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Abstract 
Silver phenylselenolate (AgSePh) is a novel hybrid organic-inorganic two-dimensional (2D) 
semiconductor that belongs to the broader class of metal organochalcogenolates (MOCs). Since 
its blue-emitting excitonic properties were discovered in 2018, AgSePh has attracted attention 
from the scientific community. From a fundamental science perspective, AgSePh provides an 
excellent platform for exploring many-body interactions among quasiparticles (such as excitons, 
phonons, and photons) due to its large exciton binding energy, strong exciton-lattice interactions, 
and natural photonic cavity structure. From a technological standpoint, its narrow blue emission, 
a tunable bandgap through composition control, chemical robustness, in-plane anisotropy, and 
low-cost, scalable synthetic methods make AgSePh promising candidate for photonic and 
optoelectronic applications. However, we do not yet fully understand how its excitonic properties 
arise at a fundamental level. The central aim of this thesis is to elucidate the correlation between 
structure, inorganic composition, organic ligands, and excitonic properties in these novel hybrid 
2D semiconductors. 

First, we present the synthesis, structural and optical properties of 2D AgEPh (E = S, Se, Te) single 
crystals, colloidal nanocrystals, and thin films. Importantly, the growth of millimeter-sized single 
crystalline 2D AgEPh (E = S, Se, Te) enables their crystal structure determination via single crystal 
X-ray diffraction: AgSPh in P21, AgSePh in P21/c, and AgTePh in P21/c.  

Second, we explore the underlying mechanism of light emission in AgSePh and AgTePh. Despite 
having the same crystal structure, these compounds exhibit strikingly different excitonic 
properties: AgSePh shows narrow photoluminescence (PL) with a minimal Stokes shift, while 
AgTePh exhibits broad PL with a large Stokes shift. Using time-resolved and temperature 
dependent optical spectroscopy, combined with sub-gap photoexcitation studies, we demonstrate 
that the exciton dynamics in AgSePh films are dominated by the interaction of free-excitons with 
extrinsic defect states, whereas the dynamics in AgTePh are dominated by intrinsic exciton self-
trapping behavior.  

Third, we study alloying between AgEPh. we demonstrate that AgSePh and AgTePh form 
homogeneous alloys with tunable excitonic properties across all compositions, whereas AgSPh 
and AgSePh/AgTePh exhibit a miscibility gap. These observations are elucidated by density 
functional theory calculations and correlated with crystallographic information.  



4 
 

Fourth, using polarization-resolved micro-absorption, reflectance, and photoluminescence 
spectroscopy, combined with the GW plus Bethe-Salpeter equation calculations, we reveal 
multiple low-lying excitons with in-plane anisotropy in AgSePh and AgTePh. This showcases the 
richness of excitonic physics in these materials, which arises from their low-symmetry crystal 
structures. 

Finally, we show that the electronic and excitonic structure of AgSePh can be engineered through 
organic functionalization, resulting in giant excitonic anisotropy and a completely different 
absorption spectrum in 2D AgSePh-F2(2,3). This divergence in excitonic properties is attributed 
to the semi 1D Ag chains in AgSePh-F2(2,3), in contrast to hexagonal 2D Ag network in AgSePh. 
This finding can be generalized to other blue-emitting 2D AgSePh-R compounds which exhibit 
either AgSePh-like or AgSePh-F2(2,3)-like absorption spectra. 

Overall, this thesis advances the understanding of the structure-composition-excitonic property 
relationships in these emerging hybrid semiconductors, paving the way for future investigations 
into this exciting material family. 

Thesis supervisor: William A. Tisdale 
Title: Warren K. Lewis Professor of Chemical Engineering 
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Chapter  1    

Introduction 

1.1  Motivation and introduction 

The creation, manipulation, and detection of photons using semiconductors enables a wide 

range of optoelectronic and photonic applications, including light emitting diodes, solar cells, 

image sensors, photonic communication and computing. In semiconductors, a photon is absorbed 

by promoting an electron from the valence band to the conduction band, leaving behind a positive 

charge, a hole, in the valence band. The photogenerated electron and hole travel through 

semiconductors for a finite time as uncorrelated separate states (free charge carriers) or as a bound 

electron-hole pair known as an exciton before they recombine to reemit a photon. Because 

semiconductors consist of repetitive atomic structure, the collective motions of lattices known as 

phonons affect absorption, transport, and emission processes mentioned above. Therefore, the 

performance of optoelectronic and photonic devices is governed by the interplay between these 

quasiparticles (electrons, excitons, phonons, and photons). 

Advances in these technologies have been driven by the discovery and development of 

two-dimensional (2D) semiconductors. A prominent subfamily of 2D semiconductors is the 

transition metal dichalcogenides (TMDs).1 They consist of stacks of 2D inorganic sheets that 

interact directly through van der Waals forces, exhibiting a layer-dependent tunable bandgap. In 

their monolayer form, the combined effects of quantum confinement and reduced dielectric 

screening result in excitons with binding energies up to hundreds of meV.2,3 These robust excitons 

dominate the optical response at room temperature, leading to strong absorption, emission, and 

nonlinear excitonic phenomena due to enhanced light-matter interaction. However, preparing 

monolayer samples typically involves mechanical exfoliation and layer transfer, processes that are 

prone to causing sample damage or contamination.4,5  

Another promising subfamily of 2D semiconductors is the hybrid organic-inorganic 2D 

lead halide perovskites (LHPs).6,7 Similar to monolayer TMDs, 2D LHPs possess robust excitons 

that remain stable at the room temperature. However, unlike TMDs, 2D LHPs feature organic 
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ligands on top and bottom of inorganic sheets, which decouple electronic coupling between layers, 

resulting in a layer-independent bandgap. The solution processability and tunable bandgap across 

visible range via composition control make them even more promising. Additionally, the soft ionic 

lattices, combined with a hybrid organic-inorganic structure, lead to strong electron (or exciton)-

phonon interaction.8 This interaction causes the crystal lattice surrounding charges (or excitons) to 

become polarized or distorted, protecting them from external defects or trap states, which 

contributes to their defect tolerance.9 However, due to their ionic bonding, 2D LHPs are sensitive 

to water and polar solvents, limiting their long-term stability. Furthermore, the presence of lead in 

their composition raises concerns regarding environmental and health issues during the operation 

and the recycling of 2D LHP devices.10 

2D metal organochalcogenolates (MOCs) are a novel class of hybrid organic-inorganic 2D 

semiconductors.11–13 Similar to TMDs and 2D LHPs, 2D MOCs crystallize in the form of three-

dimensional (3D) solids consisting of 2D layers stacked by van der Waals forces. However, 2D 

MOCs are fundamentally distinguished from other 2D semiconductors by the presence of organic 

ligands covalently bonded to the inorganic sheet. This covalent bonding across organic and 

inorganic components provides them with chemical stability and electronic band gap tunability 

through organic ligand modification.14 Among 2D MOCs, silver phenylchalcogenolate (AgSePh) 

has gained the most interest. Although first discovered by John Corrigan & co-workers in 2002,15 

its importance was not widely recognized until 2018, when Hohman & co-workers at Lawrence 

Berkeley Lab demonstrated that AgSePh (dubbed “mithrene”) is an excitonic 2D semiconductor 

emitting blue (~467 nm) photoluminescence (PL).12,13 Following studies from multiple groups 

have showed its many promising properties such as strong exciton binding energy, in-plane optical 

anisotropy, low-cost and scalable synthetic methods, air stability, chemical robustness, and heavy 

metal-free composition.16,17 

Though AgSePh has shown significant potential that could surpass rival excitonic 

semiconductors such as TMDs and 2D LHPs, many outstanding questions remain unanswered to 

further enhance its performance and expand its functionality. What is the mechanism behind light 

emission in AgSePh? What factors affect exciton dynamics in AgSePh? How does its excitonic 

characteristics relate to its in-plane anisotropic crystal structure? Can we replace Se to other 

chalcogens like S and Te? Would AgSPh and AgTePh exhibit the same crystal structure and 
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excitonic property as AgSePh? Can we create an alloy between them? How do the exciton-phonon 

interactions change with variations in chalcogen ratio? How do the structure and excitonic 

properties change when we functionalize organic ligands? 

The aim of this thesis is to experimentally investigate the fundamental aspects of these 

questions. The ultimate goal is to establish a relationship between a structure-composition-optical 

property in in this emerging class of hybrid organic-inorganic semiconductors, from the 

perspective of interactions among quasiparticles (electrons, excitons, phonons, and photons). The 

following chapters will provide the background knowledge necessary to address these issues. 

Chapter 2 introduces excitons and other exciton-associated complex quasiparticles and how they 

are influenced by the dimension of host materials from a fundamental point of view. Chapter 3 

summarizes the historical development of MOCs that host these quasiparticles and existing 

knowledge gap in structure-composition-optical property relationship in these emerging materials.  

Chapters 4 through 8 will address these knowledge gaps using evidence from experimental 

observations and theoretical calculations. Chapter 4 will present the advanced synthesis of single 

crystalline 2D AgEPh (E = S, Se, Te) with sufficient size and quality for single-crystal X-ray 

diffraction that reveals their microscopic crystal structures. Chapter 5 will explore the light 

emission mechanisms in AgSePh and AgTePh thin films through various spectroscopic studies. 

Chapter 6 will investigate the thermodynamic stability and tunable excitonic properties of AgX1-

nYnPh (X, Y = S, Se, Te) thin films achieved through alloying. Chapter 7 will examine the excitonic 

anisotropy of single crystalline AgEPh crystals, arising from their anisotropic crystal structures, 

based on both spectroscopic observations and theoretical calculations. Finally, Chapter 8 will 

demonstrate giant excitonic anisotropy in 2D AgSePh-F2(2,3) enabled by its semi-1D Ag-Ag chain 

structure. 
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Chapter  2    

Excitons, polarons, and polaritons. 

 

The basis of this chapter has been adapted from several books1–4 that I relied on to gain 
fundamental knowledge throughout my Ph.D. 

 

2.1  Excitons 

In semiconductors, a photon is absorbed by promoting an electron from the valence band 

to the conduction band, leaving behind a positive charge, a hole, in the valence band. If interactions 

between the photogenerated electron and hole are negligible, they behave as two independent 

quasiparticles, known as free charge carriers. On the other hand, if they are attracted to each other 

via Coulomb forces and behave together as a bound pair, such a bound electron-hole pair no longer 

represent two uncorrelated quasiparticles. Instead, the electron-hole pair bound by Coulomb forces 

is considered a neutral quasiparticle called an exciton, which represents the lowest excitation in 

semiconductors. In this section, we will fundamentally review the types and properties of excitons 

and how dimensionality affects them.  

2.1.1  Excitons in bulk semiconductors 

In a simplified way, an exciton can be conceived as an electron and a hole orbiting round 

each other with the attractive force arising from the Coulomb potential: 

𝑈𝑈(𝑟𝑟) = −
𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑜𝑜𝜀𝜀 𝑟𝑟
, (2.1) 

where 𝑟𝑟 is the electron-hole distance and 𝜀𝜀 is the dielectric constant of the semiconductor. This is 

resembled to the Coulomb potential in hydrogen atom, allowing us to apply the Bohr model of the 

hydrogen atom to establish an exciton model with some modifications:  

The exciton Bohr radius can be expressed as:  
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𝑟𝑟𝑛𝑛 =
𝜀𝜀

(𝑚𝑚𝑟𝑟 𝑚𝑚𝑜𝑜⁄ )
𝑛𝑛2𝑎𝑎𝐵𝐵, (2.2) 

where 𝑛𝑛 = 1, 2, 3, … is the principal quantum orbit number, 𝑚𝑚𝑟𝑟 = (𝑚𝑚𝑒𝑒𝑚𝑚ℎ) (𝑚𝑚𝑒𝑒 + 𝑚𝑚ℎ)⁄   is the 

reduced mass of the exciton, 𝑚𝑚𝑜𝑜  is the free electron mass, and 𝑎𝑎𝐵𝐵  is the Bohr radius of the 

hydrogen atom (≈ 5 × 10-2 nm). 

In a similar way, the exciton binding energy can be expressed as:  

𝐸𝐸𝑏𝑏(𝑛𝑛) =
(𝑚𝑚𝑟𝑟 𝑚𝑚𝑜𝑜⁄ )

𝜀𝜀2
1
𝑛𝑛2
𝑅𝑅𝑅𝑅(𝐻𝐻) =

𝑅𝑅𝑅𝑅∗

𝑛𝑛2
, (2.3) 

where 𝑅𝑅𝑅𝑅(𝐻𝐻) represents the binding energy (or ionization) energy of the ground state hydrogen 

atom, commonly known as one Rydberg (13.6 eV), and 𝑅𝑅𝑅𝑅∗ represents the effective Rydberg 

constant. 

Therefore, semiconductors with larger dielectric constants typically have excitons with 

larger radius and weaker exciton binding energy. This is because the attractive Coulomb force 

between the electrons and hole is more strongly shielded in a semiconductor with a larger dielectric 

constant. Depending on the degree of exciton radius, there exist three basic types of excitons: 

• Frenkel excitons (or small radius excitons): These excitons are typically observed molecular 

crystal semiconductors with low dielectric constants. The spatial extension of this exciton is 

approximately confined to a single unit cell or molecule and it usually exhibits exciton binding 

energy in the range of 0.1~1 eV.  

• Wannier-Mott excitons (or large radius excitons): These excitons are mainly observed in 

inorganic semiconductors with high dielectric constants. In this case, the electron and hole are 

separated over many lattice constants, and the exciton wavefunction is strongly delocalized 

over many unit cells, with the exciton binding energy on the order of ~0.01 eV.  

• Charge transfer excitons: This intermediate case involves the electron and hole being located 

on adjacent unit cells. These excitons are primarily observed in ionic crystals or semiconductor 

interfaces.  



36 
 

 

Figure 2.1 Schematics of Frenkel excitons (left), charge-transfer excitons (center), and Wannier-
Mott excitons (right).  

In an ideal pure semiconductor, delocalized Wannier-mott excitons can travel freely 

through the semiconductor for a finite time before they recombine. In this thesis, such delocalized 

excitons are referred to as free-excitons. The total energy of these free-excitons propagating 

through the semiconductor can be expressed as:  

𝐸𝐸𝑛𝑛(𝐾𝐾) =  𝐸𝐸𝑔𝑔 −  𝐸𝐸𝑏𝑏(𝑛𝑛) +  𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 =  𝐸𝐸𝑔𝑔 −  
(𝑚𝑚𝑟𝑟 𝑚𝑚𝑜𝑜⁄ )

𝜀𝜀2
1
𝑛𝑛2
𝑅𝑅𝑅𝑅(𝐻𝐻) +  

ℏ2𝐾𝐾2

2(𝑚𝑚𝑒𝑒 + 𝑚𝑚ℎ), (2.4) 

where 𝐸𝐸𝑔𝑔 is the electronic bandgap, 𝐾𝐾 is the exciton wavevector, ℏ is the reduced Plank constant, 

𝐸𝐸𝑘𝑘𝑘𝑘𝑘𝑘 = ℏ2𝐾𝐾2 2(𝑚𝑚𝑒𝑒 + 𝑚𝑚ℎ)⁄  is the kinetic energy of the exciton. When there are impurities acting 

as trap states for the free-excitons in semiconductors, the free-excitons become localized at the 

impurities and lose their kinetic energy. Additionally, if the excitons strongly interact with 

surrounding lattices, they can also become localized through a process known as exciton self-

trapping (which will be discussed in detail in the section 2.2). In this thesis, these localized excitons 

are referred to as bound excitons. 

 

2.1.2  Charge carriers (electrons or holes) in two-dimensional semiconductors 

The properties of excitons are strongly dependent on the dimensionality of semiconductors. 

Given the vast scope of this topic, we will focus on the theoretical frameworks of excitons in 2D 

semiconductors, which are the most relevant to this thesis. 
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 The simplest system of 2D semiconductors is a quantum well with infinite energy barriers. 

Imagine a layer (a 2D semiconductor) lying on the x-y plane, with a thickness of 𝐿𝐿𝑧𝑧 along the z-

axis. The excitons can move freely within x-y plane, but their motion along z-axis will be confined 

within the layer’s thickness due to the potential energy barrier (𝑉𝑉) outside of it: 

𝑉𝑉(𝑧𝑧) = 0 for 0 < 𝑧𝑧 < 𝐿𝐿𝑧𝑧, 

𝑉𝑉(𝑧𝑧) = ∞ for 𝑧𝑧 < 0 and for 𝐿𝐿𝑧𝑧 < 𝑧𝑧. (2.5) 

 First, we will examine how spatial confinement affects the wavefunction and energy of a 

charge carrier (an electron or a hole). Then, we will extend our analysis to excitons in the next 

section, taking into account the Coulomb interactions between the electron and the hole. 

 The time-independent Schrödinger equation for a charge carrier confined in the quantum 

well 𝑉𝑉(𝑧𝑧) can be expressed as: 

�−
ℏ2

2𝑚𝑚�
𝜕𝜕2

𝜕𝜕𝑥𝑥2
+

𝜕𝜕2

𝜕𝜕𝑦𝑦2
+
𝜕𝜕2

𝜕𝜕𝑧𝑧2�
+ 𝑉𝑉(𝑧𝑧)�𝜓𝜓(𝑥𝑥,𝑦𝑦, 𝑧𝑧) = 𝐸𝐸𝐸𝐸(𝑥𝑥,𝑦𝑦, 𝑧𝑧), (2.6) 

where 𝜓𝜓 and 𝐸𝐸 is the wavefunction and energy of a charge carrier, respectively. For convenience, 

we can separate the equation into two parts: one describing the motion in the x-y plane, where the 

charge carrier moves freely, and the other describing the motion along the z-axis, where the spatial 

confinement occurs: 

𝜕𝜕2

𝜕𝜕𝑥𝑥2
+

𝜕𝜕2

𝜕𝜕𝑦𝑦2
+
𝜕𝜕2

𝜕𝜕𝑧𝑧2
=  ∇𝑥𝑥𝑥𝑥2 +

𝜕𝜕2

𝜕𝜕𝑧𝑧2
, 

𝜓𝜓(𝑥𝑥,𝑦𝑦, 𝑧𝑧) =  𝜙𝜙(𝑥𝑥,𝑦𝑦)𝜁𝜁(𝑧𝑧), 

𝐸𝐸 =  𝐸𝐸𝑥𝑥𝑥𝑥 + 𝐸𝐸𝑧𝑧. 

