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 Abstract  

 

Bandgap Engineering of Gallium Telluride  

by  

Jose Javier Fonseca Vega 

 

Doctor of Philosophy in Engineering – Materials Science and Engineering  

University of California, Berkeley  

Professor Oscar D. Dubón, Chair 

 

 Layered semiconductors, like transition-metal dichalcogenides and III-VI 

monochalcogenides, possess interesting properties attractive for future opto-electronic 

applications. Among the III-VI monochalcogenides, gallium telluride (GaTe) possesses a unique 

monoclinic structure, good p-type transport properties, and contrary to most layered materials, a 

direct bandgap in the bulk (1.67 eV). This dissertation explores different avenues for the bandgap 

engineering of GaTe, including access to the bandstructure through the layers’ surfaces, 

conventional semiconductor alloying and stabilization of alternate metastable phases.  

In the presence of air, mechanically exfoliated GaTe develops a deep-level defect band 

effectively reducing the bandgap in a direct-to-indirect transition to about 0.8 eV. The 

intercalation and chemisorption of molecular oxygen to the Te-terminated layers was responsible 

for the behavior. I discuss on how surface defects created by the mechanical exfoliation facilitate 

the transformation as well as procedures to delay or accelerate such transformation. Contrary to 

traditional bandgap engineering methods, the partial reversibility of this process can also be 

achieved.  

The alignment of the conduction and valence band edges as well as shallow-defect levels 

were determined following an ion irradiation study. Based on the amphoteric defect model, the 

conduction band and valence band edges of GaTe were found to be 3.47 eV and 5.12 eV below 

vacuum, respectively. Low-temperature spectroscopy found two acceptor levels around 100 and 

150 meV above the valence band and a donor level around 130 meV below the conduction band. 

Gallium selenide (GaSe) and GaTe alloys (GaSexTe1-x) were grown by vapor deposition. 

Monoclininc crystals were obtained for x < 0.32, and hexagonal crystals were obtained for x > 



 

2 
 

0.28. The bandgap of the monoclinic phase increases linearly with Se content from 1.65 eV to 

1.77 eV while hexagonal-phase bandgap decreases from 2.01 eV (GaSe) to 1.38 eV (x = 0.28). 

Finally, the bandgap of hexagonal GaTe was confirmed to be 1.45 eV, by epitaxially growing 

hexagonal GaTe crystals on GaSe substrates. The results presented here show how the selected 

bandgap-engineering avenue can affect the structural and opto-electronic properties of GaTe.  
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Chapter 1 

 

Introduction 

 

 

1.1 Motivation for bandgap engineering of layered semiconductors  
 

Most modern-day electronic devices–transistors, light emitting diodes and solar cells–are 

based on semiconductor technologies, mainly around silicon and group III-V materials (GaAs, 

GaN, etc.).
[1,2]

 As technology evolves, smaller and faster devices with higher capacity are in 

more demand.
[2]

 To maintain this trend, the limitations of state-of-the-art devices have to be 

constantly improving. Smaller high-performance electronic materials with different shapes and 

mechanical properties are in demand for diverse applications.
[1,3]

 Similarly, there’s a need for 

electronic materials whose properties cater to the specific requirements of applications, 

optimizing the device’s performance.
[3]

 Physical and electronic limitations of silicon will prevent 

the continued usage of this material in many future opto-electronic applications.
[1,2]

 For this, we 

have engaged in studying low-dimensionality materials and their electrical properties. 

Specifically, we have focused on studying layered semiconductors which can potentially form 

single-crystalline few-atom-thick films without compromising their performance.
[4,5]

 On top of 

that, their electronic properties can be further tuned, by bandgap engineering, to optimize their 

performance for a desired application.
[6,7]

 

 

1.2 The rise of layered semiconductors 

In 2004 the discovery of graphene by Geim and Novoselov started the continuously-

expanding field of atomically-thin layered electronic materials.
[8,9]

 Graphene was discovered by 

the mechanical exfoliation and isolation of a single layer of sp
2
-bonded carbon from a bulk piece 

of graphite. This atomically-thin crystal exhibited extraordinary mechanical and electrical 

properties, like a tensile strength of 130 GPa and carrier mobility over 200,000 cm
2
/Vs.

[9–11]
 

Graphene also exhibits metallic behavior and the absence of an energy band gap, which is 

essential for most modern electronic devices.
[9]

 While attempts on opening a band gap in 

graphene have been made–through orienting bilayer graphene, controlling the width of 

nanoribbons and surface functionalization–the magnitude of the resulting bandgap is limited.
[12–

14]
 Hence, efforts have been focused on the discovery and characterization of new and interesting 

two-dimensional semiconducting materials from layered bulk crystals.  

Layered semiconductors can be divided into two main groups, transition-metal 

dichalcogenides (TMD) and III-VI monochalcogenides, with the former being widely more 

popular and studied. The popularity of TMDs arises from their interesting opto-electronic 

properties,  particularly in the single-layer regime,  where an indirect-to-direct bandgap transition 
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Figure 1.1. Lateral and top-view of the 2H, 1T and 1T’ crystal structures. The pink area represents the 

primitive unit cell.[17] 

 

takes place.
[4,5,15]

 As direct semiconductors, monolayer TMDs exhibit strong absorption and 

photoluminescence (PL) and have been considered excellent candidates for photodetectors and 

light-emitting applications.
[16]

 The crystal structures of TMD semiconductors consist of a three-

atom X-M-X assembly, where X represents a chalcogenide atom (sulfur, selenium or tellurium) 

and M represents a transition-metal atom.
[5,15]

 The covalently-bonded assemblies form two-

dimensional layers that stack on top of each other by van der Waals forces. 

The bonding coordination of the transition-metal atom will vary depending on the 

chemical composition and growth conditions, between trigonal prismatic, octahedral and 

distorted octahedral.
[5,17,18]

 The trigonal prismatic coordination will result in the formation of a 

hexagonal lattice (2H), where the chalcogenide atoms align with those at the other side of the 

layer, see Figure 1.1.
[5,17]

 In turn, the octahedral coordination will result in a tetragonal lattice 

(1T), where the chalcogenide atoms at one side of the layer are rotated 60° along the layer plane, 

compared to the 2H structure. The distorted octahedral coordination and resulting distorted 

tetragonal phase (1T’) are generally observed for larger chalcogenides, like tellurides.
[19,20]

 The 

octahedral bonds distort their lengths and angles to accommodate the large chalcogenide, these 

distortions generate the stabilized 1T’ phase.  

Molybdenum and tungsten-based TMDs have been in the center of attention for many 

years now. These materials typically behave as semiconductors that crystallize in the 2H phase 

(e.g. MoS2, WS2, MoSe2, WSe2 and MoTe2) while WTe2 is a semimetal that crystallizes in the 

1T’ phase.
[4,5,15,19]

 For MoTe2, the 2H phase is more stable for bulk crystals at room temperature, 

however the semimetallic 1T’ phase is close in energy and phase transformations from 2H to 1T’ 

have been observed at high temperatures and in the few-layer regime.
[20,22]

 As mentioned above, 

one of the most interesting properties of these semiconductors is the indirect-to-direct bandgap 

transformation at the monolayer. This transformation is evident by the increase in the 

photoluminescence intensity by several orders of magnitude, in the single-layer crystals 

(Figure1.2.a).
[4,23,24]

 The transformation is explained by the removal of the adjacent-layers 

interactions–responsible for the conduction-band minimum and valence-band maximum in the 

multi-layered crystal–resulting in new and aligned band extrema (Figure 1.2.b-d).
[21]

 The 

bandgaps of TMDs also experience a significant increase at the monolayer regime; for example, 

in MoS2 the bulk bandgap is 1.29 eV while the bilayer and monolayer  bandgaps are 1.59 eV and  
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Figure 1.2. (a) PL spectra for mono- and bilayer MoS2 samples. Inset: PL Quatum Yield as a function of 

amount of layers.[4] (b)-(d) Bandstructure of bulk, bilayer and monolayer MoS2, the indirect-to-direct 

bandgap transformation is evident.[21] 

 

1.89 eV, respectively.
[4,21]

 

Tin, hafnium and zirconium-based TMDs, on the other hand, crystallize in the 1T 

phase.
[5,25]

 Sulfides and selenides of these compounds (i.e. SnS2, HfS2, ZrS2, SnSe2, HfSe2 and 

ZrSe2) behave as semiconductors with similar properties as those based on molybdenum or 

tungsten. Tellurides (SnTe2, HfTe2 and ZrTe2) show semimetallic behavior, similar to 1T’-

MoTe2 and WTe2.
[20,25]

 In general, monolayers of both 2H and 1T TMD semiconductors exhibit 

bandgaps around the 1 – 2.5 eV range, but only the 2H phase exhibits the indirect-to-direct 

bandgap transition.
[4,5,24,26–28]

 This energy range can be ideal for several electronic applications 

like transistors or other switching electronics, light emitting devices and solar cell active layers.  

1.3 III-VI monochalcogenide semiconductors 

III-VI monochalcogenide semiconductors are also part of the larger family of layered 

electronic materials. This small group includes four semiconductors: GaS, GaSe, GaTe and InSe. 

The intralayer structure of these semiconductors consist on an X-M-M-X assembly, where X 

represents the chalcogenide and M represents either gallium or indium metal.
[29–31]

 Similar to 

TMDs, Van der Waals forces at the interlayer keep the layer stacking together. Generally, the 

layers of these semiconductors have a hexagonal structure where each metal has a tetrahedral 

coordination bonded to three chalcogenides and one other metal. The metal-chalcogenide bonds 

on each side of the layer are aligned in such a way that the X-M-M-X assembly forms a trigonal 

prism, similar to the 2H-TMD structure (Figure 1.3.a).
[29,30]

 The only exception is GaTe which 

crystallizes in a monoclinic structure;
[30]

 a more detailed discussion about GaTe’s crystal 

structure can be found in Section 1.2.1.  

While GaS, GaSe and InSe have the same intralayer structure, the possible layer-stacking 

sequences can result in different polytypes with slightly different properties for the same 

compound. Gallium sulfide (GaS) preferentially crystallizes in the β-polytype, where two layers 

are aligned in a way that the chalcogenides and metals of the second layer sit on top of the metals 

and chalcogenides of the first layer, respectively.
[31]

 The β-polytype has a three-dimensional 

hexagonal  unit cell  consisting of two layers (2H)  with symmetry  represented  by the  P63/mmc 
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Figure 1.3. (a) Trigonal prismatic assembly in III-VI monochalcogenide semiconductors. (b)-(e) unit 

cells of the  β-, ε-, γ- and δ-polytypes.[32–34] 

 

space group (Figure 1.3.b).
[31,33]

 Gallium selenide (GaSe) instead prefers the ε-polytype, in which 

two layers align themselves where the chalcogenides (or the metals) of the second layer sit on 

top of the metals (chalcogenides) of the first layer, but not both.
[30,33]

 The ε-polytype also has a 

three-dimensional hexagonal unit cell consisting of two layers (2H) but with the symmetry 

represented by the P6̅m2 space group, instead (Figure 1.3.c).
[33]

 Finally, indium selenide (InSe) 

preferentially stacks in the γ-polytype which results when a third layer is added to the ε-polytype 

where the chalcogenides (or metals) of this layer sit on top of the metals (chalcogenides) of the 

second layer that weren’t aligned to any atom on the first layer.
[30]

 Different to β- and ε-

polytypes, the γ-polytype unit cell has a rhombohedral structure consisting of three layers (3R) 

and its symmetry is represented by the R3m space group (Figure 1.3.d).
[30]

 It is important to state 

that these semiconductors are capable of stacking in polytypes different from their preferred 

ones. For example, GaSe has also been observed in the β-, γ- and even the δ-polytype, which 

consists of a hexagonal unit cell of four layers (4H) obtained by the combination of the β- and ε-

polytypes (Figure 1.3.e).
[32,33]

 

The layer thickness of GaS is about 7.75 Å, where the Ga-S and Ga-Ga bond lengths are 

2.37 Å and 2.48 Å, respectively.
[35]

 The lattice parameters are a = 3.59 Å and c = 15.49 Å. GaS 

is an indirect bandgap semiconductor (2.59 eV) with a direct gap of 3.05 eV.
[36]

 As-grown GaS 

tends to be n-type with electron concentration around 10
12

 – 10
13

 cm
-3

 and bulk mobility up to 80 

cm
2
/Vs.

[37,38]
 The unintentionally doped n-type behavior arises mainly from sulfur vacancies. 

Attempts to increase either the electron or hole carrier concentration in GaS haven’t shown 

significant results.
[37]

 

The GaSe unit cell dimensions are a = 3.74 Å and c = 15.92 Å, where the layer thickness 

of is about 7.96 Å, and the Ga-Se and Ga-Ga bond lengths are 2.48 Å and 2.38 Å, 

respectively.
[33]

 Similar to GaS, GaSe is an indirect semiconductor (2.0 eV) with the direct gap 

β ε γ δ 

a b c

 

 b 

 b 
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about 25 meV larger.
[39]

 This small difference in energy between the indirect and direct gaps 

allows GaSe to exhibit photoluminescence, similar to a direct semiconductor.
[39,40]

 For 

unintentionally doped GaSe, gallium vacancies are typically the dominant defect, which causes 

p-type behavior.
[41]

 Hole concentration ranges around 10
14

 – 10
15

 cm
-3

 while the hole mobility 

has been reported to reach up to 215 cm
2
/Vs.

[41,42]
 The low carrier concentration, and thus the 

high resistivity, of GaSe hinder the use if this material in many electronic applications. However, 

the most interesting opto-electronic properties of GaSe are the non-linear optical properties in the 

infrared (IR) range.
[43,44]

 GaSe is a well-known second-harmonic generating material and 

promising candidate for terahertz (THz) source and tuning, due to its anisotropic structure, high 

optical birefringence, high transparency and high nonlinear susceptibility.
[43]

 

As mentioned before, InSe has a rhombohedral crystal structure, which can be defined 

with a hexagonal unit cell of the following parameters a = 4.01 Å and c = 24.96 Å or with its 

primitive rhombohedral unit cell parameters: a = 4.01 Å and α = 26.85°.
[45]

 Its layer thickness is 

about 8.32 Å, and the In-Se and In-In bond lengths are 2.63 Å and 2.77 Å, respectively. Contrary 

to GaS and GaSe, InSe has a direct bandgap of 1.25 eV but goes through a direct-to-indirect 

bandgap transition when the crystal is thinned-down to less than 20 layers.
[46]

 Below 20 layers, 

the bandstructure near the valence band maximum takes the form of an inverted “Mexican hat”, 

with the new valence band maximum shifting farther away from the direct gap, with reduced 

thickness.
[46]

 Monolayer InSe has an indirect bandgap around 1.9 eV, with the direct gap about 

70 meV larger. Unintentionally-doped InSe typically shows n-type behavior with the electron 

concentration around 10
15

 cm
-3

 and one of the highest electron mobility for layered 

semiconductors at room temperature 600 – 1000 cm
2
/Vs.

[47–49]
 N-type and p-type doping has 

been successfully achieved in InSe with carrier concentrations exceeding the 10
17

 cm
-3

 for both 

carrier types, without significantly affecting the mobility (500 – 800 cm
2
/Vs).

[49,50]
 

1.3.1 Gallium Telluride (GaTe) 

Gallium telluride, the last member of the III-VI monochalcogenide semiconducting family, is an 

interesting material with several unique properties. First off, it is the only member of this family 

that does not have the same intralayer structure, but a distorted version of it. Starting from the 

same intralayer structure as the other members of the family, GaTe’s structure can be obtained 

when one out of every other third Ga-Ga bond in the layer is flipped horizontally along the layer 

plane.
[30]

 This modification will cause restructuring of the bond angles and slight changes to the 

bond lengths, resulting in a two-dimensional monoclinic structure (Figure 1.4.a). In this reduced-

symmetry structure, there are three different Ga and Te atomic positions, as shown in Figure 

1.4.b.
[52]

 The different bond lengths within a layer are shown in Table 1. The GaTe layers are 

around 7.47 Å in thickness and preferentially stack in the monoclinic α-structure, with a = 17.40 

Å, b = 4.08 Å, c = 10.46 Å and β = 104.50° (Figure 1.4.c).
[51]

 A metastable hexagonal phase for 

GaTe has also been reported with the β-2H (GaS-like) structure, rapidly changing back to the 

monoclinic structure.
[53–55]

 

The in-plane anisotropy of α-GaTe, gives the material unique orientation-dependent 

structural, electrical and optical properties, not observed in most layered semiconductors. 

Structurally, the layer exhibits mechanical weakness at the in-plane Ga-Ga bonds, commonly 

cleaving there.
[56,57]

 The in-plane Ga-Ga bonds are aligned along the bꞱ-axis or the [2 0 1] 

direction.
[51]

  Optically,  the  layer  anisotropy  doesn’t  have  much  impact  on the  bandgap  and  
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Figure 1.4. (a) Two-dimensional monoclinic unit cell of GaTe monolayer (top view). (b) Different 

atomic positions for Ga and Te in GaTe monolayer (side view). (c) Multi-layer α-GaTe and monoclinic 

unit cell.[34,51] 

 

absorption coefficient; however the effects are more evident on the excitons observed by optical 

absorption and photoluminescence spectroscopy.
[56,58,59]

 The exciton peaks observed with 

polarized light along the bꞱ-axis tend to split into twin peaks and be more prominent than those 

observed with light polarized along the b‖-axis. The slight differences in the absorption spectrum 

arise mainly due to the anisotropy on the refractive index, which along bꞱ is larger for 

wavelengths below 1,000 nm and smaller afterwards, compared to the refractive index along 

b‖.
[56]

 The layer anisotropy is also evident through the active Raman modes observed under 

polarized light.
[60,61]

 In-plane anisotropy is probably more noticeable in the electrical resistivity 

of the material, which can increase by about two orders of magnitude from b‖ to bꞱ.
[30]

 

Gallium telluride is a direct bandgap semiconductor with a gap of 1.67 eV at room 

temperature and 1.78 eV at 0K.
[62]

 Even at room temperature, it shows strong excitonic 

absorption and emission around 1.65 eV or about 18 meV below bandgap.
[62,63]

 Unintentionally-

doped gallium telluride typically shows good p-type transport behavior with carrier 

concentrations around 10
16

 – 10
17

 cm
-3

.
[30,64]

 Similar to GaSe, the main source of acceptor defects 

are the gallium vacancies.
[63,65]

 The in-plane hole mobility will depend on the crystal orientation, 

but average values are around 30 – 40 cm
2
/Vs.

