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ABSTRACT OF THE THESIS 
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Professor Zhaowei Liu, Co-Chair 
 
 

Two-dimensional transition metal dichalcogenides (TMDs) provide an exciting 

platform to study indirect excitons and excitonic devices due to their high exciton 

binding energy and highly tunable electronic and optical properties. This high binding 

energy allows for indirect excitons in TMDs to exist at temperatures well above room 

temperature opening the door for excitonic devices suitable for real-world application. 

The key to fabricating these multilayer devices is a quick and reliable method for 

determining the thickness or more appropriately the layer number of TMD flakes used 

in the fabrication process. While atomic force microscopy (AFM) is a highly accurate 
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method of layer determination, it can only be carried out after transfer, allocating it to 

a verification not determination role. Previous works have utilized optical microscopy 

color contrast for layer determination, but this method is highly substrate dependent 

and has primarily been investigated on Si/SiO2, a post transfer substrate. This work 

establishes dark field microscopy as a suitable fabrication process-integrated method 

for layer determination in few-layer exfoliated MoSe2 and WSe2 by correlating dark 

field microscope images to AFM and photoluminescence measurements.  
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Chapter 1: Introduction 

Spatially indirect excitons (IXs), also known as interlayer excitons, are spatially 

separated bound electron hole pairs1. The separation between the electron and hole 

layers allows for electrical control of the quasiparticles and allows IXs to achieve long 

lifetimes, orders of magnitude longer than lifetimes of spatially direct excitons (DXs)2.  

 

Figure 1. (a) momentum space energy diagram for IXs in general TMD system and (b) real space 
energy diagram for IXs in general TMD system.  
 

IXs have intrinsic built-in dipole moments. Due to this, their energy can be 

controlled by voltage. The possibility to control IX energy by voltage and the ability of 

IXs to propagate over long distances has led to the realization of a variety of tailored 

voltage-controlled in plane potential landscapes, which are explored in studies of IX 

transport. These landscapes include excitonic ramps3-4, excitonic lattices5-7, excitonic 

narrow channels8-9, excitonic conveyers10, and excitonic split gate devices11.  
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IX devices based on the exciton dipole, that is a novel computational state 

variable, different from established computational state variables such as electron 

charge in electronic devices, have also been explored. Excitonics then forms an 

emerging landscape of devices analogous to electronics, photonics, and plasmonics. 

Potential advantages of excitonic devices include energy-efficient signal processing 

and seamless coupling of optical inputs and outputs12. Experimental proof of principle 

has been demonstrated for excitonic transistors in GaAs systems13-14. 

Indirect excitons exist at temperatures roughly below Eex/kB (Eex the exciton 

binding energy, kB the Boltzmann constant)15 and, due to their low binding energies, 

IXs in GaAs heterostructures exist at low temperatures. Eex is typically ∼ 4 meV in 

GaAs/AlGaAs heterostructures16 and achieves ∼10 meV in GaAs/AlAs 

heterostructures17. The proof of principle for the operation of IX switching devices 

based on voltage-controlled IX propagation was demonstrated up to ~100 K in GaAs 

heterostructures14. IX devices based on controlled IX propagation are also explored 

in GaN/AlGaN heterostructures with high Eex reaching ∼30 meV18. These low 

temperatures of operation limit the real world application of GaAs based excitonics.  

Van der Waals heterostructures composed of atomically thin layers of 

Transition Metal Dichalcogenide (TMD) materials19 allow the realization of excitons 

with high binding energies20-21, in part due to the small IX spatial separation due to 

the atomically thin layer spacing. IXs in TMD heterostructures are characterized by 

binding energies reaching hundreds of meV22-23 making them stable at room 

temperature24. Due to the high IX binding energy, TMD heterostructures can form a 
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material platform for creating excitonic devices operating at high temperatures 

suitable for real-world applications. 

The majority of work on IXs in TMDs to date has been focused on the study of 

simple structures made of two different TMD layers25-33, primarily MoSe2/WSe2 or 

MoS2/WS2 hetero-bilayers. Recent work has investigated IXs in more complex 

multilayer TMD structures such as bilayer WSe234, bilayer MoSe235, and trilayer 

MoSe2/WSe2/MoSe2 structures36. These multilayer structures open the door to 

investigate more exotic phenomena such as IX droplet formation37, and to serve as a 

well-suited platform to study IX attractive dipole forces38.  

The key to fabricating these multilayer devices is a quick and reliable method 

for determining the thickness, or more appropriately the layer number, of TMD flakes 

used in the fabrication process. One highly accurate method of thickness 

determination is atomic force microscopy (AFM), but this requires the TMD flakes to 

be subjected to forces that could potentially damage the flakes, and it also requires 

that the TMD materials are on a non-tacky substrate. In order to be measured they 

must be transferred, which relegates AFM to a layer verification role instead of a 

layer determination role.  

Another non-destructive method that has been employed to determine layer 

thickness in TMD layers is Raman Spectroscopy39. This method has primarily been 

investigated for TMD flakes on Si/SiO2 substrates, for which the thickness of the 

substrate significantly impacts the measurement. This method also requires a 

transfer step and similarly relegates Raman spectroscopy to a layer verification role 

instead of a layer determination role.  
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Optical contrast is a potential method that requires only a standard optical 

microscope and has been explored in few layer graphene on Si/SiO240 and WS2 on 

Si/SiO241. Both of these methods utilize color contrast of the flakes compared to their 

substrate in bright field images. This method shows promise, but is highly substrate 

dependent and again requires the TMD material to be already transferred.  

