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ABSTRACT

Engineering Low-Dimensional Layered Structures

Teodor K. Stanev

The highly flexible nature of 2D materials has led to them becoming fundamental building
blocks for achieving novel device physics and potential breakthroughs in practical tech-
nologies. 2D layers can be interfaced in a wide array of methods with themselves, other
2D layered materials, or materials of entirely different type or dimension. As such, layered
materials present themselves as good components for building towards goals greater than
the sum of the parts.

In this Thesis, I will first present on a number of projects that utilize 2D materials in
different configurations to achieve significant steps forward in 2D device fabrication. Of
main focus, layered hexagonal boron nitride is utilized for its quality preserving proper-
ties. The first application was to greatly improve contact performance of an electronic
2D-2D heterojunction, allowing for more sensitive electrical characterization of the het-
erojunction. Secondly, hexagonal boron nitride was utilized as a protective layers around
an MX, monolayer to achieve state of the art direct patterning without damaging the

MX, layer and compromising its desired optoelectronic properties.



In the second half of this Thesis, focus will shift from 2D-2D layered combinations
to 2D-0D mixed dimensional structures where monolayers are interfaced with the organic
molecules of phthalocyanines and pentacene. Here monolayers serve as substrates upon
which organic molecules can be deposited, and interfacial states that arise are studied as
well as how these materials template upon deposition.

In the third and final main section, the topic will be of protection of volatile layered
materials that rapidly decay in atmosphere. My contribution will mainly be focused on
how these protected layers were measured for their magnetic properties using Magneto
Opical Kerr Effect and its realization. The effects of different methods of protection on
the magnetic character are also studied.

Finally, an extensive Appendix will highlight my work in developing the techniques
for layer engineering as well as highlight several projects not part of the main Thesis that
were enabled by my methods, including an all new in-situ TEM electrical measurement

of suspended 2D materials.
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molecule, MoS, crystal structure, and their combined heterostructure |

as measured under white-light illumination. (b.-f) Absorption spectra |

of MPc (NiPc, ZnPc, CoPc, CuPc, and H,Pc, respectively) on MoS, |

CVD monolayers. The As1" peak shows an evident metal-identity |

dependence including the case of metal-free for HoPc. Adapted with |

permission from [2]. Copyright 2019 American Chemical Society | 163

(a.) CuPc + MoS, heterojunction absorption, shown again for |

convenience of comparison. (b.) The difference of CuPc + MoSs |

spectra and MoSs-only spectra from (a.) shown in dashed purple. |

Features similar to those of the CuPc can be seen in the difference |

spectra between 600 to 700 nm with a shoulder manitesting on AT |

The AT 1s a novel dynamic from the junction. Similar results were |

found for all other MPc + MoS; combinations and difference spectra. |

(c.) The charge transfer picture that creates the feature AcT, via a |
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| T o T T TONO of The NP Tect] e CBM l

| of the MoS,. Adapted with permission from [2]. Copyright 2019 |

| American Chemical Society.| 164

6.5 surface Enhanced Raman Spectroscopy ot the MPc + MoSs |

| heterojunction for varied metal identity, layer number, and laser |

| excitation. (a.) Metal-identity dependent enhancement of the Raman |

| modes on MoS, at 633 nm excitation, showing an enhancement |

| decrease with increasing M atomic number. (Inset) Laser excitation |

| dependence on the enhancement: wavelength-dependent enhancement |

| shows an increase as the wavelength shifts from non-absorbing (473 |

| nm) to on-resonance with the MPc Q-band m — 7* absorption |

| and the MoS, exciton absorption (633 nm). (b.) Layer dependent |

| enhancement (532 nm excitation source) of CuPc on MoSs of |

| N-layers. Mono to trilayer show a decreasing enhancement tactor with |

| increasing layer number, but bulk MoS; quenches the MPc Raman |

| modes. Adapted with permission from [2]. Copyright 2019 American |

| Chemical Society.| 166

6.6 Layer dependent behavior of MPc/MoSs heterojunction. (a.) CuPc |

| on MoS, layer dependence with three different excitation lasers. In all |

| three cases, the increasing layer number diminishes the enhancement |

| factor of the junction. Bulk quenches Raman outright. (b.) Optical |

| 1mmage of a flake of MoSs with several different layer numbers betfore |

| CuPc was deposited. (c.) 2D Map of Raman intensity, the monolayer |
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shows the strongest enhancement, then bilayer to trilayer and bulk |

acting like a quencher. This map highlights that this behavior is |

largely uniform across the heterojunction and not caused by clumping |

or location specific interactions. Adapted with permission from [2]. |

Copyright 2019 American Chemical Society.| 168

(a.) Temperature dependent behavior of MoSs, the emergence of the |

defect state can be clearly seen starting at approximately 150 to 170 |

K. (b.) Simple representation of defects and exictons in the bangap, |

and the role the Fermi level can play in defect recombination. (c.) |

Low temperature PLL of MoS, with emission peaks labeled. X 4 is the |

MoS, A-exciton, and Xg and Xp are two defect states.| 172

(a) Simple representation of MPc (M = Co, Cu, Zn, Hy) on MoS, |

layer. (b) Optical image of MoS, layer on SiO, with MPc deposited |

over the surface. (c¢) Raman on/off MoS, of CoPc, a familiar |

enhancement from the first work on MPc-MoSs of the Raman (SERS) |

can be seen. (d) PL comparison of MoS, exciton before and after |

CoPc deposition at room temperature (300 K). (e) PL comparison of |

MoS, exciton before and after CoPc deposition at low temperature |

10 K)] 175

Z/mnPc-MoS,; scans. This sample used 5 nm ZnPc tfor exaggeration of |

effects. (a.) Optical image showing the bare MoS, and heterojunction |

adjacent to it. (b.-c.) Room temperature PL of MoS, and the |

/nPc-MoS, junction, raw and then normalized respectively to show |
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| no meaningful energy shifts. (d.) Room temperature line scan |

| across the threshold. (e.) Low temperature PL, showing significant |

| quenching of the defect peak of MoS, under the heterojunction. (f.) |

| Low temperature line scan across the threshold.| 178

6.10 (a) Microscope image of MPc films on monolayer MoSy grown via |

| CVD. PL spectra in (b) and used to generate (c) were done as |

| linescans across the boundary interfaces between MoS, and respective |

| nearby MPc. (b) Low temperature photoluminescence spectra of |

| MoSs with HyPc, ZnPc, CuPc, and CoPc heterojunctions, normalized |

| to the neutral exciton.(c) Comparison of quenching fraction of each |

I MPcl 179

6.11 Low temperature PL with applied backgate voltages. (a) Exfoliated |

| MoS, alone 1n negative gate regime, showing an explosive growth |

| in defect emission with increasing negative gate. (b) CoPcMoS, |

| heterojunction in the negative gate regime, the defect and gate |

| amplification at high negative voltages are suppressed by CoPc. (c) |

| Comparison of defect PL integrated defect intensity for MoS, and |

| CoPcMoS, at the measured gate voltages.| 182

[6.12 Room temperature comparisons of the utilized MPc-MoS, |

| heterojunctions’ PL, normalized to show no significant doping |

| changes observed.| 183

6.13 Low temperature comparisons of the utilized MPc-Mob, |

| heterojunctions’ PL, showing the MPc-dependent quenching| 184
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6.14

Time correlated single photon counting traces collected at 10 K with

a 450 nm laser showing the photoluminescence decay for MoS,; and

the MPc-MoSs heterojunction. Due to instrumentation limits, we

cannot accurately fit the s-scale decay of the defect emission but can

qualitatively compare it by using a linear fit to the median intensity

for times greater than 100 ns.|

186

Formation energy of neutral and charged Svac vs Fermi energy for

MoSs alone, CoPc - MoS, and HoPc - MoS,. For a given Fermi

energy, the dominant defect state will be the charge corresponding

to the lowest energy line. For the ModS, case, at the VBM this is

neutral, while at the CBM this is -1. At a Fermi level near the CBEM

the energy of formation of the negative Svac is CoPc < H2Pc < MoS,

only. The Fermi energy where the defect charge changes trom neutral

to negative is highlighted with a gray arrow.|

188

(a) pDOS of Moy with sulfur vacancies of different charge. The Svac

nearest neighbor (NN) orbitals correspond to the localized states

induced by the Svac. (b) Band alignment diagram showing the energy

of the out-of-plane MPc d,, and d,, orbitals moving from the valence

band edge in the case of CoPc to lower energy in the case ot CuPc

and ZnPc, while HyPc has no such orbitals. |

189

71

(a) Microscope optical image of an hBN on SiO, with pentacene

deposited over the entire area. The dendritic structure of pentacene
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vs. the needle-like formation on hBN is clearly seen. (b) AFM map

showing the fine structure not clear in optical imaging, and the abrupt

transition from hBN to SiO, in phase formation of pentacene. (c)

Raman spectra of pentacene on hBN and S10, via 532 nm excitation,

1

normalized to their respective maxima at 1370 cmm™" and offset to

highlight the different modes that are visible. Arrows indicate the Ag

1

vibration at 1533 cm ™" in pentacene-Si0O, and the Bsg vibration at

1597 ecm ™" in pentacenehBN. (d) Schematic illustration of the face-on

orientation of the pentacene film on hBN and the edge-on orientation

of pentacene of the typical thin-film phase on S510,. Adapted with

permission from [10]. Copyright 2021 American Chemical Society.|

194

AFM mapping on pentacene-hBN and interface of hBN/SiO, on

different hBN showing the same sharp transition from needle-like to

dendridic structures. (a) Shows that dendridic structures can also

form on hBN. (b.) SiO, dendridic structures. (Bottom) Respective

profilometry of the marked structures in (a-b). Adapted with

permission from [10]. Copyright 2021 American Chemical Society.|

195

(a) Room temperature (300 K) PL comparison of pentacene on hBN

vs. Si0s. (b) Low temperature (10 K) PL comparison of face-on

and edge-on pentacene on hBN and 510, respectively. The higher

energy peak is the pentacene free exciton (FE) emission and the

lower energy is self-trapped excitons (STE) in the pentacene films.

Emission from the face-on phase on hBN (blue) exhibits reduced line




a2

width and a lower energy relative to emission from the thin film phase |

on SiOy (grey). (c) Temperature dependence of emission energy of |

the FE for the two phases of pentacene. The face-on phase lowers in |

energy with low temperature while edge-on phase increases in energy. |

(d) Temperature dependence of emission full width half maximum |

(FWHM) showing that both phases show narrower emissions at lower |

temperatures. The face-on phase emission 1s narrower than that |

from edge-on phase at all temperatures. Adapted with permission |

from [I0]. Copyright 2021 American Chemical Society | 197

(a) Pent-WS, heteorjunction (surroundings are SiOy) shows similar |

formation of needle-like structures on WS,, there are notably much |

smaller however. (b) AFM of (a.) showing the needle-structures. |

(c) Pent-MoSs with even smaller needle-like structures. (d) AFM of |

(c). Adapted with permission from [10]. Copyright 2021 American |

Chemical Society.| 200

(a.) Room temperature comparison of MoSs, Pentance, and |

Pentacene-MoS,; heterojunction in Red, Purple, and Blue respectively. |

Subtracting the raw pentacene signal from the Pent-MoS,; junction |

1s shown 1n Green, suggesting a quenched, blue-shifted exciton. |

(b.) Fits of the Pent-MoS, heterojunction. (c.) Comparison of the |

extracted fits from (b.) to the difference spectra and pentacene-only |

spectra from (a.). (d.) Comparison of the MoSs to the fit (and |
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difference signal) from the heterojunction, showing the quenching and |

blue-shifted signal | 202

MoSs, Pentacene, and Pent-MoS,; heterojunction PL at 10 K. The |

quenching of defects Xp are quenched in the junction and a new peak |

X7 18 visible| 204

[7.7

Power sweep on MoS,, Pentacene, and Pent-MoSs emission to quantify |

defect and excitonic behaviorl 205

[7.8

Temperature sweep of Pent-MoS,. F'its were attempted to track the |

peak X as discussed in Fig.[7.6]. It is unfortunately the exact origin |

mm Mods 18 not clear due to the convolution of emission of MoS, and |

that of Pentacene itself)] 206

Temperature-dependent PL of Pent-WS,. (a) PL plots of the |

pentacene thin films on WS, and SiO,. (b) Energy of pentacene |

free exciton emission versus temperature. The film on WS, behaves |

similarly to the film on hBN, although with a lower overall energy |

shift. Adapted with permission from [10]. Copyright 2021 American |

Chemical Society.| 207

Evidence to the importance of surface quality on pentancene |

growth. (a.) WS, sample with contacts developed via PMMA/MMA |

patterning, due to surface residue left by the process the entire |

sample 1s coated in dendritic structures of pentacene with no visible |

needle-like formations. (b.) As with (a.) now demonstrated on hBN |
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with windows defining gaps of resist where the hBN and 510, are |

exposed. Due to residue from the processing, growth does not form |

into needle-Tike structuresl 209

(Left) Simple example of polar-MOKE, where incident linear polarized |

1s reflected off the surface of interest and experience a rotation of |

polarization that is captured as Kerr Rotation. The sample is modified |

by a magnetic field normal with the plane of the surface. Note, |

light-angles presented in this diagram are purely for demonstration. |

The measurement 1s performed at normal incidence with a lens and |

not a sharp angle. (Right) Simple measurement set-up used for |

measuring polar-MOKE for the work presented. A linear polarizer |

(Glann-Thompson) is used to polarize light from a tunable laser |

source (visible) with a high extinction ratio. The reflected light is |

then passed through a PEM (Photoelastic Modulator) and then a |

subsequent linear polarizer-analyzer on to a photodiode (Avalanche Si |

Photodiode).| 212

(Left) Bulk (10L+) Crlz encapsulated in hBN on top and bottom, |

on a 10, substrate. Picture was taken shortly after the structure |

was hnalized and prepared. Gold alignment markers created through |

e-beam lithography can be seen on the periphery to allow for finding |

of the sample after it has been inserted into a cryostat. (Right) After |

three months of exposure to ambient and light, the Crl; has visibly |

decayed under the hBN encapsulation and only traces ot the structure |
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can be seen with the rigid, crystal lattice mostly lost. This highlights |

a long-term limit on hBN encapsulation, likely arising from gaps at |

the intertace of the layers that arise during the transfer process.| 215

Comparison of protection techniques for Crlz. (a.) Optical image of |

hBN encapsulated Crls, the Crlz is outlined by a white dashed-line |

to guide the eye. (b.) Optical image of alumina-passivated Crls, |

the Crl; is outlined to help guide the eye. There are thinner layers |

present but data was collected on the dark bulk. (c.) MOKE of the |

hBN encapsulated Crl;. (d.) MOKE of the alumina-passivated Crl;. |

While there are signal differences between (c.) and (d.), the overall |

behavior 1s very similar, suggesting the techniques are comparable for |

bulk | 219

Thin flakes of Crl; prepared and protected with alumina ALD under |

a seeding layer of PTCDA. Large gold alignment markers help to |

1dentity the locations of these nearly transparent flakes for study |

inside of a cryostat. White circles were added to guide the eye |

to the location of the layers, and colored arrows indicate the field |

sweep direction for the respective colored data lines, highlighting |

the hysteresis depending on the direction of the field sweep in all |

layers sampled. All measurements were performed at 1.6 K in a |

Helium environment. (a.) Monolayer Crls showing characteristic |

ferromagnetic behavior. (b.) Bilayer Crl; showing anti-ferromagnetic |

behavior. (c.) Trilayer Crl; showing both a ferromagnetic response |
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around zero and anti-ferromagnetic behavior at higher fields. (d-e.) |

Monolayer and bilayer Crls in a second batch of prepared samples |

showing similar behavior as previous runs, indicating that the ALD |

method 1s repeatably robust. There i1s also no apparent damage to |

the thin layers, especially in the monolayer, and magnetic properties |

are preserved.| 222

Passivation long-term stability. (a.) Crls sample shortly after |

fabrication. (b.) The same sample, three months later after being |

left 1n ambient under a protective cover to avoid dust accumulation. |

The gold is visibly damaged from exposure but the underlying layers |

show no optically-obvious signs of decay. (c.) The bilayer sample as |

measured originally from (a.), the location of measurement is marked |

by a circle in the mset. Expected anti-ferromagnetic switching is |

observed. This measurement was done before the photodiode was |

upgraded, showing a worse signal-to-noise. (d.) The bilayer as |

measured three months later after ambient exposure. The signal |

shows no significant changes nor evidence of decay. This measurement |

was done with the APD, improving the signal-to-noise significantly.| 223

Thin layers of Crl; under only alumina with no PTCDA bufter |

layer. Large gold alignment markers help to identify layer location. |

(a.) Anti-ferromagnetic behavior on initial tests, as expected of |

bilayer. Inset shows the bilayer. (b.) Behavior on day two, the |

anti-ferromagnetic behavior has significantly decreased. Suggesting |
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a slow decay of magnetic ordering in the Crlz (c.) Near-total loss of

anti-ferromagnetic response by the third day. (d.) Optical image of

the bilayer and trilayer of the follow-up alumina-only test. White/red

lines mark-out the trilayer from the bilayer. (e.) Ferromagnetic

response on the bilayer, small anti-ferromagnetic transitions are

marked with arrows. Suggesting an n-1 result due to a damaged

top layer. (f.) Trilayer showing ferromagnetic response and many

anti-ferromagnetic transitions.|

227

Impact of superstrate and substrate on the Kerr Rotation and

Ellipticity response of Crls at 2.5 T' magnetic field for anti-

ferromagnetic bulk. (a-b.) Kerr Rotation of Crlz under Al,O3 and

hBN respectively. It is notable that the largest seen rotations are at

different wavelengths. (c-d.) Kerr Ellipticity of Crl; under Al,O3 and

hBN respectively. Notably, in the case of AlsO3, there is an extended

wavelength region of no observable signal unlike the largely periodic

hBN signal.|

231

(a.) Many layer CrOCI, marked by black dashed line, encapsulated

by hBN on both sides. Gold markers are used to help find the sample.