(2.7) 

Thus, instead of the original wave equation (2.6), we solve two separate equations: 

−
ℏ2

2𝑚𝑚
∇𝑥𝑥𝑥𝑥2𝜙𝜙(𝑥𝑥, 𝑦𝑦) = 𝐸𝐸𝑥𝑥𝑥𝑥𝜙𝜙(𝑥𝑥,𝑦𝑦), 

�−
ℏ2

2𝑚𝑚
𝜕𝜕2

𝜕𝜕𝑧𝑧2
+ 𝑉𝑉(𝑧𝑧)� 𝜁𝜁(𝑧𝑧) = 𝐸𝐸𝑧𝑧𝜁𝜁(𝑧𝑧). 

(2.8) 

The first equation corresponds to the free motion of a charge carrier within the x-y plane. As a 

result, its eigenfunctions are plane waves, and the dispersion relation take the well-known form of 

parabolic bands: 
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𝐸𝐸𝑥𝑥𝑥𝑥 =
ℏ2

2𝑚𝑚�𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑦𝑦

2� =
ℏ2

2𝑚𝑚
𝑘𝑘𝑥𝑥𝑥𝑥

2. (2.9) 

The second equation describes the motion of a charge carrier along z-axis where spatial 

confinement occurs. Because of the infinite energy barriers, a charge carrier cannot escape outside 

of the well, which gives the boundary conditions of:  

𝜁𝜁(0) =  𝜁𝜁(𝐿𝐿𝑧𝑧) = 0. (2.10) 

By applying these boundary conditions along with the normalization condition (the total 

probability of finding a charge carrier is equal to one), we can determine the wavefunctions and 

the corresponding energies of a charge carrier in a quantum well along z-axis as: 

𝜁𝜁(𝑧𝑧) =  �
2
𝐿𝐿𝑧𝑧
𝑠𝑠𝑠𝑠𝑠𝑠 �

𝑛𝑛𝑛𝑛
𝐿𝐿𝑧𝑧
𝑧𝑧� ,𝐸𝐸𝑧𝑧 =

ℏ2𝜋𝜋2𝑛𝑛2

2𝑚𝑚𝐿𝐿𝑧𝑧2
,𝑛𝑛 = 1, 2, 3, … (2.11) 

Thus, the overall energy of a charge carrier in an ideal quantum well with infinite potential barriers 

can be expressed as: 

𝐸𝐸 =  𝐸𝐸𝑥𝑥𝑥𝑥 + 𝐸𝐸𝑧𝑧 =  
ℏ2

2𝑚𝑚�𝑘𝑘𝑥𝑥𝑥𝑥
2 +

𝜋𝜋2𝑛𝑛2

𝐿𝐿𝑧𝑧2
� ,𝑛𝑛 = 1, 2, 3, … (2.12) 

Consequently, the energy of a charge carrier can be adjusted by the thickness, 𝐿𝐿𝑧𝑧, of a quantum 

well, and this phenomenon is known as quantum confinement effect. It is important to note that in 

a real quantum well, the potential barriers have finite values. While the solution to the wave 

equation inside such a quantum well remains largely unchanged, the solution outside takes the 

form of an evanescent (exponentially decaying) wave instead of being zero. Additionally, to 

observe the quantum confinement effect, the potential barrier, 𝑉𝑉𝑜𝑜, must be equal to or larger than  

𝑉𝑉𝑜𝑜 >
ℏ2𝜋𝜋2

2𝑚𝑚𝐿𝐿𝑧𝑧2
. (2.13) 

 

2.1.3  Excitons in two-dimensional semiconductors 

In the previous section, we discussed single-particle wave equations in a quantum well and 

explained how spatial confinement quantizes the energies of individual charge carriers (electrons 

and holes). However, to address excitons, where an electron and a hole are bound by the Coulomb 
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interaction, we need to use a two-particle Hamiltonian which includes the kinetic energies of the 

electron and hole, the quantum well potential, 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤, and the Coulomb interaction potential, 𝑉𝑉𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜:   

𝐻𝐻 = −
ℏ2

2𝑚𝑚𝑒𝑒
�
𝜕𝜕2

𝜕𝜕𝑥𝑥𝑒𝑒2
+

𝜕𝜕2

𝜕𝜕𝑦𝑦𝑒𝑒2
+

𝜕𝜕2

𝜕𝜕𝑧𝑧𝑒𝑒2
� −

ℏ2

2𝑚𝑚ℎ
�
𝜕𝜕2

𝜕𝜕𝑥𝑥ℎ2
+

𝜕𝜕2

𝜕𝜕𝑦𝑦ℎ2
+

𝜕𝜕2

𝜕𝜕𝑧𝑧ℎ2
�+ 𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 + 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶, 

𝑉𝑉𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = Δ𝐸𝐸𝐶𝐶 + Δ𝐸𝐸𝑉𝑉 = 𝑉𝑉𝑜𝑜�𝑧𝑧𝑒𝑒,ℎ�, 

𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 = −
𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑜𝑜𝜀𝜀 𝑟𝑟
, 

(2.14) 

where Δ𝐸𝐸𝐶𝐶 is the potential barrier for an electron, Δ𝐸𝐸𝑉𝑉 is the potential barrier for a hole, and 𝑟𝑟 =

|𝑟𝑟𝑒𝑒 − 𝑟𝑟ℎ| depends on the formulation of the electron and hole motion in the x-y plane in the frame 

of the exciton center of mass. We can significantly simply this Hamiltonian by assuming strong 

quantum confinement limit. Under this assumption, effect of Coulomb interaction on the exciton 

energy along z-axis is considered negligible, so excitonic effects manifest only in the x-y plane: 

𝐻𝐻 = −
ℏ2

2𝑚𝑚𝑒𝑒

𝜕𝜕2
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𝜕𝜕2

𝜕𝜕𝑧𝑧ℎ2
−

ℏ2

2𝑀𝑀𝑥𝑥𝑥𝑥
�
𝜕𝜕2

𝜕𝜕𝑋𝑋2
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𝜕𝜕2

𝜕𝜕𝑋𝑋2�
−

ℏ2

2𝑚𝑚𝑥𝑥𝑥𝑥
�
𝜕𝜕2

𝜕𝜕𝑥𝑥2
+

𝜕𝜕2

𝜕𝜕𝑦𝑦2�
+ 𝑉𝑉𝑜𝑜�𝑧𝑧𝑒𝑒,ℎ�

−
𝑒𝑒2

4𝜋𝜋𝜀𝜀𝑜𝑜𝜀𝜀 𝑟𝑟
 

(2.15) 

where 𝑀𝑀𝑥𝑥𝑥𝑥 = 𝑚𝑚𝑒𝑒 + 𝑚𝑚ℎ is the total exciton mass and 𝑚𝑚𝑥𝑥𝑥𝑥 (= 𝑚𝑚𝑟𝑟) is the reduced exciton mass. 

The capital letters (𝑋𝑋,𝑌𝑌) represent the coordinates of the exciton center of mass, while the lower-

case letters (𝑥𝑥,𝑦𝑦)  represent the relative coordinates of the electron and the hole. The time-

independent Schrödinger equation with the above Hamiltonian can then be divided into two parts 

describing separately the motion in the x-y plane and along the z-axis. The wavefunction is thus 

separated into three parts:  

𝜓𝜓(𝑟𝑟) =  𝜙𝜙𝑛𝑛𝑥𝑥𝑥𝑥(𝑟𝑟𝑥𝑥𝑥𝑥)𝜁𝜁𝑒𝑒,𝑖𝑖(𝑧𝑧𝑒𝑒)𝜁𝜁ℎ,𝑗𝑗(𝑧𝑧ℎ), (2.16) 

where the second and third terms represent the motions of the electron and the hole along the z-

axis. In contrast, the first term describes the (quasi-) free motion of the exciton with principal 

quantum number 𝑛𝑛 in the x-y plane. The associated exciton binding energies in the 2D quantum 

well are: 
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𝐸𝐸𝑏𝑏(𝑛𝑛)
2𝐷𝐷 =

𝑅𝑅𝑅𝑅∗

�𝑛𝑛 − 1
2�

2 ,𝑛𝑛 = 1, 2, 3, … (2.17) 

We can now directly compare the binding energy of excitons in 3D bulk semiconductors 

and 2D semiconductors. For the ground state exciton (𝑛𝑛 = 1), exciton binding energy in 2D system 

is four times larger than in the 3D bulk system. Additionally, because the squared exciton Bohr 

radius is inversely proportional to the exciton binding energy (𝑎𝑎𝐵𝐵2 ∝ 1 𝐸𝐸𝑏𝑏⁄ ), the exciton Bohr 

radius in 2D system is half the size of that in the 3D bulk case. This can be understood as the 

electron and hole being ‘squeezed’ closer together in a narrow well, leading to a decrease in the 

exciton radius and an increase of the electron-hole binding interaction. Another important 

characteristic of an exciton is its oscillator strength (𝑓𝑓), which is defined as the radiative transition 

probability between two energy levels. Therefore, a stronger oscillator strength of exciton indicates 

stronger absorption and emission from its excitonic transition. The oscillator strength of an exciton 

is inversely proportional to the cube of its Bohr radius (𝑓𝑓 ∝ 1 𝑎𝑎𝐵𝐵3⁄ ). Consequently, the oscillator 

strength of an exciton in 2D semiconductors is eight times stronger than in 3D bulk semiconductors.  

Until now, we have discussed how the quantum confinement effect impacts the properties 

of excitons using 2D hydrogen atom models, assuming a constant dielectric environment. However, 

in addition to the quantum confinement effect, the discontinuity of dielectric constants in 2D 

systems also significantly influences excitons. When the dielectric constant outside of 2D 

semiconductors is smaller than that inside, the dielectric screening of excitons is reduced (Figure 

2.2). This is because the electric field lines connecting the electron and hole extend outside of the 

2D semiconductors. As a result, the Coulomb interactions between the electron and hole become 

stronger, leading to higher exciton binding energy. This phenomenon is known as the dielectric 

confinement effect. Consequently, excitons become more robust, stable, and stronger in 2D 

semiconductors due to both quantum confinement and dielectric confinement effects, dominating 

the optical properties of the material. 
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Figure 2.2 Real-space representation of excitons in a 3D bulk and a 2D monolayer semiconductor, 
showing reduced dielectric screening on an exciton in 2D system. Figure adapted from 5. 

 

2.2  Polarons 

A charge carrier (or an exciton) in a deformable lattice can create an attractive potential 

well through short-range and/or long-range electron (or an exciton)-lattice interactions, where it 

can be temporarily trapped. This state, where a charge (or an exciton) is trapped in a potential well 

created by an electron (or an exciton)-lattice interaction is known as a quasiparticle called a 

polaron. Depending on the type of species trapped in the potential well, it can be referred to as an 

electron-polaron, hole-polaron, or exciton polaron. Polarons play a crucial role in photophysical 

properties of semiconductors, particularly low-dimensional semiconductors with polarizable and 

soft lattices. In this section, we will briefly discuss the electron-phonon interactions involved in 

polaron formation, types and properties of polarons depending on the strength of these interactions, 

and how dimensionality affects polarons. While our primary focus will be on electron-polarons to 

explain the concept, we will also briefly touch on exciton-polarons which are more relevant to this 

thesis.  
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2.2.1  Electron-phonon interactions 

Electron-phonon interactions describe how the energy of an electronic charge is affected 

by displacement of atoms around the charge. There are two types of electron-phonon interactions: 

Long-range interactions and short-range interactions. 

Long-range electron-phonon interactions occurs in polarizable (ionic and polar) materials. 

Pairing anions with cations allows the Coulomb potential of these materials to be represented as 

an array of electric dipoles. Changing the separation between the ions alters the potential 

experienced by an electron. The displacement of ions induced by the point charge of an electron 

provides a Coulomb-like potential well 𝑉𝑉𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿 to the electron at 𝑟𝑟:  

𝑉𝑉𝑒𝑒𝑒𝑒𝐿𝐿𝐿𝐿(𝑟𝑟) =  −�
1
𝜀𝜀∞

−
1
𝜀𝜀𝑜𝑜
�
𝑒𝑒2

|𝑟𝑟|, 
(2.18) 

where 𝜀𝜀∞ and 𝜀𝜀𝑜𝑜 are the material’s optical and static dielectric constants. The magnitude of this 

Coulomb potential quantifies the strength of the long-range electron-phonon interaction. This 

interaction is typically associated with longitudinal optical (LO) phonons which can generate net 

electric field to the electron. 

Short-range electron-phonon interactions occur when the energy of an electron depends 

on the strain where it resides. This interaction is typically associated with acoustic phonons and 

can occur in any semiconductors regardless of whether they are polar or nonpolar. Strain-induced 

shifts of the energies of bonding and-antibonding states (or electronic energies in semiconductors) 

generate a potential well 𝑉𝑉𝑒𝑒𝑒𝑒𝑆𝑆𝑆𝑆 to the electron, which, within the continuum treatment, can be 

expressed as: 

𝑉𝑉𝑒𝑒𝑒𝑒𝑆𝑆𝑆𝑆 =  −
𝐹𝐹2

𝑘𝑘
, (2.19) 

where 𝐹𝐹 has dimensions of a force and 𝑘𝑘 is the continuum’s stiffness constant. 

The potential wells formed by long-range and short-range electron-phonon interactions for 

a confined carrier of radius 𝑅𝑅 are shown in Figure 2.3. 
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Figure 2.3 Potential wells formed through long-range electron-optical phonon (left) and short-
range electron-acoustic phonon (right) interactions. 

 

Depending on the degree or strength of electron-phonon interactions, we define two types of 

polarons: Large polarons (or weak-coupling polarons) and small polarons (strong-coupling 

polarons). 

 

Figure 2.4 A large polaron in NiF (left) and a small polaron in Li2O (right). Figure adapted from 
6. 

• Large polarons (or weak-coupling polarons): Large polarons involve moderate lattice 

deformation around an electron, extending over several unit cells. This is typically due to the 

electrostatic polarization of an ionic lattice, with ion displacements much smaller than the 

lattice constant. In this case, the trapping time is extremely short, so the large polaron can be 

expressed as an increase of the effective mass of the electron. Therefore, its transport can be 

modeled as a free-electron transport with an increased effective mass. 

• Small polarons (or strong-coupling polarons): Small polarons involve stronger lattice 

distortion confined to about one unit cell. This often results from short-range potentials, though 
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long-range electrostatic polarization with significant ion displacements can also be a factor. 

This results in much longer trapping times, so the transport of small polarons is typically 

described by a hopping mechanism. The extreme case of small polaron is sometimes referred 

to as self-trapped electron, where the transfer time scale exceeds the observation period. 

 

In the following sections, we will first review large polarons that exist in the weak-coupling regime 

and extend our discussion to small polarons, self-trapping, and the effects of material dimension 

on polaron formation. 

 

2.2.2  Large polarons (or weak-coupling polarons) 

With sufficiently weak electron-phonon interaction, an electron in semiconductors form a 

large polaron or weak-coupling polaron. The energies and the effective masses associated with the 

quasiparticles are then slightly shifted from the free-electron values. These effects can be 

calculated by treating the electron-phonon interaction as a small perturbation.  

In this weak-coupling scheme, the conduction band is shifted through long-range electron-

phonon Coulomb interaction by:  

∆𝐸𝐸𝑊𝑊𝑊𝑊
𝐿𝐿𝐿𝐿 =  −

𝑒𝑒2

2𝑅𝑅𝑝𝑝
�

1
𝜀𝜀∞

−
1
𝜀𝜀𝑜𝑜
� =  −𝛼𝛼ℏ𝑤𝑤, (2.20) 

where the large polaron radius 𝑅𝑅𝑝𝑝 and Fröhlich coupling constant 𝛼𝛼 are expressed as: 

𝑅𝑅𝑝𝑝 ≡  �
ℏ

2𝑚𝑚𝑚𝑚
�
1/2

= �
𝑡𝑡
ℏ𝑤𝑤

�
1/2

𝑎𝑎, (2.21) 

𝛼𝛼 =
𝑒𝑒2

ℏ
�

1
𝜀𝜀∞

−
1
𝜀𝜀𝑜𝑜
��

𝑚𝑚
2ℏ𝑤𝑤

 (2.22) 

where 𝑚𝑚 is the effective mass of a free-electron, 𝑤𝑤 is the phonon frequency, 𝑡𝑡 ≡ ℏ2/2𝑚𝑚𝑎𝑎2 is the 

associated electronic band parameter, 𝑎𝑎 is the lattice constant. This radius represents a distance 

that an electron can diffuse during the period of an atomic vibration. Fröhlich coupling constant 𝛼𝛼  

represents the strength of the long-range electron-phonon Coulomb interaction. Then, the 

corresponding effective mass 𝑚𝑚∗for a large polaron can be expressed as: 



45 
 

𝑚𝑚∗ = 𝑚𝑚�1 +
𝛼𝛼
6
�. (2.23) 

Since 𝛼𝛼 < 1, 𝑚𝑚∗ is only slightly heavier than 𝑚𝑚. Thus, a large polaron can be considered as a free-

electron-like particle with an increased effective mass and relaxed energy, and its transport can 

still be described as a free-electron model (metallic or bandlike transport). The weak-coupling 

regime of the long-range electron-phonon Coulomb interaction remains valid as long as the 

potential well depth is less than the characteristic optical phonon energy. 

Although it is less significant for the formation of a large polaron, the short-range electron-

acoustic phonon interaction also reduces the energy of an electron at the conduction band 

minimum in the weak-coupling regime: 

∆𝐸𝐸𝑊𝑊𝑊𝑊
𝐿𝐿𝐿𝐿 =  −

𝐹𝐹2/𝑘𝑘
12(𝑅𝑅𝑝𝑝/𝑎𝑎)2

. (2.24) 

The weak-coupling regime of the short-range electron-acoustic phonon interaction breaks down 

when the product of the force exerted by an electron on adjacent atoms and the time an electron 

can spend a site exceeds the momentum of these atoms’ vibrations. 

 

2.2.3  Small polarons (or strong-coupling polarons) and self-trapping 

In the strong electron-phonon coupling regime where small polarons form, the descriptions 

of electron-phonon interactions for large polarons no longer apply, and a different formalism is 

required. In this section, we will discuss the self-trapping of an electron in a continuum model, 

which represents the extreme case of small polarons. 