[30,64,66]
 

Several applications have been demonstrated for GaTe over the years. Traditionally, 

GaTe has been considered a candidate for radiation detection given its relatively high average 

atomic number, intermediate bandgap and good transport properties.
[52,57]

 GaTe transistors have 

shown to have ON/OFF ratios around 10
5
 and hole mobility over 4 cm

2
/Vs.

[67,68]
 Visible-light 

photodetectors have also been demonstrated for few-layer GaTe with photoresponsivities as high 

as 10
4
 A/W–higher than graphene and MoS2–and detectivity around 10

12
 Jones–larger than 

commercially available InGaAs photodetectors.
[69,70]

 Nanosheet-based and nanowire-based 

flexible   photodetectors    with   promising   performances    have   also   been   fabricated. 
[71,72]
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Table 1.1. Bond lengths within a layer of GaTe. Atomic positions shown in Figure 1.4.b.[51] 

Bond Bond length (Å) Bond Bond length (Å) 

Ga1–Ga1 2.44 Ga2–Te2 2.67 

Ga1–Te1 2.68 Ga2–Te3 2.64 

Ga1–Te2 2.69 Ga3–Te1 2.65 

Ga2–Ga3 2.44 Ga3–Te3 2.66 

 

Heterojunctions with n-Si and n-MoS2 have exhibited external quantum efficiencies around 62% 

and fill factors around 0.4, displaying their potential capability for solar applications.
[66,73]

 As 

shown here, GaTe is a layered semiconductor with unique and interesting properties that shows 

potential for opto-electronic applications. The work presented in this dissertation further expands 

our knowledge on this material and its properties. 

1.4 Bandgap engineering 

The ability to precisely tune the electrical properties of materials has always been of 

upmost interest to scientists and engineers. The bandgap engineering of semiconductors is a 

powerful tool that has been in use for decades, allowing such control on the energy gap of 

materials. Several methods for bandgap engineering have been developed throughout the years, 

but with new and exciting materials–like layered semiconductors–new methods will be needed 

and discovered based on these materials properties. Throughout the remaining of this chapter, we 

will discuss some of the most common methods of bandgap engineering and how they relate to 

the field of layered semiconductors. 

There are three main approaches typically employed to modify the bandstructure of an 

electronic material. First, the bandstructure can be modified by altering the crystal structure of 

the material, either by slight distortions or complete phase transformations.
[17,74]

 Distortions in 

the crystal structure can be achieved by applying stress to the material. Tensile or compressive 

stress application will result in a strained unit cell that could alter the crystal symmetry and affect 

the bandstrucutre.
[74–76]

 This method, referred to as strain engineering, has been demonstrated for 

layered semiconductors by depositing them on flexible substrates followed by stretching or 

bending of the substrate (Figure 1.5.a).
[75]

 Experimental bandgap changes of over 0.1 eV have 

been reported for monolayer MoS2, after straining the material by 1.8% (Figure 1.5.b). However, 

this behavior is not always desired, as many flexible electronic applications require constant 

performance regardless of strain. In some instances, the application of an external stimulus–

stress, temperature, pressure, electrical potential, etc.–can result in an abrupt phase 

transformation into a new phase with different electronic properties.
[22,77,78]

 Within the layered 

semiconductors, this behavior has been observed with the lithiation of MoS2 and changes in 

temperature for MoTe2 (Figure 1.5.c).
[20,77]

 In both of these examples, the bandstrucutre of the 

starting semiconductors is drastically altered resulting in semi-metallic behavior. This type of 

phase engineering is of great interest for switching applications where metallic-to-insulator 

transitions are desired.
[22,79]

 

Another common approach for the bandgap engineering of electronic materials is based 

on  the   modification   of  their   density  of  states   by  reducing   their  dimensionality.   As  the 
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Figure 1.5. (a) Illustration of the strain engineering setup for layered materials.[75] (b) PL spectra of 

strained MoS2. Bandgap change of about 0.1 eV with 1.8% strain.[75] (c) Binary Mo-Te phase diagram 

around the MoTe2 compounds.[77] 

 

dimensionality of the the material decreases, quantum confinement effects become more obvious 

opening the bandgap.
[80]

 Typically, the density of states near the band extrema for a three-

dimensional (3D) material follows a square-root dispersion (Figure 1.6.a).
[80]

 When the material 

is confined in one direction–thickness bellow 10 nm–it starts behaving as a two-dimensional 

(2D) material. These thin-films or nanosheets are known as quantum wells and their density-of-

states dispersion follows a step-wise distribution that starts at higher energies than the 3D 

dispersion, opening the bandgap.
[80]

 Layered materials are also often called 2D materials, given 

their feasibility to grow or exfoliate them down to single-layer crystals with thicknesses below 

one nanometer. The increase in bandgap energy, as a result of the reduction in the number of 

layers, has been previously demonstrated numerous times for layered semiconductors. MoS2, for 

example, has a bulk indirect bandgap around 1.2 eV, while the monolayer has a direct bandgap 

around 1.9 eV (Figure 1.6.b).
[4]

 One-dimensional (1D) materials or quantum wires are confined 

in two directions, where the bandgap opens furthermore and the density of states follow an 

inverse distribution.
[80]

 While nanowires of layered semiconductors have been grown before, 

these typically have diameters too large to observe any clear effect of quantum confinement. 

Interestingly, MoS2 nanowires with widths below 3 nm have been reported where the bandgap 

decreases with increasing confinement, which must be due to a different effect.
[81]

 Finally, when 

the material is confined in every direction, it becomes a zero-dimensional (0D) material or 

quantum dot. Quantum dots possess the larger bandgap out of all the confined structures with 

discrete energy states.
[80]

 It is well stablished that quantum dots of layered semiconductors can 

have considerably large bandgaps, such as 3.3 eV and 3.0 eV for 2.5 nm-GaSe and 10 nm-MoS2 

quantum dots, respectively (Figure 1.6.c and 1.6.d).
[82,83]

 

a 

b 

c 
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Figure 1.6. (a) Density of states of materials with different degrees of quantum confinement.
[80]

 (b) 

Dependence of the MoS2 bandgap on the number of layers.[4] (c) Optical absorption and 

photoluminescence of GaSe quantum dots of 2.5, 4 and 9 nm.[82] (d) Optical absorption and 

photoluminescence (inset) of MoS2 quantum dots of 3.5 nm.[83] 

 

1.4.1 Semiconductor alloying 

The third typical approach for bandgap engineering is the alloying of different electronic 

materials with diverse properties. Generally, alloys are obtained by the substitution of at least 

one element for a different one with similar size, valence and coordination geometry.
[84]

 This will 

allow the incorporation of the new element into the original compound throughout the 

composition range until the substitution is completed. There are numerous examples of these 

alloys among layered semiconductors, such as: substitution of transition metal in 2H-TMDs 

(Mo1-xWxS2, Mo1-xWxSe2),
[85,86]

 substitution of chalcogenide in 2H-TMDs (MoS2(1-x)Se2x, WS2(1-

x)Se2x),
[6,87]

 substitution of chalcogenide in 1T-TMDs (HfS2(1-x)Se2x, ZrS2(1-x)Se2x)
[27,28]

 and 

substitution of chalcogenide in III-VI monochalcogenides (GaS1-xSex).
[36,88]

 In all of these 

examples, we observe unlimited solubility of the alloying element into the original compound 

and a linear change in lattice parameter with composition. For the chalcogenide-substitution 

alloys the bandgap also exhibits a linear dependency on the composition as predicted by the 

virtual crystal approximation (VCA) (Figure 1.7.a). However when the transition-metal is 

substituted, the bandgap exhibits a parabolic or bowing behavior with a minimum around x = 

0.33  (i.e. 33% of Mo  has been substituted by W)  (Figure 1.7.b).
[85,86,89]

  This behavior has been  
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Figure 1.7. (a),(b) Composition-dependent bandgaps of MoS2xSe2(1−x) and Mo1-xWxS2 monolayers, 

respectively.[6,85] (c),(d) Band anti-crossing (BAC) model and bandgap values for GaN1-xAsx, 

respectively.[84,89] (e) Composition-dependent bandgaps of WSe2(1-x)Te2x monolayers, the phase transition 

from 2H to 1T’ is evident.[78] 

 

explained by a relatively linear change of the valence band maximum and an almost exponential 

change of the conduction band minimum with composition.
[89]

 At low W content, the conduction 

band minimum is relatively constant as the tungsten d orbitals contribution is minimal; after x = 

0.33, the tungsten d orbitals start dominating the contribution to the conduction band minimum 

and a large change is observed.  

Alloy systems that follow the VCA allow for the precise tuning of the bandgap within the 

two endpoints. However, deviations from the VCA can result in larger ranges for bandgap 

tuning, not limited to the endpoints. While alloys are typically obtained by substituting elements 

of similar size, valence and coordination geometry, often substitution with elements beyond 

those parameters can yield interesting properties. It has been shown that large bandgap bowings 

can result from the substitution of elements with considerable size and electronegativity 

differences.
[90,91]

 In this example, explained by the band anti-crossing model, the incorporated 

specie starts behaving as a defect impurity in the host material creating defect levels; as the 

concentration increases, the discrete defect levels merge to form a band. The host material bands 
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and the new band will experience Coulombic repulsion from each other, generating the band 

anti-crossing structure and modifying the bandgap (Figure 1.7.c and 1.7.d).
[84,90]

 

Alloys between species with different crystal structures are also possible. In this case a 

phase-transition concentration or concentration range is expected.
[30,78,92,93]

 These alloys can now 

exhibit smooth bandgap tuning in certain ranges and abrupt transformations in others.
[30,78,93]

 The 

WSe2(1-x)Te2x alloy is a perfect example, as monolayer 2H-WSe2 has a bandgap around 1.65 eV 

and 1T’-WTe2 is a semimetal. As seen in Figure 1.7.e, with the incorporation of Te the bandgap 

decreases from 1.65 eV to about 1.45 eV and 1.44 eV for x = 0.5 and 0.6, respectively.
[78]

 The 

phase transformation takes place within the 0.5 ≤ x ≤ 0.6 range, where the material becomes a 

semimetal. While the growth of alloys with multiple crystal structures might be more difficult, 

the possible properties and applications make them of great interest. 
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Chapter 2 

 

Bandgap restructuring of gallium telluride in air 

 

 

The layered nature of TMDs and III-VI monochalcogenides opens the opportunity for 

novel and unique methods for the bandgap engineering of such semiconductors. In this chapter 

we explore the consequences of prolonged exposure of GaTe to air, and its effect on the 

bandstructure. Section 2.1 describes the general sample preparation method utilized in the 

following experiments. Sections 2.2, 2.3, 2.4 and 2.5 discuss the optical, electrical, surface and 

structural properties of GaTe after different periods of air exposure, respectively. Section 2.6 

presents supporting DFT calculations explaining the observed behavior in the previous sections, 

and in Section 2.7 a proposed mechanism for the behavior is given. The results presented here 

showcase how the surfaces of the layers offer a direct route to access and modify the bulk 

properties, including bandgap, of some layered materials.  

2.1 Sample preparation 

Single-crystal bulk ingots of GaTe were grown elsewhere by the Bridgman method. In 

this method, polycrystalline GaTe was heated above its melting point and slowly cooled along a 

temperature gradient starting from a single-crystal seed at one end, continuously solidifying in 

the same crystal orientation as the temperature gradient moves along the melted material.
[94]

 The 

samples were produced by exfoliation using adhesive tape or by peeling with a razor blade. By 

repeating these procedures and the use of thermal tape, we obtained GaTe flakes with fresh 

surfaces on both sides. Free-standing bulk flakes with thicknesses ranging from 1 – 50 μm were 

selected. The samples were exposed to air for different periods of time at ambient conditions 

before studying their properties. 

2.2 Optical properties 

Fresh, or as-cleaved, GaTe has characteristic dark-blue highly-reflective surfaces, 

noticeable to the naked eye. When exposed to air for prolonged periods of time, the surfaces 

appearance turn into a dull yellow-brown color. The change in appearance of the GaTe flakes, 

observed through the human eye, can be correlated to changes on several optical properties, 

discussed below. 

2.2.1 Optical Absorption 

Optical transmittance and reflectance spectroscopies were obtained within the 0.5 eV – 2 

eV range, with a UV-Vis spectrometer. Optical absorbance was calculated with the following 

equation  
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Figure 2.1. Optical absorption spectra of GaTe at different exposure time to air: as-cleaved (black), 2 

weeks (blue) and 8 weeks (magenta). The excitonic absorption peak is observed around 1.65 eV. Inset: 

square root of the absorbance as a function of energy. Linear extrapolation of the square root of 

absorbance reveals an optical gap of 0.77 eV associated with an indirect bandgap material. 

 

 

𝐴𝑏𝑠(𝐸) = ln (
1−𝑅(𝐸)

𝑇(𝐸)
),                                                   (2.1) 

where T(E) and R(E) are the experimentally determined transmittance and reflectance for a given 

energy E, respectively.
[95,96]

 From Figure 2.1, for an as-cleaved crystal the sharp absorption edge 

corresponding to the direct band-to-band transition is observed at ≈1.67 eV. The absorption edge 

is overlapped by an excitonic peak, with typical binding energy of 18 meV.
[39]

 After exposure to 

air, the strong absorption of photons with energies below the band edge occurs, and a new 

absorption edge emerges. The optical absorption around the bandgap typically shows an E
1/2

 and 

E
2
 dependencies for direct and indirect transitions, respectively.

[97]
 This can be seen from the 

relations between absorbance and absorption coefficient (α(E)), and absorption coefficient and 

direct (Eg
dir

) or indirect bandgap (Eg
ind

).
[95,96,97]

 The relations are as follow 

𝐴𝑏𝑠(𝐸) = 𝛼(𝐸)𝑡,                                                        (2.2) 

𝛼(𝐸) = 𝛼0(𝐸 − 𝐸𝑔
𝑑𝑖𝑟)

1/2
,                                                (2.3) 

𝛼(𝐸) ∝ (𝐸 − 𝐸𝑔
𝑖𝑛𝑑 ± 𝐸𝑝)

2
,                                               (2.4) 

where t is the sample thickness, αo is a material-dependent constant and the absorption 

coefficient for an indirect transition will depend on the phonon energy (Ep) and weather the 

phonon is being absorbed or emitted. 

From Equations 2.3 and 2.4, the direct and indirect gaps can be obtained by the onset of 

the  square   of  absorption   (Abs
2
)   or   the  onset   of  the  square-root   of  absorption   (Abs

1/2
),  
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Figure 2.2. Micro-photoluminescence spectra showing that the peak intensity at 1.65 eV decreases over 

exposure time to air. 

 

respectively. The inset in Figure 2.1, shows the linear relation between the square-root of 

absorption and energy, characteristic of an indirect transition. From here, we can approximate a 

new indirect bandgap around 0.77 eV for GaTe exposed to air, less than half of the bandgap of 

pristine GaTe. This new absorption edge cannot be attributed to the formation of the common 

oxide-decomposition products TeO2 or Ga2O3 as their bandgaps are ≈3.8 eV and 4.9 eV, 

respectively.
[98,99]

  

 Equation 2.1, used above to calculate the optical absorption of the material, is a simple 

approximation that assumes no internal light scattering, no back reflection and only and single-

pass absorption.
[96]

 However, the layered nature of the material and its high reflectivity causes 

the material to behave like a Fabry-Pérot interferometer, with multiple internal reflections.
[100]

 

This causes the oscillations observed for the 2 weeks (blue) and 8 weeks (magenta) curves in 

Figure 2.1, where constructive and deconstructive interactions, in both the reflectance and 

transmittance spectra, take place. 

2.2.2 Photoluminescence 

The photoluminescence (PL) spectroscopy was obtained at room temperature with a 

micro-PL setup in a back-reflection geometry, within the range of 1.3 – 2.3 eV. Excitation was 

done with an argon-ion laser with 488 nm wavelength and 1.3 μm laser spot radius. As seen in 

Figure 2.2, the as-cleaved sample shows strong excitonic PL emission around 1.65 eV. Over 

time, exposure to air leads to quenching of the PL signal. Exposure times longer than 20 days 

lead to the complete disappearance of the peak. Additional near-IR PL was obtained between 

0.68 – 1.03 eV with an argon-ion laser and cooled InGaAs detector. No PL signal was measured 

after any period of air exposure. The absence of photoluminescence within these regions, 

suggests that prolonged exposure to air can result in the formation of an indirect-bandgap 

semiconductor. The progressive loss of PL signal over time and the emergence of a sub-bandgap 

absorption edge  are consistent with the formation  of an indirect bandgap material  at the surface  
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Figure 2.3. Micro-Raman spectra showing the emergence of two Raman peaks at 131 cm-1 and 145 cm-1, 

after sample exposure to air (each indicated by an asterisk for the spectrum measured after one week). 