(b.) Anti-ferromagnetic switching seen in the CrOCI bulk sample in

(a.) ]

233

8.9

(a.) FeCly, encapsulated in hBN. (b.) Anti-ferromagnetic switching

seen in the FeCl, bulk sample in (a.).|

234
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Common preparation of micromechanical exfoliation tape, tollows

steps as described in the section list. (a.) Blank tape with folded

edges for points of contact with gloved hands, helps to keep tape

orderly and clear from contact residue. (b.) TMD crystal (MoSs

pictured). (c.) The TMD crystal is pressed and pulled from the tape,

leaving behind pieces of material residue. (d.) Tape is folded over on

itself. (e.) The tape is slowly pulled apart, leaving two portions of

tape with cleaved TMD layers. (f.) The process in (e.) is repeated

until the material has covered the whole tape.|

287

Heat and massage treated exfoliation for higher yield. (a.) A tape

identical to the one made in Fig.[A.1] is placed atop wafer of SiO,

thermal oxide of 285 nm thickness on p-doped Si. (b.) The soft

guiding tool used to rub the backside of the tape. (c.) Gentle rubbing

of the back side of the tape, done in strokes across the whole length

of chips. A base plate as shown here made of aluminum is ideal for

keeping chips from sliding or the tape from tearing. It is also a good

thermal conductor for the healing step and prevents the tape from

directly melting touching (contaminating) the hotplate. (d.) Samples

are moved to a hotplate and heated at approx. 70 C for an hour

or more. (e.) After treatment as described in this section, the tape

is peeled off while still warm. (f.) The samples are moved to the

microscope and can now be carefully examined for layers of desired
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| thicknesses either through the eye-pieces or through a digital camera |

[ live-teed . 288

1A.3 Exfoliation result from Fig.[A.2[. (a.) The same image as seen in |

| the video feed of the previous figure. At 10x, majority of the field |

| is covered in large bulk crystals and visible tape residue. (b.) After |

| careful searching, a large monolayer (roughly 20 x 40 microns) can |

| be found. Attached bilayer and trilayer segments are also labeled. |

| The slight contrast changes set apart the different layer thicknesses. |

| Residue 1s labeled again for instructive show at 100x magnification. |

| This residue will burned away in annealing. (c.) hBN exoliation. |

| The bulk has a more distinct rainbow coloring. (d.) An example |

| monolayer of hBN is shown under an orange filter. This filter is |

| necessary to find hBN monolayers are their contrast under standard |

| white light is too taint to notice.| 291

|A.4 hBN exfoliation and characterization. (a.) Tape exfoliated hBN layers |

| (and tape residues visible). The layer contrast can be seen, signifying |

| the different potential thicknesses of the layers. (b.-d.) Contrast RGB |

| analysis of the layer colors relative to the S10, substrate to determine |

| approximate thicknesses of the layers. This thickness comparison was |

| achieved by correlating hBN color contrast to AFM results over many |

| layers | 209

(A5 Gel exfoliation, analogous to the tape extoliation method, as detailed |

| in the procedure in this section. (a.) Low adhesion tape is prepared |
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with MoS, flakes (or other TMDs) from bulk crystals. (b.) Example |

of gel used, the level 4 adhesion of the gel is important to avoid higher |

levels (hard to remove from tape or target chip, less likely to release |

the exfoliated TMD) or lower levels (too weak adhesion to pick up |

layers from the tape). (c.) Soft protection plastic is removed from the |

gel. (d.-e.) Gel is placed atop the exfoliated TMD on the tape, and |

pressed down gently to create a smooth interface with no bubbles. (f.) |

The gel is peeled off slowly and caretully, picked up.| 295

Final steps of gel exfoliation preparation. (a.) Gel with visible pieces |

of bulk MoS, as exfoliated from the blue tape in Fig.|A.5[. (b.) The |

gel piece being observed under a microscope, the bulk pieces being |

very visible as large yellow blocks. The gel 1s caretully scanned for |

monolayers. (c.) Direct image of bulk and other pieces of MoS, at 10x |

magnification. (d.) Monolayer of MoS, on gel at 100x magnification.| 296

(a.) Left and right show two different perspectives of the gel, inverted, |

anchored to the transfer platform and suspended over a target sample |

of interest where the exfoliated layer is to be placed. (b.) The |

entire stage under the microscope so that the layer can be found and |

positioned over the target area of interest on the target chip.| 298

Gel method final steps. (a.) An example piece of bulk (marked) that |

1s easy to see 1s aligned over the area of interest for its placement. |

This view 1s the gel hanging above the target chip, with the focus |

through the back of the gel on the layers stuck to the gel. (b.) (Inset) |
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The gel, layers, and chip target all in contact. (Outset) The bulk piece |

transterred cleanly to the target chip at the center of alignment marks, |

an ideal placement for subsequent electrical or device patterning.| 299

Gel method final steps. (a.) An example piece of bulk (marked) that |

1s easy to see is aligned over the area of interest for its placement. |

This view 1s the gel hanging above the target chip, with the focus |

through the back of the gel on the layers stuck to the gel. (b.) (Inset) |

The gel, layers, and chip target all in contact. (Outset) The bulk piece |

transferred cleanly to the target chip at the center of alignment marks, |

an ideal placement for subsequent electrical or device patterning. (c.) |

Example of exfoliated MoS, on the gel. (d.) A monolayer of MoS; on |

the gel | 302

Gel method final steps. (a.) An example piece of bulk (marked) that |

1s easy to see 1s aligned over the area of interest for its placement. |

This view 1s the gel hanging above the target chip, with the focus |

through the back of the gel on the layers stuck to the gel. (b.) (Inset) |

The gel, layers, and chip target all in contact. (Outset) The bulk piece |

transterred cleanly to the target chip at the center of alignment marks, |

an ideal placement for subsequent electrical or device patterning. (c.) |

Example of exfoliated MoS, on the gel. (d.) A monolayer of MoS; on |

the gel | 303
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(a.) Polycarbonate pieces in their solid form. (b.) Polycarbonate |

dropped 1nto chloroform with a magnetic stirrer visible at the bottom, |

the ratio is 6.5 percent PC to Chloroform by weight. | 304

(a.) Prepared PC brew and blank SiO5 to spin a stamp. (b.) SiO, |

water is put in a spincoater and PC solution is deposited over the |

surface, to cover the surface, with a pipette. (c.) Sample is spun for |

60s at 2000 RPM, the defect at the middle of the chip was caused by |

a chunk of undissolved PC. (d.) Chip is heated on hotplate (left), and |

the sample after heating (right) shows a clear and mostly uniform film |

aside from the defect chunk. (e.) Gel is prepared on a glass slide. (f.) |

Film is peeled from the SiO, by hand, for stamping and picking up |

exfoliated monolayers this is sufficient. (g.) Film is placed on gel, to |

improve uniformity the edges are cut off. (h.) The stamp is cut down |

to a small square, this allows for the removal of the defect chunk, |

leaving only a clean, uniform stamp ready for use.| 308

(a.) Cut down stamp on glass slide, anchored with gel. Note the |

transparency and lack of trapped bubbles. (b.) Stamp under the |

microscope. (c.) Stamp as seen by the microscope, note the uniform, |

transparent nature of it with no visible chunks ot PC.| 309

(a.) General scheme of the transfer process of a stamped |

heterostructure. The general premise can be applied to layer by layer |

assembly by repeating steps (a-b) and (f.) over and over as needed |

for n-layers. (a.) PC stamp is used to pick up the first layer of |
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interest such as "top” hBN or MoS, for a heterostructure of TMDs.

(b.) Stamp is lifted from the SiO, picking up the layer of interest.

(c.) Stamp is positioned with micromechanical XYZ-positioners

and aligned with the second of n-layers ot interest to be picked up

onto the stamped heterostructure. (d.) Stamp+layer 1 are brought

into contact with layer 2, and heated to 60-70 degC, and peeled

off slowly after heating for 10-15 minutes (e.) Picked up stamped

heterostructure. (f.) Stamped heterostructure is placed onto a target

bottom layer 3, (c-e) can be repeated n-times for n-layers as needed

for the desired heterostructure. The stamp 1s put onto the target

layer or substrate and heated to 170 degC to melt down the stamp.

Chloroform is used to wash of the stamp with an overnight soak.|

314

Layer-by-layer assembly of an hBN/MoS,/hBN heterostructure. (a.)

hBN layer picked up on a PC stamp, white dashed line highlights the

location of the hBN for ease of viewing. (b.) hBN/MoS, structure

assembled, MoS, is on top of the hBN. Orange/white dashed lines

highlight the hBN and MoS, respectively. (c.) Third hBN is added

to the stack creating a heterostructure sandwich of hBN/MoS, /hBN,

red dashed line outlines newly added hBN. (d.) The heterostructure

was built at the center of pre-patterned gold contacts, highlighting

the flexibility of where a sample is built. Potentially, contacts could

be added to this stacked structure to create an electrical devicel

315
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[A.16 Rotation update of the transfer stage. (a.) A large aluminum arm |

| was designed to be modular to the transfer stage. The large lever arm |

| provides a lower needed force to turn the sample by small degrees, |

| providing for much higher accuracy and control of sample angles. This |

| set up rotates the sample, not the film. (b.) Model representation of |

| the pivot arm from a side and top-down view respectively.| 317

(A.17 Simple representation of a twisted bilayer structure forming a Moire |

| Superlatice with periodic potentials much larger than the constituent |

| layers.| 319

|A.18 Realizing a Moire heterostructure. (a.), (b.) WSey (on hBN) and |

| MoSe; monolayers with identifiable 60 degree edges, identifying |

| the crystal axis with only optical microscopy. (c.) Completed |

| heterostructure within an hBN sandwhich of the parts from (a.) and |

| (b.), the degree is marked at the edge of approximately 2 degrees |

| twist. (d.) 2D PL map of the heterostructure and surrounding |

| material, the independent layers still luminescent and bright but the |

| heterostructure region is dark, indicating strong couply and charge |

[ dissociation 320

|A.19 (a.) Moire interlayer exciton emission and MoSe; and WSe, emission |

| from parts of the flakes not part of the heterostructure. The |

| Moire exciton has three distinctly defined features indicating three |

| species of interlayer exciton. The MoSes and WSes emission of the |

| heterostructure is nearly totally quenched compared to the stand |
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alone segments. (b.) Arbitrary twist angle heterostructure. The |

interlayer emission is broad and undefined, and the MoSe; and WSes |

emission remains bright even in the heterostructure.| 322

(a.) Gold contact design on SiO, wafer. (b.-c.) PMDS (orange) is |

placed on standard microscope glass slide (blue), and the polymer |

film is suspended over the PDMS, suspending it a small distance from |

the glass slide (dark blue).| 324

General scheme of the transter process onto a TEM grid with 1 mm |

holes. (a.) Gold contacts are patterned with standard lithography on |

a wafer, and spun-coated with a polycarbonate stamp. (b.) Stamp |

is lifted with the gold contacts attached to the stamp. (c.) Stamp is |

positioned with micromechanical XYZ-positioners and aligned with |

the TEM holes of interest and placed down gently. (d.) Gold contacts |

are left behind on the TEM grid. (e.) Monolayers or layer of interest |

are transferred in the same way onto the transferred gold contacts. |

Biasing can be applied to these devices in a TEM setting. (f.) 3D |

render of the contacts and layer over a TEM gap | 326

Images of a successtully created gold+MoS, structure on a TEM |

window. (a.) Gold and MoS, suspended over a TEM window |

(indentation) using SEM imaging. (b.) Lower resolution zoom in on |

area between gold contacts showing the MoS,; under TEM imaging. |

(c.) MoS, crystal structure of suspended material. (d.) Grain |

boundary in the MoS,; as imaged, the white line 1s to guide the eye.| 327
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[A.23 (a.) Example of prep for a gel with identified layer of interest. The |

| gel 18 cut such that the layer is tfar from the point where the gel is |

| mounted to the transfer stage. This is done for better control over gel |

| put down and peel off rates. (b.) Top view of how a layer needs to |

| be positioned over a waveguide (visualized ring resonator waveguide). |

| (c.) Side view of the monolayer across the waveguide. The layer |

| needs to be anchored on material on either end of the waveguide for |

| structural integrity.| 330
|A.24 (a.) Successtully transferred monolayer over a ring resonator. (b.) A |
| 2D PL maps showing the bright suspended layer.| 331
[A.25 General scheme of the transfer process onto a waveguide or channel |

| using PC method. (a.) hBN (5-10 layer thick) is picked up, this is the |

| support structure for a monolayer. (b.) Stamp is lifted hBN attached |

| to the stamp. (c.) hBN is positioned with micromechanical XYZ- |

| positioners and aligned with the monolayer of interest. (d.) Monolayer |

| is picked up with the hBN, creating a stamped heterostructure. (e.) |

| The stamped heterostructure 1s aligned over a waveguide or channel |

| (f.) The resulting suspended heterostructure over a waveguide or |

| channel. The hBN support structure greatly improves the success rate |

| of successtully spanning the waveguide or channel with a monolayer.| 334

1A.26 (a.) An example waveguide, pristine. (b.) Waveguide with hBN- |

| backed monolayer MoS, suspended over the waveguide. Outlines |

| (yellow, waveguide and purple, monolayer) marked the layers for ease |
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of viewing under the hBN. (c¢.) 2D PL map showing the monolayer |

under the hBN and the bright suspended region over the waveguide. |

Much like with the gel-method, the suspended layer region is much |

brighter than the surrounding areas.| 335

(a.) The AttoDry 2100 Cryostat installed in the Stern Lab. (b.) The |

sample mounting scheme within the AttoDry, visible and marked |

points of importance: objective for confocal microscopy (offering a |

very high NA of 0.95 with sub-micron spot-sizes), attocube stacks |

for XYZ sample motion (up to 3 mm in each direction), sample for |

measurement with electrical wiring options). (c.) Sample mount |

with a silver mirror placed as an example and used for calibrations. |

Electrical pads are built into the sample mount. (d.) Stick insert that |

holds the sample area, objective, and attocubes. The sample space |

from (b.) is marked out at the bottom and the stick is presented in |

front of the AttoDry for size comparison. Optical access is at the top |

of the msert. 337

(a.) Design of the optical path for MOKE measurement within the |

AttoDry shown in Fig.|B.1| with the beam path after the beam |

splitter cube to the sample (and back from the sample) being along |

the insert shown in Fig.|B.1d]. Red and blue lines are used only to |

show path of the beam to sample (red) and from sample (blue). (b.) |

The set-up as realized atop of the AttoDry on a breadboard.| 339
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B.3 (a.) The Atto-Objective being used for MOKE spectroscopy on a |

| calibration silver mirror. Large magnetic response is observed coming |

| from the objective as it is exposed to high fields. (b.) New objective |

| being created from aluminum with an aspheric lens mounted. (c.) |

| The completed objective, mounted into the AttoDry sample area |

| replacing theh Atto-objective. A green laser is shone through the |

| new objective and onto a sample mount for testing. (d.) The new |

| objective with aspheric lens tested on a silver mirror, the background |

| has been significantly reduced in magnitude and is now linear. This |

| linearity was tested out to the maximum of the AttoDry of 9 'T" and |

[ was consistent. 341

B.4 (a.) YIG thin film on sapphire substrate, mounted onto an atto |

| mount. (b.) Kerr reponse of the sample in our system, showing |

| anticipated ferromagnetic response.| 342
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CHAPTER 1

Introduction

The simple isolation of 2D materials by the cleaving apart of bulk layered crystals
weakly held together by van der Waals (vdW) forces has kicked off a revolution in the
nanosciences because of their natural electronic confinement within a 2D plane, increase
in tensile strength due to removal of weak vdWs bonds, and orders of magnitude increase
in the surface to volume ratio at the monolayer limit, evidenced by the 2010 Nobel Prize
for the isolation of 2D graphene by exfoliation reported in 2004. These desirable prop-
erties have made 2D materials of great interest in development of a new generation of
transistor, photodetectors, topological insulators, and spin and valleytronics. Since the
initial isolation of 2D graphene by exfoliation reported in 2004, which subsequently won
the Nobel Prize, the field of 2D materials has bloomed with diverse and often unique lay-
ered materials such as hexagonal boron nitride, perovskites, and black phosphorus, and
chalcogenides. With size scales of crystal unit cells, these materials have interesting op-
tical, electronic, and magnetic properties that are often highly dependent on the number
and configuration of individual crystal layers. Consequently, layer number and composi-
tion have become powerful tools for control of material properties in schemes not possible
with bulk materials. For example, the electronic character of a material can be changed
by altering its layer number, such as turning a bulk insulator into a monolayer semicon-
ductor. Or, a magnetic materials can see its ordering transition from ferromagnetic to

anti-ferromagnetic with alternating even-odd layer numbers.
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gemiconductorg
I1-VI Family MX,

d1jieroN

The Diverse
Nature and Structure
of
2D Materials

Figure 1.1. Example of the electronic nature and diverse crystal structure
of 2D vdWs layered materials. Crystal structures are presented with a top-
down and side-view to highlight the differences in atomic thicknesses and
crystal unit cells. The materials highlighted here were the main contribu-
tors to the projects that will be detailed in up coming Chapters. Crlj is,
additionally, an example of a magnetic 2D material.

Just as these layered materials can be peeled apart from bulk crystals to single layers,
so too can they be assembled into completely new layered structures either with them-

selves, other layered materials, or even materials of completely different dimensions. This
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new capability of layered assembly allows 2D materials to be fundamental building blocks
of new composite materials that do not occur in nature.

Due to their atomic-scale thickness, 2D material layers are essentially all surface, and
therefore highly sensitive to their environment. This sensitivity leads to advantages and
disadvantages compared to other bulk or nanostructured materials. This sensitivity to
their surroundings also further expands the possibilities for designing layered heterostruc-
tures or combining 2D materials with 0D organic molecules or other mixed dimensional
systems with potentially novel emergent properties. By controlling the surroundings of
2D materials, it is possible to significantly alter their behavior (optical, electronic, or
magnetic) or preserve their fragile atom-thick lattice from damage. This latter possibil-
ity opens the door on using otherwise unworkable materials that are too volatile to use
outside of highly controlled, limiting environments such as a glovebox.

With these many possibilities for composite structures at our disposal, rapid advances
have made 2D materials heterostructures a vibrant and fast-paced field with significant
potential to tailor the properties of 2D materials and their heterostructures for new un-

derstanding of physical regimes and material applications.

1.1. Challenges of 2D Layer Manipulation

While these 2D materials, be they TMDs, graphene, hexagonal boron nitride (hBN) or
volatiles like chromium iodide (Crls), are extremely tantalizing and show great potential
for novel optoelectronic devices, there remain significant challenges in studying 2D ma-
terials that need to be addressed in most applications. Some examples include achieving

high quality (single) layers [11], robust transfer of layers from one location to another [12],
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protection of layer quality [I3], and electrical contact interfacing [9, [14]. Isolating high
quality layers and their robust transfer enables creation of homo- and heterostructures of
high quality. Mastering the manipulation of layers in this fashion can also be leveraged
for creating entirely novel measurement schemes or methods for interfacing layers with
other systems such as waveguides or topological systems. Layer protection can allow for
new measurements that were previously untenable for unstable materials or new meth-
ods for layer patterning that would have otherwise been destructive. Electrical contact
engineering through layer interfacing allows for higher quality electronic measurements.
Tackling these challenges is paramount to fully utilizing 2D materials. Overcoming
these hurdles and then applying them to novel devices is a recurring theme in this thesis,

highlighting the type of impact of this work across several classes of 2D materials.

1.1.1. Achieving High Quality Layers

The first and most important challenge is obtaining monolayers of the desired materials.
For many layers such as MoS, or WS, or selenide equivalents, there is an easy solution in
chemical vapor deposition growth (CVD) or other growth methods of monolayers [15-18].
While often large and continuous, grown layers often have quality problems such as seed
core centers, rampant sulfur vacancies and undesirable doping. For applications where
crystal quality is highly important or structural engineering is intended, CVD sources will
often not suffice. To that end, high quality crystals are best obtained from micromechan-
ical exfoliation that cleaves apart layers leaving behind pristine, monocrystalline, smooth

surfaces [11, 19, 20].
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Traditional micromechanical exfoliation is well documented in literature but can be
time consuming and arduous to undertake. Many of the original techniques were also
interested only in achieving monolayers, not in their size, isolation, or shape. Refining
old techniques and developing new methods to expedite and improve this process was of
particular interest. Step-by-step details on the new and refined processes can be found
in the Appendix. The majority of topics within this thesis utilized layers achieved from

these improvements.

1.1.2. Robust Transfer of Layers

Using 2D materials as building blocks requires being able to pick them up, move them, and
place them in deterministic ways such that a desirable end-product can be assembled [12].
This often requires different approaches and considerations for different materials, an
important detail for heterostructures. The more precise the method, the better the end
result.

However due to their thin nature, transfer of layers is prone to tearing, wrinkling, and
other physical problems that can compromise the layers or the resultant structures. For
example, assembly can create unwanted gaps or physical breaks in desired electrical path-
ways. Being able to successfully move layers while also preventing physical deformation
is a key element to achieve high quality structures.

There are many approaches to tackle layer-by-layer transfer in the literature. In this
Thesis, the approach used was informed by early literature [2I], but has been developed
and refined into an in-house procedure that can transfer layers onto a variety of surfaces

and control layer rotation to within a degree. This robustness to target surfaces includes
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difficult structures such as waveguides, electron microscope sample mounts, and more.
The techniques as well as the robustness of transfer will be discussed in detail, step by

step, in the Appendix.

1.1.3. Protection of Layer Quality

As mentioned previously, the atomically thin nature of 2D materials is both a great boon
and bane due to their high sensitivity to their surroundings. In some materials, such
as Crlz or BP, this sensitivity is normally crippling as even short exposure to ambient
atmospheric conditions results in layer decay such as oxidation or reaction with water [221-
24]. Even robust 2D layers that do not readily decay experience performance loss if left
exposed.

In order to pursue more advanced and high quality measurements, and not be limited
to extremely controlled and constraining workspaces such as a glovebox, it is necessary
to protect sensitive materials from the environment. hBN and passivation techniques
have presented themselves as tools to achieve this, allowing for the creation structures
that preserve the pristine nature of 2D layers even when exposed or worked with in open
ambient conditions [I3, 22]. Several of the topics of this Thesis research deal explicitly

with protecting 2D materials.

1.1.4. Electrical Contact Interfacing

Resistance formed at the interface of contact metals and 2D materials is a critical problem

in nanoelectronics [5,[9]. Where conventional (bulk) semiconductors often have resistances
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measures in single Ohms (€2) [25], the contact resistances in TMDs and other 2D mate-
rials are of orders of M) or worse [26]. This significantly limits the capabilities of 2D
nanoelectronics as it can cause problems such as little to no conductivity, sample heating
at contacts, or poor sensitivity.

Common sources of this significant resistance are lattice damage from deposition of
contact metals and trapped adsorbates in the lattice at the contacts [27], etc. By engi-
neering the material surface it is possible to solve both of these problems at once! An
example of this, which we will delve into further detail later in this Thesis, is to use very
thin hBN as a tunneling barrier [9], 14, 28]. hBN provides protection for the sample surface
both from adsorbates and from bombardment of high energy metal atoms, allowing us to

smartly tackle both problems at once and enabling high-quality nanoelectronic devices.

1.1.5. Tackling The Challenges

These many challenges for utilizing 2D materials can appear daunting, but overcoming
them is crucial for advancing our understanding of novel physics and measurements re-
lated to these materials. By mastering layer manipulation and preparation of numerous
different material systems, I was able to tackle these limitations head on and harness 2D
materials in developing new measurements and types of heterostructures. Moreover, these
advances in handling materials opened up significant opportunities for large and success-
ful interdisciplinary collaborations within Northwestern and beyond which depended on
the layer manipulation techniques I developed.