Dark field optical microscopy provides another avenue to layer determination 

as utilizes greyscale images and for this reason could be more substrate tolerant. 

This method also places emphasis on the edges of materials, the point of focus for 

layer determination.  

 This work will utilize dark field optical contrast measurements of few-layer 

exfoliated TMD flakes on Si/SiO2/PMGI/PMMA transfer ready substrates. This 

provides improved process integration of the layer determination step, allowing for 

quantitative layer determination to occur before any transfer. This will allow for quick 

and accurate selection of few-layer exfoliate TMD flakes in order to expedite the 

fabrication of structures to study indirect excitons and other excitonic devices. In 

order to calibrate the dark field optical measurements, AFM and low-temperature 

photoluminescence measurements are employed.  
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Chapter 2: Methodology 

2.1 Fabrication 

While there are many methods to fabricate TMD heterostructures, namely 

Chemical Vapor Deposition (CVD)42, Molecular Beam Epitaxy (MBE)43, and 

mechanical exfoliation44, the highest quality samples used to study IXs to date have 

all been made with some variation of mechanical exfoliation and a dry transfer 

technique45-46. For this reason, the samples were assembled using a modified 

mechanical exfoliation and dry-transfer method47.  

 

Figure 2. Fabrication process flow for dry-transfer technique. (a) bare Si/SiO2 wafer (b) spin coated 
PMGI/PMMA (c) exfoliated TMD or h-BN flakes exfoliated using low-residue tape and pressed into 
heated PMMA (d) after cooling the tape is removed leaving the flakes on the PMMA surface (e) PMGI 
is undercut to free PMMA layer (f) PMMA layer holding the desired flake is transferred to a washer and 
subsequently transferred to a Si/SiO2/Graphite substrate using a custom micro transfer stage.  
 

Boron Doped Si wafers with 300nm of thermally grown SiO2 were obtained 

and cleaned using IPA, Remover PG, an n-methyl 2-pyrrolidone (NMP) based 

solvent, and dried with N2 gas. For the graphite back gates, the Si/SiO2 wafers were 

subjected to a light plasma ashing step in Ar and O2 gas to clean the surface from 
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and remaining contaminants and to expose hydrogen bonds to improve adhesion 

with the graphite. Separately, graphite flakes were exfoliated from bulk Highly 

Oriented Pyrolytic Graphite (HOPG) onto low-residue tape. Immediately following the 

ashing step, the tape holding the exfoliated graphite flakes was pressed into the 

Si/SiO2 wafers and slowly peeled off. Once a graphite flake is selected the wafer is 

heated to 180°C for 20min to improve adhesion.  

For the TMD and hexagonal-Boron Nitride (h-BN) layers, ~600nm of 

Polymethylgultarimide (PMGI) followed by ~150nm of Polymethyl Methacrylate 

(PMMA) were spun onto the Si/SiO2 wafers. Separately, TMD or h-BN flakes were 

exfoliated from bulk samples onto low-residue tape. The wafer is heated to 130°C to 

soften the PMMA and the tape containing the TMD or h-BN flakes is pressed into the 

PMMA and after allowing it to cool to room temperature, slowly peeled off. Desired 

TMD or h-BN flakes were selected via optical microscopy by a qualitative metric 

determined from previously obtained monolayer flakes based on contrast in both 

bright field and dark field images.  

A circular cut is made through the PMMA layer and AZ 300 MIF Developer is 

added to dissolve the underlying PMGI layer, leaving a disc of free-standing PMMA 

with the desired TMD or h-BN flake in the center. This PMMA disc is floated onto DI 

water and transferred onto a washer coated with PMMA. The washer is attached to a 

three-axis micro-translation stage and lowered onto the desired substrate, heated to 

80°C for transfer. Once the TMD or h-BN flake is deposited onto the substrate, the 

PMMA membrane is lifted off and discarded.  
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2.2 Optical Microscopy 

 The exfoliated graphite, h-BN, and TMD flakes are all imaged with both bright 

field and dark field optical microscopy using a Zeiss Axio Imager Optical Microscope 

with a 100x magnification objective. 

Bright field imaging refers to the common imaging mode of collecting all light 

that passes through the sample into the objective. This allows for the acquisition of 

real color images for color contrast comparisons. Dark field imaging blocks out the 

light from the light source at the center of the optical axis, only allowing high angle 

light to pass through the sample. In this imaging scheme only the light which is 

diffracted, reflected or refracted by the sample to be collected by the objective. 

Because of this, darkfield imaging is well suited for imaging edges and interfaces.   

 

2.3 AFM  

AFM measurements were carried out in a VEECO Scanning Probe 

Microscope using a standard tapping mode procedure48 with a vertical resolution of 

~<1Å and lateral resolution of ~2nm. Tapping mode imaging was chosen to both 

maximize vertical resolution and minimize the risk of damage to the sample. Carbon 

coated Si tips with radius <20nm, cone angle of 40°, spring constant ~325kHz and 

force constant ~40N/m were used for all measurements.  
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2.4 Photoluminescence 

 

Figure 3. Optical setup for photoluminescence measurements. A multi-mode continuous wave HeNe 
laser is used to excite the sample in a cryostat with optically transparent quartz windows. A 
beamsplitter is used to collect the emitted light from the sample into a collection lens and through a 
650nm highpass to remove any reflected laser light before being collected by a spectrometer. 
Measurements were taken at ~1.7K. 
 

