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area of 2um O 2 um. Reproduced with permission from [20].
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RHEED patterns of Samples (a) 21, (d) 20, and (g) 22, recorded at

the end of growth. SEM images of Samples (b) 21, (e) 20, and (h) 22.
AFM images of Samples (c) 21, (f) 20, and (i) 22. (j) scans of the
three samples. AFM scans were done using the Bruker Dimension

Icon AFM at the Penn State Materials Research Institute with a scan
size of 2um O 2 um. These samples were grown at 42& with a ux

ratio of 22, had growth rates of 0.0A s 1, 0.11As ! and 0.18As !

for Samples 21, 20 and 22, respectively, with a consistent thickness of
33 *#2) A. Reproduced with permission from [20]. Copyright 2023,
American Vacuum Society.. : @ coooiornirirnii 44

XRD 2=! scans of Sample 10 (green, grown using a ux ratio of 60
and growth rate of 0.45A s 1), Sample 2 (blue, grown using a ux

ratio of 60 and growth rate 0.06A s 1), Sample 11 (red, grown using

a ux ratio of 22 and growth rate 0.45A s 1), and Sample 4 (gray,

grown using a ux ratio of 22 and growth rate 0.06A s 1). All

samples were grown at 456C and have a thickness of 3243) nm.
Reproduced with permission from [20]. Copyright 2023, American
Vacuum Society. @ :ooonoininininninininnnnnn 46

(a) PL spectra for 25 locations on Sample 3, each represented by a

di erent color. (b) Average PL spectra for Samples 3, 5, and 7. The
curve for each sample was generated by averaging 25 PL
measurements taken at di erent locations on the sample (e.g. panel a
data for Sample 3). Growth parameters are: Sample 3 temperature
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(a) RHEED pattern and (b) AFM image of Sample 12 grown directly
using optimal conditions. (c) RHEED pattern, (d) AFM image, and

(e) XRD 2 =!' scan of Sample 13 grown using the three-step mode.
AFM scan size is 2um O 2 um for all samples. Reproduced with
permission from [20]. Copyright 2023, American Vacuum Society. 49

Diagram of the process for the three-step mode to grow a 3-TL GaSe

Im. Reproduced with permission from [20]. Copyright 2023,
American Vacuum Society.: © @ :coooconn oo i 50

Xiii



3.13

3.14

3.15

3.16

3.17

Pro le scans (a) and (d) were taken along the red arrows in AFM
images (b) and (f), respectively. (b) AFM and (c) RHEED images of
Sample 23. (f) AFM and (g) RHEED images of Sample 24. AFM

scan size is 2im O 2 um for panels (b) and (f). The maximum height

di erence in the pro le scans was found to be 4.12 nm and 1.06 nm,
respectively. (e) Zoom-in view of the white box in AFM image (f).
Samples 23 and 24 are approximately 10-TL thick. RHEED patterns
were recorded at the end of growth. Reproduced with permission

from [20]. Copyright 2023, American Vacuum Society.: : : @ : @ : 51

AFM images of Sample 14 (a) before cleaning, (b) after
ultrasonication in NMP for 40 s, and (c) after ultrasonication in NMP
for another 300 s. (d) SEM image of Sample 14 after ultrasonication
in NMP for another 300 s (340 s in total). Sample 14 was grown at
425°C using a ux ratio of 20 and a growth rate of 0.12A s 1, with a
thickness of about 65 nm. AFM scan size is @m O 2 pym for all
samples. Pro le scans were taken along three white arrows in (c),
from which we know that the height di erences along lines 1, 2, and 3
are 7.1A, 9.1 A, and 8.5A, respectively, all of which are close to
GaSe TL thickness, so we believe that these triangular features are
GaSe domains. The pro le scans are shown in Figure 3.15.
Reproduced with permission from [20]. Copyright 2023, American
Vacuum Society. @ : oo ol n s 53

Pro le scans along the Lines 1 (black), 2 (red), and 3 (green) on the
AFM image [Figure 3.14(c)] of Sample 14 after ultrasonication in

NMP for 340 s in total. Reproduced with permission from [20].
Copyright 2023, American Vacuum Society. : © @ @ : @@ 54

Raman spectrum taken in (a) a um diameter spot and (c) a 2Qum

O 20 ym area of Sample 15 using a 532 nm laser, a 1800 groove rhm
grating, and a 10® objective. 100 mW and 5 mW laser powers were
used for single spot scan and 20m O 20 um area scan, respectively.

(b) AFM image and (d) XRD 2 =!' scan of Sample 15. AFM scan

size is 2um O 2 um. Sample 15 was grown at 42%5C with a growth

rate of 0.14A s ! and a ux ratio of 20. The Im thickness is about

77 nm. Raman spectra (a) and (c) were provided by Lottie Murray.
Reproduced with permission from [20]. Copyright 2023, American
Vacuum Society. @ : oo n s 55

SEM images from (a) a top view and (b) a side view (sample stage

tilted 54 ° of Sample 9. Reproduced with permission from [20].
Copyright 2023, American Vacuum Society. : : @ @ @@ 56
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RHEED patterns taken at the end of the growth of Samples (a) 4 and
(b) 9. Reproduced with permission from [20]. Copyright 2023,
American Vacuum Society.: @ @ ocoooonoinoininnnnnnn 56

(@) HRXRD 2=! scans of Samples 1 4. \** and \ H" symbols mark

the peaks of GaSe and GaAs, respectively. (b) FWHM vs. Se:Ga ux
ratio plots for Samples 1 4. The FWHM values are from panel (a).
Reproduced with permission from [2]. Copyright 2024, American
Chemical Society.: @ : ::: ol 63

AFM images of Samples (a) 1, (b) 2, (c) 3, and (d) 4. Each AFM

image has an inset in the lower left corner that is a 1.8 magni ed

view of the area marked by the dashed box (160 n@ 160 nm).
Reproduced with permission from [2]. Copyright 2024, American
Chemical Society.: @ : ::: il 64

(a) Cross-sectional SEM image of Sample 4. (b) Schematic model of a
2D island of %GaSe, showing type A [01] steps with two dangling
bonds per edge atom and type B 0] steps with one dangling bond

per edge atom. Reproduced with permission from [2]. Copyright

2024, American Chemical Society. : : @ : @i 66

(@) HRXRD 2 =! scans of Samples 5 8. \*" and \ H" symbols mark

the peaks of GaSe and GaAs, respectiveld. indicates the value of
FWHM. AFM images of Samples (b) 5, (c) 6, (d) 7, and (e) 8.
Reproduced with permission from [2]. Copyright 2024, American
Chemical Society.: : @ @ oo n s 67

(a) Optical microscopy image, (b) SEM image, (c) Raman spectra of
Sample 8. The \black spot" in part (c) refer to the black spots
distributed on part (a). EDS mapping for (d) Ga, (e) Se, and (f) As
elements. EDS mapping was conducted in the area marked by the
white rectangle in panel (d). Reproduced with permission from [2].
Copyright 2024, American Chemical Society. : : @ ::: 68

AFM images of Samples (a) 9, (b) 10, and (c) 11. These samples used
di erent growth rates while other growth conditions were the same.
Reproduced with permission from [2]. Copyright 2024, American
Chemical Society.: : @ @ oo o n o n s 71
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(@) HRXRD 2 =! scans of Samples 9 12, \*" and \ H" symbols

mark the peaks of GaSe and GaAs, respectively; indicates the

value of FWHM. ! scans of Samples (b) 9 11 and (c) 13 15, which
were conducted around the GaSe (004) plane that was the strongest
GaSe diraction peak in 2=! scans. The two samples in each group:
1) Samples 9 and 13, 2) Samples 10 and 14, 3) Samples 11 and 15,
used the same growth conditions, while Samples 911 and Samples
13 15 are two growth campaigns. Two samples were made for each
growth rate to con rm the accuracy and authenticity of the data.