The adiabatic energy of an electron with wavefunction 𝜓𝜓(𝑟𝑟) interacting with a field of 

elastic dilation ∆(𝑟𝑟) and Coulomb potential 𝜙𝜙(𝑟𝑟) can be expressed as: 

𝐸𝐸[𝜓𝜓,∆,𝜙𝜙] =
ℏ2

2𝑚𝑚
�(∇𝜓𝜓)2𝑑𝑑𝑑𝑑 + 𝐸𝐸𝑑𝑑 �|𝜓𝜓(𝑟𝑟)|2∆(𝑟𝑟)𝑑𝑑𝑑𝑑 + 𝑒𝑒�|𝜓𝜓(𝑟𝑟)|2𝜙𝜙(𝑟𝑟)𝑑𝑑𝑑𝑑

+
𝐶𝐶
2
�|𝜓𝜓(𝑟𝑟)|2𝜙𝜙(𝑟𝑟)𝑑𝑑𝑑𝑑 +

𝜀𝜀′
8𝜋𝜋

�|∇𝜙𝜙(𝑟𝑟)|2𝑑𝑑𝑑𝑑,  

(2.25) 

where 𝐸𝐸𝑑𝑑 is the deformation potential, 𝐶𝐶 is the elastic constant, and 𝜀𝜀′is given by 1/𝜀𝜀′ = 1/𝜀𝜀∞ −

1/𝜀𝜀𝑜𝑜. Here, the first term is the energy kinetic energy. The second and third terms are associated 
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with the strength of the short-range electron-acoustic phonon interaction and the strength of the 

long-range electron-LO phonon interaction, respectively. The fourth and fifth terms represent the 

elastic and dielectric polarization energies of the medium, respectively. Our interest in on the 

minimum of 𝐸𝐸 with respective to 𝜓𝜓,∆,𝜙𝜙. To solve this, a trial wavefunction 𝜓𝜓(𝑟𝑟) in the form of a 

Gaussian of radial extent 𝑎𝑎 is assumed: 

𝜓𝜓(𝑟𝑟) =  (√2/𝑎𝑎)3/2exp [−𝜋𝜋(𝑟𝑟/𝑎𝑎)2], (2.26) 

where the radius of localization 𝑎𝑎 is the variational parameter in the range between 𝑎𝑎𝑜𝑜(the lattice 

constant) and ∞(free-electron). Minimizing 𝐸𝐸[𝜓𝜓,∆,𝜙𝜙] sequentially with respect to ∆ and 𝜙𝜙 while 

keeping 𝜓𝜓(𝑟𝑟,𝑎𝑎) fixed yields: 

∆(𝑟𝑟) = (−𝐸𝐸𝑑𝑑/𝐶𝐶)|𝜓𝜓(𝑟𝑟,𝑎𝑎)|2 (2.27) 

and 

∇2𝜙𝜙(𝑟𝑟) = (4𝜋𝜋𝜋𝜋/𝜀𝜀′)|𝜓𝜓(𝑟𝑟, 𝑎𝑎)|2. (2.28) 

Integrating over the volume of the medium after substituting (2,26), (2.27) and (2.28) into (2.25), 

the energy as a function of 𝑎𝑎𝑜𝑜/𝑎𝑎 can be obtained:  

𝐸𝐸[𝜓𝜓] = 𝐵𝐵(𝑎𝑎𝑜𝑜/𝑎𝑎)2 − 𝐸𝐸𝑎𝑎𝑎𝑎(𝑎𝑎𝑜𝑜/𝑎𝑎)3 − 𝐸𝐸𝑜𝑜𝑜𝑜(𝑎𝑎𝑜𝑜/𝑎𝑎), (2.29) 

where 𝐵𝐵 ≡ 3𝜋𝜋ℏ2/2𝑚𝑚𝑎𝑎𝑜𝑜2, 𝐸𝐸𝑎𝑎𝑎𝑎 ≡ 𝐸𝐸𝑑𝑑2/2𝐶𝐶𝑎𝑎𝑜𝑜3, and 𝐸𝐸𝑜𝑜𝑜𝑜 ≡ 𝑒𝑒2/𝜀𝜀′𝑎𝑎𝑜𝑜 are associated with the kinetic 

energy of the electron, lattice relaxation energies contributed by the electron-acoustic phonon and 

LO phonon interactions, respectively. For efficient discussion, we introduce two dimensionless 

electron-phonon coupling parameters 𝑔𝑔𝑠𝑠 = 𝐸𝐸𝑎𝑎𝑎𝑎/𝐵𝐵 and 𝑔𝑔𝑙𝑙 = 𝐸𝐸𝑜𝑜𝑜𝑜/𝐵𝐵. Then, (2.29) becomes: 

𝐸𝐸(𝑎𝑎𝑜𝑜/𝑎𝑎)3𝐷𝐷 = 𝐵𝐵[(𝑎𝑎𝑜𝑜/𝑎𝑎)2 − 𝑔𝑔𝑠𝑠(𝑎𝑎𝑜𝑜/𝑎𝑎)3 − 𝑔𝑔𝑙𝑙(𝑎𝑎𝑜𝑜/𝑎𝑎)] (2.30) 

Figure 2.5 exhibits example plots of 𝐸𝐸 vs. 𝑎𝑎𝑜𝑜/𝑎𝑎 depending on the values of 𝑔𝑔𝑠𝑠 and 𝑔𝑔𝑙𝑙. Note that 

𝑎𝑎𝑜𝑜/𝑎𝑎 → 0 corresponds to a free-electron (or a large polaron) whereas 𝑎𝑎𝑜𝑜/𝑎𝑎 → 1 corresponds to a 

self-trapped electron (or a small polaron).  
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Figure 2.5 Adiabatic energy of a charge carrier vs. 𝑎𝑎𝑜𝑜/𝑎𝑎 in 3D semiconductors as a function of 
𝑔𝑔𝑠𝑠 and 𝑔𝑔𝑙𝑙. 

 

It is clearly shown that small polaron state becomes the most stable state, and the activation energy 

barrier from free-electron to self-trapped exciton decreases as electron-phonon coupling becomes 

stronger. Because the energy of small polarons or self-trapped electrons are highly relaxed 

compared to their surroundings, their wavefunctions are localized within a single unit cell and they 

become almost immobile. When they do transport (with extremely low mobility), it typically 

occurs through hopping mechanisms.  

 

2.2.4  Self-trapping in low-dimensional semiconductors 

Small polaron formation and self-trapping has been discussed so far for three dimensions. 

In this section, we will discuss how the dimensionality of semiconductors affect self-trapping of 

charge carriers. We will also briefly extend our discussion to exciton-phonon interactions and 

exciton self-trapping. 

 Short-range electron-acoustic phonon interactions occur in three-dimensions. Thus, when 

the material is reduced to 2D or 1D, these interactions are also reduced to 2D and 1D, respectively. 

In contrast, long-range electron-phonon Coulomb interaction results from the interaction between 

an electron and LO-phonons. Since LO-phonons are only relevant in the 1D longitudinal direction, 

reducing the material dimension from 3D to 2D or 1D does not affect the electron-LO phonon 
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interaction in the previous formalism. Therefore, 𝐸𝐸(𝑎𝑎𝑜𝑜/𝑎𝑎) for 2D and 1D cases can be expressed 

as: 

𝐸𝐸(𝑎𝑎𝑜𝑜/𝑎𝑎)2𝐷𝐷 = 𝐵𝐵[(𝑎𝑎𝑜𝑜/𝑎𝑎)2 − 𝑔𝑔𝑠𝑠(𝑎𝑎𝑜𝑜/𝑎𝑎)2 − 𝑔𝑔𝑙𝑙(𝑎𝑎𝑜𝑜/𝑎𝑎)] (2.31) 

 and 

𝐸𝐸(𝑎𝑎𝑜𝑜/𝑎𝑎)1𝐷𝐷 = 𝐵𝐵[(𝑎𝑎𝑜𝑜/𝑎𝑎)2 − 𝑔𝑔𝑠𝑠(𝑎𝑎𝑜𝑜/𝑎𝑎) − 𝑔𝑔𝑙𝑙(𝑎𝑎𝑜𝑜/𝑎𝑎)]. (2.32) 

Figure 2.6 exhibits example plots of 𝐸𝐸 vs. 𝑎𝑎𝑜𝑜/𝑎𝑎 depending on the values of 𝑔𝑔𝑠𝑠 and 𝑔𝑔𝑙𝑙. 

 

Figure 2.6 Adiabatic energy of a charge carrier vs. 𝑎𝑎𝑜𝑜/𝑎𝑎 in 1D, 2D, and 3D semiconductors with 
𝑔𝑔𝑠𝑠 = 1 and 𝑔𝑔𝑙𝑙 = 0.2. 

 

It is shown that reducing material dimension lowers the activation energy barrier from free-

electron (large polaron) to self-trapped electron (small polaron). Therefore, small polarons are 

more easily observed in low-dimensional semiconductors compared to their 3D bulk counterparts. 

 So far, we have focused on electron-phonon interactions and electron-phonon polarons. 

The same formalism and description can be applied to hole-phonon interactions and hole-phonon 

polarons. However, how can we describe exciton-phonon interactions and exciton-polarons? 

 There are two simplified ways to describe exciton-phonon interactions and exciton-

polarons. One approach is to consider the exciton as a charge-neutral particle and assume that only 

short-range exciton-acoustic phonon interactions are present, while long-range Coulomb 
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interactions are absent. The other approach is to assume that one charge carrier (either an electron 

or a hole) is dominant in the exciton and apply previous formalism only to the dominant charge 

carrier. This situation arises when the effective masses of an electron and a hole are significantly 

different. In such case, heavy carrier can dominate the motion of the exciton. However, I would 

like to emphasize that neither approach is perhaps the best way to describe the exciton-phonon 

interactions and exciton-polarons. There is still much room for improvement in our understanding 

and description of these interactions. The advancement of theory is accompanied by the 

experimental observations and confirmations. In this regard, spectroscopic observations of 

exciton-phonon interactions and self-trapped excitons in novel low-dimensional hybrid 

semiconductors, which we will discuss in the following chapters of this thesis, may contribute to 

the advancement of this field in condensed matter physics. 

 

2.3  Exciton-polaritons 

As explained in the previous section of 2.1.3, excitons in low-dimensional semiconductors 

exhibit strong oscillator strength, resulting in strong absorption and emission. Consequently, when 

a photon is created through exciton recombination, it can be re-absorbed within the material, 

creating an exciton once again. If this process is efficiently repeated, the distinction between 

excitons and photons inside the material becomes ambiguous. Although this is a simplified 

description, this state, where an exciton and a photon are strongly coupled, is known as an exciton-

polariton. When a semiconductor containing excitons with strong binding energy and oscillator 

strength is placed inside an optical cavity with photon energy close to that of the exciton, the 

exciton-photon interaction can enter the strong coupling regime. This results in the formation of 

strongly-coupled exciton-polaritons, which alter and dominate the optical and optoelectronic 

properties of semiconductors. Although this topic is beyond the primary scope of this thesis, we 

will provide a brief review of this subject here, because some 2D MOCs have the potential to host 

strong exciton-polaritons (as we will show in Chapter 7). One of the requirements for exciton-

polariton formation is a robust photonic state in the semiconductor. We will begin by discussing 

optical cavity that can support strongly-confined photonic modes.  
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2.3.1  Fabry-Perot cavity and standing-wave photon modes 

The Fabry-Perot (FP) interferometer, also known as the etalon, is a typical optical cavity 

consisting of two parallel reflection surfaces. Constructive and destructive interferences occur 

when the phase change of a photon during a round trip inside the cavity corresponds to an even or 

odd integer multiple of 𝜋𝜋, respectively. The phase change can be expressed as: 

𝜑𝜑 =
2𝜋𝜋
𝜆𝜆
𝛿𝛿 (2.33) 

where 𝜆𝜆 is the wavelength of the photon and 𝛿𝛿 is the path difference (𝛿𝛿 = 2𝐿𝐿 where 𝐿𝐿 is the length 

of the cavity). Consequently, the conditions for constructive and destructive interference are: 

Constructive:𝜑𝜑 =
4𝜋𝜋𝜋𝜋
𝜆𝜆

= 2𝑚𝑚𝑚𝑚 → 𝐿𝐿 =
𝜆𝜆
2
𝑚𝑚, 

Destructive:𝜑𝜑 =
4𝜋𝜋𝜋𝜋
𝜆𝜆

= 𝑚𝑚𝑚𝑚 → 𝐿𝐿 =
𝜆𝜆
4
𝑚𝑚, 

where, 𝑚𝑚 = 1,2,3, … 

(2.34) 

When the constructive interference occurs, the cavity is in resonance, supporting the standing-

wave photon modes whose energies can be tuned by adjusting the length of the cavity. 

  

2.3.2  Exciton-polaritons in 2D semiconductors inside the cavity 

 

Figure 2.7 2D Quantum well semiconductors placed in reflective mirrors. Excitons and photons 
are confined along the z-axis. 
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Now, imagine a 2D semiconductor is placed inside the FP cavity where both excitons and 

photons are confined along z-axis, as shown in Figure 2.7. When the energies of exciton and cavity 

are close enough, excitons in the semiconductor and photons confined within the cavity begin to 

exchange their energies, forming exciton-polaritons. In this section, we will discuss how an 

exciton-polariton is formed and what factors affect the formation of this quasiparticle. To describe 

the interactions of exciton and photon, we will begin with the dispersion of a photon which is 

expressed: 

𝐸𝐸𝑃𝑃(𝑘𝑘) = ℏ𝑐𝑐|𝑘𝑘|, (2.35) 

where 𝑘𝑘 is the light velocity and |𝑘𝑘| = �𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑦𝑦

2 + 𝑘𝑘𝑧𝑧
2 is the wave vector. Since the photon is 

confined along z-axis, the dispersion of photon becomes: 

𝐸𝐸𝑃𝑃(𝑘𝑘) =
ℏ𝑐𝑐
𝑛𝑛
��

2𝜋𝜋
𝐿𝐿
�
2

+ 𝑘𝑘||
2, (2.36) 

where 𝐿𝐿 is the length between two mirrors, 𝑛𝑛 is the refractive index of the semiconductor, and 𝑘𝑘|| 

is equal to �𝑘𝑘𝑥𝑥
2 + 𝑘𝑘𝑦𝑦

2. The first order approximation of Taylor expansion gives: 

𝐸𝐸𝑃𝑃�𝑘𝑘||� ≈ 𝐸𝐸𝑃𝑃𝑃𝑃 +
ℏ2𝑘𝑘||

2

2𝑚𝑚𝑃𝑃
∗  (2.37) 

where 𝐸𝐸𝑃𝑃𝑃𝑃 = 2𝜋𝜋ℏ𝑐𝑐/𝐿𝐿𝐿𝐿 is the photon energy at 𝑘𝑘|| = 0 and 𝑚𝑚𝑃𝑃
∗ ≈ ℏ𝑛𝑛/𝑐𝑐𝑐𝑐 is the effective mass of 

the cavity photon. As we described in the previous section of 2.1.2, the dispersion of the exciton 

in 2D semiconductors can be expressed as: 

𝐸𝐸𝑋𝑋(𝑘𝑘) = 𝐸𝐸𝑋𝑋𝑋𝑋 +
ℏ2𝑘𝑘||

2

2𝑚𝑚𝑋𝑋
∗  (2.38) 

where 𝐸𝐸𝑋𝑋𝑋𝑋 is the exciton energy at 𝑘𝑘|| = 0 and 𝑚𝑚𝑋𝑋
∗ is the effective mass of the exciton. Using a 

simplified model of two oscillators, the Hamiltonian for the exciton-photon system can be 

expressed as: 

𝐻𝐻 = �𝐸𝐸𝑃𝑃(𝑘𝑘)𝑝𝑝𝑘𝑘†𝑝𝑝𝑘𝑘
𝑘𝑘

+ �𝐸𝐸𝑋𝑋(𝑘𝑘)𝑥𝑥𝑘𝑘†𝑥𝑥𝑘𝑘
𝑘𝑘

+ �ℏΩ(𝑥𝑥𝑘𝑘†𝑝𝑝𝑘𝑘 + 𝑝𝑝𝑘𝑘†𝑥𝑥𝑘𝑘)
𝑘𝑘

 (2.39) 
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where ℏΩ represents the interaction energy (also known as Rabi splitting), 𝑝𝑝𝑘𝑘†𝑝𝑝𝑘𝑘 and 𝑥𝑥𝑘𝑘†𝑥𝑥𝑘𝑘 are 

the operators of creation and annihilation for photons and excitons, respectively. The eigen states 

of this system can be derived as a solution of the linear polariton system with the following eigen 

values: 

𝐸𝐸𝑈𝑈𝑈𝑈�𝑘𝑘||� =
𝐸𝐸𝑃𝑃�𝑘𝑘||� + 𝐸𝐸𝑋𝑋�𝑘𝑘||�

2
+

1
2�

∆(𝑘𝑘||)2 + 4ℏ2Ω2, (2.40) 

 

𝐸𝐸𝐿𝐿𝐿𝐿�𝑘𝑘||� =
𝐸𝐸𝑃𝑃�𝑘𝑘||� + 𝐸𝐸𝑋𝑋�𝑘𝑘||�

2
−

1
2�

∆(𝑘𝑘||)2 + 4ℏ2Ω2, (2.41) 

where 𝐸𝐸𝑈𝑈𝑈𝑈�𝑘𝑘||�  and 𝐸𝐸𝐿𝐿𝐿𝐿�𝑘𝑘||�  represent the energies of the upper and lower branches of the 

exciton-polariton state, and ∆(𝑘𝑘||) is 𝐸𝐸𝑃𝑃�𝑘𝑘||� − 𝐸𝐸𝑋𝑋�𝑘𝑘||�. The schematic of 𝐸𝐸𝑈𝑈𝑈𝑈�𝑘𝑘||� and 𝐸𝐸𝐿𝐿𝐿𝐿�𝑘𝑘||� 

when 𝐸𝐸𝑃𝑃𝑃𝑃 =  𝐸𝐸𝑋𝑋𝑋𝑋 is shown in Figure 2.8. 

 

Figure 2.8 Exciton-polariton dispersions in a quantum well-FP cavity. 