Photoluminescence measurements were carried out with the sample in a 

variable temperature 4He cryostat at ~1.7K. Flakes were excited using a continuous 

wave 632nm HeNe laser with excitation power between 50uW-3mW. The emitted 

light was passed through a 650nm highpass filter, below the energy of the laser but 

above the energy of any excitation, to exclude any reflected laser light from collected 

spectra. Spectra were collected using a spectrometer with a resolution of 0.2meV 

and a liquid nitrogen cooled Charge Coupled Device (CCD). The laser was 

defocused for sample defocused imaging and focused to a spot size of ~3um for 

spectral measurements.   
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Chapter 3: Results 

The aim of this work is a facile method to determine layer thickness of TMD 

materials for sample fabrication of excitonic devices. Dark Field Optical Imaging of 

TMD flakes on Si/SiO2/PMGI/PMMA was selected as it’s the first step in the 

fabrication process, allowing for process integrated layer determination before any 

transfers are completed.  

3.1 Optical Imaging 

Exfoliation was carried out and a set of six flakes of MoSe2 and eight flakes of 

WSe2 were chosen for further study with optical microscopy. Both bright field and 

dark field images were captured at 100x magnification.  
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Figure 4. (a) Representative bright field image of MoSe2 flake. Upper left hand corner is ML region. (b) 
the corresponding dark field image. (c) Representative bright field image of WSe2 flake. Entire flake is 
monolayer. (d) the corresponding dark field image. All scale bars are 10µm. All images are taken 
through a 100x objective. Bright field images are taken with a 40s exposure time, dark field images 
were taken at 600s.   
 

The contrast and intensity of the flake edge in the DF images were measured 

for all of these flakes. These measurements will be correlated with AFM and 

photoluminescence measurements to calibrate metrics in optical microscopy images 

to TMD flake layer number. A subset of three MoSe2 flakes and three WSe2 flakes 
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were selected to transfer onto graphite and h-BN to investigate further with AFM and 

photoluminescence measurements. 

Although both bottom layer h-BN transfers were successful, each sample had 

a failed transfer. For the MoSe2 sample a flake did not properly adhere to the bottom 

layer of h-BN and was lost, while for the WSe2 sample a flake was folded and torn 

during transfer. The multiple transfer steps caused cracking and ripping in the flakes 

that were already transferred. This behavior was worse in the MoSe2 sample, as 

seen by the cracking of the triangle flake and the tears and missing pieces from the 

large flake at the bottom of the sample. The WSe2 sample suffered some tears in one 

of its flakes but it had the unintended benefit of revealing a bilayer region that was 

not seen in the optical images in the middle flake.     

 

Figure 5. Optical microscope images showing (a) Bright field image of the MoSe2 sample with areas of 
known layer number indicated with different colors. (b) Dark field image of the MoSe2 sample. Both 
scale bars are 10µm. Both images are taken through a 100x objective. Bright field images are taken 
with a 40s exposure time, dark field images were taken at 600s.   
 

(a) (b) (a) (b) 
 

(a) 
 

(b) 

(a) (b) 
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Figure 6. Optical microscope images showing (a) Bright field image of the WSe2 sample with areas of 
known layer number indicated with different colors. The six layer regions are three layer regions folded 
onto themselves. (b) Dark field image of the WSe2 sample. Both scale bars are 10µm. Both images 
are taken through a 100x objective. Bright field images are taken with a 40s exposure time, dark field 
images were taken at 600s.   
 

3.2 AFM Measurements 

 AFM measurements of the transferred flakes both showed the damage from 

the transfer steps in detail. The bottom h-BN surface exhibits bubbling in both 

samples on the order of tens of nanometers, creating a non-smooth surface for the 

TMD flakes. The TMD flakes show a similar bubbling around the edges. The bottom 

h-BN layer in the MoSe2 sample seems to be more heterogeneous. Cross-sections of 

the AFM images of multiple pixels wide and as long as possible were taken to 

determine the step heights of the flakes. Due to the significant heterogeneity of the 

samples, especially in the MoSe2 sample’s case, multiple cross-sections were 

averaged together to verify layer numbers.  

The cross-sections of the MoSe2 sample revealed monolayer, bilayer, trilayer, 

and four-layer regions with step heights of 1.150nm, 1.917nm, 2.534nm, and 

(a) (b) 
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3.401nm respectively. Similarly The cross-sections of the WSe2 sample revealed 

bilayer, trilayer, four-layer, and five-layer regions with step heights of 2.150nm, 

3.529nm, 4.694nm, and 5.145nm respectively. While the characteristic single layer 

thickness of MoSe2 and WSe2 is ~0.7nm49 The AFM step heights measured here do 

not correspond exactly to integer values of the theoretical layer thickness as is 

common for AFM measurements of few-layer TMDs50. An offset factor to correct for 

this will be explored in Chapter 4.  

 

Figure 7. AFM images of MoSe2 flakes transferred onto Si/SiO2/Graphite/h-BN structure. 
Representative cross-sections shown as white bars. All scale bars are 2µm. (a) monolayer region, 
bilayer region, and bright spot (b) bilayer and trilayer regions (c) Four layer region at the tip of the 
triangle (d) bilayer and thicker regions.  