The average of the FWHM values is shown in (d), plot of FWHM vs.
growth rate. The red vertical lines represent error bars. Reproduced
with permission from [2]. Copyright 2024, American Chemical

RHEED patterns taken along the (a) [100] and (b) [120] directions
during the growth of Sample 2. The m-plane and a-plane denoted by
red and blue arrows correspond to the {00) and (120) planes,
respectively. The 1.7 cm and 2.86 cm in part (a) [1.65 cm and 2.88
cm in part (b)] are the distances between adjacent m-planes and
between adjacent a-planes, respectively. (c) In-planescans of
Sample 2. H" and \ 4 " designate the main and minor GaSe

di raction peaks, respectively. The in-plane scans of the GaSe Im
and GaAs substrate were around the (103) and (311) planes,
respectively. The out-of-plane orientations for GaSe and GaAs were
(002) and (111), respectively. (d) AFM image of Sample 2 [the same
AFM as Figure 4.2 (b)]. The white and blue dashed arrows highlight
the main and minor GaSe domain orientations, respectively. (e)
Schematic diagram depicting the azimuthal angles corresponding to
the white and blue dashed arrows in part (b). (f) In-plane scans of
Sample 8. Reproduced with permission from [2]. Copyright 2024,
American Chemical Society.: : @ ::: @i 73

Cross-sectional ADF-STEM images of Sample 2 at (a) low

magni cation (low-pass lItered to reduce noise) and (b) high

magni cation.\Q-vdW" means quasi-van der Waals. Reproduced with
permission from [2]. Copyright 2024, American Chemical Society. 75
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GaSe formation enthalpy as a function of Ga vacancy concentration

in GaSe (a) TL and (b) bulk. Atomic models of the (c) “GaSe TL
structure (bottom panel) and the = -GaSe TL structure (top panel)

after adding a Ga atom; \d" indicates the Ga-Se bond length. (d) An
atomic model illustrating how Se adatoms that have just arrived at
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ABSTRACT

Broadening the variety of two-dimensional (2D) semiconductors is crucial to the
semiconductor development roadmap since their van der Waals (vdW) properties ben-
e t the fabrication of heterostructures with multiple functions. Layered chalcogenides
have garnered signi cant attention as emerging 2D materials, owing to their diversity
and versatile properties. GaSe is a prominent member of this family, valued for its
potential in optics, electronics, and optoelectronics. GaSe is well-suited for compact
heterostructure devices due to its facile fabrication into atomic-scale ultrathin Ims.

It also exhibits remarkable properties, including a bandgap transition from an indirect
3.3 eVinasingle layer to a direct 2.1 eV in bulk, p-type conductivity, nonlinear optical
behaviors, and high transparency across 65018000 nm. These make GaSe a promis-
ing material for transistors, photodetectors, and photovoltaics. However, challenges
persist in achieving wafer-scale synthesis.

This study investigated the molecular beam epitaxy (MBE) synthesis of GaSe
and achieved high-quality wafer-scale GaSe thin Ims. We explored GaSe growth on
c-plane sapphire and GaAs (111)B substrates and examined the impact of growth pa-
rameters, including substrate temperature, ux ratio, and growth rate. Structural and
optical properties of GaSe thin Ims were characterized. First-principles calculations
were employed to analyze the GaSe growth and GaAs (111)B wafer processing mecha-
nisms. Machine learning was used to build Bayesian interface models for guiding and
predicting MBE synthesis experiments.

We obtained GaSe single-crystal Ims (about 32 nm thick) on c-sapphire with
a root mean square (RMS) roughness of 1.82 nm using optimized growth parameters.
We further developed a three-step mode to fabricate 3-layer GaSe Ims with enhanced

crystallinity and surface morphology, achieving an RMS roughness of 0.61 nm. On
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GaAs (111)B substrates, we systematically explored the growth window for GaSe and
observed the ~GaSe polymorph for the rsttime. We also demonstrated the respective
advantages and limitations of 2D substrates (e.g., sapphire) and 3D substrates (e.g.,
GaAs) for GaSe growth, revealing distinct mechanisms of vdW and quasi-vdW epitaxy.
Using experimental databases, we developed machine learning models to predict the
crystallinity and surface morphology of GaSe Ims based on input growth parameters.
In addition, we provided comprehensive insights into GaAs (111)B wafers, including
deoxidation, passivation, and preservation.

This study advances the wafer-scale production of high-quality GaSe single-
crystal thin Ims. The discovery of %GaSe, with its centrosymmetric unit layer struc-
ture, opens avenues for exploring unique properties such as enhanced optoelectronic
performance. Furthermore, our work provides valuable insights into the MBE growth
of both 2D/2D and hybrid 2D/3D heterostructures, broadening material potential for
device applications and establishing a foundation for integrated quantum photonic de-
vices. Ongoing research aims to further develop GaSe as a platform for quantum tech-
nologies and extend the machine learning-based automated MBE synthesis platform

to more vdW chalcogenide materials.

XXili



Chapter 1
INTRODUCTION

1.1 Two-dimensional (2D) Semiconductors

Over the past decades, the outstanding properties of graphene [21] have raised
interest in the study of two-dimensional (2D) layered materials. The zero-bandgap
nature and low intrinsic optical absorption of graphene limit its application, [22] thus
the exploration of more 2D materials is appealing. The vigorous development of 2D
layered materials have triggered revolutionary advances in technologies such as quan-
tum information science, energy conversion, and energy storage, as they can readily
achieve nanoscale dimensions and the number of layers can easily be controlled, and
they possess unique optoelectronic properties, excellent mechanical strength and exi-
bility, and large surface areas. [23, 24] Conventional 2D layered materials are thought
to have atomic structures that are bound to neighboring layers along the c-axis via van
der Waals (vdW) forces. However, in recent years, researchers have also identi ed some
ionic-bonded layered solids, such as TICdSto be 2D layered materials. [25, 26] Since
the exploration of ionic-bonded layered materials is still at the initial stage, the \2D
layered materials" mentioned in this dissertation all refer to the traditionally de ned
vdW-bonded 2D materials.

The weak vdW interlayer bonding allows individual layers to be easily slid along
the plane or removed from the bulk with little damage to either the separated layer or
the remaining bulk. Since electronic correlations vary with spatial dimensions, individ-
ual layers often exhibit intrinsic behavior that is di erent from their bulk counterparts.

As the dimensionality of the system decreases, the available phase space and screening

e ects decrease while quantum e ects and correlations increase. [27] Physicochemical



properties can also be tailored by manipulating the geometry of 2D layered materi-
als. Another advantage is that the weak interlayer interactions enable layer stacking
of di erent materials without constraints of lattice mismatching. The resulting het-
erostructural systems facilitate unique functionalities that were previously impossible.
Although tons of compounds with layered structures exist in nature, only a small
portion of them can remain stable in the ambient environment when their dimension
is reduced to a few layers or a single layer. This is due to several reasons: First, the
melting point of most materials decreases as their size shrinks, so only bulk materi-
als with high melting temperatures are likely to form stable 2D counterparts at room
temperature. Second, many solids can only remain stable when the surface exposed to
the air is passivated, but in atomic-scale thin structures where the surface-to-volume
ratio increases, their stability becomes very poor. Lastly, to enter the family of 2D
layered materials, bulk materials must exhibit chemical inertness with bare surface
degradation. As a result, there are not many 2D materials that can be mass-produced
and widely used in real life. Since the rst few-layer graphene (an electrical conductor)
were exfoliated from bulk graphite and its remarkable electric eld e ect was observed
in 2004, [22] more 2D layered materials such as hexagonal boron nitride (h-BN, an
electrical insulator), [28] black phosphorous (BP, a semiconductor) , [27,29] and tran-
sition metal dichalcogenides (TMDs, semiconductors) [23,27] have been produced and
applied. To meet the growing demand of human society for semiconductor industry,

more novel 2D semiconductor materials are still being developed and explored.