 

that grows over time. We note that the PL and optical absorption spectra associated with as-

cleaved GaTe reappear in samples upon removal of a surface layer via exfoliation. Supporting 

photomodulated reflectance spectroscopy is available in Appendix A.1 

 

2.2.3 Raman spectroscopy 

 Raman spectroscopy is an indirect approach to probe the vibrational modes of molecules 

and crystals.
[101]

 Complementary to IR spectroscopy–which probes the vibrational modes with 

changes in the dipole moment–Raman spectroscopy probes the vibrational modes with changes 

on the polarizability. This technique is commonly used as fingerprint to identify semiconductors 

and to inspect their quality. Narrow peaks are indicative of high-quality crystals, while broad 

peaks represent some degree of disorder. Blue-shifts and red-shifts of the Raman peaks represent 

internal strains, leading to the hardening or softening of the corresponding vibrational modes, 

respectively.
[75]

 For layered semiconductors, this technique is widely utilized as it can easily 

determine the number of layers in the few-layer regime, based on the collective shifts of their 

peaks.
[18]

 

 Figure 2.3 shows the evolution of the Raman spectrum of exfoliated, or cleaved, single 

crystals of GaTe after being exposed to air. The peaks at 112, 117, 164, 177, 210, 270 and 283 

cm
-1

 observed in the as-cleaved sample have been previously identified for monoclinic 

GaTe.
[60,61,102]

 With extended exposure to air, two new broad peaks at 131 and 145 cm
-1

 grow 

until they dominate the Raman spectrum. There is an additional weak peak at around 280 cm
-1

. 

Although these new peaks have not been identified for GaTe, they have been attributed to defects 

or disorder since the peaks are broad.
[57,103]

 As with the PL and optical absorption spectra, the 

Raman spectrum associated with as-cleaved GaTe reappears in samples upon removal of a 

surface layer via exfoliation. We note that Raman spectra such as the one in Figure 2.3 (blue 

curve) have been measured for multilayered crystals with thicknesses ranging from below 10 nm 

to tens of micrometers. However, it has been speculated that such change in the Raman spectrum  
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Figure 2.4. (a) Four-point contacts in van der Pauw geometry, contacts 1 – 4 are arranged clockwise. (b) 

Change in the hole concentration and hole mobility of GaTe over time, at room temperature. 

 

may be related to a reduced thickness effect; but no physical basis for this explanation is 

provided.
[70,104]

 

2.3 Electrical properties 

The effect of prolonged air exposure on the electronic transport properties of GaTe was 

studied. As mentioned on the previous chapter, unintentionally doped GaTe typically behaves as 

a p-type semiconductor with carrier concentrations around 10
16

 – 10
17

 cm
-3

 and average hole 

mobility around 30 – 40 cm
2
/Vs. For the electronic transport measurements, Cr/Au ohmic 

contacts were deposited with an electron-beam evaporator on the four corners of square samples 

to simulate a proper van der Pauw geometry, as seen in Figure 2.4.a.
[105]

 Additionally, for the 

low-temperature measurements, thin copper wires were bonded to the Cr/Au contacts through 

indium, to connect the sample outside the low-temperature chamber. 

2.3.1 Room-temperature resistivity and Hall effect 

 Four-point van der Paw-geometry resistivity measurements consist on the application of a 

current (I) through two adjacent contacts (e.g. I: 1→2) and measurement of the voltage (V) 

across the other two (e.g. V: 4→3). The resistance (R) can be then calculated from Ohm’s law 

𝑅43,12 = 𝑉43 𝐼12⁄ .                                                             (2.5) 

If the contacts are ohmic, switching polarities should result in similar resistance values, that is 

R43,12 = R34,21. Similarly, given the square shape of the sample, opposing sides should reflect 

similar resistance values by reciprocity (i.e. R43,12 = R12,43). Typical isotropic samples would also 

show similar resistance values in the horizontal and vertical directions (i.e. R43,12 = R23,14). 

Anisotropic materials like GaTe, show large differences in the resistances between the horizontal 

and vertical direction, as the direction perpendicular to the b-axis has a larger resistance than that 

1 2 

4 3 

a b 
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along the b-axis.
[106]

 For simplicity, here we will use the average resistance between both 

directions to calculate the hole mobility. Resistivity (ρ), a material property, is given by the 

following equation 

𝜌 = 𝑅
𝐴

𝑙
                                                                (2.6) 

where A is the cross-sectional area and l is the length. Given that the sample has a square shape 

(length and width are equal) and a thickness t, the resistivity can be determined by  

𝜌 = 𝑅𝑡.                                                                (2.7) 

For a p-type material, resistivity can be expressed in terms of the hole concentration and mobility 

𝜌 = (𝑞𝑒𝑝𝜇ℎ)
−1,                                                        (2.8) 

where qe is the elementary charge, p is the hole concentration and μh is the hole mobility. 

 The carrier concentration can be determined individually by the Hall effect.
[80,106]

 Here, a 

current is passed diagonally through two contacts in opposing corners (e.g. I: 1→3) and the 

voltage is measured between the other two contacts (e.g. V: 2→4) while a magnetic field is 

applied perpendicular to the sample surface (Bz). When the magnetic field is applied, the charge 

carriers experience Lorentz forces that modify their path.
[80]

 The charges start accumulating 

perpendicular from the current and magnetic field directions and, thus, inducing a Hall voltage 

(VH) between the contacts (contacts 2 and 4 in this example). The carrier concentration can be 

calculated from the Hall voltage, which for a p-type semiconductor is given by 

VH = V24 = – 
𝐼13𝐵𝑧

𝑝𝑡𝑞𝑒
.                                                      (2.9) 

 For a freshly exfoliated sample of GaTe, we found a hole concentration around 2.4x10
16

 

cm
-3

 and mobility around 19 cm
2
V

-1
s

-1
. Surprisingly, as the sample was exposed to air, no major 

changes in the transport properties were observed. After a couple of months, the hole 

concentration only increased by 2x10
15 

cm
-3

 and the mobility decreased by 2 cm
2
V

-1
s

-1
; it is 

important to note that these changes are within error as they only reflect a negligible change of 

3% increase in the resistivity. The observed behavior in the optical properties, suggested that the 

transformation started at the surface followed by growth inward where the pristine material is 

still available. To remove any contribution from the underlying pristine GaTe to the measured 

transport properties, a fully-transformed sample was obtained. We found that the fully 

transformed sample remains p-type with a hole concentration and mobility of 9x10
15

 cm
-3

 and 17 

cm
2
V

-1
s

-1
, respectively.  

 

2.3.2 Variable-temperature resistance 

Four-point van der Pauw-geometry resistance measurements were performed as 

explained above, in a recirculating liquid-helium low-temperature chamber from 50 K – 300 K. 

As it can be seen in Figure 2.5, even after 7 weeks the resistance of the sample increases by five 

to six orders of magnitude, as the temperature is decreased. This is indicative that the sample 

remains behaving as a semiconductor.
[80,106]

 It can also be seen, how there isn’t a significant 

change  in the  resistance  between  1  and 7  weeks  of  exposure  to air,  in contrast  to the  large  
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Figure 2.5. Low-temperature resistance of GaTe after 1 and 7 weeks of air exposure. The in-plane 

electrical anisotropy of GaTe is evident as the resistance of the direction parallel to the b-axis is around 

two to three orders of magnitude lower. 

 

changes observed in the optical properties. This means that the observed transformation is 

responsible for drastic changes in the optical properties, but not in the electrical properties. 

Finally in this figure, it is clear the large difference in resistance between the direction parallel 

and perpendicular to the b-axis on the layer plane. At room temperature, the resistance difference 

is just below two orders of magnitude, while at lower temperatures it can exceed the three orders 

of magnitude. 

2.4 Surface properties 

The surface properties of GaTe throughout the transformation process were also studied. 

It was found that GaTe remains smooth and layered after extended exposure to air as reflected by 

only a small increase in root mean square (RMS) roughness from 0.3 to 0.7 nm. Unlike the 

oxidation process of other layered materials that exhibit a large increase in surface roughness.
[107]

 

The oxidation state of the surface was probed with x-ray photoelectron spectroscopy (XPS) after 

different periods of air exposure. XPS results were obtained mainly by one of our collaborators 

Dr. Changhyun Ko, a postdoctoral researcher at University of California, Berkeley. Details on 

the measurement and analysis can be found in Appendix A.2. Spectra show the partial oxidation 

of Te and Ga, which can be attributed to the formation of a native oxide at the surface and/or to 

the participation of oxygen in the proposed transformation.
[108,109]

 Importantly, even upon 

extended exposure to air, the peaks associated with unoxidized Te (at 583.5 and 573.5 eV) 

persist.  
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Figure 2.6. (a) (4̅ 0 2) X-ray diffraction peak before (black) and after (red) sample transformation in air. 

(b) Uniform lattice strain along the c-plane as a function of time for several samples. 

 

2.5 Structural evolution 

The structural changes in GaTe as a function of exposure time were studied by x-ray 

diffraction (XRD). The crystals were oriented with the {2̅ 0 1} family of planes scattering in the 

instrument’s out-of-plane direction. Given the layered nature of GaTe, we expect these planes to 

demonstrate the greatest structural change should species from air incorporate between layers. 

As a result, we focused on the most intense peak of this family, the (4̅ 0 2) peak. These results 

were obtained mainly by our collaborator Annabel R. Chew, a graduate student in the Salleo 

group at Stanford University. Further details on the experimental procedures can be found in the 

Appendix B.1. 

2.5.1 Uniform strain evolution 

For the fully transformed sample, the (4̅ 0 2) peak displays a diffraction intensity one 

order of magnitude lower than as-cleaved GaTe (Figure 2.6.a). The loss in intensity is indicative 

of some structural transformation. Simultaneously, the (4̅ 0 2) peak of the fully transformed 

sample is shifted to smaller 2θ values by 0.01
o
, suggesting that the transformation results in a 

small increase in interplanar spacing. High-resolution XRD scans of the (4̅ 0 2) peak in multiple 

samples were measured as a function of sample exposure time to air. The data demonstrate a 

clear increase in the out-of-plane lattice spacing that reaches a lattice strain as high as 0.2% 

(Figure 2.6.b). This suggests the incorporation of species between GaTe layers, expanding the 

lattice in the [2̅ 0 1] direction. 

2.5.2 Non-uniform strain evolution 

 Detailed analysis of the evolution of interplanar strain can be achieved by studying the 

strain depth profile and the non-uniform strain in the samples with increased air exposure time. 

Nondestructive  depth profiling  of the samples  was carried  out by  monitoring  the (4̅ 0 2)  peak  

a b 
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Figure 2.7. (a) Lattice strain present in the GaTe flake upon further oxygen intercalation with time, as a 

function of x-ray penetration depth. (b) Non-uniform lattice strain along the c-plane as a function of time. 

 

through grazing incidence x-ray diffraction (GIXD).
[110,111]

 Varying the x-ray incident angle 

allowed the probing of different depths in the GaTe sample. From Figure 2.7.a, it is seen that in a 

freshly cleaved sample only a small amount of strain is observed right at the surface, with no 

strain in the bulk. The surface strain can be caused by defects created during exfoliation (e.g. 

stacking defects, step edges, etc.) and the initial incorporation of air species into the interlayer 

spacing, through such defects. After a week of air exposure, the peak strain in the sample is no 

longer at the surface but between 300 – 400 nm below the surface, indicating an accumulation of 

air species in the subsurface of the material. The strain relaxation right at the surface could imply 

some type of surface reconstruction. For depths beyond 1 μm, the strain profile seems relatively 

uniform with a constant increase in strain over time, where the species diffusion and the 

transformation are considerably slower. The strain values measured at these depths perfectly 

agree with the uniform strain values presented above. 

 Peak broadening analysis on the {2̅ 0 1} family of planes, showed a linear increase in 

peak width with increasing peak order, details in Appendix B.1.
[112,113]

 This relation is indicative 

of non-uniform strain–variation in interplanar spacing between adjacent regions. The non-

uniform strain was determined with the Williamson-Hall analysis and presented in Figure 

2.7.b.
[113]

 Initial non-uniform strain could have similarly been caused by surface defects created 

during exfoliation and local stacking defects during crystal growth. After 1 to 2 weeks of air 

exposure, the non-uniform strain decreases as the air species incorporate through the layers, 

reducing the local strains and increasing the average strain at different depths. After prolonged 

exposure to air, when the uniform strain saturates, the non-uniform strain increases up to twice 

the initial value. Meaning that after about 20 days, the air species start accumulating in specific 

areas increasing the local strain to over one order of magnitude higher than the uniform strain. 

2.5.3 Long-term grain reorientation 

 To better visualize the reason for the loss in (4̅ 0 2) diffraction intensity, reciprocal space 

maps  in samples  of different  exposure times  to air  were obtained  (Figure 2.8.a-c).  Reciprocal  

a b 
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Figure 2.8. Reciprocal space maps of the (4̅ 0 2) diffraction peak for (a) as-cleaved sample, (b) sample 

expose to air for 3 weeks and (c) for one year. 

 

space maps provide additional information about the orientation of the surface (ω) and 

distribution of lattice spacing within the crystal (2θ).
[114]

 We observed broadening of the surface 

orientation with increasing exposure time, creating an almost bimodal distribution after one year. 

Such redistribution of orientation signifies typically an increase in structural disorder as well as 

buckling, or rippling. It was estimated that the degree of surface reorientation after one month 

was less than 2 %, while for the fully transformed sample was above 50 %. 

2.6 Density functional theory calculations 

The intercalation of species in air was demonstrated with the XRD measurements. To 

identify which specie is responsible for the observed transformation, we have done density 

functional theory (DFT) calculations predicting the effects of the intercalation and chemisorption 

of species like molecular oxygen, water and hydroxyl groups on the bandstructure of GaTe. As a 

starting point, the bandstructure and partial density of states (PDOS) of GaTe were calculated 

first. The calculated bandstructure of GaTe has a direct bandgap of 1.72 eV at the M-point 

(Figure 2.9.a). This value is still below the extrapolated 1.8 eV at 0 K
[115]

 but is a better 

approximation than those reported elsewhere.
[58,65,116]

 The contribution of the orbitals to the 

PDOS of GaTe can be seen in Figure 2.10.a, where the valence band is composed mostly of Ga-

4p  and  Te-5p  orbitals,  while  the  conduction  band is  composed  mostly  of Ga-4s,  Te-5p and  

a b 

c 
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Figure 2.9. (a) Calculated bandstructure of monoclinic GaTe along high-symmetry lines. Bandgap as a 

function of direction is shaded. The zero of energy was set to Fermi level. Calculations were performed in 

2x1x1 supercell. (b) Atomic structure and charge density profile of oxygen molecule chemisorbed to 

GaTe. The new bond formed between a Te atom and an oxygen molecule is indicated by an arrow. (c) 

Calculated band structure for O2-chemisorbed GaTe. (d) Total and orbital projected density of states of 

GaTe–O2 near the band gap, showing the new conduction sub-band.  

 

some Ga-4p orbitals. In addition, the GaTe Raman-active modes were calculated and agree with 

our experimental data (see Appendix A.3) as well as published values.
[60,61]

 These results were 

obtained mainly by one of our collaborators Dr. Mehmet Topsakal. Further details on the 

experimental procedures can be found in the Appendix B.2. 

 

2.6.1 Bandstructure and density of states of GaTe–O2  phase 

The incorporation of molecular oxygen to the GaTe structure was studied first. This 

structure from hence forward will be referred to as GaTe–O2. The optimized GaTe–O2 structure, 

shows that O2 binds preferentially to the Te atoms whose lone pairs are less hindered 

(perpendicular to the layer, Te3 in Figure 1.4.b) as depicted in Figure 2.9.b. Isosurface charge 

density of GaTe–O2 for a plane passing through the oxygen atoms and their nearest neighbor Te 

clearly shows the interaction between GaTe and O2. In order to simplify the calculations, one 

chemisorbed oxygen molecule was added to each unit cell (GaTe–O2) although a less-

concentrated random distribution of oxygen molecules would be expected. Figures 2.9.c,d show 

the corresponding bandstructure and PDOS for GaTe–O2, where a significant restructuring of the 

conduction band takes place. The new conduction band minimum is now located at the Γ-point, 

making GaTe–O2 a semiconductor with an indirect bandgap of 0.86 eV.  

 

As shown in Figures 2.9.c,d and 2.10.b, the hybridization of the O-2p states with the 

valance orbitals in GaTe contributes to the formation of two new sub-bands associated with the 

conduction  band.  These two  new sub-bands  are most relevant  in giving  GaTe–O2  its distinct  

c 

a b 

d 



23 

 

 

Figure 2.10. DFT calculation of total and atom partial density of states of a, GaTe, b, GaTe–O2, c, GaTe–

H2O and d, GaTe–OH. Zero of the energy was set to the Fermi level.  

 

optical properties. The low-lying sub-band, which gives rise to the new conduction band 

minimum at the Γ-point, is composed mainly of Te-5p and O-2p states. Because oxygen 

chemisorption most strongly affects the conduction band, the oxygen-chemisorbed phase would 

display electrical p-type properties similar to as-exfoliated GaTe. While it is rather fortuitous that 

the calculated gap for GaTe and GaTe–O2 match remarkably well with the measured gaps, we 

focus on the consistency of the calculated and experimental bandgaps in indicating a 

transformation from direct to indirect and a reduction in the magnitude by about half. Further, 

although we expect that oxygen molecules chemisorb randomly over a Te-terminated surface, 

the salient features of our calculations are not expected to change with such randomness. 

The Raman-active modes of GaTe–O2 were also calculated. Three of the Raman-active 

modes found, located around 130, 146 and 183 cm
-1

, are in excellent agreement with the three 

Raman peaks observed in the samples after the transformation (see Appendix A.3). The 

measured peaks are broad, suggesting that oxygen induces a high level of disorder even as the 

transformed film remains layered. This is consistent with XRD as discussed above. 

2.6.2 Density of states of functionalized GaTe 

Based on the previous results, the observed transformation in GaTe seems to be caused 

by the intercalation and chemisorption of oxygen, forming the GaTe–O2 phase. To discard any 

other  possible  specie present  in air  (that can also form the Te–O bonds  observed by XPS),  the  

a 

b 

c

 

 b 

 b 

d 
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Figure 2.11. Proposed mechanism for the intercalation and chemisorption of oxygen, inducing the 

formation of the GaTe–O2 phase. 