For every challenge here, I found solutions to overcome via manipulation of and engi-

neering with 2D materials and their environment. These topics will all be dealt with in
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greater detail in the main body of this work. Although each specific project that follows
has its own specific scientific focus, each of these studies is thematically linked by the idea
that low dimensional materials can be engineered into configurations that enhance their
properties. In my research, this is achieved through layered heterostructures (Chapter
4), lithography (Chapter 5), deposition of molecular layers (Chapter 6 and Chapter 7),
and passivation (Chapter 8). Other opportunities such as utilizing layer manipulation for
novel TEM experiments or waveguide-coupled layered materials are explored further in
the literature and the Appendix, highlighting the general power of this line of thinking
to enabling new explorations of materials. My work and mastery of layered material ma-
nipulation has helped illuminate these opportunities, enabling new studies based on my

work.

1.2. Research Objective

2D materials are individually interesting but offer even greater flexibility and potential
for interesting and novel physics when used as parts of engineered material systems such as
creative heterostructures or layered structures interfaced with molecules or thin films [I]
2, [7, 10, 29, 30]. As such, being able to manipulate said materials has become a hot
field of development in physics and material sciences. However, being able to build and
measure these structures, some volatile while others only tens of nanometers in size, is no
small feat.

The purpose of this thesis is to engineer the structural and electronic environment

of 2D materials to study new properties. The main thrusts of this thesis exploit layer
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assembly to study previously challenging systems and develop completely new measure-
ment schemes for 2D materials. This general approach has resulted in significant advances

across several classes of materials:

(1) Exploiting the 2D layer character/surfaces to access novel optoelectronic phe-
nomena.

(2) Enhanced probes of optoelectronic properties through engineering of layered ma-
terials.

(3) Manipulating the environment to achieve new measurements on high volatile and

fragile systems.

In Chapter 2 of this dissertation, I will present background on 2D Materials more
generally, why they are interesting, and the challenges for working with these materials as
parts of heterostructures. I will also discuss the new measurements and physics that can
be achieved. In Chapter 3, I will present on homostructure engineering where I will be
presenting on work with multiple layers and layer combinations of the same material, this
chapter will showcase the layer dependent nature of these 2D materials. In Chapters 4 and
5, discussion will move to heterostructure engineering where multiple different material
layer combinations are built into stacks and lateral structures. Of focus is utilization of
hexagonal boron nitride (hBN) as a critical component for engineering the environment of
TMDs and improving and preserving their desirable properties for optoelectronic use. In
Chapter 5 and 6, heterostructure engineering will be expanded beyond layered materials
and will delve into using 0D molecules as heterostructure components in the formation of
mixed dimensional heterostructures, part of a large collaborative project. Chapter 6 will

focus on phthalocyanine and 2D projects, while Chapter 7 will focus on pentacene and 2D



o8

projects. In Chapter 8, I will discuss Magneto-Optical Kerr Effect Spectroscopy (MOKE)
in the context of environmental engineering of 2D materials. This chapter builds off of
the results in Chapter 5 and expands through collaborative efforts with the Hersam group
to achieve a new type of environmental engineering that not only preserves the materials
optoelectronic properties but also its magnetic properties.

Finally, in the Appendix, I will provide detailed technical details on realizing the
development of technique to build and measure the structures in the preceding sections,
sample fabrication, and the development of MOKE. The appendices will also highlight
several projects to which my techniques and talents significantly contributed to but were
not part of the main Thesis. While this section is distinct from the narrative thread of
the primary dissertation results, these important projects and technical details provide a

more complete picture of what has been achieved using 2D materials.
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CHAPTER 2

Introduction to 2D Materials

Confining systems to lower dimensionalities has been a common goal towards reaching
new regimes of physical phenomena and the quantum regime. One method of decreasing
dimensionality in electronic systems is by creating 2D electron gas (2DEG) systems where
electrons are confined to a narrow layer or interface of materials, confining their movement
to effectively only two dimensions with their z-dimension effectively quantized. A common
approach to realizing this is through the creation of metal-oxide-semiconductor (MOS)

field-effect transistors (FET) (MOSFET) as seen in Fig2(a) [31-34].

Gate (Vg)

Sio,

p-Si

Figure 2.1. Creating a 2D electron gas at the interface of SiO, and Si by
creating an inversion layer of trapped electrons. (a) Physical design of a
gate-electrode atop slabs of SiOy and Si with the interface-2DEG marked
in red. (b) Formation of the 2DEG by tuning the gate potential.
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The gate contact (V) tunes the Fermi level and thus the electron density at the inter-
face between the SiOy and p-Si, and by tuning the Fermi level above a certain threshold
(V7) defined by the depletion length such that Vg > Vr, can create an inversion layer of
trapped electrons. These electrons are confined to a narrow region between the SiO5 and
Si, creating a quasi-two dimensional system.

While these systems have been extensively studied, they are quite complex to realize
require many fabrication steps to develop a final 2DEG. Conversely the recent isolation
of vdWs two-dimensional semiconductor provide these 2D systems intrinsically as they
are only defined by their surface and edges [35-38]. By simply exfoliating or growing
monolayers of vdWs 2D semiconductors, it is possible to realize 2D electronic systems
without needing to define depletion layers. This leads to possibilities of combining and
mixing 2D eletronic systems from different crystal layers. Moreover, many of these layered
materials are stable in atmosphere [39, 40], and can be used utilized as 2D components

in a variety of temperatures and conditions [41-43].

2.1. Transition Metal Dichalcogenides (TMDs)

2D materials have seen a rapid evolution in their usage and applications to new physics
and material science breakthroughs. Throughout this rapid development, many different
2D materials have come to be used and studied extensively such as graphene [44], per-
ovskites [45], 146], iodides [22], oxides [47], black phosphorous [48], and many, many other
layered structures. These layered materials are held together as bulk via van der Waals
forces (vdW) and why they can then be isolated down to single layers. For the purposes of

this thesis the main focus will be on the chalcogenide family of layered materials, and more
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specifically the transition metal dichalcogenides (TMDs) that take the form of MX;, where
commonly M = Mo, W, Re, etc. and X = S, Se, etc.. This family comprises the Group-VI
semiconductors, a class of semiconductors that from the bulk or multilayer layer (>1L)
to monolayer limit (1L), transition from indirect to direct bandgap semiconductors [35]
with their band structure changing with layer number. An example comparison between
Bulk, monolayer (1L), bilayer (2L), up to 5L can be seen in Fig.[2.2] [3]. These single
layers are recognized by their three atom thick honeycomb array of an X-M-X structure as
seen Fig.. The exact nature of the optical bandgap, electronic properties, etc. varies

between the different combinations of MX, as detailed previously [49].
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Figure 2.2. MoS, layer dependent bandstructure, highlighting the layer de-
pendent nature of MoSs; and optoelectronic properties. Depending on layer
number, the MoS, transitions from a direct bandgap semiconductor at the
K point, to one of indirect bandgap between the K and I' points of the
conduction and valence bands respectively. Adapted from [3], with the
permission of AIP Publishing.
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Figure 2.3. Example cystal structure of MXs monolayer as viewed from
different orientations. (a.) A planar view of the crystal structure of a single
layer of MX5. (b.) Side-view of the MX, crystal structure for a monolayer.
(c.) A single lattice of MXs.

The first isolation of 2D TMDs came via the scotch tape exfoliation technique [50],
a form of micromechanical exfoliation by cleaving layers apart from large source bulk
crystals held together by vdWs forces into an array of many different thicknesses onto
a suitable substrate such as SiO,. Amongst the many exfoliated layers can sometimes
be found isolated monolayers, confined systems where carriers are able to move along
two dimensions (x, y) but confined along a third (z). These 2D systems have since
been extensively studied for their direct bandgap nature [35], potential for high mobility
electronic devices [51], applicability to spin and valleytronics [52H55], etc. And have
been utilized to create novel optoelectronic devices that can study, for example, exciton
lifetimes and formation [56H58], the formation of single-photon emitters [59], the valley-
hall effect [60], and light-sensitive optoelectronic devices (such as photovoltaics, photo-

transistors, light-emitting diodes, or solar cells) [61]. They have presented a great potential
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for real world applicability in quantum application, light harvesting, information storage

and other similar fields.

2.1.1. Achieving Monolayers

In the years following early work around TMDs, many different methods have been found
for achieving the desired monolayers though no perfect technique exists that captures
all of the highly desirable qualities at once such as: large size, monocrystalline, isolated,
uniform, and defect free.

The standard approach to achieving all but the large requirement, is via micromechan-
ical exfoliation where bulk crystal of MXy material is stamped onto an adhesive surface
and exfoliated repeatedly across target wafers [35]. This leaves behind a rich array of var-
ious layer thicknesses including the rare but desirable monolayer. These exfoliated layers
are usually quite small (few to few tens of microns) but of very high quality and their
surfaces pristine prior to any processing. This type of layer makes for a great candidate for
optoelectronic study and implementation in potential novel heterostructures. However, as
noted, these layers are often very small using the very basic exfoliation techniques and as
such much work has gone on in the field to develop updated methods of exfoliation that
can maintain all of the high-quality desirables while also increasing the size Velicky2018.
The progress on this and my own take on achieving the best and largest possible layers
will be a major point of this thesis.

The desire for larger and larger sizes, not possible with standard micromechanical ex-
foliation, has been driven by an interest in real world, scalable electronics applications and

has led to significant progress in growing monolayers of TMDs. This can be done in many
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different methods, for example via chemical vapor deposition (CVD) where precursors
of Mo and S are used to grown large triangular monolayers on target wafers which can
merge to form large sheets of polycrystalline coverage of a substrate [I5HI7, [62]. While
this technique and other similar methods (physical vapor deposition (PVD), atomic layer
deposition (ALD), etc) can solve the problems relating to size, they are often of signifi-
cantly lower quality than the layers achieved through exfoliation. Such layers are often
plagued by vacancies of either the metal or chalcogenide or other unwanted adsorbates
within the lattice that are potentially introduced and trapped during the growth process,
making them highly defect rich. Moreover, as the growth process requires a point of
nucleation from which a layer may grow, this often leads to the formation of large core-
centers located at the center of any given flake of MX, or, if a film is grown, distributed
randomly across the film. These seed cores impede the creation of heterostructures as
they are vertically large (orders of tens of nanometers or more), result in point of stress
when layers are transferred (the seed core will often not transfer and are not desirable to
be transferred, ripping out a portion of the layer), and can be problematic for processing
as they will deform mask dielectrics.

Grown layers are also prone to forming grain boundaries at intersections of two differ-
ent nucleated layers growing into each other. These grain boundaries are rather fascinating
as they are in fact a sort of heterostructure formed of two similar layers and have been
shown to be exploited for interesting materials physics such as the creation of memristors
or structural voids that can be generated under bias [63, 64]. And while these large layers

are prone to problems as discussed above, they are still useful for studies that can work
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on large ensembles and will be used in portions of this text where applicable for their best

use.

2.1.2. Optical Properties of Monolayer TMDs, and Exciton Physics

An attractive and important feature of monolayer TMDs is their tightly bound exciton
quasiparticles. These quasiparticles arise due to the 2D character of the monolayers and
reduced Coulomb screening, allowing for photoexcited (or otherwise) electrons and holes
to remain bound in pairs [65H67]. These bound pairs form one exciton specie and can
recombine and emit light even at room temperatures and above. These excitons are bound
tightly by high binding energies in the hundreds of meVs with very small Bohr radii on

the scale of single nanometers.



67

(a) (b)
NW‘ Exciton

‘\ /I ‘\ ll ‘\ Il
(c) \ g (d) \ K (e) \ K
\ s \ Vi AY U
\\ Vs \\ / \\ /
v - ¢ - -
E>‘Egap 1 H ﬁ @& > &
! . . x #
“o._t 1By A-Exciton i B-Exciton NS
A | [ | .
oo il N Trion
N 2 "
’ 7 ’
/ AN A N \
/! \ /! \ K \
; \ / A\ ’ \
4 1

Figure 2.4. Excitons in a representive 2D lattice and their band energy
formtion. (a) Shows exciton within the xy sheet of a TMD, showing its
freedom in two dimensions. (b) A side view of the sheet in (a) showing a

restriction in z-axis. (c-e) Exciton formation and examples of A-Exciton,
B-Exciton, and Trion respectively.

Much of the optical behavior of 2D materials from room to low temperature is dom-
inated by these excitons and other similar species. At room temperature, photolumi-
nescence and absorption are dominated by the 1s exciton species (A and B), the former

usually dominated by the A-exciton while the latter shows strong contributions from both
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A and B-exciton species. For the extent of this thesis, I will be focusing on the A-exciton
as it is the dominant specie in the majority of optical spectra and measurements detailed
within this script. The A-exciton specie (from here on referred to as a generic exciton un-
less otherwise stated) is, for TMDs, within the visible to near IR wavelength ranges from
approx 600 nm for WS, to 800 nm for MoSe, at room temperature. Dark exciton species
also exist in TMDs, these are exciton species that are forbidden either due to momentum
(electron-hole pair in different valleys) or spin (electron-hole pair with different spins),
and cannot normally be stimulated via optical exploration due to a lack of momentum
transfer or spin-flipping possibilities from photons. However, they can be stimulated using
other methods and have recently become topics of interest in the field [68-70].

To better understand the exciton (and highlight a critical sensitivity of importance to

this script), we look at the 2D effective mass Hamiltonian:

2 2
hvg  hv,

2.1 H = —
(2.1) 2M 20

+V(p)

The equation is as follows: the first term is the center of mass Hamiltonian with M
and R as the exciton effective mass and center of mass coordinate. The following terms
make up the relative exciton Hamiltonian with p the reduced mass (p = ;"<72-) and

p is the electron-hole relative coordinate. More specifically and of interest, V(p) is the

nonlocal-screen electron hole interaction potential defined as (from [3] [71]):

262 /inf qu0<qp)
2.2 Vip) = — d
(2.2) (p) el arq
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With e as the electron charge, Jo(qp) a Bessel function of the first kind, q is the

electron wave vector, and:

1
(2.3) s = — = fte

Where 1, is the screening length and €, is the TMD relative dielectric constant. It
is important to note the dependence on dielectrics (e,) of the interaction potential and
screening length of the electron-hole pair. In standard applications, these terms are usu-
ally air and the substrate dielectric such as SiO,, but it is because we can controllably
vary these dielectrics around a monolayer via environmental engineering, that we gain
significant influence over the exciton. Moreover, changing the environment of the TMD
can be utilized to pick higher quality substrates such as hBN over the rough, amorphous
surface of SiO, which not only modifies the dielectric consideration but removes local
strain. These strain points have been shown to modify the electronic band structure from

the theoretical expectation [4].
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Figure 2.5. Example of strain modified MoS, bandstructure of a mono-
layer. It is possible to strain a layer, either intentionally or unintentionally,
from direct to indirect bandgap. Adapted from [4], Copyright 2019, with
permission from Elsevier.

Accompanying the charge neutral exciton (one hole, one electron), are also charged
excitons (positive or negative) with either an extra hole or electron, and named positive
trions or negative trions respectively [41) 66] [72H75]. The trion species are formed when
the excited electron of the exciton pair interacts with a nearby charge carrier (hole inter-
acts with a hole carrier), with notably smaller binding energies of a few tens of meV (for

MoS; this has been found to be around 15 meV, an order of magnitude weaker than the
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neutral exciton). These species are common, often even the dominant species, at room
and low temperatures due to non-neutral doping of the TMD. In MoS,, for example, due
to the prevalence of sulfur vacancies and n-type (electron rich) doping [76], the negative
trion is often the dominant emitter species at all temperatures without external influence
on doping. The positive trion is extremely rare and difficult to realize in MoS, due to this
inherent heavy n-type doping. Other TMDs, such as WSe; normally shows neutral exci-
tons but can be externally tuned to show either species of trions. In either case, external
tuning such as that afforded by local backgating can control the carrier populations and

as such control which of the three species of exciton are the dominant specie [77].
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(a) Representative spectra of

the exciton in MoS,, WSy, MoSe,, and WS, at room temperature on SiOq
wafers. This exciton emission is, for these materials at room temperature,
comprised of the neutral and charged excitons and cannot be resolved di-
rectly without additional steps. (b) Exciton emission of MoS, at low tem-
peratures showing circular polarized emission with near-resonance (620 nm)
pumping o+ and a lack thereof with off-resonance pumping. Defects are
also labeled as an example, they show no circular polarization. (c) Valley
polarization of the K and K valley in MoSs.
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Because of inversion symmetry breaking of monolayer TMDs due to a lack of an in-
version center point (arising due to the M-X-M crystal ordering), normally degenerate
valleys (such as in invertible graphene) become distinct and can be accessed in a way
analogous to spin-dynamics. By use of right-handed or left-handed circular light excita-
tion, it is possible to excite optical excitonic transitions specifically at either the K or
K valley. This species of exciton is outwardly identical to the A-exciton and its trion
subspecies but carries a distinct quantum character of the valley polarization and as such
valley-dependent optical selection rules, resulting in circularly polarized emission match-
ing the incident polarization [52] 53], [7§]. In order to realize valley selectivity in TMDs, it
is usually required to reach cryogenic temperatures and use near resonance excitation as
to limit electron-electron scattering and resultant loss of the valley character. The quality

of the valley selectivity is defined by the percent-polarization:

A

2.4 _
(24) Iw +1,_

Where o defines the handedness of the emitted light intensity (I) for a given polarized
incident pump. Recently, methods have emerged to preserve valley properties up to room
temperatures such as by putting a TMD within a cavity, opening this quantum character
to new possibilities.

As temperatures drop and the exciton species emission begins to blue-shift, their
linewidth narrow, and valley-properties become accessible, new exciton emitter species
begin to appear as non-radiative recombination paths (for example Auger or phonon-

assisted recombination) are closed off. The main focus will be on the defect (bound
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exciton) emission state for this thesis but there are also other emitters such as high-energy
2s excitons and bi-excitons (quasiparticle state of two excitons) that become accessible.
While not definitively understood in their origin, defect states are commonly associated
with lattice defects such as sulfur or molybdenum vacancies in MoS, (also responsible for
the formation of trions), lattice deformations such as folds or wrinkles or grain boundaries,
impurities within the lattice, atmospheric absorptions, or lattice damage from etching or
degradation [79, [80]. These defects form trap states often located within the bandgap
potentially anywhere from just below the conduction band-edge down to the valence
band-edge, and result in the creation of bound excitons which recombine through these
trap states. The recombination emission from these defect-induced excitons are commonly
characterized by their broad emission often many times broader than the exciton and made
up of many different overlapping and convoluted states, lack of valley character, and high
sensitivity to external manipulation such as local gating which can turn-off these features
with sufficient doping[80].

These defect states are often unwanted but have been utilized in creative ways such
as to realize the creation of single-photon emitters, magnetic sensitive quantum particles,
and more [59]. For the purposes of this thesis, the focus will be on the avoidance of
defect creation, minimization, and quenching as this state is generally undesirable in
more classical applications. Control over potential imperfections or lattice quality as well
as finding ways to mitigate defect optical contributions outright are tantalizing points of

external control for the realization of higher quality optical devices.
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2.2. Electronic Properties of Monolayer TMDs, and Contacts

In addition to their desirable optical and excitonic properties, TMDs semiconductors
have also garnered considerable interest and study in their applicability for the creation
of 2D electronic and optoelectronic devices [81]. TMDs have shown a remarkable quality
of high carrier concentrations (10'?) [82], potential for high mobilities (50 to hundreds
em?V—1s™1) [51) 83 B4], and high current on/off ratios (10%) [85], as well as photosen-
sitivity and creation of photoexcited carriers [86], making them prime candidates for
optoelectronic device creation. Moreover, TMDs have proven to be remarkably robust
over many cycles of on/off electrical usage even in atmosphere. Moreover, work has re-
cently been done to harness the valley character of TMDs to create polarized emitters
and other valleytronic devices [52], 53], 67, [87].

Much as with their optical properties, the exact behavior of TMD electronic devices
can be modified by temperature, optical excitation (formation of photocarriers), and
gating, as some examples. This affords a great degree of control over the properties of

the layers characteristics.
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2.2.1. Electrical Contacts
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Figure 2.7. Contact interface examples. (a-b) Metal-bulk semiconductor in-
terface and the resultant band configuration at the contacts. Band-bending
at the interface results in the formation of a large Schottky barrier for the
injection of electrons into the conduction band. (c-d) Metal-2D TMD gap
interface by placing contacts atop of the 2D material directly rather than
through deposition techniques, and the resultant tunneling + Schottky bar-
rier. (e-f) Metal-2D TMD interface when metal is deposited directly, the
underlying TMD is partially metalized by high-energy metal atom colli-
sions, and the resulting barrier for carrier electrons injection. Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Spinger
Nature [5], Copyright 2015.