1.2 Post-transition Metal Monochalcogenides (PTMMCs)

Recently, the incorporation of post-transition metal chalcogenides (PTMCs)
has substantially broadened the variety of 2D layered semiconductors. PTMCs are
composed of post-transition metals (M) and chalcogen elements (X = S, Se, Te). Post-
transition metals typically refer to elements situated between the transition metals and
metalloids in the periodic table, with the most common being Al, Ga, In, Tl, Ge, Sn,

Pb, Sb, and Bi (although some transition metals like Zn, Cd, and Hg are sometimes



Figure 1.1: Schematic diagram of common members of the 2D layered PTMMC family
and their applications. [5{10]

also considered post-transition metals, they are not included here). There are an ex-
tensive number of known PTMC compounds with stoichiometries like B XV', [30,31]
M XVT | [30,32{34], M/ XY [33{45], MV XV! [32,46], MV XY' [32], and MpXY' [32]
(where the superscript Roman characters indicate the group to which the element be-

longs, and the subscript Arabic numerals indicate the stoichiometric number). The



Figure 1.2: Lattice constant vs. band gap plots of the stable layered PTMMC ma-
terials in (a) bulk and (b) single-layer forms. Black and white lled circles represent
the direct and indirect bandgaps, respectively. The background corresponds to the
solar spectrum, where UV, NIR, and MIR refer to the ultraviolet, near-infrared, and
mid-infrared regions, respectively. Reproduced with permission [1]. Copyright 2024,
American Chemical Society.

MX subgroup, known as post-transition metal monochalcogenide (PTMMCs), has at-
tracted particular attention due to their relatively simple crystal structures. Figure
1.1 summarizes the typical members of the PTMMC family and their common appli-
cations.

One major advantage of PTMMCs is that they cover a wide bandgap range, from
0.36 eV to 3.4 eV, as illustrated in Figure 1.2. Moreover, PTMMCs often exhibit in-
teresting thickness-dependent bandgap behaviors. For instance, when GaSe is reduced
from bulk to single-layer thickness, it undergoes a transition from a direct bandgap to
an indirect one, which is the opposite of the trend observed in TMDs. [11, 35,47] In
addition, some layered PTMMC semiconductors have extra merits such as high car-
rier mobility and density, along with p-type electronic conduction. They also show
outstanding optical behaviors. For example, Gas, GaSe, and InSe, three representa-
tive members of the PTMMC family, demonstrate intense photo-responsivity and high
external quantum e ciency in the ultraviolet (UV) spectral region. [48] These excel-

lent properties opens up signi cant possibilities for developing optical, electronic, and



optoelectronic devices. [49{52]

1.3 Gallium Selenide

As aforementioned, GaSe is a typical PTMMC compound, also a layered 2D
[11-VI semiconductor. Following the roadmap of traditional 2D semiconductors, GaSe
crystals show great potential for applications in electronic, optical, and optoelectronic
devices. It has already been extensively studied as a promising material for fabricating
eld-e ect transistors (FETSs), [13] photodetectors, [14,53,54] and photovoltaic devices.
[55] Moreover, the relatively low growth temperature required for high-quality GaSe
enables its integration into the back-end-of-line semiconductor processes, providing a
reliable platform for the scalable production of GaSe-based devices. This section will
sequentially discuss the crystal structure, band structure, properties, synthesis, and

advanced applications of GaSe.

1.3.1 Crystal Structure
GaSe has a hexagonal crystal structure. A single layer of GaSe consists of

four atomic planes that are covalently bonded in the Se-Ga-Ga-Se sequence, called a
tetralayer (TL), with a height of 8 A. [11,56] The weak interlayer vdW bonds enable
a variety of possible stacking orders and polytypes including(2R), -(2H), -(4H),
and -(3R), all of which have a non-centrosymmetric TL and a point group of B, in
which each Ga atom is tetragonally bonded to three Se atoms and one Ga atom, while
each Se atom is trigonally coordinated to three Ga atoms. Their crystal con gurations
and lattice parameters are summarized in Figure 1.3 (a-d) and Table 1.1. Here plane
B is a translation of the top plane A by one-third of a unit cell along the armchair
direction of the hexagonal lattice; plane C is an equivalent translation of plane B;
plane A" and B' are the mirror planes of plane A and B, respectively, with respect to
the plane bisecting an armchair bond. AB stacking has been found to be more stable
than AA' stacking, so -GaSe (ABAB) is the most widely studied type, followed by

-GaSe (ABCABC). [57] In addition, a rare polymorph, 2GaSe, was experimentally



observed by Grzonka et al. in 2021. [11] It di ers from other GaSe polymorphs in that
it has a centrosymmetric TL with a point group of D3q4 that is stacked in the same
con guration as -GaSe, as shown in Figure 1.3 (e). Its inversion symmetry makes it

predicted to have special functions in optoelectronic applications. [57]

Figure 1.3: Atomic models of (@) -, (b) -, (¢) -, (d) -, and (e) %GaSe crystals.
(f) Schematic of two polymorphs of GaSe TL, B, (axial symmetry) and D54 (central
symmetry) from side view (left) and top view (right). The red dashed lines highlight
the stacking con guration of TL. The black dashed lines in (a) indicate the interlayer
vdW bonds. The thickness of GaSe TL is around 8 (a), and the in-plane lattice
parameter is around 3.743A (f).Reproduced with permission [11]. Copyright 2021,
John Wiley and Sons.

Table 1.1: Summary of the crystallographic properties of known GaSe polytypes. Re-
produced with permission [1]. Copyright 2024, American Chemical Society.

GaSe  Stack Space group Lattice parameters Interatomic distancé\]

type order Intra- Intra-  Inter-
Hermann- Sche- a=b C
layer layer layer
Se-Ga Ga-Ga Se-Se
(2H) AA' P6s/mmc Dg, 3.735 15.887 2485 2.383 3.840

(2H)  AB P-6m2 DL 3735 15887 2485 2.383 3.840

Mauguin  nies [A] [A]




Table 1.1 continued from previous page
(3R) ABC R3m C3, 3.739 23.862 2.467 2.386 3.847
(4H) ABAB' P6 smc cgv 3.755 31.990 2.463 2.457 3.880

1.3.2 Band Structure

The band structure of vdW layered materials is closely related to their crystal
structures: interatomic distances can a ect band dispersion; [58,59] crystal symmetry
de nes degenerate state and transition selection rules; [11] and the number of layers
can in uence the bandgap through interlayer interactions. [49] GaSe is distinct from
most other 2D semiconductors, such as TMDs. As the crystal thickness increases from
TL to bulk, the bandgap of GaSe changes from an indirect transition of 3.3 eV to
a direct transition of 2.1 eV. [12, 32,56, 58, 60] The bandgap narrows with increasing
layer thickness until it saturates beyond a tens of layers, [11,47,49] and the transition
between the indirect and direct bandgap typically occurs at a thickness of about 3
TLs. [61]

Figure 1.4: Band structures of (a) a tetralayer (TL), (b) 2-TL, (c) 3-TL -GaSe.

Arrows indicate the indirect (red) and direct (blue) electronic transitions. The values
of direct (G-G) and indirect bandgaps ((K-G)-M) are noted in blue and red, respectively.
Reproduced with permission from [12]. Copyright 2015, American Chemical Society.

In most cases, a direct bandgap is ideal for optoelectronic devices because the
strong interlayer electron orbital coupling in a direct bandgap can signi cantly enhance
the absorption coe cient, improve electron-hole pair generation and emission intensity.

[62{64] However, if the valence band is su ciently at, as in few-layer GaSe, the thin



Im remains optically active despite having an indirect bandgap. Figure 1.4 shows the
simulated band structures of 1- to 3-TLb-GaSe. Theb-GaSe exhibits a \wine bottle"
shaped valence band, resulting in a high density of states at the valence band maximum
(VBM), leading to promising applications in spintronics and thermoelectrics. [11,62,65]
These atomically thin (1 3 TLs) GaSe structures exhibit indirect transitions as the
VBM is located between theG and K points, while the conduction band minimum
(CBM) is at the G point. The bandgap narrows with increasing layers due to the
enhanced interlayer interactions along the c-axis. [62] Interestingly, in GaSe crystals,
the energy di erence between the direct and indirect transitions is extremely small (e.g.,
92 meV for 1 TL, 29 meV for 2 TLs, and 8 meV for 3 TLs). Such small di erences
allow GaSe to be easily converted into a direct material through external stimuli, even

at atomically thin thicknesses. [66,67]

1.3.3 Electronic and Optical Propertiess

The carrier type, density, and mobility of materials are crucial factors that in u-
ence their potential for use in optoelectronic devices. The intrinsic p-type conductivity
of GaSe crystals make them particularly attractive, as most vdW layered materials,
such as GaS, TMDs, and graphene, possess n-type conductivity. The p-type electronic
behavior of GaSe arises from the presence of Ga vacancies within the crystal struc-
ture. [68,69] For few-layer GaSe, the carrier density is ¥0 10" cm 2, accompanied
by a carrier mobility of around 0.6 cnt V ! s 1. [9,68,70] In bulk GaSe, the carrier
mobility is signi cantly improved, reaching 215 cnt V ! s 1. [9] However, this mobil-
ity is still far lower than that of graphene, which has a mobility of 16 1 cm? Vv 1!
s 1 with a carrier density of 13  10'? cm 3. [12,71] The low mobility leads to high
resistance in GaSe crystals, which is a key factor limiting the application of GaSe in
electronic devices.