 

effect of the chemisorption of water and hydroxyl groups on the PDOS was calculated. Similarly, 

these structures will be referred to as GaTe–H2O and GaTe–OH, respectively. We note that DFT 

calculations for GaTe–H2O did not revealed any major changes to the bandstructure of GaTe 

(Figure 2.10.c), indicative of a weak electronic interaction. On the other hand, calculations for 

GaTe–OH reveal a metallic phase where the Fermi energy lies within the valence band, as seen 

Figure 2.10.d. However, as indicated in Section 2.3.2 and shown in Figure 2.5, the transformed 

samples remain semiconducting, consistent with the GaTe–O2 structure and not the metallic 

GaTe–OH phase. 

2.7 Proposed mechanism 

 Here, I discuss the proposed mechanism responsible for the transformation of GaTe after 

prolonged exposures to air. We start with a mechanically exfoliated sample that exhibits optical, 

electrical and surface properties characteristic of pristine GaTe. However, during the mechanical 

exfoliation, stacking and surface defects were generated–like the one illustrated at the surface of 

the schematic in Figure 2.11 (left)–resulting in the surface strain observed by XRD for a freshly 

cleaved sample. These defects will facilitate the intercalation and diffusion of gas species in air 

through the layers. This would imply that GaTe samples with pristine surfaces should be more 

resistant to the transformation, which will be discussed in the following chapter. As oxygen starts 

intercalating and chemisorbing, the new indirect band edge starts forming. Throughout the first 

couple of weeks, the oxygen concentrates around 300 – 400 nm below the surface, while slowly 

diffusing inward (Figure 2.11 (center)). During this period, the increasing amount of intercalated 

oxygen helps to reduced localized strains–possibly the result of defects generated during crystal 

growth–by uniformly increasing the interlayer spacing. Finally, after a couple of weeks, oxygen 

starts accumulating in different areas, creating pockets of high local strain. By this time, the 

GaTe–O2 layer is thick enough to quench the PL from the underlying GaTe and the new indirect 

absorption edge at around 0.8 eV is readily measurable, as represented by Figure 2.11 (right). 

 

GaTe-O2 

GaTe 
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Chapter 3 

 

Controlling the transformation of gallium telluride in air 

 

 

In the previous chapter we presented the transformation that occurs in GaTe when it is 

exposed to air for prolonged periods of time. This transformation is responsible for a direct-to-

indirect gap transition, reducing the bandgap from 1.67 eV to about 0.77 eV. This new phase, 

formed after the intercalation and chemisorption of oxygen between the layers of GaTe, is 

referred to as GaTe–O2. Given that the transformation occurs with at least the presence of 

oxygen in air and it’s facilitated by surface defects, the rate of transformation could be controlled 

by adjusting the ambient conditions and surface quality. Other species present in air might also 

play a role in the transformation; in fact, it will be shown that oxygen alone cannot carry out the 

transformation and some water is needed to catalyze the reaction. This chapter will focus in the 

study of different approaches to control the transformation. Section 3.1 centers in several 

methods capable of substantially delaying the transformation. In contrast, Section 3.2 discusses a 

method to accelerate the transformation process. Finally, Section 3.3 showcases the capability to 

partially reverse the transformation, recovering regions with properties similar to pristine GaTe. 

3.1 Delaying the transformation 

Being able to delay the transformation is of upmost importance if GaTe is intended to be used in 

a real life application subject to environmental conditions. While the electrical properties don’t 

seem to change significantly, the optical properties do; this could greatly affect the performance 

of a device where GaTe is being employed. The most common approach to prevent 

environmental degradation of multiple materials is to physically isolate the material from any 

potential reacting specie.
[117–120]

 As it can be seen in the red curves in Figures 3.1.a,b, storing the 

GaTe sample in vacuum (<1x10
-7

 torr) substantially delays the transformation. After 2 weeks in 

vacuum, no noticeable change in either the PL intensity or Raman spectrum is seen, in clear 

contrast with the changes observed in Figures 2.2 and 2.3. However, keeping the sample 

continuously in vacuum is not practical for real life applications. This hurdle is commonly 

overcome by physically capping the material. Environmentally sensitive materials in different 

applications (e.g. lithium in Li-ion batteries, perovskites in solar cells) are continuously used in 

real life by sealing them from the environment.
[117,118]

 It has been shown that by capping GaTe 

flakes with thin-films, such like aluminum oxide (Al2O3), the pristine GaTe properties are 

preserved.
[120]

 

It was also found that by storing the GaTe samples in a flowing dry nitrogen environment 

at ambient pressure, the transformation was delayed. While no vacuum was used to remove the 

oxygen present, the constant flow of nitrogen flushed most of the air out of the chamber, 

preventing  the transformation.  Similar results were observed  when humid nitrogen was  flowed 
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Figure 3.1. (a) PL spectra and (b) Raman spectra of freshly cleaved GaTe (black), GaTe stored in 

vacuum for 2 weeks (red) and GaTe stored in air for 2 weeks after being annealed in argon on the fourth 

day. 

 

into the storage chamber. The humid nitrogen was obtained by flowing dry nitrogen through a 

bubbler with deionized water (diH2O); after about 45 minutes of purging the dissolved oxygen 

from the water, the humid nitrogen was then flowed into the chamber.
[121]

 This result clearly 

indicates that water vapor alone isn’t responsible for the transformation. Surprisingly, flowing 

dry air into the chamber did not result in any observable transformation either. From these 

results, we can conclude that the transformation needs both oxygen and water to takes place, 

similar to other oxidation mechanisms.
[107]

 Therefore, while oxygen seems to be responsible for 

the changes to the bandstructure and optical properties, water appears to catalyze the 

transformation reaction. 

 As mentioned above, it is suspected that surface defects–mainly generated during the 

mechanical exfoliation–facilitate the intercalation and diffusion of oxygen molecules between 

the GaTe layers, accelerating the transformation. This would imply that higher-quality surfaces 

would delay or prevent the transformation to occur. Mechanically exfoliated GaTe samples were 

annealed in argon at 250 °C for 5 hours, four days after being exfoliated and stored in air. 

Figures 3.1.a,b show the PL and Raman spectra (blue) of these samples after 2 weeks of being 

exfoliated. The strong PL peak and the characteristic GaTe Raman peaks are still visible. In fact, 

the intensity of the PL peak was higher than that of the freshly cleaved sample and the small 131 

and 145 cm
-1

 GaTe–O2 Raman peaks observed in the freshly cleaved sample have disappeared. 

This shows that by annealing the samples earlier on the transformation, the surface and stacking 

defects are being healed, significantly delaying the transformation. Even more, it seems that the 

annealing process is able to reverse the initial transformation by driving the gas species out of the 

material. In Chapter 5, I discuss the vapor growth of GaTe and GaSexTe1-x alloys, but it is 

important to note here that vapor-grown GaTe crystals exhibit strong photoluminescence at 1.65 

eV  up to  seven months  after growth.  The as-grown  GaTe crystals  would have  higher-quality  

a b 
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Figure 3.2. Raman spectra of GaTe stored in de-ionized water with different concentrations of dissolved 

oxygen. Samples submersed for 26 hours in more oxygenated (blue) and less oxygenated (red) water are 

compared to as-cleaved GaTe (black). A difference in oxygen concentration between 1.82 and 7.82 mg of 

O2 per liter of water results in a significant change in Raman spectrum. 

 

surfaces than mechanically exfoliated samples, thus confirming the role of defects in facilitating 

the transformation. 

3.2 Accelerating the transformation 

 GaTe–O2 behaves as a p-type semiconductor with an indirect bandgap around 0.77 eV 

and similar electronic transport properties as GaTe. These properties can be attractive for certain 

applications in the near-IR spectrum. As such, methods to accelerate the transformation might be 

ideal for the design of GaTe–O2 devices. It was determined above, that both oxygen and water 

are essential for the transformation to occur. Here we explore the approach of submerging GaTe 

in water with different dissolved-oxygen concentrations, as a direct method to accelerate the 

transformation process. Deionized water and nitrogen-purged diH2O were used for these 

experiments. It has been shown that after 40 - 50 minutes of nitrogen purging at room 

temperature, the decay of dissolved-oxygen content in water plateaus.
[121]

 Thus for the nitrogen-

purged diH2O, an initial purging period of 45 minutes was allowed before submerging the 

samples. The samples were then kept in water under constant nitrogen purging to maintain the 

current dissolved-oxygen level. The oxygen content in water was determined with a 

polarographic dissolved-oxygen meter electrode. It was determined that the oxygen content in 

diH2O and nitrogen-purged diH2O were about 7.8 mg/L and 1.8 mg/L, respectively. This work 

was performed in collaboration with group member Alan Lin. 

 Figure 3.2 shows the difference in transformation rate between the samples submerged in 

both environments after just 1 day. It is clear that the transformation of GaTe displays a strong 

dependence  on  the  concentration  of  dissolved-oxygen  in water.  A lower  level of  dissolved-  
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Figure 3.3. Optical micrographs of freshly cleaved GaTe (a) before and (b) after rapid thermal annealing 

at 300 °C for 5 min in nitrogen. No major change is observed. Optical micrographs of transformed GaTe 

(c) before and (d) after rapid thermal annealing at 300 °C for 5 min in nitrogen. Several bubbles under the 

surface (indicated with red arrows) were formed during thermal annealing. 

 

oxygen leads to a slower rate of change in optical properties. When compared to the 

transformation rate observed for GaTe samples stored in air, it was found that samples 

submerged in nitrogen-purged diH2O transformed about 60 % faster, while samples stored in 

regular diH2O transformed about 46 times (4,500 %) faster. These results prove the effectivity of 

the proposed method to accelerate the transformation process of GaTe. However, greater control 
on the dissolved-oxygen level would be ideal to precisely tune the transformation rate. 

3.3 Partial reversibility 

 Bandgap engineering methods, like the ones discussed in Section 1.3, typically are fixed 

and non-reversible. Semiconductor alloys and quantumly confined structures can’t recover their 

original properties once they have been grown. Reversible strain engineering can be achieved 

through setups similar to the one shown in Figure 1.5.a, where the curvature of the substrate can 

be controlled and reversed. Naturally, reversible bandgap engineering is most commonly 

employed on switching applications, where metallic-to-insulator or metallic-to-semiconductor 

transitions  are  desired.
[122,123]

  These  transitions  are  triggered  by some  external  stimulus  like  

100 um 100 um 

100 um 100 um 

a b 

c d 
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Figure 3.4. (a) Optical micrograph of transformed GaTe, exposed to air for 3 weeks, after rapid thermal 

annealing at 500 °C for 5 min in nitrogen gas. Numerous bubble-like features and green-colored regions 

at cracks and other imperfections are observed. (b) Optical micrograph of an area around a bubble that 

formed and burst upon annealing. The burst bubble is surrounded by a green “halo”. (c) Micro-PL spectra 

in different regions near the burst bubble in (b). The radius of the PL spot was 1.3 μm. 

 

stress, temperature or electrical potential.
[122,124,125]

  

Here I explore the possibility of reversing the transformation process from GaTe–O2 back 

to GaTe. If a species such as oxygen has been adsorbed between the layers of GaTe, one may 

expect thermal annealing to drive out such species, thus restoring the properties of the sample to 

its as-cleaved state. As discussed in Section 3.1, this is precisely what it seems to occur when the 

GaTe samples are annealed in argon at 250 °C for 5 hours, four days after being exfoliated and 

stored in air. This annealing process not only helped healing the defects present on the surface 

delaying the reaction, but it appeared to reverse the initial transformation improving the 

photoluminescence emission and Raman spectrum quality. We expect that just as the thermal 

annealing was able to reverse the transformation at the initial stages, some degree of the 

transformation should also be reversed after prolonged exposure to air.  

 Rapid thermal annealing was done on several GaTe samples to observe the effects of 

annealing between a freshly cleaved sample and a transformed one. Figures 3.3.a,c show optical 

microscope images of the surface of a freshly cleaved sample and a transformed one, 

respectively. The green color is characteristic of pristine GaTe when observed under an optical 

microscope with the default settings and without filters; similarly, the yellow color is 

characteristic of transformed GaTe–O2. Figures 3.3.b,d show the same samples right after rapid 

thermal annealing at 300 °C for 5 minutes in nitrogen. For the freshly cleaved sample, no major 

change is observed. On the transformed sample, we observe the formation of several bubble-like 

gas pocket areas, confirming the presence of gas species–like oxygen–intercalated and trapped 

between the GaTe layers. In the proposed scenario—in which oxygen chemisorbs to Te—

bubbles may form by the unbinding and collection of oxygen present between the GaTe layers. 

Figure 3.4.a shows the result of rapid thermal annealing a transformed sample at a higher 

temperature (500 °C) for 5 minutes in nitrogen. Now one observes a larger density of bubble-like 

100 um 

1 
2 3 4 

20 um 

a b c 
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features in the surface as well as the emergence of green-colored regions near cracks, step edges, 

burst bubbles and other surface imperfections. As mentioned above, the green color is 

characteristic of pristine GaTe, suggesting that partial reversibility of the transformation was 

achieved. At this higher temperature, a larger concentration of oxygen desorbed resulting in a 

large density of bubble-like features and the partial reversibility of the transformation due to the 

local release of the adsorbed species through surface imperfections.    

In an attempt to increase the local areas that exhibit the partial reversibility, an extended 

thermal annealing was carried out at 450 °C for 12 hours in argon. As expected, the annealing 

process revealed green-colored areas around surface defects and burst bubbles. Figure 3.4.b 

shows one of such burst bubbles and the surrounding green-colored halo-like area. The optical 

microscope image shown in Figure 3.4.b was taken with a different microscope and settings 

causing the differences in colors. Measurement of the PL spectrum in the vicinity of the burst 

bubble reveals the partial recovery of the 1.65 eV peak, that increases in intensity as it 

approaches the center of the burst bubble. The recovery of the PL peak is indicative of the partial 

reversibility of the transformation. While the reversibility of the transformation is still 

constrained to localized areas near surface imperfections or burst bubbles, the results presented 

here should prove the viability of such reversible process. In the future, it would be of interest to 

find the ideal annealing conditions that would maximize the reversibility, and to determine if 

there is a critical air-exposure time threshold that prevents completion of the process. 
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Chapter 4 

 

Band-edges alignment and shallow-defects levels 

 

 

Gallium telluride is an attractive direct-gap layered semiconductor with p-type transport 

properties. However, the successful integration of GaTe in devices will also depend on the 

alignment of its bandstructure with the bandstructures of other components in the device. In 

general, the band edges alignment and position of the Fermi energy will determine the behavior 

of the heterojunctions in devices.
[80]

 These energy levels can help predict whether a metal-

insulator junction will have ohmic or rectifying behavior and the magnitude of the Schottky 

barrier at the interface. Similarly, they can also influence the electrical and optical performance 

of heterojunction diodes. Besides the bandstructure alignment, defects will also influence the 

electrical and optical performance of GaTe in devices. Defects can increase or compensate the 

carrier concentration in the material; as well as behave as traps or recombination centers, 

reducing the carrier lifetime and mobility.
[80,95]

 This chapter will focus on the determination of 

the band-edges alignment and the energy levels of shallow defects in GaTe. Section 4.1 explains 

our approach to determine the band-edges alignment–based on ion irradiation and the amphoteric 

native defect model–and presents our experimental results. Meanwhile, Section 4.2 centers on 

the determination of shallow-defect levels by low-temperature photoluminescence spectroscopy. 

4.1 Band-edges alignment 

The band-edges alignment of GaTe has been previously reported by two different 

groups.
[73,126,127]

 In both cases, the reported values were calculated from the relative barrier 

height at the interface of a p-n heterojunction. Katerinchuk et al. reported the values measured 

from their p-GaTe/n-InSe junctions.
[126]

 They observed a 0.59 eV difference between the 

conduction band minimum (CBM) of InSe and the valence band maximum (VBM) of GaTe. 

Using the previously reported value of the CBM–also referred to as electron affinity–of InSe (χ = 

4.55 eV),
[128]

 the VBM of GaTe was calculated to be at 5.14 eV below the vacuum level. 

Assuming a 1.67 eV bandgap of GaTe at room temperature, the CBM was determined at 3.47 eV 

below vacuum. Similarly, Wang et al. reported the GaTe band-edges to be around 3.2 and 4.9 eV 

for the CBM and VBM, respectively, using a p-GaTe/n-Si junctions.
[73]

 It is clear that the 

reported values differ by about 0.2 eV. In addition, it is well known that GaTe generally shows 

strong Fermi level pinning at the surface,
[129]

 which can result in inaccurate calculations based on 

the barrier height of heterojunctions. Here, we will determine the band-edges alignment based on 

the amphoteric native defect model. 
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Figure 4.1. Schematic representation of the amphoteric native defect model. Dependence of native 

defects formation energy on the energy difference between the Fermi energy (EF) and the Fermi 

stabilization energy (EFS).  

 

4.1.1 Amphoteric native defect model 

The amphoteric native defect model (ANDM), developed by Walukiewicz, relates the 

electronic behavior  of native point defects  with the bandstructure  of the host 

semiconductor.
[130,131]

 Specifically, it states that the formation energy of charged point defects 

will depend on the position of the Fermi energy (EF) relative to the Fermi stabilization energy 

(EFS). EFS is a universal energy level for all semiconductors, regardless of bandstructure, 

localized around 4.9 eV below the vacuum level and marks the Fermi energy position in which 

the formation energy of both donor-like and acceptor-like defects is the same.
[127]

  

The formation energy of charged point defects will vary linearly with EF, with the slope 

proportional to their charge state.
[131]

 When EF is below EFS, the donor-like defect formation 

energy (EDD) is lower than the acceptor-like defect formation energy (EAD), preferentially driving 

the formation of donor-like defects. Analogous, when EF > EFS, the formation of acceptor-like 

defects is preferred, these behaviors are shown in Figure 4.1. The ANDM helps explain why 

many semiconductors preferentially exhibit either n-type or p-type transport properties when 

unintentionally doped. For example, MoS2 and InSe typically show n-type behavior due to their 

CBMs being 4.3 and 4.55 eV below the vacuum level, while their bandgaps are 1.8 and 1.25 eV, 

respectively.
[128,132,133]

 As it can be seen, EFS (4.9 eV) is much closer to the CBM than the VBM 

in both semiconductors, resulting in the preferred formation of donor-like defects during crystal 

growth and the n-type behavior. In contrast, unintentionally-doped p-type WSe2 and GaSe have 

VBMs around 5.2 and 5.8 eV below the vacuum level and respective bandgaps around 1.65 and 

2.0 eV, corresponding to EFS being closer to the VBM.
[133,134]

 Given that GaTe typically shows 

good p-type behavior, we expect EFS to be closer to the VBM while remaining within the 

bandgap. If EFS were to be right at the VBM–like reported by Wang et al.
[73]

–or within the 

valence band, we would expect to see higher hole concentrations, resembling a degenerately 

doped semiconductor.
[93]

  

The ANDM can also explain the effect of intentionally-generated native point defects on  
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Figure 4.2. Effect of ion irradiation on a p-type semiconductor with EF < EFS, based on the amphoteric 

native defect model. The formation of donor vacancies is energetically favorable, compensating the initial 

hole concentration and driving EF closer to EFS, until saturated. 

