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Abstract

Low-dimensional materials including zero-dimensional (0D), one-dimensional nanomaterials
(1D) nanomaterials, and two-dimensional (2D) materials, have become promising candidates for
functional devices. The electronic states of these materials are confined for at least one dimension,
like quantum dots (QD) for 0D, carbon nanotubes (CNT) for 1D, graphene and transitional metal
dichalcogenides (TMDCs) for 2D. Due to the quantum confinement of the charge carriers as a
result of reduced dimensionality, low-dimensional materials exhibit unique properties including
ultrahigh carrier mobility, excellent optical transparency, and thermal conductivity which can be
distinctively different from their bulk materials. This thesis explores new applications of vdWs
heterostructures of low dimensional materials for various types of sensors, particularly biosensors,
photodetectors, and gas sensors. First, we applied the graphene/MoS; heterostructure with
plasmonic AuNPs on the top as substrates for surface-enhanced Raman spectroscopy (SERS).
SERS enables single molecule through two enhancement mechanisms: electromagnetic (EM)
enhancement and chemical enhancement (CM). Yet the microscopic mechanism of CM is still not
well understood. Assembling the 2D heterostructures by stacking different 2D materials is an
efficient approach for enhancing the Raman signals of adsorbed molecules. We demonstrated that
the graphene/TMDCs heterostructure as an efficient substrate for SERS. Also, adding plasmonic
AuUNPs on top of the graphene/TMDCs heterostructure can further enhanced Raman signal due to
EM enhancement. The interface dipole—dipole interaction in the heterostructure increases electron
delocalization at the interface and increases the charge transfer probability between the Rhodamine
6G (R6G) molecule and the heterostructure which enhance the CM contribution to SERS
signatures. R6G was used as an SERS probe molecule with a SERS sensitivity of 5x10° M using

a nonresonance 633 nm laser, which is an order of magnitude higher than that reported on the



AuUNPs/graphene substrate using the same excitation. A higher SERS sensitivity of 51071 M was
obtained using resonance 532 nm laser excitation.

Likewise, the 2D WSy/graphene vdW heterostructure is a promising platform for
photodetection. On account of the limited light absorption in atomically thin layered materials,
hybrid structures or heterostructures based on 2D materials can be employed to enhance the light
absorption and the photoresponsivity. 2D materials are necessary to overcome the limitations of
conventional bulk materials for optoelectronics applications. Due to the limited light absorption in
atomically thin layered materials, hybrid structures or heterostructures based on 2D materials can
be employed to enhance the light absorption and the photoresponsivity. Combining the high carrier
mobility of graphene with a strong light absorbing material, such as semiconductor quantum dots
(QDs) or other 2D materials like TMDCs, offer complementary to graphene that lacks the light
absorption. In this type of two different combined materials, the incident light produces electron-
hole pairs in light-absorbers such as semiconductor TMDCs, with one of the two types of carriers
transferred to graphene and another one trapped in the TMDCs layer and gate the graphene
channel. The type of carrier transferred to graphene can recirculate many times from source to
drain before recombining with the trapped carrier and hence produce ultrahigh gain and
photoresponsivity. However, light absorption in TMDC/graphene vdW heterostructures is still
limited due to the small thickness of the TMDC as the photosensitizer. We demonstrated a
photodetector based on a plasmonic WS; nanodisks (NDs) with a lateral dimension of 200-400
nm on graphene vdW heterostructure. A strong localized surface plasmonic resonance (LSPR) can
be generated in the WS2-NDs upon light illumination, enabling significantly enhanced
photoresponsivity as compared to the case of continuous 2D WS; layer. The photoresponsivity of

6.4 A/W on the WS>-NDs/graphene photodetectors is about seven times higher than that (0.91



A/W) of the WS»>-CL/graphene vdW heterostructures at an incident 550 nm light intensity of 10
uW/cm?.

Also, we combined this heterostructure (WS2-NDs/graphene) with plasmonic AgNPs to
enables not only superposition of the plasmonic effects from the WS;-NDs and AgNPs, but also
effective coupling of the plasmons and excitons in WS>-NDs upon optical illumination. This leads
to a high responsivity of 11.7 A/W on the graphene/WS; nanodisks/AgNP-metafilm under an
incident illumination power of 5.5 x 10°® W at 450 nm, which represents a 500% enhancement
over that of the counterpart without the AgNP-metafilm.

Finally, we combined graphene with CNTs for gas sensing, and examined the effectiveness
of the UV irradiation to improve the performance of the fabricated Pt/SWCNTSs/graphene H;
sensors. Due to their chemical properties and large surface area, carbon nanostructures (graphene
and CNTSs), are widely used in gas sensing. A colorless and inflammable hydrogen gas with a
concentration of 4% in ambient air is potentially explosive. Therefore, designing a highly sensitive
gas sensor has become a primary concern. Carbon nanostructures require a functionalization with
platinum (Pt) because Pt can dissociate the H> molecules into H atoms to enhance the detection
through the change in the electrical properties due to adsorption of H atoms. We developed a Pt-
NPs/SWCNTs/graphene for Hz gas sensor. Also, we demonstrated the effectiveness of the UV
irradiation to enhance the performance of the fabricated Pt/SWCNTs/graphene H: sensors. The H>
gas response was enhanced by up to 4.3 fold, together with an enhanced response speed by 3.6
times as compared to that of the as-made Pt-NPs/SWCNTs/Gr sensors before the UVC irradiation.

These results demonstrate that vdW heterostructures of low-dimensional materials are

promising for scalable high-performance electronics applications.
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Figure 2.2.7 (a-c) Schematic illustration of the ALD Pt-NPs @ SWCNT/Gr H2 gas sensor
fabrication process. The yellow spheres represent the ALD Pt-NPs formed on the 3D SWCNTs/Gr
heterostructure electrode. The inset illustrates the conformal coating of SWCNTSs with PtNPs (d)
The fabricated device irradiated With UV C. ..o 34
Figure 2.2.8 (a) Raman spectra of the grahene (blue) and SWCNTSs (red), respectively. Inset shows
RBM peak of the SWCNTSs. (b) SEM image of an Pt-NPs/SWCNTSs/Gr sensor. (¢) 5 um x 5 um
AFM image of Pt-NPs/SWCNTs/Gr sensor. (d) EDS spectrum of 20C Pt on SWCNTs. ........... 36

Figure 3.1.1 Jablonski diagrams illustrating (a) the Rayleigh and (b-c) Raman scattering processes.

Figure 3.3.1 (a) The atomic layer stacks of Au/MoS> hybrid heterostructures with different
numbers of Au layers of 1L, 3L, 5L and 6L on monolayer MoS,. The interface distance between
the two materials is also illustrated. The atomic layer stacks of 2L Au/ The atomic la atomic layer
stacks of 2L Au/2L MoS: hybrid heterostructures (b) without graphene layer, and (c) with
GrAPNENE TAYEL. ... et e r e e r et a e b e te e re e e e e anas 44

Figure 3.3.2 The 3D ELF plots of the same hybrid AuNP/ MoS; heterostructures shown in Figure

Figure 3.3.3 Comparison on the local DOS of Au atoms for (a) 1L, (b) 2L from the different types
of occupied d orbitals, namely dxy, dx, dyz, d;? is minimally occupied. The total DOS and each
atom-specific contribution for 1L is also shown in (c) The zero point for the energy range is Fermi
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Figure 3.3.4 (a) Vertical MoS,/graphene bilayer heterostructure. (b) Electron Localization

Function (ELF) of the MoS2/graphene VAW heteroStruCture. ...........ccooueeiieienieiin e 48
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Figure 3.3.5 (a) Optical transmittance spectra of multiple materials on fused silica. (a)
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Figure 3.3.10 The intensities of the Raman peaks as a function of the R6G concentrations. at (a,d)
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Figure 4.3.1 (a) Schematic illustration of the photodetector based on WS,-NDs/graphene vdW
heterostructure. (b) A zoom-in view of the WS,-NDs/graphene photodetector with an illustration
of the charge transfer process at the vdW interface. (c) Electron band diagram of p doped graphene
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power. (c) Dynamic photocurrent measured in response to 550 nm light ON and OFF for WS;-
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Figure 4.3.3 (a,c,e) Optical and (b,d,f) Raman mapping images of WS, with smaller and denser
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Figure 5.1.1 (a) QD/graphene hybrid and (b) TMDCs /graphene vdW) heterostructures [114]. (c)
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Photoresponsivity as a function of wavelength for graphene/WS2-NDs photodetector
photodetectors with (red) and without (black) the AgNPs-metafilm. The source-drain bias voltage
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Figure 5.2.3 (a) photoresponsivity of graphene/WS>-NDs photodetectors with (red) and without
(blue) the AgNPs-metafilm at different intensities of the 450 nm illumination. The source-drain
bias was 0.8 V. (b) Photoresponsivity enhancement as a function of light intensity. (c) Photocurrent
enhancement as a function of wavelength. (d) The measured external quantum efficiency (EQE)
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Figure 5.2.4 Photoresponsivity of graphene/WS>—NDs/AgNPs-metafilm  nanohybrid
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Figure 5.2.5 (a) Diagram of the structure adopted for FDTD simulations of plasmonic response of
the AgNP. The AgNP (semisphere) has the radius of r and embedded on SiO2. The thin layer on
the top with thickness of D=6 nm represents the WS,-ND and graphene. (b) Absorption cross
section of the structure shown in (a) for different radius values of 10,20,40, and 60 nm of the
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Figure 5.2.6 FDTD simulated electromagnetic field mode profiles of a AgNP with r = 60 nm (a,
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Figure 6.2.1 (a) The normalized dynamic H> response (responsivity (UV/pristine)) of the Pt-
NPs/SWCNTs/graphene gas sensor as function of UV light exposure at room temperature before
(black) and after UV irradiation for different time of 2, 5, 10, 15, and 20 minutes. (b) The maximum
response (blue) and response time as a function of UV light exposure time..............ccccceeveinnne. 92
Figure 6.2.2 (a-b) Sensitivity of Pt-NPs @ SWCNTs/graphene H> gas sensor as a function of the
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Chapter 1: Introduction

1.1 Overview of Low-Dimensional Materials

Low-dimensional materials, including zero-dimensional (0D) like quantum dots (QDs), one-
dimensional (1D), as carbon nanotubes (CNTSs), and two-dimensional (2D) nanomaterials, such as
graphene, have attracted international attention. This is due to their outstanding properties and
great potential in a wide range of applications such as optoelectronics and electronics devices.
Graphene and CNTs are the most well-known examples of carbon nanostructured materials.
Graphene, a single layer of sp? bonded carbon atoms arranged in a hexagonal lattice, was
discovered in 2004 by Geim and Novoselov. It has numerous unique properties such as large
surface-to-volume ratio and excellent electrical, and thermal conductivity. Almost like graphene,
CNTs also possess outstanding electrical, mechanical, thermal properties. However, commonly,
graphene has some advantages over CNTs. For instance, graphene has higher electrical
conductivity (up to 3 times) [1, 2] and a larger specific surface area than CNTs. CNTs are primarily
classified as single-wall carbon nanotubes (SWCNTs) and multi-wall carbon nanotubes
(MWCNTS) becuse they were discovered a decade before graphene discovery [3]. Later on, the
large family of 2D materials has grown significantly after the discovery of graphene. Among the
2D materials are the transition metal dichalcogenides (TMDCs) that have become one of the most
interesting 2D materials. Their in-plane atoms are held together by strong chemical bonds whereas
the out-plane layers held by weak van der Waals (vdW) forces enable the exfoliation of a
monolayer or a few layers. Each monolayer of the TMDCs layers is comprised of transition metal
atoms sandwiched between two layers of chalcogen atoms (M-X-M). These atoms have a strong
covalent bond between them, while the adjacent layers are weakly held together by van der Waals

forces. TMDCs with sizable band gaps are complementary to the zero-bandgap graphene. Bulk
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(3D) TMDCs transform from indirect-bandgaps to direct-bandgaps in their single layer (2D) and
that enhances the quantum confinement and reduced dielectric screening [4]. Other properties of
the low dimensional materials will be discussed in following sections.

1.2 Graphene

Graphene is a single layer of carbon atoms arranged in a honeycomb crystal lattice. It can be
stacked into 3D graphite, rolled into 1D-carbon-nanotube, or wrapped into 0-D buckyballs (C60),
Figure 1.2.1a. The n-bonds are responsible for a weak van der Waals interaction between graphene
layers in graphite and the high electrical and thermal conductivity of graphene. The strong in-plane
o bonds are responsible for the excellent mechanical properties of graphene Figure 1.2.1b. A single
layer of graphene forms a 2D hexagonal crystal lattice with a primitive cell containing a triangular
lattice with a basis of two inequivalent carbon atoms, A and B, per unit cell. The lattice structure
and first Brillouin zone of graphene is shown in Figure 1.2.1c-e.

The lattice vectors are given by [1]

iy =>(3v3) , d=3(3-V3) 1)

2

Where al1.42 A is the carbon-carbon distance and the reciprocal-lattice vectors are given by

by ==(3,V3), b, ==(3,—V3) )

The positions in momentum space of the two points (Dirac points) K and K" at the corners of the

graphene Brillouin zone (BZ) are given by

SCE S S ®

The three nearest-neighbor vectors in real space are given by

51 = E(1; \/§); 8)2 = %(1; _\/§): 53 = —a(l,O) (4)
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The dispersion relation is linear at the six corners of BZ, which leads to zero effective mass for
carriers where they behave like relativistic particles described by the Dirac-like Hamiltonian while

the carriers in semiconductors or metals obey the Schrodinger equation [1].

A = hop ( 0 "x‘”‘x) = hvpdk (5)

kx—iksy 0

where & is the quasiparticle momentum, ¢ the 2D Pauli matrix,ve is the Fermi velocity, and h is
Planck’s constant.

That means the charge carriers’ mobility in graphene are extremely high (~200,000 cm? V! s7!)
[2]. Therefore, graphene is an excellent material for communication and for high-frequency

circuits applications. However, the absence of band gap limits its applications in optoelectronics.

(b) P orbital P orbital
7 bond

I

C |jo bond C

Figure 1.2.1 (a) Graphene can be wrapped up into OD-buckyball, rolled into 1D-carbon nanotube,
or stacked into 3D-graphit [5]. (b) Bonding in graphene Sigma bond and pi bond formed by sp?
hybridization. (c) The lattice structure of graphene. (d) Corresponding Brillouin zone. (e) Electronic

dispersion in the honeycomb lattice [5].



Graphene has the ambipolar field effect, i.e. doping of charge carriers can be obtained via
application of a positive (or negative) gate field to induce hole (or electron) doping. For intrinsic
graphene, the Fermi level is located at the Dirac point, however, this Fermi level can be tuned by
applying a vertical electric field to a graphene field-effect transistor (GFET) as shown in Figure
1.2.2a. Carriers in graphene (Dirac fermion) have a ballistic transport with average free path up to
1 um [5]. The conductivity (o) in graphene depends on carrier mobility (i) and their density (n) as
described by equation (6):

o =neu (6)
Where p is charge carrier mobility, n is charge carrier density, and e is the elementary charge.
As a result of the the unique electronic structure, a monolayer of graphene can absorb about 2.3%

of incident white light Figure 1.2.2b. Its optical transmittance T and reflectance R are given by,

T = (1+% wa)"? and R = inzazT for the normal light incidence with a negligible

reflectance (<0.1%). Its transparency depends only on the fine-structure constant a = :—i =1/137
(c, speed of light) [3]. Two transition processes are responsible for the optical absorption in
graphene, the intraband (free-carrier) and interband transitions in Figure 1.2.2c. In the far-infrared,
the intraband transition is dominated while interband transition contributes to the absorption from
mid-infrared to ultraviolet [6]. The intraband absorption is enhanced by tuning the holes or the
electrons concentration in graphene. However, the interband absorption that originates from the
transitions between the valence and conduction bands, occurs when the photon energy (ho) is

larger than twice the graphene Fermi level 2Er [6]. Therefore, the interband transition is forbidden

when the photon energy is less than 2Er due to Pauli blocking.
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Figure 1.2.2 (a) Ambipolar electric field effect in single-layer graphene [4]. The insets show its
conical low-energy spectrum E(k). (b) Light transmission as a function of the number of graphene

layers [3]. (c) Intraband and interband transitions in graphene.

Carbon atoms in graphene are held together by the covalent ¢ bonds (the strongest chemical
bonds). From measurements taken, graphene has a breaking stress 200 times greater than steel,
with a 2D a breaking strength of 340 N/m (Young's modulus about 1000 GPa) [7]. It possesses an
extremely high thermal conductivity as result of these strong covalent ¢ bonds. Thermal
conductivity of freely suspended graphene at room temperature can reach up to 5000 W/mK.
However, this value could be decreased to ~ 600 W/mK for graphene supported by SiO> due to

phonon leakage across the graphene substrate interface [8].

1.3 Carbon Nanotubes (CNTSs)

A single-walled carbon nanotube (SWCNT) is a rolled-up sheet of graphene. CNTs are eighter
metallic or semiconducting depending on the diameter and chirality (the rolling angle), the
armchair forms metallic CNTs, whereas chiral or zigzag make a semiconductor CNTs [9]. This
chirality has a strong influence on the CNTSs electronic properties. The chiral vector is represented
by a pair of indices, (n,m), where these two integers correspond to the number of unit vectors along

the two directions in the honeycomb crystal lattice of graphene. When n=0 the nanotube is called
5



“zigzag”, when n=m the nanotube is called “armchair”, and all other states are chiral as shown in
Figure 1.3.1[10] . The typical diameter of the CNTSs is 1-5 nm with the length up to several hundred
microns. The diameter of a CNT can be determined by

d = avnZ+nm+m?2 )

T

where a = 1.42v/3 (the lattice constant).

CNTs have extraordinary mechanical properties due the strength of the carbon-carbon bonds. They
are one of the strongest and stiffest known materials. Numerous experimental and theoretical
studies have been reported to determine the mechanical properties of CNTs. For example, the
Young’s modulus of CNTs is in the range of 1 TPa, which is approximately five times higher than
that of steel, and their strength is as high as 170 GPa [11, 12]. Besides the excellent mechanical
properties, CNTs possess exceptional electrical and thermal conductivity. At room temperature,
the resistivity in the individual SWCNT can be as low as 10 ° Q cm ™!, which exceeds conventional
conductive metals. The lower resistivity of 5 x 10 Q cm™! was reported for MWCNT due to the
larger diameters than SWCNTs [13]. The intrinsic mobility of semiconductor CNTs can exceed
1x10° cm? V' s™! at room temperature. The commonly observed mobilities for a metallic nanotube
is in the range of p = 1-5x10* cm? V! s7! for tube diameters of 1 - 5 nm [14]. Electrically, CNTs
behave as either a metal or a semiconductor depending on the type of CNTs. 1/3 of the nanotubes
are metallic and 2/3 are semiconducting depending on their indices (n, m). For instance, armchair
(n=m) tubes are always metallic, and the others are semiconductors with different widths of
bandgaps depending on the tube diameter. Semiconducting CNTs have a bandgap that is inversely
proportional to the CNT diameter (Eq =1/d). Therefore, some types of CNTs have conductivities

higher than that of copper.



Also, extremely high thermal conductivity of 6600 W/m K has been predicted for CNTs at room
temperature [15] which is comparable to the thermal conductivity of a hypothetical isolated

graphene monolayer and much larger than thermal conductivity of copper (~ 400 W/m K).

Figure 1.3.1 Graphene rolled up to form different types of SWCNT, armshair, zigzag, and chiral
[10].



1.4 Transition Metal Dichalcogenides (TMDCs)

TMDCs family is a large class of 2D layered materials consisting of MXz, where M is the transition
metal atoms (e.g Mo and W) and X is the chalcogen atoms such as S, Se and Te [16]. Unlike
graphene, TMDC layer is a three-atom-thick, where an atomic plane of transition metals is
sandwiched between two atomic planes of chalcogen atoms (X-M-X) as shown in Figure 1.4.1a.
Due to the quantum confinement and significantly reduced dielectric screening, the Coulomb
interactions, between charge carriers in TMDC monolayer, are strongly enhanced in comparison
to bulk TMDC, as shown in Figure 1.4.1b. Typical examples of TMDCs are MoS; and WS, which
are semiconducting materials that demonstrate a transition from an indirect gap in their bulk form
to direct gap in monolayer form. The band gap of MoS, and WS;, when they are thinned down to
one single sheet, are about 1.9 eV and 2.1eV, respectively [17]. The exciton binding energies in
those 2D monolayers are more than an order of magnitude compered to their bulk. This results
in strong optical absorption by monolayer TMDC. The indirect transition in bulk TMDCs is a
result of the transition between the valence band (VB) maximum at the I" point to the conduction
band (CB) minimum halfway between the T" and K points Figure 1.4.1c. Despite the atomic
thickness of TMDC layer, it exhibits strong light-matter interactions where a single layer of
TMDC can absorb up to 10% of incident light [18]. Therefore, TMDCs are excellent candidates
for optoelectronic applications such as photodetectors, light emitting devices (LEDs) and

photovoltaics [19].