Layered GaSe exhibits large out-of-plane optical anisotropy, a common feature

of vdW compounds. Additionally, GaSe crystals have a wide transparency range of



650 18000 nm, [58, 70] relatively high birefringence, and high damage threshold val-
ues for various laser lines. [68] 2D few-/single-layer GaSe shows high photoresponsivity
and sensitivity because of its large surface-to-volume ratio and pronounced quantum
con nement e ects on its optical and electronic properties. The thickness-dependent
bandgap of GaSe results in thickness-dependent photoluminescence (PL). The PL emis-
sion intensity of layered GaSe decreases signi cantly as the thickness is reduced from
bulk to a TL, accompanied by a slight blue shift of the PL peak. K. Xiao's group [54]
experimentally observed a blue shift in the PL peak from 620 nm to 613 nm as the
GaSe thickness decreased from bulk to 2 TLs. This is caused by changes in the bandgap
structure with reduced thickness, distinct from single-layer semiconductors whose op-
tical properties are a ected by the quantum con nement e ects.

It is worth noting that GaSe is a typical nonlinear optical crystal. Nonlinear
optics have played a crucial role in advanced technologies such as integrated optics,
optical information processing, optical communication, and imaging. [72{74] Common
GaSe polytypes exhibit nonlinear optical properties due to their non-centrosymmetric
unit cell structure, which lacks inversion symmetry. [70,75] Karvonen et al. [76] observed
second harmonic generation (SHG) and third harmonic generation (THG) in GaSe
crystals thicker than 7 TLs by exciting them with 1560 nm femtosecond laser pulses.
The SHG peak was observed at 780 nm, while the THG peak was at 520 nm. Both
harmonic signals increased with GaSe thickness, but the SHG signal was much stronger
than the THG signal. Additionally, because the SHG photon energy is lower than the
bandgap of GaSe, the SHG signal weakens signi cantly from the center to the edges
of the akes. W. Jie et al. [77] further investigated the nonlinear optical properties of
GaSe akes with thicknesses from 2-TL to multilayer. They observed SHG emission
from 2-TL GaSe, indicating that SHG can occur in both odd- and even-layered GaSe,
unlike in 2D layered TMDs and h-BN where SHG depends on the layer parity. Zhou et
al. [78] also observed a strong SHG signal in TL GaSe under non-resonant excitation
and emission conditions, with SHG intensity about 1 2 orders of magnitude higher

than that of single-layer MoS under equivalent illumination settings.



1.3.4 Stability

However, like most 2D materials, the aging of GaSe crystals remains a signi -
cant challenge for the widespread application of GaSe. The aging issue is partly due to
its layered structure, as the high surface-to-volume ratio of 2D materials makes them
highly sensitive to ambient atmosphere and external stimuli. [79, 80] The oxidation
barrier of GaSe (0.87 eV) is lower than that of InSe (1.09 eV). Consequently, exposing
GaSe Ims to ambient conditions for a few days leads to severe oxidation, whereas InSe
degradation requires approximately a month. To delve into the degradation mecha-
nism of GaSe, J. Wang's group [81] revealed that illumination and Se vacancies are the
main causes of the fast oxidation of GaSe through density-functional theory (DFT)
and ab initio molecular dynamics simulations. Illumination can excite electrons on
the surface of GaSe, and these photo-excited electrons transfer to oxygen molecules,
producing superoxide anions (©) that can react with GaSe; Se vacancies can directly
react with O,. In both cases, Ga-Se bonds are replaced by Ga-O bonds, leading to the
degradation of GaSe. The main products of environmental degradation of GaSe include
amorphous Se, G#5g;, and Ga0s. [82, 83] Additionally, a humid environment accel-
erates the oxidation process of GaSe because the polarization e ect of wafer molecules
can enhance the transfer of electrons from GaSe to oxygen. A. Castellanos-Gomez et
al. [83] further investigated the degradation process of GaSe with varying thicknesses.
Overall, thinner GaSe akes degrade more rapidly, especially in a few-layer scheme, a
complete degradation occurring within a few hours. Therefore, it is crucial to develop
suitable and e ective methods for encapsulating GaSe. So far, top capping layers of
Si-N [84], ALO3 [85], and hBN [83] have been widely applied to protect GaSe from
degradation while maintaining its optical properties. We have also explored the encap-
sulation of GaSe Ims with an amorphous Se layer deposited via MBE as a method to

slow down aging.
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1.3.5 Synthesis

The cost, diculty, and hazards of synthesis are usually decisive factors in
determining whether the material can be put into market. This section provides a
philosophy of vdW material synthesis and introduces some typical synthesis methods
of GaSe crystals. In general, synthesis methods can be divided into two categories:
top-down and bottom-up approaches. The former starts with bulk materials and then
separates thin layers by mechanical exfoliation, chemical intercalation, solution-based
sonication, or selective etching. This approach works for most vdW materials, but
it has challenges in scalability and puri cation. Bottom-up approaches refer to the
large scale growth by deposition on a substrate. Vapor phase deposition is among the
most common techniques and includes chemical vapor deposition (CVD), pulsed laser
deposition (PLD), and molecular beam epitaxy (MBE). CVD is popular for producing
uniform and thickness-controllable Ims, but sample purity and reproducibility cannot
be guaranteed due to the low-vacuum environment. PLD has excellent control over
growth rate, but the products inevitably have defects due to the rather high kinetic
energy of the sputtered species. MBE is a particularly common approach for the
synthesis of PTMMCs, since its ultrahigh vacuum environment provides a platform for
wafer-scale deposition of Ims with high crystallinity and high purity. GaSe was one
of the rst vdW materials synthesized by MBE. [86] MBE growth aims to be layer-by-
layer, so theoretically, any desired number of layers can be deposited. Regardless of
the deposition method, the weak binding between the Im and the substrate in vdW
epitaxy can alleviate lattice mismatch concerns, thus expanding the range of substrate
choices.

The rst lab-made GaSe TL was achieved by mechanical exfoliation [57] and the
most typical method to prepare bulk counterparts is the vertical Bridgeman technique.
[59] The resulting GaSe crystals can be free of non-basal dislocations and have a single
epolymorph, but with inevitable stacking faults. Vapor mass transport was the rst
bottom-up method for growing large-area GaSe nanosheets. However, the growth rate

proved too fast for ultrathin Im growth. [87] Research on the epitaxial growth of
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GasSe is extensively; crystalline GaSe Ims with thicknesses ranging from a single layer
to hundreds of nanometers have been grown on various substrates, including n-type
Si, [63] sliced mica, [60] sapphire, [11,20,63,88,89] GaAs, [20,82] and GaN. [88] MBE
excels in precisely controlling the ux ratio, which is necessary for obtaining phase-
pure GaSe Ims, given the presence of multiple phases in the Ga-Se phase diagram.
In addition, we revealed that c-plane sapphire (c-sapphire) is not suitable for growing
GasSe since the poor wettability of Ga atoms on sapphire leads to 3D features on the
grown surface, thus we proposed a three-step growth method to improve the quality
of atomically thin GaSe Ims (no more than 3 layers), [20] which will be discussed in

details in Section 3.3.4.

1.3.6 Applications

As aforementioned, layered GaSe is a promising candidate for many applications
involving electronics, optoelectronics, and photovoltaics.