1.150nm  

1.917nm  

3.401nm  

2.534nm  
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Figure 8. Tapping mode AFM images of WSe2 flakes transferred onto Si/SiO2/Graphite/h-BN structure. 
Representative cross-sections shown as white bars. All scale bars are 2µm. (a) trilayer region, (b) 
four-layer region, (c) four-layer, trilayer, and bilayer regions, (d) four-layer and five-layer regions.   
 
3.3 Photoluminescence Measurements 

 Both defocused, broad-illumination images and photoluminescence spectra 

were captured for both samples. The broad-illumination images reveal weak signal, 

roughly two counts per second across the majority of both of the samples, which is 

expected for few-layer TMDs as their bandgap is indirect in momentum space51. The 

defocused image of the MoSe2 sample shows clear bright spots which potentially 

2.150nm  

4.694nm  

4.145nm  

3.529nm  
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correspond to monolayer regions, as it is well-documented that monolayer emission 

in MoSe2 is as much as 4000x stronger than in few-layer MoSe252. This points again 

to the heterogeneity of the sample. The bright spot labelled 1L BS doesn’t 

correspond to any clear monolayer regions on the sample, but instead lies roughly in 

the same location as a tear through a bilayer region in the sample, which could have 

exposed a small monolayer region. The faint bright region labelled 1L corresponds to 

a 2x3µm monolayer region confirmed with AFM. The bright spot labelled 4L BS 

corresponds to the edge of the triangle flake, where no AFM images were taken. The 

optical DF images in this location potentially reveal a lifted edge or crack. The spot 

labelled 2L corresponds to a bilayer region confirmed with AFM.  

 

3.3.1 MoSe2 Photoluminescence Spectra  
 

The 1 Layer Bright Spot region spectra shows two clear peaks at 1.625eV and 

1.655eV with full width half max (FWHM) values of ~15meV. The lower energy peak 

also includes a low energy shoulder near 1.6eV. The energies of these peaks are in 

good agreement with the charged exciton or trion peak (T) and the ground state 

direct exciton peak (X) of MoSe2 monolayers at cryogenic temperatures45,53. The 

relative intensity of this region is also ~250x the peak measured in the 2L spectra 

adding credence to the argument labelling this bright spot as a monolayer.  

The 1 Layer region spectra interestingly only shows one broad peak (FWHM 

~60meV) centered at a lower energy (1.605eV) than either of the peaks in the bright 

spot region. This could be a result of the tear through the center of the monolayer 

region, strain caused by a large (30nm and 18nm) bubbles present in the region 
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redshifting the trion peak54, or some other unknown effect tied to the heterogeneity of 

the region.   

The 4L Bright Spot region spectra shows many peaks across a wide spectral 

range of 1.52-1.67eV. The two highest energy peaks located at ~1.63eV and 

~1.66eV could be attributed to the T and X peaks discussed earlier, with a blueshift 

of ~5meV. No significant monolayer material is expected in this area, so this could be 

due to some exposed monolayer at the edge of a lift or tear in the triangle flake. The 

relative intensity is 10x lower than the 1L Bright spot. The sharp lower energy peaks 

can potentially be assigned to defect states in the TMD material at the edge of the 

torn/lifted region as they are too low in energy to be assigned to X or T peaks and too 

high in energy to be assigned to indirect transitions in multilayer MoSe2 which would 

be expected at even lower energies. This is explored further in section 3.3.3.  

The 2L region spectra shows no emission higher than 1.6eV and only shows 

lower energy peaks at nearly the same location as the 4L BS spectra. These could 

be tied to the tear through the bilayer region or some unknown effect caused by the 

heterogeneity of the sample. No clearly identifiable peaks are visible in the spectrum 

from this region.  
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Figure 9. (a) Defocused illumination image of MoSe2 sample. Laser spot size covers entire region of 
interest The circle markers are approximately the size of the excitation spot (3µm). (b) Spectra of 
regions labelled in the defocused image. Samples were excited at 632nm with an excitation power of 
3mW at ~1.7K. Defocused image and spectra both taken with 300s exposure times through a 650nm 
highpass filter.  

 

The weak signal from the majority of the sample, large amount of sample 

heterogeneity, and lack of clearly identifiable peaks in three out of four of the spectra 

make it unwise to heavily weight these photoluminescence measurements in the 

assignment of layer numbers to calibrate the dark field optical contrast 

measurements.  

 
3.3.2 WSe2 Photoluminescence Spectra  
  

Although the defocused image of the WSe2 sample again shows relatively 

weak emission across the sample, there are no bright spots, demonstrating the 

homogeneity of the transferred flakes. Each spot on the sample exhibited a high 

energy peak roughly at the same position ~1.7eV and a lower energy peak in the 

region ~1.3eV -1.55eV. A clear trend appears in the photoluminescence spectra: the 

lower energy peak shifts to lower energies monotonically with increasing layer 
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number. The intensity of the lower energy peak also seems to decrease 

monotonically with increasing layer number. 

The 2L region spectra show two sections of peaks, one centered near 1.7eV 

and the other near 1.55eV. A third smaller peak is seen at ~1.4eV. The highest peak 

in the higher section of peaks (1.715eV) and the next lowest peaks (1.7eV, 

1.6925eV) are in good agreement with the ground state neutral exciton (X) and the 

optically dark charged exciton56 or trion (T) dublet peaks seen in photoluminescence 

spectra of monolayer and bilayer WSe2 at cryogenic temperatures45,52,56-57. The 

lowest energy peak of the higher section of peaks could be explained as either a 

phonon sideband or another momentum-dark exciton. The lower section of peaks 

shows a dublet peak at 1.55eV and 1.542eV and a higher shoulder near 1.565eV, 

which could be explained as charged and neutral momentum-indirect excitons 

respectively. The lowest peak at 1.4eV corresponds to trilayer emission and is a 

result of the excitation spot slightly overlapping with a trilayer region confirmed with 

AFM.  

