phonon modes
at zero temperature. The isotope effect on indirect band gap renormalization energy has been
proven in bulk h-BN88. It is also important to evaluate the contribution of van der Waals bond
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length change to optical band gap energy, as out-of-plane compressive strain has been shown to
decrease the indirect optical band gap energy in bilayer WSe239. A similar trend has also been
predicted for bilayer MoS2, in which the indirect band gap decreases with shorter c-lattice
parameter161. This is contrary to our observation of the higher optical band gap in bilayer 186W80Se2
which possesses a smaller c-lattice parameter than NAWNASe2. Therefore, we conclude that the van
der Waals bond length is not the dominant factor resulting in the optical band gap energy change
with isotopic purification in this thesis.
The temperature evolution of the optical band gap is shown in Fig. 5.3d, which decreases
from 1.649 eV at 4.41 K to 1.599 eV at 300 K for NAWNASe2 and from 1.652 eV at 4.41 K to 1.574
eV at 300 K for 186W80Se2. This behavior can be modeled using the empirical Varshni relation162
as Eg(T) = Eg(T=0) – (αT2)/(β+T) where Eg(T=0) is the band gap energy at 0 K, T is the absolute
temperature, and α and β are adjustable constants. We obtained Eg(T=0)=1.6504 eV, α = 0.365
meV/K, and β = 93.926 K for

NA

WNASe2, and Eg(T=0)=1.6539 eV, α = 0.379 meV/K and β =

112.964 K for 186W80Se2. Coefficients of determination were 0.991 and 0.992 for NAWNASe2 and
186

W80Se2, respectively. The slight difference between our experimental data and the empirical

modeling at low temperature arises from the quadratic temperature dependence of the empirical
Varshni relation, whereas theoretical and experimental observations are reported to exhibit T4
dependence at low temperature95,163,164.
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Figure 5. 3 Isotopic mass dependent photoluminescence and optical band gap. Normalized
photoluminescence spectra over a temperature range from 4.41 to 300 K for (a) naturally abundant
bilayer NAWNASe2, and (b) isotopically pure bilayer 186W80Se2. (c) Difference in optical band gap
between NAWNASe2 and 186W80Se2. (d) Temperature dependence of the band gap of NAWNASe2 and
186

W80Se2, where modeling results using the empirical Varshni relation are given by solid and

dashed lines, respectively.

98

5.3 Conclusion
We present a new route of tuning the electronic band gap and phonon dispersion using
isotope engineering in a semiconducting 2D crystal. The naturally abundant

Na

WNaSe2 and

isotopically enriched 186W80Se2 bilayers were grown by a chemical vapor deposition method under
same growth conditions. The spatially resolved Raman and photoluminescence spectra show the
uniformity of the bilayer samples which minimized the measurement uncertainty arising from
sample-to-sample variation in crystal quality. Using X-ray diffraction, a shorter interlayer van der
Waals bond was observed in a 186W80Se2 textured film (6.464 Å) than for a NaWNaSe2 textured film
(6.467 Å). The Raman spectra indicates that isotopic effects are more efficient for weak interlayer
van der Waals interactions compared with strong intralayer covalent bonds. The very close full
width at half maximum (FWHM) of PL emission in NaWNaSe2 and 186W80Se2 bilayers indicated the
observed difference in band gap does not arise from differences in crystalline quality. The observed
band gap in a

186

W80Se2 bilayer is larger than that of a

from ~2 nm to ~1.6 nm at various temperatures.
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Na

WNaSe2 bilayer by an amount ranging

Chapter 6: Conclusion
This thesis aims to advance the knowledge of strain and isotopic effects on optoelectronic
behavior in atomically thin van der Waals transition metal dichalcogenides (TMDs), specifically
WSe2, and to explore the promise of TMDs using these new phenomena in flexible and quantum
emission applications.
A high repeatability vapor deposition (CVD) method for monolayer MoS2 and bilayer
WSe2 using our own designed and built the modified CVD system was developed. The diffusion
limited and mass limited growth regimes for monolayer MoS2 showed different electronic band
gap energies due to the crystalline imperfection from nucleation dots on top of crystal. The CVD
grown bilayer WSe2 has top and bottom layer sharing the same dimension and lattice orientation.
The bilayer structure has been further confirmed by cross-section scanning transmission electron
microscopy. Furthermore, the isotopically pure 186W80Se2 bilayer was synthesized by CVD method
in order to study the isotopic effect on atomically thin TMDs.
The strain dependent optoelectronic transport and phonon dispersion relationship is
examined using encapsulated CVD grown WSe2 bilayers. A two-order of magnitude of
photoluminescence (PL) response enhancement is observed at 3.59% uniaxially strained WSe2
bilayer. The Grüneisen parameters of E2g, A1g and A21g Raman active modes are measured as
1.149±0.027, 0.307±0.061, and 0.357±0.103 through whole strain range up to 3.59%. The
encapsulation four-point bending method is verified by straining patterned and unpatterned
monolayer graphene. The new technique achieves ~2 times higher strain value then previous
reports.
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A new route of creating spatially localized quantum emission sites is reported using a
continuous epitaxial film of nominally bilayer WSe2 on silicon oxide tip arrays. The second order
photon correlation was measured as ~0.3, which confirms the single photon emission phenomenon.
The isotopic effect on phonon dispersion and electronic band gap energy is studied by
examining CVD grown single crystal naturally abundant
186
Na

Na

WNaSe2 and isotopically enriched

W80Se2 bilayer single crystals. A shorter interlayer van der Waals bond in

186

W80Se2 than in

WNaSe2 was observed by X-ray diffraction characterization. The measured optical band gap in a

186

W80Se2 bilayer is globally larger than that of a

Na

WNaSe2 bilayer over the entire temperature

range from the boiling point of liquid helium to near room temperature.
With the knowledge arising from this thesis, the future research that can be also raised is:
(1) strain induced phase transition of TMDs could be interesting for strain dependent
optoelectronic and electronic transport studies in memory and sensing applications; (2)
controllable emission wavelengths, wider operating temperature and tunable emission life times
of quantum emission defects will need to be better understood in atomically thin materials; (3)
different isotopic enrichments of atomically thin TMDs combined with ultralow frequency Raman
spectroscopy for probing the interlayer breathing mode is needed for a better understanding of the
mechanism behind the van der Waals interaction effect on electronic band structure and phonon
dispersion relationships.
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