Field e ect transistors (FETs) consist of a channel connecting the source and
drain electrodes, a dielectric barrier separating the gate electrodes from the channel,
and the gate electrode itself. The ON/OFF state of the channel current is controlled
by changing the gate voltage. Layered GaSe has been widely explored as channel
materials. Figure 1.5 (a) displays a typical bottom-gate FET based on single-layer
GaSe with characteristics shown in Figure 1.5 (b,c), where the eld-e ect di erential
mobility is 0.6 cn?V 1s ! with an ON/OFF current ratio of 10 ®, which is comparable to
the performance of bottom-gate Mogbased FETs. There is still a long way to perfect
the design of GaSe-based FETSs, for example, employing high-K dielectric materials as
the top gate to construct top-gate FETs can signi cantly improve carrier mobility and
ON/OFF ratios by reducing the trap/impurity states at the gate surface.

Photodetectors are devices that convert optical energy into electrical signals
based on the photoelectric e ect. Photoresponsivity, response time, and photodetectiv-

ity are three common performance metrics for evaluating photodetectors. MgBased
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Figure 1.5: (a) A schematic of a typical bottom-gate eld e ect transistor (FET), based

on single sheet of GaSe as a channel. (b) Output characteristics of single sheet of GaSe
at room temperature in dark. (c) Transfer characteristics of GaSe single sheet-based
FETs. lgs, Vs, and Vgs indicate drain current, drain-source voltage, and gate voltage,
respectively. Reproduced with permission from [13]. Copyright 2012, John Wiley and
Sons.
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Figure 1.6: Schematics of GaSe-based photodetectors with the contacts at the (a)
top and (b) bottom. (c) The normalized photocurrent of the top-contact GaSe-based
photodetector as a function of illumination wavelength. Reproduced with permission

from [14]. Copyright 2015, Springer Nature.
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photodetectors have relatively mature production technology and have achieved a max-
imum photoresponsivity of 880 A W1, but is limited to a large size. [90] 2D materials
are especially exciting as photodetector materials since they are compact, lightweight,
and exible. Conventional ultrathin GaSe-based photodetectors, when illuminated
with 254 nm light, have a response time of 20 ms, a responsivity of 2.8 A W and
an external quantum e ciency (EQE) of 1367%. [54] The slow response, compared
to traditional metal-semiconductor-metal photodetectors with response times around
10 3 10 ® ms, is ascribed to defects and dangling bonds at the SiGaSe interface.
However, the strong photoresponsivity and high EQE make GaSe-based photodetec-
tors attractive. Cao et al. [14] further increased the GaSe photoresponsivity to 5000
A W 1 by changing the top contact [Figure 1.6 (a)] to a bottom contact [Figure 1.6
(b)]. They also reduced the response time to 27@m by replacing Ti/Au electrodes
with single-layer graphene. Additionally, Yuan et al. [63] grew GaSe akes on n-type
Si substrates using MBE, forming a P-N heterojunction to fabricate photodiodes with
stable rectifying performance and high photoresponsivity. The recently reportegl-
GaSe with a centrosymmetric unit cell shows resonant ultraviolet (UV) adsorption and
optical anisotropy, making it e ective for deep UV (200 280 nm) sensing. [57] GaSe
can not only serve as a photodetector for visible and UV light, but also as an excellent
material for non-linear optical devices due to its large nonlinear optical coe cient of
54 pm V 1. [53]

GaSe semiconductor is also at the forefront of many other applications. For
example, it is an ideal material for gas sensors because of its high sensitivity te H
and other gases. It is also a candidate for solar cells due to its high optical absorption
coe cient. GaSe is transparent and has nonlinear optical behaviors in the infrared

region, thus attracting attention for the development of IR detectors.
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1.4 Motivation and Outline

In this chapter, the concept of 2D layered PTMMC semiconductors and the
background of GaSe are reviewed. Layered PTMMC semiconductors are new mem-
bers in the family of 2D semiconductors with wide and tunable band gaps and novel
optoelectronic behaviors. MBE is a promising technology to synthesize them. GaSe is
a typical member of the 2D layered PTMMC family. This research aims to advance
the wafer-scale production of high quality GaSe single crystal Ims on engineered sub-
strates by developing the MBE technology. In addition, through investigating the
growth on di erent substrates, e.g., c-sapphire and GaA (111)B, we have delved into
di erent growth mechanisms of 2D/2D vdW epitaxy and 2D/3D quasi-vdW epitaxy,
which provides more insights to understand MBE synthesis processes and contributes
to expand the application of MBE. Also, the approach for the direct growth of hy-
brid 2D/3D heterostructures using MBE technology has a refernece signi cance for
fabricating heterostructural devices that inherit the characteristics of both 2D and
3D semicondcutors. It not only expands the potential of GaSe in device applications,
but also lays a solid foundation for the development of integrated quantum photonic
devices. Furthermore, this research combines the experimental processes and simula-
tion approach, providing an Al-guided synthesis experimental design through building
machine-learning models. It is of great signi cance in reducing experimental cost and
time for achieving ideal chalcogenide thin Ims.

In Chapter 2, | will briefy introduce the techniques used to synthesize, charac-
terize, simulate GaSe materials and the process to build and optimize machine learning
models. MBE is our major tool to grow sample. Main characterization tools includa
situ rheed high energy electron di raction (RHEED), atomic force microscopy (AFM),
X-ray diraction (XRD), Raman and photoluminescence (PL) spectroscopy, scanning
electron microscopy (SEM), and scanning transmission electron microscopy (STEM).
First-principle density functional theory (DFT) calculations were performed to ana-
lyze the properties of Gase and substrate materials. Machine learning models based on

Bayesian principles were developed to predict and guide MBE synthesis of GaSe and
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other chalcogenide thin Ims. In Chapter 3, vdW epitaxial growth of GaSe using c-
sapphire substrates will be demonstrated. An advanced three-step growth method was
proposed and studied to improve the ultra-thin GaSe Im quality. An incompatibility
between GaSe and sapphire substrate was explored by AFM and Raman. Chapter 4 fo-
cuses on the experimental and theoretical study of quasi-vdW epitaxial growth of GaSe
on GaAs substrates. A novel, pure polymorph of GaSe® was observed by STEM and
analyzed by DFT. A signi cant improvement of the quality of GaSe Ims deposited
on GaAs compared to that on sapphire was illustrated by AFM and XRD scans.
Chapter 5 will discuss the necessity and optimal approach of processing GaAs (111)B
substrates for the application in chalcogenide MBE systems. Deoxidation and passi-
vation can be achieved simultaneously through annealing GaAs (111)B substrates in a
Se atmosphere at high temperatures, while processing of GaAs substrates with other
orientations were also studied to provide a more comprehensive reference. The poten-
tial mechanism of Se-passivation on GaAs (111)B was investigated by rst-principle
calculations. Moreover, the aging process of GaAs (111)B wafers was explored. Chap-
ter 6 will demonstrate the preliminary achievements made in machine-learning model
building. XRD ! scans, AFM, andin situ RHEED were the main technologies used
to characterize GaSe sample properties. Growth conditions including Se:Ga ux ratio,
growth rate (i.e., Ga ux), and substrate temperatures are taken into account to pre-
dict resulting sample qualities. Chapter 7 will cover a summary of the dissertation and
some possible future work including expanding the MBE synthesis and the Bayesian
MBE interface to other PTMMC materials and exploring advanced GaSe properties

and applications.
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Chapter 2

GROWTH, CHARACTERIZATION, AND SIMULATION
TECHNIQUES

2.1 Molecular Beam Epitaxy (MBE)

All the samples discussed in this dissertation were grown by MBE, which is a
highly precise method to grow crystalline thin Ims layer by layer. An ultrahigh vacuum
(UHV) environment as low as 10*! Torr ensures that atomic/molecular species are
directed toward the substrate in a \beam" mode, rather than interacting with other
species and scattering along the way. Upon reaching the substrate, they bond and
form an epitaxial layer. MBE has been widely applied to grow IlI-V semiconductors,
topological insulators, 2D chalcogenides, nitrides, oxides, and group IV materials. In
traditional MBE processes, three typical growth mechanisms may occur: (1) Frank-
van der Merwe (F-M) mode, a layer-by-layer process that usually occurs when the
interaction between the depositing species and the substrate is much stronger than
that between the depositing species themselves; (2) Volmer-Weber (V-W) mode, an
island growth occurring when the depositing materials have weak interactions with the
substrate; (3) Stranski-Krastanov (S-K) mode, where the Ims initially grow layer-by-
layer, but after a few monolayers, islands begin to form on top of the existing layers.
This mode is usually observed in systems that have strain, as the Im becomes thicker,
the strain will accumulate and trigger a transition to island growth. However, the MBE
growth mechanism for vdW materials, such as GaSe, remains unclear. It is usually
considered to be a hybrid mechanism that resembles a layer-by-layer mechanism but
with distinct features due to the vdW features of the materials.