(a) M (c) MoS, bulk MoS, monolayer

Y

TMDC monolayer

(b)

2D
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Figure 1.4.1 (a) Crystal structure of a single-layer TMDC. (b) Real-space representation of an exciton
in 2D TMDC monolayer, €p dielectric constants and the g0 vacuum permittivity. (c) Band structures

of bulk and monolayer of MoS;[16].

1.5 Van der Waals (vdW) heterostructures of low-dimensional materials

It is possible to stack different low-dimensional materials on top of each other to form vertical
heterostructures that are held by vdW forces (Figure 1.5.1a) [20, 21]. Unlike conventional
heterostructures, vdW heterostructures of low-dimensional materials can produce high-quality
interface without lattice match constraints and no dangling bonds. The thickness of produced
heterostructures is in atomic-scale with large interface area between the two layers. Interlayer
exciton (e and h separated to different layers) in this vdW heterostructure still experience strong
Coulomb interaction due to the small interlayer separation between two staked layers. For
example, the vdW heterostructures of semiconducting MX> layers are possibly stacked to form
type-I1 heterojunctions which result in the formation of the interlayer exciton [22, 23]. In this type
of heterostructure, the lowest-energy electron states and the lowest-energy holes states are spatially

separated in two different monolayers [24] (Figure 1.5.1b). The lifetime of excitons in such
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heterostructure is found to be longer (up to an order of magnitude) than intralayer excitons
confined in individual 2D layer [25]. The graphene/hBN heterostructures were originally
constructed in 2010 where hBN can serve as an excellent substrate for graphene [26]. A high
ON/OFF current ratio is an important parameter in the logic applications, however, the lack of
bandgap in graphene leads to a very low ON/OFF current ratio. The TMDCs, such as MoS; and
WS, with large and direct band gaps, and graphene can be vertically stacked for higher on/off
current ratio. A vertically stacked TMDC/TMDC heterostructure forms a heterojunction with type-
Il band alignment [27-29]. Optically excited electrons and holes are spatially separated into
opposite layers to form a tightly bound interlayer exciton (the electron and hole are located in
different layers). In The oscillator strength of this interlayer exciton is two orders of magnitude
lower than intralayer [27]. Graphene/TMDC vdW heterostructure are widely used where the
TMDC layer is utilized for superior light-absorption and graphene for ultrafast charge mobility for
various applications. The atomically sharp and clean interface between graphene and TMDC
facilitates the photo-excited carrier (in the TMDC) to transfer across their interface. In addition,
graphene and CNTs have superior properties such as large surface-to-volume ratios, electrical and
thermal transport. Therefore, it is beneficial to combine them to form graphene/CNTs vdW
heterostructures that can compensate for their shortcomings. All these unique properties of low-
dimensional materials vdW heterostructures open the possibility to design various novel devices
for different applications. We utilized graphene/TMDC vdW heterostructure to enhance the
performance of SERS and photodetectors as we will discuss in chapters 3-5. In chapter 6, we

discuss the application of graphene/CNTs vdW heterostructures in Hz gas sensor.
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Figure 1.5.1 (a) Concept of building 2D heterostructures as analogous to Lego
Block [20]. (b) Schematic of band alignment of type-1l of typical MoXa/WX;

heterostructure.

1.6 Plasmonic nanostructures

Surface plasmons (SPs) are coherent oscillations of conduction electrons on a metal surface excited
by electromagnetic radiation at a metal-dielectric interface [30]. Plasmonic is a field that studies
the surface plasmons (light-metal interactions). There are two types of SPs: (1) propagating surface
plasmon polaritons (SPPs) and, (2) Localized (non-propagating) Surface Plasmons (LSP). In SPPs,
plasmons propagate along the planar of metal-dielectric interface, for distances on the order of tens
to hundreds of microns, and decay exponentially in the perpendicular direction as shown in Figure
1.6.1a. The LSP is non-propagating excitations of the conduction electrons of metallic
nanostructures coupled to the electromagnetic field (EM), Figure 1.6.1b. Metallic nanoparticles
with sizes smaller than the wavelength of incident electromagnetic field exhibit strong dipolar
excitations as a localized surface plasmon resonances (LSPR). The conduction electrons in noble
metal nanoparticles can be displaced from their nuclei. The opposite charges build up on the

surface of the particle and act as a restoring force for the oscillating electrons. The resonance
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condition is only met when the frequency of the incident EM matches the frequency of the

oscillating electrons on the surface of the nanoparticle as in Equation 8.

WLsPR = || T+ 2em \'G (8)

where em IS the dielectric constant of the surrounding medium, vy is related to carrier damping due

to scattering of the free carriers, and wp is plasma frequency.

ne2

9)

P~ \zom
where e is electric charge, o is the permittivity of free space, n the carrier density, and effective
mass m* of the carriers.

Therefore, changes in the carrier density will lead to changes of wp and consequently will cause
changes in the wLspr Of the collective plasma oscillation. Noble metals such as Ag and Au have
carrier densities in the range of 102 cm™ and show LSPRs in the UV-visible range of the
electromagnetic spectrum [31]. LSPRs are not limited to noble metals, but possibly occur in
semiconductor nanostructures as well. The LSPRs of semiconductor nanostructures show similar
size and shape tunability of LSPRs as metals. In addition, the LSPR can be tuned in semiconductors
by varying charge carrier concentrations through changing dopant concentration.

Assuming that the size of the metal nanoparticle is smaller than the incident wavelength (Mie’s
theory), the phase will be constant over the volume of the nanoparticle (the phase change over the

volume of the nanoparticle is negligible), that will induce a polarization (induced dipole) with

dipole moment P :

P = EqnaE (20)

Here a is

12



_ 3 E—E&Em
a = 4m gya 2o, (11)

where a is the static polarizability of the sphere, ¢ is the sphere dielectric constant of metal, Eis

the electric field of the light, and a is the diameter of the NP.

(a) SPP

Figure 1.6.1 (a) Schematics of the EM field of surface plasmons propagating along at
a metal and dielectric interface. (b) Schematic of a localized surface plasmon of a
metal nanoparticle illustrating the displacement of the electron charge cloud relative

to the nuclei.
In chapters 3-5, we will exploit the LSPR, in metal and semiconductor nanostructures, to

enhance light-matter interaction for enhanced optoelectronic devices based on 2D vdW

heterostructures.
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1.7 Remaining Critical Issues and Motivation of his Thesis

Despite the remarkable progress that has been made on low dimensional applications, several
challenges remain to be addressed. First, the large-scale synthesis of 2D materials is a great
challenge for practical applications. Numerous methods, including liquid and mechanical
exfoliation, have been explored for 2D materials synthesis and they are only suitable for
fundamental research. These methods can only produce small flaks which significantly hinder the
2D materials commercialization. The chemical vapor deposition (CVD) method has a great
potential for large-scale production of 2D materials at low cost. In this thesis, the CVD method
was used for the synthesis of centimeter-scale graphene and TMDCs.

In SERS applications, it a challenge to design SERS substrate that are able to detect analytes with
higher sensitivity and selectivity. Plasmonic metal nanostructures on SERS substrate generate
significant EM enhancement of the local electromagnetic that can enhance Raman signal of probe
molecules. However, a new design of the 2D vdW heterostructure should be developed for higher
sensitivity through enhanced CM effect which could be added on top of the EM effect. Plasmonic
metal nanostructures enhance the incident electromagnetic (EM) fields near their surfaces due to
the collective oscillations of high-density conduction electrons. By integrating the 2D materials or
their vdW heterostructures with plasmonic metal nanostructures, the high-intensity EM fields
around plasmonic metal nanostructures dramatically improve the light-matter interaction in 2D
materials. Consequently, the synergic effect of EM and CM enhancement might be achieved.
Fabricating the 2D vdW heterostructures need to be optimized to eliminate the contaminations at
the interface that may be introduced during the transfer process for enhanced SERS and

photodetection.
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Thirdly, photodetectors based on 2D vdW heterostructures with graphene can have broadband
absorption and high photoresponsivity by combining the strong light-solid interaction of the
TMDC and the high carrier mobility of graphene. However, slow photoresponse speed has been
an issue due to contaminated graphene/TMDC interface as charge traps during the exciton
dissociation and charge transfer at the interface. Understanding the correlation of the vdW
interface quality and the photodetector performance is therefore important for the development of
2D vdW heterostructure photodetectors with both high sensitivity and fast response speed. In
addition, light absorption in TMDC/graphene vdW heterostructures is still limited because of the
small thickness of the TMDC as the photosensitizer. In fact, the limited light absorption issue
represents a fundamental challenge in optoelectronic devices that only use a thin layer of sensitizer,
such as quantum dots of typical diameter of a few nanometers and 2D materials of thickness in the
similar range or smaller. Therefore, development of new approaches for light trapping is critical
to enhance the performance of these devices.

Finally, Hz sensing is an important research topic in gas sensing due to the safety concerns in H»
gas storage and utilization. H> concentrations higher than 4% is flammable and explosive.
Therefore, developing sensitive Hz sensors is essential for H, applications. For H2 gas sensing, a
strong interaction between the CNTs and H> gas is necessary for high-efficiency H. detection. Air
molecules can be adsorbed on the carbon surface when the carbon nanostructure gas sensors are
in ambient. For example, the O2 adsorption not only induces electronic structure change via hole
doping, but also affects H> interaction with the carbon surface, resulting in degraded H> sensitivity
and response speed. Therefore, effective and non-destructive technique is required for desorbing
the air molecules on the carbon nanostructure surface for further enhancement of the H. sensor

performance in terms of both sensitivity and response time.
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2 Chapter 2: Experiment

This chapter reviews the relevant experimental methods that have been used in our work for
materials synthesis and devices fabrication using a variety of approaches including the chemical
vapor deposition (CVD) and vacuum filtration. The characterization techniques, including optical
microscopy, Raman spectroscopy, scanning electron microscope (SEM), Atomic force microscopy

(AFM), were utilized to characterize our samples.

2.1 Materials Synthesis and Characterization

2.1.1 Graphene
We synthesized graphene using the CVD system. For our work, we were able to synthesize CVD
graphene using Cu as a metal catalyst and synthesize graphene without metal catalyst that directly

grown on SiO2/Si substrate (Transfer-Free).

2.1.1.1 Transfer-Free CVD Graphene Synthesis:

The synthesis of graphene was carried out into a quartz tube reactor (25 mm in diameter) inside of
a horizontal CVD furnace [32]. A clean SiO»/Si substrate was inserted into the center of the quartz
tubular reactor. Then, H2 (120 sccm) was introduced in the reactor while increasing the temperature
until the desired temperature (1065 °C) was reached. Thereafter, CH4 (30 sccm) was fed into the
reactor to start graphene growth directly on the SiO2/Si substrate. The growth time was maintained
for 3 hours. Finally, after graphene growth, the furnace was naturally cooled to room temperature

under the protection of Ha.

16



2.1.1.2 CVD Graphene Synthesis on Cu Foil and Transfer Graphene to Different
Substrates:
The synthesis of graphene also was carried out in a quartz tube reactor (25 mm in diameter) inside
of a CVD system, Figure 2.1.1a. A 25 um thick polycrystalline Cu foil (Alfa Aesar) strip was
inserted into the center of the quartz tubular reactor. H, (40 sccm) was introduced into the CVD
system while increasing the sample temperature to the desired temperature of 1050 °C. The Cu
foil was annealed for 1 hour at 1050 °C to remove atmospheric absorbed molecules and to increase
the grain size of the Cu. After 1 hour of annealing at 1050 °C, H> was reduced to 7 sccm and CHs
(40 sccm) was introduced to initiate the graphene growth for 30 minutes. After the graphene
growth was completed, the furnace was turned off and the sample was naturally cooled to room

temperature under the protection of Hz Figure 2.1.1b.
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Figure 2.1.1 (a) Graphene growth on the Cu using the CVD method. (b) Temperature and gas flow
rate profiles used for the graphene growth as a function of the processing time.

Graphene on Cu foil has to be transferred to insulating substrate such SiO2/Si. In transfer process,
poly(methyl methacrylate) (PMMA) spin-coated (3000 rpm) on graphene/Cu and then baked at

120 °C for 5 min to enhance the adhesion between graphene and the PMMA. Afterword, the Cu
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foil was etched in FeCls solution in about 40 minutes. The suspended graphene/PMMA layer was
then washed with deionized (DI) water several times. The graphene/PMMA then was transferred
onto the SiO2/Si. The PMMA layer is removed using acetone and rinsed with isopropanol (IPA),
then dried with N2 gas. Finally, the graphene is annealed at 450 °C in Ar/H; gas (500 sccm/300

sccm) environment for 1 hour to clean the PMMA residues from graphene, Figure 2.1.2.

Grow graphene on Cu Spin-coat PMMA on graphene/Cu N

and etch Cu foil by FeCl;

(e)
Remove the PMMA with acetone

Wash PMMA/graphene with
DI water and transfer SiO,/Si

Transfer PMMA/graphene ontoSiO./Si

Figure 2.1.2 Schematic illustration of the wet transfer process of graphene from

Cu to SiO/Si.
2.1.2 Transition Metal Dichalcogenides (TMDCs)
The CVD TMDCs were synthesized using the thermal decomposition technique, Figure 2.1.3. In
this technique, ammonium tetrathiomolybdate ((NH4)2Mo0Ss) or ammonium tetrathiotungstate
((NH4)2WS4) were thermally decomposed to produce MoS; and WS, respectively. A 10 mg of the
(NH4)2M0Ss4 or (NH4)2 WS4 powder were dissolved in 10 mL of N,Ndimethylformamide (DMF)

to make precursor solution with a concentration of 0.1 wt%. After sonication of the precursor
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solution for 20 min. SiO2/Si substrate was immersed into the precursor solution of (NH4)2MoS4 or
(NH4)2WS4, followed by spin coating at 3000 rpm for 1 min [33]. Afterward, the substrate was
placed in a quartz tube CVD furnace and heated to 450 °C under a 40 sccm flow of Ar and a 10
sccm of Ha in the presence of the sulfur vapor. The pressure in the CVD system was maintained
at 50 mTorr for 1 hour for MoSz or WS, growth. For TMDCs-Nanodisks (NDs), one dip coating
followed by immediate spin coating at 3000 rpm, will result in a very thin layer of the precursor
that segregated into NDs with small diameter (~ 200-400 nm). Increasing the number of dipping
times (~1-5 times) into the precursor lead to different morphology for the WS, from NDs, large

islands, to continuous layers.

Thermal decomposition

450 °C

(a) Dip-Coating (b) Spin coating (C)
Graphene 3000 rpm

8i0,/Si 60s Hy/Ar 250°C

] " ::> :> 10:40 sccm S To vacuum
—— W“ #
0.1wt % 4

Figure 2.1.3 Schematic of TMDCs growth using the CVD.
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2.1.3 Carbon Nanotube (CNTYs)

CNT films were synthesized using a vacuum filtration method [34, 35] from CNT suspension as
shown in Figure 2.1.4. To prepare the CNT suspension, a commercial purified CNT (90 wt.%)
powder synthesized using the CVD process (CheapTubes, Inc) was dispersed in DI water with
assistance of Triton X-100 surfactant as a dispersing agent. The suspension was sonicated for 40
minutes using an ultrasonic probe (Cole-Parmer) at 750 W power at 30% amplitude for 1 hour to
obtain well-dispersed CNTSs in the suspension. For fabrication of the CNT films, a home-built
vacuum filtration system was used. For the CNT films used in this work, a 25 mL CNT suspension
was pulled through a mixed cellulose ester (MCE) filter membrane (Millipore, diameter 47 mm)
with the aid of a vacuum pump. Since the CNT film thickness can be controlled by the amount
suspension used in the filtration process, 25 mL was selected to obtain a CNT film of ~500 nm
thickness. After the filtration, the CNT film on the membrane was cleaned multiple times with DI

water to remove residues of chemical agents especially the Triton X-100 surfactant from the CNT

film.
Ultrasonic dispersing ~ Vacuum filtration
of CNT
filtration membrane
filtration membrane
CNTs dispersion
— —  —.— X e -

Figure 2.1.4 Schematic of the CNT thin film preparation process using the filtration method.
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2.2 Devices Fabrication and Characterization:

2.2.1 The SERS MoS2/graphene 2D vdW Heterostructure Substrate

The MoS:/graphene 2D vdW heterostructure samples were fabricated in a layer-by-layer, transfer-
free process on commercial SiO2/Si substrates. First, the transfer-free graphene was synthesized
directly on SiO2/Si substrates as described in section 2.1.1.1. For synthesis of MoS: layers on the
graphene/SiO./Si substrate, the thermal decomposition method (described in section 2.1.2) was
used. It should be noted that the direct growth of graphene on SiO»/Si substrates can eliminate the
cumbersome graphene transfer process and it produces graphene with no contaminations that may
have left after using PMMA and other chemicals during the graphene transfer process. The
annealing of (NH4)2Mo0S4 layer under low temperatures in the range 450-500 °C further clean the
interface of MoSz/graphene. The interface of the transfer-free MoSa/graphene heterostructure is
cleaner than that of the similar heterostructure on transferred graphene, which is important to
attachment of the probe molecules for Raman spectroscopy. In order to decorate AuUNPs on the
MoSz/graphene heterostructures, electron-beam evaporation was employed to coat 12 nm thick
(nominal thickness) Au in high vacuum of 10 Torr at 300 °C. AuNPs therefore formed in situ on
MoSz/graphene heterostructures. This method provides additional advantages of a clean interface
with the underneath layer [36-38]. Scanning electron microscopy (SEM, LEO 1550) was used for
morphological characterization of the AuNPs. A R6G solution of the concentration 5x10° M was
prepared by adding solid phase R6G (Sigma Life Science) to deionized (DI) water. The
concentration of 5x10° M was further diluted for lower concentrations by mixing with DI water
to obtain the desired concentration of the R6G. For Raman study, a single droplet (~10 pL) of
selected concentrations of R6G solution was casted on the SERS substrate, followed with baking

on a hotplate at 70 °C for 1 hour before Raman characterization. Raman spectra were collected

21



using a Witec Alpha300 Confocal microRaman Microscope. The non-resonant excitation (633nm)
and resonant excitation (532 nm) lasers were both used in Raman measurements. A Horiba iHR550
spectrometer was used for optical transmittance measurements. The integration time for each
collected Raman spectrum was 3s and typically 4-5 spectra were taken to reduce the noise and
enhance the S/N ratio.

Figure 2.2.1a displays an optical image of a representative MoS,/graphene vdW heterostructure,
which is uniform in a large area. The top part of the sample (above the dashed line) was purposely
not coated with MoS; for convenience of the characterization. Figure 2.2.1b shows Raman spectra
of graphene (above the dashed line in Figure 2.2.1a) and MoSz/graphene vdW heterostructure
(below the dashed line in Figure 2.2.1a). In both spectra, the Raman characteristic peaks at~1586
nm™ and 2722 nm™ correspond to the G and 2D bands of graphene, respectively [39-41]. The G
peak corresponds to the Exg phonon at the Brillouin zone center and the 2D peak is the second
order harmonic of the D peak that corresponds to Al breathing mode [39]. High-quality single-
layer graphene is confirmed by the high ratio of the 2D and G band intensities (l.o/le ~ 1.7) and
the negligible intensity of D the peak associated to the defects in pristine graphene and graphene
after MoS; growth. The two characteristic peaks of MoS; are clearly visible in Figure 2.2.1b at
384 cm™ and 406 cm™ corresponding to the in-plane E'zq mode and out of plane Al; mode. The
frequency difference between the two modes is ~ 23 cm™ indicates that the synthesized MoS; on
graphene is an ultrathin layer (~ 2-3 layers) [42, 43]. The morphology and distribution of the
AUNPs on MoSz/graphene heterostructure were characterized using SEM as shown in Figure

2.2.1c. The AuNPs size range is 40-100 nm in diameter.
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Figure 2.2.1 (a) Optical image and (b) Raman spectra of the MoS,/ graphene and, (c) SEM of AuNPs on
the MoS;/graphene substrate.