The 3L region spectra again shows the trion peak but the lower energy dublet 

is not visible. Also missing are the neutral exciton peak and the ambiguous peak near 

1.565eV. The lower energy section of peaks shows a trion peak again without a 

visible dublet, along with a higher energy shoulder that can be assigned to a trilayer 

trion peak.  

The 4L region spectra shows a similar monolayer trion peak (1.695eV) along 

with a lower energy trion (1.32eV) and neutral exciton (1.33eV) peaks. The relative 
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intensity of all peaks also decreased by a factor of 2 compared to the bilayer and 

trilayer regions.  

Continuing the trend the 5L region spectra shows a high energy peak 

corresponding to the monolayer trion (1.705eV) and a low energy peak 

corresponding to the five-layer trion (1.305eV). A five-layer neutral exciton peak is not 

visible, potentially because of the continued reduction of signal again by a factor of 2 

compared to the four-layer region. 

  

Figure 10. (a) Defocused illumination image of WSe2 sample. Laser spot size covers entire region of 
interest The circle markers are approximately the size of the excitation spot (3µm). (b) Spectra of 
regions labelled in the defocused image. Samples were excited at 632nm with an excitation power of 
3mW at ~1.7K. Defocused image and spectra both taken with 300s exposure times through a 650nm 
highpass filter. 
 
 

The monotonically decreasing trend in the lower energy peaks provides an 

unambiguous metric for layer number, and when combined with AFM measurements 

creates a clear method for differentiating the layer number of WSe2 flakes. Spectral 

lines from TMD samples are prone to variation on the order of 10meV, but as each 

redshift of the low energy peaks up to five-layers is greater than 10meV, the risk of 

misidentifying the layer number by peak position is low.  
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3.3.3 Photoluminescence Power Dependence and Crack/Edge Impact   
 

 

Figure 11. Power dependence of (a) MoSe2 1L bright spot and (b) 4L bright spot. Samples were 
excited at 632nm with an excitation powers from 3mW to 100µW at ~1.7K. Spectra taken with 300s 
exposure times through a 650nm highpass filter. 
 

The excitation power dependence of the bright spots on the MoSe2 sample 

were investigated to gain insight on the nature of the peaks. The relative intensity of 

the peaks decreased roughly by the same factor as the excitation power for the 1L 

bright spot, but in the 4L bright spot only the highest energy peak decreased by the 

same factor as the excitation power. A set of dublet peaks emerged in the monolayer 

trion peak in the 1L region at 500uW and became even more pronounced at 100uW. 

While the peak position and FWHM didn’t change by any appreciable amount in any 

of the peaks in the 1L bright spot region or in the highest peak in the 4L bright spot 

region, all the lower energy peaks in the 4L bright spot sample began to blueshift and 

narrow significantly. This anomalous narrowing potentially points towards assigning 

these peaks to defect states associated with edges, tears, or unintentional doping of 

the flake.   

In an effort to better understand the high energy peak, spectra were measured 

at a region near edges/cracks and a region far from edges/cracks in the middle of a 
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flake. The four-layer flake was chosen as it had both large pristine regions far from 

edges and cracks and cracked regions near edges. While the relative intensity of the 

peaks remains roughly constant, a blueshift of  ~15meV occurs at the region near 

cracks/edges. This shift is three times greater than the largest deviation from the 

neutral exciton peak position for any other flake on this sample, which along with the 

fact that both these spectra were collected from the same flake supports the idea that 

this isn’t merely variation in peak position from flake to flake. 

  

Figure 12. High energy peak shift when comparing region with a crack near an edge to two regions at 
the center of the flake far from edges or cracks. (a) AFM image of flake with edge excitation region 
shown, both body excitation regions are to the upper left of the image outside of the AFM field of view. 
Samples were excited at 632nm with an excitation power of 3mW at ~1.7K. Spectra taken with 300s 
exposure times through a 650nm highpass filter.   
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Chapter 4: Discussion 

The ultimate goal of this work, utilizing only dark field microscope images to 

determine the layer number of MoSe2 and WSe2 flakes, requires a correlation of the 

dark field images to AFM and photoluminescence measurements.  

Two different related values, the dark field intensity and the dark field contrast 

were measured. Cross sections were taken of flake edges and the greyscale pixel 

intensities were measured along the cross section and averaged across many cross 

sections over multiple edges of the flake (when possible). The dark field intensity is 

defined as the maximum peak value of the edge minus the background, while the 

dark field contrast is defined as the maximum peak value of the edge divided by the 

background.  

The AFM step heights were subjected to a correction factor in the form of an 

offset and normalized to layer number by dividing by the thickness of a single layer. 

This provides a reasonable fit of the AFM data to integer values of layer number. 

There is a potential for a more accurate fit, such as using an offset that scales with 

the layer number, but this was avoided in this work as the sample sizes are small and 

due to this are at risk to “over-fitting” to reach ideal values.   