| conducted growth experiments using the Veeco GENxplor MBE system (lo-

cated at the University of Delaware (UD) Materials Growth Facility) on c-sapphire
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Figure 2.1: A schematic of a chalcogenide MBE growth chamber. Reproduced with
permission from [15].

substrates and the DCA Instrument R450 MBE reactor (located at Pennsylvania
State University (PSU), instrument details at 106055xgq@ yj90) on GaAs (111)B
substrates. Figure 2.1 is a schematic of a typical chalcogenide MBE system. Ma-
jor components include a substrate heater, e usion cells, beam ux monitor (BFM),
and/or quartz crystal microbalance (QCM), re ection high energy electron di raction
(RHEED), thermometer, cryopanels, ion gauges, residual gas analyzer, and pump sys-

tems. Source materials (Ga, Se, etc.) are stored separately in e usion cells. Ga was
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provided by Knudsen cells. Se was provided by a Knudsen cell in the DCA R450
MBE system while by a cracker-valve cell in the Veeco GENxplor MBE system. The
cracker-valve cell has two heating zones: the bulk heating zone that controls the Se va-
por pressure and the cracking zone that cracks large Se molecules into small molecules
of Se or Sg using a temperature of 900C. It regulates the Se ux through a valve,
allowing for more precise control of the ux. Additionally, small Se molecules are more
reactive and can more easily incorporate into the growing compound compared to large

molecules.

Figure 2.2: Real space and reciprocal space of RHEED. Reproduced with permission
from [16]. Copyright 2012, John Wiley and Sons.

RHEED provides real-time information on the crystallinity and surface condi-
tions of the top few layers of a growing Im. A high-energy electron beam, generated by

an electron gun, strikes the substrate surface at a grazing angle and is then di racted.
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The diracted beam hits a phosphorescent RHEED screen, forming a di raction pat-
tern. This pattern can be interpreted using the Laue di raction principles in reciprocal
space. In RHEED, the electron beam forms an Ewald sphere in reciprocal space, as
shown in Figure 2.2, with its radius and thickness de ned by the electron wavevector
and energy variation. The atomic arrangement in the surface layer of the sample deter-
mines the reciprocal space representation. A single at, regularly spaced row of atoms
on the surface produces a set of reciprocal space planes, as illustrated in Figure 2.2.
Periodic atomic arrays generate a set of in nitely thin, tall rods in reciprocal space.
Simply put, RHEED enablesin situ observation of atomic arrangements relative to
the substrate and their changes throughout the growth process. It also provides in-
formation on the 3D structure and relative orientation of the growth, as these factors
in uence the arrangement of surface atoms. For example, as the surface becomes more
three-dimensional, an additional component of periodicity breaks the reciprocal space
rods into segments or points. [16] Additionally, the oscillation of the RHEED intensity
can be used to determine the growth rate. The layer-by-layer growth mechanism by
MBE causes periodic surface morphology changes. When a monolayer is fully formed,
the RHEED intensity is at its maximum. The intensity then gradually decreases as
the islands form, until the next monolayer is completed. The period of RHEED inten-
sity oscillation corresponds to the time required to grow a single cycle of the crystal
structure. In this thesis, RHEED played a crucial role by con rming the complete
removal of substrate surface oxides, providing real-time observations of growth surface

conditions, and serving as a key input for machine learning analysis.

2.2 Ex situ Characterization Tools
We utilize various tools to analyze the structural, optical, and electronic prop-

erties of our materials, which will be discussed in the following sections.
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Figure 2.3: Schematic illustration of tapping mode AFM. Reproduced with permission
from [17]. Copyright 2012, MDPI.

2.2.1 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a technique that provides spatially localized
information at the nanoscale by raster scanning a sharp probe near a surface and mon-
itoring the probe-sample interactions. Compared to other imaging techniques, AFM is
the only one with a lateral resolution below 200 nm that provides 3D information on
surfaces. There are three common topography modes used in AFM: (1) contact mode
(feedback = tip de ection); (2) tapping mode (feedback = oscillation amplitude); (3)
peak-force tapping mode (feedback = constant interaction force). In our research, we
used tapping mode, where the cantilever oscillates at its resonance frequency. The os-
cillation amplitude decreases as the tip interacts with the sample surface, which serves
as the imaging feedback signal, as shown in Figure 2.3. A typical amplitude setpoint is
10 100 nm. Additionally, tapping mode enables phase imaging by detecting the phase
di erence between the cantilever's oscillation signal and the drive signal. The phase

signal is related to the sample's surface modulus and adhesion. Tapping mode o ers
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advantages such as less tip and sample wear, higher resolution, phase signal detection,
and less sensitivity to optical interference and laser signal drift. In this study, AFM
served as the primary tool for revealing surface morphology features and quantifying
surface roughness, as well as providing a key parameter for machine learning analysis.
For GaSe samples grown on c-sapphire substrates, AFM was performed using a NeaS-
NOM Microscope at the Advanced Materials Characterization Laboratory at the UD.
For samples grown on GaAs (111)B substrates, AFM was conducted using a Bruker
Dimension Icon AFM at the PSU.

2.2.2 X-Ray Diraction (XRD) and X-Ray Re ectivity (XRR)

X-ray diraction (XRD) is a technique used to identify the crystalline phases,
compositions, crystallographic orientations, and grain sizes of sample materials. It
works by directing an X-ray beam onto the crystal planes of a sample at speci ¢ angles.
The diracted X-rays are recorded by a detector, and constructive interference of the
di racted rays results in intensity peaks. The condition for constructive interference is

that the X-ray path di erence satis es Braggs' Law (Eq. 2.1):
Zdhk| sin =n (21)

where n is the order of the re ection planes, is the wavelength of the incident X-rays,
dn represents the interplanar spacing of the (hkl) family of crystallographic planes,
and is the angle of incidence that satis es Bragg's Law. According to this equation,
when the is xed (commonly CuK ; radiation with a wavelength of 1.54A), the at
which constructive interference occurs is determined by the d spacing, which is related
to factors such as crystalline phase, composition, crystallographic planes, and strain.
Furthermore, XRD employs di erent scanning modes depending on the relative motion
between the sample, the incident X-ray beam, and the detector, which aims for various
information. As shown in the Figure 2.4 (a),! is the angle of incidence between the
incident beam and the sample surface, ds the di raction angle between the incident

beam and the detector, is the rotation angle of the sample around its surface normal,
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and is the angle of rotation of the sample in the plane normal to that containingv

and 2 .

Figure 2.4: Schematic diagrams of (a) XRD and (b) XRR. Reproduced from \Introduc-
tion to High Resolution X-Ray Di raction of Epitaxial Thin Films" from Massachusetts
Institute of Technology Center for Materials Science and Engineering, made by Scott
A Speakman.