2.2.2 The WS2-NDs/graphene photodetector

For the WS,-NDs/graphene photodetector fabrication, the metal electrodes (source and drain) of
Au (40 nm)/Ti (10 nm) were deposited on transfer-free graphene using electron-beam evaporation
through a metal shadow mask. The distance between the electrodes (graphene channel length) is
about 250 pum. Then, the substrate was dipped into the precursor solution followed with the spin-
coating for a uniform layer covering the entire sample including the electrodes. Afterword, the
substrate was placed in the CVD furnace for WS> growth. Raman spectra and Raman maps of
graphene and WS, were collected using a Witec Alpha300-Confocal Raman Microscope. Atomic
force microscopy (AFM) on the same Witec system was employed to characterize the morphology
and dimension of the WS,—NDs. Current—voltage (I-V) characteristics of the photodetectors were
measured using a CHI660D electrochemical workstation. The temporal photoresponse
measurements, at 550 nm illumination with different powers and different bias voltage, were

performed using an Oriel Apex monochromator illuminator.

23



Figure 2.2.2a displays an optical image of WS,-NDs/graphene vdW heterostructure. The sample
looks fairly uniform in large area. The two characteristic peaks of WS2-NDs, at 357.16 cm™ and
421.9 cmt, are shown in the Raman spectrum (red) in Figure 2.2.2b. These two peaks correspond
to the in-plane E',q mode and out of plane Ay mode of WS, [44, 45]. The full width at half
maximum (FWHM) of El»g and Aly Raman peaks are about 18.95 cm™ and 8.55 cm™, respectively,
illustrating good crystallinity with moderate defects. However, these FWHM values of WS,-NDs
are relatively larger than that reported for the crystalline exfoliated WS; of 11.17 cm™ and 4.67
cmt, [46] which suggests the presence of growth defects in the WS,-NDs. Consequently, the WS-
NDs may be doped due to the presence of the defects, which may contribute to the LSPR effect as
to be discussed in chapter 4. The Raman spectrum of the WS»-CL (black) is also included in Figure
2.2.2b. The slight blue-shift of the E'2g mode to 360.26 cm™ could be attributed to the smaller
number of layers of the WS> (2-3 layers) as opposed to that WS,-NDs (4-7 layers). The optical
absorption spectra of the WS>-NDs with different size and density were taken in the wavelength
range of 400-900 nm. The Raman characteristic G and 2D peaks of graphene at ~ 1609.00 cm™
and 2689.01 cm™, respectively, are clearly seen in Figure 2.2.2c: graphene (green), graphene with
WS>-NDs (red) and graphene with WS,-CL (black). It should be noted that the total amount of the
WS> material is much more in the WS,-CL/graphene as compared to the WS>-NDs/graphene
samples because of thicker coating of the precursor in the former. The larger number of the WS;
layer number may be attributed to the segregation of the very thin WS, into WS,-NDs in the latter
case. The G peak corresponds to the El,q phonon at the Brillouin zone center and the 2D peak is
the second order of the D peak that corresponds to Aly breathing mode [39, 40]. The low intensity
of D peak for the graphene at 1357.12 cm™ on graphene and graphene with WS2-NDs indicates

the high quality of the transfer-free graphene that remain intact after the growth of WS,-NDs. As
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shown in Figure 2.2.2¢c, the G and 2D peaks of graphene with the WS-NDs (red) are enhanced by

2.2 and 3 times, respectively, as compared to that on graphene without the WS,-NDs (green).
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Figure 2.2.2 (a) Optical image of WS,-NDs/graphene; (b) Raman spectra of WS,-CL (black), and WS,-
ND (red) on graphene; (c) Raman spectra of graphene with WS,-NDs (red), with a WS,-CL (black), and
without WS; (green). (d) 10x10 um? Raman mapping images for the E',q peak of WS,-NDs. The dashed
square in (a) is the area used for the Raman map of WS,-NDs; (e) Height profile of WS,-NDs. Inset:
AFM image of WS>-NDs. (f) A 3D image for a WS»-ND with thickness of ~ 5 nm and lateral dimension
of ~ 200 nm.

2.2.3 The WS2-NDs/graphene/AgNPs-metafilm photodetector
To fabricate the WS>-NDs/graphene/AgNPs-metafilm photodetector, first, we fabricated

graphene/WS>-NDs samples that can be transferred onto other surfaces such as the AgNP-
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metafilms, a new process was developed in this work that takes two major steps as illustrated in
Figure 2.2.3. In the first step, a thoroughly cleaned CVD graphene with the supporting PMMA
layer after removal of the Cu foil was placed on top of a WS>-NDs/SiO./Si sample with graphene
in contact with the WS>-NDs. The entire sample assembly was then heated on a hot plate at 80 °C
for 1 hour to enhance the adhesion of graphene to the WS,-NDs. In the second step, the entire
sample assembly was soaked in diluted (45-48%) hydrofluoric acid (HF) in DI water for 5 minutes
at room temperature to etch the SiO2 (500 nm in thickness) on the SiO2/Si substrates. The
PMMA/graphene/WS2-NDs released from the SiO2/Si substrates was cleaned thoroughly with DI
water and was ready for transfer. This sample is different from the WS,-NDs/graphene
photodetector with the WS,-NDs being directly grown on the graphene/SiO./Si without transfer
since the latter would have a cleaner interface with minimal residues left in the wet transfer process
[47].

Second, the source and drain electrodes of Au/Ti (40 nm/10 nm) for the photodetectors were
deposited on other SiO2/Si substrates using electron-beam evaporation through a metal shadow
mask. The separation between the two electrodes (or the channel length) is about 250 um. The
AgNPs-metafilm was in situ fabricated using electron-beam evaporation of Ag of a nominal
thickness of 8 nm at an elevated temperature of ~ 300°C under high vacuum (~107¢ Torr or better)
for 30 minutes to obtain AgNPs through in situ self-organization followed with an in situ
evaporation of a SiO layer with a thickness of 20 nm to form the AgNPs-metafilm. In order to
prevent formation of electrical shorts between the AgNPs and the Au/Ti electrodes, the AgNPs-
metafilm was deposited within the channel area with a 200 um spacing to the Au/Ti source and

drain electrodes using a shadow mask.
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Finally, the graphene/WS,-NDs was placed face-down (with the WS,-NDs towards the AgNPs-
metafilm) on the new SiO2/Si substrates with prefabricated Au electrodes and AgNPs-metafilm.
PMMA was then removed using acetone to complete the fabrication of the graphene/WS,-
NDs/AgNPs-metafilm photodetectors.

Fabrication process of graphene/WS,-NDs/AgNP-metafilm heterostructure device

Stack PMMA/graphene on pre-grown . . . .
a . . b) Etch SiO, using diluted (c) Lift off the
(@) WS,-NDs on SiO,/Si substrate (b) HE acid PMMA/graphene/WS,-

N — NDs

: i d) Transfer the PMMA @ "
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Figure 2.2.3 Schematic illustration of the graphene/WS,-NDs/AgNP-metafilm heterostructure device
fabrication process: (a) stacking PMMA/graphene on pre-grown WS,-NDs on SiO»/Si substrate; (b)
etching SiO; using diluted HF acid; (c) lift off the PMMA/graphene/WS,-NDs; (d) transferring the
PMMA/graphene/WS,-NDs to SiO,/Si with pre—deposited AgNPs-metafilm between the Au electrodes;
and (e) completing the graphene/WS,-NDs/AgNP-metafilm heterostructures device after removal of
PMMA. Inset shows a zoom-in view of the device cross section with a WS,-ND on top of 20 nm thick
SiO; spacer over an AgNP.

This robust method, especially the process for fabrication of the transferrable graphene/WS,-NDs,
is unique and advantageous in terms of preventing degradation of the LSPR effect of the AgNPs
due to the exposure to sulfur vapor used for WS,-NDs growth. In fact, significant degradation of
the LSPR effect of the AgNPs (without the SiO2 over-layer) and AgNPs-metafilms (with the 20
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nm thick SiO2 over-layer) has been confirmed in our experiment (Figure 2.2.4) as we shall discuss
in chapter 5. The 20 nm thick SiO> layer can effectively and uniformly block the electrical current
leakage between the graphene/WS>-NDs and the AgNPs-metafilm. Based on the FDTD
simulation, the evanescent field in the AgNPs-metafilm could extend tens of nm to reach the
graphene/WS>-NDs layer even with the addition of the SiO> coating. It should be pointed out that
replacing evaporated SiO> layer (typically defective) with a less defective dielectric may allow an
even smaller distance between the AgNPs-metafilm and graphene/WS,-NDs photodetector and
hence stronger coupling between the plasmons and excitons from the AgNPs and WS2-NDs,

respectively.

== Before expose to the S vapor (20 nm SiO,)
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Figure 2.2.4 UV-vis absorption spectra of AgNPs-metafilm before (solid
line) and after (dashed line) exposure to the sulfur vapor at 450 °C for 1
hour.
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Optical images of the samples were taken using a Nikon Eclipse LV 150 optical microscope with
a CCD camera. Raman spectra and Raman maps of graphene and WS2-NDs were collected using
a Witec Alpha300 Confocal Raman Microscope. Atomic Force Microscope (AFM, Witec
Alpha300) was used to analyze the vertical and lateral dimensions of the WS,-NDs. AFM images
of the SiO2 (20 nm)/Ag-NP films were collected in contact mode at a scan rate of approximately
1.0 Hz using a Multimode AFM with a Nanoscope I1IA controller from Digital Instruments.
Standard silicon nitride probe tips (Bruker, NP-S, k~0.06 N/m) were used for imaging. All images
were collected with the same probe tip. Three different representative regions between the two
electrodes were imaged at scan sizes of 10 x 10 um?, 2.0 x 2.0 um?, and 1.0 x 1.0 pm?. Average
surface roughness (Ra) was measured using the Nanoscope software in the AFM for each of the
scans. In addition, images were collected for a sample without the SiO- coating over the Ag-NPs.
SEM images were taken using a JEOL JSM-6380 scanning electron microscope to characterize
the morphology of the AgNPs-metafilm including the shape and size of the AgNPs. The
current—voltage (I-V) characteristics of the photodetectors were measured using a CHI660D
electrochemical workstation. An Oriel Apex monochromatic illuminator was used to measure the
temporal photoresponse at selected wavelengths. To measure the optical absorption spectra, the
graphene/WS>-NDs heterostructures were transferred onto transparent fused silica substrates with
and without the pre-fabricated AgNPs-metafilm on the substrates. An ultraviolet/visible
spectrophotometer (Perkin EImer, LAMBDA 35) was used to collect the optical absorption spectra
in the visible range for our samples.

Figure 2.2.5 shows an optical image of a representative WS,-NDs sample fabricated on a SiO2/Si
substrate and the uniform distribution of the WS>-NDs on the entire sample can be clearly seen.

The Raman intensity map of the WS; E',q mode is displayed in Figure 2.2.5b, demonstrating the
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morphology and lateral dimensions of the WS,-NDs, with sizes on the order of a few hundred nm.
Figure 2.2.5¢ shows the AFM height profile measured along the green line in the AFM image
(shown in the inset). Quantitatively, the lateral dimension of the WS,-NDs is in the range of 200-
300 nm that is consistent with the range revealed in the Raman map in Figure 2.2.5b. The height
of the WS>-NDs in the range of 4-8 nm. Considering the approximately circular shape, large lateral
dimension and small vertical dimension of the WS, nanostructures revealed in Figure 2.2.5b,c ,
WS, nanodisks or WS,-NDs are used to regard the WS> nanostructures in this work. The Raman
spectra of graphene on SiO>/Si (black) and on AgNPs-metafilm/SiO2/Si (green) substrates are
illustrated in Figure 2.2.5c. In the former, the two graphene signature peaks at ~ 1614.11 cm™ and
2719.19 cm are assigned to the G and 2D bands, respectively. The absence of the graphene D
peak (associated with defects) confirms the high quality of the CVD graphene in this work. The
Raman spectrum of graphene on the AgNPs-metafilm shows an overall enhancement in the
intensity that can be attributed to the LSPR effect by the plasmonic nanostructures such as the
AgNPs-metafilm in this specific case. Comparing the two spectra shown in Figure 2.2.5d, the G
and 2D Raman peaks of graphene with AgNPs are enhanced by 16 and 3 times, respectively. This
plasmonic enhancement is consistent with that reported previously [48-51]. It should be noted that
the Raman enhancement factors of the graphene peaks depend on the frequencies of the vibrational
modes [52]. Therefore, the enhancement factors of the graphene G and 2D peaks are anticipated
to be different. In addition, the intense plasmonic EM field of the AgNPs could cause the lattice

deformation of graphene and consequently enhance the D peak of graphene at 1387.26 cm™ [53].
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Both G and 2D peak of graphene on AgNPs-metafilm are slightly red-shifted by ~ 22 cm™. This

red shift may be attributed to tensile strain after graphene is transferred onto the AgNPs-metafilm.
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Figure 2.2.5 (a) Optical and (b) Raman image of WS,-NDs (c) Height profile of WS,-NDs. Inset: AFM image
of WS,-NDs. (d) Raman spectra of graphene on SiO./Si (black) and graphene on SiO/Si with AgNPs-

metafilm (green)

The absorption spectra for the AgNPs-metafilm (blue), graphene/WS>-NDs (green), and
graphene/WS>-NDs/AgNPs-metafilm (purple) are illustrated in Figure 2.2.6a. The maximum
absorbance (the LSPR peak) for the AgNPs-metafilm is at the wavelength of 442 nm, which is
consistent with that reported previously [38]. The absorption spectrum of the graphene/WS,-NDs
shows broadband absorption from 400 nm to 700 nm with a small hump at ~ 640 nm (band gap
~1.94 eV for WSy). On the absorption spectrum for the graphene/WS;-NDs/AgNPs-metafilm
sample, the AgNP’s LSPR peak intensity is reduced and slightly red shifted (~ 19 nm), which
could be ascribed to the damping in graphene as a semimetal as reported previously [32, 38].
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Interestingly, an enhanced absorption in a broadband of 400-700 nm can be observed on the
graphene/WS>-NDs/AgNPs-metafilm sample, which can be attributed to the enhanced absorption
by the WS,-NDs with assistance of the LSPR evanescent field enabled by the AgNPs-metafilm.
The high AgNPs density may cause a red shift for the plasmonic peak due to an inter-particle
coupling. On the other hand, multiple layers of AgQNPs may not increase the evanescent EM field
at the graphene/WS>-NDs photodetectors considering the increased distance between the lower
AgNPs layers to the graphene/WS>-NDs photodetectors. An SEM image taken on a representative
AgNPs/SiO2/Si sample is displayed in Figure 2.2.6 b. The AgNPs exhibit irregular shapes. The
average lateral dimension of the AgNPs is ranging from 20 nm to 120 nm with mean diameter of
68 + 27 nm. Representative AFM images of the SiO2 (20 nm)/AgNPs- metafilm sample at 10 pm?
and 1.0 pm? scan sizes are presented in Figure 2.2.6 c¢. They show the expected nanoparticles
along with a small number of defects. The topographical images of all regions of the sample
showed consistently sized nanoparticles. The average roughness for the 10 x 10 pm? scans for all
three areas was 12+3 nm. A roughness of 11+1 nm was measured for the 1.0 x 1.0 um? scans.
The topography and roughness of the sample without the SiO. coating was not significantly
different than that for the SiO2 (20 nm)/AgNPs- metafilm sample. The AFM images in Figure
2.2.6¢ and Figure 2.2.8c were taken by our collaborator Dr. Cindy Berrie group, at the Department

of Chemistry, University of Kansas.
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Figure 2.2.6 (a) UV-vis absorption spectra of AgNPs-metafilm (blue) and graphene/WS,-NDs (green), and
graphene/WS,-NDs/AgNPs-metafilm (purple). (b) SEM image of the AgNPs (c) The 1.0 pm x 1.0 pm area AFM
image of SiO2(20 nm)/AgNPs.

32



2.2.4 Atomic layer deposition (ALD) Pt-NPs @ SWCNTs/graphene H2 Gas Sensor
SWCNT films were synthesized using a vacuum filtration method [35] from SWCNT suspension
as described in section 2.2.3. In order to fabricate the ALD Pt-NPs @ SWCNTs/graphene sensor,
the SWCNT films of 5 x 10 mm? dimension were cut off from the SWCNT film/filtration
membrane and these SWCNT films were ready to be transferred to the functional substrates for
device applications. Schematic illustration of the Pt-NPs/SWCNT/graphene H, gas sensor
fabrication process is shown in Figure 2.2.7.

The Pt-NPs were conformably coated on SWCNT/graphene heterostructures in our home-built in
vacuo ALD system [54, 55]. ALD of Pt is ligand-exchange process on the sample surface based
on the well-defined chemistry between alternating precursor pulses of MeCpPtMe3 (pulse duration
of 3 seconds) and oxygen (pulse duration of 1 second) at 300 °C. Between different precursor
pulses, the ALD chamber was purged with ultrahigh-purity N2 (99.99%) for 60 seconds. The same
N2 gas was used as the precursor carrier gas (5 sccm). To increase the vapor pressure, the
MeCpPtMes precursor was heated to 60 °C during the ALD process. For this work, 20 ALD cycles
were used for coating Pt-NPs on the 3D SWCNT/graphene electrodes.

The metal electrodes of Au (40 nm)/Ti (10 nm) were deposited on SiO2 (500 nm)/Si substrates
using electron-beam evaporation through a metal shadow mask. The sensor channel length
(distance between the two electrodes) is 250 um and the channel width is about 4 mm. The
PMMA/graphene was then transferred on the SiO2 (500 nm)/Si substrates with pre-fabricated
Au/Ti electrodes, followed with removal of the PMMA using acetone and IPA, then dried with N>
gas. The PMMA residues were removed by thermal annealing for 1 hour at 450 °C under Ar/H>
(500 sccm/300 sccm). After graphene transfer, the SWCNT film was transferred onto graphene to

form the 2D SWCNTSs/graphene heterostructure electrode. The ALD coating of the Pt-NPs was
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carried out on the SWCNTs/graphene to complete the ALD Pt-NPs @ SWCNTs/graphene sensor
fabrication. Raman spectra and optical images of SWCNTSs and graphene were taken using a Witec
Alpha300-Confocal Raman Microscope. SEM image was taken using a JEOL JSM-6380 scanning
electron microscope to characterize the morphology of the samples. The average thickness of the
SWCNT film was measured using a surface profiler (P.16, KLA-Tencor). An UV Ozone Cleaner
(ProCleaner™, with two emission wavelengths of 185 nm and 254 nm) was used as the source for
the UVC irradiation. For a comparison, an UV source in the UVA spectrum (360-400 nm) was
also used in a similar test. The Hz response of the device was measured using a CHI660D
electrochemical workstation. During the measurement, the ALD Pt-NPs @ SWCNTs/graphene
sensor was placed inside a vacuum chamber with a constant flow of N2 gas (180 sccm) with

different concentrations of the H».

Transfer SWCNTs
(3) Transfer graphene (®) film on graphene

. Conformal
ALD of Pt NPs

Figure 2.2.7 (a-c) Schematic illustration of the ALD Pt-NPs @ SWCNT/Gr H2 gas sensor
fabrication process. The yellow spheres represent the ALD Pt-NPs formed on the 3D SWCNTs/Gr
heterostructure electrode. The inset illustrates the conformal coating of SWCNTs with PtNPs (d)
The fabricated device irradiated with UVC.
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In Figure 2.2.8 a, displays Raman spectra of graphene (blue) and the SWCNT/graphene (red). The
Raman spectrum of graphene showed the typical G peak at ~1604.9 cm™* and 2D peak at ~ 2692.5
cm. These two peaks are due to the doubly degenerate zone center E2q mode and the second order
of zone-boundary phonons, respectively [56]. The absence of the D peak at ~ 1352.5 cm™! and the
high ratio of 1.8 for the 2D/G peak intensities confirm the high quality of the monolayer CVD
graphene. On the SWCNTSs, the G peak is separated into two peaks (G~ and G* peaks) at 1584.9
cm ! and 1609.0 cm™! due to the curvature of the graphene sheet in the SWCNTSs [57, 58]. Another
distinctive peak is located at ~2689.01 cm™! corresponding to the 2D-band for SWCNTs [59],
which is slightly shifted with respect to the graphene’s 2D peak. The D peak at 1356.6 cm™
associated to the presence of in-plane defects on SWCNTSs, possibly the growth defects occurred
during CVD synthesis of SWCNTSs, is visible with low intensity, suggesting the defects are minor
[60]. An additional peak at 192.4 cm™ (the inset of Figure 2.2.8a) can be assigned to the radial
breathing mode (RBM) of the SWCNTSs [61, 62].