4.1 MoSe2 Calibration 

 The AFM step heights were fit using an offset of 0.45nm and a single layer 

thickness of 0.7nm. Both the dark field contrast and the dark field intensity increase 

roughly linearly with layer number. The dark field contrast seems to provide a more 

easily differentiable metric for layer number. One explanation for this that the flakes 
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of interest are rarely the only objects in the field of view of the microscope image, and 

in some cases nearby flakes or even large flakes far away scatter enough light to 

pollute the background of the image, which the dark field contrast corrects for more 

accurately.  

 

Figure 13. (a) Layer number (AFM step height - offset)/(monolayer thickness) of flakes on MoSe2 
sample versus the Dark field contrast: (I-I0)/I0 and (b) dark field peak intensity. I: dark field image peak 
intensity, I0: dark field image background intensity. Dark field intensity values were measured on 
images captured using a 100x objective and factory default microscope settings with a 600s exposure 
time. 
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4.2 WSe2 Calibration 

The clear trend of the lower energy peaks redshifting with increasing layer 

number can be used in addition to AFM as another indicator of layer number. The 

AFM step heights were fit using an offset of 0.9nm and a single layer thickness of 

0.65nm.  

 

Figure 14. Peak energy by layer number (AFM step height - offset)/(monolayer thickness) for the 
WSe2 sample. The low energy peak position shifts monotonically with increasing layer number. The 
set of three points around 3 layers are from three different flakes, demonstrating the moderate level of 
variation in AFM step heights in comparison to the minimal variation in peak location.  
 
 One can also compare the trion peak position of our sample to other 

experimental results. The most significant variation appears in the monolayer trion 

energy, varying over 50meV. Our work shows very close agreement with previous 

experimental results for monolayer and bilayer WSe259-61, and is also in agreement 

with previous work on trilayer and four-layer flakes62. The main deviation occurs with 
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the sole CVD grown flake shown for comparison63, which can be expected for CVD 

grown flakes as they generally have higher defect densities than exfoliated samples.   

 

 

Figure 15. Comparison to measured peak positions by layer number in the literature is in good 
agreement with this work. As no pristine monolayer region exists on this sample, the 1L peak from this 
work is the average energy of the high energy peak at each location on the sample. 
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Similarly to the MoSe2 sample, both the dark field contrast and the dark field 

intensity increase roughly linearly with layer number. Again the dark field contrast 

seems to provide a more easily differentiable metric for layer number, although less 

clearly. No bilayer regions were measured using dark field imaging as the bilayer 

region measured by AFM and photoluminescence measurements only appeared as a 

result of damage to the flake during the transfer process.   

 

Figure 16. (a) Layer number (AFM step height - offset)/(monolayer thickness) of flakes on WSe2 
sample versus the Dark field contrast: (I-I0)/I0 and (b) dark field peak intensity. I: dark field image peak 
intensity, I0: dark field image background intensity. Dark field intensity values were measured on 
images captured using a 100x objective and factory default microscope settings with a 600s exposure 
time. 
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Chapter 5: Summary and Recommendations for Further 

Work 

This work has established dark field microscopy as a suitable fabrication 

process-integrated method for layer determination in few-layer exfoliated MoSe2 and 

WSe2. TMD flakes were exfoliated onto substrates that would be used for transfer 

and imaged. After transfer, they were investigated using AFM and 

photoluminescence to accurately determine the layer number of the flake. The 

heterogeneity of the MoSe2 sample limited the efficacy of photoluminescence 

measurements, while the photoluminescence measurements of the WSe2 were used 

to bolster the AFM measurements. Power dependence of various regions on both 

samples were investigated along with the impact that edges/cracks might have on the 

spectra.  

The contrast and intensity of flake edges in dark field microscope images were 

correlated to AFM and photoluminescence measurements. Not only does this allow 

for more accurate layer determination, it also provides a growing framework that 

additional data points can be added to as more flakes are exfoliated and devices are 

fabricated to passively improve the fit.   

Investigation into the impact of PMGI/PMMA thickness, spectra captured at 

the edge of a flake vs. the center, and expansion to other TMD materials such as 

MoS2, WS2 that provide an interesting platform to study indirect excitons are all next 

step expansions of this work.   
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This facile layer determination method can also be used to facilitate the 

fabrication of more complex structures to probe dipolar interaction between 

separated indirect excitons in double hetero-bilayer device or to investigate indirect 

excitons in trilayer MoSe2 and WSe2 and beyond.  
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Appendix 1: MATLAB Script for Dark Field Image 

Processing 

%% ML DF Intensity 
% Jeff Patz 
% June 2021 
%% MoSe Initialize  
  
MoSe = {rgb2gray(imread('Mo_ZW1_ML.jpg')),... 
    rgb2gray(imread('Mo_ZW2_ML.jpg')),... 
    rgb2gray(imread('Mo_JP1_4.jpg')),... 
    rgb2gray(imread('Mo_JP2_Multi.jpg')),... 
    rgb2gray(imread('Mo_JP3_ML.jpg')),... 
    rgb2gray(imread('Mo_JP4_ML.jpg'))}; 
 