One of the most critical components of creating an electrical device out of 2D TMDs
is the formation of contacts and carries many of the difficulties in working with TMDs.

Much of the performance of the resultant field-effect transistor (FET) is tied up at the

contact interface between contact metal and 2D crystal lattice. Poor contact resistances
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can arise for different reasons, here I will briefly discuss three major sources, the first is a
physical problem while the latter two are problems in development and processing of 2D
FET devices. The first is simply down to the interfacing of a metal with a semiconductor,
resulting in a significant electron-flow barrier due to Fermi level pinning of the semiconduc-
tor by the metal. While the sensitive nature of 2D TMDs is one of its greatest strengths,
here it is a major weakness as it results in a Fermi level pinned within the mid-gap. Sec-
ond is due to an alloying (and deformation of the lattice) of the atomically thin 2D layer
when bombarded with hot metal atoms during deposition of the contact metal. The third
and final example arises from trapped adsorbates on the 2D layer surface, such as Oxygen
or water vapor or chemical residues from processing such as MMA /PMMA residues from
lithography steps used to define contact areas for metal deposition. In either of the latter
cases, the pristine surface of the 2D layer is contaminated and compromised, resulting in
significant loss or variability in performance.

Beyond the challenges of the contact and device fabrication, the resistance at the
contacts can be understood as arising from a Schottky barrier, visualized in Fig.,
which arises from a mismatch of work functions at the interface between the metal and

the semiconducting TMD [5]. This barrier can be put in terms of the work functions as:

(2.5) Qgp = Ppr — Prup

In a standard two-terminal FET, the contact resistance RC cannot be obviously ex-
tracted from the material performance Ry for Rgrs = Rc — Ry. This has significant

ramification on the device performance as measured where the contact resistance plus
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intrinsic Ohmic resistance of the metal can dominate the performance and result in ob-
served low device performance. In TMDs, because of the low mean free path of electrons,

the R, can be understood by a transmission line model [5]:

2D

(2.6) Re = A | p?Pr.cothl

Te

With [ is the contact length, p? is the TMD sheet resistance, and r. is the con-
tact/TMD interface resistance which is related to the Schottky barrier. Minimizing the
contact resistance is a main focus of device creation in order to best extract the real
material electronic behavior.

Traditionally, contacts are realized with use of masking (such as PMMA/MMA) and
electron beam pattern writing to define a contact area on the target material. Metal
is then deposited via thermal evaporation over the mask and defined regions, and then
removed via a lift-off method that dissolves the resist mask. However, this technique is
rife with short comings which tend to result in high contact resistances. As discussed
previously, kinetic bombardment from the hot metal atoms induced damage as well as
potential trapped adsorbates or resist residues are considered some of the main causes
of the contact resistance problems [27], [88]. The former creates an unwanted alloying of
the hot metal atom with the crystal lattice by displacing any given portion of the MX,
crystal, creating MX-Metal for example. In the latter case, any form of processing will
tend to leave behind unwanted residues on the exposed layer even with the best cleaning
techniques. The best way to avoid this problem is to entirely remove or buffer out direct

patterning and writing as we will see later in this thesis.
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But aside from specific fabrication-induced limitations, the desirably sensitive nature
of 2D TMDs is also a short-coming in realizing ideal contacts. Even if the metal contacts
are realized through different methods without evaporation or similarly damaging methods
(such as exfoliating directly onto contacts), the interface of metal-TMD causes Fermi level
pinning due to a hybridization of the atomic orbitals of the metals and TMDs across the
interface [89]. This pins the Fermi level within the bandgap at the contacts, creating
a sub-optimal path (barrier) for electron (or hole) injection into the 2D material. By
closely matching the work function of the metal with the TMD, it is possible to reduce
this effect but never completely remove it. To that end, much work has been done in
the field to find alternatives to metal contacts such as graphene contacts [90], 1D edge
contacts [91], tunneling contacts [9], 14, 84], etc. In this work I will specifically focus on

tunneling contacts.
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2.3. Heterostructures out of 2D
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Figure 2.8. Examples of heterostructures built from 2D components, and
the robustness of these building blocks in a wide array of applications.

Adapted with permission from Wiley Advanced Materials [6], Copyright
2020.

While monolayer-only systems remain of interest, there are also many open questions
and more recent discoveries based on the interactions of these layers with one another in
more complex systems (2D-2D) [9, 29, 30] or with other types of dimensional materials
such as molecules (0D) [2, 8, [10] or bulk dielectrics or insulators (3D) [I]. This later
form of structure, still a heterostructure, is commonly referred to as a mixed dimensional
heterostructure due to the combination of 2D with 0D, 1D, or 3D [7]. Much of the interest

in these mixed dimensional structures comes from the fact that the 2D layer serves as an
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all-surface substrate with effectively no thickness, as such it is wholly interacting with no
need for considerations such as skin-depth or propagation through a medium.

These interactions are enabled by the creation of heterostructures by stacking layers
atop each other, growing two different layered materials along sharp interfaces, depositing
molecules or dielectrics over single layer substrates, or at the junction at the crystalline
edge between a monolayer and bulk crystal. These exotic structures can have distinct
physical and electronic properties on either side of the interface and, potentially and
even more interestingly, at the interface. Or, conversely, these structures can be used
to preserve or magnify the properties of the TMDs or other constituent layers used in
their creation such as with hBN used to preserve and greatly improve the quality of
encapsulated TMDs, or using molecular treatments to quench defect states out of the

emission spectra.

2.3.1. 2D-2D Heterostructures

Creating 2D-2D heterostructures can be accomplished both out of-plane and in-plane. In
the former case, this is done by either manually stacking layers atop on another via transfer
technique or through growing layers atop of one another via CVD methods. In a way, this
is similar to re-assembling the bulk crystal layer by layer but here we can control what
layers are used [29] and their twist angles [92] 93] which are not variable in conventional
bulk. Doing this in a controllable and reproducible fashion requires exceptional techniques
that are not only precise to within microns of alignment and fractions of a degree but that
can also gently handle the fragile 2D layers while also not contaminating their surfaces, a

critical point of quality control that can significantly impact any layer to layer interaction
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or layer to other material. A significant portion of my work was in designing techniques
capable of this with robust applicability to many different types of heterostructures and
device structures utilizing 2D materials as a component. Much of this is encapsulated in
the two Appendixes of this Thesis.

By carefully assembling different monolayers into heterostructures, such as for example
WSe, with MoSes,, it is possible to create a brand new excitonic species across the interface
with the electron-pair existing in part in the different layers [29, 04, [05]. This exciton
is known as an interlayer exciton with the electron residing in the conduction band of
one TMD and the hole in the other TMDs valence band before recombination. These
interlayer excitons can be identified by their much lower emission energy, often several
hundred meV from normal exciton emission of the constituent layers and have been shown
to preserve valley characteristics [96]. These heterostructures can be further modified
by specifically altering the twist angle between the constituent layers and can even be
applied to homostructures using the same layer species as a heterostructure of sorts [92].
In mixed material heterostructures a small twist angle has been shown to create Moire
exciton patterns in the heterostructure [30]. In twisted homostructures, it has been shown
that is possible to preserve valley polarization in multilayer stacks even though standard
bilayers and thicker do not shown valley polarization in TMDs [97, O8].

Another form of heterostructure is one built for functionality rather than direct re-
alization of novel properties. Example of this are hBN used to encapsulate (a top and
bottom layer sandwich) TMDs [13, 22], graphene-TMD interfaces for next-generation
metal-free contacts [90] [91], hBN monolayer on TMD monolayer used as a tunneling layer

for contacts [9, 28], etc. These heterostructures emphasize the power of being able to



82

@ (b)

15000
MoSe,
~ 10000 |
>
&
[}
IS
=]
o]
O 5000 |
WSe, Interlayer
0 J -
600 800 1000

Wavelength (nm)

Figure 2.9. Example of an interlayer exciton. (a) Exciton band diagram
understanding of the formation of an interlayer exciton. (b) Experimen-
tal realization of an interlayer exciton in the Stern Lab of WSe;-MoSe,
heterostructure at 10 K.

engineer the surroundings of TMDs to realize better environments, better device perfor-
mance (optically or electronically), or the potential for previously unfeasible experiments.
In the case of hBN encapsulation, it has been shown that the linewidth of TMD excitons
can be reduced from tens of meV to that of a few meV, approaching the homogeneous
limit [I3]. This is due, in part, because hBN acts as an ideal substrates for TMDs freeing
them from interfacial trap states and surface roughness of conventional substrates such
as Si0Os. This linewidth reduction opens the way for more sensitive measurements of the
exciton feature such as Zeeman splitting in a field [99, [100], particle-in-a-box quantum
confinement tuning [I0I], and so on. Graphene contacts and hBN tunneling layers have
been shown to greatly reduce or eliminate contact resistance in TMDs [9], 28].

For in-plane heterostructures, this is usually done via methods of CVD growth of

specific species of TMDs in a sequence such that one layer is usually nested inside of
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another in a triangle-within-triangle structure, but can also be more ubiquitous in the
form of two sheets of TMDs interfaced at a 1D boundary. This form of structure creates
a distinct grain boundary between the two TMDs that is often warped and deformed due
to the different lattices mismatching at the boundary and has been shown to have distinct

properties [9, [64] [71].

2.3.2. nD-2D Mixed Dimensional Heterostructures

Mixed dimensional vdW heterostructures have recently become a renewed point of focus
and interest in the field of material science and physics[7]. While the basis of mixing
dimensions for vdW materials or otherwise is one that has been established for years,
combining nD + nD dimensions such as 3D + 1D or 3D + 0D, recent focus is explicitly
in the combination of 2D + nD. Introducing 2D components to mixed dimensional het-
erostructures provides an atomically thin all surface component, as discussed previously
2D layers are defined only by their surface and edges, and as such a cleanly defined inter-
face. This provides an interface of interactions that is not hidden away either physically
or electronically within bulk components but is instead approximately directly quantifi-
able. Moreover, due to the thin and thus approximately transparent nature of the 2D
substrate, the interface of 2D-nD can be electrically or optically stimulated via gate or
optical excitation respectively, providing direct methods to explore its character.

A common example of mixed 2D-nD heterostructures is that of a 2D layer functional-
ized with organic molecules such as Phthalocyanine [2] or Rhodamine [§] dye molecules,
Pentacene ring molecules [10], etc. Different molecules prove to have very different inter-

actions with the surface of the 2D layer and have been shown to create novel interfacial
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states or undergo self-assembly. Moreover, the individual components are modified with

potential for improved light absorption or emission, doping, defect suppression, etc.
This combination proves robust but also scalable as it can be applied across large

CVD growths, and can prove to be a potential avenue for significant improvements in

photovoltaics and solar cells.
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CHAPTER 3

Multilayer Homostructures: Engineering Electronic Properties
with Layer Number

This first chapter will briefly go through my first projects with so-defined homostruc-
tures of like-like layered materials used in layered structures. While this work was pri-
marily led by others, it was here that my introduction to material manipulation through
layer numbers and achieving novel phenomena began and would influence many of the
chapters to come after. As such it is the a proper introduction to my work.

While homostructures may appear less interesting than the heterostructures or mixed
dimensional heterostructures that will come later, they are still quite important to con-
sider. Particularly, just changing layer number can have a drastic impact on the opto-
electronic properties of the material, such as the direct to indirect bandgap transition
in TMDs. This means that even homostructures can be thought of as heterostructures!
Rather than different atoms making up the mixture of materials, we instead have different

electronic bandstructures.

3.1. Band Engineering with Monolayer/Multilayer Homojunction Interfaces

To begin, for homostructures discussed here, I will briefly go over band alignment and
band bending to frame the discussion for mixing different electronic band structures in a
homostructure. This will also be of importance in Chapters 4 through 7 on heterostruc-

tures as many of the principles apply there as well but rather than changing layer numbers,
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we will be changing materials. The initial concepts of band bending were developed by
Mott and Schottky [102, [103] to address the rectifying behavior at contacts between met-
als and semiconductors. I will look at it briefly in this context before applying it more
broadly to semiconductor-semiconductor interfaces.

When metal-semiconductor contact is formed (a common theme in creating any semi-
conductor device with metal contacts either on top of or adjacent to the semiconductor),
the work function (®) differences of the two materials lead to an exchange of free charge,
the direction of which depends on the relative work functions. In the scenario where the

work function of the metal is higher than that of the semiconductor,

(3.1) b, > D,

Electrons will flow from the semiconductor and into the metal. This process continues un-
til equilibrium is reached when the Fermi levels of the two disparate components align. In
the region of the semiconductor nearest to the metal there results in free charge depletion,

called the depletion layer. When the reverse is true and,

(3.2) o, > D,

Charge flows from the metal and into the semiconductor, forming an accumulation layer.

Generally, when the Fermi level of the semiconductor is above that of the metal, free
electron charge flows from the semiconductor, causing its Fermi level to decrease. When
the Fermi level of the semiconductor is below that of the metal, charge flows into the
semiconductor and its Fermi level increases. In the depletion/accumulation region, the

charge transfer creates an electric field which causes a continuous shift in the energy band
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edges of the semiconductor. As charge flows from the semiconductor, the Fermi level (of
the semiconductor) bends upward towards and at the interface, and, as charge flows into
the semiconductor, the Fermi level bends downward.

This is called band bending.
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Figure 3.1. (a) Schematic of independent metal and semiconductor work
functions, and unpinned Fermi level of the semiconductor. (b) Schematic
of a pinned Fermi level of semiconductor when interfaced with a metal.

To create a simple picture of this like in Fig. [3.1], we look to electrostatics and consider
what an electron experiences as it moves through from the semiconductor (metal) and
into the metal (semiconductor) across the interface between them. At an established
equilibrium, the regions just beside the interface are on one side negatively charged and
on the other positively charged due to the electrostatic induction from the contact as
previously discussed. As the electron moves to cross the barrier it will experience a
repulsive force from the built up charge in the accumulated region and thus its potential
energy rises and the band bends upward (downward).

Unlike the simpler case of metal-semiconductor, band bending between two semicon-
ductors is dependent on many factors and both sides of the interface will experience band
bending. The extent of the bending is dependent on numerous factors such as doping type
(p, n, or undoped), crystal and particle sizes, surface interactions, etc. As both semicon-
ductors see the interface, we must consider the picture to be two-directional unlike in the

metal-semiconductor model where it was only the semiconductor side that experienced
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any bending. How these bands bend on either side of the interface leads to three pos-
sibilities and junction types referred to as Type-I, Type-II, and Type-III as seen in Fig.
, but all the same rules as were outlined in the metal-semiconductor case apply but
now to both sides. This analogous to the behavior seen in 2DEG in Al,Ga;,As/GaAs
heterojunction [104].

For the homostructure (and how we will look at it in ways very similar to heterostruc-
tures) we will now consider a Type-I, or n-n, junction as we saw in Fig. at the
interface between a monolayer and multilayer of MoS,. Because we are working with
single MoS, source and all exfoliated we can rule out disparate doping, changing particle

sizes, lattice mismatches, etc. We are working with an effectively ”perfect” interface.
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Figure 3.2. The types of (a.) band alignments for electronic junctions and
(b.) resulting band bending in semiconductor interfaces. The red dotted
line represents the interface. Blue dotted line represents a potential Fermi
level placement within the midgaps of both sides of the interface.
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Figure 3.3. Band diagram of MoS; monolayer (1, right) and multilayer (M,
left), (a.) before contact and (b.) after contact and equilibrium. Elec-
tron accumulation can be seen in (b.) where the band bends down in the
multilayer. Adapted with permission from [I]. Copyright 2017 IOP Pub-
lishing.

To build a picture of the band alignment at the interface, we approach the problem
with a similar starting point: we look to the work functions of each side of the interface.
We define the work function of monolayer (1L) and multilayer (ML) as, respectively, @,
and ®,,,. In MoS, the monolayer and multilayer have different work functions with [T05-

107,

(3.3) Dy ~4.59 eV > Dy ~4.49 eV

As before, electrons will flow from the material with lower work function to that of the
higher, or, in this case, since ®,,;, > @11, the electrons will low from the monolayer and
accumulate in the multilayer. This creates an accumulation layer in the multilayer and
a depletion layer in the monolayer. Recalling our picture of these two scenarios from the

simple electrostatic considerations with metal-semiconductor interfaces. When a depletion
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layer is formed, the band bends upward due to the build of negative charge across the
interface that increases an electrons potential energy as it attempts to cross the interface.
Conversely, when an accumulation layer is formed, the band bends downward due to the
buildup of positive charges in the depletion region which decreases the electrons potential

energy as it attempts to cross the interface, Fig. [3.3].

Monolayer/Multilayer Heterojunction

Figure 3.4. Monolayer/multilayer MoSs homostructure crystal example
with a highlighted channel at the interface. Adapted with permission
from [I]. Copyright 2017 IOP Publishing.

The combination of these two pictures results in an interface that, for the multilayer,
bends downward towards the equilibrium Fermi energy, and, for the monolayer, bends
upward away from the Fermi energy. It is this offset in the bents bands directly adjacent
to the interface that creates a 2D channel in which electrons build up as seen in Fig. [3.3]
and Fig. . It is this picture that we wanted to probe.

We thus exploit the condition of differing, layer-dependent band structures and focus
here on the homostructure formed at the interface between MoS; monolayer (1L) and

multilayer (ML) pieces. This homostructure is convenient for a number of reasons: it forms
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naturally at cleave-lines where the crystal has broken sharply along a lattice plane during
exfoliation (almost every monolayer will be attached to some form of multilayer), it can be
exfoliated from a single crystalline flake of MoS, (the aforementioned perfect interface!),
and there is no need for secondary transfers or disturbing of the flakes to put them near
or on-top of one another (unlike heterostructure designs, or twisted homostructures). The
last point is especially important as transferred MoSs suffers from very pronounced strain-
based defects, and in this way we avoid this problem entirely. As noted previously, strain
can have a significant impact on the bandstructure and int his way is entirely avoided [4].

There are, however, disadvantages to this method in that there is no pre-exfoliation
control on the number of layers that come in junction with a monolayer, and the layer
thickness of MoS, can vary wildly from monolayer to over a hundred layers for any single
exfoliation. An interface can be formed between hundreds of possible configuration of
mono-to-nLayers, completely at random in the exfoliation process. The only way to
create repeating devices is through trial and repetition in exfoliation which is of low yield.
We also avoid thick MoS, of many layers (greater than 50 nm in size) to avoid any broken
or uneven contacts. All of these factors significantly constrain device parameters and their
realization.

To realize these devices, MoSs monolayer/multilayer flakes were exfoliated from un-
doped MoS, crystals and deposited on heavily doped, 285nm thick SiO, substrates using
the tape-exfoliation and gel methods, which are expanded upon in detail for methods in
the Appendix. Please refer to the sections of interest for sample prep details. Samples
were initially identified through standard optical microscopy where color-contrasts under

white light at high magnification can distinguish monolayers (light brown/purple on SiOs
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depending on the thickness) from bilayer (darker light brown/purple) from multilayer (in-
creasingly blue/yellow) and outright bulk (yellow /mirror like to the white light). Once a
sample with a sharp, long edge between a monolayer of MoS, and suitable multilayer was
identified optically, it was annealed at 400deg Celsius in an Argon/Hydrogen environment
to burn away residuals from the exfoliation process as well as anchor the layers to the
SiO4 substrate (otherwise, it was not uncommon for devices to be washed away by acetone
during lift-off). Cleaned devices were taken to be measured precisely with atomic force
microscopy (AFM). Monolayers were identified, as expected, with a thickness of roughly

0.7-0.8 nm and nx0.7 for layer numbers (n) thereafter [I0g].



97

o

~—
\E
=
N—r
+—
=
2
)
1=

0

0 2 4 6
Position(um)

N b

Figure 3.5. . Optical image of a device being processed. (a.) Initial optical
identification and (inset) AFM height line scan confirming layer thickness.
(b.) Post-etch and contact, fully fabricated device with monolayer (1L),
multilayer (ML), and 1L/ML sections marked. Adapted with permission
from [I]. Copyright 2017 IOP Publishing.

Devices were patterned into distinct individual rectangular slices (the importance of
which will be made clear later) made from a single monolayer (1L)/multilayer (ML) flake:
1L-only, ML-only, and 1L+ML interface, using electron beam (e-beam) lithography and
SF6 [109] reactive ion etching. Gold electrodes were patterned with a second step of e-
beam lithography and gold was deposited to roughly 50 nm through thermal deposition.
Electrode geometry was set to be perpendicular to the interface. The device, through the

steps of identification and fabrication, can be seen in Fig. .

3.1.1. Results and Discussion

Initial measurements of the generation of carriers and band-bending at the interface were
performed by scanning photocurrent microscopy (SPM) in high-vacuum (less than 1

mTorr) at room temperature under laser illumination from a pulsed femtosecond laser
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system (OPO) with tunable wavelength. The SPM laser wavelength was varied to be be-
low bandgap, at bandgap, and above bandgap energies, with average laser power limited
to 70 uW. A backgate was applied through the underlying SiO, substrate and varied from
0 V to 40 V for repeated scans across the device and interface.