 

the carrier concentration of a semiconductor. Native point defects can be generated by irradiating 

a material with charged particles or γ-rays.
[135]

 If EF < EFS, as shown in Figure 4.2, irradiating the 

material will cause the preferred formation of donor-like defects, increasing the electron 

concentration or compensating the hole concentration.
[131]

 This change in carrier concentration 

will move EF higher in energy and closer to EFS. As irradiation continues, EF will reach EFS and 

the carrier concentration will saturate as donor-like and acceptor-like defects generate at the 

same rate.
[130]

 The saturated carrier concentration relates EFS with either the CBM or VBM, 

depending on the carrier concentration identity. For a semiconductor that shows nondegenerate 

p-type properties at saturation, the saturated hole concentration (psat), the VBM (EV) and EFS are 

related by the following Boltzmann distribution 

𝑝𝑠𝑎𝑡 = 𝑁𝑉𝑒𝑥𝑝 (−
𝐸𝐹𝑆−𝐸𝑉

𝑘𝐵𝑇
),                                            (4.1) 

where kB is the Boltzmann constant, T is the temperature and NV is the effective density of state 

in the valence band.
[80]

 NV is given by 

𝑁𝑉 = 2(
2𝜋𝑚ℎ

∗𝑘𝐵𝑇

ℎ2
)
3/2

,                                                (4.2) 

where mh
*
 is the density-of-state effective mass of the valence band and h is the Plank constant. 

Thus, by knowing the density of states and measuring the saturated carrier concentration, the 

band-edges alignment can be calculated. 

4.1.2 Ion irradiation and band-edges calculation 

GaTe flakes, in the order of 4 – 5 μm thick, were obtained by mechanically exfoliation 

from a bulk ingot grown by the Bridgman method. Evaporated Cr/Au contacts were deposited in 

the van der Pauw geometry for the Hall effect measurements.
[105]

 The samples were irradiated 

with  helium ions  (He
+
) at  accelerating  energy of  4 MeV.  Vacancy formation  rate and end-of- 
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Figure 4.3. (a) Hole concentration as a function of 4 MeV He

+
 irradiation dose, for samples 4 and 

5 μm thick. (b) Illustration of GaTe’s band edges alignment relative to vacuum in real space. 

 

damage depth simulations can be seen in Appendix A.4. The samples were irradiated with 

multiple 1.5 x10
13

 – 2.5x10
13

 He
+
 cm

-2
 doses, until the charge carrier concentration saturated, as 

shown in Figure 4.3.a. It was found that the hole concentration in GaTe dropped from about 

3.4x10
16

 cm
-3

 (before irradiation) to about 3.3x10
15

 cm
-3

 at saturation, a decrease of over one 

order of magnitude. Work performed in collaboration with group member Alex Tseng and LBNL 

staff scientist Jeffery Beeman. 

For the calculations, we will assume the hole effective mass mh
*
 = 0.6me reported by 

Gouskov et al., where me is the electron mass.
[134]

 The effective density of states was calculated 

to be NV = 1.15x10
19

 cm
-3

, using Equation 4.2. With Equation 4.1, it was calculated that the 

VBM was just 0.22 eV below EFS, meaning that the VBM of GaTe is about 5.12 eV below the 

vacuum level. Subtracting the 1.67 eV bandgap from the VBM position gives a CBM around 

3.45 eV below vacuum. Figure 4.3.b, shows an illustration of the alignment of GaTe’s band 

edges. We note that our experimental values strongly agree with those reported by Katerinchuk 

et al., with only a small difference of 0.02 eV.
[126]

 

4.2 Shallow-defect spectroscopy 

The shallow defect energy levels and radiative recombination mechanisms of GaTe were 

studied by low-temperature photoluminescence. GaTe flakes were obtained in a similar fashion 

as described in the previous section. Low-temperature photoluminescence was obtained at 12 K, 

by putting the GaTe samples in a recirculating liquid-He chamber. Samples were excited with a 

488 nm argon-ion laser with excitation intensities ranging from 1.6 – 600 mW. This work was 

performed in collaboration with group member Dr. Alex Luce. Figure 4.4, shows the measured 

PL spectra for excitation intensities up to 50 mW. The spectra can be divided into three main 

regions: a sharp single peak at 1.778 eV, an asymmetric peak around 1.65 – 1.76 eV and a couple 

of weak peaks below 1.6 eV. The single peak at 1.778 eV corresponds to the free exciton (FX) 

recombination.
[63]

 The energy of the free exciton peak is given by 

𝐹𝑋 = 𝐸𝑔 − 𝐸𝑋,                                                            (4.3) 
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Figure 4.4. Low-temperature photoluminescence spectra of GaTe with different excitation intensities, at 

12 K. The relative PL intensities for energies below 1.62 eV are increased 76 times for easier observation. 

 

where  Eg is  the bandgap  and EX is  the exciton  binding energy.
[135]

  As mentioned  in previous 

chapters, the exciton binding energy in GaTe is EX = 18 meV, meaning that the bandgap of GaTe 

at 8 K is around 1.796 eV, agreeing with values published.
[63]

  

In the second region, between 1.65 – 1.76 eV, the asymmetric peak is actually composed 

by at least three different peaks around 1.694, 1.735 and 1.748 eV. These peaks correspond to 

the ones previously reported by Zubiaga et al. at 1.70, 1.72 and 1.73 eV.
[63,135]

 Based on their 

temperature and excitation intensity dependence, the peaks at 1.72 and 1.73 eV were assigned to 

be acceptor-bound exciton recombination (AX), corresponding to shallow acceptor levels of 150 

and 110 meV, respectively. Meanwhile, the peak at 1.70 eV was assigned to be free-to-acceptor-

bound (FBA) recombination, into the acceptor level at 110 meV. However, the FBA energy is 

given by  

𝐹𝐵𝐴 = 𝐸𝑔 − 𝐸𝐴,                                                              (4.4) 

where EA is the activation energy of the acceptor. This would result in bandgap energy of 1.81 

eV, higher than their measured 1.795 eV bandgap.
[63]

 Now, if we assign the 1.694 eV peak as 

FBA1 recombination, we can use Equation 4.4 to solve for EA. From this, the first shallow 

acceptor level is EA1 = 102 meV, similar to reported values.
[63]

 The AX energy is given by 

𝐴𝑋 = 𝐸𝑔 − 𝐸𝑋 − 𝐸𝐵𝐴,                                                       (4.5) 

where EBA is the binding energy of the exciton to the acceptor and is given by Hayne’s rule 

𝐸𝐵𝐴 = 𝑏 × 𝐸𝐴,                                                              (4.6) 

where b is the Hayne’s constant.
[136]

 The Hayne’s constant for GaTe has been previously 

determined to be b = 0.3.
[135]

 Therefore for EA1 = 102 meV, we obtained the values of EBA1 = 

0.031 eV and A1X = 1.747 eV, agreeing with our measured peak at 1.748 eV. Finally, if the 1.735  
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Table 4.1. Calculated energies for recombination processes with acceptor levels at 102 and 146 meV, 

donor level at 131 meV was assumed for the DAP transitions. Experimental transitions observed are 

indicated in parenthesis. 

EA (meV) FBA (meV) EBA (meV) AX (meV) DAP 

102 
1.694 0.031 1.747 1.563 

(1.694)  (1.748) (1.563) 

146 
1.650 0.044 1.734 1.519 

(1.653)  (1.735) (1.518) 

 

 

eV peak is assigned as the second acceptor-bound exciton recombination (A2X), then EBA2 = 

0.043 eV, EA2 = 143 meV and FBA2 = 1.653 eV. 

In the third region, the peaks below 1.6 eV correspond to the donor-acceptor pair (DAP) 

recombination.  In previous reports,  only one peak  was observed  with the peak energy  ranging 

from 1.57 – 1.60 eV.
[62,63,135,137]

 This peak has been attributed for the recombination from donor 

levels between 30 – 170 meV below CBM to acceptor levels between 56 – 150 meV above 

VBM. In our experimental results, we observed two distinct peaks at 1.518 and 1.563 eV, and a 

possible third peak around 1.61 eV. The 1.563 eV peak was assigned to be the DAP 

recombination associated with the lowest acceptor level (DA1P), EA1 = 102 meV. The DAP peak 

energy is given by 

𝐷𝐴𝑃 = 𝐸𝑔 − 𝐸𝐷 − 𝐸𝐴,                                                    (4.7) 

where ED is the activation energy of the donor. Solving Equation 4.7 for ED, using DA1P and EA1, 

results in a donor activation energy of ED = 131 meV. This value is higher than most of the 

reported donor levels, but it maintains consistency with the other calculated values.
[62,63]

 Lastly, 

the 1.518 eV peak is assigned to an additional DAP recombination process. Solving Equation 4.7 

for EA, with the calculated ED value, gives an acceptor activation energy of EA = 148 meV. This 

activation energy corresponds to the EA2 value of 143 meV and the reported 150 meV acceptor 

level.
[52,62,63,135,138]

 Averaging the calculated 143 and 148 meV values, results in EA2 = 146 meV. 

Table 4.1, summarizes the relation between the acceptor levels at 102 and 146 meV and the 

observed PL transitions. Figure 4.5, in turn, shows the shallow-defects energy levels reported 

here, and their relative arrangement within the GaTe bandgap. The acceptor levels are commonly 

attributed to Ga vacancies, while the donor level has been previously attributed to either Te 

vacancies, Te anti-sites or other donor impurities. Additional data and analysis is available in 

Appendix A.5, including the low-temperature PL of the ion-irradiated samples. 

 In summary, the ion irradiation of GaTe resulted in the generation of donor-like native 

defects that partially compensated the as-grown hole concentration. With the saturated hole 

concentration, the conduction and valence band edges alignment were calculated to be 3.45 and 

5.12 eV below vacuum, respectively. Two acceptor levels around 102 and 146 meV–commonly 

attributed to Ga vacancies–were found responsible for the as-grown p-type behavior. These 

energy levels were identified through the FBA, AX and DAP recombination process. 

Consequently, the DAP transitions also involved a donor level around 131 meV. 
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Figure 4.5. Illustration of GaTe’s shallow-defects alignment relative to band edges in real space. 

Two acceptor levels at 102 meV and 146 meV, and one donor level at 131 meV were found. 
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Chapter 5 

 

Growth and characterization of GaSexTe1-x alloys 

 

 

The alloying of semiconductors is a common and powerful method capable of precise 

tuning of the bandgap. Semiconductor alloys are of great interest as they can merge the desirable 

properties of the individual components into a new material.
[6,84,87,139,140]

 As mentioned in 

Section 1.4.1, alloys of layered semiconductors have been demonstrated with the capability of 

finely tuning the bandgap, adjusting carrier concentration, passivating surface defects and 

controlling the semimetallic-to-semiconductor transition.
[6,78,85,141]

 While most of the research on 

layered semiconductor alloys has focused on TMDs, some efforts have been done in the III-VI 

monochalcogenide family. These efforts have focused mainly in the alloying of GaSe with other 

III-VI layered semiconductors, as GaSe possesses the closest structural and chemical properties 

to every other member in the family (GaS, InSe and GaTe).
[30,36,88,142,143]

  

GaSe-GaTe alloys (GaSexTe1-x) have been grown and characterized in multiple 

occasions. Traditionally, the alloys were grown in bulk ingots through the Bridgman method, 

followed by a series of characterization techniques like XRD, optical absorption, 

photoluminescence, Raman spectroscopy, resistivity and Hall effect measurements.
[30,92,142,144]

 

However, it was found that single-phase alloy crystals weren’t able to grow along the complete 

composition range. Alloy compositions with x ≤ 0.35 would typically grow as single-phase 

monoclinic (GaTe-like) crystals, while compositions with x ≥ 0.70 would typically crystallize in 

single-phase hexagonal (GaSe-like) ingots. For 0.35 < x < 0.70, the crystals would phase 

separate into both monoclinic and hexagonal structures with x ≈ 0.35 and x ≈ 0.70, respectively.  

Optical absorption and photoluminescence spectroscopy of the single-phase compositions 

revealed the bandgap dependency on composition.
[30,92,142,145]

 It was demonstrated that the 

monoclinic phase exhibits a linear increase in bandgap with increasing Se content, from 1.67 eV 

(pure GaTe) to 1.80 eV for x = 0.35. Similarly, it was reported that the hexagonal phase 

exhibited a linear decrease in bandgap with Te content from 2.01 eV (pure GaSe) to 1.79 eV for 

x = 0.70. Assumption of virtual crystal approximations for both phases, would allow for bandgap 

extrapolations of 2.07 eV for monoclinic GaSe and 1.14 eV for hexagonal GaTe. From the PL 

spectra, it was also confirmed that the exciton binding energy remained within 20 meV–similar 

to pure GaTe and GaSe–making the PL peak energy a good approximation for the alloy 

bandgap.
[142]

 Resistivity and Hall-effect measurements showed that both hole concentration and 

mobility dropped as selenium was added to the monoclinic structure, while only the mobility 

dropped as tellurium was added to the hexagonal structure.
[30,144]

 Instead, the carrier 

concentration increased by over an order of magnitude for x = 0.70, compared to pure GaSe. 
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Figure 5.1. Schematic of the vapor growth process arrangement inside the tube furnace. 

 

In this chapter I demonstrate the growth and characterization of the GaSexTe1-x alloy by 

vapor deposition. Section 5.1 discusses the general growth parameter utilized and comments on 

the shape and sizes of the grown crystals. Sections 5.2 and 5.3 focus on the chemical and 

structural characterization of the alloy crystals. Meanwhile, Section 5.4 centers on determining 

the bandgap dependency on composition along the whole compositional range. Finally, Section 

5.5 presents density functional theory calculations that give an explanation to the observed 

behavior. 

5.1 Vapor deposition growth 

The GaSexTe1-x alloys were grown inside a one-zone quartz tube reactor. Selenium and 

tellurium powders were placed together with molten gallium droplets (≈ 80 °C) in an alumina 

crucible at the center of the tube furnace, similar to Figure 5.1. The composition was controlled 

by changing the selenium-to-tellurium ratio, while maintaining the gallium amount in excess 

(about 3:1 gallium/chalcogenide mole ratio). Nominal concentrations of x = 0, 0.03, 0.10, 0.25, 

0.50. 0.65, 0.75 and 1 were grown. Silicon substrates decorated with 20 nm gold nanoparticles 

were placed 16 – 18 cm downstream from the powder crucible. The procedure used to deposit 

the gold nanoparticles on the silicon substrate is available in Appendix B.3. Forming gas (4% H2 

in N2) was flown at a rate of 300 sccm to minimize possible oxidation reactions. The powder 

crucible temperature was increased to 1030 °C at a ramping rate of 20 °C/min.
[71]

 The substrates 

temperature varied from about 600 °C to 800 °C, with most of the growth occurring near the 

hotter end. The furnace temperature profile is shown in Appendix A.6. After growth, crystals 

were transferred, by physical contact, to clean substrates for characterization. 

5.1.1 Grown crystals 

Figure 5.2 shows some examples of the general shapes of the crystals grown. For 

nominally tellurium-rich compositions (x ≤ 0.10), the crystals tended to grow in either of three 

morphologies: triangles, elongated crystals or nanowires where the nanowires generally grew out 

of the base of the triangles, as seen in Figures 5.2.a,c. We note that triangular-shaped crystals 

have been previously reported for the vapor growth of monoclinic GaTe, suggesting a similar 

crystal structure for alloys of such shape.
[72]

 For nominally higher selenium content compositions 

(x ≥ 0.10),  the crystals grew in zig-zagged  or serrated shapes (Figures 5.2.b and 5.1.d).  Both of 
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Figure 5.2. Optical micrographs of crystals grown for nominally (a) x = 0.10 and (b) x = 0.75, after being 

transferred to a Si substrate. Isosceles triangular crystals and wires were grown in (a) while zig-zagged 

and serrated crystals were grown in (b). Scanning electron micrographs of crystals grown with (c) 

triangular and (d) zig-zagged shapes. Nanowires can also be seen in (c). 

 

Table 5.1. Comparison between nominal composition and actual composition range. 

Nominal composition 

(x fraction) 

Actual composition 

(x fraction) 

0 0 

0.03 0.09 – 0.23 

0.10 0.20 – 0.32 

0.25 0.37 – 0.49 

0.50 0.64 – 0.73 

0.65 0.82 – 0.92 

0.75 0.92 – 0.96 

1 1 

 

these morphologies have been previously reported for the vapor growth of hexagonal GaS and 

GaSe, with angles around 120° characteristic of the hexagonal structure.
[146,147]

 Interestingly, the 

growth of nominally x = 0.10 resulted in a mixture of crystal morphologies, with triangular and 

zig-zagged crystals growing next to each other. With the exception of the nanowires, most of the 

grown crystal dimensions ranged around the tens to hundreds of micrometers in length, single-

digit  to  tens  of micrometers  in width  and  tens  to hundreds  of nanometers  in thickness.  The  

10um 2um 

c d 
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Figure 5.3. Scanning electron micrographs and EDS chemical maps for representative crystals with (a)   

x = 0.32 and (b) x = 0.65. Smooth surfaces and chemical uniformity are evident. Thin nanowires can also 

be seen crossing over the larger crystal in (a). 