  

It is worth noting that the effective mass of the exciton 𝑚𝑚𝑋𝑋
∗ is much greater than the effective mass 

of the photon 𝑚𝑚𝑃𝑃
∗, resulting in a nearly flat slope for 𝐸𝐸𝑋𝑋�𝑘𝑘||� compared to others. 
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 In reality, in addition to  ∆(𝑘𝑘||) and ℏΩ, the lifetimes of the individual components (photon 

and exciton) significantly impact the dynamics and energies of the system. Taking lifetimes into 

account: 

𝐸𝐸𝐿𝐿𝐿𝐿,𝑈𝑈𝑈𝑈�𝑘𝑘||� =
𝐸𝐸𝑃𝑃�𝑘𝑘||� + 𝐸𝐸𝑋𝑋�𝑘𝑘||� + 𝑖𝑖(𝛾𝛾𝑃𝑃 + 𝛾𝛾𝑋𝑋)

2
±

1
2
��∆(𝑘𝑘||) + 𝑖𝑖(𝛾𝛾𝑃𝑃 − 𝛾𝛾𝑋𝑋)�2 + 4ℏ2Ω2, (2.42) 

where 𝛾𝛾𝑃𝑃  and 𝛾𝛾𝑋𝑋  represents the homogenous linewidth of the photonic and excitonic modes, 

respectively, which are directly related to their corresponding lifetimes via Heisenberg’s 

uncertainty principle, 𝜏𝜏 ∙ 𝛾𝛾 ≥ ℏ. The decay rate of the photons is determined by the cavity losses 

(absorption and leakage) and the decay rate of the excitons is governed by radiative and non-

radiative decay processes. Typical lifetimes are 𝜏𝜏𝑃𝑃~1-10ps  and 𝜏𝜏𝑋𝑋~1ns . Therefore, the 

requirement for strong exciton-photon coupling is ℏΩ > |𝛾𝛾𝑃𝑃 − 𝛾𝛾𝑋𝑋/2|. Qualitatively, this means 

having strongly confined photons with minimal leakage and excitons with strong oscillator 

strength. 

 Some semiconductors, including 2D LHPs, have a natural flat FP optical cavity structure 

and 2D excitons with strong oscillator strength. One example is 2D AgSePh. It has flat top and 

bottom surfaces and a high refractive index, allowing these surfaces to act as mirrors. Additionally, 

it features excitons lying in 2D plane parallel to the flat surfaces, with strong binding energy and 

strong oscillator strength. Consequently, when its thickness is within the range of excitons’ 

wavelength, it can exhibit exciton-polariton features.  
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Chapter  3    

Low-dimensional metal organochalcogenolates  

A key material system in this thesis is metal organochalcogenolates (MOCs),1 also known 

as metal-organic chalcogenides and organic metal chalcogenides (OMCs).2 MOCs are a novel 

class of low-dimensional hybrid organic-inorganic materials with the chemical formula of 

[M(ER)]n. Here, M stands for metals, E stands for chalcogen elements (S, Se, Te), and R denotes 

an organic hydrocarbon. Coinage metals [Cu(I), Ag(I), Au(I)] are commonly used in these 

materials due to their favorable soft base-soft acid interaction, but metals such as Cd, Pb, Zn, In, 

Sn and Fe can also be used.3–5 

Depending on the steric hinderance and/or Vander Waals interactions between organic 

ligands as well as electronic interactions between organic and inorganic components, there exists 

0D, 1D, 2D MOCs. OD MOCs exhibit the properties of molecular complexes, whereas 1D and 2D 

MOCs can exhibit semiconductor properties with delocalized electronic bands along the direction 

or plane where inorganic components are extended. 

Although the history of this material family began in 1980s, MOCs were not widely 

recognized as a platform for studying novel exciton physics and developing innovative excitonic 

devices until 2018. This recognition came when a silver phenylchalcogenolate (AgSePh, also 

known as “mithrene”) was rediscovered as a blue-emitting excitonic semiconductor.6,7 Since then, 

multiple groups have reported promising properties of AgSePh, such as strong exciton binding 

energy, a tunable bandgap via the control of organic and inorganic components, in-plane optical 

anisotropy, and more.  

In this chapter, I will briefly review the history and progress of AgSePh and its derivatives 

(AgSPh, AgTePh, and AgSeR), and highlight a knowledge gap in the community that I will 

address in the following chapters based on my Ph.D. research.  
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3.1  Synthesis and structure of 2D AgEPh (E = S, Se, Te) 

 The synthesis and structure of AgSePh was first reported in 2002 by John Corrigan & co-

workers (Figure 3.1).8 Briefly, AgSePh single crystals were obtained by adding a solution of 

lithium phenylselenolate (PhSeLi) to a solution of silver chloride (AgCl) and triphenylphosphine 

in tetrahydrofuran (THF). The crystal structure was determined to be monoclinic C2/c using 

single-crystal X-ray diffraction (SCXRD) measurement at 180 K. Unfortunately, no further studies 

were conducted on this material until 2018. 

 

Figure 3.1 Crystal structure of AgSePh in C2/c, reported in 8. 

In 2018, Hohman and co-workers rediscovered AgSePh as a blue-emitting excitonic 

semiconductors by developing two new synthetic methods (Figure 3.2). One method, known as 

biphasic method,7 involves layering toluene containing diphenyl diselenide (Ph2Se2) on top of a 

water containing silver nitrate (AgNO3). AgSePh microcrystals are then formed at the interface. 

The other method, known as tarnishing method,6 involves reacting a metallic Ag film is reacted 

with Ph2Se2 vapor at elevated temperatures, transforming it into polycrystalline AgSePh films with 

a domain size of a few hundreds of nanometers. Similar results can be obtained upon the reaction 

between silver (I) oxide (Ag2O) and benzeneselenol (PhSeH) vapor. 
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Figure 3.2 Biphasic and tarnishing methods. (a) A photo of reaction vial for the biphasic method. 
(b) Optical and confocal emission micrographs of AgSePh crystals from the biphasic method. (c) 
Schematic overview of the tarnishing method. (d) Optical and confocal emission micrographs of 
AgSePh thin films from the tarnishing method. Panels (a,b) adapted from 7. Panels (c,d) adapted 
from 6. 

In 2021, Paritmongkol in the Tisdale group and co-workers developed an amine-assisted 

reaction method (Figure 3.3).9 This method involves mixing amine solution (e.g., propylamine) 

containing AgNO3 and toluene containing Ph2Se2, resulting in millimeter-sized AgSePh single 

crystals. The SCXRD measurement at 100 K determined the structure of obtained AgSePh single 

crystal to be monoclinic P21/c. 

 

Figure 3.3 Amine-assisted single-phase method. (a) Schematic illustration of the method (left) 
and image of the resulting product (right). (b) Crystal structure of AgSePh in P21/c. Figure adapted 
from 9. 
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In 2022, Nate Hohman & co-workers developed small molecule serial femtosecond X-ray 

crystallography (smSFX) to determine the structure of small molecules (Figure 3.4).10 As a proof 

of concept, they synthesized nanometer-sized AgSePh crystals by directly reacting Ag2O powders 

with a PhSeH solution, and determined the structure of AgSePh to be monoclinic C2/c using this 

new method at room temperature. Additionally, using similar methods, they synthesized 

nanometer-sized AgSPh and AgTePh, and determined the structures of AgSPh to be monoclinic 

Cc and AgTePh to be monoclinic C2/c. 

 

Figure 3.4 Small-molecule serial femtosecond X-ray crystallography (smSFX). (a) Schematic 
illustration of the smSFX experiment. (b) Crystal structures of AgSPh in Cc, AgSePh in C2/c, and 
AgTePh in C2/c, determined by smSFX. Figure adapted from 10. 

 

 Indeed, there is a clear debate regarding the crystal structure of AgSePh (P21/c vs. C2/c). 

Since knowing the correct structure is the first step in understanding and optimizing material 
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properties, it is crucial and time-urgent to address this issue. Possible scenarios for this discrepancy 

include: 1) a phase transition from P21/c (at 100K) to C2/c (at 180K and room temperature), 2) 

polymorphism at the same temperature, or 3) incorrect structure determination due to factors such 

as low crystal quality of instrument limitations. Additionally, the crystal sizes of AgSPh and 

AgTePh reported so far are limited to below a few micrometers, restricting both fundamental 

studies and practical applications. Indeed, there are remaining questions: 

• What is the correct crystallographic description for AgSePh, between P21/c and C2/c? 

• Can we synthesize single crystalline AgSPh and AgTePh with sufficient size and quality? 

 

This thesis will address these issues in Chapter 4. 

 

3.2  Excitons and exciton-phonon interactions in 2D AgEPh (E=S, Se, Te) 

Since the rediscovery of AgSePh as a blue-emitting semiconductor in 2018, this material 

has begun to attract attention from the scientific community as a novel 2D hybrid organic-

inorganic excitonic semiconductor for both fundamental and applied research. This interest arises 

from four unique features of AgSePh:  

• Natural quantum well structures. AgSePh crystallizes in the form of a 3D solid consisting of 

2D layers stacked by interlayer van der Waals interactions. Each 2D layer consists of an 

inorganic AgSe sheet sandwiched between phenyl rings. Consequently, AgSePh has natural 

hybrid quantum well structures that can support robust excitons inside inorganic sheets due to 

quantum and dielectric confinement effects. 

• In-plane anisotropy. In both P21/c and C2/c structures, AgSePh exhibit in-plane anisotropy in 

its structure. Since material properties are governed by its structure, it is likely that excitons 

confined within the 2D layers in AgSePh may also exhibit in-plane anisotropy. Moreover, 

AgSePh may exhibit in-plane anisotropic electrical, thermal, and optical properties that can 

unlock novel devices for directional electron, exciton, photon, and heat transport. 

• Covalent bonding. AgSePh features covalent bonding not only within organic and inorganic 

components but also between them. This covalent bonding makes AgSePh stable in air and 
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polar solvents, unlike 2D LHPs. More importantly, because of the covalent bonding between 

inorganic and organic components, excitons in AgSePh may exhibit a hybrid nature of Wannier 

excitons (commonly observed in inorganic semiconductors) and Frenkel excitons (commonly 

observed in organic molecular semiconductors) or even new types of excitons.  

• Tunable bandgap. Another potential advantage of the covalent bonding between inorganic 

sheet and organic ligands is the tunability of the bandgap through organic modification, which 

is unachievable in other 2D van der Waals semiconductors, including TMDs and 2D LHPs. In 

addition to organic group modification, substituting inorganic components such as metals or 

chalcogens can control the bandgap of AgSePh, enabling application-specific properties and 

functionalities.  

 Inspired by these potentials of AgSePh, multiple groups have investigated exciton physics 

and dynamics in this material. The following is the important findings regarding excitonic 

properties in AgSePh and its analogues. 

 Schwartzberg and co-workers first demonstrated that absorption feature in AgSePh 

consists of three distinct excitonic resonances (labelled as X1, X2, and X3 excitons, from lower 

energy to higher energy) (Figure 3.5a).11 Using pump energy-dependent transient absorption 

spectroscopy, they determined exciton binding energy of X1 exciton to be ~380 meV (Figure 3.5b), 

which was in good agreement with the lowest-lying exciton binding energy (~350 meV) predicted 

by GW and Bethe-Salpeter equation (GW-BSE) calculations. The lowest exciton binding energy 

was also measured to be ~400 meV by Schuck and co-workers using low-temperature PL 

excitation spectroscopy (Figure 3.5c).12 Indeed, it was experimentally and theoretically confirmed 

that AgSePh possesses robust excitons with binding energy of 300~400 meV, comparable to those 

of monolayer TMDs and 2D LHPs. 
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Figure 3.5 Three distinct excitons and exciton binding energy of the lowest exciton in AgSePh. 
(a) Excitonic absorption resonances of X1, X2 and X3 excitons and photoluminescence from X1 
exciton recombination. (b) Detection of band-edge absorption onset using pump energy-dependent 
transient absorption spectroscopy. (c) Probing exciton binding energy using low-temperature 
photoluminescence excitation spectroscopy. Panels (a,b) adapted from 11. Panel (c) adapted from 
12. 

 Schwartzberg and co-workers also first revealed the anisotropy of X1, X2 and X3 excitons.11 

Using spectroscopic ellipsometry, they showed that the extinction coefficient in the in-plane 

direction is much larger than the that in the out-of-plane direction, indicating that the excitonic 

dipole moments lie in the 2D plane (Figure 3.6a). Additionally, using polarization-resolved 

absorption spectroscopy, they revealed in-plane anisotropy of these excitons: X1 and X3 excitons 

are polarized along [010] direction, while the X2 exciton is polarized along [100] direction (Figure 

3.6b,c). Two low-lying excitons with strong oscillator strength and orthogonal polarization were 

also predicted by GW-BSE calculations (Figure 3.6d,e). However, there was some inconsistency 

between experimental observations and theoretical calculations: 1) three distinct excitons were 

observed in experiments, whereas two excitons were predicted in calculations, and 2) the 

absorption intensity of the lowest exciton is lower than that of the second-lowest exciton in 

experiments, whereas the opposite was predicted in calculations. Consequently, more 

investigations are required to fill this knowledge gap. 
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Figure 3.6 Anisotropic excitons in AgSePh. (a) Optical extinction coefficient for the in-plane and 
out-of-plane components, calculated from ellipsometry fit. (b,c) The in-plane anisotropy of 
excitons in AgSePh, revealed by polarization-resolved absorption spectroscopy. (d,e) exciton 
energy, oscillator strength, and anisotropy in AgSePh, predicted by the GW-BSE calculations. 
Figure adapted from 11. 

While only narrow-blue emission, primarily arising from the recombination of the X1 

exciton, is observed at room temperature, multiple groups have reported largely Stokes-shifted and 

broad emission in addition to the narrow-blue emission in AgSePh at low temperatures (Figure 

3.7). Schwartzberg and co-workers attributed this broad emission to the defect-derived emission, 

as it became saturated with increased excitation power (Figure 3.7a,b).12 Paritmongkol in the 

Tisdale group and co-workers also assigned it to defects based on the observation that this emission 

was suppressed in high-quality single crystals (Figure 3.7c).9 On the other hand, using ultrafast 

transient absorption spectroscopy, Maserati and co-workers suggested the possibility that this 

broadband emission might arise from exciton self-trapping (Figure 3.7d,e).13 Indeed, it is still 

unclear whether this broad emission arises from defects, defect-aided self-trapped excitons, or 

intrinsic self-trapped excitons.  
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Figure 3.7 Largely Stokes-shifted and broad emission in AgSePh. (a) Temperature-dependent 
photoluminescence spectra of AgSePh. (b) Power-dependent intensities of narrow emission and 
broad emission in AgSePh. (c) Suppressed broad emission in high-quality AgSePh single crystal. 
(d) Temperature-dependent exciton dynamics revealed by ultrafast transient absorption 
spectroscopy. (e) Schematic diagram showing exciton self-trapping process. The colored arrows 
indicate possible radiative recombination of the self-trapped exciton. Panels (a,b) adapted from 12. 
Panel c adapted from 9. Panels (d,e) adapted from 13. 

 

 The requirement for exciton self-trapping is strong exciton-lattice interactions. These 

strong exciton-lattice interactions can lead to other interesting excitonic features beyond self-

trapping. Powers in the Tisdale group and co-workers revealed coherent exciton-lattice dynamics 

in AgSePh (Figure 3.8).14 Using femtosecond resonant impulsive vibrational spectroscopy (IVS), 

multiple hybrid organic-inorganic vibrational modes that strongly couple to the excited electronic 

states were identified (Figure 3.8a,b). Moreover, analysis of temperature-dependent PL peak shifts 

and linewidth broadening, combined with IVS analysis and density functional theory calculations, 

revealed that the excitonic light emission in AgSePh is strongly influenced by a coupling with a 

phonon mode (99 cm-1) involving the wagging motion of phenyl rings and metal-chalcogen 

stretching (figure 3.8c-e). These findings demonstrate hybrid nature of vibrational modes and 

strong exciton-phonon interactions in AgSePh. 
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Figure 3.8 Coherent exciton-lattice dynamics and its effect on light emission in AgSePh. (a) 
Impulsive vibrational spectroscopy (IVS) color map of AgSePh at 5 K. (b) Vibrational frequencies 
obtained from IVS data. Temperature-dependent photoluminescence (c) peak shifts and (d) 
linewidth broadening. (e) Density functional theory (DFT)-simulated atomic displacements for 99 
cm-1 mode. Figure adapted from 14. 

 

 Researchers have also investigated the possibility of tunable excitonic properties through 

chalcogen substitution (Figure 3.9). Hohman and co-workers introduced thiophenol and diphenyl 

ditelluride instead of benzeneselenol or diphenyl diselenide for the tarnishing method to synthesize 

2D silver phenylthioloate (AgSPh, also known as “thiorene”) and 2D silver phenyltellurolate 

(AgTePh, also known as “tethrene”), respectively. The obtained AgSPh exhibited single 

absorption peak at ~3.45 eV and no PL, whereas AgTePh showed two broad excitonic absorption 

resonances with large energetic separation and largely Stokes-shifted broad PL (Figure 3.9a and 

b). Norris and co-workers also explored the chalcogen substitution by developing new synthetic 

methods (Figure 3.9c-f).15 They demonstrated tunable emission across the ultraviolet (UV) to 

visible range through chalcogen substitution or mixing. Interestingly, they observed that AgSPh 

exhibited PL centered at ~380 nm, although its efficiency was extremely low (~0.0004%). 
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Additionally, they found that 1D AgTePh formed instead of 2D AgTePh, implying that the 

microscopic crystal structure or even the chemical formula of AgTePh synthesized by their method 

is likely different from the 2D AgTePh obtained by Hohman and co-workers. 

 

Figure 3.9 Effects of chalcogen substitution in AgSePh on its absorption and photoluminescence. 
(a) Absorption and (b) Photoluminescence spectra of AgEPh (E = S, Se, Te) obtained by the 
tarnishing method. (c) Schematic showing the synthesis of AgEPh (E = S, Se, Te) and their alloys 
(or mixtures), developed by Norris and coworkers. (d) Photoluminescence spectra and (e,f) 
scanning transmission electron microscopy and energy-dispersive X-ray measurements of AgEPh 
(E = S, Se, Te) and their alloys (or mixtures). Panels (a,b) adapted from ref. 11. Panels (c-f) adapted 
from 15. 