Subsequently, transport measurements were performed on each of the fabricated de-
vices in parallel to the interface and characterized in similar conditions (no laser excitation
was used in this part of the experiment and transport was measured in dark). Tests were
performed at room and low temperatures (10 K).

In mono to multilayer MoS, the primary photocurrent mechanisms are exciton gen-
eration through higher-than-bandgap energy photon excitation and free carrier creation
by electric field-assisted dissociation [I10]. At the channel interface between the mono-
layer /multilayer, band bending would induce a high-local built-in e-field which can disso-
ciate electrons and enhance photoresponse, and we looked to confirm this with SPM.

Photocurrent results are shown in Fig. [3.6] where the photocurrent is correlated with
a spatial 2D reflectivity map, with three different laser energies used for excitation: 660
nm (1.88 eV) excitation, 680 nm (1.83 eV) excitation, and 700 nm (1.77 eV) excitation.
All measurements were done with a 0.2 V bias across the V4 and V- contacts, and a 20
V backgate was applied.

Under 660 nm laser excitation, the exciting photon energy is very near to that of
the optical bandgap of mono and multilayer MoSs. In this regime, intensity contrasts of
the monolayer /multilayer interface is greatly diminished due to other effects such as the
creation of hot carriers and photo-thermoelectric effects. Under 700 nm laser excitation,

the exciting photon energy is lower than that of either the 1L or ML optical bandgaps, and
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as such fails to effectively create any excitons in MoS, leading to a reduced photocurrent
intensity and no enhancement at the interface.

Under 680 nm laser excitation, we observe a region of current enhancement along the
interface not otherwise seen at the other laser energies and a sharp I,. peak is observed
correlated to the interface. This result confirms that the band bending at the interface of

the 1L/ML channel can increase the local generation of photocurrent.
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Figure 3.6. (a.) Completed device with Au-electrodes, mono-only and
multi-only devices not shown in their entirety in this view. (b-c.) Pho-
tocurrent with a 660nm excitation source (pink arrows denote the location
of the channel, to guide the eyes), (d-e.) with 680nm excitation, and (f-
g.) with 700nm excitation. Dashed black lines on the line plots (c,e,g.)
correspond to the spatial equivalent of the interface. The solid lines in
(b.) correspond to the electrode contact edges. Adapted with permission
from [1]. Copyright 2017 IOP Publishing.
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To measure conductivity and the potential for a new conductive pathway along the
interface, we performed transport measurements parallel to the interface at the 1L/ML
boundary for our, as previously outlined, 1L-only device, ML-only device, and 1L+ML
device. All devices, again, were fabricated from a single flake and preserve crystal ori-
entation as parallel to the interface for all cases. This procedure was followed under the
basis of the assumption that the conductivity of the 1L (or ML) flake equals that of the
1L (or ML) pathway of the 1L+ML interface device, allowing us to compare the effective

conductivity of the 1L+ML device to that of the 1L and ML devices separately and in

sum.
L
3.4 et =G
(34 O T W, W,
where we define,
Isd
3.5 G =
(3.5) v
and so and all together,
Ly L

3.6 = dea L
(3.6) A v i

Where, as before, W, is the width of the multilayer, W is the width of the monolayer, L is
the length of the device, and G is the net conductance of the 1L+ML device. Conductivity
of the 1L and ML individual flakes were measured separately and are labeled oy for a

monolayer and o, for multilayer. If there is no change of the conductivity at the interface,
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one should expect a result of,
(3.7) Om > Tefpf > 01

But in our tests we observe, instead a result that suggests an enhancement along the

interface that cannot be explained by the sum of its constituents,
(38) Ocff > Om > 01

Further analysis of the behavior of the channel can be done in calculating the effective
field-effect mobility of the 1L+ML device and comparing it to similar values of the 1L-
only and ML-only devices. To do this, the devices were measured for a series of backgate

voltages, allowing for calculation,

1 do
(3.9) HFE = 58_\/'9

1

Where C; is the capacitance per unit area of the SiOy and o can be substituted with
respective values for either the effective, 1L, or ML values for conductivity.

Examples of the results as calculated can be seen in Table 1, and in all cases we see
an increased effective field-effect mobility along the interface that cannot be explained by

a simple sum of the mobility of each individual channels.
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Device # | # of Contacts | Layer # | o4 at Vg =40V (107°/Q) | prp_x(cm?/Vs)
1 4 1L 1.23 4.1
4 8L 4.53 11.4
4 11L/8L 7.87 20.2
2 2 1L 1.32 2.8
2 2L 2.57 11.0
2 1L /2L 4.41 15.2
3 4 1L 3.38 8.6
4 2L 5.14 16.1
4 1L/2L 11.58 31.1

Table 3.1. Table of device results from study of monolayer/multilayer inter-
face with number of layers and contact number mentioned. Adapted with
permission from [I]. Copyright 2017 IOP Publishing.
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Figure 3.7. Electronic properties of backgated a monolayer/multilayer ho-
mojunction device. Effective conductivity is plotted as a function of gate
voltage for 1L, ML, and 1L/ML. (Inset) IV characteristics of the 1L/ML
device. Adapted with permission from [I]. Copyright 2017 IOP Publishing.

To summarize, our monolayer /multilayer homojunction of MoS, revealed an enhance-
ment in photoresponse at the interface via SPM, owing to band bending. Transport mea-
surements parallel to the interface provided further evidence, when compared to stand-

alone monolayer and multilayer devices, that there was an enhanced conductivity along
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the interface that could not be explained trivially as the sum of its constituents. These
results together underline a new charge state that exists only at the interface.

This work can be seen in our publication: Ying Jia, Teodor K Stanev, Erik J Lenferink
and Nathaniel P Stern; Enhanced conductivity along lateral homojunction interfaces of

atomically thin semiconductors.2D Mater. 4 021012 2017 [1].
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3.2. Gate and Layer Dependence of Stark shift in Multilayer Molybdenum
Disulfide

With an ability to control layer numbers as well as apply an external field, there
exists an opportunity to study interlayer interactions and how they are affected by the
aforementioned controls. Within the limits of field screening by increasing layer numbers,
we can probe these interactions and their affects on the exciton.

The Quantum Confined Stark Effect has been a topic of interest in semiconductor
devices since the mid-80s. GaAs and other such materials have been used to create
quantum wells (or in other cases quantum dots) that have been extensively studied under
the influence of external, perpendicular and parallel (to the material plane) fields [111]
112]. And as was discussed in Chapter 2, many of the ideas applied to 2DEG systems can
be carried over to TMDs which are like quantum well systems of a finite thickness down
to the monolayer scale. Recall the image of Fig. where the exciton is confined in the

z-axis but free in xy-axis.
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Figure 3.8. (a.) Approximating the exciton as a finite dipole with a mo-
ment. (b.) When the dipole experiences a field, the electron and hole will
experience an field force in opposite directions, pulling them apart.
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To frame our discussion, we can start by considering a very generic picture of the
exciton that can be attributed to either a more traditional quantum well or TMDs. As
the exciton is an approximation of an electron and proton (hole) pair, we consider the
exciton to be a dipole with finite spacing or as picture in Fig. [3.8]. We further attribute
to the dipole a polarizability, allowing for an externally applied electric field to manipulate
the exciton formation energy. Provided that an exciton has a non-zero polarizability when
the field is off (and in an ideal case of no extraneous doping by trapped surface charges
or other sources of charge build up), then we can begin to build a picture for the exciton
energy under an external electric field. Of course, in MoSy and other TMDs this is rarely
the case of such a perfect condition and much of the interaction of excitons with external
fields is also convoluted with formation or loss of the previously discussed trion species,
due to changes in the Fermi level caused by the electric field. But for now we will consider
an ideal case. In quantum wells, polarizability under a field can be obtained in the form
of,

2,,,4
(3.10) AE = %ﬁ — 3. F?

Here w is the width of the quantum well, 3 is the exciton polarizability, F' is the applied
electric field, and the rest are standard constants. ji.f¢ is the reduced effective mass of
the electron-hole pair,
1 1 1
+

(3.11) =
Heff Meffe Meffh
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And in the case of a dipole in a field, we have that its energy is defined as,

(3.12) E(F)=Ey+ U, + Uy

Or with terms now added,

(3.13) E(FY=Ey—p-F—pj3-F?

Where Ej is the zero-field exciton recombination energy, p is the dipole moment, and,
again, [ is the polarizability. By this simple expression, we would expect that increasing
field strength should shift the exciton energy down (red shift) from the maximum at
F' = 0 due to non-zero dipole moment and polarizability. Emission energy would also be
expected to go quadratic with increased field strength given a non-zero polarizability.

In quantum wells, this behavior has been observed and studied extensively with ab-
sorption and PL measurements, its dependence of field strength, thickness of the well,
composition of the semiconductor structure, etc. We will, here, look at in the case of

TMDC semiconductors and, specifically, MoS, [113].

3.2.1. Brief Discussion on Inter- and Intra- Interactions

Intralayer interactions we have already discussed are the formation of excitons, both direct
and indirect, and trions. The single layer is also held together by intralayer bonds between
the M-X atoms which are covalent in nature, though this is less interesting now but will
be of importance in Chapter 4. But, very importantly, it should be noted that some of
the intralayer interactions are themselves dependent on interlayer effects. For example,

the case of monolayer vs. bilayer vs. few layers of MoS, highlights this intra-dependence
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on interlayer interactions acutely. The intralayer formation of excitons in the monolayer
is a direct transition between the K-points in the conduction and valence band, but due
to interlayer interaction in the bilayer case the change in band structure leads to the
formation of now-preferred indirect transitions from the K-point in the conduction band
to the I'-point in the valence band. This continues to evolve in the trilayer and thicker case
where the transition point become the A-point in the conduction band and the I'-point
in the valence band. Subsequent layers change the exact energy levels of these transition
points.

The first and most obvious sign of interlayer interaction is the very layered nature of
these materials. Something is holding them together, that is weak vdW forces between the
layers. Another example, is that of the changing band structure of MoS, discussed just
above, and the stack of two layers results in the formation of the new system of the bilayer
which is distinct from the monolayer in several ways: changes to the band structure energy
levels, work function, formation of the indirect bandgap, a lack of inversion symmetry,
etc. It is also easily observed in the quenched quantum yield of exciton emission with
increasing layer number as seen in basic PLL measurements, for example. And, as with
the previous section on homostructures built from mono-multilayer interfacing, we begin
to frame a layered homostructure in ways very analogous to heterostructures!

One way to study interlayer interactions (and a method that has recently become
popular both for homo- and hetero- layer configurations, particularly for the formation and
study of Moire Excitons [30]) is that of stacking (or folding) and twisting monolayers [92]
97,[98]. For convenience and simplicity, I will focus on the bilayer scenarios but discussion

here may be extrapolated to n-layers.
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Figure 3.9. An example of rotation between layers when stacking monolyers
to create bilayers. (a.) 3R stack when the two layers are the same orienta-
tion. (b.) Arbitrary rotation. (c.) 2H stack when the layers are reversed, a
natural bilayer stack.

In a homostructure bilayer, twisting like-like layer orientations has been studied for its
effects on the indirect exciton formation and valley-polarization. In its naturally occurring
order, MoS; forms a 2H Z-stacking symmetry in which the orientation of the crystal
lattices for each individual layer are exactly reversed every other layer. By twisting this
symmetry through a manual stacking method (confirmed either by Second Harmonic
Generations (SHG) study of the layer orientation or a more rough crystal approximation
based on sharp edges/corners) we can alter the interlayer symmetry and, as has been
shown, change the properties of the resulting bilayer. In the extreme case, we may fully
rotate the top-most layer of a bilayer such that the molybdenum atoms and the sulfur
atoms are aligned and the crystal axis is oriented in the same direction, this is called 3R
Z-stacking. 3R-stacked bilayers are still characteristically bilayers in that they have an
indirect exciton but there is a preservation of valley physics for such a device that would

not exist in the naturally stacked 2H bilayer (nor does it exist, as has been shown, in a
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likewise manually stacked 2H bilayer). Examples of these orientation-dependent stacks
can be seen in Fig..
In a heterostructure, the behavior of the resultant structure is highly material depen-

dent as previously shown in Fig., but is not of focus for this section.

3.2.2. Gate and Layer Dependence of Stark shift in Multilayer Molybdenum

Disulfide

Individual monolayer properties and exciton formation are governed by intralayer interac-
tions within the 2D system. But as layers are added, new interlayer interactions begin to
affect the behavior of the crystal structure, its optical response, and the behavior of the
formed excitons. As was previously discussed, MoSs has distinct electronic band structure
changes with increasing layer number, owing to the strong interlayer interaction. Here
we probe the interlayer interactions of MoS; by modulating an externally applied per-
pendicular field through varied layer thicknesses ranging from 3 layers to 11 layers. In
doing this, we can compare the effects of increasing layer number on the optical response
of MoS, in an external field. Depending on an observable increase or decrease in response
with layer number to a finite gating, we can begin to draw conclusions on how interlayer
interactions change with layer number.

Initial device fabrication for this device follows similar steps to those outlined in the
previous section on the monolayer /multilayer heterojunction, and 285 nm SiO, for back-
gating purposes. Of note, no visco-elastic stamping was used in this process and all
devices were made from only tape exfoliated flakes as size was not a major hurdle for

device realization but highest possible quality was of interest. Once again, post-exfoliation
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transfer processes were avoided to avoid introduction of wrinkles, strain, and granular
boundaries that could/would manifest as unwanted states at low temperature and under
a depletion gating bias. Cleaning and AFM steps were also carried out in similar fashion
to confirm the layer numbers for flakes of interest that were used for the measurement.

Samples were also optically characterized by their PL, at room temperature, in high
vacuum, by a 532 nm laser, before fabrication was done to confirm good efficiencies and
crystal quality. This extra step was performed in an attempt to avoid low-temperature
defect and/or trapped states dominating the signal which can often times be diagnosed
ahead of time by lower PL intensities, energy of emission, and wide line widths. There
was also an interest in comparing across multiple devices and as such it was beneficial to
pick out devices that had similar emission profiles for like-number layers across multiple
chips.

Fabrication followed similar steps to those previously outlined with pure gold contacts
used to make electrodes on the material, and a completed device can be seen as an example

of identification and fabrication in Fig. [3.10].

(c)
2t By
| o2t 34
£ ‘ b 1-L
= .
%1 ‘ “M';’\p'q
E
OM .
0 2 4 6 8 10
Profile (um)

Figure 3.10. Example of a characterized and electrode-contacted device,
(a.) an optical image, (b.) AFM 2D map and labeled layers, and (c.) a
height slice from AFM scan with 1L, 2L, and 3L identified respective to the
layers as labeled in (b.).
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Once fabricated, devices were loaded into our cryostat, pumped down to high vacuum,
and allowed to back-heat anneal overnight at 350 degrees Celsius to help remove atmo-
spheric absorbents. At the same time, a 1 mW laser was left de-focused to roughly 100
micron spot, over the sample to laser anneal. The sample was then cooled to 10 K while
continuously being laser annealed at gradually increasing power with temperature drop:
1 mW near 290 K, 2 mw below 200 K, and 5 mW below 100 K. This process was done to
avoid trapped states from forming during the cooling process and the gradual increase in
power was done to avoid potential optical laser damage to the devices. Once the sample
achieved 10 K a final laser anneal at 5 mW with focused spot was done over the entire
area of interest.

Low temperature was used to improve the linewidths of MoSs and, more specifically, to
counter the quantum yield quenching with increased layer number in MoS,. At room tem-
perature, emission of higher order layer numbers drops substantially (orders of magnitude
difference from monolayer to many (11L) layers) and makes reliable collection difficult.

MoS, layers of interest were studied with a 40 uW, 532 nm continuous wave (CW) laser
with an applied backgate varied in steps of 5 V (or 10 V) from 0 V to -100 V, -100 V to 100
V, 100 V to 0 V, and repeated once more, for checks in hysteresis and data stability. This
was repeated for 1 through 6, and 11 layer thick MoS,. Monolayer data was used as a point
of reference and comparison against literature where gated studied of MoSs monolayers
are detailed for exction/trion behavior under gating on similar substrates and changing
doping [52, 114], to help confirm similar and expected behavior in our device. Multiple
similar layer-number configured devices were tested under as near-identical conditions and

fabrication as possible.
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As mentioned previously, much of the original framework is that of perfect materials
with perfect excitons. But that is most certainly not the case in as exfoliated TMDs,
where doping, strain, and other effects simply cannot be completely eliminated. In fact,
MoS; is understood to be inherently n-doped from most commercial sources. This makes
the measurement of the Stark Effect not a simple or clear task. We would expect our
data to show detuning with a red-shift under an applied external field as can be seen in
Fig. [3.11] a (left)], and for the PL intensity to drop with increasing field but this is not
the case as seen in Fig. [3.11] a (right)]. Indeed, this suggests an incomplete picture if
we want to only consider the Stark effect and other behavior is also contributing to the

dynamics we have observed.

(a.) Amplitude and Detuning of a 4L Flake (b.) Layer Dependent A-Exciton Detuning
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Figure 3.11. (a.) Amplitude and energy detuning of the exciton emission
with gate for a 4L, example case. (b.) Layer dependence of the detuning
can be observed for 4L, 6L, and 11L with increasing layer number resulting
in a distinct increase in slope and detuning strength. The quadratic nature
of the data becomes clearer with increased layer number as the Stark effect
emerges over Stokes.
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Due to the presence of both the neutral exciton (X,4) and the charged exciton (trion,
X7,), and their overlapped emission peaks in MoS, [52] we must consider their interaction
and response to gating, changes in carrier concentration, and optical stimulation as we

continue discussions. Work here will focus on the positive gating.
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Figure 3.12. Neutral exciton (left) and charged exciton (trion, right) forma-
tion. Changes in doping (electron availability) directly affect trion popula-
tions. In a depleted conduction band scenario (Fermi level drawn towards
the valence band), trions would become rare to nonexistent, and vice-versa
when the doping level is conversely increased (Fermi level drawn towards
the conduction band).

For both trions and the neutral exciton, it has been shown in monolayer MoS, that
there is an observable Stokes shift that manifests as a red-shift detuning of the exciton
peaks and an increase in quantum yield of the trion in PL measurements [52]. Behavior
similar to this can be observed in Fig. [3.11} a], and this behavior is observed in all
layers from mono to multilayer in our studies. (For a fully detailed measurement of the
Stokes shift, an absorption measurement would have needed to be performed to observe

the detuning between the absorption energies and the PL peak emissions for each layer.)
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However, this behavior has been shown to be linearly dependent with gating and changes
in doping, and as such fails as the only explanation for our observed behavior.

Where the Stark Effect enters consideration and what the Stokes shift fails to easily
explain, however, is the layer dependence and quadratic nature of the applied fits as seen
in Fig. , b] of the detuning strength with increasing layer number. The higher the
layer count, the more noticeable the quadratic nature of the detuning (and the strength
of the detuning becomes) becomes for our studied layer counts from 3L-6L and 11L.

As all flakes of interest in a given measurement session were from the same single
crystal source, it is reasonable to believe that their doping level is not widely different per
layer (and in fact should be on average the same) and so we would not expect disparate
and uneven doping as a potential explanation for the increased effects with layer number.
Moreover, the increasing thickness of the layers and increased screening per layer would
negatively impact the field strength on the Fermi level and inherent doping strength of
the backgate (especially so in the 11L case), as such making it harder still for only the
Stokes Shift to explain our observed behavior.

All said, there is no compelling reason to believe that the layer dependent behavior
arises from the Stokes Shift while said behavior and the quadratic nature of the curves
strongly suggests the Stark Effect. Recent work on dual-gated multilayer samples of MoS,
have similarly claimed the Stark Effect in conjunction with Stokes contributions [I13].
This effect is potentially explained by an interlayer interaction, either from excitons or
trions, that increases in field-sensitivity with layer number. Adjacent layers and their
carrier wave functions’ slight out of plane components could potentially ’see’ each other

and interact in a direction that is highly sensitive to field effects. In affect, it would be
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a picture of displaced dipoles feeling the presence of each other and realigning because of
this. This realignment, as it is vertical and in the same orientation as the field, would
make exciton ’dipole’ picture more responsive to an the effect of an applied field. From this
we’d expect an increasing detuning with layer number and more pronounced quadratic,
just as our data shows.

Still, it bears repeating that both effects of the Stokes and Stark effect are observed
in the data and that they cannot be trivially separated completely without a much more
robust measurement that includes absorption spectra for the few layer cases studied. This
means that the strength of our Stark effect is at best a maximum for the applied field but
is likely much less with some portion of the detuning coming from the Stokes shift.