In Figure 2.2.8 b and 2c, show representative SEM and AFM images, respectively, of a Pt-
NPs/SWCNTs/graphene H: gas sensor. The SEM image shows Pt-NPs (bright particles) scattered
uniformly over a film of randomly networked SWCNTSs. Bundles of SWCNTSs are clearly visible
in both the SEM and AFM images, while only relatively large Pt-NPs are visible in the AFM
image. Detailed cross-sectional analysis of AFM images, without correction for tip convolution,
of these Pt-NPs/SWCNTs/graphene sensors was previously reported by our group [63]. Briefly,
the SWCNT bundles form a porous covering over the surface. The diameter and height of these
SWCNT bundles were measured to be 43 = 13 nm and 10 £ 7 nm, respectively. These dimensions
are significantly larger than that of the ingredient SWCNTs (1 — 2 nm). It should be noted that

bundling of SWCNTSs in not uncommon due to their very large aspect ratio [26]. Energy Dispersive
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Spectroscopy (EDS) spectrum is shown in Figure 2.2.8 d. The EDS spectrum confirms the

presence of Pt on the SWCNTs/graphene nanohybrid.
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Figure 2.2.8 (a) Raman spectra of the grahene (blue) and SWCNTSs (red), respectively. Inset shows
RBM peak of the SWCNTSs. (b) SEM image of an Pt-NPs/SWCNTs/Gr sensor. (¢) 5 um x 5 pum AFM
image of Pt-NPs/SWCNTs/Gr sensor. (d) EDS spectrum of 20C Pt on SWCNTSs.

2.3 Simulation

2.3.1 The Density Function Theory (DFT) simulation

The electronic structure of the AuNPs/MoS2/graphene 2D vdW heterostructure was calculated
using the density functional theory (DFT) method. This work was done with the collaboration of

Dr. Ridwan Sakidja at Department of Physics, Astronomy and Materials Science, Missouri State

University. The AuNPs/MoSz/graphene 2D vdW heterostructures consist of a combination of a
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continuous 2D layer of MoS; and multilayers of Au of different thicknesses. This structure was
chosen to probe the interface between an AuNP of 10 nm or larger in dimensions positioned on
top of a 2D MoS; sheet. Considering the lateral dimensions of the Au NP and the 2D MoS; sheet
are both large, the edge effect will be negligible on the bonding mechanism at the interface, and
thus a continuous layer represents a good approximation. The number of Au (111) layers was
varied from n =1 (monolayer) up to n = 6 to elucidate the effect of the Au thickness on the interface
coupling.

2.3.2 Finite difference time-domain (FDTD) simulation

To study plasmonic mode profiles of the AgNPs and their impact on the device performance, the
Lumerical Finite Difference Time-Domain (FDTD) solutions software (2020a Finite Different
IDE) was deployed to calculate the electromagnetic field distribution around a AgNP in the
graphene/WS>-NDs/AgNPs-metafilm nanohybrid. This work was done in collaboration with Dr.
Seyed Sadeghi at Department of Physics and Astronomy, the University of Alabama. Specifically,
the Device Mutliphysics Simulation Suite of this software was used by setting up different
components to replicate the system of the graphene/WS>-NDs on the AgNPs-metafilm as closely
as possible. The mesh sizes were varied between 1 to 0.5 nm to accommodate different sizes of
the AgNPs. The source configuration was set up such that light reached the layer representing the

graphene/WS>-NDs first and then the AgNPs-metafilm.
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3 Chapter 3: Plasmonic Au Nanoparticles on MoS2/graphene for Surface Enhanced

Raman Spectroscopy

3.1 Background and mechanism

Raman spectroscopy is a technique based on measuring the frequency shift of inelastic scattered
light from the sample. The scattered photon has a lower frequency (stokes scattering) than the
original photon or higher frequency (Anti-Stokes scattering). Only a small fraction of photons
scatters inelastically, and most of the scattered photons have the same wavelength as the incident
photons (Rayleigh scatter), Figure 3.1.1 a-c. The shift in wavelength depends on the chemical
structure of the molecules which can provide quantitative and qualitative information about the
individual compounds. The inelastic scattering of photon (Raman effect) was first discovered by
C. V. Raman in 1928 and awarded the Nobel prize in Physics in 1930 for this discovery. The
extremely low Raman cross sections could limit its sensitivity. Therefore, surface-enhanced
Raman spectroscopy (SERS) can overcome this deficiency and is capable of detecting analytes at
very low concentration. SERS was first observed by Fleischmann in 1974, who observed that
Raman signal intensities of pyridine molecules on rough silver electrode are increased [64]. Thus,
SERS is known as a very sensitive tools for molecules detection through enhancing the Raman
scattering signal of molecules. This enhancement is commonly attributed to two enhancement
mechanisms: (1) the electromagnetic (EM) enhancement and (2) the chemical enhancement (CM).
The EM mechanism is a result of the excitation of localized surface plasmon resonances (LSPRS)
in metal nanostructures. The intense EM fields around the metal nanostructures increase the
intensity of the inelastic Raman scattering. The CM enhancement is due to charge transfer between
SERS substrates and probe molecules. The EM dominates the total enhancement where the

enhancement factor can reach 10%°-10'! whereas the enhancement factor in CM is only about 10-
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102 [65]. The choice and fabrication of the SERS substrates is crucial for Raman scattering
enhancement. Numerous efforts have been dedicated to optimize SERS substrates for high Raman
scattering enhancement. Various developed substrates for SERS are discussed in the next section

(3.2).
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Figure 3.1.1 Jablonski diagrams illustrating (a) the Rayleigh and (b-c) Raman scattering
processes.

3.2 Current research on SERS

Several different kinds of SERS substrates based on 2D materials in combination with plasmonic
metal nanostructures have been reported recently with enhanced sensitivity for biomolecule
detection. Ling et al. investigated graphene SERS enhancement using probe molecules such as
Rhodamine 6G (R6G) and crystal violet (CV). The observed SERS enhancement factors of 2—17
depending on the vibrational mode symmetry of the molecules on graphene, as compared to that

on the SiO2/Si substrate, are attributed to the CM effect through enhanced charge transfer between
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graphene and molecules. They further revealed the dependence of SERS enhancement on the
number of graphene layers as the intensities of the Raman signals of the CV molecules decrease
with the increasing layer number of graphene [66]. Similarly, Sun et al. reported the dependence
of the Raman enhancement on the layer number of MoS, [67]. Specifically, the Raman
enhancement of monolayer MoS; is comparable to but slightly higher than that on MoS> of 2 or 3
layers. This means the SERS sensitivity is not expected to vary dramatically on MoS; with the
layer number in the range of 1-3. However, the enhancement of 1-3 layers of MoS; is much higher
than the bulk or multilayer MoS». This trend could be attributed to the reduction of the bandgap
with increasing thickness of MoS; as a consequence of the conduction band decrease while the
remaining part of the band structure remains essentially unaltered with increasing thickness. Lee
et al. reported the CM enhancement of Raman signatures of R6G dip-coated onto single-layer 2D
material including graphene, WSe>, and MoS; substrates that were mechanically exfoliated from
bulk crystals. The Raman enhancement effects of these three different substrates were observed
and attributed to charge transfer and dipole—dipole interactions [68]. The Raman enhancement
factors of R6G on MoS: and WSez were about 0.5 and 1.7-2, respectively, relative to the
enhancement of R6G on graphene. They fabricated R6G/graphene and R6G/MoS; hybrid
phototransistors to study their electrical properties and observed that the Raman CM factors were
correlated to the amount of the transferred charges between R6G and the 2D materials. Likewise,
other 2D materials such as black phosphorus (BP), rhenium disulfide (ReS2), [69] and tin
diselenide (SnSe) [70, 71] have been used as SERS substrates. Au and Ag are most commonly
used metals as SERS substrates due to their chemical stability and have LSPRs that cover the
visible and near infrared wavelength range. Lu et al. developed a hybrid AuNP/graphene SERS

substrate that combines the benefits of CM enhancement from graphene with the EM enhancement
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of the AuNPs [36]. Using R6G probe molecules, we obtained the SERS sensitivity up to 8 x 1077
M using a nonresonance 633 nm excitation laser [37]. In fact, a higher SERS sensitivity up to 10 !!
M can be obtained using a resonance excitation of 532 nm for R6G probe molecules using AUNP
arrays covered by a single-layer graphene [72]. More recently, Chen et al. reported a SERS
substrate consisting of a few layers of MoS, grown on AgNPs of an average dimension of 58 nm
using the thermal decomposition method. Using R6G probe molecules, they compared the SERS
sensitivity of this hybrid substrate to its counterpart without the MoS; layer and concluded that the
higher sensitivity of 10° M using 532 nm laser excitation in the former as compared to 10 M in
the latter may be attributed to the combination of the CM and EM enhancements that arise from

MoS: and AgNPs, respectively [73].

3.3 Plasmonic Au Nanoparticles on 2D MoS2/Graphene vdW Heterostructures

We explore AuNPs decorated 2D MoSz/graphene vdW heterostructures for further enhancement
of the SERS sensitivity. 2D vdW heterostructures present a unique platform to design SERS
substrates of high CM enhancement through interface interaction of different 2D materials. In a
recent theoretical work conducted by Xu et al [73], the bonding mechanisms at the interface
between graphene and MoS; 2D layer were evaluated, which suggests that the vdW interaction
can enable enhanced charge transfer and optical adsorption. Theoretically, we show further
enhanced interfacial dipole—dipole interaction through AuNPs decoration on 2D MoSz/graphene
vdW heterostructures using the density functional theory (DFT) simulations. Experimentally, we
illustrate a SERS sensitivity up to 5x10® M for R6G probe molecules using the
AuUNPs/MoSz/graphene 2D vdW heterostructure substrate, which is an order of magnitude

improvement over that on the AuNPs/graphene [37] and AuNPs/MoS; counterparts. The R6G
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sensitivity of 5 x107'° M was obtained on the AuNPs/MoSz/graphene 2D vdW heterostructure
substrate using resonant excitation of 532 nm, which is one order of magnitude higher than that

reported on the AgNPs/MoS; substrate [74].

3.3.1 Results and Discussions

It should be mentioned that while there have been theoretical studies to examine the interaction
between MoS; 2D layer and Au adatom or Au (111) surface, a weak hybridization and charge
transfer were concluded [75, 76] at the interface, consequently resulting in a fairly large interlayer
distance of 3.405 A, as theoretically calculated, [75] and low adhesion energy (0.307—0.354 eV
per surface sulfur atom). However, little is known so far on the electronic structure of the interface
between MoS; 2D layer with stacks of free-standing Au (111) multilayers which more aptly
represent the hybrid heterostructures of the AUNPs/MoS2/graphene in this work. Intriguingly, we
have found the layer thickness of the Au has a remarkable effect on the interatomic distance of the
stack, which in turn affects the charge transfer mechanism of the AuNPs/MoSz/graphene vdW
heterostructures.

Figure 3.3.1 shows the side view of the Au/MoS: heterostructures of 1, 3, 5, and 6 monolayers of
Au after the relaxation process in DFT simulation. The change in the vertical interatomic distance
at the Au/MoS: interface can be clearly seen with varying Au layer number. While there is an
apparent gradual increase with an increasing number of the Au layer at larger Au layer numbers,
there is a surprisingly large initial drop (about 20%) going from an Au monolayer (1L) to two
layers (2L). For 1L, we did obtain a slightly smaller interatomic distance than that reported by the
previous theoretical work on bulk Au or Au adatom. This may have resulted from the use of vdW
force correction in our calculations which tends to shorten the calculated bond length relative to

the generalized gradient approach (GGA)-based calculations. Nevertheless, the 3.03 A distance
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arguably points to a fairly weak vdW adhesion as expected from Au on MoS.. In contrast, the
remaining hybrid Au/MoS: heterostructures show remarkably strong bonding as hinted by the
reduced interatomic distances of 2.42 A (2L), 2.54 A (3L), 2.57 A (5L), and 2.59 A (6L), which
are approximately a constant (variation of only 7%) in the Au layer number range of n =2-6. We
further investigated the effect of the interactomic distance in the presence of 2 layers (2L) of MoS;
to better resemble the experimental work. Here, for a sampling, we repeated the DFT calculations
for the case of 2L of Au and 2L of MoS,. We also tested the case when graphene is in presence
underneath the 2L MoS,. The interatomic distance remains the almost the same as shown in Figure
3.3.1 a-c. This is presumably because of the relatively large distance between the Au—S position
and the weak vdW interface between graphene and MoS,. The addition of Au NPs on the
multilayer MoS; can enhance dipole—dipole interactions at their interface, which is known to help
increase SERS assuming the impact of graphene will be similar for these samples. The agreement
between the simulation and experimental observation obtained in this work is therefore interesting
to the design of high-sensitivity SERS substrates based on the heterostructures of plasmonic metal
nanostructures/MoSz/graphene. Baia et al. experimentally investigated the dependence of the R6G
peak intensities on the size of the Ag NPs. Ag films with nominal thicknesses of 1, 2, 3, 4, 5, and
6 nm were used to obtain the Ag NPs with different diameters. The EM enhancement increases
with increasing size of Ag NPs. However, the EM enhancement of substrates with Ag nominal
thickness of 1 and 2 nm (Ag NP diameter in the range of 8—20 nm) was much weaker than that
with larger thicknesses in the range of 3—6 nm (Ag NP diameter in the range of 30—55 nm).
Furthermore, they found that the EM enhancement decreases with increasing the gap between Ag

NPs [77].
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Figure 3.3.1 (a) The atomic layer stacks of Au/MoS; hybrid heterostructures with different numbers
of Au layers of 1L, 3L, 5L and 6L on monolayer MoS,. The interface distance between the two
materials is also illustrated. The atomic layer stacks of 2L Au/ The atomic la atomic layer stacks of
2L Au/2L MoS:; hybrid heterostructures (b) without graphene layer, and (c) with graphene layer.

Figure 3.3.2 shows the 3D plots of the electron localization function (ELF) in the same hybrids of
Au/MoS; heterostructures using the same contour range of 0.1-0.75. It should be noted that the
ELF has a normalized scale of 0—1. The higher values (more red) are indicative of more localized
electrons. The ELF plots from Figure 3.3.1a shows a consistent picture in that there is limited
electron delocalization placed at the interface when only a monolayer of Au is present. The level
of electron delocalization in the presence of thicker Au layers (2L or higher L’s) is remarkably
higher than that in the monolayer Au case and remains relatively the same up to 6 layers, which is

consistent with the minimal change in the bond length at the interface of n = 2—6. In addition, an
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asymmetry in the ELF (red area) surrounding the top sulfur atoms tilted toward the interface for a
monolayer Au, while at larger Au layer thicknesses, a clear “C-shape” red contour structure
connecting S to Mo can be seen, indicating that the strengthened Au-S bonding may have partly
resulted from the weakening of the Mo-S internal bond with the 2D structures when the Au layers
get thicker. This is also reflected in the slight increase, on average, of the thickness of the MoS;

2D layer marked by the interatomic distance between the two S layers (see Figure 3.3.3).
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Figure 3.3.2 The 3D ELF plots of the same hybrid AuNP/ MoS; heterostructures
shown in Figure 3.3.1a.

Figure 3.3.3 shows the difference in the density of states (DOS) for the case of the Au monolayer
versus the Au double layers. Specifically, we compare the partial DOS of the d-orbitals from the
Au atom at the interface. By comparison of Figure 3.3.3 a,b, it has been found that the d-band’s
contribution from dz? (green line) which would orientate spatially toward the S atoms is much
broader, extending to 8 eV below the Fermi level in Au 2L, in contrast to 5 eV below the Fermi
level for the Au 1L. The same, to a lesser extent, can be observed with the dx; and dy; orbitals. This

DOS broadening of the z-containing d bands can be understood from the fact that the d orbitals
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are overlapped with the p orbitals from the terminating S atoms. As shown in Figure 3.3.3c for Au
1L, the local DOS contribution from S atoms (which also overlaps with Mo atoms as expected)
spans up to the same extended energy range. This again confirms the enhanced bonding beyond
the normal vdW expected at the Au/MoS: interface with 2L or thicker Au. The DOS for thicker
Au (3-6 layers) are almost similar. For example, the d-band’s contribution from d,? extended to
~8 eV for Au of thickness in the range of 2L-6L. As already mentioned, the main effect as far as
the electronic structures as concerned between 1L and 2L of a stand-alone 2D structure of MoS:
is the change that is associated with the switch from direct (of 1.9 eV) band gap to (smaller) indirect
[78]. We should note that the band gap resulting from DFT calculations here using nonhybrid
potentials in general is typically underestimated, which is a known effect [79]. Our goal here is
mainly to highlight the role Au layers and bonding interactions between Au and terminating S
atoms from MoS;. Previous study has shown that as you increase the number of layers of MoS;
2D structure, there is a reduction of the conduction band states and their minimum position in the
vicinity of the T" point (along the I' — K direction) [78]. This decrease in the conduction band
minimum results in the switch to a smaller direct band gap at the K point to the indirect band gap
near halfway of I' — K. Indeed, as you further increase the number of layers, the band gap will
continue (gradually) to reduce and form the reported small band gap of 1.29 eV for a bulk MoS;.
Because all of the samples being used here have relatively the same thickness, i.e., 2L or slightly
thicker, a similar effect of a slightly reduced band gap (relative to that of monolayer MoSz) will
be observed for all of the samples, presumably providing relative ease for the charge transfer to
take place in comparison, for example, if we were to use a single-layer MoS,. Nevertheless, the
main effect is still the increased hybridization at the top of the MoS: layer facilitated by the bonding

between the S atoms and the multiple layers of Au.
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Figure 3.3.3 Comparison on the local DOS of Au atoms for (a) 1L, (b) 2L from the different types
of occupied d orbitals, namely dyy, dx, dyz, d;? is minimally occupied. The total DOS and each
atom-specific contribution for 1L is also shown in (c) The zero point for the energy range is Fermi
Energy Eremmi.

We found that the MoSz/graphene vdW heterostructures showed stronger Raman enhancement
effect compared to individual layer of graphene or MoS; and the SERS sensitivity reached up to
5x10® M R6G which is comparable to that of plasmonic AuNPs/graphene SERS substrate. In
addition, the theoretical analysis of a MoS; flake of a total of 324 atoms on graphene sheet
comprised of 288 atoms (Figure 3.3.4a) has been done. The ELF provided a quantitative measure
of the spatial delocalized bonds within the hybrid structure (Figure 3.3.4 b). The localized electron

concentration below the sulfur atom indicating the charge transfer occurrence.
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Figure 3.3.4 (a) Vertical MoSy/graphene bilayer
heterostructure. (b) Electron Localization Function
(ELF) of the MoS./graphene vdW heterostructure.

The optical transmission spectra of the graphene, MoSz/graphene, and AuNPs/MoSz/graphene
samples over the wavelength range of 400—800 nm were taken to confirm the plasmonic resonance
associated with the AuNPs, and the results are illustrated in Figure 3.3.5a. The spectra for the
graphene and MoSz/graphene samples show high transparency with the minimum optical
transmittance of ~97% and 90%, respectively (Figure 3.3.5b,c), in the spectral range studied. In
contrast, the spectrum AuNPs/MoS/graphene shows a broad valley with much reduced
transmission between 550 and 700 nm, indicating surface plasmonic resonance near the resonance
frequencies at frequency of 650 nm due to the LSPR enhanced the light absorption in the AuNPs
where the average size of AuNPs is ~50 nm in diameter. In AuNPs/graphene with average size of

40 nm, the LSPR wavelength is ~570 nm [37] and ~535 nm for MoS,/AuNPs [80] with an average
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size of 6 nm. However, the broad LSPR peak is not a surprise considering the large range of the

AuNP dimension formed on MoSz/graphene samples via self-assembly [38].
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Figure 3.3.5 (a) Optical transmittance spectra of multiple materials
on fused silica. (&) AuUNPs/MoS;/graphene, (b) graphene, and (c)
MoS2/graphene.