 Indeed, there has been significant progress in understanding the excitonic properties of 

AgSePh and tuning its properties via chalcogen substitution. However, several questions remain: 

• Why are the excitonic states and their anisotropy in experimental observations and theoretical 

calculations inconsistent? 

• Why do the absorption spectra of AgEPh (E=S,Se,Te) differ so significantly? 

• What is the origin of the absence of PL (or PL with extremely low efficiency) in AgSPh? 

• What is the light emission mechanism in AgSePh and AgTePh, respectively? 

• Are the alloys between AgEPh homogeneous? Do they form a complete solid-solution system? 

If not, why? 

• How does the chalcogen substitution affect exciton-phonon interactions in AgEPh? 
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• Do AgSPh and AgTePh exhibit optical anisotropy like AgSePh? 

• Can we tune the optical properties of AgEPh by controlling their thickness through photonic 

effects? 

 

This thesis will address these questions from Chapter 5 to Chapter 7. 

 

3.3  0D, 1D and 2D silver organochalcogenolates (AgSeR) 

 As I highlighted in the previous section, one of the unique features of AgSePh or MOCs in 

general is the covalent bonding between organic and inorganic components. This could potentially 

allow bandgap tuning via organic modification even in the absence of atomic displacement in 

inorganic components. However, depending on the steric hindrance between organic ligands 

and/or electronic interaction between inorganic components and organic ligands, one can even 

control the structure or dimension of the materials. 

 As a proof of concept, Paritmongkol, Tisdale, and co-workers demonstrated a new material 

design strategy by introducing a heteroatom (N) into the phenylselenide ligands, which 

transformed 2D AgSePh into 0D silver pyridinylselenide (AgSePy) (Figure 3.10a-c).16 AgSePy 

exhibited strong and broad orange PL with a quantum yield of ~64%. While it crystallizes into a 

1D rod shape in bulk, density functional theory calculations confirmed its 0D electronic structure. 

Sakurada in the Tisdale group and co-workers also demonstrated the transformation of 2D AgSePh 

into yellow-emissive 1D silver 2,6-difluorophenylselenolate – AgSePhF2(2,6) – through 

fluorination of the phenyl ligands at the ortho-positions (Figure 3.10d-f).17 The AgSePhF2(2,6) 

exhibited broad PL centered at ~574 nm with a quantum yield of ~2.5%. Density functional theory 

calculations confirmed its 1D electronic structure, where the conduction and valence band edges 

are strongly dispersive along the 1D crystal axis. 



68 
 

 

Figure 3.10 0D AgSePy and 1D AgSePhF2(2,6). (a) The crystal structure of AgSePy. (b) 
Absorption and photoluminescence spectra of AgSePy. (c) Electronic band structure of AgSePy. 
(d) Crystal structure of AgSePhF2(2,6). (e) Absorption and photoluminescence spectra of 
AgSePhF2(2,6). (f) Electronic band structure of AgSePhF2(2,6). Panels (a-c) adapted from 16. 
Panels (d-f) adapted from ref. 17. 

  

Sakurada in the Tisdale group and co-workers also demonstrated an organic ligand 

modification strategy that enables fine-tuning of emission wavelengths while maintaining 2D 

quantum well structures with blue emission (Figure 3.11). Interestingly, among blue-emitting 2D 

AgSe-R, two types of absorption spectra were observed: Excitonic absorption peaks crowded near 

450 nm, like AgSePh (Figure 3.11a) or excitonic absorption peaks separated by a large energetic 

gap, like AgSePhF2(2,3) (Figure 3.11b). Despite its significance for band structure optimization 

and improving emission efficiency, the origin of these different absorption spectra is unknown. 

• What governs electronic and excitonic band structure in 2D AgSe-R? 

  

This thesis will address this question in Chapter 8. 
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Figure 3.11 Absorption and photoluminescence spectra of 2D AgSe-R where R is a functionalized 
benzene. Two types of absorption spectra are observed: (a) excitonic absorption peaks crowded 
near 450 nm, like AgSePh or (b) excitonic absorption peaks separated by a large energetic gap, 
like AgSePhF2(2,3). Unpublished data from the Tisdale group, with Tomoaki Sakurada as the lead 
person for the projects. 
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Chapter  4    
Synthesis and Structural Anisotropy of Single 

Crystalline 2D AgEPh (E=S, Se, Te) 
 

The basis of this chapter has been adapted from: 
Woo Seok Lee, Peter Müller, Nicholas Samulewicz, Tejas Deshpande, Ruomeng Wan, William 
A. Tisdale. “Synthesis and Structural Anisotropy of Single Crystalline 2D AgEPh (E=S, Se, Te)” 
In manuscript (2024). 

 

4.1  Abstract 

Silver phenylchalcogenides (AgEPh; E = S, Se, Te) are emerging two-dimensional (2D) 

semiconductors belonging to a broader class of hybrid organic-inorganic materials, known as metal 

organochalcogenides (MOCs). However, the size of AgSPh and AgTePh crystals has been limited 

to less than 5 μm, presenting challenges for both fundamental and applied research. Moreover, 

despite its significance for theoretical calculations as well as the understanding and further 

optimization of material properties, the accurate description of the crystal structure of AgSePh 

(C2/c or P21/c) is debated. In this chapter, we report the growth of millimeter-sized single 

crystalline 2D AgEPh (E = S, Se, Te) with a unique macroscopic parallelogram shape. 

Transmission electron microscopy and electron diffraction studies reveal the relationship between 

their macroscopic morphology and microscopic crystal structure. More importantly, we determine 

three new crystal structures through single crystal X-ray diffraction: 2D AgSPh in P21 and 2D 

AgTePh in P21/c as well as 1D AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089C3H7N) in P-1. Strikingly, 

our space group assignment of 2D AgEPh in primitive lattices is different from the previously 

reported C-centered lattices (AgSPh in Cc, AgSePh and AgTePh in C2/c). Using temperature-

dependent powder X-ray diffraction, absorption and photoluminescence spectroscopy of 2D 

AgEPh prepared from different synthetic methods, we explore and discuss potential causes for the 

discrepancies in crystal structure descriptions, such as phase transitions, polymorphism, and 

variations in crystal size and quality. 
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4.2  Introduction 

Metal organochalcogenolates (MOCs) are an emerging class of low-dimensional hybrid 

organic-inorganic semiconductors with a chemical formula of [M(ER)]n where M typically stands 

for coinage metals [Cu(I), Ag(I), and Au(I)]; E for chalcogen elements (S, Se, Te); and R for an 

organic hydrocarbon.1–3 Unlike other low-dimensional hybrid materials such as colloidal 

nanocrystals4 or halide perovskites,5 MOCs are distinguished by the covalent bonds between their 

inorganic and organic components. This covalent bonding enables structural, dimensional and 

electronic tunability through both organic functionalization6–14 and inorganic component 

manipulations.3,8,14–21 Consequently, MOC find applications across a broad range of fields, 

including catalysis,17,20 sensing,10,22–25 light emission,11,15,21,26 and electronic devices.27,28  

 Silver phenylthiolate (AgSPh, also known as “thiorene”),17–20 silver phenylselenolate 

(AgSePh, also known as “mithrene”),17,18,20,26,29–31 silver phenyltellurolate (AgTePh, also known 

as “tethrene”)17–19,21 are prototypical members of two-dimensional (2D) MOCs. These compounds 

form layered van der Waals solids where inorganic silver chalcogenide layers are sandwiched by 

benzene rings. Among these, AgSePh has received the most attention due to its narrow blue (~467 

nm) emission,8,18,19,21,23,24,26,29–35 while AgSPh exhibits no photoluminescence18,19 and AgTePh 

shows a broad emission centered at ~600 nm with a significant Stokes shift.18,19,21 Initially, the 

crystal structures of these compounds were refined to monoclinic C-centered lattices (AgSPh in 

Cc,18 AgSePh18,31 and AgTePh18 in C2/c). Recently, our group developed an amine-assisted 

reaction method, enabling the growth of millimeter-sized single crystalline AgSePh whose 

structure was refined to P21/c space group.30 However, whether this amine-assisted method can be 

extended to grow large, high-quality crystals of other chalcogen analogues remains unproven. 

More importantly, despite its significance for theoretical calculations and further material property 

optimization, the accurate description of the crystal structure of AgSePh (C2/c vs. P21/c) remains 

a subject of debate.18,30,31 

Here, we report the growth of millimeter-sized single crystalline AgEPh (E = S, Se, Te) 

with a unique macroscopic parallelogram shape. Through transmission electron microscopy and 

electron diffraction studies, we reveal the relationship between macroscopic morphology of 2D 

AgEPh and their microscopic crystal structure. Furthermore, we determine three new crystal 

structures through single crystal X-ray diffraction: 2D AgSPh in P21 and 2D AgTePh in P21/c as 
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well as 1D AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089C3H7N) in P-1. We explore and discuss 

potential causes for the discrepancies in crystal structure descriptions of 2D AgEPh (Primitive 

lattices in this work vs. C-centered lattices in previous works), such as phase transitions, 

polymorphism, and variations in crystal size and quality, by employing temperature-dependent 

powder X-ray diffraction, absorption and photoluminescence spectroscopy of 2D AgEPh prepared 

from different synthetic methods. 
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4.3  Results and Discussion 

4.3.1  Synthesis, structural and optical characterization of AgEPh (E = S, Se, Te) 

 

Figure 4.1 Structural and optical properties of AgEPh (E = S, Se, Te) crystals synthesized by (a) 
the amine-assisted solution phase reaction method. Optical micrographs of (b) AgSPh, (c) AgSePh, 
and (d) AgTePh crystals. Diffuse reflectance UV-vis absorption and photoluminescence spectra of 
(e) AgSPh, (f) AgSePh, and (g) AgTePh crystals. Crystal structures of (h) AgSPh (monoclinic P21), 
(i) AgSePh (monoclinic P21/c),30 and (j) AgTePh (monoclinic P21/c) determined by single-crystal 
X-ray diffraction. Disordered atoms in AgSPh are omitted for clarity. 
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Figure 4.2 Photographs of the vial upon the completion of reaction and the scanning electron 
micrographs of the AgEPh (E = S, Se, Te) crystals. 

 

 Two-dimensional (2D) AgEPh (E = S, Se, Te) crystals were synthesized by the amine-

assisted solution phase method with a slight modification (Figure 4.1a).30 Briefly, a 20 mM 

solution of silver nitrate (AgNO3) in 1-butylamine (BuNH2) and a 20 mM solution of diphenyl 

dichalcogenide (Ph2E2; E = S, Se, Te) in BuNH2 were mixed in a sealed vial. The vial was then 

stored under dark at room temperature for 2 weeks to obtain AgSPh crystals, 3 days for AgSePh 

crystals, and 2 months for AgTePh crystals. The lateral sizes of the AgEPh crystals vary from ~10 

μm to even larger than ~1 mm (Figures 4.1b-d and 4.2). For AgSPh and AgSePh, no byproduct or 

intermediate phase was observed during the synthesis process, and similar results were obtained 

when propylamine (PrNH2) and hexylamine (HexNH2) were used instead of BuNH2.  

 However, intermediate phases or byproducts such as 1D fibers or 1D crystals (1D AgTePh 

+ 0.089 C3H7N) were observed during the synthesis of 2D AgTePh (Figure 4.3). When BuNH2 

was used, after one day, 1D fibers emerged and started to grow. After one week to a month, 2D 

AgTePh crystals began to appear and grow, accompanied by a reduction of 1D fibers, implying a 

chemical transformation of 1D fibers to 2D AgTePh. After 2-3 months, only 2D AgTePh crystals 

were observed. Similar results were observed when propylamine (PrNH2) and HexNH2 were used 

instead of BuNH2. On the other hand, when mixing a solution of AgNO3 in PrNH2 with a solution 

of Ph2Te2 in toluene, 1D crystals were observed after a week in the absence of 1D fibers and 2D 
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AgTePh (Figure 4.3b). The 1D fibers, 1D crystals and 2D crystals of AgTePh exhibited distinct 

photoluminescence spectra (Figure 4.3c), suggesting differences in their crystal structures or 

possibly even in their chemical formula. For example, the crystal structure of 1D crystals was 

determined through single-crystal X-ray diffraction, revealing a triclinic P-1 space group with a 

chemical formula of AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089 C3H7N), where the amine solvent 

was trapped within a channel between chains of 1D AgTePh (Figure 4.3d-g and Table 4.1). 

Therefore, careful attention and choice of solvent are needed to obtain 2D AgTePh crystals. 

 Diffuse reflectance UV-vis absorption and photoluminescence (PL) spectra of AgEPh 

crystals at room temperature are shown in Figure 4.1e-g. The AgSPh crystals exhibited an 

absorption centered around 355 nm (~3.49 eV), but no PL was observed when excited by 355 nm 

light. The AgSePh crystals exhibited two “apparent” overlapping absorption peaks at 431 nm and 

452 nm (~2.87 and ~2.74 eV). Upon excitation with 405 nm light, the AgSePh crystals displayed 

PL centered at 467 nm (~2.65 eV) with a full-with-at-half-maximum (FWHM) of ~76 meV. The 

AgTePh crystals revealed two “apparent” absorption peaks, with large energetic separation, 

centered at 417 nm and 477 nm (~2.97 and ~2.59 eV). When excited by 405 nm light, the AgTePh 

crystals exhibited a significantly red-shifted and broad PL centered at 597 nm (~2.04 eV) with a 

FWHM of ~382 meV. 

 The AgEPh crystals exhibit excellent crystallinity sufficient for single-crystal X-ray 

diffraction (SCXRD). In our previous work, we reported the crystal structure of AgSePh in 

monoclinic P21/c space group determined through SCXRD at 100 K (Figure 4.1i).30 In this work, 

we additionally report the new crystal structures of AgSPh in monoclinic P21 space group and 

AgTePh in monoclinic P21/c space group determined through SCXRD at 100 K, confirming their 

in-plane anisotropic 2D layered structures consisting of inorganic AgE layers sandwiched with 

benzene rings like AgSePh (Figure 4.1h,j, and Tables 4.1-4.4). Additional crystallographic 

information of 2D AgSPh, 2D AgTePh, and 1D AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089C3H7N) 

are: 

• 2D AgSPh crystallizes in the monoclinic chiral space group P21 with four AgSPh subunits in 

the asymmetric unit. The structure is a 2D polymer and application of crystallographic 

symmetry gives rise to infinite sheets extending parallel to the a-b-plane and stacking along 

the crystallographic c-axis with the phenyl rings from adjacent planes pointing towards one 
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another. The structure shows significant disorder of the Ag—S chains that could be modelled 

only partially. The corresponding phenyl rings should also be disordered; however, this could 

not be parameterized. The high maxima and minima in the difference electron density, mostly 

located near Ag and S atoms, suggest that the disorder is not modelled perfectly; however, no 

better model could be established. Unfortunately, owing to this massive and only partially 

resolved disorder, the value of this structure is limited.   

• 2D AgTePh crystallizes in the monoclinic centrosymmetric space group P21/c with two 

AgTePh subunits in the asymmetric unit.  Just like in the case of 2D AgSPh, the structure is a 

2D polymer and application of crystallographic symmetry gives rise to infinite sheets 

extending parallel to the a-b-plane and stacking along the crystallographic c-axis with the 

phenyl rings from adjacent planes pointing towards one another. 

• 1D AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089C3H7N) crystallizes in the triclinic 

centrosymmetric space group P-1 with three AgTePh subunits as well as one disordered and 

only partially occupied molecule of n-propylamine in the asymmetric unit.  In this structure, 

the molecules form a 1D polymer with infinite strands extending along the crystallographic a-

direction.  Those strands have an AgTe core and the phenyl rings are displayed radially to the 

outside.  In the crystal packing, solvent accessible channels along the a-direction are formed 

which are filled with disordered n-propylamine.  The propylamine was found to be partially 

disordered and only partially occupied (the asymmetric unit contains just 27% of one solvent 

molecule, corresponding to 9% of solvent per AgTePh subunit).  All three phenyl rings were 

refined as 50:50 disordered with respect to a rotation about the C1-C4 axis. 
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Figure 4.3 (a) Schematic illustration of a reaction vial with precursors in BuNH2 (or HexNH2), 
and images of the reaction products over time. (b) Schematic illustration of a reaction vial with 
precursors in a mixture of PrNH2 and toluene, and an image of the reaction product after a week. 
(c) Photoluminescence spectra of 1D fibers, 1D crystals, and 2D crystals generated during the 
synthesis process of (a) and (b). Crystal structures of 1D AgTeC6.27H5.62N0.09 crystal (1D AgTePh 
+ 0.089 C3H7N) depicted from (d) the perspective view, and along crystallographic (e) [100], (f) 
[010], and (g) [001] directions. The black solid line represents a single unit cell, and the green 
solid line represents the region where the amine solvent (C3H7N) was trapped between chains of 
1D AgTePh. 
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Table 4.1 Crystal data and structure refinement of 2D AgSPh, 2D AgTePh, and 1D 
AgTeC6.27H5.62N0.09 (1D AgTePh + 0.089C3H7N) 

 2D AgSPh 2D AgTePh 1D AgTePh + 0.089C3H7N 
Identification code P23051 P23058 P21094 
Empirical formula  C6H5AgS C6H5AgTe C6.27H5.62AgN0.09Te 
Formula weight  217.03 312.57 317.64 
Temperature  100(2) K 100(2) K 100(2) K 
Wavelength  0.71073 Å 0.71073 Å 0.71073 Å 
Crystal system  Monoclinic Monoclinic Triclinic 
Space group  P21 P21/c P-1 

Unit cell dimensions a = 7.3481(10) Å, α = 
90° a = 5.8218(2) Å, α = 90° a = 4.81028(10) Å, α = 

79.9448(10)° 
 b = 5.8045(7) Å, β = 

94.111(4)° 
b = 7.4781(3) Å, β = 
92.9041(15)° 

b = 12.8426(3) Å, β = 
84.5318(9)° 

 c = 28.134(4) Å, γ = 90° c = 30.1349(13) Å, γ = 
90° 

c = 17.2883(4) Å, γ = 
83.1369(9)° 

Volume 1196.9(3) Å3 1310.27(9) Å3 1041.04(4) Å3 
Z 8 8 6 
Density (calculated) 2.409 Mg/m3 3.169 Mg/m3 3.040 Mg/m3 
Absorption coefficient 3.585 mm-1 7.322 mm-1 6.915 mm-1 
F(000) 832 1120 857 

Crystal size 0.415 x 0.355 x 0.035 
mm3 

0.235 x 0.070 x 0.010 
mm3 0.200 x 0.015 x 0.005 mm3 

Theta range for data 
collection 1.451 to 31.587°. 2.707 to 31.551°. 1.619 to 31.583°. 