This work can be seen in our publication: Kuang-Chung Wang, Teodor K. Stanev,
Daniel Valencia, James Charles, Alex Henning, Vinod K. Sangwan, Aritra Lahiri, Daniel
Mejia, Prasad Sarangapani, Michael Povolotskyi, Aryan Afzalian, Jesse Maassen, Gerhard
Klimeck, Mark C. Hersam, Lincoln J. Lauhon, Nathaniel P. Stern, and Tillmann Kubis;
Control of interlayer physics in 2H transition metal dichalcogenides. Journal of Applied

Physics 122, 224302 (2017) [115].
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CHAPTER 4

Layered Heterostructures for Improving Electrical Contacts
4.1. Introduction

As established at the onset of this Thesis, one of the powerful tools of engineering
with layered materials is to build structures out of different layered materials [7, [13], 25,
29, 130, 36], 94-96]. These structures are called heterostructures. Generally, different ma-
terials are used to build these structures but can be built even from like-like material
combinations so long as the natural order is somehow perturbed. An exampple of this is
with twisted monolayers or mono-multilayer junctions that form type-I heterojunctions
like the one presented in Chapter 3. These heterostructures often lead to novel emergent
properties that are distinct from the constituent parts, one common example is the inter-
layer exciton [29] [06]. This layer-to-layer interaction leading to an exchange of electrons
(still bound to their respective holes if optically stimulated) across the conduction bands
of stacked materials in a type-II heterojunction. This results in excitonic recombination
across the interace. That is the interlayer exciton as seen in Fig. in Chapter 2.

Creating interlayer interactions is not the only way to utilize heterostructures nor
does it require vertical stacking to achieve. hBN has emerged as a major component
in heterostructures, not for its layer interactions but instead for being an ideal inert
substrate for layered materials due to its smooth and pristine surface, layer-matching

lattice, and insulating nature [I16-11§]. It is an excellent replacement for the amorphous
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Si0,, the surface roughness of which as well as penchant to charge-trapping, often results
in inhomogenous broadening and excessive doping states in TMDs [119]. Thus, hBN
makes for a great substrate to build upon and is itself a layered material that can be
manipulated to build heterostructures as both a superstrate and substrate for various
benefits [13].

As previously discussed, a major problem in TMD electrical device realization, is the
formation of alloyed contact metal-TMD junctions resulting in compromised electrical
performance and high contact resistance [5, 89]. A thin hBN superstrate, usually of 1 to
5 layers, can act as a tunneling barrier (ie. creating a tunneling contact) and protect the
underlying TMD from alloying damage [9, 28, 84]. Likewise, engineering contacts with
graphene or other conductors can also be utilized as a form of heterostructure building
where graphene is used as the interfacial contact material that bridges TMD to metal,
with graphene forming a direct conductive interface as opposed to a tunneling barrier [26,
90, 9T]. My work will focus primarily on hBN as my dabbles in graphene contacts only
manifest late into my career but much of the logic applied to hBN and hBN-based devices
can be extended in a linear fashion to graphene or other layered materials for contact
engineering.

In this chapter, we will look at a case of an in-plane heterostructure enhanced with

hBN tunneling contacts.
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Figure 4.1. (a.) Band bending interaction of a TMD/Metal interface, which
results in the formation of Schottky barrier. (b.) Introduction of an hBN
intermediate tunneling layer. Ideally this results in the formation of Ohmic
contacts. Adapted with permission from [9]. Copyright 2018 American
Chemical Society.
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4.2. Tunneling Contacts on 2D Heterostructures

The 2D nature that paves the way for novel phenomena and the ability to build
elaborate, interacting heterostructures with TMDs also makes them susceptible to nega-
tive effects from their environments. This can take many forms, undesired doping from
substrate or adsorbates [120H123], oxygen-reactive damage [124], or significant contact
resistance due to allowing with contact metals or bad interfacing [5]. Of focus for this
section will be the case of the interfacing of contact metals and 2D materials, which of-
ten leads to alloying and hybridization of neighboring orbitals. This adverse interaction
results in a pinned Fermi level and the formation of significant barriers for electron con-
duction into the material, ie. Schottky barriers. By utilizing hBN as a tunneling layer
on TMDs, it can serve as a protective buffer between metal and 2D material while still
permitting electron flow [28]. A rough representation of this de-pinning can be seen in

Fig., comparing a pinned interface to that of an hBN de-pinned tunneling barrier.
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This effort in contact engineering was initially put to use in conjunction with in-plane
heterostructures as grown by Akshay Murthy in the Dravid Group as a collaborative
project to study the interface characteristics of the in-plane heterojunction that forms
between MoSy and WS, [125], [126]. The crystal growth (done through sequential growth
operations, with MoS, acting as a nucleation point for WS,) can be seen in Fig.] with
the resultant intended device with hBN encapsulation in Fig.]. AFM and optical
images of as-grown heterojunctions can be seen in Fig.,d], slight decay of the lattice
can be seen in the gaps at the MoSs /WS, interfaces where voids form at the interface. This
is caused for multiple reasons, for one, in transferring the CVD growth from a growth chip
to a pre-patterned electrical device, the interface was prone to breaking in the process,
requiring many attempts before a successful device could be realized. A second source
of degradation was simple ambient exposure, likely due to poor lattice matching at the
interface creating points where adsorbates can create points of lattice decay. A third likely
source of degradation was the extended exposure to chloroform for sample cleaning post-
stamping, chloroform is a highly reactive solvent and may have been a source of damage
due to this but it was a mandatory step in the process. Due to this lattice breakdown,
devices needed to be made quickly and handled carefully. hBN served a secondary purpose
here, acting as a protection layer as well as a tunneling barrier, highlighting its robustness.

Following the necessary procedure for growing the needed in-plane heterojunctions,
monolayers of hBN were identified from micromechanical tape exfoliation methods as out-
lined in the Appendix. An orange filter was utilized to identify the near-invisible monolay-
ers on Si0y. CVD grown heterojunction flakes were transferred first onto hBN ”bottoms”

of 5-10 layers thick, and then encapsulated on top with the monolayer hBN. The ideal
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Figure 4.2. (a.) Crystal formation of in-plane heterostructure with MoS,
acting as the seeding nucleation point for WS,. (b.) Resulting device goal of
an hBN-contact in-plane heterojunction. (c.) AFM of a heterojnction flake.
(d.) Optical image of heterojunction, the slight contrast differences make
identifying and ”targeting” heterojunction interfaces straight forward for
transfer processes. Gaps can be seen between the MoSy and WS, growths
at points, this is break down of the lattice at imperfect growth points.
Adapted with permission from [9]. Copyright 2018 American Chemical
Society.

positioning is centering the monolayer hBN over an interface where the MoS, /WS, meet
creating an interface. This can be roughly identified optically under a microscope by
slight differences in layer contrasts. Creation of a device is outlined in Fig.—b], and
the eventual e-beam mask for a device and a final example device of the heterojunction in

Fig.[4.3c,d] respectively. Devices were developed with 5 nm Ni/50 nm Au metal contacts

to form the electrical devices.
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(b.)

(d.)

Figure 4.3. Device realization. (a.-b.) Show a simple representation of the
assembly of a given heterojunction device, and can be applied to stand-
alone materials as well. (c.) E-beam patterned mask of marked layers
before deposition. (d.) Example of a finished device heterojunction.

Electrical tests of the individual layers were performed in the Stern group’s ARS
cryostat system under vacuum after the devices were baked out at 350 degC overnight in
high-vacuum. First order of business was to confirm the realization of successful tunneling
contacts and this can be seen in Fig.. Without the hBN protection layer, MoS, and
WS, show visible non-linear performance, indicative of a Schottky barrier being overcome
before linear performance is achieved at which point the barrier is overcome. In the hBN
tunneling contact case for WS,, not only is the performance linear (Ohmic) at all biases,

we can also see saturation. MoS, performs less ideally, still showing evidence of a small
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barrier at small voltages, but otherwise exhibits linear and then saturation as well. This is
indicative of high performance devices as previously shown in the literature [127, [128]. In
both cases there is also a significant improvement in device performance for applied source-
voltage, signifying the significant drop in contact resistance. The origin of the performance
jump is attributed to the Fermi level de-pinning granted by the hBN monolayer tunneling
barrier as previously described. Moreover, transfer curves of MoSy and WS, also show
significant improvement, notably again is significant device performance improvement
in WS, and significant reduction in hysteresis [127]. The hBN substrate and superstrate
likely both play important roles in this significant drop in hysteresis, the substrate protects
the TMD from charge trap states formed on traditional SiO, interfaces, as well as potential
trapped absorbates under at said interface [27, [120]. The superstrate, as previously noted,
helps protect from alloying damage of the TMD layer from metal bombardment as well
as protects from absorbates by the layer [5].

With established success of the formation of Ohmic contacts and significantly improved
device performance on stand alone individual material devices, next was probing of the
heterojunction within the hBN-sandwich heterostructure. These were realized as separate
devices but of the same growth as seen in Fig.. The material interface is expected to
form a Type-II heterojunction with the conduction band minima defined by the WSy and
the valence band maxima defined by the MoS, though the exact configuration is set by the
the applied bias which modifies the alignment specifics as seen in Fig.[4.5p] [125] 129, 130].
In theory, this alignment could also prove ideal for formation of in-plane ”interlayer”
excitons at the interface, though at the time of this project’s work and eventual conclusion,

we did not have sufficient resolution to see interlayer formation at the interface if it had
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Figure 4.4. Tunneling contact testing. (a and d) Output curves across WS,
(a) and MoS, (d) with varying gate bias using conventional contacts of direct
metal deposition. (b and e) Output curves across encapsulated WS, (b) and
MoS; (e) devices with varying gate bias. Current saturation is achieved in
the encapsulated devices only. (c) Transfer curves across nonencapsulated
WS, (red curve) and encapsulated WS, (black curve) and (f) transfer curves
across nonencapsulated MoS, (red curve) and encapsulated MoS, (black
curve). Vertical arrows indicate the direction that the gate voltage was
swept. These sets of curves were conducted with Vg3 = 5 V and display
qualitatively similar responses, but the hysteretic component is eliminated
in the encapsulated devices. Adapted with permission from [9]. Copyright
2018 American Chemical Society.

124

formed [131]. Though this could be an interesting point to investigate further in future

projects! (Our new Attocube system would be a great system to review this device with

in the future, as it is has high resolution, very low temperature scanning capabilities and

may be sensitive enough to detect novel physics at this interface.)
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Figure 4.5. Encapsulated junction properties. (a) Schematic depicting the
effect of various biasing schemes on band structures of MoSy/WS,. (b)
Linear and (c) semi-logarithmic output curves across encapsulated junc-
tion for various gating conditions at 300 K. (d) Source-drain sweep across
junction with and without illumination. Adapted with permission from [9].
Copyright 2018 American Chemical Society.

Testing of the heterojunction with tunneling contacts can be seen in Fig.—d]. No-
tably, source-drain performance was not linear nor did it reach saturation. As has been
shown that the individual components are either wholly-linear or near-linear with satu-
ration in either case as seen in Fig.[4.4p,e], the non-linear behavior and lack of saturation

is likely an interfacial cause. The rectification ratio is around 15 for Vg = 20 to 50 V and
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diminishes to approximately 2 at the highest gate voltage ranges. Compared to nonen-
capsulated heterojunction devices that used the contacts whose behavior is demonstrated
in Fig.[d.4h.d], the on/off ratios are almost 2 orders of magnitude smaller as can be seen.
A possible explanation is a ”contact” resistance across the heterojunction as the inter-
face will not be a perfectly matched growth. There will be defects, grain boundaries, and
voids along the interface that can all significantly impede conduction and result in rectify-
ing behavior that would not be present in stand-alone layers. Moreover, various theoretical
and experimental reports have suggested that there exist large differences in the energy
levels of the sulfur vacancy states in MoSy vs those in WS, [128] [132], [133]. Since these
defects induce the aforementioned interfacial states such as voids and grain boundaries,
this can lead to Fermi level pinning close to the middle of the midgap of WSy vs that of
MoS; as can be inferred from Fig. ] As such, the conventional contact geometry yields
larger electron Schottky barriers in the WS, and as such create a new Schottky contact.
Thus, by removing asymmetric Schottky barriers at the metal/semiconductor interface,
we have achieved a more refined and informative electrical characterization of the material
and potentially significant insight on the interface interaction. This proves a significant
result brought on by tailoring the layered material heterostructure environment.
Furthermore, as we observed significant forward and reverse currents when testing
our device structure, it is evident that there is a good natural contact formation at the
interface. Otherwise, had the contact between MoS, and WS, at the heterojunction been
poor, there would be a direction sensitive bias on currents. This was not observed, and
this conclusion would not have been directly tested in the natural, direct-metal contact

high resistance devices. Furthermore, the gate dependence on the rectification behavior of
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our devices can be explained by the fact that the gating leads to an increase in available
carrier concentrations in both materials. This results in an upward shift in the position of
the Fermi level closer to and eventually into the conduction band of both materials. This
permits much greater reverse currents through the drift of these electrons by the electric

field. A representation of this can be seen in Fig.[4.6b].
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Figure 4.6. (a.) Non-tunneling contact device showing asymmetrical perfor-
mance. (b.) As the gate bias is increased from left to right, the Fermi levels
in both materials are moved closer to and then into the conduction band of
one then both materials, resulting in increased conductivity. Adapted with
permission from [9]. Copyright 2018 American Chemical Society.

To further study this now ”isolated” contact interface of the junction, no longer
blanked out by Schottky contacts at the metal/TMD interface, photocurrent mapping
was used over the device and, specifically, the interface. This work followed my previous
work on [I] and experience.

This approach was done in order to map the photocarriers as functions of source-
drain and back-gate voltages. This was again done within the Stern Group ARS system,

using a lock-in amplifier and current amplifier. A 532 nm chopped laser was rastered

over the device while output current was monitored through a current amp sequenced
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to a lock-in amplifier locked to the chopped laser frequency. This also allowed for 2D
reflectivity mapping that could correlated specific points of photocurrent to regions of the
device, allowing for correlation of response and location. This provides spatially resolved,
electronic information at a junction [I, 134]. This mapping can be seen in Fig.[4.7] with

contact representation and device location deviced by outlines.
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Figure 4.7. Scanning photocurrent mapping analysis. An optical image of
the heterojunction device is provided in Figure S3a. Yellow dotted lines
indicate contacts; white solid lines indicate material, and white dotted lines
indicate junction. (a) Photocurrent generation map in forward bias (Vds =
5 V). (b) Line scan across the horizontal line in forward bias regime. The
photocurrent maximum is located near the junction. (c¢) Photocurrent gen-
eration map in reverse bias (Vds = 5 V). The photocurrent in this regime
exhibits a polarity opposing that seen in forward bias. (d) Photocurrent
generation map with no bias (Vds = 0 V). No photocurrent is present.
(e) Line scan across the horizontal dotted lines in reverse bias and no bias
regimes. Measurements conducted at 350 K. Note that different photocur-
rent scale bars are provided for the top row vs the bottom row. Adapted
with permission from [9]. Copyright 2018 American Chemical Society.
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As previously mentioned and shown in Fig. ] the valence band maxima lies in MoS,
and the conduction band minima lies in WS,, and as such optically generated electrons
and holes at the junction can be moved into the WS, and MoS, regions respectively
by the built-in electric field via drift [79, 125, 135]. Photocurrent maps can be seen in
Fig., and it can be immediately noted that the observed drift is negative (against
the field of at the interface) for all cases except for reverse bias. In the case of reversed
bias, the drift and electric field align. For the case of forward bias, the photocurrent is
seen to oppose the electric field at the junction which suggests a diffusion current. In
the final, simplest case, when no bias was applied, no photoresponse is present which is
expected as no carriers are being generated. All combined, these factors would suggest
that the electric field of the junction due to the inherent mismatch of material electronic
band structures is weak. This is likely linked to the junction’s nature as an actual n+/n
as opposed to a true p/n junction of the mismatched MoSs/WSs, in-plane structure. As
such, while exciton splitting via the photovoltaic effect at the junction may explain part
of the photoresponse, additional effects, such as the photothermoelectric or hot carrier
effects likely play a role too [134].

The photothermoelectric effects can be ruled out quickly as a source of photoresponse
as there was none at zero bias [I34] [130] as the laser rastered over the device and junc-
tion. Moreover, the used laser power (20 W with a spot size of excitation of only a
micron) is much too low based on literature expectations [134] [I37] to be expected as a
relevant contributor. State of the art MoS, thermoelectric devices show performances of
three orders lower than the observed regime [137]. Instead, it is likely that hot carrier

generation, excited by the above resonance laser, is the major contributor in photocurrent
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generation [134]. Electrons in the conduction band of MoS; are excited beyond the barrier
between layers and the junction potential, and diffuse. For WS, it is the holes and the
valence band. It is expected for conditions similar to those used here [134] for optically
induced carrier concentrations to be roughly 10'® cm?. Since these densities are compa-
rable to the 2D Mott density of monolayer MoS,, it can reasonably be concluded that
the photoresponse measured is from free carrier generation, as opposed to photovoltaic
splitting of excitons as previously discussed [134], 13§].

It was possible to further rule out excitonic response,by utilization of sub-resonance
excitation of the MoS, or the WS, with an excitation wavelength of 710 nm. Any response
seen here in photocurrent could not be from excitons as none would be excited with such a
lower energy. For context, laser excitation of 532 nm = 2.331 meV, 710 nm = 1.747 meV,
MoS; Exciton 670 nm = 1.851 meV, WS, Exciton 610 nm = 2.033 meV. Despite the laser
energy being insufficient to excite excitons in either the MoSs or the WS,, the photocurrent
maps show significant photocurrent generation at the junction as seen in Fig.. This
further supports the notion that hot carriers are involved in this photocurrent generation
process at the junction. Once more, electrons (holes) are excited with the conduction
(valence) band, along with trap states at the interface, and diffuse across the interface and
generate a photoresponse. Further evidence to this conclusion comes from increasing the
gate voltage and, by extension, the carrier concentration. Larger hot carrier photocurrents
and generation regions manifest as the gate increases, and decrease as the gate decreases.
Using this model of hot carrier generation, the observed forward bias photocurrent of

15 nA implies a hot carrier quantum efficiency of 0.05, within the established limits of
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hot carrier quantum efficiency (0.1 to 5 percent) in comparable metal/semiconductor

(b.)
-e)-

Figure 4.8. Sub-resonance excitation photocurrent, using 710 nm laser
source. Blue dashed lines indicate contacts, red dashed lines mark the
full device, and the red solid line denotes the junction. (a)Vg= -5V with
Vo, =0V, (b) Vgs =0V with V, = 0V, (c¢) Line scan of (a), (b), (d),
and (e) through dotted lines. (d) Vgs = +5 V with V, =0V, (e) Vg, =
+5 V with V, = 20 V. Adapted with permission from [9]. Copyright 2018
American Chemical Society.
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It should also be noted that using sub-resonance excitation with 710 nm also removes
the high photocurrent signal at the contact on the case of reverse bias. It is likely, given
this result, that that signal was due to excitons tunneling from the semiconductor into the
metal contacts across the small hBN potential barrier. By removing the excitation energy
needed to generate excitons, this process naturally disappears. In previous reports [85]

139, [140], significant photocurrent generation was observed at the MoS, contacts with no
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applied bias due to carrier separation by electric fields accompanying Schottky barriers at
metal /semiconductor interfaces. In the case of this device, as there is minimalized tuneling
of carriers without direct pumping of excitons which then tunnel across the barrier, there
is no observed photocurrent at zero bias.

Further reading on this result as well simulation supporting information and detailed
SI work can be seen in my paper with Akshay Murthy: Intrinsic Transport in 2D Het-
erostructures Mediated through h-BN Tunneling Contacts, Akshay A. Murthy,
Teodor K. Stanev, Jeffrey D. Cain, Shigiang Hao, Trevor LaMountain, Sungkyu Kim,
Nathaniel Speiser, Kenji Watanabe, Takashi Taniguchi, Chris Wolverton, Nathaniel P.

Stern, and Vinayak P. Dravid, Nano Lett. 2018, 18, 5, 29902998 [9].
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CHAPTER 5

Layered Heterostructures for Enabling Direct Nanopatterning

5.1. Introduction

Engineering of semiconductors in nanoscale structures is a powerful tool for optoelec-
tronic applications. As we’'ve seen, layered heterostructure engineering with 2D semi-
conductors like TMDs allows highly tunable optoelectronic properties of the composite
structure. In a way, this is nanostructure engineering in the z-axis with layers only a
nanometer or so apart, but lateral xy-axis nanoscale work using top-down patterning is
not as straightforward. Previous work in the Stern Group pushed the limits of standard
top-down patterning but those sizes were still relatively large compared to the small Bohr
radius of TMDs (dots radii 20 nm or larger), moreover the linewidths at the time were
broad and confinement effects vs. trion/exciton population dynamics were not clear [101].

In this chapter, I will present on how both of these problems were tackled to further
push patterning capabilities as well as the application of these new techniques to electrical

device creation for further quantum effects via constricted conduction channels.