 

nanowires dimensions, instead, ranged around tens of micrometers in length, hundreds of 

nanometers in width and tens of nanometers in thickness. Overall, larger crystals were generally 

found in nominally Se-rich growths, where nucleation at the quartz-tube’s wall was also 

observed. 

5.2 Chemical composition analysis 

The actual chemical composition of the grown alloys was determined by x-ray energy 

dispersive spectroscopy (EDS) inside a scanning electron microscope (SEM). EDS spectra were 

obtained with an electron accelerating voltage of 20 keV. Results showed that the selenium 

content in the crystals tended to be higher than the nominal composition, as seen in Table 5.1. 

This behavior could be due to either the higher vapor pressure of Se compared to Te, the fact that 

tellurium evaporates as Te2 making it harder to react with other components or the growth of the 

2um 

Te Lα1       Se Lα1_2       Ga Kα1 

a 

b 
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Figure 5.4. (a) Experimental EBSD pattern for triangular crystal with x = 0.30 (crystal shown in Figure 

5.2.c and 5.4.d). (b) Simulated EBSD pattern for monoclinic GaTe oriented as shown by unit cell in (c). 

The simulated pattern matches the experimental data. (d) Triangular and (e) elongated crystals with 

monoclinic structure. The orientation of the in-plane b-axis is indicated with black arrows. 

 

hexagonal phase being preferred over the monoclinic, among others.
[148–150]

 In Figures 5.3.a,b, 

we observe a triangular crystal (x = 0.32) and a serrated crystal (x = 0.65) with their 

corresponding chemical composition maps, showing chemical uniformity. We note that the 

serrated crystal with x = 0.65 grew with a composition that wasn’t possible through the bulk 

methods. 

5.3 Crystal structure analysis 

The crystal structures of the grown alloy crystals were determined by electron 

backscattering diffraction (EBSD) inside a SEM. The EBSD patterns were also obtained with an 

accelerating voltage of 20 keV, similar to EDS. The patterns were compared with 

crystallographic data of monoclinic GaTe, hexagonal β-GaTe, hexagonal β-GaSe and hexagonal 

ε-GaSe, obtained from the Inorganic Crystal Structure Database (153456-ICSD, 43328-ICSD, 

63122-ICSD and 71082-ICSD, respectively). Additional Raman spectra characterization is 

shown in Appendix A.7. 

5.3.1 Monoclinic phase 

 The monoclinic-grown crystals were identified by the EBSD pattern until a clear 

distinction between crystal shape and crystal structure was established. Figure 5.4.a shows the 

typical EBSD pattern observed for the monoclinic crystals. The monoclinic nature of the 

experimental pattern can be easily confirmed when comparing it to the simulated pattern of 

monoclinic GaTe, seen in Figure 5.4.b. The orientation of the monoclinic GaTe unit cell, 

corresponding to the simulated pattern, can be seen in Figure 5.4.c. As expected, the monoclinic 

crystals grew preferentially along the layer plane. With the EBSD measurements, it was 

confirmed  that the  triangular  and  elongated  crystals  had, in  fact,  the monoclinic  structure as  

10um 

b 
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b 

b 
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Figure 5.5. (a) Experimental EBSD pattern for serrated crystal with x = 0.49. (b) Simulated EBSD 

pattern for the hexagonal ε-GaSe crystal structure oriented as shown by unit cell in (c). The simulated 

pattern matches the experimental data. (d) Zig-zagged and (e) serrated crystals with hexagonal structure. 

The orientation of the hexagonal lattice is indicated with black arrows. 

 

suspected. Figure 5.4.d shows that the triangular crystals preferentially grew perpendicular to the 

b-axis (along the in-plane Ga-Ga bonds), with the base of the triangle aligned to it. In contrast, 

the elongated crystals grew exclusively along the b-axis. The difference in orientation between 

these two morphologies could be explained by different growth mechanisms at specific 

conditions. Overall, it was observed that monoclinic crystals only grew in tellurium-rich 

conditions with compositions ranging from pure GaTe to x = 0.32, similar to what was 

previously observed in bulk.
[30]

 

5.3.2 Hexagonal phase 

Analogous to the analysis for the monoclinic phase, EBSD was used to identify the alloy 

crystals with the hexagonal structure. Figure 5.5.a shows the experimental EBSD pattern of a 

serrated crystal with x = 0.49. This pattern was confirmed to correspond to the hexagonal 

structure by the simulated pattern of ε-GaSe at the indicated unit cell orientation (Figures 5.5.b 

and 5.4.c, respectively). As expected, it was confirmed that the zig-zagged and serrated crystals 

had the hexagonal structure and grew along the hexagonal layer plane, as seen in Figures 5.5.d,e. 

It can also be seen that zig-zagged crystals grew preferentially along the armchair direction, 

while the serrated crystals grew along the zig-zag direction. Similarly, the difference in growth 

orientation might have been caused by slight differences in localized growth conditions. 

Remarkably, we observed the growth of hexagonal alloy crystals within the range of x = 0.28 to 

pure GaSe in clear contrast to the results observed for the bulk growth.
[30]

 Growing thin crystals 

with high surface-to-volume ratios allows for the relaxation of some of the stress generated by 

the incorporation  of tellurium  into the hexagonal lattice.
[22,104,151]

  Note that the average size of  
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Figure 5.6. Micro-optical absorption and photoluminescence spectroscopy of a hexagonal crystal with     

x = 0.48. The exciton binding energy remains around 20 meV. 

 

the hexagonal crystals decrease with tellurium content, agreeing with the previous analysis. 

Interestingly, while there was a phase-separation gap around 0.35 < x < 0.70 for the bulk 

growth,
[30]

 we observe an overlap region around 0.27 < x < 0.35 for the vapor growth. Within the 

overlap region, both single-phase monoclinic and hexagonal alloy crystals are able to grow 

simultaneously. Mixed-phase crystals have also been observed and will be discussed in 

Appendix A.8. 

5.4 Bandgap determination 

The bandgaps of Bridgman-grown GaSexTe1-x alloys had been previously determined by 

optical absorption and photoluminescence spectroscopy.
[92,142]

 It was also demonstrated that the 

binding energy of the exciton remained around 18 – 20 meV, similar to GaTe and 

GaSe.
[39,137,142,145]

 This would allow for the simple approximation of the bandgap with the PL 

peak energy. 

5.4.1 Micro-optical absorption spectroscopy 

 Micro-optical absorption was carried out on selected crystals to confirm that the 

approximation of the bandgap with the PL peak energy holds for the middle compositions–

compositions not grown through the Bridgman method. These measurements were performed in 

collaboration with Prof. Jie Yao and his student Kyle Tom. Details on the experimental setup for 

the micro-optical absorption can be found on Appendix B.4. Figure 5.6 shows the absorption 

spectrum (black) of a hexagonal crystal with x = 0.48. The absorption edge of the crystal was 

determined to be around 1.55 eV. The corresponding PL spectrum for the same crystal is also 

shown (red). The peak energy of the PL spectrum is observed at 1.53 eV. The energy difference 

between the absorption edge and the PL peak, 20 meV, is the exciton binding energy.
[137]

 Thus, 

the approximation holds for the middle compositions. 
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Figure 5.7. Selected photoluminescence peaks for (a) monoclinic and (b) hexagonal crystals, the PL 

energy increases with selenium content in both structures. (c) Normalized PL spectra for monoclinic (x = 

0.32) and hexagonal (x = 0.30) crystals within the overlap range. The PL emission of the monoclinic 

crystal is about 17 times stronger. (d) PL peak dependence on the selenium content and crystal structure. 

Dotted lines represent the linear trends observed for the bulk crystals. 

 

5.4.2 Photoluminescence spectroscopy 

The evolution of the PL spectra with increased selenium content for the monoclinic and 

hexagonal phases are shown in Figures 5.7.a and 5.7.b, respectively. For the monoclinic phase, 

the room temperature PL peak of GaTe is at 1.65 eV. As selenium is incorporated, the bandgap 

increases up to 1.77 eV for x = 0.32. Broadening and intensity loss of the PL peak is also 

observed with the addition of selenium to the monoclinic phase. On the other hand, the 

hexagonal phase exhibits a decrease in PL peak energy from 2.00 eV for GaSe to 1.38 eV for x = 

0.28 with tellurium incorporation. Similarly, the addition of tellurium to the hexagonal phase 

also results in the broadening and intensity loss of the PL peak. Note that the 1.38 eV PL peak 
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corresponds to a bandgap that is about 0.27 eV smaller than that of GaTe and about 0.63 eV 

smaller than the band gap for GaSe.  

Within the overlap region (0.27 < x < 0.35), one observes a bandgap difference of about 

0.30 – 0.35 eV for crystals with the same composition but different crystal structure. The 

magnitude of this difference is evident in Figure 5.7.c, where the PL peak energy of a monoclinic 

crystal with x = 0.32 is about 0.35 eV greater than the PL peak energy for a hexagonal crystal 

with x = 0.30. It is also evident that the PL peak of the hexagonal crystal is broader. The 

hexagonal PL peak intensity was about 17 times weaker than the PL of the monoclinic crystal. In 

the overlap region, based on the crystal sizes (i.e. monoclinic crystals are considerably larger 

than the hexagonal ones) and PL intensities, the monoclinic crystals appear to be more 

energetically favorable with the higher-energy hexagonal structure stabilized only by the high 

surface-to-volume ratio morphologies. 

 The dependence of the PL peak–and the bandgap–on the alloy composition and crystal 

structure is plotted in Figure 5.7.d. Three main regions, separated by the background color, are 

observed. The blue background (0 ≤ x ≤ 0.27) indicates the compositions where only monoclinic 

crystals were grown, the purple background indicates the overlap region and the red background 

(x ≥ 0.35) indicates the region where only hexagonal crystals were grown. The dotted lines 

represent the bandgaps determined by optical absorption of the bulk crystals.
[92]

 As it can be 

seen, the linear trend of the monoclinic bandgap perfectly agrees with the previously reported 

behavior and seems to correspond to a virtual crystal approximation. For the hexagonal phase, 

the selenium-rich crystals agree with the reported linear trend, but the values start to deviate 

toward the middle compositions. To explain the observed trends and the possible bandgap 

bowing in the hexagonal phase, theoretical calculations will be discussed in the next section. 

5.5 Density functional theory calculations 

Density functional theory (DFT) calculations were performed to explain the observed bandgap 

dependence on crystal structure and alloy composition. The results presented here were obtained 

mainly by our collaborator Dr. Matthew K. Horton at Lawrence Berkeley National Lab. Details 

on the theoretical calculations can be found in the Appendix B.5. Figure 5.8.a shows calculations 

done using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional. Noticeably, the 

bandgap values were significantly underestimated as expected for the PBE functional. They 

exhibit a linear increase of the bandgaps for the monoclinic phase at the tellurium-rich 

compositions as experimentally observed. For the hexagonal phase, an apparent linear trend was 

obtained around the mid- to high-selenium compositions, with the direct gap slightly above the 

indirect gap, similar to GaSe.
[42,88]

 For the low-selenium hexagonal compositions (x < 0.30), the 

bandgaps start deviating from the apparent linear trend, plateauing around the 0.10 < x < 0.20 

range. For compositions below x = 0.10, we observe that the indirect gap continues to decrease 

while the direct gap increases slightly, resulting in a large energy difference between the gaps.  

The Tran-Blaha modified-Becke Johnson (MBJ) potential was used to better approximate 

the bandgap values of the hexagonal phase. Figure 5.8.b shows the obtained results with the MBJ 

approximation and the experimental PL peak energy values for comparison. Contrary to the PBE 

calculations, the bandgaps obtained with the MBJ approximation are overestimated, but 

considerably closer to the real values. Similar to the experimental data and the PBE calculations, 

the bandgap values deviate from any potential linear trend towards the middle and low-selenium 



47 

 

0.0 0.2 0.4 0.6 0.8 1.0

0.7

0.8

0.9

1.0

1.1

1.2
 monoclinic
 direct hexagonal
 indirect hexagonal

GaSe

 

B
a
n
d
g
a
p
 (

e
V

)

Se content
GaTe

   

0.0 0.2 0.4 0.6 0.8 1.0

1.4

1.6

1.8

2.0

2.2  calculated direct gap
 calculated indirect gap
 experimental PL peaks

GaSe

 

B
a
n
d
g
a
p
 (

e
V

)

Se content
GaTe

 

      

Figure 5.8. (a) DFT-calculated bandgaps for the GaSexTe1-x alloys using the PBE exchange-correlation 

functional. (b) Corrected DFT-calculated bandgaps for the hexagonal phase using the MBJ potential 

approximation. Experimental PL peak data presented for reference. Calculated bandstructures for the 

hexagonal phase endpoints (c) ε-GaSe and (d) β-GaTe, obtained from the Materials Project.[34,51,53,152] The 

valence band maxima are indicated with green dots and the conduction band minimum is indicated with a 

red dot. 

 

compositions. For x < 0.30, the energy difference between the indirect and direct gaps also 

increases. However, the indirect gap continuously decreases, while only the direct gap briefly 

plateaus before decreasing again. Even though calculations with the MBJ potential are better at 

approximating the actual bandgap values,
[153,154]

 it is generally accepted that bandgap trends are 

better represented by calculations with the PBE functional. 

The bandstructures of the hexagonal alloys were analyzed to understand the sudden 

change in bandgap trend for the x < 0.30 compositions. It was found that around x = 0.20 the 

conduction band minimum changes from the Γ-point (like β- and ε-GaSe, Figure 5.8.c) to the M-
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point (like β-GaTe, Figure 5.8.d).
[34,51,53,152]

 In contrast, the valence band maximum remains 

degenerate and located slightly off from the Γ-point, along the Γ→M and Γ→K directions. The 

next chapter will be dedicated to the growth and characterization of hexagonal GaTe to confirm 

the calculated behavior for the tellurium-rich compositions. 
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Chapter 6 

 

Growth and characterization of hexagonal GaTe 

 

 

Layered semiconductors, like TMDs and III-VI monochalcogenides, are commonly 

associated with the hexagonal structure.
[4,5]

 As discussed in Chapter 1, exceptions to this 

observation are the 1T-TMD subfamily, like SnS2, and GaTe.
[5,18]

 GaTe typically crystallizes in 

the monoclinic structure, but additional cubic and hexagonal phases have also been identified. A 

metallic high-pressure NaCl-like cubic structure was observed when GaTe was subjected to 

hydrostatic pressures above 10 GPa.
[53,155]

 The metastable hexagonal structure has been obtained 

by several growth methods, quickly transforming back to the stable monoclinic structure.
[53,54,55]

 

The hexagonal structure has also been claimed to be the stable phase at the few-layer regime and 

after surface reconstruction in bulk with additional reports claiming otherwise.
[104,156-158]

 Further, 

the reported experimental values for the hexagonal GaTe (h-GaTe) bandgap range from 1.1 – 

1.65 eV at room temperature.
[54,55,158]

 To reach consensus among these values, this chapter 

focuses on the growth and characterization of h-GaTe by using GaSe flakes as epitaxial 

substrates. Section 2.1 is a detailed review of previous works on the growth and characterization 

of h-GaTe. Section 6.2 discusses the proposed growth method and its general results, while 

Section 6.3 centers on the chemical and optical characterization of the grown crystals. 

6.1 Hexagonal GaTe background 

Hexagonal GaTe is a metastable polymorph of GaTe, first reported by Semelitov et al. in 

1964.
[53]

 The layer thickness of h-GaTe is about 8.48 Å, with Ga-Te and Ga-Ga bond lengths of 

2.61 Å and 2.71 Å, respectively. The hexagonal layers stack in the β polymorph, similar to GaS, 

resulting in a 2H unit cell with lattice parameters a = 4.06 Å and c = 16.96 Å.
[53,34]

 Theoretical 

calculations have shown that h-GaTe is an indirect gap semiconductor with a smaller bandgap 

than the monoclinic phase.
[152,159]

 The calculations done using the PBE functional, shown in 

Figure 5.7.a, indicated an indirect gap of 0.76 eV, with the direct gap about 0.09 eV higher. 

Meanwhile, the calculations done with the MBJ approximations revealed an indirect gap of 1.37 

eV, with the direct gap about 0.12 eV higher. Note that the values obtained with the PBE 

functional typically underestimate the bandgaps while the values obtained with the MBJ 

approximation overestimate them.  

Given the rapid transformation to the monoclinic structure, there are only a few reports of 

the experimental bandgap of h-GaTe. Gillan et al. measured a 1.45 eV bandgap by optical 

transmission spectroscopy for a h-GaTe film grown by chemical vapor deposition.
[54]

 Also by 

transmission spectroscopy, Kolesnikov et al. measured a 1.65 eV bandgap for a h-GaTe flake 

obtained from an ingot grown by high-pressure melting seemingly measuring the bandgap after 

the flake  transformed  into the  monoclinic  phase.
[55]

  Finally,  Galiy et al.  measured a  bandgap 
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Figure 6.1. Proposed method for the growth of h-GaTe on GaSe flakes. (i) GaSe (red) flakes 

mechanically exfoliated with tape were (ii) transferred onto a silicon substrate and (iii) inserted in a tube 

furnace for epitaxial GaTe growth on GaSe, by vapor deposition. After growth, (iv) the grown GaTe 

(blue) crystals were inspected and characterized.  

 

around 1.06 eV, by scanning tunneling spectroscopy, for a monoclinic GaTe sample with partial 

surface reconstruction into the hexagonal phase.
[158]

 Note that in the same study a 1.75 eV gap 

was reported for monoclinic GaTe.  