In Figure 3.3.6, the Raman spectra of R6G (5 x 10> M) taken on different substrates are compared.
A significant difference in the peak intensity of the R6G Raman signatures on different substrates
is illustrated. On the single layer MoS; substrate (black), the R6G peaks are not visible, which is
not surprising since a semiconductive MoS: layer is not expected to have visible CM and EM
enhancement. In contrast, the R6G Raman signature peaks can be clearly seen on graphene
substrate (red), most probably due to the SERS enhancement via the CM mechanism [66, 68]
Interestingly, further improved R6G signals can be observed on the MoS./graphene heterostructure
substrate (blue), confirming the further enhanced CM effect predicted in theory through the vdwW

interaction at the MoS2/ graphene interface [73]. With decoration of the AuNPs on the
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MoSz/graphene heterostructure substrate (purple), the R6G Raman signals are dramatically
enhanced, which can be attributed to the combined benefits of the EM enhancement by the
plasmonic AuNPs and the CM enhancement from the MoS,/graphene vdW heterostructure. Most
importantly, this R6G SERS enhancement on the AuNPs/MoSz/graphene vdW heterostructure is
much more significant than on the AuNPs/ graphene (green) substrate with similar AUNPs made
in the same process on graphene, indicating the interlayer coupling in the hybrid
AuNPs/MoSz/graphene heterostructure indeed plays an critical role in further enhancing the CM
effect [81, 82]. Therefore, the Raman signals of R6G on AuNPs/MoS,/ graphene substrate have
the highest SERS effect among the five substrates tested in Figure 3.3.6 due to the combination of
the EM and CM enhancements [83] arising from AuNPs/MoSz/graphene heterostructure with the
EM enhancement by AuNPs dominating the enhancement [84, 85]. Additional spectral features of

R6G, such as R6G peak at ~1088 cm™ in Figure 3.3.6, can be detected only at higher SERS

R6G (5x10° M
1000 EX107M)
5800
S AuNPs/MoS,/graphene
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c
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Figure 3.3.6 R6G Raman spectra of 5x10° M concentration
with different substrates: AuNPs/MoS/graphene (purple),
AuNPs/graphene (green), MoS./graphene (blue),
graphene(red), and MoS; (black).
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enhancement on AuNPs/MoS,/ graphene SERS substrates. All SERS measurements were taken at
a low level of the laser power (~1 mW) to avoid any damage to the R6G molecules.

Figure 3.3.7 shows the SERS measurements at different laser power to illustrate the effect of
exciting laser power on Raman signals of the R6G molecules. Raman signals increase with
increasing laser power (0.05—0.2 mW) and saturated (0.5—5 mW). The decrease in the R6G signals
at a higher power (at 10 mW) is attributed to the damage of the molecules during the collection
time of 3s. To get reasonable measurements and avoiding molecules damage, a laser power of 1

mW was selected.
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—05mW—0.2 mW ——0.1 mW ——0.05 mW

5x10™°M

Intensity (a.u.)

..,A N JM
/\_.—/\/L_j\—v\_

ﬂ jlt A e NN

600 900 1200 1500 1800

Raman shift (cm™)

Figure 3.3.7 Raman spectra of the R6G taken by the 633 nm
laser with different laser powers (0.05 mW to 10mW ).
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The R6G Raman spectra of different R6G concentrations on AUNPs/MoS;/graphene are shown in
Figure 3.3.8. These spectra were obtained with both a nonresonance 633 nm excitation (Figure
3.3.8a) and a resonance 532 nm (Figure 3.3.8b) laser. While a higher Raman sensitivity can be
typically obtained at the resonance of the probe molecules, the nonresonance excitation provides
the practical limit of the SERS sensitivity for a large variety of the molecules that may not have
compatible resonance excitations available for SERS. The characteristic Raman peaks of R6G are
clearly visible with both types of excitations. Specifically, the 612 cm™! peak is assigned to C—C—C
ring in-plane vibration, 769 and 1088 cm™! peaks to the C—H out-of-plane bend, 1184 cm™! peak
to C—C stretching vibrations, and the 1320 and 1502 cm™! peaks to the N—H in plane bend, while
the 1361, 1502, and 1663 cm™! peaks are assigned to C—C stretching [86, 87]. The intensity of
R6G Raman peaks decreases monotonically with the R6G concentration. The minimum detectable
R6G concentration on the AuNPs/MoSz/graphene substrate using 633 nm laser is about 5 x 10°®
M, at which not all R6G peaks are observable as shown in Figure 3.3.8a. A lower concentration of
5 x 10~ M was also tested, but no Raman signal could be detected for R6G. It should be noted
that the R6G sensitivity of 5 x 1078 M on the AuNPs/MoS,/graphene substrates is about an order
of magnitude higher than that of the AuNPs/graphene substrates reported previously [37]. Thus,
this result illustrates that inserting a MoS. layer between the AuNPs and graphene can improve
the SERS sensitivity by enhancing the CM effect through interface electronic structure
modification of the AuNPs/ MoS./graphene vdW heterostructures. In Figure 3.3.8b, the R6G
detection limit of 5 x 107!° M is obtained using the resonant excitation wavelength of 532 nm,
which is one order of magnitude higher than that reported on the AgNPs/MoS; substrate using a

532 nm laser [74].
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= 5x10™°M
S
P
= .
I3 e L A5x107'M A A
c
- 7 A \ox10"°M A A
5x10"'M
; 5X107IM oM™, X3
o~ 5x107°M M ) ‘5X10:‘]:0M M\\)ﬁ
600 900 1200 1500 1800 600 900 1200 1500 1800

Raman shift (cm™) * Graphene

Figure 3.3.8 Raman spectra of the R6G molecules with different concentrations cast on the

AUNPs/MoS,/graphene hybrid using (a) 633 nm laser and (b) 532 laser. Spectra of concentrations
5x10° M and 5x101° M were multiplied by factor of 3.

In addition, the Raman spectra of the R6G on AuNPs/MoS; were collected as shown in Figure 3.3.9
a with lower sensitivity of about 5 x 1077 M (Figure 3.3.9 a) and 5 x 107° M (Figure 3.3.9 b),
respectively using 633 and 532 nm lasers. The AuNPs on MoS./graphene heterostructure substrate

shows a higher enhancement compared to AuNPs on graphene or MoS; only.
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Figure 3.3.9 Raman spectra of the R6G molecules with different concentrations cast on the
AuNPs/MoS; hybrid using (a) 532 laser. Spectra of concentrations 5x10® M and 5x10° M were
multiplied by factor of 5. (b) 633 nm laser.

A quantitative analysis was made on three distinct peaks of the R6G at 612, 767, and 1184 cm™!
to investigate the relationship between the Raman intensity and the concentrations of the R6G
molecules with 633 and 532 nm laser excitation. Figure 3.3.10a-c show a linear relation between
the Raman peaks intensity as a function of the R6G concentrations. The Raman peaks intensity
saturate as the concentration of the R6G is increased. Figure 3.3.10d-f replot the data in the Figure
3.3.10a-c on a log scale, illustrating a good linear relationship between SERS intensity and the R6G
concentrations. The trends indicate that the Raman signals intensity decrease with the decreasing

R6G concentration as has been reported in several studies [88, 89].

54



— 2500 250 — :
300 (a) = 633nm (b) : ggz nm 1600 350 — T Paarrr— T . 1400
250. ° sz L2000 200] 44— S 1400 300, (c) 1200

F1000 2] [ 1000
200+ 1500 150 800 200] [ 800
10 L1000 100/ 1600 150] 600
;100 L 400 L 400
g 5 1500 50 200 1007 [200
~ ] t0 504 [0
-1 1t
> 0 612cm™ Lo 0 769 cm™L -igg N 1184 e 200
& 0 1x102x10"3x10%x10"5x10° 0 1x102x103x10%x10"5x103 0 1x102x10°3x10°4x10°5x10°
Q S — 3000

E 300 (d) = 633nm 250 . T 1600 350 T —— . 1400

g o 532nm 12500 1 (e) e 5320m 11200 300] (f) o c32mm L1200

,ﬁ ] 12000 +1200 250 <4— r1000

S 200 | 11000 [800
& 150 a0 80 2007 600
o0 <« L1000  100] :igg 150/ |00
—> 500 50f | l200 1007 200
50 0 +0 50 Lo
0+ ' 612cm1| 01 769 cm-17-200 0 us4em? [ o0
-500 -400

10%° 10° 10% 107 10° 10° 100 109 10° 107 109 10°

10%° 10° 10® 107 10° 10°

Concentration (M)

Figure 3.3.10 The intensities of the Raman peaks as a function of the R6G concentrations. at (a,d) 612
cm?, (b,e) 769 cm?, and (c,f) 1184 cm™* for the AUNPs/MoS2/graphene substrates using both 633 nm

laser (red) and 532 nm laser (green). (d, e, f) was plotted using a logarithmic scale.

3.3.2 Conclusion

In conclusion, this work reports a new SERS substrate based on plasmonic AuNPs decorated 2D
MoS./graphene vdW heterostructures made using a transfer-free layer-by-layer process, which has
advantages for scale-up to large wafers as well as clean interfaces for optimal charge transfer
across the interfaces in the AuNPs/MoSz/graphene vdW heterostructures. Using R6G as probe
molecules, we investigated the SERS sensitivity using both nonresonant excitation of a 633 nm
laser and a resonant 532 nm laser. In the former, the R6G SERS sensitivity of 5 x 10°® M was
obtained, which is an order of magnitude higher than the best reported on AuNPs/ graphene
substrates. This enhancement may be attributed to the enhanced dipole—dipole interaction at the
Au/MoS; interface at large Au thickness in exceeding two monolayers as revealed in the DFT

simulation. This enhanced interface interaction results in enhanced electron delocalization and
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hence enhanced CM contribution to SERS signatures. By use of resonance excitation of a 532 nm
laser, a higher SERS sensitivity of 5 x 107'° M was achieved for R6G on AuNPs/ MoSz/graphene
substrates, which is also an order of magnitude higher than that reported on AgNPs/MoS; substrate
using the same 532 nm excitation. This result illustrates a pathway in design high-performance
SERS substrates based on 2D vdW heterostructures for optimal CM contribution to SERS, which
can be combined with the plasmonic metal nanostructures, such as AuNPs in this work, for high-

sensitivity SERS.
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4 Chapter 4: WSz Nanodisks /Graphene van der Waals Heterostructure Photodetectors

4.1 Photodetection background

Photodetectors are optoelectronic devices that convert the incident photons into electrical signals.
The semiconductor materials, in photodetectors, can absorb the incident photons with energy equal
to or greater than their band gap (Eg) and produce electron—hole pairs. The generated electron—
hole pairs are separated by the "built-in" electric field or the applied electric field and produce an
electric current (photocurrent). The 2D materials could overcome the drawback of the traditional
semiconductors such as silicon (Si), germanium (Ge) and indium gallium arsenide (InGaAs),
including low carrier mobility, inflexibility, and the required large thickness for incident light
absorption.

Several important figures-of-merit are used to characterize photodetectors performance and enable
the comparison between different devices. These figures-of-merit include responsivity, detectivity,
the external quantum efficiency (EQE), response time, etc. The responsivity is very important
figures-of-merit for photodetectors characterization. It is defined as the ratio of photocurrent to
power of the incident light to determine how efficiently photodetectors respond to an optical signal.
More details about these figures-of-merit will be discussed in result and discussion section in this

chapter.

4.1.1 Photodetection mechanism
Various physical mechanisms are responsible for photodetection such as photoconductive effect,
photovoltaic effect, and photo-thermoelectric effect. In this thesis, we exclusively focus on

photoconductive effects mainly photogating effect as it is the dominant mechanism in our devices.
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Basically, the photogating effect (special case of the photoconductive effect) is based on light-
induced modification of the carrier density. This effect is mostly observed in
semiconductor/graphene hybrid. For example, in QDs/graphene hybrid the photocarriers are
generated in QDs upon light illumination where one type of carrier transfers to graphene and the
other remains trapped in the QDs. The injected photocarriers into graphene are circulate multiple
times between source and drain electrodes before they recombine with the trapped carriers in the
QDs. That allow one single photon to produce multiple photocarriers resulting in extremely high

photoconduction gain.

4.2 2D materials and their heterostructures for photodetection

Photodetectors based on two-dimensional (2D) materials, such as graphene and TMDCs, have
received considerable attention recently because of their promising electronic and optical
properties. Specifically, vdW heterostructures of graphene and photoactive 2D materials such as
TMDCs provide a promising scheme to design high-performance photodetectors that combine the
advantage of enhanced light absorption in 2D atomic layers of TMDCs and high charge mobility
in graphene. For example, in the TMDC/graphene vdW heterostructure photoconductors, the
TMDC layer absorbs the incident light and the generated electron—hole pairs or excitons can be
dissociated to free carriers by the built-in electric field at the TMDC/graphene interface.
Transferring carriers to graphene can be also facilitated by the interface built-in field, resulting in
a photogating effect on graphene, and hence photoresponse as the graphene channel conductivity
changes [90] The high mobility of graphene gives rise to a very short transit time (Tansit) Of the
charge carriers within the life time of the excitons (Texciton), resulting in a high photoconductive

gain, which is proportional to the ratio of the Texciton and Twansit, Up to 108 to 10° [91-94]. Various
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reports have demonstrated high performance of the TMDCs/graphene vdW heterostructures
photodetectors [33, 95, 96]. The visible photoresponsivity up to 835 mA/W has been reported for
a photodetector based on printed MoS; on transfer-free graphene [33]. The high performance of
this device is attributed to a clean interface between MoS; and the transfer-free graphene.
However, a higher photoresponsivity can be obtained by applying a gate voltage to better align the
electronic structure at the vdW interface for more efficient free carrier transfer. For example, Xu
et al. reported photoresponsivity of 10 A/W on the MoSz/graphene phototransistor by application
of a back-gate voltage Vee = —20 V to facilitate the transfer of photo-excited holes from the MoS>
layer to graphene [90]. This is in contrast to the lower photoresponsivity of 4.3 A/W at Vec =0 V.
Interestingly, all of these TMDC/ graphene heterostructure devices provide much higher
performance than those based on the TMDCs or graphene only. For example, the reported
responsivities are 18.8 mA/W on monolayer WS; photodetectors under a gate voltage of 60 V,[97]
7.5 mA/W on monolayer MoS: photodetectors at a gate voltage of 50 V, [98] and less than 1
mA/W on bilayer [99, 100] and single-layer graphene photodetector [101]. This illustrates the
unique advantage of the TMDC/graphene vdW heterostructures in achieving optimal
optoelectronic process of light absorption, exciton dissociation, carrier transfer, and transport
through introduction of graphene with high charge mobility. However, light absorption in
TMDC/graphene vdW heterostructures is still limited because of the small thickness of the TMDC
as the photosensitizer. In fact, the limited light absorption issue represents a fundamental challenge
in optoelectronic devices that only use a thin layer of sensitizer, such as QDs of typical diameter
of a few nanometers and 2D materials of thickness in the similar range or smaller [33, 93-95, 102-

104].
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4.3 WS Nanodisks /Graphene van der Waals Heterostructure Photodetectors

Development of new approaches for light trapping is critical to enhance the performance of
photodetectors devices. In this work, we report a novel photodetector based on a WS, nanodisks
(NDs)/graphene vdW heterostructure. We show that the WS,-NDs with a lateral dimension in the
range of about 200—400 nm allows localized surface plasmonic resonance (LSPR) to be generated
upon light illumination and hence photo-doping, enabling enhanced light absorption and hence
photoresponsivity. Furthermore, the WS>-NDs were synthesized on transfer-free graphene directly
grown on SiO2/Si substrates using CVD, which is critical to obtain a clean vdW WS>-NDs/
graphene interface to facilitate charge transfer. On the WS>-NDs/graphene photodetectors,
enhanced photoresponsivity by at least seven times has been demonstrated as compared to the

continuous WS layer on graphene (WS,-CL/graphene) heterostructure counterparts’.

4.3.1 Results and Discussions

Figure 4.3.1a shows the schematic diagram of the WS>-NDs/ graphene vdW heterostructure
photodetector with the source and drain electrodes. Under light illumination, the photoexcited
electron—hole pairs are generated in the WS,-NDs and separated at the WS.-NDs/graphene
interface because of the built-in electric field [105]. In the WS,-NDs, a strong LSPR can be induced
via carrier doping of semiconducting WS,-NDs as depicted schematically in Figure 4.3.1b. This
results in enhanced light—solid interaction and hence light absorption in WS2-NDs as compared to
the case of the WS,-CL. Figure 4.3.1c illustrates the electronic band diagrams of the WS2-NDs
and the p-doped graphene at their interface. The p-type doping effect in CVD graphene is common

because of adsorbed polar molecules such as H2O on graphene in ambient conditions [93, 94, 106].
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Based on the interface band diagram, the holes dissociated from electron— hole pairs are injected
into graphene and the electrons remain trapped in the WS>-NDs before they recombine with holes.
After the transfer, the holes will drift along the graphene channel with high mobility between
source and drain electrodes under a bias voltage (Vsq) with a short transit time Teansit, Which is given
by [91]

LZ

Ttransit —
2 Vsd

(12)

where L is the graphene channel length and p is the carrier mobility. The trapped electrons in the
WS>2-NDs have the exciton lifetime Texciton that is significantly longer than the tyansit due to the
quantum confinement in the WS>-NDs and high carrier mobility of graphene, allowing the holes
to circulate multiple times before they recombine with electrons. Consequently, a high
photoconductive gain (G) defined by

G = Texciton
/Ttransit (13)

can be achieved.
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Figure 4.3.1 (a) Schematic illustration of the photodetector based on WS,-NDs/graphene
vdW heterostructure. (b) A zoom-in view of the WS>-NDs/graphene photodetector with an
illustration of the charge transfer process at the vdW interface. (c) Electron band diagram
of p doped graphene and the WS,-NDs (E+: the Fermi level, CB: conduction band, and VVB:
valence band).

Figure 4.3.2a shows the -V characteristic curve of the WS2-NDs/graphene photodetector in the
dark (black) and in response to illumination (at 550 nm) (green) with a fixed optical power of 100
uW. The illuminated current increases linearly as the bias voltage varies from 0 to 6 V because of
the increase in carrier drift velocity and the decrease in transit time of the carrier between the
electrodes [107]. The linear I-V curve indicates an Ohmic contact between the heterostructure and
electrodes. The difference between the illuminated and dark currents is defined as photocurrent
(Iph = liight — Tdark) Figure 4.3.2b shows the dynamic photocurrent in response to light on and off at
different bias voltages and different illumination powers at 550 nm. The photocurrent decreases
with decreasing both the bias voltage and the power of the incident light, which is attributed to the
decreased of number of photogenerated exciton (electron—hole pairs) as the incident optical power
decreases from 12 to 0.15 uW. Figure 4.3.2c illustrates the dynamic photocurrent in response to
multiple pulses of the 550 nm light illumination, illustrating a fast and stable photoresponse. The
temporal photoresponse of the photodetector is characterized by a typical rise and fall time (trise
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and tran). The trise IS the required time for photocurrent to rise from 10 to 90% of its maximum and
the trai is the time the photocurrent takes to decay from 90 to 10% [108]. For the WS,-
NDs/graphene devices, the trise = 10 ms and tran = 20 ms at Vsg = 5 V is depicted in Figure 4.3.2d
by the magnified part from Figure 4.3.2c, which is slightly faster than MoSz-CL/transfer-free
graphene (20—30 ms) [33] under the same conditions and also faster than MoSa/transferred-
graphene (3.2—1.2 s) [108]. To elucidate the impact of the LSPR effect in the WS>-NDs/graphene
on the performance of the photodetectors, a comparative study of the photoresponse was carried
out on the WS,-NDs/graphene photodetectors with different WS,-ND areal density and WS-

CL/graphene photodetectors. The photodetectors are fabricated and measured under the same

conditions.
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Figure 4.3.2 (a) I-V characteristics measured in the dark and upon 550 nm illumination
at Vsd = 0-6 V. (b) Photoresponse of the device at various bias voltages under various
incident optical power. (c) Dynamic photocurrent measured in response to 550 nm light
ON and OFF for WS,-NDs/graphene photodetector. (d) The enlarged part of (c).