5.2. Direct Nanopatterning via Encapsulation Protection

A variety of methods have been identified for realizing lateral TMD nanostructures,
including chemically synthesized dots [141], sonicated and centrifuged flakes [142], helium
ion-beam patterning [143], [144], direct femtosecond laser writing [145], laser ablation [146],

electron beam (e-beam) lithography [101], and gate-defined quantum dots [147]. Of these
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approaches, sonication and chemical dot synthesis have been shown to achieve TMD
nanostructures on orders of nanometers with measurable confinement energy shifts. How-
ever, such methods are typically entirely random in size, placement, distribution, and
yield. This makes them not only unscalable for potential broader applications but it also
makes them nigh-impossible to utilize in more complex device realization such as electrical
nanostructures.

Top-down methods based on electron-beam lithography are deterministic and repro-
ducible, allowing for potential usage beyond only the realization of small nanodots, but
face significant impediments for successful application to TMD-based nanostructures due
to induced beam damage that can disrupt or out right destroy layer properties. Top-down
techniques that utilize p-resist electron beam writing are a relatively safe approach to de-
terministic patterning, such as those of the aforementioned previous work in the Stern
Group [101], in which the unexposed resist acts as an etch mask on top of the unetched
material, and are common for field-effect transistor lithography (like that in the previous
section’s work). Such patterning can be used to pattern layered materials down to many
tens of nanometers in size [I01] and does not directly expose the material of interest (the
resultant dot areas) to e-beam irradiation. However, the indirect nature of this pattern-
ing technique, represented in Fig.], however, limits the ultimate nanostructure size
to approximately 50 nm [148], much larger than the Bohr radii of TMDs. Conversely,
negative resist (n-resist) techniques use direct writing, represented in Fig.], and can
produce patterns down to only several nanometers [149] but require orders of magnitude
larger e-beam dosages ( 2,000 to 1,000,000 uC/cm? for n-resist, compared with 300 to

1,000 xC/cm? for p-resist).
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Figure 5.1. Comparison of resist approaches to patterning. P-Resist nat-
urally requires multiple passes, and focuses on writing the area of non in-
terest. Ideal for contact writing and larger structures (>1 pm) due to
over-exposure, polymer linking, and over/undercut development if writing
smaller sizes. N-Resist writes the structure desired, allowing for pattern-
ing as small as the development spot. Direct beam exposure, however, will
damage unprotected layers.

Such intense and direct e-beam irradiation has been previously shown to cause de-
structive damage to the target layered crystal that degrades optoelectronic characteris-
tics [I50HI53]. As such, n-resist techniques while tantalizing cannot be directly utilized
for patterning of TMD layers. However, by developing ways to protect the TMD layers
via structural and environment engineering, it is possible to leverage the advantage of
n-resist patterning without the damaging consequences.

As we have already seen, hBN is a wonderful material for protecting the properties

of more fragile materials. And, even here, it provides a solution to our quandary. We
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utilized few layer hBN sandwiching of TMD layers as a means of protecting the TMD
layers optoelectronic properties from direct, high dosage e-beam irradiation while applying
n-resist patterning techniques.

To study layer damage and nanopatterning, monolayer flakes of MoSe, and few-layer
flakes of high-quality hBN were prepared by micromechanical exfoliation on 285 nm SiO,
on Si substrates and identified by optical contrast as shown in Fig.]. Heterostruc-
ture devices of these components were assembled using the PC method as described in
the Appendix with the on-stamp stacking approach. Following the creation of samples
of standalone MoSe; and heterostructures of hBN/MoSes/hBN, samples were annealed
in an Ar/H, environment to improve surface quality and layer adhesion. Following their
preparation, heterostructures were characterized using PL to confirm good PL emission
and narrow emission linewidths typical of hBN-encapsulated MoSe, before patterning [13].
Both the encapsulated and unencapsulated MoSes monolayers were patterned with stan-
dard electron beam lithography using n-resist into squares with edge size 3 ym as seen in
Fig.,f]. The writing was performed using 100 keV e-beam lithography system with
10 nm hydrogen silsesquioxane (HSQ) as the n-resist with dosages varying from 5,000

pC/em? to 50,000 uC/cm? to test layer damage thresholds.
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Figure 5.2. (a.) Cartoon of bare MoSe; being damaged by direct e-beam
exposure. Atoms are displaced and the lattice distorted. (b.) Encapsu-
lating hBN could protect the TMD layer from direct exposure, preventing
the displacement of atoms and distortion of the lattice. (c.) Exfoliated
MoSe; monolayer and adjacent bilayer. (d.) hBN encapsulated MoSe, layer
achieved by visco-elastic stamping. Black lines outline the MoSes under the
hBN (teal). A bottom hBN layer (purple) can also be seen. (e.) Directly
patterned MoSe, squares from the layer seen in (c). (f.) Directly patterned
MoSes heterostructure squares from the structure seen in (d).
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Figure 5.3. Comparison of PL from e-beam exposed, unencapsulated MoSe,
(exposed) and pristine MoSe, layer (pristine) at (a.) T = 300 K and (b.) T
= 10 K. At 300 K, e-beam exposure causes a 50 percent drop in PL inten-
sity. At 10K, exposure quenches exciton PL by two orders of magnitude and
induces a prominent broad defect emission. (c.) Comparison of PL from
pristine MoSe; and exposed encapsulated hBN/MoSe; /hBN. The encapsu-
lated layer preserves excitonic emission without prominent defect emission.
(d.) Relative PL (RPL), defined as the ratio of the integrated intensity of
exposed layers with a given dosage to nearby unexposed layers, for exposed
bare MoSe; and hBN/MoSe,/hBN showing the impact of e-beam dosage
for direct writing. Inset is 10 K, outset is 300 K; dosage axes are the same.
The increased slope for hBN/MoSe,; /hBN is attributed to increasing trion
emission likely due to charging induced by the intense beam exposure, a
behavior very similar to n-type doping.
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PL measurements were performed at temperatures of 10 K and 300 K for patterned
encapsulated (hBN/MoSe, /hBN), patterned unencapsulated, and pristine unprocessed
MoSe;y, with results shown in Fig.. Room temperature PL from unencapsulated
monolayers shows a reduction in intensity compared to pristine unprocessed layers, while
notable this is not yet a definitive result showing layer damage or otherwise as doping
could potential explain minor changes in emissivity of layers [72, [I14]. However, at low
temperature, where emission from the exciton and trion in MoSes correspond to distinct
peaks as shown in Fig.], the evidence of damage is no longer ambiguous as the PL
intensity in the unencapsulated layer is quenched by two orders of magnitude and a broad
emission emerges across the 800-900 nm spectrum [I54]. This broad defect emission is
orders of magnitude brighter than that observed for unexposed MoSes, and it is typically
attributed to significant damage to the MoSe, crystal structure from the high dose direct
e-beam exposure [153]. In contrast, the encapsulated structure of hBN/MoSe;/hBN in
Fig.] shows no significant defect emission and a strong, narrow exciton PL peak even
after direct e-beam writing. There is a notable increase in trions [153), [154] which is
attributed to the high electron exposure which potentially charges the hBN or dopes the
material directly which has been shown previously in graphene and 2D materials [155-
157].

To further quantify the damage from the direct beam exposure, ratio of PL. between
exposed and unexposed regions was characterized by varying the dosage on multiple pat-
terned squares. Unsurprisingly, increasing dosage rapidly degrades the unencapsulated
layer, with 20,000 xC/cm? inducing a roughly 50 percent quenching of the PL in the un-

encapsulated layer at room temperature, further removing any possible doping ambiguity
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on the quenching effect observed even at higher temperatures. At low temperature, be-
cause the damage is so significantly apparent even at low dosages, the damage vs. dosage
is effectively flat at orders of magnitude because the layer is compromised even at small
dosage exposure. Further visualizations of e-beam induced damage using 2D PL mapping
before and after direct e-beam exposure are in Fig.. The region marked off in a black
outline goes dark after exposure, signifying the significant damage experienced by a mono-
layer under direct beam exposure. Thus it is evident that combining hBN encapsulation
with high-dose direct e-beam writing allows for the potential for high-resolution top-down
patterning of monolayer TMD nanostructures without significantly compromising optical
quality.

A possible explanation for this conferred protection is that encapsulation could in-
crease the threshold energy for chalcogenide atoms to escape the TMD monolayer, this
prevention of atom knock-off was shown in Fig. [5.2h,b] [150]. In the unencapsulated mate-
rial, a chalcogenide atom only needs to acquire enough energy to break the TMD covalent
bond to escape, which can be readily provided by a 100 keV e-beam. The vacant atomic
cite is then either filled by an adsorbate or the lattice deforms [I52]. However, with hBN
encapsulation, displaced atoms must also diffuse past the hBN layer or break the hBN
covalent bonds to escape. The higher threshold energy prevents this from occurring, ev-
idenced here by the preserved excitonic features in PL and the absence of strong defect
emission at low temperature. The small reduction in PL intensity with hBN encapsula-
tion and slight trion enhancement suggests that this protection is not perfect or that the

electron bombardment can still cause charge doping [15§].
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Figure 5.4. Bare-monolayer exposed (black dashed squares in (a-c) squares)
to direct e-beam writing with dosage of 50,000 C/cm2. (a) Monolayer 2D
PL map at 300 K before exposure. Dotted square indicates region that
will be targeted for writing. (b) 2D PL map at 300 K after exposure, the
indicated region has gone dark due to layer damage. (c) 2D PL map at 10
K after exposure, the target region remains dark. (d) Optical image of the
layer, damage is not visible optically. Black outline is included in (d) to
offer a reference to the written area and (a-c).
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Figure 5.5. (a) Patterned array of MoSe; nanodots with diameter of 40
nanometers. A reference square of un-patterned hBN/MoSe,; /hBN is vis-
ible in the bottom left. (b) Average exciton and trion energy shift for
different nanodot diameters, the shift is measured relative to an exposed
reference square to rule out potential e-beam contributions. (c¢) Plot of PL
of patterned dots of MoSey2 with a diameter of 40 nm and patterned ref-
erenced square of MoSes. (d) Zoom in on the trion photoluminescence of
the patterned array of dots emitter (40 nm diameter, array in SEM image
Figure 3a) to the reference square, showing an energy shift of 6 meV and a
linewidth reduction.
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With the layer protection established via hBN and enabling for use of more aggressive
but finer n-resist paterning techniques, work was done to follow up the Stern Group’s
previous efforts in nanodot patterning and confinement [I01]. We utilized the same writing
techniques as in the previous section and studied dots of variable size arrays. Arrays of
hBN/MoSe; /hBN nanodots with diameters ranging from 10 nm to 80 nm were fabricated
along with 3 pum squares for reference. The reference squares were exposed to the same
e-beam dosage as the nanodots, allowing isolation of beam-induced effects from size and
edge effects. Sub-10 nm nanodots with diameters down to 5 nm were also fabricated,
but in these small nanodots, the n-resist typically loses adhesion to the layer surface,
resulting in nanodot aggregation or complete pattern loss as seen in Fig.. SEM
images suggest that after etching, small diameter nanodots were still successfully created,
but their position and separation are no longer controllable and repeatable. Further
systematic study of resist and process steps could improve the surface adhesion and allow
controlled patterning of sub-10 nm nanostructures without inducing layer damage, but
this process development has not yet been done but is certainly a worthwhile project
to tackle in the future as the Stern Group’s ability to pattern nanoscale devices evolves
further!

Following fabrication, PL. was measured from the arrays in vacuum at temperatures of
both 10 K and 300 K. Room temperature PL was utilized mainly as a check on nanodot
integrity after writing and etching, a lack of PL at room temperature would strong indicate
damage due to etching or other problems. The emission at room temperature is too
broad to be of significant use for small energy shifts due to confinement or edge effects.

As noted, this was a previous short coming that needed to be overcome and as such
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Figure 5.6. Two SEM images of arrays where migration could be observed
clearly in the dots due to loss of surface adhesion during development. (Left)
Patterns of 20 nm sizes could still show issues of surface adhesion, but did
not show mass aggregation and thus reliable for measurement. (Right) Pat-
terned nanodots down to diameter 10 nm or smaller resulted in aggregation
and clumping.

this room temperature PL is merely a tool for confirming functionality but not ideal
for further confinement analysis. At low temperature, as previously shown, MoSe, has
distinct exciton and trion peaks and that is where the interests lie! Indeed, MoSe; can
approach single-digit meV scales at low temperatures, distinctly separating out the exciton
and trion species and enhancing sensitivity to small energy shifts [I3]. PL results with
narrow linewidths and clearly defined excitons (<760 nm) and trions (<780) at 10 K can
be seen in Fig.[5.5,d].

Naively, the expectation would be that confinement takes the form of particle-in-a-box

potential. For a 2D quantum dot, this takes the form:

W2 p}

2M;

(5.1) Eop = Ey +
effRQD
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where Egp is the expected confinement energy for a given size, Ej is unconfined energy
of the exciton, Rgp is the effective nanodot radius, py = 2.4048 is the first root of the
zero-order Bessel function, and M, is the effective mass of the exciton [I01]. Measuring
our dots, we see that for nanodots with diameters from 80 nm down to 20 nm there is
an apparent shift toward higher energy for the individually resolved excitons and trions
with notably reduced linewidths. This, at least, removes ambiguity between exciton and
trion population changes when peaks are convoluted [101]. Moreover, as we compare
patterned dots vs. a similarly patterned but unetched, no-confinement reference square
we do not expect the e-beam or lattice damage to play a role in the results that are
observed. This shifting can be seen in Fig.], and a more specific view of the shift in
a 40 nm dot pattern array is shown in Fig.,d]. Evidently, at least at 50 - 80 nm sizes,
there’s no obvious size-dependent shifting which immediately causes problems for simple
particle in a box analysis as even at these length scales we would have expected noticeable
shifting. There is however a significant background shift that is unchanging, and this
shift is unlikely to be related to exciton confinement as it can be observed that both the
exciton’s normal emission and a shifted emission are observable for larger sizes as seen in
Fig.[5.7]. One possible cause for this double emission and shift is an edge effect [159, [160].
Unlike the reference square which shows no such behavior, the reduced size of the nanodots
significantly modifies the ratio of crystal edge-to-surface area. Contributions from edge
states or charging created through the etching process may be non-negligible in nanodot
PL, and could be sources of doping that cause the background shift seen in all patterns.

At smaller dot sizes, under 50 nm, there is a small, linear shift to higher energy with

smaller dots. As our radii are still far larger than the 1 nm Bohr Radius of the exciton,
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these nanodots would be in a weak confinement regime. The origin of the smaller size-
dependent energy blue shift is not conclusively identified by these experiments done at
the time. All that said, utilizing hBN and layer engineering with heterostructures allowed
for the creation of even smaller dots than before and the observation of new behavior in

PL and energy shifts not previously reported!
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Figure 5.7. Comparison of photoluminescence at 10 K of a patterned refer-
ence square (a) and a nearby 70 nm nanodot array (b). The higher wave-
length (lower energy) peaks of both the exciton ( 755 nm) and trion ( 768
nm) closely match the reference square PL as shown by guiding dashed
black lines. The lower wavelength peaks (higher energy) are likely due to
a modified edge contribution on PL introduced by the nanodot patterning.
This dual peak feature disappears as the nanodot size shrinks and the edge
becomes the dominant emission feature, showing only the lower wavelength
(higher energy) peaks in the patterned arrays.

Following the work of successfully patterning layers into nanodots for optical study, the
utility of the protective heterostructure approach was tested for its potential in quantum

electrical device creation. Much as with the case for optical performance, direct e-beam
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writing of a 2D TMD layer would normally degrade electronic performance of TMDs [1611-
163], preventing direct writing of nano-scale electronic devices. Thus the next step was
to test the potential to realize nano-scale electronic devices and quantum conductance
channels. Quantized conduction in TMD devices has previously been achieved using op-
tical doping [164] and gate-defined constrictions [165] but not in selectively and directly
patterned nanostructures which opens new device potential in the future with possible
quantum wires [55 [166], for example. For this section, work was done utilizing MoS,
instead of MoSey due to the depth of literature for MoSs FETSs reporting high mobili-
ties [51l [83H85], to demonstrate the creation of quantized conductive channels. We also
utilize the tunneling contact work presented in the previous section for the realization of

high quality contacts.
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Figure 5.8. (a-c) Preparation of MoS, layer for electrical device. (a) Few-
layer MoSs, is transferred onto an hBN bottom layer, followed by a multilayer
of hBN on top to serve as a tunneling layer. (b) Contacts are deposited
on top of the monolayer of hBN. (¢) A final multilayer of hBN is trans-
ferred on top of the completed structure for protection. (d) An image of a
completed electrical device, represented schematically in the inset. The pat-
terned conduction channel is highlighted red. A purple dotted line outlines
the monolayer under the hBN. (e) Current vs. gate voltage (VG) perfor-
mance before (red) and after (blue) e-beam exposure for hBN/MoS,/hBN
heterostructure for a two-terminal non-channel test as the inset shows. The
higher current response suggests an increased n-type doping of the mate-
rial after exposure, but there is no reduction in electrical performance that
would indicate layer damage from exposure.

For this experiment, samples were made of hBN /21.-4L, MoS, /1L hBN heterostructures
patterned with e-beam lithography. The single layer of hBN on top serves as a tunnel
barrier for Ohmic electrical contacts as established in the previous section on contact
engineering while also protecting the TMD layer from external adsorbates and pertur-

bations. Few-layer MoS; was used rather than single layers to more repeatedly achieve
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high mobilities as has been shown in literature [51]. A second flake of few-layer hBN
was transferred on top of the fully fabricated contacts and un-patterned MoS, to ensure
sufficient protection for the nano-channel region, we did not test if a single layer of hBN
was sufficient protection. The conducting channel device was then patterned with direct
n-resist lithography using the same procedures from MoSe,. The stacking and contact
process and final device can be seen in Fig..

A control sample of hBN encapsulated MoSs heterostructure with no direct patterning
was electrically tested before and after direct e-beam exposure (rastering over the entire
device area, exposing everything equally as best as possible) to test any potential for
obvious electrical damage. Two-terminal conductivity showed no appreciable electrical-
impacting damage caused by direct exposure, as the overall field-effect mobilities at room
temperature (45 cm?/Vs before to 48 cm?/Vs after) and low temperature (43 cm?/Vs to 50
cm?/Vs) were largely unaffected. The turn-on threshold gate voltage of the encapsulated
device was larger after writing, which follows from the previous results in optical behavior
showing increases in trions. It is understood that electron bombardment is a source of

doping and this result is in agreement [I50], [156] 157].
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Figure 5.9. (a) SEM image of patterned device with narrow channel at
center. (Inset) Zoom in on channel. (b) Simple cartoon representation of
device measurement from (a) in a four terminal arrangement. Contacts 1 are
used as source and drain for current, and Contacts 2 are used for sensing
in a four-terminal experiment. (c) Measured conductance as a function
of gate voltage across a 50-nm wide channel etched into an hBN/5/hBN
heterostructure as seen in the inset of (a). Inset is 300 K, outset is 10 K.
Step-like behavior can be observed at 10 K but no such features can be
seen at 300 K. (Bottom) Derivative of the conductance with respect to the
applied gate voltage. Peaks and dips correspond to the step-like transitions.
Black dashed lines serve to guide the eye.

In a subsequent full device, conduction channels of 50 nm width and 100 nm length
were fabricated as seen in a representative SEM image of a channel in Fig.[5.9a]. Four-
terminal conductance measurements were performed across the channel using the source

and drain leads and their corresponding adjacent sense-leads on either side of the channel.
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At cryogenic temperatures (10 K), the channel shows discrete steps in the conductance at
regular gate voltage intervals (Vg 6.7 V, 14.5 V, 24.9 V, 34.5 V), a hallmark of quantized
conduction.

These conductance plateaus in Fig.] are however not integer values, less than
the ideal integer steps of the conductance quantum e?/h. The origin of this can be
understood due to the limitations of the material and device geometry. In an ideal channel
conductance experiment, only the narrow channel region would be measured. In such a
scenario, it would be expected that the device will exhibit expected integer steps for
conductance as conducting channel states are filled. However, the FET fabrication was
limited by the required contact spacing using standard need for PMMA/MMA e-beam
lithography and thermal metal deposition. Therefore, in practice, the FET devices had
large regions of unexposed MoS; between channel and contacts. Experiments do not
directly measure the channel conductance, but rather the conductance of the entire device.
This reduces the conductance plateaus to sub-integer values.