%% MoSe Individual thetas, locations, and slices  
Mo_DF_Contrast = []; 
Mo_Contrast_err = []; 
Mo_DF_Intensity = []; 
Mo_Intensity_err = []; 
MoSe_th = []; 
temp = []; 
  
th_1 = [55,43,28,-20]; 
  
loc_1 = [750,1750,750,1750;... 
    750,1750,750,1750;... 
    650,1650,750,1750;... 
    750,1750,750,1750]; 
  
sl_1 = [550,650,400,500;... 
    450,550,750,800;... 
    600,700,650,750;... 
    560,630,590,630;]; 
  
th_2 = [70,70,-63]; 
  
loc_2 = [750,1750,500,1500;... 
    750,1750,500,1500;... 
    550,1550,700,1700]; 
  
sl_2 = [400,500,350,450;... 
    440,540,540,640;... 
    500,600,515,615]; 
  
th_3 = [22,-50]; 
  
loc_3 = [750,1750,750,1750;... 
    750,1750,750,1750]; 
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sl_3 = [580,680,450,550;... 
    500,600,275,375]; 
  
th_4 = [10,30,40,-30,-30]; 
  
loc_4 = [500,1500,650,1650;... 
    750,1750,750,1750;... 
    750,1750,750,1750;... 
    750,1750,750,1750;... 
    750,1750,750,1750]; 
  
sl_4 = [290,390,465,490;... 
    280,380,570,620;... 
    800,900,575,645;... 
    600,700,400,500;... 
    600,700,560,620]; 
  
th_5 = [-30,-65]; 
  
loc_5 = [500,1500,750,1750;... 
    800,1800,550,1550]; 
  
sl_5 = [750,850,450,500;... 
    375,475,480,520]; 
  
th_6 = [-13,42,-75]; 
  
loc_6 = [550,1550,300,1300;... 
    1050,2050,650,1650;... 
    350,1350,200,1200]; 
  
sl_6 = [610,710,430,480;... 
    480,580,440,490;... 
    475,575,480,550]; 
%% 
  
th = {th_1 th_2 th_3 th_4 th_5 th_6}; 
loc = {loc_1 loc_2 loc_3 loc_4 loc_5 loc_6}; 
sl = {sl_1 sl_2 sl_3 sl_4 sl_5 sl_6}; 
  
  
for j = 1:length(th) 
figure() 
Mo_pk = []; 
Mo_pk_avg = []; 
Mo_pk_SEM = []; 
Mo_ctr = []; 
Mo_ctr_avg = []; 
Mo_ctr_SEM = []; 
Mo_bg_all = {}; 
Mo_pk_all = {}; 
Mo_ctr_all = {}; 
for i = 1:length(th{j}) 
    % Rotate image 
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    temp = imrotate(MoSe{j},th{j}(i)); 
    MoSe_th(:,:,i) = temp(loc{j}(i,1):loc{j}(i,2),loc{j}(i,3):loc{j}(i,4)); 
     
    % Plot rotated image 
    subplot(2,length(th{j}),i) 
    imagesc(MoSe_th(:,:,i)) 
    line([sl{j}(i,3) , sl{j}(i,3)],[sl{j}(i,1),sl{j}(i,2)],'Color','red'); 
    line([sl{j}(i,4) , sl{j}(i,4)],[sl{j}(i,1),sl{j}(i,2)],'Color','red'); 
     
    % Calculate background    
    Mo_bg_all{i} = 
mean([mean(MoSe_th(sl{j}(i,1):sl{j}(i,1)+10,sl{j}(i,3):sl{j}(i,4),i)) ; 
mean(MoSe_th(sl{j}(i,2)-10:sl{j}(i,2),sl{j}(i,3):sl{j}(i,4),i))]); 
     
    % Plot slice 
    subplot(2,length(th{j}),i+length(th{j})) 
    plot(MoSe_th(sl{j}(i,1):sl{j}(i,2),sl{j}(i,3):sl{j}(i,4),i)-
Mo_bg_all{i}) 
  
     
    % Caclulate peak, contrast, and add to plot 
    Mo_pk_all{i} = 
double(max(MoSe_th(sl{j}(i,1):sl{j}(i,2),sl{j}(i,3):sl{j}(i,4),i)-
Mo_bg_all{i})); 
    Mo_pk_avg(i) = mean(Mo_pk_all{i}); 
    Mo_pk_SEM(i) = std(Mo_pk_all{i})/sqrt(length(Mo_pk_all{i})); 
     
    Mo_ctr_all{i} = (Mo_pk_all{i}+Mo_bg_all{i})./Mo_bg_all{i}; 
    Mo_ctr_avg(i) = mean(Mo_ctr_all{i}); 
    Mo_ctr_SEM(i) = std(Mo_ctr_all{i})/sqrt(length(Mo_ctr_all{i})); 
     
    ylim([-5 Mo_pk_avg(i)*1.25]) 
    text(5,(Mo_pk_avg(i)*1.25)-
(Mo_pk_avg(i)*.125),['Contrast',newline,sprintf('%.3f %c %.3f',Mo_ctr_avg(i
),177,Mo_ctr_SEM(i))] ); 
    text(45,(Mo_pk_avg(i)*1.25)-
(Mo_pk_avg(i)*.125),['Peak',newline,sprintf('%.3f %c %.3f',Mo_pk_avg(i),177
,Mo_pk_SEM(i))]); 
end 
Mo_DF_Intensity = [Mo_DF_Intensity Mo_pk_avg]; 
Mo_Intensity_err = [Mo_Intensity_err Mo_pk_SEM]; 
  
Mo_DF_Contrast = [Mo_DF_Contrast Mo_ctr_avg]; 
Mo_Contrast_err = [Mo_Contrast_err Mo_ctr_SEM]; 
end 
 
%% Functions 
function [SEM] = StErMean(data) 
    SEM = mean(data)./sqrt(length(data)); 
end 
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Appendix 2: MATLAB Script for Spectra Processing 