63



Figure 4.3.3a-f illustrates the optical images and Raman maps for the WS, on graphene: with higher
WS>-NDs areal density (a,b), lower WS>-NDs areal density (c,d), and WS,-CL (e,f). The dynamic
photoresponse and photoresponsivity of these three samples are compared in Figure 4.3.3g,h. The
highest measured values for photocurrent and the photoresponsivity (23 pA, 6.4 A/W) were
observed on the WS,-NDs/graphene sample with denser and smaller lateral size (200—400 nm). In
the case of a less dense and larger size WS,-NDs (~500—1200 nm) shown in Figure 4.3.3c,d, the
photocurrent and the photoresponsivity are decreased to 18 pA and 2.5 A/W, respectively. The
lowest measured values for the photocurrent (11 pA) and the photoresponsivity (0.912 A/W) were
found on the photodetector with a continuous layer of WS, on graphene, Figure 4.3.3e,f. The
obtained values demonstrate the dependence of photocurrent and photoresponsivity on the WS;
morphology. The photodetector with smaller and denser WS>-NDs shows a better performance.
The observed photoresponse in this work is because of the photogating effect. In the presence of
the LSPR effect on the WS,-NDs, the enhanced light absorption by the WS>-NDs would result in
higher photogating effect and hence photoresponse. We attributed the superior performance of
WS>-NDs/graphene photodetector to enhanced photogating effect because of the LSPR effect
generated by WS>-NDs. The photoresponsivity (R) is an important figure-of-merit for a

photodetector and is defined as [108], where Pi, is the illumination power.

R = ln (14)

where Pin is the illumination power.
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Figure 4.3.3 (a,c,e) Optical and (b,d,f) Raman mapping images of WS, with smaller and denser
WS>-NDs in WS,-NDs/graphene (orange); larger and more dilute WS,-NDs WS,-NDs/graphene
(purple) samples, and WS,-CL/graphene (blue). (g) The corresponding dynamic photocurrents
measured in response to 550 nm light on and off and (h) photoresponsivity as a function of the
incident light intensity on the three devices.

Figure 4.3.4a,b compare the R values measured on WS,-NDs/graphene and WS,-CL/graphene
devices as a function of incident light intensity. The R values of both devices decrease
monotonically with increasing incident power, while the photocurrent increases with increasing
the power of incident light. The decrease in the R value is ascribed to the decreasing of charge
carrier concentration which result in a lower e—h recombination [33]. At lowest power density of

10 pW/cm?, the WS,-NDs/graphene photodetector has a photoresponsivity of 6.4 A/W, which is

65



seven times higher than the 0.91 A/W on the WS»-CL/graphene counterpart. This illustrates the
impact of the enhanced light absorption in WS>-NDs as compared to the WS»-CL. It should be
noted that the R values on the WS,/graphene vdW heterostructure photodetectors are considerably
higher than that reported for WS> (0.0188 A/W) [97] and for graphene (0.0061 A/W) [100]. Figure
4.3.4c illustrates photocurrent response of both photodetectors to light illumination (A = 550 nm)
at a bias of 5 V. The enhancement of photocurrent is clearly observed. The optimized performance
of the WS>-NDs/graphene photodetector can be attributed to the LSPR of WS>-NDs. The spectral
photoresponsivity of the WS>-NDs/ graphene and WS-CLs/graphene photodetectors are
compared in Figure 4.3.4d. Overall, the photoresponsivity over the entire wavelength range of
400—800 nm is higher in the WS>-NDs/graphene devices as compared to that of the WS-
CLs/graphene. This enhanced photoresponsivity is attributed to the enhanced light absorption by
the LSPR WS,-NDs. It should be noticed that a broad peak of photoresponsivity is present at
~500—550 nm, most probably corresponding to the LSPR wavelength of the WS2-NDs upon
photodoping. The results revealed that the LSPR WS>-NDs can provide promising photosensitizers

for enhanced performance in vdW photodetectors.
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Figure 4.3.4 Photoresponsivity and photocurrent as a function of the incident light intensity of (a)
the WS,-NDs/graphene heterostructure photodetector; and (b) WS,-CLs/graphene photodetector.
(c) The dynamic photoresponse of the WS,-NDs/graphene heterostructure photodetector (red) and
WS,-CLs/graphene photodetector (black) measured in response to 550 nm. (d) Spectral
photoresponsivity of the WS,-NDs /graphene photodetector (red) and WS,-CLs /graphene
photodetector (black).

Figure 4.3.5a displays the reduction of the photocurrent as the light power decreases from 12 to
0.15 uW, measured at a 5 V bias and 550 nm illumination. The photocurrent reduction is due to

the decrease of photo-generated excitons and hence free carriers. The measured external quantum
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efficiency (EQE) of the WS>-NDs/graphene photodetector is illustrated in Figure 4.3.5b. The EQE

can be calculated by [105],

_ (Iph/ e) /
EQE = (Pon /) 12)
where h is Planck’s constant, v is the frequency of incident light, and e is the electron charge. An
EQE of 1800% was observed at the lowest power intensity and it decreases with increase the power

intensity. The detectivity (D*) is another figure of merit of photodetectors and it can be defined as

[91],

1/2
D* =4 =R Av/2/2"? (16)

where A is the active area of the device, NEP is the noise equivalent power, and in? is the noise

current. We assume that the total noise limiting the detectivity is dominated by shot noise from

Idark, hence the D* can be expressed as [105],

D* = R[(——)]"/ (17)

2elgark

where lqark is the dark current. The calculated D* for the WS,-NDs/graphene photodetector was
about 2.8 x 10*° Jones. The EQE and D* were measured at a 5 V bias under light illumination of
550 nm with a light intensity of 3 uW/cm?. It should be mentioned that at this low light power
density of 3 uW/cm?, the WS,-CLs detectors did not show any measurable responses, indicating

the WS>-NDs/graphene photodetectors have larger dynamic range extending to lower light.
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Figure 4.3.5 (a) Dynamic photoresponse of the WS,-NDs/graphene heterostructure

photodetector measured in response to 550 nm light on and off with different incident light

powers; (b) The Detectivity and the EQE as a function of the incident light intensity.

The results have revealed that the TMDC-NDs/graphene photodetectors can improve the

photodetection as compared to the previously reported on photodetectors based only on continuous

2D material sheets as well as on the TMDC-CLs/graphene photodetectors (Table 1).
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Table 1 Comparison of the performance of photodetectors composed of graphene, 2D TMDC layers and their

heterostructures.
Vsp VBG R Trise/ Trall Channel
Device structure A (nm) Length Refs.
Vv V) (AW) (ms) (um)
Graphene 0 60 0.001 - 632.8 1.45 [101]
WS, - 20 0.0188 60/190 532 30 [97]
MoS> 1 50 0.0075 0/50 550 5 [98]
MoS./graphene 0.1 -20 10 280/0 632.8 ~20 [90]
MoSz/graphene 5 0 0.835 20/30 540 250 [33]
MoTez/graphene -2 0 0.02 30/30 532 ~10 [96]
_ [47]
)NSZ t? Ls 5 0 0.91 10/20 550 250
graphene our work
_ [47]
oz NDS 5 0 64 10/20 550 250
graphene our work

4.3.2 Conclusion

In conclusion, we have successfully synthesized WS>-NDs on transfer-free graphene using a layer-
by-layer CVD process. Specifically, the WS,-NDs with a lateral dimension of ~200— 400 nm and
WS2 layer number of 4—7 were obtained by coating a very thin layer of the (NH4)2WS4 precursor
solution followed by annealing at 450 °C under a flow of mixed gases of Ar and H.. In contrast, a
continuous layer of WS, was typically obtained using a thicker precursor solution layer.
Photodetectors of WS,-NDs/graphene and WS,-CL/graphene heterostructures were fabricated and
characterized in the visible spectrum. Interestingly, the lateral confinement of the electrons in WS-
NDs leads to a strong LSPR effect as illustrated in enhanced Raman signatures of graphene by up
to 3.4 in the WS,-NDs/graphene heterostructures, which is similar to that on the metal

nanoparticles/graphene heterostructures. In contrast, no such enhancement was observed on WS-
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CL/graphene. The LSPR effect enhances the photoresponse of the WS,-NDs/graphene
photodetectors considerably as compared to their counterparts based on the WS»-CL/graphene.
Under 550 nm light illumination of power intensity of 3 uW/cm? and bias voltage of 5 V, the WS;-
NDs/ graphene photodetectors exhibited photoresponsivity of 8.05 A/W, an EQE of 1800%, and
a detectivity of 2.8 x 10° Jones. Because the light intensity of 3 pW/cm? is beyond the detection
limit of the WS»>-CL/graphene photodetectors, the performance of the two photodetectors were
compared at a higher intensity of 10 pW/cm? at 550 nm. The WS,-NDs/ graphene photodetectors
exhibited seven-time higher photoresponsivity of 6.4 A/W than the 0.91 A/W of the WS,-CL/
graphene vdW heterostructures photodetectors. This result demonstrates the important role of the
LSPR effect in enhancing the light absorption in WS,-NDs and hence the performance of the WS,-
NDs/graphene photodetectors. Finally, the layer-by-layer transfer-free approach developed for
fabrication of the WS,-NDs/graphene heterostructures is low-cost and scalable for

commercialization of high-performance optoelectronic devices.
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5 Chapter 5: WSz Nano Disk/Graphene on plasmonic Ag Nanoparticles for

Photodetection

5.1 Strategies to enhance light-matter interaction in the 2D materials for optoelectronic
applications
Two-dimensional atomic materials such as graphene and TMDCs have received much attention
due to their superior optical and electronic properties. The combination of graphene and TMDCs
in the so-called TMDC/graphene vdW heterostructure nanohybrids can take advantage of
graphene’s high charge carrier mobility [109] and broadband, low optical absorption (~2.3% for
single-layer graphene) [3] with TMDCs’ strong light absorption tunable by their band gaps [110,
111] providing an excellent scheme for the design of high-performance optoelectronic devices. In
these TMDC/graphene or more generally semiconductor sensitizer/graphene nanohybrids [47, 92,
94, 96, 112-114] light is absorbed by the semiconductor photosensitizer (such as TMDCs),
generating excitons or electron—hole pairs in the sensitizer. The built-in electric field at the
sensitizer/graphene interface assists both exciton dissociation to free charge carriers and charge
transfer from the sensitizer to graphene. The high mobility of the charge carriers in graphene leads
to a very short transit time, twansit, Of the transferred carriers (one type depending on the built-in
field at the sensitizer/graphene interface) between the two electrodes on graphene, while the other
type of charge carriers remains trapped in the sensitizer during the exciton lifetime (Tiifetime). The
exciton lifetime regards the time scale the electron—hole recombination occurs. The holes would
be trapped in the WS,-NDs after the electrons transfer to graphene within the exciton lifetime
before the electron—hole recombination. It should be pointed out that graphene may not be a good

choice as active optical materials since it does not have a band gap. However, graphene can provide
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an excellent transport pathway for photoexcited carriers due to its high mobility. Therefore, a
nanohybrid structure of the graphene and semiconductor material combines the advantage of the
semiconductor sensitizer to absorb the incident light and graphene acts as an efficient channel to
transport the photoexcited carriers. Since photoconductive gain (G) in the sensitizer/graphene
nanohybrids is proportional to the ratio of the Tiifetime to the Twansit, G up to 108—10% in the
semiconductor quantum dot/graphene nanohybrid photodetectors through a combination of the
strong quantum confinement in the QDs and high carrier mobility in graphene has been achieved
[47, 92, 94, 96, 111-113]. Consequently, a significant improvement in photoresponse has been
reported in the QD/graphene and TMDC/graphene nanohybrids [33, 94, 96]. Konstantatos et al.
reported the first PbS QD/graphene nanohybrid photodetector [92]. A high gain of ~108 and a
photoresponsivity of ~10" A/W in the visible spectrum were demonstrated. Comparable
photoconductive gains and high photoresponsivity have also been reported in other nanohybrids
[94, 112, 113]. For example, a ZnO QD/graphene nanohybrid photodetector was reported to
exhibit a high ultraviolet photoresponsivity of >10® A/W due to the high gain exceeding 10° [94,
112]. On the MoS, (few-layer)/transfer-free graphene nanohybrid photodetectors, a high
responsivity of 835 mA/W was reported in the visible spectrum [33]. Kuiri et al. reported a
responsivity of 20 mA/W on an infrared photodetector based on MoTez/graphene heterostructures
nanohybrids [96]. A clean interface is required between the semiconductor sensitizer and graphene
for charge transfer and to establish a native electric field due to the electronic band edge alignment
across the interface. Defects and impurities at the interface, which can occur especially at the vdwW
interface formed through mechanical stacking of the semiconductor sensitizer/graphene
heterostructures, can significantly degrade the photodetector performance resulting in low and

slow photoresponse. Indeed, transfer-free or post annealed TMDC/graphene vdW heterostructure
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nanohybrids have exhibited fast and high photoresponse due to the significant reduction of
interfacial defects [33, 47, 115]. One of the fundamental issues limiting further enhancement of
the performance of the TMDC/graphene and QDs/graphene nanohybrid photodetectors is the
limited light absorption due to the small thickness of the sensitizer (subnm for the monolayer
TMDCs, few nm in the few-layer TMDCs or single-layer QDs). To address this issue, various
approaches have been explored (Figure 5.1.1). One promising approach is implementation of
plasmonic metallic nanostructures for light trapping in the vicinity of the metal surface [116-120]
to enhance light absorption in the semiconductor sensitizer in close proximity. For example, the
photoresponsivity of graphene was enhanced by about 400% by transferring the prefabricated
AUNPs on graphene [118]. In addition, J. Miao et al. demonstrated a 3-fold enhancement of the
photoresponse after AUNPs were deposited onto few-layer MoS; phototransistors [119]. A similar
light-trapping benefit on the sensitivity of Raman spectroscopy was also reported through SERS
via implementation of the plasmonic metal nanostructures on graphene [36, 37] MoS,, [74] and
MoSz/graphene heterostructures [121]. Another approach is to generate LSPR effects directly in
the nanostructured semiconductor sensitizers via carrier doping [122] thereby enhancing their light
absorption. For example, in Fe1—xS, QD/graphene nanohybrid photodetectors, a strong LSPR
effect was induced in the Fe1—xS» QDs via carrier doping, resulting in significantly enhanced light
absorption in plasmonic Fe;—xS, QDs and thereby enhancing responsivity in the Fei—xS»
QDs/graphene photodetectors [123-125]. Similarly, LSPR can be induced in the TMDC NDs in
the TMDC-NDs/graphene nanohybrids. Interestingly, SERS sensitivity considerably higher than
that of the AuNP/graphene SERS substrates was achieved on TMDCNDs/graphene [126]. In the
TMDC-ND/graphene nanohybrid photodetectors, a seven-fold enhancement in the

photoresponsivity was achieved with respect to the counterpart with a TMDC continuous layer
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sensitizer [47]. These results illustrate that coupling plasmons and excitons can provide an
effective scheme to enhance the light absorption of the thin sensitizers in the sensitizer/graphene
nanohybrids using either metallic plasmonic nanostructures or LSPR in the semiconductor
nanostructure sensitizers. A question arises as to whether these two approaches could be combined
to yield further enhanced light absorption and device performance of the TMDC/graphene
nanohybrid photodetectors. Also, microcavity can increase of the optical field inside a resonant

cavity, giving rise to increased absorption in low dimensational materaisls [127].

Photocurrent

T T ? T ' T
840 880 920 960
Wavelength (nm)

Figure 5.1.1 (a) QD/graphene hybrid and (b) TMDCs /graphene vdW) heterostructures
[114]. (c) Scanning photovoltage maps for excitations at 785 nm [120] (d) Spectral

response of graphene device integrated with a Micro-optical-cavity [127].
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5.2 WS:2 Nano Disk/Graphene on plasmonic Ag Nanoparticles for Photodetection

In this work, we explore integration of the two approaches. Specifically, a graphene/WS>-ND
heterostructure was transferred on a AgNP-metafilm consisting of a layer of AgNPs embedded in
a 20 nm thick SiO2 overlayer, [128] aiming to further enhance the optical absorption and hence
the photoresponse of the graphene/WS,-ND/AgNP-metafilm photodetector. A key step is the
development of a new process to obtain the transferrable graphene/WS,-ND heterostructures,
which has resolved the issue of the AgNP-metafilm degradation during the WS2-ND growth
through exposure to sulfur vapor at elevated temperatures. The obtained transferrable graphene/
WS>-NDs heterostructures are intact with comparable optoelectronic performance to their
counterpart obtained through layer-by-layer growth of WS,-NDs on graphene using the CVD. This
process was further developed to transfer the graphene/WS>-NDs on a variety of substrates
including SiO2/Si with prefabricated Au electrodes and the AgNP-metafilm located in the channel
between the electrodes. In the obtained graphene/WS>-ND/AgNP-metafilm nanohybrid
photodetectors, the strong plasmon—exciton coupling is illustrated through broadband
enhancement of light absorption and photoresponsivity in the spectral range of 400—700 nm, with
a maximum 5-fold enhancement in the photoresponsivity at the LSPR frequency (~442 nm) of the
AgNP-metafilm compared with reference devices of the graphene/WS,-NDs without the AgNP

metafilm.

5.2.1 Results and Discussions
Figure 5.2.2 compares the photocurrents measured on the graphene/WS>-ND photodetectors with
(red) and without (black) the AgNP-metafilm under the illumination of 450 nm wavelength

selected to be near the LSPR frequency of the AgNP-metafilm. The light intensity was 0.15
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mW/cm? and the source—drain bias was 0.8 V. Remarkably, the photocurrent is enhanced by about
five times in the graphene/WS>-NDs with the AgNP-metafilm as compared to its counterpart
without the AgNP-metafilm, which can be ascribed to the LSPR effect of the AgNP-metafilm. The
trise and tran are 0.3 and 1.0 s for the graphene/WS2-ND photodetector with the AgNP-metafilm,
while shorter trise and tran of 0.1 and 0.2 s were observed on its counterpart without the AgNP-
metafilm. The longer trise ~ 0.3s and tran ~ 1.0 s together with the asymmetry of the dynamic
response in the graphene/WS,-ND/AgNP-metafilm photodetector could be attributed to
unfavorable residual contamination at the graphene/WS>-ND interface left during the graphene
transfer on the WS,-NDs and the second transfer of the graphene/WS,-NDs on the AgNP-
metafilm. While further investigation is necessary, this argument is consistent with the trend that
shorter response times can be obtained on the similar samples with cleaner interfaces [47, 94, 115].
For example, in the graphene/WS>-ND vdW heterostructure photodetectors with the WS,-NDs
directly grown on graphene, tise ~ 10 ms and trar ~ 20 ms were obtained [47]. On the
graphene/WS>-ND photodetectors with graphene transferred on WS>-NDs, longer response times
of trise ~ 100 ms and tran ~ 200 ms (black curve in Figure 5.2.2) are about an order of magnitude
larger. Since AgNPs degrade under the growth condition for WS,-NDs, an additional transfer of
the graphene/WS,-NDs by dissolving the SiO> layer on the SiO/Si substrate was employed in this
work to transfer the graphene/WS,-ND assembly on the AgNP-metafilm. This additional transfer
can certainly introduce more residues of chemicals to the graphene/WS>-ND nanohybrid interface,
which is most likely responsible for the further increased response times to trise ~ 300 ms and tfa
~ 1000 ms as well as the asymmetry of the dynamic response due to the charge trapping at the
interface (red curve in Figure 5.2.2). This result therefore indicates that further research to improve

the graphene/WS>-ND interface is important and could lead to higher device performance. Figure
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5.2.1 illustrates dynamic responses of the photocurrent of the graphene/WS;-ND/AgNP-metafilm
photodetector at three illumination wavelengths of 650, 550, and 450 nm. It is noticed that the
amplitude of the photocurrent is the highest at the 450 nm illumination, which is anticipated from
the peak at ~450 nm in the spectral photoresponsivity shown in Figure 5.2.2a with the AgNP-
metafilm due to the plasmonic light trapping by the AgNP-metafilm. In addition, the higher
photocurrent amplitude at 650 nm, as compared to that at 550 nm, can also be attributed to the
broad plasmonic peak at ~650 nm in Figure 5.2.2b. At these three wavelengths, the trise and tran are

comparable in the range of 0.3—1 s, respectively.