In the most commonly used 2=! coupled scan/ is set to always equal 22.
This scan is employed to measure Bragg di raction angles, which can determine the
composition, phase, strain, and Im thickness of a crystalline sample. In dnscan, the
incident source and detector are xed (i.e., 2 is held constant), while the sample rocks
slightly around the Bragg di raction angle. The full-width at half-maximum (FWHM)

of the resulting rocking curve is used as an indicator of crystal defect density.
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Additionally, in in-plane  scans, 2 is xed, and the sample is tilted to the
angle to observe the crystal plane of interest. The sample is then rotated irangle, and
the di raction intensity variation as a function of is recorded. This method provides
information on in-plane orderliness, symmetry, and interlayer alignment, based on the
principle that di raction peaks from grains in di erent orientations appear at di erent

angles. These three scanning methods are the primary techniques we use in this study
to characterize the crystal structure. The thickness of thin Im samples is measured by
X-ray re ectivity (XRR), in which, the X-ray source is directed at the sample surface at
a very small incident angle (less than the critical angle for re ection), and the detector
moves synchronously. The range of variation for the incident angle is very small
(typically less than 10°). As shown in Figure 2.4 (b), this method is based on the total
external re ection of X-rays at low incident angles. By analyzing the interference of
re ected X-rays at di erent interfaces/surfaces, information such as thickness, density,
and roughness of each layer can be obtained.

In this thesis, for samples grown on c-sapphire, the coupled scans were mea-
sured using the Bruker D8 XRD, while XRR was measured with the Rigaku Ultima
IV XRD, both located at UD's Advanced Materials Characterization Lab. Thew
scans were conducted on the PANalytical 4-Circle X'Pert3 MRD at PSU. For samples
grown on GaAs (111)B, both XRD and XRR measurements were carried out using the

PANalytical 4-Circle X'Pert3 MRD at PSU.

2.2.3 Raman and Photoluminescence (PL) Spectroscopy

Raman spectroscopy is a technique based on inelastic scattering of light that
provides information on the chemical structure, phase, polymorphism, crystallinity,
and molecular interactions of a material. As shown in Figure 2.5 (a), when a laser
is incident on the sample, the incident photons interact with the sample molecules.
Most photons undergo elastic scattering (Rayleigh scattering), while a small fraction
undergo inelastic scattering (Raman scattering), where the energy change corresponds

to the vibrational energy levels of molecule species. The energy di erence between

25



the incident and scattered light is known as the Raman shift. The resulting Raman
spectrum exhibits characteristic peaks that shows the intensities and wavelengths of
scattered lights. Each peak corresponds to a speci ¢ molecular bond vibration. Bulk
GaSe exhibits two out-of-plane modes #) and Af; at wavenumbers 133 cm' and 306.8
cm *, respectively, and two in-plane modes £ and E£; at wavenumbers 211.9 cmt
and 250 cm*, respectively. In the few/single-layer scheme, the A and Ej, signals
disappear, accompanied by red shift of the & and Ef, peaks. [13] | primarily used
Raman spectroscopy to identify the composition and phases of the samples, particularly
for polytype detection and localized analysis that are di cult to achieve with XRD.
Photoluminescence (PL) spectroscopy, on the other hand, usually performed
using the same equipment as Raman, is based on di erent principles and characterizes
di erent properties. PL involves studying the optical properties and electronic struc-
tures by analyzing the energy of photons emitted after the material absorbs incident
photons. Figure 2.5 (b) demonstrates the process: electrons in the material are ex-
cited by the incident laser, absorbing the photon energy and transitioning to higher
energy levels, forming electron-hole pairs (i.e., excitons). The excited electrons tend
to return to their original equilibrium state, which requires releasing energy. This en-
ergy release can occur through two mechanisms: non-radiative recombination without
photon emission and radiative recombination with photon emission. The latter is PL,
where the energy of emitted photons depends on the energy di erence between the
electron's ground and excited states. This energy di erence is related to the material's
bandgap and other factors, such as defects, impurities, and strain. PL spectroscopy
was utilized in this study to analyze the optical properties of GaSe Ims and further
investigate their bandgap characteristics. The Raman and PL measurements for the
samples grown on c-sapphire were performed using the Horiba LabRAM HR Evolu-
tion at the UD, while the measurements for the samples grown on GaAs (111)B were

conducted using the Horiba LUCY instrument at the PSU.
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Figure 2.5: (@) Principle diagram of Raman, source:
horiba:com=usa=scientific=technologies=raman imaging and spectroscopy=
(b) Principle diagram of PL, reproduced with permission from [18].
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2.2.4 Scanning Electron Microscopy (SEM) and Electron Dispersive X-
Ray Spectroscopy (EDS)

Scanning electron microscopy (SEM) is a technique that utilizes a focused beam
of high-energy electrons interacting with the sample surface to provide information on
surface topology and composition. Its working principle is as follows: an electron gun
generate a beam of electrons, which is then accelerated under a high-voltage eld and
raster scanned across the sample surface. Di erent signals are produced as the electrons
interact with atoms in the sample, as shown in Figure 2.6.

Secondary electrons (SE) are low-energy electrons emitted due to inelastic scat-
tering from atoms near the sample surface, and they provided high-resolution infor-
mation about surface topography. Another signal comes from backscattered electrons
(BSE), which are high-energy electrons elastically scattered back from the primary
electrons. Since heavier elements scatter back more electrons than lighter elements,
BSEs can reveal compositional contrast. When electrons relax to lower energy states
that are unoccupied due to excitation by the high-energy incident beam, X-rays are
emitted. These X-rays are characteristic of specic elements and form the basis for
Energy Dispersive X-ray Spectroscopy (EDS), which is used for elemental analysis.
In some cases, SEM also generates additional signals, such as Auger electrons or light
emission, providing further information about composition or structure. SEs and BSEs
are captured by their respective detectors for further analysis. Similar to AFM, SEM
provided information on surface morphology in this project. However, compared to
AFM, SEM can o er a larger scanning area and cross-sectional imaging, enabling a
more comprehensive analysis of growth dynamics. Additionally, | used SEM EDS to
analyze the composition and distribution of the grown Ims. For samples grown on
c-sapphire substrates, SEM was performed on an Auriga 60 CrossBeam at the Keck
Center for Advanced Microscopy and Microanalysis at the UD. For samples grown on
GaAs (111)B substrates, SEM was conducted on an Apero SEM with an EDS mapping

o ered local elemental analysis at the PSU.
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Figure 2.6: Schematic of SEM electron scattering signals in (a) a thin sample and (b)
a thick sample. Note that in thicker samples, there are fewer pathways for primary
electrons to escape from the bulk material compared to thinner samples. Reproduced

with permission from [19]. Copyright 2016, Elsevier.
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2.2.5 Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) combines the technical ad-
vantages of traditional TEM and SEM, providing atomic-level resolution images, el-
emental maps, nanostructure analysis, and defect/interface characterization. Its core
principle involves scanning across a thin specimen with a nely focused electron beam.
As the electron beam interacts with the material, some electrons pass through the
sample and are detected to form images. Compared to TEM, the advantage of STEM
lies in its raster-scanning electron beam across the sample surface, rather than spread-
ing over the entire sample and illuminating a large area simultaneously. Additionally,
transmitted electrons are collected point-by-point construct the image, o ering en-
hanced analytical capabilities and atomic-level resolution.

In STEM, the electron beam is accelerated to high energy (typically 100
300 keV) and focused into a nanoscale probe, which scans across the sample surface.
The interaction between the electron beam and the material generates several signals.
The rst is transmitted electrons, which pass through the sample. Depending on the
detection mode, two types of images can be obtained: (1) bright- eld (BF) imaging,
capturing electrons that pass through without signi cant deviation, and (2) high-angle
annular dark eld (HAADF) imaging, which detects scattered electrons at high angles
and is useful for atomic number contrast, where heavier atoms appear brighter. Other
signals, such as SE, BSE, and EDS, serve similar in SEM.

In this research, we used ADF-STEM to observe the GaSe atomic con guration
and study the e ect of GaAs (111)B substrate surface states on crystalline Im growth.
The electron-transparent cross sections of all samples were extracted by an FEI Scio
2 dual-beam focused ion beam (FIB). The ADF-STEM we used was a dual spherical
aberration-corrected FEI Titan® G2 60 300 STEM operating at 300 kV, with a probe
convergence angle of 21.3 mrad and collection angles of 4244 mrad. The STEM

measurements were performed by Sahani A. Iddawela and Jessica L. Thompson.
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2.2.6 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical tech-
nique based on the photoelectric e ect, used to study the elemental composition, chem-
ical states, and electronic structure of materials, focusing on the depths of 1-10 nm from
the surface. Monochromatic X-ray photons interact with the atoms in the material,
transferring energy to core electrons and causing their emission. By measuring the ki-
netic energy of these ejected electrons, the elemental composition and chemical states

can be deduced from the following Eq 2.2.
BE = h KE (2.2)

whereh is energy of the incident X-ray photons, KE is the measured kinetic energy of
the ejected electrons, is the work function of the spectrometer, as a known constant,
and BE is the binding energy.