Index ranges 
-10<=h<=10,  
-8<=k<=8,  
-41<=l<=41 

-8<=h<=8,  
-10<=k<=11,  
-44<=l<=44 

-7<=h<=6,  
-18<=k<=18,  
-25<=l<=25 

Reflections collected 61611 69667 91707 
Independent reflections 7992 [R(int) = 0.0518] 4361 [R(int) = 0.0389] 6924 [R(int) = 0.0434] 
Completeness to theta = 
25.242° 99.70% 99.80% 99.90% 

Absorption correction Semi-empirical from 
equivalents 

Semi-empirical from 
equivalents 

Semi-empirical from 
equivalents 

Refinement method Full-matrix least-squares 
on F2 

Full-matrix least-squares 
on F2 

Full-matrix least-squares on 
F2 

Data / restraints / 
parameters 7992 / 669 / 328 4361 / 0 / 145 6924 / 1409 / 429 

Goodness-of-fit on F2 1.117 1.03 1.1 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0879, wR2 = 
0.2489 

R1 = 0.0252, wR2 = 
0.0581 R1 = 0.0203, wR2 = 0.0325 

R indices (all data) R1 = 0.0978, wR2 = 
0.2591 

R1 = 0.0370, wR2 = 
0.0655 R1 = 0.0279, wR2 = 0.0349 

Absolute structure 
parameter 0.43(14) n/a n/a 

Extinction coefficient 0.0060(13) n/a n/a 
Largest diff. peak and 
hole 6.749 and -8.434 e.Å-3 1.345 and -1.217 e.Å-3 1.045 and -0.947 e.Å-3 
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Table 4.2 Bond lengths [Å] and angles [°] 
for 2D AgSPh. 

Ag(1)-S(1)  2.471(3) 
Ag(1)-S(2)#1  2.543(3) 
Ag(1)-S(2)#2  2.579(4) 
Ag(1)-Ag(2)#3  2.923(2) 
Ag(1)-Ag(2)#2  2.924(2) 
S(1)-C(11)  1.789(11) 
S(1)-Ag(2)  2.534(4) 
S(1)-Ag(2)#3  2.606(4) 
C(11)-C(16)  1.389(13) 
C(11)-C(12)  1.403(13) 
C(12)-C(13)  1.389(14) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.405(14) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.398(14) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.397(13) 
C(15)-H(15)  0.9500 
C(16)-H(16)  0.9500 
Ag(2)-S(2)  2.489(4) 
S(2)-C(21)  1.789(11) 
C(21)-C(26)  1.397(14) 
C(21)-C(22)  1.409(13) 
C(22)-C(23)  1.395(13) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.395(14) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.394(14) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.384(15) 
C(25)-H(25)  0.9500 
C(26)-H(26)  0.9500 
Ag(3)-S(3)  2.480(6) 
Ag(3)-S(4)#4  2.551(7) 
Ag(3)-S(4)#5  2.564(6) 
Ag(3)-Ag(4)#6  2.924(3) 
Ag(3)-Ag(4)#4  2.930(4) 
S(3)-C(31)  1.788(13) 
S(3)-Ag(4)  2.522(6) 
S(3)-Ag(4)#6  2.625(7) 
C(31)-C(32)  1.393(16) 
C(31)-C(36)  1.408(16) 
C(32)-C(33)  1.385(16) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.394(17) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.395(17) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.384(17) 
C(35)-H(35)  0.9500 

C(36)-H(36)  0.9500 
Ag(4)-S(4)  2.497(6) 
S(4)-C(41)  1.788(13) 
C(41)-C(46)  1.390(16) 
C(41)-C(42)  1.401(15) 
C(42)-C(43)  1.385(15) 
C(42)-H(42)  0.9500 
C(43)-C(44)  1.401(17) 
C(43)-H(43)  0.9500 
C(44)-C(45)  1.395(17) 
C(44)-H(44)  0.9500 
C(45)-C(46)  1.383(16) 
C(45)-H(45)  0.9500 
C(46)-H(46)  0.9500 
Ag(3A)-S(3A)  2.505(12) 
Ag(3A)-S(4A)#4  2.53(3) 
Ag(3A)-S(4A)#1  2.79(4) 
Ag(3A)-S(3A)#7  2.85(2) 
Ag(3A)-Ag(3A)#7  2.923(2) 
Ag(3A)-Ag(3A)#8  2.923(2) 
S(3A)-Ag(4A)#6  2.47(3) 
S(3A)-Ag(4A)  2.519(12) 
Ag(4A)-S(4A)  2.507(11) 
Ag(4A)-S(4A)#4  2.66(3) 
Ag(4A)-Ag(4A)#4  2.9112(18) 
Ag(4A)-Ag(4A)#6  2.9112(18) 
 
S(1)-Ag(1)-S(2)#1 123.76(15) 
S(1)-Ag(1)-S(2)#2 133.81(11) 
S(2)#1-Ag(1)-S(2)#2 95.58(7) 
S(1)-Ag(1)-Ag(2)#3 57.03(10) 
S(2)#1-Ag(1)-Ag(2)#3 67.97(10) 
S(2)#2-Ag(1)-Ag(2)#3 139.77(10) 
S(1)-Ag(1)-Ag(2)#2 111.46(10) 
S(2)#1-Ag(1)-Ag(2)#2 120.71(10) 
S(2)#2-Ag(1)-Ag(2)#2 53.33(9) 
Ag(2)#3-Ag(1)-Ag(2)#2 166.04(5) 
C(11)-S(1)-Ag(1) 103.7(5) 
C(11)-S(1)-Ag(2) 115.8(4) 
Ag(1)-S(1)-Ag(2) 95.93(13) 
C(11)-S(1)-Ag(2)#3 124.7(4) 
Ag(1)-S(1)-Ag(2)#3 70.25(9) 
Ag(2)-S(1)-Ag(2)#3 119.57(13) 
C(16)-C(11)-C(12) 120.8(10) 
C(16)-C(11)-S(1) 119.5(8) 
C(12)-C(11)-S(1) 119.7(9) 
C(13)-C(12)-C(11) 120.0(11) 
C(13)-C(12)-H(12) 120.0 
C(11)-C(12)-H(12) 120.0 
C(12)-C(13)-C(14) 119.9(12) 
C(12)-C(13)-H(13) 120.1 
C(14)-C(13)-H(13) 120.1 
C(15)-C(14)-C(13) 119.4(11) 
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C(15)-C(14)-H(14) 120.3 
C(13)-C(14)-H(14) 120.3 
C(16)-C(15)-C(14) 121.1(11) 
C(16)-C(15)-H(15) 119.4 
C(14)-C(15)-H(15) 119.4 
C(11)-C(16)-C(15) 118.8(11) 
C(11)-C(16)-H(16) 120.6 
C(15)-C(16)-H(16) 120.6 
S(2)-Ag(2)-S(1) 124.13(15) 
S(2)-Ag(2)-S(1)#2 131.63(12) 
S(1)-Ag(2)-S(1)#2 96.53(8) 
S(2)-Ag(2)-Ag(1)#2 110.42(10) 
S(1)-Ag(2)-Ag(1)#2 122.36(10) 
S(1)#2-Ag(2)-Ag(1)#2 52.72(9) 
S(2)-Ag(2)-Ag(1)#3 56.22(10) 
S(1)-Ag(2)-Ag(1)#3 69.35(10) 
S(1)#2-Ag(2)-Ag(1)#3 137.88(10) 
Ag(1)#2-Ag(2)-Ag(1)#3 166.04(5) 
C(21)-S(2)-Ag(2) 102.8(5) 
C(21)-S(2)-Ag(1)#5 116.5(4) 
Ag(2)-S(2)-Ag(1)#5 95.30(13) 
C(21)-S(2)-Ag(1)#3 122.5(4) 
Ag(2)-S(2)-Ag(1)#3 70.45(9) 
Ag(1)#5-S(2)-Ag(1)#3 120.95(13) 
C(26)-C(21)-C(22) 120.4(11) 
C(26)-C(21)-S(2) 120.4(9) 
C(22)-C(21)-S(2) 119.2(9) 
C(23)-C(22)-C(21) 119.1(11) 
C(23)-C(22)-H(22) 120.4 
C(21)-C(22)-H(22) 120.4 
C(22)-C(23)-C(24) 120.5(11) 
C(22)-C(23)-H(23) 119.8 
C(24)-C(23)-H(23) 119.8 
C(25)-C(24)-C(23) 119.7(12) 
C(25)-C(24)-H(24) 120.2 
C(23)-C(24)-H(24) 120.2 
C(26)-C(25)-C(24) 120.8(12) 
C(26)-C(25)-H(25) 119.6 
C(24)-C(25)-H(25) 119.6 
C(25)-C(26)-C(21) 119.6(12) 
C(25)-C(26)-H(26) 120.2 
C(21)-C(26)-H(26) 120.2 
S(3)-Ag(3)-S(4)#4 136.1(2) 
S(3)-Ag(3)-S(4)#5 123.1(3) 
S(4)#4-Ag(3)-S(4)#5 94.95(12) 
S(3)-Ag(3)-Ag(4)#6 57.43(19) 
S(4)#4-Ag(3)-Ag(4)#6 141.12(17) 
S(4)#5-Ag(3)-Ag(4)#6 66.96(17) 
S(3)-Ag(3)-Ag(4)#4 112.27(18) 
S(4)#4-Ag(3)-Ag(4)#4 53.67(15) 
S(4)#5-Ag(3)-Ag(4)#4 119.34(18) 
Ag(4)#6-Ag(3)-Ag(4)#4 165.15(10) 
C(31)-S(3)-Ag(3) 101.8(7) 

C(31)-S(3)-Ag(4) 114.8(6) 
Ag(3)-S(3)-Ag(4) 96.2(2) 
C(31)-S(3)-Ag(4)#6 126.0(6) 
Ag(3)-S(3)-Ag(4)#6 69.81(15) 
Ag(4)-S(3)-Ag(4)#6 119.1(2) 
C(32)-C(31)-C(36) 118.4(13) 
C(32)-C(31)-S(3) 122.5(11) 
C(36)-C(31)-S(3) 118.8(12) 
C(33)-C(32)-C(31) 120.9(15) 
C(33)-C(32)-H(32) 119.6 
C(31)-C(32)-H(32) 119.6 
C(32)-C(33)-C(34) 119.6(16) 
C(32)-C(33)-H(33) 120.2 
C(34)-C(33)-H(33) 120.2 
C(33)-C(34)-C(35) 120.7(15) 
C(33)-C(34)-H(34) 119.6 
C(35)-C(34)-H(34) 119.6 
C(36)-C(35)-C(34) 118.9(16) 
C(36)-C(35)-H(35) 120.6 
C(34)-C(35)-H(35) 120.6 
C(35)-C(36)-C(31) 121.4(16) 
C(35)-C(36)-H(36) 119.3 
C(31)-C(36)-H(36) 119.3 
S(4)-Ag(4)-S(3) 123.6(3) 
S(4)-Ag(4)-S(3)#4 130.80(19) 
S(3)-Ag(4)-S(3)#4 97.06(12) 
S(4)-Ag(4)-Ag(3)#4 109.82(18) 
S(3)-Ag(4)-Ag(3)#4 124.1(2) 
S(3)#4-Ag(4)-Ag(3)#4 52.76(16) 
S(4)-Ag(4)-Ag(3)#6 55.38(18) 
S(3)-Ag(4)-Ag(3)#6 69.86(18) 
S(3)#4-Ag(4)-Ag(3)#6 135.93(17) 
Ag(3)#4-Ag(4)-Ag(3)#6 165.15(10) 
C(41)-S(4)-Ag(4) 102.2(7) 
C(41)-S(4)-Ag(3)#6 121.5(6) 
Ag(4)-S(4)-Ag(3)#6 70.96(16) 
C(41)-S(4)-Ag(3)#1 116.5(6) 
Ag(4)-S(4)-Ag(3)#1 94.6(2) 
Ag(3)#6-S(4)-Ag(3)#1 121.9(2) 
C(46)-C(41)-C(42) 118.7(13) 
C(46)-C(41)-S(4) 121.7(11) 
C(42)-C(41)-S(4) 119.6(11) 
C(43)-C(42)-C(41) 121.1(15) 
C(43)-C(42)-H(42) 119.5 
C(41)-C(42)-H(42) 119.5 
C(42)-C(43)-C(44) 119.0(15) 
C(42)-C(43)-H(43) 120.5 
C(44)-C(43)-H(43) 120.5 
C(45)-C(44)-C(43) 120.7(15) 
C(45)-C(44)-H(44) 119.6 
C(43)-C(44)-H(44) 119.6 
C(46)-C(45)-C(44) 119.1(16) 
C(46)-C(45)-H(45) 120.4 
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C(44)-C(45)-H(45) 120.4 
C(45)-C(46)-C(41) 121.4(15) 
C(45)-C(46)-H(46) 119.3 
C(41)-C(46)-H(46) 119.3 
S(3A)-Ag(3A)-S(4A)#4 91.6(9) 
Ag(4A)#6-S(3A)-Ag(3A) 127.6(11) 
Ag(4A)#6-S(3A)-Ag(4A) 71.4(5) 
Ag(3A)-S(3A)-Ag(4A) 91.9(6) 
S(3A)#4-Ag(4A)-S(4A) 97.8(10) 
S(3A)#4-Ag(4A)-S(3A) 172.9(9) 
S(4A)-Ag(4A)-S(3A) 88.1(10) 

S(3A)#4-Ag(4A)-S(4A)#4 85.8(7) 
S(4A)-Ag(4A)-S(4A)#4 176.2(7) 
S(3A)-Ag(4A)-S(4A)#4 88.3(7) 
________________________________________
_____________________  
Symmetry transformations used to generate 
equivalent atoms: #1 x-1,y,z    #2 -x,y-1/2,-z    #3 -
x,y+1/2,-z       
#4 -x+2,y+1/2,-z+1    #5 x+1,y,z    #6 -x+2,y-1/2,-
z+1     #7 -x+1,y+1/2,-z+1    #8 -x+1,y-1/2,-z+1       
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Table 4.3 Bond lengths [Å] and angles [°] 
for 2D AgTePh. 

Ag(1)-Te(1)  2.8055(3) 
Ag(1)-Te(2)  2.8336(3) 
Ag(1)-Ag(2)  2.8630(4) 
Ag(1)-Te(1)#1  2.9107(3) 
Ag(1)-Te(2)#2  2.9373(3) 
Ag(1)-Ag(2)#1  3.0156(4) 
Ag(1)-Ag(2)#2  3.0654(3) 
Te(1)-C(11)  2.133(3) 
Te(1)-Ag(2)  2.8334(3) 
Te(1)-Ag(2)#1  2.9652(3) 
C(11)-C(12)  1.390(4) 
C(11)-C(16)  1.393(4) 
C(12)-C(13)  1.394(4) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.387(5) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.394(5) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.393(4) 
C(15)-H(15)  0.9500 
C(16)-H(16)  0.9500 
Ag(2)-Te(2)  2.8126(3) 
Ag(2)-Te(2)#3  2.8698(3) 
Te(2)-C(21)  2.124(3) 
C(21)-C(22)  1.390(4) 
C(21)-C(26)  1.397(4) 
C(22)-C(23)  1.389(4) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.391(5) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.389(4) 
C(24)-H(24)  0.9500 
C(25)-C(26)  1.396(4) 
C(25)-H(25)  0.9500 
C(26)-H(26)  0.9500 
 
Te(1)-Ag(1)-Te(2) 119.139(10) 
Te(1)-Ag(1)-Ag(2) 59.969(8) 
Te(2)-Ag(1)-Ag(2) 59.170(8) 
Te(1)-Ag(1)-Te(1)#1 118.207(9) 
Te(2)-Ag(1)-Te(1)#1 109.250(9) 
Ag(2)-Ag(1)-Te(1)#1 142.260(11) 
Te(1)-Ag(1)-Te(2)#2 113.155(10) 
Te(2)-Ag(1)-Te(2)#2 113.890(8) 
Ag(2)-Ag(1)-Te(2)#2 142.062(11) 
Te(1)#1-Ag(1)-Te(2)#2 75.451(8) 
Te(1)-Ag(1)-Ag(2)#1 61.120(8) 
Te(2)-Ag(1)-Ag(2)#1 142.762(11) 
Ag(2)-Ag(1)-Ag(2)#1 108.279(9) 
Te(1)#1-Ag(1)-Ag(2)#1 57.089(7) 