450 nm
2.2

1.6 650 nm
550 nm
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Figure 5.2.1 Dynamic photocurrent in response to light on/off with three
incident light wavelengths of: 650 nm (red), 550 nm (green), and 450 nm (blue).

h

The photoresponsivity (R) is defined as R = L‘f— , Where Ipn is the photocurrent (I, = Ijjgne —

Laark), @nd Pin is the illumination power. In Figure 5.2.2b, the spectral photoresponsivity of the two

devices is compared in the visible wavelength range from 400 nm to 750 nm. For the



graphene/WS>-NDs/AgNPs-metafilm photodetector (red), the overall photoresponsivity in this
spectrum range exhibits an obvious enhancement as compared to that of the counterpart device
without the AgNPs-metafilm (black). The enhanced photoresponsivity in the graphene/WS,-NDs
/AgNPs-metafilm photodetector can be attributed to the strong LSPR effect that originates from
the AgNPs-metafilm. There are two peaks in the spectral responsivity of this sample. The higher
peak observed in the wavelength range of ~400-475 nm is around the LSPR wavelength (~ 442
nm) of the AgNPs-metafilm can be directly ascribed to the LSPR effect of the AgNPs-metafilm
on the absorption enhancement of the WS>-NDs. This leads to the highest enhancement factor of
~ 5 times as shown in Figure 5.2.2b. This enhancement is anticipated from the LSPR effect of the
AgNPs-metafilm and confirms the LSPR evanescent field generated by the AgNPs-metafilm is
indeed coupled effectively to the graphene/WS>-NDs in the close proximity. In addition, a second
peak of the responsivity at around 650 nm also exhibits a considerable enhancement of ~ 2.7 times.
This could be attributed to the large lateral size distribution of the AgNPs to allow the LSPR benefit
to be extended to longer wavelengths (see more details in the FDTD simulation below) and the
higher external quantum efficiency nearer the band gap of the WS,-NDs. It should be realized that
the band gap Eg for the few-layer WS; is 1.94 eV, which typically is observed as a shoulder in the
absorption spectrum in the range of 640—-700 nm (see Figure 5.2.2a). At longer wavelengths
beyond the band gap cutoff of the WS,-NDs, their light absorption decreases significantly, which
seems consistent with the significantly reduced response at longer wavelengths beyond the cutoff
at around 640—700 nm. Therefore, our results have demonstrated that the AgNP-metafilm can
significantly enhance light absorption and hence broadband photoresponse over wavelengths from
400 to 700 nm through generation of a strong LSPR evanescent field using the AgNP-metafilm

around the WS,-NDs. Note that the SEM in Figure 5.2.2b shows a wide distribution of lateral
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dimensions (20—120 nm) and shapes of the AgNPs. In the simulation, the AgNPs were treated as
semispheres with diameters in the range of 20—120 nm or radius in the range of 10—60 nm to

illustrate their broadband LSPR effect.
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Figure 5.2.2 (a) Photocurrent response of the photodetectors with (red) and without (black) AgNPs-
metafilm at 450 nm and light intensity of 0.15 mW/cm? under 0.8V bias. (b) Photoresponsivity as
a function of wavelength for graphene/WS2-NDs photodetector photodetectors with (red) and

without (black) the AgNPs-metafilm. The source-drain bias voltage was 0.8V for both devices.

Figure 5.2.3a depicts photoresponsivity as a function of the 450 nm illumination power. The
highest photoresponsivities are 11.7 and 3.5 A/W, respectively, at the lowest incident power of 5.5
x 1078 W for the graphene/WS,-ND/AgNP-metafilm and graphene/WS,-ND photodetectors. The
photoresponsivity of both devices decreases monotonically with increasing illumination power,
due to the higher quantum efficiencies from lower e—h pair recombination at lower illumination

powers. However, the graphene/WS,;-ND/AgNP-metafilm device exhibits overall higher
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responsivity in this illumination power range than its counterpart without the AgNP-metafilm. This
can be seen clearly from the enhancement factors, defined as the ratio of the photoresponsivities
of the graphene/WS,-ND photodetectors with and without the AgNP-metafilm (Figure 5.2.3b).
The spectral photocurrent enhancement factor of the two devices, which is derived from the ratio
between the black and red curves in Figure 5.2.2b, is displayed in Figure 5.2.3c. Quantitatively,
the enhancement factor varies between the maximum value of 5 at around 450 nm near the LSPR
peak of the AgNP-metafilm (442 nm) and the minimum value of 1.6 (525 nm) at the valley between
the two peaks in Figure 5.2.2b. The smaller peak of the enhancement factor at around 650 nm may
be explained by the fast fall of light absorption at longer wavelengths beyond the cutoff of WS,
(on the right side of the peak) and the increasing quantum efficiency as the incident illumination
wavelength is approaching the cutoff (from the left side of the peak).

The external quantum efficiency (EQE) and detectivity as a function of wavelength of

graphene/WS>-NDs/AgNPs-metafilm nanohybrid photodetectors are plotted in Figure 5.2.3d. The

EQE is defined as EQE = (pn/ e)/ (P, /hv) ,where h is the Planck constant, v is the frequency of
n

A1/2

incident light, and e is the electron charge. The detectivity (D*) can be defined as D* = i

R Al/z/i,zll/2 where A is the active area of the photodetector, NEP is the noise equivalent power,
and in? is the noise current. With the assumption that the noise limiting the detectivity is dominated
by shot noise from the dark current lqark in graphene channel, the detectivity can be given by
Equation 6. The maximum EQEs and D* of 2390% and 4.3x10%° Jones are found at the wavelength

of 450 nm.

81



5.0 (b) © Experimental data

’5‘10‘ (‘a)\‘\'—\ o —— Linear Fit
g8 S 451
> 6 £
£ S 4.0
‘a4 IS
=3 I}
2 g 3.5+
g 450 nm 3
22 . N ] 3.0
8 e With AgNPs-metafilm =l
= e Without AgNPs-metafilm - 25

l T T T T T T T

5x10°% 107 15x1072x107 5.0x10% 1.0x107 1.5x107 2.0x107

Incident power (W) Incident power (W)

S 3000 6x10
8 (d  ——EQE®%
é 25004 o Detectivity (Jones) | 5x10%0
<
£ o 20007 - 4x10%0 %‘
) o b =
g L 1500 S
5 F3x10"° 3
3 a
g 1000
= L 10
. 0 T T T T T T 500 \ 2X10

400 450 500 550 600 650 700 400 450 500 550 600 650 700

Wavelength (nm) Wavelength (nm)

Figure 5.2.3 (a) photoresponsivity of graphene/WS,-NDs photodetectors with (red) and without
(blue) the AgNPs-metafilm at different intensities of the 450 nm illumination. The source-drain
bias was 0.8 V. (b) Photoresponsivity enhancement as a function of light intensity. (c) Photocurrent
enhancement as a function of wavelength. (d) The measured external quantum efficiency (EQE)

and detectivity D" as a function of the wavelength under Vss = 0.8V.

In Figure 5.2.4, the photoresponsivity of the graphene/WS>-ND/AgNP-metafilm photodetector
was measured under different incident power (5.5 x 107® , 8.5 x 107%, and 1.2 x 10”7 W) and
different bias voltages (0.4, 0.6, and 0.8 V) with 450 nm illumination. The measured
photoresponsivity increases monotonically with the bias voltage at all different illumination

powers and decreases with increasing the illumination power.
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Figure 5.2.4 Photoresponsivity of graphene/WS,—NDs/AgNPs-metafilm
nanohybrid photodetectors at different irradiated power and different bias
voltages, A=450 nm.

To further study the impact of plasmonic effects, FDTD simulations were carried out on AgNPs.
For simplicity, the AgNPs were treated as semispheres with diameters in the range of 20—120 nm
or radius in the range of 10—60 nm considering the wide distribution of lateral dimension (20—120
nm) and shapes of AgNPs revealed in SEM analysis in Figure 2.2.6b. To see how such a feature
plays a key role in the enhancement of photoresponsivity reported in Figure 5.2.2b, we used FDTD
simulation (Lumerical) to study the plasmonic mode profiles and absorption cross sections of
AgNPs with different lateral sizes. The system considered in this paper is schematically shown in
Figure 5.2.5a based on the device structure shown in Figure 2.2.3e. The structure includes a
semispherical AgNP with radius r on a glass substrate. The AgNPs are considered to be embedded

in a silica layer, and on the top, there is a thin layer with a thickness (D) of 6 nm. This layer has
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an effective refractive index of 4.5 and effectively represents the top WS>-NDs and graphene. It
should be realized that the dimension of the WS,-NDs may correlate to their optical properties and
affect the graphene/WS>-ND photodetector’s spectral range and responsivity. A future research on
such an effect of the WS>-ND dimension will be interesting to both understanding the underlying
physics and facilitating the practical applications of the WS,-NDs.

The results of the calculations for the absorption cross section are shown in Figure 5.2.5b. For
small r, e.g., r = 10 nm (solid line), the absorption contains a single peak at about 520 nm. As the
size of the AgNP increases, this peak is red-shifted as another peak is formed at a shorter
wavelength. For r = 60 nm (dashed-dotted line), the spectrum includes two peaks with a main
broad peak at 685 nm and another peak at 465 nm. Therefore, the spectrum seen in Figure 2.2.6a
(graphene/ WS> ND/AgNP-metafilm) is the result of a weighted average of the spectra seen in
Figure 5.2.5b, considering the size distribution of the AgNPs (Figure 2.2.6b). Considering the
results shown in Figure 5.2.5b, we believe that the photoresponsivity presented in Figure 3b is the
result of plasmonic enhancement of optical excitation at two major wavelength ranges [129-132].
The first happens around the band gap of WS>-NDs and can be involved with the interband
excitons. The second occurs at the upper band edge (or excited states above the band gap) of the
WS>-NDs, close to the overall major plasmonic peak of the AgNP-metafilm seen in Figure 2.2.6a
(or that of graphene/WS,- ND/AgNP-metafilm), i.e., at 450 nm. In this wavelength range, one
expects that the plasmon field enhancement promotes excitation of the electron/hole pairs [131,
132]. Considering the wide ranges of AgNP sizes (20—120 nm), as shown in Figure 2.2.6b, the
contributions of the stronger peaks beyond 520 nm in Figure 5.2.5b are most probably suppressed
to some extent by the relatively smaller number of AgNPs with larger sizes. Despite this, since

such peaks are quite broad, their presence can explain the broad spectrum of graphene/WS,-

84



ND/AgNP metafilm in Figure 2.2.6a (purple line), particularly the feature on its longer wavelength
side. On the other hand, such a peak can be associated with the combined contribution of the main
peaks around 520 and the secondary peaks of the larger AgNPs around 450 nm seen in Figure
5.2.6b. This may explain the slope of the shorter wavelength side of the peak seen in Figure 2.2.6a
(purple line). Of course, in terms of the overall wavelength, there are some discrepancies between
the simulation results and those presented in Figure 2.2.6. A main reason for this is the fact that

we approximated the shapes of the AgNPs as semispheres.
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Figure 5.2.5 (a) Diagram of the structure adopted for FDTD simulations of plasmonic response of
the AgNP. The AgNP (semisphere) has the radius of r and embedded on SiO,. The thin layer on the
top with thickness of D=6 nm represents the WS,-ND and graphene. (b) Absorption cross section
of the structure shown in (a) for different radius values of 10,20,40, and 60 nm of the AgNP, r

(legends in nm).
To see this better, in Figure 5.2.6 we show the mode profiles of the structure for r = 60 and 10 nm.
Here, a and b refer to the profiles for r = 60 nm and at 685 and 465 nm, respectively. Figure 5.2.6¢
shows the mode profile for r = 10 nm at 520 nm. Note that in all of these cases we consider the
incident beam is polarized along the x axis (Figure 5.2.5). The results represented in Figure 5.2.6
offer two main observations. The first is the fact that the upper thin layer (D = 6 nm), which
represents the WS,-NDs and graphene, pulls the plasmonic modes of the AgNP-metafilm upward.
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The second observation is the penetration of the plasmonic field into this layer. The combination
of these two suggests that the AgNP-metafilm with 60 nm radius can support the plasmonic
enhancement of the optical excitations of the WS>-NDs at 685 nm, [129] which contributes to the
photoresponsivity rise at 650 nm. Additionally, the plasmon modes of such AgNPs at 465 nm can
also support formation of the peak of the photoresponsivity seen at 450 nm (Figure 5.2.2b). The
photoresponsivity peak at 450 nm is also promoted by the AgNP-metafilm with smaller sizes. In
fact, as shown in Figure 5.2.6¢, for r = 10 nm, the plasmon mode penetration into the WS>-NDs is

expected to be significant.
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Figure 5.2.6 FDTD simulated electromagnetic field mode profiles of a AgNP with r =60 nm (a, b)
and 10 nm (c).

5.2.2 Conclusion

In summary, a graphene/WS,-ND/AgNP-metafilm vdW heterostructure nanohybrid has been
developed in this work to enable a strong exciton—plasmon coupling. This nanohybrid integrates
a nonmetallic plasmonic WS>-ND/graphene vdW heterostructure with a metallic plasmonic
AgNP-metafilm for superposition of the plasmonic-enhanced absorption of visible light. A critical

step in this integration is the development of a process for fabrication of the transferrable
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graphene/WS>-ND nanohybrids that can be transferred on to the AgNP-metafilm. This can prevent
degradation of the LSPR effect of the AgNPmetafilm from the contamination by the sulfur vapor
required for the growth of the WS,-NDs. In the obtained graphene/ WS>-ND/AgNP-metafilm
heterostructures, the controlled spacing of ~20 nm between graphene/WS,-NDs and the AgNP-
metafilm by the SiO> overlayer on the AgNPs allows effective coupling of excitons generated upon
light illumination in the WS>-NDs and the plasmonic evanescent EM field in the vicinity of the
AgNP-metafilm, resulting in a significantly enhanced photoresponsivity. Under the light
illumination of 450 nm of an incident power of 5.5 x 10~® W, high photoresponsivity of 11.7 A/W,
EQE of 2390%, and detectivity D* of 4.3 x 10'° Jones have been obtained at a bias voltage of 0.8
V, which represent a significant improvement over that of the counterpart devices without the
plasmonic AgNP-metafilm. For example, the responsivity of the former is more than five times of
that on the latter, confirming that a significantly enhanced light absorption can be achieved by
integrating the graphene/WS,-NDs and AgNP-metafilm in the graphene/ WS>-ND/AgNP-
metafilm heterostructure nanohybrids. Considering that both WS>-NDs (or in general TMDC-
NDs)/graphene and AgNP-metafilm can be obtained using chemical or physical vapor deposition
in wafer size as illustrated in this work, the developed approach is promising for the practical

photodetectors and other optoelectronic applications.

87



6 Chapter 6: Enhanced H2 sensitivity in ultraviolet-activated Pt nanoparticle/SWCNT

/graphene nanohybrids

6.1 An Overview of Carbon nanostructure-based gas sensor

Carbon nanostructures, especially CNTs and graphene, are promising for gas sensing [133-136]
due to their unique physical properties including high electron mobility and large specific surface
area [137, 138]. This has motivated an intensive effort in designing various three-dimensional (3D)
electrodes based on carbon nanostructures to achieve a large specific sensor area with highly
efficient charge transfer and transport for high sensitivity [134, 139, 140]. Various gas sensors
based on carbon nanostructures have been developed for detecting different gases such as Hz, NO,
and NH3 with promising performance [135, 141, 142].

H2 sensing is an important research topic in gas sensing due to the safety concerns with Hz gas
storage and utilization. Hz concentrations higher than 4% are flammable and explosive [135, 136,
143]. Therefore, developing highly sensitive Hx sensors is indispensable for H»-related
applications. For Hz gas sensing, a strong interaction between the CNTs and Hz gas is necessary
for efficient H, detection. However, un-functionalized CNTs only weakly interact with H> gas
molecules [133]. In order to enhance the interaction with Hz gas molecules at the CNT surface,
integration of metal catalytic NPs such as palladium (Pd) [134, 144, 145] and platinum (Pt) [135,
136] has been exploited to improve the Ha sensitivity. The role of metal NPs is to facilitate Hx
molecules adsorbing via two different mechanisms, namely physisorption and chemisorption
(physical and chemical adsorption) [136]. In the former, hydrogen molecules bound to CNTs by
weak vdW forces. In contrast, in chemisorption, they are bond to the metal NPs by strong covalent

bonds. In the case of Pt-NPs, the adsorbed H> molecules dissociate on the Pt-NPs surface and
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lower the work function to facilitate electron transfer from the Pt-NPs to the CNTSs thus lowering
the resistance of CNTs [146]. For example, D. Jung et al, fabricated semiconducting SWCNTSs
decorated with Pt-NPs and obtained H> responsivity up to ~ 9% at H> concentration of 10%, in
contrast to a negligible Hz response on the counterpart devices without Pt-NPs due to the poor
interaction of H2 molecules with the SWCNT [146].

It should be noted that various molecules, including those in ambient conditions and processing
chemicals, can adsorb readily on the carbon nanostructures of the gas sensors. For example, O
molecules in air adsorb onto SWCNTSs with a binding energy of ~ 0.28 eV, leading to a significant
amount of charge transfer to the SWCNTSs [147]. The O adsorption not only induces electronic
structure change via hole doping, but also affects H> interaction with the carbon surface, resulting
in degraded H. sensitivity and response speed [148-151]. Thermal annealing is commonly used to
remove Oz and other molecular adsorbates from the surface of carbon nanostructures [149-151].
For example, S. Chen et al, used vacuum-annealing by heating graphene up to 150 °C for 2 hours
to get rid of adsorbed molecules on Gr [150]. Photo-induced removal of adsorbed molecules on
graphene or CNTs offers an alternative approach over the thermal annealing since it is convenient

and could be non-destructive [151-153].

6.2 Ultraviolet-activation improved Hz gas sensing using ALD Pt decorated 3D carbon
nanostructures

Here, we explore C-band ultraviolet (UVC) irradiation for non-destructive activation of a 3D

SWCNT film/graphene electrode decorated with Pt-NPs using conformal atomic layer deposition

(Pt-NPs/SWCNTs/graphene) for H> sensing. The focus of this study is to understand the

effectiveness of UVC irradiation on desorbing the adsorbed molecules from the carbon
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nanostructure surface for further enhancement of the H. sensor performance in terms of both
sensitivity and response time. By varying the UVC exposure times in the range of 0-20 minutes,
an interesting trend of improved performance of both responsivity and response speed with UVC
exposure time in the short time range, followed with an opposite trend after the peak performance
at 10 minutes UVC exposure was observed. Remarkably, the enhancement of the H. gas response
up to 4.3 times together with the reduction of the response time by 3.6 times were achieved with
the Pt-NPs/SWCNTSs/ graphene Hz sensor after the UVC irradiation.

The responsivity of the ALD Pt-NPs/SWCNT/graphene Hz gas sensor was measured after
exposing it to UVC radiation for 0, 2, 5, 10, 15, and 20 minutes. The responsivity is defined from

the relative change of resistance using the following equation:

Responsivity (AR/Ry% ) = R

—Ro x100 (18)
Ro

where Ro and R are the resistances of the sensor before and after the exposure to Ha, respectively

[154].

6.2.1 Results and Discussions

Figure 6.2.1a compares the dynamic resistance change normalized to the original resistance
(AR/Ro) of the Pt-NPs/SWCNTs/graphene sensor in response to 10% of H> concentration before
(black) and after (colored) the sensor was exposed to the UVC radiation for different periods up
to 20 minutes. The electric bias voltage across the sensor was maintained at 0.1 V. Interestingly,
both H> sensitivity and response speed were improved dramatically after the UVC irradiation. For
short (up to 10 minutes) exposures to the UVC irradiation, the H» sensitivity increases
monotonically with the UVC exposure time. The H2 gas sensitivity was increased by a maximum

of 430 % after the device was exposed to UVC light for 5 minutes (blue). This sensitivity was
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maintained when extending the UV C exposure time to 10 minutes (green) while the response speed
was further enhanced. This improvement may be attributed to SWCNT surface activation most
likely due to the desorption of residual molecules from the SWCNT surface by the UVC photons.
This increases the effective sensing surface area and therefore the H» response. Longer UV
exposure times of the Pt-NPs/SWCNTs/graphene sensors, however, yield a reduced H. sensitivity.
As we shall discuss later, this may be ascribed to the degradation of the carbon nanostructures by
high-energy UVC photons. Nevertheless, the improved H; sensitivity of the Pt-
NPs/SWCNTSs/graphene device, even after UVC irradiation for 15-20 minutes is still considerably
higher by a factor of 2 as compared to that of the as-synthesized device. Figure 6.2.1b illustrates
the Ha sensitivity as function of the UVC irradiation time (blue) for the Pt-NPs/SWCNTs/graphene
sensors. Overall, the sensitivity was improved after the UVC irradiation.