We analyzed the surface composition of treated GaAs (111)B substrates through
XPS that was performed on a Physical Electronics VersaProbe Il instrument equipped
with a monochromatic Al K X-ray source i = 1486.6 eV) and a concentric hemi-
spherical analyzer. The binding energy axis was calibrated using sputter cleaned Cu
(Cu2ps=, = 932.62 eV, Cuds-, = 75.1 eV) and Au foils (Au4f -, = 83.96 eV). [16]
Measurements were made at a takeo angle of 3Qvith respect to the sample sur-
face, resulting in a typical sample depth of 2 4 nm. Quanti cation was conducted
using instrumental relative sensitive factors that account for the X-ray cross section
and inelastic mean free path of the electrons. The analysis size was about padin
diameter. lon sputtering used 2 kV AF rasterized over a 2 mmO 2 mm area with a

rate of 5 nm min 1. The XPS measurements were conducted by Je Shallenberger.

2.3 Density-Functional Theory (DFT) Simulation
To analyze the formation of GaSe Ims and the treatment processes of GaAs
(111)B substrates, density-functional theory (DFT) calculations based on the Vienna

ab initio simulation package (VASP) [91] were performed by Dr. Jiayang Wang and
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Dr. Susan B. Sinnott. The e ective core potentials were described by the projector
augmented wave (PAW) potentials [92] with a cuto energy of 600 eV. The Perdew-
Burke-Ernzerhof (PBE) functionals [93] were used to describe the exchange-correlation
interactions. The Monkhorst-Pack k-mesh was sampled at a density of 0.85*. As for
structure relaxation, the BFGS quasi-Newton algorithm was used, and the thresholds
of convergence used 10 eV as a break condition for the electronic self-consistence
loop, and the Hellmann-Feynman force on each atom was less than 0.01 AV

To account for the vdW e ect, the non-local vdW-DFoptB88 exchange-correlation
functional [94] was applied to describe the dispersion interactions within the interface.
A vacuum layer of 18A thickness was used for all 2D structures to eliminate interactions
between adjacent supercells due to periodic boundary conditions (PBCs). The valence
electron con gurations are 4%4p* for Ga, 4€4p® for As, and 424p* for Se. The in-
plane lattice parameters of - and -GaSe are both 3.82A while that of %GaSe is
3.839A. The interlayer distances in -, -, and %GaSe are 3.209\, 3.206A, and 3.221

A, respectively. These data are comparable with references. [11,57] To investigate
the energetic information of GaSe polymorphs, we calculated the formation enthalpy

through the DFT method following the below formula (Eq. 2.8)

bulk bulk
Y = Eota  NcaEday  NseEsge, (2.3)

Niotal

where Eq is the total total energy of the system, B2 and E24¥ are the chemical
potentials of each atomic species in the most stable formgfand nse are the number of
Ga and Se atoms, respectively, anddy, is the total number of atoms in the supercell.
To describe the surface geometry of GaAs (111)B, the 10-atomic-layer slab model was
generated with 18A thickness of vacuum space.

Overall, comprehensive characterization techniques, includirig situ RHEED
and ex situ XRD, XRR, AFM, SEM, STEM, Raman and PL spectroscopy, and Hall
e ect measurements, were employed to analyze the structural, optical, and electrical

properties of the synthesized Ims. These methods provided critical insights into Im
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thickness, crystallinity, surface morphology, and vibrational modes, ensuring the ma-
terials met the desired speci cations for further applications. Furthermore, DFT was

used to analyze these features from a theoretical perspective.
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Chapter 3

VAN DER WAALS (VDW) EPITAXIAL GROWTH OF GASE THIN
FILMS

3.1 Background of vdW Epitaxy of GaSe

vdW materials o er a versatile platform for creating heterostructures with di-
verse functionalities. [11, 95{98] The weak interlayer forces in vdW crystals lead to
self-passivated, dangling bond-free surfaces, allowing the stacking of materials with dif-
ferent lattice constants and scaling thickness down to the atomic level. [99, 100] While
epitaxial growth of GaSe has been explored for decades, [82, 88, 89, 101{103] limited
research has focused on atomically thin GaSe Ims grown on c-sapphire substrates.
In 1998, Chegwiddenet al. [89] used high-temperature annealing to remove initial
Ga,Se Ims and subsequently deposited polycrystalline GaSe on the same substrate.
In 2015, Chia-Hsinet al. [101] achieved single-crystal GaSe epilayers on c-sapphire
using MBE. By 2017, Leeet al. [88] demonstrated the growth of -GaSe, observing
that higher Se:Ga ux ratios resulted in a GaSe phase and spotty RHEED patterns.
They achieved GaSe crystalline Ims with a thickness of 75 nm and a root-mean-square
(RMS) roughness as low as 2 nm, although AFM analysis revealed Ga droplet-like par-
ticles on the Ims.

Growing GaSe on c-sapphire o ers signi cant advantages over 3D substrates like
GaAs, as it minimizes the e ects on lattice mismatch and thermal expansion coe cient
mismatch, [104] resulting in fewer mis ts and threading dislocations. Additionally, c-
sapphire wafers are cost-e ective, widely available, and commonly used for vdW epitaxy
of various materials. However, vdW growth often faces challenges such as 0D defects
(e.g., vacancies) due to easier re-evaporation and 1D defects (e.g., grain boundaries)

from limited control over domain orientation. [105{108]
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This section examines the MBE growth of atomically thin (about 3 TLs) GaSe
single-crystal Ims on c-sapphire. The growth process was optimized by using thicker
GaSe Ims (about 32 nm) by varying substrate temperature, Se:Ga ux ratio, and
growth rate to achieve the desired phase, low surface roughness, and high crystallinity.
Optimal parameters | Se:Ga ux ratio of 20, growth rate of 0.06 A s !, and tem-
perature of 425°C | produced GaSe crystals with an RMS roughness of 1.82 nm.
These conditions were then applied to grow atomically thin Ims, employing a three-
step growth mode to achieve coalesced 3 TL-thick GaSe Ims with improved surface
morphology and an RMS roughness of 0.61 nm. Lastly, we explore the 3D features ob-
served in the Ims, their connection to vdW epitaxy, and strategies for their reduction

or elimination.

3.2 Growth of GaSe Films on C-sapphire Substrates

All samples were grown on epi-ready c-sapphire substrates using a Veeco GENXx-
plor MBE system in the UD's Materials Growth Facility. A Knudsen cell supplied Ga,
while a valved cracker cell provided Se, with the Se cracking zone maintained at 900
°C and the ux controlled by the valve. Substrates were degassed at 20Q in the
load lock chamber before being transferred to the growth chamber, where they were
heated to 650°C to remove residual contaminants and then cooled to the target growth
temperature.

Before growth, the Se shutter was opened 2 min ahead of the Ga shutter to estab-
lish a Se-rich environment. [88,89] The Ga-Se Ims were then co-deposited as detailed
in Section 3.3. Unlike our experiences in growing other selenides like$3 [109{111]
and In,Se;, [112] GaSe growth required halting the Se ux immediately after growth
to prevent the formation of 3D features, as evidenced by AFM images in Figure 3.1.
After growth, samples were removed from the MBE and immediately vacuum packed
for analysis. Substrate temperatures were measured using a non-contact thermocouple,
and source uxes in this chapter are reported as beam equivalent pressures measured

at the start of each growth day with a BFM.
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Figure 3.1: AFM images of Samples (a) 9 and (b) 16. Both samples were grown
under the identical conditions: a growth rate of approximately 0.0& s !, a substrate
temperature of 425°C, a Se:Ga ux ratio of 20, and growth duration of 90 min. After
growth, Sample 9 was cooled to room temperature without any source ux, while
Sample 16 was cooled in a Se atmosphere. Reproduced with permission from [20].
Copyright 2023, American Vacuum Society.
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