  
% Taken from upper and lower bounds when files opened in WinSpec 
lambda_list = [720 702.18 737.77;... 
    750 732.41 767.53;... 
    790 772.73 807.19;... 
    820 802.98 836.93;... 
    850 835 865;... 
    880 863 896;... 
    910 893.81 926.06;... 
    940 924.1 955.76;... 
    970 954.41 985.43;... 
    1000 985 1015]; 
  
% Spectral y integration values (width of emission spot) 
spec_yint = 240:300; 
  
% Pixel values of slit open to 7mm (June 2021) THIS VALUE CHANGES  
slit = 915:1094; 
 
burnin = {}; 
  
filenames={'HeNe_1.6K_3000uW_Spot1_720nm_300s_650LP.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_750nm_300s_650LP_2.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_790nm_300s_650LP_6_24.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_820nm_300s_650LP_6_24.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_850nm_300s_650LP_6_24.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_880nm_300s_650LP_6_24.SPE' ... 
    'HeNe_1.6K_3000uW_Spot1_910nm_300s_650LP_6_24_2.SPE'}; 
     
    lambdas = [720 750 790 820 850 880 910]; 
    exp_lambda = zeros(length(lambdas),2); 
    for i = 1:length(lambdas) 
        loc = find(lambda_list == lambdas(i)); 
        exp_lambda(i,1:2) = lambda_list(loc,2:3); 
    end 
    %exp_lambda_range = []; 
    %exp_lambda_range(1:length(exp_lambda)) = diff(exp_lambda,1,2); 
    exp_ev = 1239.84193./exp_lambda; 
  
    Spot1_int = {[],[],[]}; 
    Spot1_xvals = {[],[],[]}; 
  
%Read all images 
raw_images_d = zeros(512,2048,'int16'); 
  
for i = 1:length(filenames) 
    [image_i,info_i] = readSPE(filenames{i}); 
    %raw_images(:,:,i) = image_i; 
    raw_images_d(:,:,i) = double(image_i); 
    bgs(i) = mean(mean(raw_images_d(1:50,1:50,i))); 
    burnin{i} = ((mean(raw_images_d(1:50,slit,i))) - bgs(i)); 
end 
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% Rotate Images and background subtraction 
    % th was found using the full image, need a better way of doing this  
    th = atand((373-323)/(9009-5553)); 
     
        flat_images = []; 
        raw_gradients = []; 
     
    for i = 1:length(filenames) 
        flat_images(:,:,i) = imrotate(raw_images_d(:,:,i),th) - bgs(i); 
        flat_images(:,slit,i) = flat_images(:,slit,i) - burnin{i}; 
        temp = flat_images(:,:,i);  
        temp(temp<0) = 0; 
        flat_images(:,:,i) = temp; 
        raw_gradients(:,:,i) = imgradient(flat_images(:,:,i)); 
    end 
  
% Remove Cosmic Rays 
  
    for i = 1:length(filenames) 
        temp = flat_images(:,:,i); 
        temp_grad = raw_gradients(:,:,i); 
        %temp(temp_grad(240:290,:) > 50.*mean(mean(temp_grad(240:290,:)))) 
= mean(mean(temp_grad(240:290,:))); 
        temp(temp_grad(:,:) > 15.*mean(mean(temp_grad(spec_yint,:)))) = 
mean(mean(temp(spec_yint,:))); 
        flat_images(:,:,i) = temp; 
    end 
     
% Integrate and Plot 
    chop = 20; 
    overlap = ones(1,length(filenames)).*250;  
     
figure() 
    title('Spot 1 Emission','FontSize',24) 
    xlabel('Energy (eV)','FontSize',24) 
    ylabel('Counts') 
    for j = 1:ceil(length(filenames)/length(lambdas)) 
    for i = 1:length(lambdas) 
        if i == 1 
        integrated(i,:) = sum(flat_images(spec_yint,:,i+((j-
1)*length(lambdas)))); 
        else  
        %overlap_interp = linspace(1,0,overlap(i-1)+1); 
        integrated(i,:) = sum(flat_images(spec_yint,:,i+((j-
1)*length(lambdas)))); 
        %integrated(i,chop:chop+overlap(i-1)) = ((1-
overlap_interp).*integrated(i-1,end-chop-overlap(i-1):end-chop) + 
(overlap_interp).*integrated(i,chop:chop+overlap(i-1))).*1.05; 
        end 
    %end-chop-overlap(i-1):end-chop 
        hold on 
        lambda_temp = 
linspace(exp_lambda(i,1),exp_lambda(i,2),length(integrated(i,:))); 
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        ev_temp = 
linspace(exp_ev(i,1),exp_ev(i,2),length(integrated(i,:))); 
         
        plot(ev_temp(chop:end-chop),integrated(i,chop:end-
chop),'Color',colors(j,1:3)) 
        if i < 5 
        Spot1_int{j} = [Spot1_int{j} integrated(i,chop:end-chop)]; 
        Spot1_xvals{j} = [Spot1_xvals{j} ev_temp(chop:end-chop)]; 
        else 
            Spot1_int{j} = [Spot1_int{j} integrated(i,chop:end-chop)-50]; 
            Spot1_xvals{j} = [Spot1_xvals{j} ev_temp(chop:end-chop)]; 
        end 
    end %Integrating and Plotting 
    end 
    %xline(1.68686); 
    %xline(1.50284); 
    hold off             
 