Besides the sensitivity, the response speed is also affected by the UVC irradiation as shown in
Figure 6.2.1b. In order to quantify this, the response time, defined as the time required to reach
70% of the maximum resistance change, was calculated from the dynamic response shown in
Figure 6.2.1a [155]. Figure 6.2.1b shows the response time of the Pt-NPs/SWCNTSs/graphene sensor
as function of the UVC irradiation time (red). The response time for the as-synthesized Pt-
NPs/SWCNTs/graphene sensor is around 15 minutes. With increasing UVC irradiation time up to
10 minutes, the time constant decreases monotonically to about 4.2 minutes, which represents 3.6
times improvement over that for the as-synthesized counterparts. At longer UVC irradiation times
of 15 and 20 minutes, the time constants of 4.4 and 10.5 minutes, respectively, remain considerably
better than that of the as-synthesized Pt-NPs/SWCNTs/graphene sensors. The trend of the H>
sensitivity and response time as functions of the UVC irradaition time in Figure 6.2.1b raises a

question on the underlying microscopic mechanism associated with the UV C irradiation on carbon
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nanostructures such as SWCNTSs and graphene. It should be noted that the UVC photons carry
high energies. For example, in the UVC spectrum of 280-100 nm wavelengths, the photon energy
is in the range of 4.43-12.4 eV. This means that the UVC light used in this work with wavelengths
of 254 nm and 185 nm can not only induce residual molecules desorption from surface of the
carbon nanostructures, or SWCNTs and graphene specifically [156-160], but also break the
carbon-carbon bonds of ~ 4.9 eV [161] in the carbon nanostructures to activate the carbon
nanostructure surface for improved Ha sensitivity. However, the UV light of 360 nm - 400 nm (in
UVA band) was found to not be effective for activation of the Pt-NPs/SWCNTs/graphene sensors
since the improvement of the sensitivity and response speed is negligible. Considering the photon
energy up to 3.44 eV in this UVA light is adequate for residual molecule desorption while
inadequate to affect the carbon-carbon bonds, the improved Hz sensing performance of the Pt-
NPs/SWCNTs/graphene sensors suggests that the additional surface activation of the SWCNTs

surface by the UVC irradiation is important to the Hz sensing.
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Figure 6.2.1 (a) The normalized dynamic H, response (responsivity (UV/pristine)) of the Pt-
NPs/SWCNTSs/graphene gas sensor as function of UV light exposure at room temperature before
(black) and after UV irradiation for different time of 2, 5, 10, 15, and 20 minutes. (b) The maximum
response (blue) and response time as a function of UV light exposure time.
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The fabricated device was exposed to different concentrations of Hz gas at room temperature to
demonstrate its sensing performance. Figure 6.2.2a shows the dynamic response of Hz gas sensor
to H> at five different concentrations of H> gas. The responsivity of the Pt-NPs/SWCNTs/graphene
sensor increases linearly with the increasing Hz concentration from 1% to 10% as shown in Figure
6.2.2b, which is desirable for high sensitivity H> detection. The decrease in sensitivity with
decreasing H2 concentration is due to the reduction of the number of the H> molecules absorbed
on the Pt-NPs/SWCNTs/graphene sensors [162]. Detecting lower concentrations was restricted by
our instrument. However, the sensitivity to 1% Ha concentration by the Pt-NPs/SWCNTs/graphene

sensors is already lower than the threshold of inflammable Hz concentration of 4% [143].
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Figure 6.2.2 (a-b) Sensitivity of Pt-NPs @ SWCNTs/graphene H; gas sensor as a function of the
H> concentration ranging from 1% to 10%.

Figure 6.2.3a, illustrates the dynamic response of a Pt-NPs/SWCNTs/graphene to 10% of Ha gas.
The responsivity was measured when the device was freshly prepared without UVC irradiation
(black) and after exposed to ambient conditions for 50 days (red). The H> responsivity reduced

slightly after exposure to ambient conditions for about 50 days. This is most probably due to the
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adsorption of air molecules on the active sensor surface. This argument is supported by the
improved performance of the aged device using UVC irradiation. Interestingly, the Hz response of
the device was restored and even improved by the UVC irradiation for 2 (blue) and 5 minutes
(green) as shown in Figure 6.2.3a and b. In fact, the responsivity of the device was improved after
the UVC irradiation for 2 and 5 minutes by 20% and 53%, respectively, as compared to the
responsivity of the device after being stored in ambient environment for 50 days (red). This can be
attributed to the desorption of the air molecules attached during the sensor storage in air for 50

days (minor) and residual molecules attached to the pristine Pt-NPs/SWCNTSs/graphene sensor

(major).
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Figure 6.2.3 (a) Dynamic H, Response of the Pt-NPs/SWCNTs/Gr gas sensor as function of UV
light exposure at room temperature before (black) and after UV irradiation for different time of 2,
5, 10, 15, and 20 minutes.

Figure 6.2.4 provides an experimental confirmation of this hypothesis through a set of Raman
spectra taken on SWCNTs and graphene. In order to delineate the UV irradiation effect on
SWCNTs and Gr, Raman spectra were collected seperately on them as function of UVC irradiation

times. Figure 6.2.4a compares the Raman spectra taken on an SWCNT film after UVC irradiation
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for different periods. Overall, no significant change was observed after the UVC irradiation except
a moderate enhancement of the 2D peak at 2692.5 cm™ with increasing UVC irradiation time up
to 10 minutesFigure 6.2.4b displays Raman spectra of graphene after UVC exposure of different
periods. From the Raman spectra, graphene maintains its high quality after the UV exposure for 2
and 5 minutes (negligible Ip/lg ratio). However, a pronounced increase in D peak intensity was
observed with 10 minutes UVC irradiation which indicates the formation of defects on graphene
with excessive UV irradiation at > 5 minutes. The source of defects may include formation of
amorphous carbon on the graphene lattice and the chemisorption of oxygen atoms onto dangling
carbon bonds on graphene at the sites the carbon-carbon bonds are broken [163]. A monotonic
increase in the amount of defects was observed as the time of UVC exposure is further increased.
The D peak is remarkably increased when graphene was exposed to UVC for 15 and 20 minutes.
A small additional D+G peak at ~ 2935 cm™! can be observed after UVC exposure for 10 minutes
and increases at longer exposure times of the UVC light. The presence of this peak is also ascribed
to the formation of defects on graphene particularly by oxidation [163-166]. Therefore, since there
is a minor adverse effect on the quality of the main sensing material of SWCNT films in our
devices, the degradation of graphene is the major reason responsible for the degradation of the Pt-
NPs/SWCNTs/graphene sensor’s performance at > 10 minutes UV irradiation. This result, on the
other hand, has revealed the critical importance of graphene in the 3D SWCNTs/graphene
electrode for charge carrier transfer and transport. While the degradation of carrier mobility by
UVC irradiation on graphene can be avoided by controlling the UVC irradiation time, this result
also indicates that further improvement of the ALD Pt-NPs/SWCNTs/graphene sensor’
performance could be achived by improving the carrier mobility of the CVD graphene via

eliminating various charge scattering mechanisms.
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In order to quantify the UVC irradiation effect on SWCNTs and graphene, the ratio of the Ip to I
was calculated and the result is depicted in Figure 6.2.4c-d. In short, the Ip/lg ratio of the SWCNTSs
increases slightly from 0.88 before UVC irradiation to 0.92 after 10 minutes of UVC irradiation,
indicative of negligible damage of the SWCNTs by the UVC irrradiation (Figure 6.2.4c). With a
further increase of the UVC exposure time to 15-20 minutes, the Ip/lg ratio experienced an abrupt
increase to 0.12 at 15 and 20 minutes, suggesting increased damage of the UVC on the SWCNTSs.
Nevertheless, the Ip/lg ratios remain fairly low in the range of 0.8-0.12, which means that only a
small number of defects were formed on SWCNTSs due to the UV irradiation. This is in contrast to
the dramatic increase of the Ip/lg ratio (blue) in graphene (Figure 6.2.4d). From 0-5 minutes UVC
irradition, the Ip/lg ratio of Gr is around 0.7. It inceases to 1.1 and 3.3 at 10 and 15 minutes UVC
irradiation, respectively, indicative of considerable defect formation in graphene under the UVC
irradiation. The Ip/lg intensity ratio in graphene increases exponentially to 3.3 at 15 minutes and
decreased to 2 after 20 minutes because the D peak intensity is saturated and the G peak is still
increasing. Concurrently, the Ixp/le ratios (red in Figure 6.2.4d) of graphene decreased
monotonically from 1.8 to 0.1 after UVC irradition for 0 to 20 minutes and the curve could be
fitted approximately by a linear line. This confirms the graphene degradation under the UVC
irradiation of 20 minutes. It should be pointed out that the damage of graphene in the ALD Pt-
NPs/SWCNTs/graphene sensors would be significantly lower since graphene is protected by the
SWCNTSs as shown in Figure 6.2.4b. This seems consistent with the H> sensitivity in exceeding

197% remained after the UV irradiation of 20 minutes shown in Figure 6.2.4b.
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Figure 6.2.4 Raman spectra of (a) SWCNT film and (b) graphene after different UVC irradiation
for different periods of 2, 5, 10, 15 and 20 minutes. (¢) The Ip/lg ratio as function of the UVC
irradiation time on SWCNTSs (d) The l.o/IG (red) and Ip/lg (blue) ratio as function of the UVC
irradiation time on graphene.

Figure 6.2.5a,b illustrate schematically the effect of the UVC irradiation. The residual molecules,
such as O2 and H»O, attach to the surface of SWCNTSs and graphene in ambient conditions with
weak binding energy ~ 0.28 eV typical to physisorption [147]. The desorption of these residual
molecules at the initial stage of the UV C irradiation increases the specific sensor area, resulting in
much enhanced Ha sensitivity as shown in Figure 6.2.1 and Figure 6.2.3. Microscopically, the
UVC-assisted photodesorption of residual molecules may be attributed to photo-activated
plasmons in SWCNTs and possibly in graphene [154]. Plasmon excitation breaks the adsorbed
residual molecule—CNT (or graphene) binding energy and results in residual molecule desorption

97



[57]. It should be noted that O> molecules can also absorb on the Pt-NPs surface and react with H
atoms to form water molecules [133]. The removal of the residual molecules on the surface of
the carbon nanostructures also leads to considerably enhanced response speed in Hz sensing most
likely through reduction of the charge scattering and trapping in carbon nanostructures by the
adsorbed residual molecules [34, 167]. An excessive UVC irradiation beyond the optimal point
of thorough removal of residual molecules may further activate the carbon nanostructures by
breaking the carbon-carbon bonds, and therefore facilitate defect formation and possible oxidation
in SWCNTSs and graphene as shown schematically in Figure 6.2.5c. It should be realized that minor
oxidization of the SWCNTSs could enhance the curvature of SWCNTSs and consequently promote
the weak physisorption of H2 molecules [168], resulting in improved sensor performance. This
argument seems to be consistent with the considerable H, sensing performance of the Pt-
NPs/SWCNTs/graphene sensors after the UVC irradiation, in contrast to a negligible effect by the
UVA irradiation. However, graphene plays a critical role in charge transport in the 3D SWCNTs/
graphene electrode, the defect formation and oxidation under extensive UVC irradiation would
result in decreased charge carrier mobility of graphene due to increased carrier scattering and
charge recombination. Consequently, this will lead to reduced H: sensitivity of the Pt-
NPs/SWCNTs/graphene sensors with the UVC irradiation for > 10 minutes as illustrated in Figure

6.2.5a.
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(a) (b) ()

Figure 6.2.5 Schematic illustration of photo-activated desorption of residual molecules, such as O, and
H20, molecules from the SWCNTSs and graphene with (a) zero (b) less than 10 minutes, and (c) more
than 10 minutes of the UVC irradiation. In the case (c), oxidation of SWCNTs and graphene is
illustrated with defects formation and oxygen (red spheres) binding to SWCNTSs and graphene.

To further understand the mechanism that how UV worked on the CNT film, we took the X-ray
photoelectron spectroscopy (XPS) measurement on two SWCNT/graphene samples of which one
is as prepared and the other is after UV irradiation. Figure 6.2.6 shows the full XPS spectral of
these two samples and C 1s and O 1s peaks were observed on both samples. Figure 6.2.6 b and ¢
are high resolution scan of C 1s peak. A C 1s peak fitting was done using CasaXPS in order to
extract binding information of C and results are also shown Figure 6.2.6 9b and c, respectively. It
should be noted that XPS won’t be able to detect physical adsorbed small molecules such as H.O
and Oz, since high energy X-ray photons will serve the similar function to remove these adsorbed
molecules from CNT surface as UV does. The O 1s peak and C-O, C=0 and O-C=0 bonds
appeared in XPS spectral are speculated from polymer molecules resided on the SWCNT surface

during fabrication. For example, C-O bonds in possibly from Triton-X 100 molecule while C=0
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and O-C=0 are possible originates from MCE membrane used in vacuum filtration, based on their
molecule structure. The result clearly shows that the percentage of all carbon-oxygen bonds are
reduced after UV irradiation, indicating that the surface polymer molecules are partially removed
by UV, which seems in accordance with early reports.[169, 170] The removal of polymers residues
exposes more surfaces to the H> molecule when in detection thus contributes to the enhanced

hydrogen detectivity.
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Figure 6.2.6 (a) XPS spectra taken on SWCNT/graphene samples without (black)
and with (red) UV irradiation treatment. (b) and (c) are C 1s peak high-resolution
scan on the two SWCNT/graphene samples Red dashed lines represent the fitted C1s
peaks, and the C 1s peak

6.2.2 Conclusion
In summary, a new process to activate SWCNT and graphene surface using UVC (185 nm and
254 nm) light irradiation has been developed to enhance the performance of the Pt-

NPs/SWCNTs/graphene H2 gas sensors. By varying the UVC irradiation time in the range of 5-20
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minutes at a fixed UVC power of 4.6 mW/cm?, a monotonic increase of the H, response and
response speed has been observed in the UVC irradiation period up to 10 minutes. The best
responsivity of ~24% to 10% H. concentration was obtained after the Pt-NPs/SWCNTs/graphene
was treated with 10 minutes UVC irradiation. In addition, the best response time of ~4 minutes
was observed after UVC irradiation for 10-15 minutes. Quantitatively, the UVC enhanced H; gas
responsivity and speed are up to 4.3 times and 3.6 times larger, respectively, as compared to that
for the as-synthesized Pt-NPs/SWCNTs/graphene sensors. At longer UVC irradiation times (>10
minutes), graphene has been found to be damaged as confirmed from the increasing defect peak
intensity in the Raman spectra of graphene, which is not surprising since the UVC photons have
enough energy to overcome carbon-carbon binding energy of 4.9 eV. The formation of defects
would reduce the carrier mobility of the graphene and hence H> sensitivity, which, on the other
hand, illustrates the importance of the graphene in the 3D SWCNTs/graphene electrodes to provide
a high-efficiency charge transport channel. In contrast, the defect formation is minimal in
SWCNTSs under the UVC irradiation up to 20 minutes. Considering the negligible enhancement of
the sensor performance by the UVA irradiation, the enhanced performance of the Pt-
NPs/SWCNTs/graphene Hz gas sensors after the UVC irradiation is ascribed to the effective sensor
surface activation of the Pt-NPs/SWCNTs by higher energy UVC photons. This result illustrates
that the approach of the UV C-assisted activation of the SWCNTSs and graphene surfaces provides
a feasible and convenient approach towards high-performance in the Pt-NPs/SWCNTs/graphene

H> gas sensors for practical applications.
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7  Chapter 7: Conclusions and future perspectives

VdW heterostructures and hybrid systems of low dimensional materials are very advantageous to
improve the efficiency of electronic devices. This thesis revealed that the performance of the
devices based on 2D materials can be improved by combining two different materials to form vdwW
heterostructures.

We utilized 2D MoSz/graphene vdW heterostructures decorated with plasmonic AuNPs as a novel
substrate for Surface-enhanced Raman spectroscopy (SERS). The plasmonic AuNPs and the
interlayer interaction between MoS; and graphene layers enhanced the Raman scattering of the
R6G molecule on the surface of this hybrid system of the heterostructure. The plasmonic AuNPs
enhance the evanescent field near the AuNPs (enhance the EM effect) and the 2D MoS./graphene
vdW heterostructures enhance the CM enhancement through interface interaction of different 2D
Materials (MoS./graphene). We demonstrated a SERS sensitivity for R6G probe molecules that is
an order of magnitude improvement over that on the AuNPs/graphene and AuNPs/MoS;
counterparts. The R6G sensitivity of 5x107'° M was obtained using resonant excitation of 532 nm,
which is also one order of magnitude higher than that reported on the AgNPs/MoS; substrate. This
enhancement can be attributed to the enhanced dipole—dipole interaction at the Au/MoS: interface
at large Au thickness as revealed in the DFT simulation. This enhanced interface interaction results
in enhanced electron delocalization and hence enhanced CM contribution to Raman signatures of
R6G molecules.

Additionally, the TMDCs/graphene heterostructure was also employed for photodetection. For
instance, the WSz/graphene heterostructure exhibited a good performance. Still, light absorption

in WS,/graphene vdW heterostructures is limited because of the small thickness of the WS; as the
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photosensitizer. To enhance the light absorption in the WS;, we synthesized plasmonic WS;
nanodisks in lateral dimension of 200—400 nm and layer number of 4—7 using a layer-by-layer,
transfer-free CVD. These small WS, nanodisks allows LSPR to be generated upon light
illumination and thus photo-doping, enabling enhanced light absorption and consequently
photoresponsivity. The WS,-NDs were synthesized WS,-NDs were grown directly on transfer-
free graphene to obtain a clean vdW WS>-NDs/graphene interface to facilitate charge transfer. On
the WS2-NDs/graphene photodetectors, enhanced photoresponsivity of the WS,-NDs/graphene
photodetector was increased by about seven times as compared to the continuous WS; layer on
graphene.

The performance of WS>-NDs/graphene photodetector was improved through the integration of
plasmonic AgNPs for light trapping in the vicinity of the AgNPs to enrich light absorption in the
WS>2-NDs in proximity. Therefore, coupling plasmons and excitons can provide an effective
approach to enhance the light absorption of the thin sensitizer layers using plasmonic metal
nanostructures or LSPR in the semiconductor nanostructure. The LSPR effect of the plasmonic
AgNP lead to a considerably enhanced electromagnetic field (evanescent field) around the WS-
NDs, and hence enhanced light absorption by the WS,-NDs for improved photocurrent and
photoresponsivity. This leads to about 500% enhancement over that of the WS>-NDs/graphene
photodetector without the AgNP. The finite element time-domain simulation of confirmed that the
enhancement can be attributed to the enhancement of exciton (electron—hole pair) excitation and
exciton—plasmon coupling in the graphene/WS>2-NDs/AgNP-metafilm photodetector.

Owing to the extremely high surface-to-volume ratio, high electron mobility, and the sensitivity
of electrical properties to changes in the surroundings, graphene and CNTs are promising

candidates for gas sensors. The electrical conductivity of the device channel changes when
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exposed to the different target gases as a result of the adsorption of gas molecules inducing the
charge transfer between the gas molecules and the carbon nanostructures. It is important to design
a sensor that can accurately detect the inflammable, colorless, and odorless H2 gas. We developed
a novel Hz gas sensor consisting of a SWCNTs/graphene 3D electrode decorated with catalytic Pt-
NPs. Atomic layer deposition (ALD) technique was used to allow conformal deposition of Pt-NPs
on the surface of SWCNTSs/graphene in order to enhance the interaction with Hz gas molecules.
High Ha response of 32% was obtained. The performance of the device was greatly improved after
the UVC irradiation. The Hz gas response enhancement is up to 4.3 times and the reduction of
response time was reduced to 3.6 times as compared to that before UV irradiation. This
enhancement is due to the desorption of air molecules adsorbed on the SWCNTSs and graphene
surfaces when expose to ambient.

Further work is required to optimize the design of optoelectronic devices for higher performance.
The limited light absorption of atomically thin 2D materials needs to be enhanced by employing
different hybrid systems including combining the advantages of various VdW heterostructures

based on 2D materials.
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