6.2 Growth of hexagonal GaTe 

Thin-films of hexagonal GaTe have been previously grown by some form of vapor 

deposition.
[53,54]

 Similar to the growth discussed in the previous chapter, the high surface-to-

volume ratio of the thin crystals allows for a higher degree of in-plane strain relaxation, slightly 

stabilizing the hexagonal phase. In fact, it has been calculated that the hexagonal phase becomes 

more stable than the monoclinic phase at the monolayer regime.
[104]

  

6.2.1 Proposed method 

The growth of multilayer h-GaTe was induced by using substrates with hexagonal crystal 

structure to serve as epitaxial surfaces. The growth method consists of the use of GaSe substrates 

for the vapor deposition of h-GaTe. GaSe flakes were mechanically exfoliated with adhesive tape 

from a bulk ingot grown by the Bridgman method, as illustrated in the first step of Figure 6.1. 

For the second step, the exfoliated flakes were then transferred onto a cleaned silicon substrate. 

In the third step, the silicon substrates were placed inside the furnace tube reactor for the GaTe 

growth process. Finally, the crystals grown at the GaSe surface were inspected and characterized. 

The growth was done inside a single-zone quartz tube reactor, similar to the one described in 

Section 5.1 and illustrated in Figure 5.1. Monoclinic GaTe powder was placed in a quartz boat at 

the center for the furnace tube. The substrates with the GaSe flakes were placed 13 – 16 cm 

downstream from the quartz boat. Forming gas was flown at a rate of 75 sccm. The quartz boat 

temperature was increased to 800° C at a ramping rate of 20 °C/min. The substrates temperature 

varied from about 500 °C – 650 °C. The furnace temperature profile is shown in Appendix A.6. 

6.2.2 Results 

Post-grown  inspection revealed  that numerous  thin crystals  preferentially  grew around 

(i) 

(ii) 

(iii) 

(iv) 
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Figure 6.2. Scanning electron micrographs of GaSe flakes on a silicon substrate (a) before and (b) after 

GaTe growth. (c) Higher magnification micrograph of region marked by red square in (b). Triangular and 

hexagonal islands grew preferentially around the GaSe edges. (d) Height profile of GaSe flake’s edge 

before and after growth, scanned area indicated by red line in (a) and (b).  

 

the borders of the GaSe flakes, as shown in Figures 6.2.a,b. Upon further inspection (Figure 

6.2.c), it was noted that the grown crystals had triangular and hexagonal shapes, well-known 

equilibrium morphologies for thin-crystals with hexagonal crystal structure.
[6,36,147,160]

 Atomic-

force microscopy (AFM) at the edge of the GaSe flakes (Figure 6.2.d), showed that their 

thicknesses didn’t changed during the growth process. This suggests a low level of GaSe 

incorporation into the grown crystals. Overall, it was found that the grown crystals’ lateral and 

thickness dimensions were generally around the hundreds of nanometers range. 

6.3 Characterization of hexagonal GaTe 

The general characterization of the grown crystals consisted in the determination of their 

chemical  composition  and  bandgap.  Figure  6.3.a  shows  a  cross-sectional  schematic  of  the 
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Figure 6.3. (a) Cross-sectional schematic of h-GaTe/GaSe/Si assembly probed by EDS. (b) Scanning 

electron micrograph and (c)-(e) chemical composition maps of crystals grown on GaSe flakes. 

 

grown-crystals/GaSe/silicon assembly. Note that any characterization technique capable of 

probing depths larger than the grown crystals’ thicknesses will also measure the properties of the 

underlying GaSe flakes. This will be taken into consideration when analyzing the 

characterization results. 

6.3.1 Chemical composition analysis 

The chemical composition of the grown crystals was studied by EDS with an electron 

accelerating voltage of 20 keV. At this accelerating voltage, the penetration depth of the EDS 

measurement should exceed 1 μm, which is larger than the grown-crystals and GaSe flakes 

thicknesses combined. The selenium signal from the underlying GaSe will overlap any potential 

signal from the grown crystals, overestimating the selenium content. Figure 6.3.b shows the 

grown crystals on the edge of a large GaSe flake (position 1) and on the surface of a smaller one 

(position 2). The chemical composition maps for positions 1 and 2 can be seen in Figures 6.3.c-e. 

It is clear that tellurium is only found at the grown crystals; on the other hand, the selenium 

signal weakens for the underlying GaSe, compared to the exposed surfaces. At position 1, the 

GaSe and grown-crystal thicknesses were around 165 nm and 455 nm, respectively. EDS 

determined that position 1 was 29% selenium-to-chalcogenide ratio (x = 0.29 for GaSexTe1-x), a 

clear overestimation  of the selenium content in the grown crystals.  Similarly, an 11% selenium- 

GaSe 

h-GaTe 

2 um 

Te Se Ga 

a b 

c 
d e 

1 

2 



53 

 

       

1.4 1.6 1.8 2.0 2.2

 

 

P
L
 I
n

te
n

s
it
y
 (

a
.u

.)

Energy (eV)
     

Figure 6.4. (a) PL spectrum showing an emission peak at 1.44 eV for dilute-selenide (x ≤ 0.05) 

GaSexTe1-x crystals grown on GaSe. Grown crystals shown on inset. (b) PL peak dependence on the 

selenium content and crystal structure. Green bar used to indicate range of possible concentrations for the 

x ≤ 0.05 sample with PL at 1.44 eV. Orange bar used to indicate range of possible concentrations for the x 

≤ 0.11 sample with PL at 1.46 eV. 

 

to-chalcogenide ratio was estimated at position 2, where the GaSe and grown-crystal thicknesses 

were around 37 nm and 323 nm, respectively. The measured selenium content is an upper bound 

for the actual composition of the grown crystals. Thus, the hexagonal crystals at position 2 have 

x ≤ 0.11, which is already an improvement from the results shown in the previous chapter. 

6.3.2 Bandgap determination 

The lowest selenium content measured belonged to the crystals shown in the inset of 

Figure 6.4.a. These hexagonal crystals have x ≤ 0.05 and exhibited a weak PL peak at 1.44 eV, 

shown in Figure 6.4.a. We observed a similar PL peak for the x ≤ 0.11 crystals in Figure 6.3.b, 

around 1.46 eV. This could imply that the grown crystals are pure h-GaTe with the selenium 

signal coming exclusively from the underlying GaSe, meaning that the direct bandgap of h-GaTe 

is around 1.44 – 1.46 eV. In contrast, this could also imply that the grown crystals are hexagonal 

dilute-selenide GaSexTe1-x alloys with a relatively constant bandgap. In either scenario, the 

results aim towards a direct bandgap around 1.45 eV for h-GaTe. Figure 6.4.b presents the PL 

peak dependence on the selenium content and crystal structure–similar to Figure 5.6.d–with the 

addition of the crystals discussed in this chapter. Elongated bars are used to represent the range 

of possible alloy compositions. 

In Section 6.1 I discussed the theoretical calculations that indicated that h-GaTe was an 

indirect material with the direct gap about 0.1 eV larger. Photoluminescence measurements only 

probed the direct gap and agree very well with the reported 1.45 eV bandgap determined by 

optical transmission spectroscopy.
[54]

 It is not uncommon for the smaller indirect gap to be 

unmeasurable through optical absorption spectroscopy in thin crystals, and the same could be 

true for h-GaTe.
[93,161]

 The indirect gap, in turn, could be around 1.35 eV as predicted by the 

energy difference between the indirect and direct transitions or be as low as the 1.06 eV bandgap 
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measured by scanning tunneling spectroscopy (STS).
[158]

 Additionally, in Appendix A.9, the 

DFT calculations presented in Section 5.5 were fitted with the experimental bandgaps of the 

endpoints–including h-GaTe–with strong agreement throughout the composition range. 
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Chapter 7 

Conclusions and future work 

 

Layered semiconductors have shown great promise for thin optoelectronic applications 

beyond silicon and III-V semiconductors. The layered nature of these materials gives them 

unique mechanical, surface and optoelectronic properties that have attracted the interest of many 

researchers in the field. While the research efforts have focused mainly in just a handful of these 

semiconductors, several interesting and desirable properties have been also observed among the 

rest. Gallium telluride, for instance, possesses a direct bandgap in bulk and exhibits good 

unintentionally-doped p-type conductivity, and its in-layer structural anisotropy results in 

corresponding optoelectronic anisotropy, as mentioned in Chapter 1. This dissertation focused on 

some of these optoelectronic properties and on multiple mechanisms to deliberately modify 

them. 

It was found that for GaTe a non-traditional avenue to modify the bulk properties was 

available. As discussed in Chapters 2 and 3, access to the interlayer space and to the layers’ 

surfaces allows for the direct access to the semiconductor’s properties. This behavior–

exclusively available to layered materials–would also depend on the chemical stability of the 

layers’ surfaces and interacting species. A tellurium-rich surface seems ideal for this, as the 

larger and more polarizable Te atom should be able to interact with other species despite being 

covalently bonded to metal atoms. In addition, this mechanism has the particular advantage that 

it can be reversible. Even though only partial reversibility was demonstrated in Chapter 3, it 

indicates that the binding energy between the interacting specie (oxygen) and the Te atom is 

weak. In fact, given that the partial reversibility was only observed near surface defects, the 

problem might be related to kinetics which might be overcome by longer annealing process and 

shorter diffusion paths–smaller samples. Unfortunately, the mechanism is highly dependent on 

the surface-defect density of the crystal as they facilitate the diffusion of the species through the 

layers. Therefore, high-quality as-grown or annealed crystals might not be ideal candidates for 

this process.  

Chapters 5 and 6 focused on the growth and characterization of the GaSexTe1-x alloy 

system and h-GaTe metastable structure. It was found that the vapor-deposited crystals would 

normally exhibit distinct morphologies and sizes depending on the crystal structure, chemical 

composition and growth direction. Such behavior allowed for the rapid identification of crystal 

structure and orientation, and in some instances even for the broad estimation of chemical 

composition. Further, this could facilitate the study of orientation-dependent properties in highly 

anisotropic materials like m-GaTe and m-GaSexTe1-x.  
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The growth of alloy crystals with compositions between x = 35 and x = 0.70 was also 

demonstrated in Chapter 5. Bulk crystals within this composition range accumulate internal 

stresses resulting in phase separation. However, the growth of small and thin hexagonal crystals 

by vapor deposition allowed for the relaxation of such stresses, stabilizing the crystals with mid 

compositions. For the h-GaTe, in addition to the vapor deposition of small and thin crystals, an 

additional hexagonal substrate was needed to induce the hexagonal growth. As tellurium is added 

to the hexagonal structure, internal stresses increase which were evident by the decrease in 

crystal size and eventual need of a van der Waals epitaxial substrate. 

The bandgap dependency on composition for the GaSexTe1-x alloy was also discussed. It 

was found that for the monoclinic structure the bandgap seemed to follow a virtual crystal 

approximation while the hexagonal structured exhibited an apparent bowing of the direct 

bandgap. Experimentally, the minimum bandgap was observed for x = 0.28 but the calculations 

trend predicts it to be around x = 0.15. It’s clear that the GaSexTe1-x system is complicated and its 

alloys can have properties beyond those of the pure-compound endpoints. 

There are many other important optoelectronic properties beyond the bandgap that will 

determine or influence a materials ability to perform in many applications. In Chapter 4, the band 

edges alignment and shallow-defects energy levels of unintentionally doped GaTe were 

determined. Two acceptor levels–generally attributed to Ga vacancies–and one donor defect–

possibly Te vacancy–were observed. There are still many other interesting and essential GaTe 

properties that I was not able to cover in this dissertation. Hopefully, the observations and 

findings presented here will help to further understand the properties of GaTe and how to 

engineer them for our advantage. Furthermore, the ideas and methods discussed here could be 

applied for other layered semiconductors, contributing to the development of the field. 

7.1 Future work 

There’s still much work to be done on the bandgap engineering of GaTe and in the field 

of layered semiconductors in general. We can and should build upon the accomplishments and 

developments presented in this work, as it will be discussed here. 

There is a need to develop modern mechanisms to controllably modify the optoelectronic 

properties of layered materials akin to the one discussed in Chapter 2. As mentioned above, this 

mechanism might be best suited for layered telluride semiconductors–GaTe and 2H-MoTe2–but 

can be adapted for other materials. The prolonged exposure of certain layered materials to 

species with different chemical properties might result in the modification of their properties, 

similar to the GaTe–O2 transformation or to surface-transfer doping.
[162]

 

The alloying of GaTe with other layered semiconductors would significantly contribute 

to the understanding of these materials, similar to the results found in the GaSexTe1-x alloy 

system. Current efforts to grow and characterize the GaSxTe1-x alloy system are being made by 
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fellow group member Edy Cardona. In this system, the large size and electronegativity difference 

between sulfur and tellurium atoms might result in a highly mismatched alloy with extreme 

bandgap bowing.
[84,90]

 Interestingly, alloying GaTe with the remaining III-VI monochalcogenide, 

InSe, might be as or even more promising. As discussed in Chapter 1, InSe tends to exhibit 

unintentionally-doped n-type behavior, but it has also been successfully doped n-type and p-type 

with high carrier mobilities.
[47-50]

 This should allow for the growth of n-type and p-type              

(InSe)x(GaTe)1-x pseudo-binary alloys, and possibly p-n homojunctions. Structurally, InSe has 

longer bond lengths and thicker layers than GaSe which should better accommodate the larger Te 

atoms, further stabilizing the hexagonal-layer structure–rhombohedral layer assembly.
[45]

 Further 

fine tuning of the bandgap and doping levels can also be achieved by independently adjusting the 

compositions, treating InyGa1-ySexTe1-x as a quaternary alloy instead of a pseudo-binary. 

Beyond the III-VI monochalcogenides, GaTe could be alloyed with other layered and 

perhaps some non-layered semiconductors. Specifically, it is of interest to study the behavior of 

alloys between GaTe and other telluride semiconductors like MoTe2, WTe2 and MnTe. Alloys 

with the layered transition-metal ditellurides could result in significant bandgap, doping and 

phase changes, especially considering that most of them exhibit semimetallic behavior.
[22,78]

 

However, the difference in stoichiometry and crystal structure will difficult the growth of the 

alloy beyond the dilute compositions, needing approaches similar to the ones used in this 

dissertation to stabilize stressed and metastable structures. Other interesting properties like 

thermopower and magnetism could also be explored with these alloys. For example, it has been 

shown that the thermopower of MoTe2 can be significantly enhanced by alloying it with other 

layered telluride semiconductors, which could apply to GaTe as well.
[163]

 On the other hand, 

MnTe is a non-layered semiconductor with the same stoichiometry as GaTe that has been shown 

to possess magnetic properties.
[164]

 It would be of great interest to determine the capacity of 

incorporation of a non-layer material into a layered structure and the extent of the contribution of 

its properties to the layered alloy. In the small picture, this could result in giving Ga1-xMnxTe 

magnetic properties; while in the larger picture, it would open a whole new class of possible 

combinations and properties for layered semiconductors. 

In Chapter 6, thin h-GaTe crystals were grown on the surface of GaSe flakes resulting in 

as-grown p-p heterojunctions. Similarly, the mixed-phase h-GaSexTe1-x/m-GaSexTe1-x alloy 

crystals presented in Appendix A.8 also correspond to p-p heterojunctions. These as-grown 

devices still need further characterization of their optoelectronic properties, but even now could 

serve as models for more interesting and complicated assemblies. By replacing the GaSe flakes 

for InSe in order to grow h-GaTe, p-n heterojunctions with improved electronic transport 

properties could be designed. The same would hold true by replacing the GaSe flakes with any of 

the numerous hexagonal TMD semiconductors. There are still many questions to be answered 

and opportunities to be explored about GaTe and layered semiconductors. Knowing that these 

materials will play an important role on the future of electronic devices, I’m grateful that this 

dissertation will contribute to broaden the knowledge on this field. 
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Appendix A 

 

Additional figures and data 

 

A.1 Photomodulated Reflectance   
 

Photomodulated reflectance (PR) spectroscopy is a technique that can be used to 

determine the direct optical transitions in a semiconductor. This is done by measuring the 

wavelength-dependent difference in reflectance before and after increasing the free-carrier 

concentration with a laser pump. The change in free-carrier concentration will modify the 

dielectric constant, specifically around the energies corresponding to direct transitions. 

Figure A.1 shows the PR spectra of freshly cleaved and transformed GaTe flakes, at room 

temperature. For the freshly cleaved sample, the direct transition corresponding to the bandgap is 

observed around 1.67 eV. The spin orbit (SO) transition is observed at higher energies, around 

2.3 eV. In contrast, no clear direct transition is observed for the transformed sample. These 

measurements were taken by pumping the samples with a 442 nm HeCd laser, and the signal is 

detected by a Si detector using the lock-in technique. These measurements were taken together 

with Dr. Alex Luce. 
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Figure A.1. Photomodulated reflectance spectra of freshly cleaved (black) and transformed (blue) GaTe. 

The direct transition can be observed at around 1.67 eV. 
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A.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique that probes the chemical 

environment of atoms at and near the surface of a material. This technique takes advantage on 

the photoelectric effect to determine the binding energy of the emitted electron, excited by an x-

ray source. The binding energy of the electron will depend on the chemical identity and the 

oxidation state of the atom. The higher the oxidation state of an atom, the higher the binding 

energy. 

Figure A.2 shows the high-resolution XPS spectra of the tellurium and oxygen core 

levels. The evolution of the tellurium and oxygen peaks is observed over time. It is noted that 

even after two weeks of air exposure, some of the tellurium atoms exhibit no change on their 

oxidation condition. This means that some tellurium atoms at the surface remain in a similar 

chemical environment as in pristine GaTe. These measurements were carried out by using a non-

monochromatic Al Kα X-ray source (1486.6 eV) and a hemispherical-type multi-channel 

analyzer in vacuum (base pressure of ≈1x10
-10

 torr). The binding energies are referenced by 

direct electrical contact to the Fermi energy of the spectrometer whose work function is 4.5 eV. 