Te(2)#2-Ag(1)-Ag(2)#1 96.766(9) 
Te(1)-Ag(1)-Ag(2)#2 143.141(11) 
Te(2)-Ag(1)-Ag(2)#2 58.062(8) 
Ag(2)-Ag(1)-Ag(2)#2 105.242(9) 
Te(1)#1-Ag(1)-Ag(2)#2 94.233(9) 
Te(2)#2-Ag(1)-Ag(2)#2 55.831(7) 
Ag(2)#1-Ag(1)-Ag(2)#2 146.418(12) 
C(11)-Te(1)-Ag(1) 104.22(8) 
C(11)-Te(1)-Ag(2) 104.13(8) 
Ag(1)-Te(1)-Ag(2) 61.023(8) 
C(11)-Te(1)-Ag(1)#4 128.01(8) 
Ag(1)-Te(1)-Ag(1)#4 109.947(7) 
Ag(2)-Te(1)-Ag(1)#4 63.320(8) 
C(11)-Te(1)-Ag(2)#1 126.84(8) 
Ag(1)-Te(1)-Ag(2)#1 62.939(8) 
Ag(2)-Te(1)-Ag(2)#1 110.506(8) 
Ag(1)#4-Te(1)-Ag(2)#1 103.560(9) 
C(12)-C(11)-C(16) 120.3(3) 
C(12)-C(11)-Te(1) 117.9(2) 
C(16)-C(11)-Te(1) 121.8(2) 
C(11)-C(12)-C(13) 119.5(3) 
C(11)-C(12)-H(12) 120.2 
C(13)-C(12)-H(12) 120.2 
C(14)-C(13)-C(12) 120.6(3) 
C(14)-C(13)-H(13) 119.7 
C(12)-C(13)-H(13) 119.7 
C(13)-C(14)-C(15) 119.7(3) 
C(13)-C(14)-H(14) 120.2 
C(15)-C(14)-H(14) 120.2 
C(16)-C(15)-C(14) 120.1(3) 
C(16)-C(15)-H(15) 119.9 
C(14)-C(15)-H(15) 119.9 
C(11)-C(16)-C(15) 119.8(3) 
C(11)-C(16)-H(16) 120.1 
C(15)-C(16)-H(16) 120.1 
Te(2)-Ag(2)-Te(1) 118.903(10) 
Te(2)-Ag(2)-Ag(1) 59.895(8) 
Te(1)-Ag(2)-Ag(1) 59.008(8) 
Te(2)-Ag(2)-Te(2)#3 116.695(9) 
Te(1)-Ag(2)-Te(2)#3 111.341(10) 
Ag(1)-Ag(2)-Te(2)#3 143.147(11) 
Te(2)-Ag(2)-Te(1)#4 111.208(10) 
Te(1)-Ag(2)-Te(1)#4 115.529(9) 
Ag(1)-Ag(2)-Te(1)#4 141.208(11) 
Te(2)#3-Ag(2)-Te(1)#4 75.629(8) 
Te(2)-Ag(2)-Ag(1)#4 141.716(11) 
Te(1)-Ag(2)-Ag(1)#4 59.590(8) 
Ag(1)-Ag(2)-Ag(1)#4 105.530(9) 
Te(2)#3-Ag(2)-Ag(1)#4 95.957(9) 
Te(1)#4-Ag(2)-Ag(1)#4 55.941(7) 
Te(2)-Ag(2)-Ag(1)#3 59.779(8) 
Te(1)-Ag(2)-Ag(1)#3 144.181(11) 
Ag(1)-Ag(2)-Ag(1)#3 108.003(9) 
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Te(2)#3-Ag(2)-Ag(1)#3 56.919(7) 
Te(1)#4-Ag(2)-Ag(1)#3 95.179(9) 
Ag(1)#4-Ag(2)-Ag(1)#3 146.418(12) 
C(21)-Te(2)-Ag(2) 104.82(8) 
C(21)-Te(2)-Ag(1) 102.92(8) 
Ag(2)-Te(2)-Ag(1) 60.935(8) 
C(21)-Te(2)-Ag(2)#2 125.08(8) 
Ag(2)-Te(2)-Ag(2)#2 112.051(8) 
Ag(1)-Te(2)-Ag(2)#2 65.018(8) 
C(21)-Te(2)-Ag(1)#3 127.23(8) 
Ag(2)-Te(2)-Ag(1)#3 64.389(8) 
Ag(1)-Te(2)-Ag(1)#3 112.462(8) 
Ag(2)#2-Te(2)-Ag(1)#3 105.295(9) 
C(22)-C(21)-C(26) 120.0(3) 
C(22)-C(21)-Te(2) 118.8(2) 
C(26)-C(21)-Te(2) 121.2(2) 
C(23)-C(22)-C(21) 120.0(3) 
C(23)-C(22)-H(22) 120.0 
C(21)-C(22)-H(22) 120.0 
C(22)-C(23)-C(24) 120.2(3) 
C(22)-C(23)-H(23) 119.9 
C(24)-C(23)-H(23) 119.9 
C(25)-C(24)-C(23) 120.0(3) 
C(25)-C(24)-H(24) 120.0 
C(23)-C(24)-H(24) 120.0 
C(24)-C(25)-C(26) 120.0(3) 
C(24)-C(25)-H(25) 120.0 
C(26)-C(25)-H(25) 120.0 
C(25)-C(26)-C(21) 119.7(3) 
C(25)-C(26)-H(26) 120.1 
C(21)-C(26)-H(26) 120.1 
________________________________________
_____________________  
Symmetry transformations used to generate 
equivalent atoms:   #1 -x+1,y+1/2,-z+1/2    #2 -
x+2,y+1/2,-z+1/2    #3 -x+2,y-1/2,-z+1/2       
#4 -x+1,y-1/2,-z+1/2       
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Table 4.4 Bond lengths [Å] and angles [°] 
for 1D AgTeC6.27H5.62N0.09 (1D AgTePh + 
0.089C3H7N). 

Ag(1)-Te(1)  2.7059(3) 
Ag(1)-Te(1)#1  2.7073(3) 
Ag(1)-Te(2)  2.7887(3) 
Ag(1)-Ag(2)  2.9393(3) 
Ag(1)-Ag(3)  2.9870(3) 
Ag(2)-Te(2)#2  2.7946(2) 
Ag(2)-Te(2)#3  2.8152(2) 
Ag(2)-Te(3)  2.8189(3) 
Ag(2)-Ag(3)#4  2.9541(3) 
Ag(2)-Ag(3)  3.0098(3) 
Ag(3)-Te(3)  2.7978(3) 
Ag(3)-Te(3)#1  2.8310(3) 
Ag(3)-Te(1)#1  2.8674(3) 
Ag(3)-Te(2)#3  3.1954(3) 
Te(1)-C(11A)  2.078(8) 
Te(1)-C(11)  2.195(8) 
C(11)-C(16)  1.406(9) 
C(11)-C(12)  1.436(9) 
C(12)-C(13)  1.396(7) 
C(12)-H(12)  0.9500 
C(13)-C(14)  1.379(9) 
C(13)-H(13)  0.9500 
C(14)-C(15)  1.383(10) 
C(14)-H(14)  0.9500 
C(15)-C(16)  1.400(7) 
C(15)-H(15)  0.9500 
C(16)-H(16)  0.9500 
C(11A)-C(16A)  1.350(8) 
C(11A)-C(12A)  1.382(8) 
C(12A)-C(13A)  1.378(7) 
C(12A)-H(12A)  0.9500 
C(13A)-C(14A)  1.383(10) 
C(13A)-H(13A)  0.9500 
C(14A)-C(15A)  1.388(10) 
C(14A)-H(14A)  0.9500 
C(15A)-C(16A)  1.388(7) 
C(15A)-H(15A)  0.9500 
C(16A)-H(16A)  0.9500 
Te(2)-C(21A)  2.138(8) 
Te(2)-C(21)  2.141(8) 
C(21)-C(22)  1.368(9) 
C(21)-C(26)  1.422(8) 
C(22)-C(23)  1.391(7) 
C(22)-H(22)  0.9500 
C(23)-C(24)  1.393(11) 
C(23)-H(23)  0.9500 
C(24)-C(25)  1.384(11) 
C(24)-H(24)  0.9500 

C(25)-C(26)  1.386(6) 
C(25)-H(25)  0.9500 
C(26)-H(26)  0.9500 
C(21A)-C(26A)  1.386(8) 
C(21A)-C(22A)  1.399(9) 
C(22A)-C(23A)  1.396(6) 
C(22A)-H(22A)  0.9500 
C(23A)-C(24A)  1.386(11) 
C(23A)-H(23A)  0.9500 
C(24A)-C(25A)  1.382(11) 
C(24A)-H(24A)  0.9500 
C(25A)-C(26A)  1.397(6) 
C(25A)-H(25A)  0.9500 
C(26A)-H(26A)  0.9500 
Te(3)-C(31)  2.078(8) 
Te(3)-C(31A)  2.183(8) 
C(31)-C(32)  1.353(8) 
C(31)-C(36)  1.392(8) 
C(32)-C(33)  1.389(7) 
C(32)-H(32)  0.9500 
C(33)-C(34)  1.387(10) 
C(33)-H(33)  0.9500 
C(34)-C(35)  1.376(10) 
C(34)-H(34)  0.9500 
C(35)-C(36)  1.390(7) 
C(35)-H(35)  0.9500 
C(36)-H(36)  0.9500 
C(31A)-C(32A)  1.420(9) 
C(31A)-C(36A)  1.422(9) 
C(32A)-C(33A)  1.401(7) 
C(32A)-H(32A)  0.9500 
C(33A)-C(34A)  1.382(10) 
C(33A)-H(33A)  0.9500 
C(34A)-C(35A)  1.373(9) 
C(34A)-H(34A)  0.9500 
C(35A)-C(36A)  1.384(7) 
C(35A)-H(35A)  0.9500 
C(36A)-H(36A)  0.9500 
N(1S)-C(1S)  1.459(17) 
C(1S)-C(2S)  1.497(15) 
C(1S)-H(1S1)  0.9900 
C(1S)-H(1S2)  0.9900 
C(2S)-C(3S)  1.600(17) 
C(2S)-H(2S1)  0.9900 
C(2S)-H(2S2)  0.9900 
C(3S)-H(3S1)  0.9800 
C(3S)-H(3S2)  0.9800 
C(3S)-H(3S3)  0.9800 
N(1T)-C(1T)  1.474(19) 
C(1T)-C(2T)  1.469(18) 
C(1T)-H(1T1)  0.9900 
C(1T)-H(1T2)  0.9900 
C(2T)-C(3T)  1.509(19) 
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C(2T)-H(2T1)  0.9900 
C(2T)-H(2T2)  0.9900 
C(3T)-H(3T1)  0.9800 
C(3T)-H(3T2)  0.9800 
C(3T)-H(3T3)  0.9800 
 
Te(1)-Ag(1)-Te(1)#1 125.400(10) 
Te(1)-Ag(1)-Te(2) 105.717(8) 
Te(1)#1-Ag(1)-Te(2) 112.327(9) 
Te(1)-Ag(1)-Ag(2) 106.378(9) 
Te(1)#1-Ag(1)-Ag(2) 119.850(8) 
Te(2)-Ag(1)-Ag(2) 75.487(7) 
Te(1)-Ag(1)-Ag(3) 137.962(9) 
Te(1)#1-Ag(1)-Ag(3) 60.234(7) 
Te(2)-Ag(1)-Ag(3) 108.602(8) 
Ag(2)-Ag(1)-Ag(3) 61.037(7) 
Te(2)#2-Ag(2)-Te(2)#3 118.069(8) 
Te(2)#2-Ag(2)-Te(3) 120.683(8) 
Te(2)#3-Ag(2)-Te(3) 118.282(8) 
Te(2)#2-Ag(2)-Ag(1) 112.947(8) 
Te(2)#3-Ag(2)-Ag(1) 100.335(8) 
Te(3)-Ag(2)-Ag(1) 73.054(7) 
Te(2)#2-Ag(2)-Ag(3)#4 67.475(7) 
Te(2)#3-Ag(2)-Ag(3)#4 172.269(9) 
Te(3)-Ag(2)-Ag(3)#4 58.677(6) 
Ag(1)-Ag(2)-Ag(3)#4 72.091(7) 
Te(2)#2-Ag(2)-Ag(3) 173.035(9) 
Te(2)#3-Ag(2)-Ag(3) 66.441(7) 
Te(3)-Ag(2)-Ag(3) 57.259(6) 
Ag(1)-Ag(2)-Ag(3) 60.264(6) 
Ag(3)#4-Ag(2)-Ag(3) 107.522(9) 
Te(3)-Ag(3)-Te(3)#1 117.426(9) 
Te(3)-Ag(3)-Te(1)#1 110.024(8) 
Te(3)#1-Ag(3)-Te(1)#1 98.440(8) 
Te(3)-Ag(3)-Ag(2)#1 147.958(9) 
Te(3)#1-Ag(3)-Ag(2)#1 58.277(6) 
Te(1)#1-Ag(3)-Ag(2)#1 101.919(8) 
Te(3)-Ag(3)-Ag(1) 72.614(7) 
Te(3)#1-Ag(3)-Ag(1) 152.789(9) 
Te(1)#1-Ag(3)-Ag(1) 55.043(6) 
Ag(2)#1-Ag(3)-Ag(1) 127.300(9) 
Te(3)-Ag(3)-Ag(2) 57.938(6) 
Te(3)#1-Ag(3)-Ag(2) 148.506(9) 
Te(1)#1-Ag(3)-Ag(2) 112.515(8) 
Ag(2)#1-Ag(3)-Ag(2) 107.523(9) 
Ag(1)-Ag(3)-Ag(2) 58.699(7) 
Te(3)-Ag(3)-Te(2)#3 107.421(8) 
Te(3)#1-Ag(3)-Te(2)#3 107.932(8) 
Te(1)#1-Ag(3)-Te(2)#3 115.772(8) 
Ag(2)#1-Ag(3)-Te(2)#3 53.886(6) 
Ag(1)-Ag(3)-Te(2)#3 91.203(7) 
Ag(2)-Ag(3)-Te(2)#3 53.859(6) 
C(11A)-Te(1)-Ag(1) 115.4(2) 

C(11)-Te(1)-Ag(1) 114.33(19) 
C(11)-Te(1)-Ag(1)#4 105.07(18) 
Ag(1)-Te(1)-Ag(1)#4 125.400(10) 
C(11)-Te(1)-Ag(3)#4 92.6(2) 
Ag(1)-Te(1)-Ag(3)#4 76.896(7) 
Ag(1)#4-Te(1)-Ag(3)#4 64.724(7) 
C(16)-C(11)-C(12) 115.7(6) 
C(16)-C(11)-Te(1) 126.1(5) 
C(12)-C(11)-Te(1) 118.2(5) 
C(13)-C(12)-C(11) 121.5(6) 
C(13)-C(12)-H(12) 119.2 
C(11)-C(12)-H(12) 119.2 
C(14)-C(13)-C(12) 120.5(6) 
C(14)-C(13)-H(13) 119.7 
C(12)-C(13)-H(13) 119.7 
C(13)-C(14)-C(15) 119.6(8) 
C(13)-C(14)-H(14) 120.2 
C(15)-C(14)-H(14) 120.2 
C(14)-C(15)-C(16) 120.5(6) 
C(14)-C(15)-H(15) 119.7 
C(16)-C(15)-H(15) 119.7 
C(15)-C(16)-C(11) 122.0(5) 
C(15)-C(16)-H(16) 119.0 
C(11)-C(16)-H(16) 119.0 
C(16A)-C(11A)-C(12A) 124.1(7) 
C(16A)-C(11A)-Te(1) 119.8(5) 
C(12A)-C(11A)-Te(1) 116.1(5) 
C(13A)-C(12A)-C(11A) 117.5(5) 
C(13A)-C(12A)-H(12A) 121.3 
C(11A)-C(12A)-H(12A) 121.3 
C(12A)-C(13A)-C(14A) 120.6(6) 
C(12A)-C(13A)-H(13A) 119.7 
C(14A)-C(13A)-H(13A) 119.7 
C(13A)-C(14A)-C(15A) 119.6(8) 
C(13A)-C(14A)-H(14A) 120.2 
C(15A)-C(14A)-H(14A) 120.2 
C(14A)-C(15A)-C(16A) 120.6(6) 
C(14A)-C(15A)-H(15A) 119.7 
C(16A)-C(15A)-H(15A) 119.7 
C(11A)-C(16A)-C(15A) 117.5(5) 
C(11A)-C(16A)-H(16A) 121.2 
C(15A)-C(16A)-H(16A) 121.2 
C(21A)-Te(2)-Ag(1) 97.3(2) 
C(21)-Te(2)-Ag(1) 95.9(2) 
C(21)-Te(2)-Ag(2)#2 101.7(2) 
Ag(1)-Te(2)-Ag(2)#2 122.542(8) 
C(21)-Te(2)-Ag(2)#3 91.90(19) 
Ag(1)-Te(2)-Ag(2)#3 115.406(8) 
Ag(2)#2-Te(2)-Ag(2)#3 118.069(8) 
C(21)-Te(2)-Ag(3)#3 108.42(19) 
Ag(1)-Te(2)-Ag(3)#3 155.048(8) 
Ag(2)#2-Te(2)-Ag(3)#3 58.640(6) 
Ag(2)#3-Te(2)-Ag(3)#3 59.700(6) 
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C(22)-C(21)-C(26) 119.5(6) 
C(22)-C(21)-Te(2) 123.0(5) 
C(26)-C(21)-Te(2) 117.5(5) 
C(21)-C(22)-C(23) 120.4(5) 
C(21)-C(22)-H(22) 119.8 
C(23)-C(22)-H(22) 119.8 
C(22)-C(23)-C(24) 120.4(6) 
C(22)-C(23)-H(23) 119.8 
C(24)-C(23)-H(23) 119.8 
C(25)-C(24)-C(23) 119.7(8) 
C(25)-C(24)-H(24) 120.2 
C(23)-C(24)-H(24) 120.2 
C(24)-C(25)-C(26) 120.3(6) 
C(24)-C(25)-H(25) 119.9 
C(26)-C(25)-H(25) 119.9 
C(25)-C(26)-C(21) 119.7(5) 
C(25)-C(26)-H(26) 120.1 
C(21)-C(26)-H(26) 120.1 
C(26A)-C(21A)-C(22A) 120.4(6) 
C(26A)-C(21A)-Te(2) 121.3(5) 
C(22A)-C(21A)-Te(2) 118.3(5) 
C(23A)-C(22A)-C(21A) 119.4(5) 
C(23A)-C(22A)-H(22A) 120.3 
C(21A)-C(22A)-H(22A) 120.3 
C(24A)-C(23A)-C(22A) 120.0(6) 
C(24A)-C(23A)-H(23A) 120.0 
C(22A)-C(23A)-H(23A) 120.0 
C(25A)-C(24A)-C(23A) 120.4(9) 
C(25A)-C(24A)-H(24A) 119.8 
C(23A)-C(24A)-H(24A) 119.8 
C(24A)-C(25A)-C(26A) 120.2(6) 
C(24A)-C(25A)-H(25A) 119.9 
C(26A)-C(25A)-H(25A) 119.9 
C(21A)-C(26A)-C(25A) 119.5(5) 
C(21A)-C(26A)-H(26A) 120.3 
C(25A)-C(26A)-H(26A) 120.3 
C(31)-Te(3)-Ag(3) 99.33(19) 
C(31A)-Te(3)-Ag(3) 103.3(2) 
C(31)-Te(3)-Ag(2) 96.6(2) 
C(31A)-Te(3)-Ag(2) 97.91(19) 
Ag(3)-Te(3)-Ag(2) 64.804(7) 
C(31)-Te(3)-Ag(3)#4 118.4(2) 
Ag(3)-Te(3)-Ag(3)#4 117.426(9) 
Ag(2)-Te(3)-Ag(3)#4 63.046(7) 
C(32)-C(31)-C(36) 123.6(7) 
C(32)-C(31)-Te(3) 120.6(5) 
C(36)-C(31)-Te(3) 115.7(5) 
C(31)-C(32)-C(33) 118.1(5) 
C(31)-C(32)-H(32) 120.9 
C(33)-C(32)-H(32) 120.9 
C(34)-C(33)-C(32) 120.4(6) 
C(34)-C(33)-H(33) 119.8 
C(32)-C(33)-H(33) 119.8 