A simple model can intuitively explain this by considering the device as consisting of
three conducting components in series represented by the regions 1, 2 and C as shown
in Fig.. Regions 1 and 2 are the unpatterned encapsulated MoSs material. Region
C at the center is the patterned channel. G; is the conductance of each part (1, 2, and
C) measured in the experimental geometry. Because 1 and 2 are the same material and
not treated differently in processing, it is assumed that they have similar conductivi-
ties, mobilities, and carrier concentrations (while ignoring possible differences caused by

processing variability at the contact interfaces).
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The channel C is patterned down to a size of 50 nm by 100 nm with conductance
G¢. Because we were not able to directly pattern contacts to such a small channel, the
measured device conductance Gy arises from the combination of all three components.
The effective conductance can be estimated from a simple circuit model approximating
this device geometry. Assuming these three regions form a simple series circuit between

the relevant contacts, the effective conductance is expressed as:

11t 1
Geff G1 GC G2

(5.2)

If G; = Gy as assumed previously, then:

1o _2 1
Gerr  Gi Ge

(5.3)

Regions 1 and 2 do not have any quantization phenomena, so only G¢ has interesting
features. If G; and Gg are at all comparable in scale, then the plateau values will be
sub-integer. Interestingly, if the channel conductance is much higher than the rest of the
material, then the plateau behavior will be suppressed. In order to achieve integer values

of conductance G¢o << Gi or Gg, or more specifically:

Le L,
5.4
( ) O'CWC == O'1W1

The geometric factors are approximately one for the device in question, leaving:
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Achieving this regime such that integer values of conductance plateaus are recovered
requires mobilities of hundreds of thousands for carrier concentrations approximately 10'2
as is typical of MoS, devices in the G; and Gy parts of the device. Therefore, sub-integer
values of the conduction plateaus are expected for the device material and geometry
studied here. Although it ignores contacts and quantitative details, this simple model
effectively explains the observations as the result of measuring more material than just

the patterned nanochannel.
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Figure 5.10. Simple representation of the composite device previously
shown in Fig 5. The device is segmented into representative parts 1, 2,
and C for the unpatterned MoSy on each side (1,2) and the channel (C)
respectively. Each of these segments is given a corresponding conductance
Gl, GQ, and Gc.

In summary we have utilized hBN as a powerful tool to engineer protected heterostruc-
tures first in the case of creating next-generation, high-quality contacts and subsequently
for new techniques for more direct, more fine patterning of TMDs without layer destruc-
tion. The latter has allowed for the controlled and repeatable patterning of monolayers
at the 10 nm and higher scale with good opto-electronic properties. Please look forward

to this work being published in the near future!
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5.3. Future Work

Following the patterning work in the previous section, a new project has been started
on nanopatterning Moire heterostructures (twisted layers), and creating isolated nanodots
of Moire potentials in TMDs. As discussed at the start of this thesis, angle twisting
is a powerful tool in layer manipulation. In vdWs materials the twist angle between
two layers can be adjusted arbitrarily between the crystal axes of stacked layers. This
opens the door for creating Moire Superlattices, a heterostructure with a larger spatial
structure than either of the constituent layers. As this project overlaps with twist angle
control techniques that I developed, the project and my early work on creating Moire

heterostructures is discussed in greater detail in the Appendix.
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CHAPTER 6

Mixed Dimensional Heterostructures: Electronic Coupling of

Organic Molecules and 2D Materials

6.1. Introduction

The building of van der Waals structures need not only use layered materials stacked on
each other in various configurations or combinations as was the topic in previous sections.
In fact, many surfaces will interact through van der Waals (vdW) forces, allowing for the
creation of vdW heterostructures combining different dimensionalities [7]. A multitude
of configurations can be attained in combination of nD + n’D where n = 0,1, 2,3 in the
general case, with an example of some of these dimensionalities presented in Fig..
Optical images of realized mixed dimensional heterostructures, mixing 0D and 2D, can be
seen as well. These mixed dimensional heterostructures have been of particular interest
over the past decade [I67HI72] in the quest to create ever more efficient and capable
photosensors [I73], photovoltaics [174], solar cells [I75HI77], and diodes [1706, [177], making
them an extremely tantalizing field of study for application in modern technology and
energy harvesting.

For the discussion here, I will be building off of 2D materials as the basis of these
mixed heterostructures, reducing the previously mentioned array of combinations to: 2D
+ nD where n = 0,1, 0r3, and more specifically we will be considering specifically 0D:

phthalocyanines and pentacene molecules.
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hBN + Pentacene

SiO, + Pentacene
10 ym

iO, + Pentacene

MoS,
+

Pentacene

P

Figure 6.1. Examples of mixed dimensional heterostructures. (a.) 2D +
3D mixed dimensional heterostructure, such as a TMDC (2D) and a bulk
semiconductor (3D). (b.) 0D + 2D heterostructure, such a molecule of
phthalocyanine or pentancene (0D) and a TMDC (2D). (c. and d.) Optical
images of Pentacene on two different layered van der Waals materials hBN
and on MoSs,, and contrasted with SiOy a bulk 3D material.

The utilization of 2D materials as a component in mixed heterostructures has brought
quite significant breakthroughs due to their well-defined surface and atom-thick nature.
In other cases involving non-2D combinations, the junction at the surface was difficult to
study directly as it would be obscured. This left many unanswered questions as to the
dynamics occurring at the interface, or how either component was modified. By compar-
ison, a 2D layer is atomically thin and the entire layer is the surface, and can directly
be characterized. Moreover, any interactions or emergent dynamics of the heterojunction

can be characterized as arising purely from the surface. The thin nature of the 2D layer
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also allows for modification through the layer such as normal electric and magnetic fields,

optical stimulation, and doping.

6.2. Electronic Coupling in TMDC-Phthalocyanine Mixed Dimensional

Heterojunction

Mixed dimensional heterostructures built off of 0D organic dye molecules and 2D
TMDCs offer a wide array of combinations (such as Rhodamine 6G [8],[170], Pentacene [10,
178], Phthalocyanine [I70] [173], etc.) that have drawn extensive interest in the field.
Previous works in the literature have focused primarily on application and the creation
of more sensitive photodetectors and photovoltaic devices, where the 0D dye molecule is
used to enhance and modify the photosensitivity of the underlying TMDC. These results
have underscored the interesting and flexible capabilities of mixed heterojunctions built
from 0D+2D, but understanding of the interactions had been limited.

In collaboration with Sam Amsterdam from the Hersam and Marks Groups, and Qun-
fei Zhou from the Darancet Group, I set out to investigate the interaction of phthalocya-
nine (Pc) dye molecules interfaced with 2D TMDCs as functions of the transition metal
identity (M) of the Pc molecule and layer number of the TMDC. MPc, specifically, were of
particular interest due to their ease of processing and significant optoelectronic tunability
as functions of the their metal M core. This made them an ideal use case for producing
many different combinations with significantly tunable electronic properties as a func-
tion of the M metal while maintain similar molecular geometries and surface chemistries.
Our work systematically probed the MPcMoS, heterojunctions with ultravioletvisible

(UVVIS) optical absorption spectroscopy and Raman scattering.
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6.2.1. Results and Discussion

MoS; samples were prepared in two ways. For MPc-MoS, comparisons, MoS, films were
grown by chemical vapor deposition (CVD) growth on single-crystal sapphire substrates.
Samples for layer-dependent interactions of MPc-MoS, were produced manually by mi-
cromechanical Scotch Tape exfoliation from MoS, bulk crystals onto SiOy substrates as
shown in the Appendix. All samples were characterized first via optical microscopy,
atomic force microscopy, photoluminescence and Raman spectroscopy to confirm their
quality as well as layer number. Films of various metallophthalocyanines (CoPc, NiPc,
CuPc, ZnPc) and metal-free phthalocyanines (HyPc) were purified by vacuum tempera-
ture gradient sample sublimation and then deposited by thermal evaporation on the MoS,
substrates as well as on clean reference SiO, and single-crystal sapphire substrates. Films
were deposited by thermal evaporation at a pressure below 107> Torr at a rate of 0.1
02 A /s, monitored by a calibrated quartz crystal microbalance, to a thickness of 2 to 20
nm. After deposition, on all chips of interest with and without TMD layers, the presence
of the Pc was confirmed via Raman and served as a check of thickness [I67]. Sample

preparation and end result can be seen in Fig.[6.2].
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Figure 6.2. Sample prep example and post-Pc deposition on SiO,. (a.) Ex-
foliated layer of MoSsy as found on SiOs pre-anneal, there is evident tape
residue that must be removed by annealing to prepare a pristine surface
for building a heterojunction. Residuals on the surface can comprise a het-
erojunction formation and can complicate later characterization by acting
as dopants, absorbates, etc. (b.) Post-anneal AFM of the same layer, the
pristine surface is evident. (c.) Raman further confirms MoS; monolayer.
(d.) A large, clean monolayer and bilayer structure before deposition. (e.)
The same layer, now with CuPc molecules deposited over the surface of
the layer, creating an MoSs/CuPc heterojunction. (Inset) Shows the af-
fects of overheating the CuPc on MoS, and, in part, why the layer and
heterojunction cannot be cleaned after deposition. This also highlights the
delicate nature of these heterojunctions. Adapted with permission from [2].
Copyright 2019 American Chemical Society.
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Following the preparation of an MoSs/MPc heterojunction, such as the one seen in
Fig.] and the simple cartoon representation in Fig.], several measurements were
planned out and performed. All measurements sought to compare the heterojunction
with the individual components, this would highlight any novel dynamics that arose due
to the interface.

The first of the series of tests was done via large area UV-VIS optical absorption of
MoS,, MPc, and the MoS,;/MPc heterojunction all on a sapphire substrate. Sapphire was
used in this case specifically for its transparent nature, making it ideal of transmission
based optical absorption (over reflection based absorption common for SiO,/Si substrates
which are complicated by thin film signal from the SiOs). To make the junction com-
parison as direct as possible, we did absorption first of the MoSs (pre-deposition) and
then deposited MPc on the MoS,, this would rule out variations in absorption spectra of
different growths of MoSy being convoluted with any potential novel behaviors.

Absorption spectra of the heterojunction show a strong feature arising between 700
nm and 750 nm, with the exact wavelength position of the peak dependent on the MPc
metal identity. The new peak, coined AcT in Fig.—f], MPc metal identity can be
tracked from NiPc at approx 700 nm to CuPc at 720 nm, and the metal-free case of
HyPc shows this feature at 740 nm. This feature is not present in either the original,
pre-deposition MoSy (blue) or on MPc (green) deposited on bare sapphire as seen by the

accompanying spectra in each part of Fig.[6.3b-f].

(6.1) ABS%DZ'ff = ABS%M052+MPC — ABS%M052
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Following Eq. and subtracting the spectra of the pre-deposition MoS, absorption
from that of the heterojunction built atop the same MoS,, we see clearly in Fig.]
(dashed purple) that the novel, strong feature at wavelengths of 700 nm and higher
is distinct to the junction. There are minor features in this difference-spectra similar
to those seen from the absorption of the MPc (seen in dashed purple between 600 to
700 nm with the latter appearing as a shoulder on the AcT peak) deposited on bare
sapphire, which was to be expected. The Type-II band-alignment of the MPc orbitals
(gas-phase) with respect to the MoSs bands [35], I71], [I79] [I80] suggests that this AcT
feature is a charge-transfer transition from the MPc highest occupied molecular orbital
(HOMO) to the MoS, conduction band minimum (CBM) as represented in Fig.[6.4k]. As
previously mentioned, the AcT peak has a strong metal-identity dependence but remains
visible in the metal-free HoPc case, this suggests that the MPc HOMO participating
in the charge transfer have a primarily m-character. The roughly 20 nm shift in the
AT peak suggests a strong correlation to the frontier Pc metal d-orbitals, with Co and
Ni (d” and d® respectively) absorbing at similar wavelengths. Likewise, Cu and Zn (d°
and d'0 respectively) have similar wavelengths, all tracked in Fig.[6.3p-f]. The observed
dependence on orbital filling indicates that d-electrons, while only weakly involved in the
AT transition, play a significant role in the electronic band offsets between the MPc and
MoS,. Similar results have been observed previously with MPc and other semiconductor

surfaces [181].



@ Charge Transfer
arge Iransrer =MoS,
==MoS, + NiPc
Scheme 2 NS
LUMO ot
— — c
@) L 2
n_ or CcBM g’ 1
s A < 2 ACT
(@) <<
n
HOMO N
VBM 0
500 600 700 800
Wavelength (nm)
(c) (d)
==MoS, ==MoS,
4 ==MoS, + ZnPc 4 ==MoS, + CoPc
—_ ==ZnPcC —_ ==CoPc
X X
c c I
Ke] Ke]
g, g
I} <}
2 2° AT
< <
0 0
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)
(e) ()
4
==MoS, ==MoS,
==MoS, + CuPc ==MoS, + H,Pc
— == CuPc — f— HZPC
g2 &
c c
2 S 2
o e
o o
21 3
P>, 2 ACT
0 0
500 600 700 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 6.3. Series of absorption spectra of MPc + MoS, heterojunctions
with varied M-core identity. (a.) Shows a simple representation of the
MPc molecule, MoS, crystal structure, and their combined heterostructure
as measured under white-light illumination. (b.-f) Absorption spectra of
MPc (NiPc, ZnPc, CoPc, CuPc, and HyPc, respectively) on MoSy; CVD
monolayers. The AsT peak shows an evident metal-identity dependence
including the case of metal-free for HyPc. Adapted with permission from [2].
Copyright 2019 American Chemical Society.
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Figure 6.4. (a.) CuPc + MoS, heterojunction absorption, shown again for
convenience of comparison. (b.) The difference of CuPc + MoS, spectra
and MoSs-only spectra from (a.) shown in dashed purple. Features similar
to those of the CuPc can be seen in the difference spectra between 600 to
700 nm with a shoulder manifesting on A¢T. The AcT is a novel dynamic
from the junction. Similar results were found for all other MPc 4+ MoS,
combinations and difference spectra. (c.) The charge transfer picture that
creates the feature AoT, via a direct transition from the HOMO of the
MPc molecule to the CBM of the MoS,. Adapted with permission from [2].
Copyright 2019 American Chemical Society.

Further analysis of the MPc-TMD junction was done via Surface Enhanced Raman
Spectroscopy (SERS) analysis of MPc deposited over exfoliated mono to few layers of
MoS,. SERS has been observed in similar organic/MPcMoS, systems and as such was a
well established tool for studying charge transfer sensitive systems [8, 167, 170, 172], 182+
[187]. The shift to exfoliated layers from CVD was done to remove the inhomogeneity
of CVD grown layers, their uncertain doping (often arising from an overabundance in
sulfur vacancies in as-grown MoSs) [I8§], and introduce more layers in a straight for-
ward way. Without a need for transparent substrate and large-scale layer for absorption

measurements, there was no further advantage in using CVD growths. In fact, sapphire
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substrate, due to its lack of a back-reflection plane, can make it difficult to collect sufficient
Raman without extended exposure or long collection times. This is non-ideal due to the
aggregation previously detailed (Fig.] which can also be triggered by laser heating.

Raman spectra from our MPc/MoS, heterojunctions on SiOy/Si (detailed at the start
of this section) were collected with power under 150 W and under 60 s of exposure.
These parameters were tested and found to no laser-induced bunching. These conditions
were arrived at by exposing test heterojunction spots with laser light for discrete periods
of time and subsequently performing AFM (and optical) checks on those locations.

The SERS intensity enhancement factor, Frgy, is calculated by dividing the signal

intensity of a given MPc vibrational mode on the MoS, by that on nearby bare SiOs (6.2)).

Iro
(6.2) Eppy, = —10%

Isio,

To confirm that any signal differences we observe are not due to differences in thickness
of deposition of MPc on MoS, vs SiOy we performed XPS on the sample as detailed in
our paper. It was found that the morphology and surface coverage were similar, and as
such any signal differences between the heterojunction and the reference SiOy were not

from deposition differences but from the junction.
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Figure 6.5. Surface Enhanced Raman Spectroscopy of the MPc + MoS,
heterojunction for varied metal identity, layer number, and laser excitation.
(a.) Metal-identity dependent enhancement of the Raman modes on MoS,
at 633 nm excitation, showing an enhancement decrease with increasing M
atomic number. (Inset) Laser excitation dependence on the enhancement:
wavelength-dependent enhancement shows an increase as the wavelength
shifts from non-absorbing (473 nm) to on-resonance with the MPc Q-band
m — 7* absorption and the MoS, exciton absorption (633 nm). (b.) Layer
dependent enhancement (532 nm excitation source) of CuPc on MoS; of
N-layers. Mono to trilayer show a decreasing enhancement factor with in-
creasing layer number, but bulk MoS; quenches the MPc Raman modes.
Adapted with permission from [2]. Copyright 2019 American Chemical
Society.

Results of the Raman tests on MoS, of different layers with different MPc metal
identities can be seen in Fig. , showing a dependence on laser excitation, layer number,
and M-core identity. This enhancement closely follows an M atomic number trend with
decreasing enhancement with increasing atomic number. Put in other terms, following the
Table of Elements, CoPc shows the highest enhancement factor Erg at nearly 30x the

signal on SiOs, followed by the Erpy of NiPc at 17x, and decreasing further to CuPc and
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ZnPc. HyPc exhibits essentially zero enhancement factor. The enhancement factor also
shows a noticeably significant dependence on the laser excitation wavelength, increasing
with increasing wavelength. At 473 nm the the Raman modes of MPc are very weak on
either substrate and show no evidence of enhancement from the MoSs vs SiO,, at 532
nm excitation the MPc Raman modes are strong on SiO, and show enhancement of 3-4x
when moving to the MoS, heterojunction, see Fig.[6.5h(inset), b]. At 633 nm, when the
laser excitation is close to resonance with the MoS, and MPc absorption features from
Fig.—f], we see a sharp increase in enhancement factor up to 30x with CoPc, an order
of magnitude increase from 532 nm excitation, see Fig.[6.5h, a(inset)].

The trend in Egrgr is not correlated with the MPc optical absorption trends from
those seen previously in Fig.[6.3b-f] (where we observed a trend roughly from NiPc —
CoPc — ZnPc — CuPc) but, as mentioned in the previous paragraph, follows the Table of
Elements transition metal progression with a maximum enhancement for CoPc — NiPc
— CuPc — ZnPc — Egrgr = 0 for HyPc. This trend can be understood in terms of
the decreasing energy of orbitals with strong out-of-plane d-character (i.e., d,.,d,., and
d,2) lying below the predominantly 7-HOMO band. The critical role of metal d-orbitals
is further confirmed by Raman spectroscopy of HoPc on MoSs, which shows negligible
enhancement of the Raman signal despite 633 nm being resonant with the HoPc optical

absorption as seen in Fig.[6.3f] [I85HI8T].
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Figure 6.6. Layer dependent behavior of MPc/MoS, heterojunction. (a.)
CuPc on MoS, layer dependence with three different excitation lasers. In
all three cases, the increasing layer number diminishes the enhancement
factor of the junction. Bulk quenches Raman outright. (b.) Optical image
of a flake of MoSs with several different layer numbers before CuPc was de-
posited. (c.) 2D Map of Raman intensity, the monolayer shows the strongest
enhancement, then bilayer to trilayer and bulk acting like a quencher. This
map highlights that this behavior is largely uniform across the heterojunc-
tion and not caused by clumping or location specific interactions. Adapted
with permission from [2]. Copyright 2019 American Chemical Society.
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Table 6.1. Layer dependent enhancement Ergy, (st.dev) on MoS, layers for
each metal identity MPc at 633 nm excitation. (*) corresponds to signals
that were too low to be measured or compared. Adapted with permission
from [2]. Copyright 2019 American Chemical Society.

H Monolayer Biayer Trilayer Bulk H

CoPc 258 (32) 482 (10.2) 148 (21) 1.7
NiPc 234 (3.6) 26.5(7.2) 14.1(1.3) 05
CuPc 92(0.9) 6 (0.8) 51(1.0) *

ZnPc 4.9 (0.7) 49 (1.7) 21(0.3) 0.6

H,Pc * * * *

Table 6.2. Layer dependent enhancement Ergy, (st.dev) on MoS, layers for
each metal identity MPc at 532 nm excitation. (*) corresponds to signals
that were too low to be measured or compared. Adapted with permission
from [2]. Copyright 2019 American Chemical Society.

H Monolayer Biayer Trilayer Bulk H

CoPc  25(0.3) 21(0.1) 1.7(0.2) *
NiPc 2.9 (0.2) 1.8(0.2) 22(0.1) *
CuPc 39 (0.1) 27(02) 1.6(0.1) *
ZnPc 0.6 (0.1) 0.5(0.2)  * *

H,Pc  1.6(04 1.4 (0.6) 0.9 (0.3) *
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The surface dynamics also depend on the underlying layer number of the MoS, as
seen in Fig.]. Monolayer of MoS, shows the strongest enhancement for CuPc with
532 nm excitation with it decreasing with increasing layer. Bulk shows an inversion
of the enhancement behavior and actively quenches the Raman modes of CuPc. At
633 nm excitation, notable exceptions arise to this trend with CoPc and NiPc + MoS,
heterojunctions showing significantly increased enhancement on bilayer MoS,, to 48.2 and
26.5, res