These measurements were taken by Dr. Changhyun Ko at the Molecular Foundry. 
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Figure A.2. X-ray photoelectron (XPS) spectroscopy of GaTe. High-energy-resolution XPS of the (a) 

tellurium and (b) oxygen core levels at different times of the GaTe transformation. The “sputtered” 

sample was sputtered in the ultra-high vacuum chamber to remove any native oxide. These spectra show 

that even after 2 weeks in air, not all the Te atoms near the surface are oxidized, meaning that some are 

still in a similar chemical environment as in pristine GaTe.  
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A.3 Raman active modes 

Figure A.3 shows the experimental Raman spectra of freshly cleaved and transformed 

GaTe, and the calculated Taman-active modes for GaTe and GaTe–O2. It can be seen that the 

Raman peaks observed in the as-cleaved samples match with some of the active modes of GaTe, 

similar for the Raman peaks of the transformed samples and the Raman-active modes of GaTe–

O2. Details on the calculation of the Raman modes are shown in Appendix B.2. 

 

Figure A.3. Calculated Raman-active modes of GaTe and GaTe–O2, compared to the experimental 

Raman spectra of (a) as-cleaved GaTe and (b) transformed (air-exposed) GaTe 
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A.4 Ion irradiation simulation 

Figure A.4 shows a cross-sectional schematic of the ion-irradiation process and range-of-

damage simulations. For the ion irradiation studies, He
+
 ions were irradiated normal to the GaTe 

layers, and samples surface. To guarantee that the vacancy formation along the samples 

thickness was relatively constant and that the range of maxiumum damage occurred far from the 

sample, Monte-Carlo simulations were done. The Stopping and Range of Ions in Matter (SRIM) 

software was used to simulate the number of vacancies formed in GaTe after ion irradiation.
[165]

 

The curves are a sum of independent Ga and Te vacancies, which were equal in magnitude. The 

curves for both 3 and 4 MeV He
+
 irradiation energies are shown to illustrate the range difference 

caused by a shift in energy and the possible variance of ion energy due to the instrument. The ion 

irradiation process was done by Jeffrey W. Beeman at Lawrence Berkeley National Lab. 

      

Figure A.4. (a) Cross-sectional representation of He+ ion irradiation studies. Ions irradiated normal to 

GaTe’s layer planes and transmitting through the sample’s thickness. (b) Monte-Carlo simulations, done 

with the Stopping and Range of Ions in Matter (SRIM) software, of vacancies formed in GaTe as 

a function of target depth caused by 3 and 4 MeV He
+
 irradiation. The range of sample width is 

illustrated by the dashed lines. 
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A.5 Additional low-temperature photoluminescence of GaTe 

Complementary data to that shown in Figure 4.4 and discussed in Section 4.2 is shown 

below. 

A.5.1 High excitation-intensity photoluminescence 

Figure A.5.a shows the PL spectra of GaTe for excitation intensities greater than 50 mW. 

At these higher intensities, local heating occurs, resulting in the broadening and red-shift of the 

free-exciton (FX) peak. Quenching of the acceptor-bound exciton (AX) peaks with increasing 

intensity is also observed. Figure A.5.b, instead, shows that the donor-acceptor pair (DAP) and 

the free-to-acceptor-bound (FBA) peaks remain even at higher excitation intensities and at about 

the same energy. This observation is expected as neither of these two transitions involve an 

exciton. However, for the 600 mW excitation PL we observe that the DAP peaks have started to 

quench and the FBA peaks have almost completely quenched, which is expected at even higher 

temperatures, where only the free-exciton peak is observed. 
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Figure A.5. Low-temperature photoluminescence spectra of GaTe with excitation intensities from 100 – 

600 mW, at 12 K. (a) Normalize PL spectra from 1.60 – 1.83 eV. (b) PL spectra from 1.45 – 1.70 eV. 
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A.5.2 Photoluminescence of ion-irradiated GaTe 

Figure A.6 shows the low-temperature PL spectra of He
+
 irradiated GaTe for excitation 

intensities between 1.6 – 50 mW, similar to Figure 4.4. As discussed in Section 4.1, the ion 

irradiation of GaTe resulted in the generation of donor-like native defects that partially 

compensated the hole concentration by an order of magnitude. This considerable increase in 

point defects and decrease in crystal quality had significant effects on the PL spectra of GaTe. 

The most noticeable change in the PL spectra is the disappearance of the DAP transitions. In 

addition, the FX peak is now at 1.769 eV, about 9 meV lower than the non-irradiated samples, 

which would imply an exciton binding energy (EX) of 27 meV, instead of 18 meV. In contrast, 

we observe that the FBA peaks remain relatively constant in energy, meaning that the Ga vacancy 

acceptor levels do not change. When taking into account the new exciton binding energy, the 

measured energy values of the AX peaks agree with the ones calculated using Equation 4.5 in 

Section 4.1.  

Given the lack of DAP transitions, it is difficult to determine whether the donor-like 

native defects created by ion irradiation are similar in nature to the donor defects present in the 

non-irradiated sample. In Section 4.2, it was determined that the donor level in the non-irradiated 

samples was around 130 meV below the conduction band minimum. This energy level would 

correspond to a free-to-donor-bound (FBD) and a donor-bound exciton (DX) transitions around 

1.668 and 1.731 eV, respectively, which overlap with FBA2 and A2X.  
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Figure A.6. Low-temperature photoluminescence spectra of ion-irradiated GaTe with different excitation 

intensities, at 12 K. 
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A.6 Furnace temperature profile 

Figure A.7 shows the temperature profile of the one-zone quartz tube reactor used for 

vapor-deposition growth. Different colored-curves correspond to different setpoint temperatures. 

Measurements were taken with an external Type-K thermocouple in a closed secondary-quartz-

tube sleeve, without touching the tube reactor walls. 
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Figure A.7. (a) Furnace temperature profile for given temperature setpoints: 800 °C, 900 °C, 950 °C, 

1000 °C, 1030 °C, 1050 °C. (b) Closer look at the temperature profile around the substrates position. 
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A.7 Raman spectra of GaSexTe1-x 

The observed Raman spectra for monoclinic and hexagonal GaSexTe1-x is shown in 

Figures A.8.a,b, respectively. It can be seen how the sharp peaks observed near the pure 

compounds, tend to broaden towards the the mid-compositions. Figure A.8.c shows the peaks 

dependence on crystal structure and composition, similar to the behavior previously reported.
[102]

 

In the monoclinic structure, with the exception of the peaks at 116 and 284 cm
-1

, the Raman 

peaks are not heavily dependent of composition. For the hexagonal structure, most peaks are 

noticeably dependent on composition, as they tend to soften with the addition of tellurium. 
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Figure A.8. Raman spectra of (a) monoclinic and (b) hexagonal GaSexTe1-x. (c) Raman peaks position 

dependence on crystal structure and composition. 
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A.8 GaSexTe1-x mixed-phase crystals 

In addition to the single-phase GaSexTe1-x crystals discussed in Chapter 5, we were also 

able to grow some mixed-phase crystals, as seen in Figures A.9.a,b. In all of the mixed-phase 

crystals found, it was observed that the hexagonal phase grew on top and near the center of a 

monoclinic crystal, as indicated in Figures A.9.c,d. Interestingly, it seems that the hexagonal 

phase grows in the serrated structure–along the zig-zag direction–regardless if the monoclinic 

crystal grew along the bꞱ- or b‖-axis, Figures A.9.a and A.9.b, respectively. The chemical 

composition measured for the mixed-phase crystals ranged from 0.14 < x < 0.31, which is 

comparable to the overlap region. Specifically, the compositions measured for the crystals shown 

in Figures A.9.a and A.9.b are x = 0.31 and x = 0.29, respectively. However, it is worth noting 

that, just as stated in Chapter 6, it is difficult to deconvolute the contributions of each layer to the 

chemical composition measurements in these multi-phase vertical assemblies.  

Figures A.9.e,f show the PL spectra of the crystals shown in Figures A.9.a and A.9.b, 

respectively. In Figure A.9.e, a weak PL signal at 1.79 eV is obtained for the monoclinic layer, 

while a significantly stronger signal from the thicker hexagonal layer is measured at 1.36 eV. In 

contrast, in Figure A.9.f, only a weak PL signal is obtained from the thin hexagonal layer at 1.37 

eV and a strong signal at 1.75 eV from the monoclinic layer underneath. The dependence of the 

PL peak energies of the mixed-phase crystals, on the crystal structure and composition, can be 

seen in Figure A.10a,b–illustrated by open pink squares. The dependence appears to be in good 

agreement with that of the single-phase crystals; the slight deviations should be corrected with 

more accurate composition measurements in each phase. 
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Figure A.9. Scanning electron micrographs of GaSexTe1-x mixed-phase crystals with (a) thicker 

hexagonal layer and (b) thicker monoclinic layer. (c)-(d) Height profiles of (a) and (b), respectively, 

illustrating the difference in thickness between the monoclinic and hexagonal parts. (e)-(f) PL spectra of 

crystals in (a) and (b), respectively. PL spectra shown in (e) correspond to bare monoclinic layer (area 1) 

and mixed-phase crystal with thick hexagonal layer (area2). PL peaks energies are indicated in (e) and (f). 
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A.9 GaSexTe1-x DFT calculations fitting 

It is known that DFT calculations with the PBE fuctional commonly underestimate the 

bandgap energy of semiconductors, while appropriately representing the bandgap trends, as 

mentioned in Section 5.5. To improve the bandgap estimation, linear fittings were done taking 

into account only the endpoints of the alloys. Figure A.10.a shows the fitting obtain by only 

taking into account the two hexagonal endpoints, h-GaTe and GaSe. Figure A.10.b shows the 

fitting obtain by only taking into account all three endpoints, m-GaTe, h-GaTe and GaSe. The 

linear fits obtain for each figure are y = 1.735x – 0.0213 and y = 1.740x – 0.0460, respectively. 

Overall, the fitting in Figure A.10.b seemed more accurate, and it predicted an indirect bandgap 

of h-GaTe around 1.28 eV. It can be seen that even the experimental PL peaks obtained for the 

mixed-phase crystals are in good agreement with the fitting, even with the uncertainty on their 

composition. 
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Figure A.10. DFT-calculated bandgaps for the GaSexTe1-x alloys using the PBE exchange-correlation 

functional fitted using the experimental bandgaps of (a) the two hexagonal endpoints and (b) all three 

endpoints. Experimental PL peak data of single-phase (closed black squares) and mixed-phase (open pink 

squares) crystals presented for reference. 
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Appendix B 

 

Additional methodology and analysis 

 

B.1. X-ray diffraction 

The XRD measurements were performed in collaboration with Annabel R. Chew from 

the Salleo group at Stanford University. For the measurements, as-exfoliated GaTe flakes were 

mounted on silicon wafers using copper tape. X-ray measurements were periodically carried out 

on the flakes to study the GaTe-O2 transformation process, using a laboratory-based PANalytical 

X’Pert PRO diffractometer. In the diffractometer, a Cu Kα X-ray (8.04 keV) source was used to 

study the samples under room temperature conditions. A monochromator was used to filter out 

the Cu Kα2 line. All measurements were carried out at room temperature. 

B.1.1. GIXD penetration depth calculation 

The penetration depth of the X-rays used in the grazing incidence XRD is defined as the 

depth at which the intensity drops by a factor of 1/e.
[110,111]

 The thickness of the GaTe flake 

studied in Figure 2.7.a was determined by the following equations and constants using the 

PANalytical HighScore X-ray Diffraction software. 

𝐼𝐿 = 𝐼𝑜𝑒
−𝜇𝐿                                                            (B.1) 

𝑑 = sin(𝜔) 𝜇⁄                                                           (B.2) 

 

IL is the diffracted intensity at a given depth L, I0 is the diffracted intensity right at the surface, μ 

is the linear absorption coefficient of GaTe for 8.04 keV x-rays (1.105 x 10
3
 cm

-1
), and d is the 

penetration depth. 
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Table B.1. Corresponding X-ray penetration depths based on the measured grazing angle of 

incidence using the GIXD geometry. 

Grazing angle, ω (
o
) Penetration depth, d (μm) 

0.1 0.036 

0.3 0.109 

0.5 0.182 

1 0.364 

2 0.727 

3 1.091 

5 1.816 
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B.1.2. Peak broadening analysis 

 

Figure B.1. (a) Representative plot showing peak broadening to peak order. The measured full-

width at half maximum (FWHM) of the {-2 0 1} family of peaks versus peak order for the GaTe 

flakes. The data shown here is for the sample measured one day after exfoliation. (b) 

Williamson-Hall plot for each sample, labeled according to the number of days after exfoliation 

at which the measurement was taken.
[112,113]

 Error bars on both the x and y axes are shown. 

 

Table B.2. Linear fit parameters obtained for the Williamson-Hall plots shown in Figure B.1.b. 

Time 

(days after exfoliation) 
Slope Intercept 

1 0.1562 ± 0.0001 0.03825 ± 0.00006 

8 0.012 ± 0.001 0.0428 ± 0.0005 

19 0.012 ± 0.002 0.041 ± 0.001 

40 0.018 ± 0.001 0.040 ± 0.001 

150 0.029 ± 0.005 0.037 ± 0.002 
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B.2. GaTe–O2 DFT calculations 

GaTe–O2 DFT calculations were performed in collaboration with Dr. Mehmet Topsakal 

at University of Minnesota. Structural relaxations and phonon calculations were carried out using 

the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional including van der Waals 

corrections.
[166,167]

 For band structure and density-of-states (DOS) calculations the Heyd–

Scuseria–Ernzerhof (HSE) functional was used, which is a screened hybrid functional introduced 

by Heyd, Scuseria, and Ernzerhof.
[168]

 One quarter of the PBE short-range exchange is replaced 

by exact exchange while the full PBE correlation energy is included. This hybrid functional was 

shown to yield improved band gaps compared to PBE functional.
[169]

 The interaction between the 

ions and valence electrons are described by the projected augmented wave (PAW) method with a 

plane wave cutoff of 340 eV.
[170]

  

Brillouin-zone integrations were performed using (4x4x4) Monkhorst-Pack grids. All 

atomic positions and lattice constants are optimized using the conjugate gradient method in 

which total energy and atomic forces are minimized. Effects of oxygen intercalation are 

simulated by adding an oxygen molecule into 2x1x1 supercell of monoclinic GaTe structure 

(which we denote henceforth as GaTe–O2) containing 12 Ga and 12 Te atoms. The same 

simulation cell is retained for pristine GaTe. The character of phonon modes, whether infrared 

(IR) or Raman active, is determined according to IR-active mode intensities. DFT calculations 

were performed using Vienna Ab-initio Simulation Package (VASP) code.
[171]
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B.3. Gold nanoparticles deposition 

Gold nanoparticles (20 nm, Sigma-Aldrich) were deposited on the silicon substrates by 

the procedire indicated by Patolsky, et al.
[172]

 First, the silicon substrates were solvent cleaned in 

a mixture of acetone and isopropyl alcohol for 20 minutes in a sonicator bath. The substrates 

were then rinsed with diH2O and blowed-dry with nitrogen. The surfaces were then plasma 

cleaned with oxygen for 5 minutes, making the surface hydrophilic. After, the substrates were 

covered with a thin liquid film 0.1% w/v aqueous poly-L-lysine (Ted Pella) for 2 minutes. The 

poly-L-lysine was rinsed with diH2O and blowed-dry with nitrogen, leaving a positively-charged 

self-assembled layer. A diluted gold nanoparticle solution (1:4 v/v with diH2O) was used to 

cover the silicon substrates surfaces for 10 seconds, before rinsing with diH2O and blow-drying 

with nitrogen. The dilution of the gold nanoparticles before deposition helps to disperse the 

particles and break any clusters formed during storage. The negatively charged gold 

nanoparticles are electrostatically atracted to the poly-L-lysine, improving nanoparticle 

adsorption. Finally, the silicon substrates are oxygen-plasma cleaned again for 5 minutes, to 

remove any organics including the poly-L-lysine. Soon after, the substrates were introduced into 

the quartz-tube reactor for vapor-deposition growth. 
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B.4. Micro-optical absorption 

The micro-optical absorption was performed in collaboration with Kyle Tom from the 

Yao group at UC Berkeley. The absorption edge was calculated from the transmission and 

reflection spectra. White light from a quartz tungsten source (LSH-100, Horiba) was reflected by 

a sapphire beam splitter and focused on the surface of samples by a 40× objective lens. A cutting 

edge aperture was placed at the image plane behind the beam splitter to select sample area 

(~50 mm diameter) from the reflected light. Then the selected light is focused into a 

spectrometer (iHR320, Horiba) and normalized to the reflection spectrum of a 100 nm gold film. 

Transmission measurements were performed with a similar setup, but with the light passing 

through a separate lens that focuses on the sample through the glass substrate before being 

focused into the spectrometer. Transmission measurements were normalized to the transmission 

spectrum of glass. 
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B.5. GaSexTe1-x DFT calculations 

GaSexTe1-x DFT calculations were performed in collaboration with Dr. Matthew K. 

Horton at Lawrence Berkeley National Lab. The calculations are performed using VASP and the 

PAW method, with pseudopotentials treating Ga 3d electrons as valence electrons.
[170,173]

 A 

plane-wave cut off of 520 eV and a k-point mesh of 500 k-points per reciprocal volume for 

density of states calculations. Geometry optimisations were performed using the PBE exchange-

correlation functional and lattice parameters obtained by Vegard’s law with relaxed structures. 

Bandstructures and density of states were also calculated using the Tran-Blaha modified-

Becke Johnson potential.
[153]

 This potential is known to give more accurate results than the PBE 

functional, and comparable results to quasiparticle GW calculations without the computational 

overhead.
[154]

 The potential has one free parameter, c, which is calculated self-consistently as a 

function of the calculated electron density, not adding extra empiricism. 

For the alloy compositions, a supercell containing a random alloy configuration was used, 

with a (3,3,1) supercell containing 72 atoms in the hexagonal phase (P63/mmc). This approach 

has been found to be robust even in the case of smaller supercells, with < 0.05 eV difference 

compared to the more complex quasirandom supercell method.
[174,175]

 For each composition, two 

separate calculations were performed and averaged. Crystal structures for the end-points were 

obtained from the Materials Project,
[152]

 and random supercells were constructed with the aid of 

the Python package pymatgen.
[176]
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