C(35)-C(34)-C(33) 119.9(8) 
C(35)-C(34)-H(34) 120.1 
C(33)-C(34)-H(34) 120.1 
C(34)-C(35)-C(36) 120.9(6) 
C(34)-C(35)-H(35) 119.6 
C(36)-C(35)-H(35) 119.6 
C(35)-C(36)-C(31) 117.0(5) 
C(35)-C(36)-H(36) 121.5 
C(31)-C(36)-H(36) 121.5 
C(32A)-C(31A)-C(36A) 116.0(6) 
C(32A)-C(31A)-Te(3) 124.6(6) 
C(36A)-C(31A)-Te(3) 119.4(5) 
C(33A)-C(32A)-C(31A) 120.9(6) 
C(33A)-C(32A)-H(32A) 119.6 
C(31A)-C(32A)-H(32A) 119.6 
C(34A)-C(33A)-C(32A) 121.0(6) 
C(34A)-C(33A)-H(33A) 119.5 
C(32A)-C(33A)-H(33A) 119.5 
C(35A)-C(34A)-C(33A) 119.3(8) 
C(35A)-C(34A)-H(34A) 120.4 
C(33A)-C(34A)-H(34A) 120.4 
C(34A)-C(35A)-C(36A) 121.1(6) 
C(34A)-C(35A)-H(35A) 119.5 
C(36A)-C(35A)-H(35A) 119.5 
C(35A)-C(36A)-C(31A) 121.7(5) 
C(35A)-C(36A)-H(36A) 119.1 
C(31A)-C(36A)-H(36A) 119.1 
N(1S)-C(1S)-C(2S) 113.5(14) 
N(1S)-C(1S)-H(1S1) 108.9 
C(2S)-C(1S)-H(1S1) 108.9 
N(1S)-C(1S)-H(1S2) 108.9 
C(2S)-C(1S)-H(1S2) 108.9 
H(1S1)-C(1S)-H(1S2) 107.7 
C(1S)-C(2S)-C(3S) 109.6(14) 
C(1S)-C(2S)-H(2S1) 109.7 
C(3S)-C(2S)-H(2S1) 109.7 
C(1S)-C(2S)-H(2S2) 109.7 
C(3S)-C(2S)-H(2S2) 109.7 
H(2S1)-C(2S)-H(2S2) 108.2 
C(2S)-C(3S)-H(3S1) 109.5 
C(2S)-C(3S)-H(3S2) 109.5 
H(3S1)-C(3S)-H(3S2) 109.5 
C(2S)-C(3S)-H(3S3) 109.5 
H(3S1)-C(3S)-H(3S3) 109.5 
H(3S2)-C(3S)-H(3S3) 109.5 
C(2T)-C(1T)-N(1T) 116.0(19) 
C(2T)-C(1T)-H(1T1) 108.3 
N(1T)-C(1T)-H(1T1) 108.3 
C(2T)-C(1T)-H(1T2) 108.3 
N(1T)-C(1T)-H(1T2) 108.3 
H(1T1)-C(1T)-H(1T2) 107.4 
C(1T)-C(2T)-C(3T) 120(2) 
C(1T)-C(2T)-H(2T1) 107.4 
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C(3T)-C(2T)-H(2T1) 107.4 
C(1T)-C(2T)-H(2T2) 107.4 
C(3T)-C(2T)-H(2T2) 107.4 
H(2T1)-C(2T)-H(2T2) 106.9 
C(2T)-C(3T)-H(3T1) 109.5 
C(2T)-C(3T)-H(3T2) 109.5 
H(3T1)-C(3T)-H(3T2) 109.5 
C(2T)-C(3T)-H(3T3) 109.5 
H(3T1)-C(3T)-H(3T3) 109.5 
H(3T2)-C(3T)-H(3T3) 109.5 
________________________________________
_____________________  
Symmetry transformations used to generate 
equivalent atoms: #1 x+1,y,z    #2 -x,-y+2,-z+1    
#3 -x+1,-y+2,-z+1      #4 x-1,y, 
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4.3.2  Relationship between the macroscopic morphology and microscopic structure 

 

Figure 4.4 Polarized optical micrographs of single crystal of AgSPh, AgSePh, and AgTePh taken 
at different angles relative to light polarization. The uniform brightness change throughout the 
crystal at each rotation angle indicates that the crystal is single. 
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Figure 4.5 Transmission electron microscopy (TEM) images of (a) AgSPh, (b) AgSePh, and (c) 
AgTePh crystals. Single crystal electron diffraction (ED) patterns of (d) AgSPh, (e) AgSePh, and 
(f) AgTePh at marked locations in (a-c). The red arrows indicate the in-plane crystallographic axes 
determined through a comparison between experimental ED patterns (d-f) and simulated ED 
patterns  based on crystallographic information. Crystal structures of (g) AgSPh in P21, (h) AgSePh 
in P21/c, and (i) AgTePh in P21/c, depicted along crystallographic [001] orientation. Phenyl rings 
are omitted for clarity. The parallelograms outlined with a black solid line depict artificial crystals 
terminated by {110} planes. 

 

The AgEPh single crystals tend to exhibit a unique parallelogram shape, featuring acute 

angles of 76-78° and obtuse angles of 102-104° (Figures 4.1b-d, 4.2, and 4.4). To explore the 

relationship between macroscopic morphology and microscopic crystal structure, we performed 
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transmission electron microscopy (TEM) and electron diffraction (ED) analysis on AgEPh single 

crystals (Figure 4.5). Briefly, we obtained ED patterns of AgEPh single crystal with a 

parallelogram shape. The diffraction spots were subsequently indexed with (hkl) values by 

comparing them with simulated ED patterns based on the crystallographic information (Figure 

4.6). The crystallographic [100] and [010] axes were then presented by drawing lines from the 

origin towards (h00) and (0k0) diffraction spots, respectively. By superimposing these 

crystallographic axes onto the TEM images corresponding to the ED patterns, we found that, for 

AgSPh, the [100] and [010] axes align with directions toward acute and obtuse angles, respectively. 

Conversely, for AgSePh and AgTePh, the [010] and [100] axes align with directions toward acute 

and obtuse angles, respectively (Figure 4.5a-f). 

 

Figure 4.6 Simulated electron diffraction patterns of (a) AgSPh in P21, (b) AgSePh in P21/c,30 and 
(c) AgTePh in P21/c when the incident electron beam aligns with crystallographic [001] axis. The 
absence of (0l0) reflections in simulations, where l is an odd integer, is due to systematic absence. 
The appearance of (0l0) reflections (l is an odd integer) in experimental electron diffraction 
patterns could be attributed to the strong interaction between electrons and atoms, leading to 
multiple diffractions as electron beam passes through the sample. For example, the intensity 
observed at the (010) reflection can arise from the (100) reflection followed by the (-110) reflection.  

 

It should be noted that care must be taken when comparing TEM images and ED patterns 

to determine crystal orientation. In crystallography, crystal lattice parameters (a, b, c, 𝛼𝛼, 𝛽𝛽, 𝛾𝛾) and 

reciprocal lattice parameters (a*, b*, c*, 𝛼𝛼*, 𝛽𝛽*, 𝛾𝛾*) are related by the following equations: 
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𝑎𝑎 =
𝑏𝑏∗ × 𝑐𝑐∗

𝑎𝑎∗ ∙ 𝑏𝑏∗ × 𝑐𝑐∗
, 𝑏𝑏 =

𝑐𝑐∗ × 𝑎𝑎∗

𝑎𝑎∗ ∙ 𝑏𝑏∗ × 𝑐𝑐∗
, 𝑐𝑐 =

𝑎𝑎∗ × 𝑏𝑏∗

𝑎𝑎 ∙ 𝑏𝑏∗ × 𝑐𝑐∗
,𝛼𝛼 = 180° − 𝛼𝛼∗,𝛽𝛽 = 180° − 𝛽𝛽∗,𝛾𝛾

= 180° − 𝛾𝛾∗, 𝑜𝑜𝑜𝑜 

𝑎𝑎∗ =
𝑏𝑏 × 𝑐𝑐

𝑎𝑎 ∙ 𝑏𝑏 × 𝑐𝑐
, 𝑏𝑏∗ =

𝑐𝑐 × 𝑎𝑎
𝑎𝑎 ∙ 𝑏𝑏 × 𝑐𝑐

, 𝑐𝑐∗ =
𝑎𝑎 × 𝑏𝑏
𝑎𝑎 ∙ 𝑏𝑏 × 𝑐𝑐

,𝛼𝛼∗ = 180° − 𝛼𝛼,𝛽𝛽∗ = 180° − 𝛽𝛽, 𝛾𝛾∗ = 180° − 𝛾𝛾 

(4.1) 

 Therefore, in cubic, orthorhombic, and tetragonal systems where crystal lattice vectors are 

all orthogonal to each other (𝛼𝛼= 𝛽𝛽 = 𝛾𝛾 = 90°), the directions of crystal lattice vectors and reciprocal 

lattice vectors are identical (a∥a*, b∥b*, c∥c*). However, in other Bravais lattice systems, the 

directions of crystal lattice vectors and reciprocal lattice vectors may not be the same, requiring a 

careful consideration when extracting crystal orientation in transmission electron microscopy 

(TEM) images from their electron diffraction (ED) patterns. 

  

Figure 4.7 Schematic showing the relationship between crystal lattice vectors (a and b) and 
reciprocal lattice vectors (a* and b*) in AgEPh (E = S, Se, Te). b (or [010] is parallel to b*. The 
projection of a (or [100]) onto a*b* plane is parallel to a*. The angle between a and a* is 4.1° for 
AgSPh, 5.6° for AgSePh, and 2.9° for AgTePh. 

 

The lines drawn from the origin towards (h00) and (0k0) diffraction spots in the ED patterns 

(Figure 4.5d-f) correspond to a* and b*, respectively. Because AgEPh belong to the monoclinic 

lattice system with α = γ = 90 and β > 90° (β = 94.1° for AgSPh, 95.6° for AgSePh, and 92.9° for 
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AgTePh), b (or [010]) is parallel to b*, but a (or [100]) is not actually parallel to a*. The angle 

between a and a* is 4.1° for AgSPh, 5.6° for AgSePh, and 2.9° for AgTePh. However, the 

projection of a (or [100]) onto the electron diffraction pattern plane (a*b* plane) is parallel to a* 

(Figure 4.7). Likewise, the projection of a* onto the real space ab plane is parallel to a. 

Consequently, the crystallographic [100] and [010] axes can be depicted by drawing lines from 

the origin towards (h00) and (0k0) diffraction spots, respectively, and these axes can be 

superimposed onto the TEM images.  

 Notably, schematic illustration of crystals terminated with {110} planes closely resemble 

the actual macroscopic crystals in terms of their parallelogram shape, angles, and crystal 

orientation (Figure 4.5g-i). These findings facilitate to establish correlations between experimental 

observations on macroscopic crystals and their microscopic structure as well as theoretical 

calculations in future investigations. 
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4.3.3  Discrepancies in crystal structure descriptions of AgEPh (E = S, Se, Te) 

 

Figure 4.8 Crystal structures of AgSPh in (a) P21 and (b) Cc (Ref. 18), AgSePh in (c) P21/c (Ref. 
30) and (d) C2/c (Ref. 18 and 31), and AgTePh in (e) P21/c and (f) C2/c (Ref. 18), depicted along 
crystallographic [001] (top), [100] (middle), and [010] (bottom) directions. In the [001] view, 
benzene rings at the bottom of AgE plane are omitted for clarity. Disordered atoms in AgSPh in 
P21 and AgSePh in C2/c are omitted for clarity. 

 

 Our space group assignments as well as crystal structures in terms of silver-chalcogen 

network and phenyl ligand array are different from the previous report of AgSPh in Cc,18 AgSePh 

in C2/c,18,31 and AgTePh in C2/c18 at room temperature (Figure 4.8). For instance, whereas AgSPh 

in Cc exhibits nearly linear Ag-Ag chains along [010] direction, AgSPh in P21 shows distorted and 

zig-zag Ag-Ag chains. More strikingly, whereas AgEPh in C-centered structures exhibits linear 

arrangement of benzene rings (AgSPh and AgTePh) or disordered benzene rings (AgSePh), 

AgEPh in primitive structures exhibits herringbone arrangement of benzene rings. Considering the 

organic-inorganic hybrid nature of AgEPh in terms of both electronic band structures and 

vibrational modes,21,32 the discrepancy in both inorganic structures and the arrangement of organic 

ligands between primitive structures and C-centered structures can be significant. In the previous 

report of C-centered lattices, colloidal AgEPh crystals were synthesized by the reaction between 

silver (I) oxide (or metallic silver) and benezeneselenol or benezenethiol (or diphenyl ditelluride) 

with isopropanol at 70-100 °C (Figure 4.10a).18 The structures of these compounds were then 
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characterized by the serial femtosecond X-ray crystallography at room temperature. Thus, 

differences in the description of the crystal structures (Primitive vs. C-centered) could be due to a 

phase transformation occurring between 100 K and room temperature,36 the existence of 

polymorphs at the same temperature arising from different synthesis conditions,37 or differences 

in the crystal size and/or quality of identical materials.38 

 

 

Figure 4.9 Powder X-ray diffraction (PXRD) (Mo K𝛂𝛂 radiation, 𝛌𝛌 = 0.71 Å) patterns of (a) AgSPh, 
(b) AgSePh, and (c) AgTePh crystals and the corresponding simulated patterns based on 
crystallographic information of primitive structures (red, this work and ref. 30) and C-centered 
structures (blue, Ref. 18). Temperature-dependent PXRD patterns of (d) AgSPh, (e) AgSePh, and 
(f) AgTePh crystals. Temperature-dependent absorption spectra of (g) AgSPh, (h) AgSePh, and (i) 
AgTePh thin films obtained by the tarnishing method.  
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To explore the possibility of a phase transition between 100 K and 300 K, we conducted 

temperature-dependent powder X-ray (Mo K𝛂𝛂 radiation, 𝛌𝛌 = 0.71 Å) diffraction (PXRD) 

measurement of ground AgEPh crystals (Figure 4.9a-f). PXRD patterns were gradually shifted to 

smaller angles as decreasing temperatures due to unit cell contraction. However, the overall 

diffraction pattern and intensities were maintained without the disappearance of existing 

diffraction peaks or the emergence of new diffraction peaks, suggesting no phase transition. Given 

that the simulated PXRD patterns of primitive unit cells and C-center unit cells are very close to 

each other (Figure 4.9a-c), it is also possible that our instrument’s resolution and sensitivity were 

not enough to detect a potential phase transition. To further evaluate the possibility of a phase 

transition, we performed temperature-dependent absorption measurement of AgEPh films since 

their electronic or optical properties may exhibit more dramatic change. AgEPh films were 

prepared by the tarnishing method where metallic silver films are reacted with vapor-transported 

diphenyl dichalcogenide at 100oC in the presence of water vapor (Figure 4.10e-h).21,24,29 However, 

the absorption spectral shapes of AgEPh films were gradually red-shifted as increasing 

temperatures without exhibiting any sudden changes, further supporting the absence of a phase 

transition. 
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Figure 4.10 (a) Schematic illustration of the colloidal method used in Ref. 18. Scanning electron 
microscopy (SEM) images of (b) AgSPh, (c) AgSePh, and (d) AgTePh nanocrystals obtained by 
the colloidal method used in Ref. 18. (e) Schematic illustration of the tarnishing method. SEM 
images of (f) AgSPh, (g) AgSePh, and (h) AgTePh films obtained by the tarnishing. The insets 
show photographs of AgEPh films on a glass substrate with dimensions of 12.2 mm x 12.2 mm x 
1.1 mm. Powder X-ray diffraction (PXRD) (Mo K𝛂𝛂 radiation, 𝛌𝛌 = 0.71 Å) patterns of (i) AgSPh, 
(j) AgSePh, and (k) AgTePh crystals (red), nanocrystals (green), and films (blue), obtained by the 
amine-assisted method, colloidal method, and the tarnishing method, respectively. Diffuse 
reflectance UV-vis absorption and photoluminescence spectra of (l) AgSPh, (m) AgSePh, and (n) 
AgTePh crystals, obtained by the amine-assisted method, the colloidal method, and the tarnishing 
method, respectively. 
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Next, we evaluated the possibility of polymorphs existing at the same temperature. 

Polymorphs with distinct physical properties are commonly formed in metal organic 

chalcogenolates (MOCs) depending on the different synthesis conditions,37 as we have already 

demonstrated the formation of 1D AgTePh and 2D AgTePh (Figure 4.3). Synthesis conditions for 

2D AgEPh in amine-assisted method (Figure 4.1a), colloidal method 18 (Figure 4.10a), and the 

tarnishing method (Figure 4.10e) are all different in terms of precursors, solvents, and reaction 

temperatures. To assess whether 2D AgEPh obtained from different methods are identical 

materials or polymorphs, we compared their structural and optical properties (Figure 4.10i-n). The 

absorption and PL spectra as well as PXRD patterns of 2D AgEPh obtained from the amine-

assisted method, colloidal method, the tarnishing method are nearly the same, suggesting that they 

are identical materials. (For AgEPh films from the tarnishing method, only the (00h) diffraction 

peaks were observed, indicating a preferential crystal orientation with the c-axis perpendicular to 

the substrate.) 

 Another possibility is the differences in crystal size and/or quality. Structures of AgEPh 

were previously assigned to C-centered lattices. However, for AgSPh, we found no indication of 

any lattice centering in our data (Table 4.5). In the cases of AgSePh and AgTePh, although C-

lattice reflections are systematically weaker than average, they were still clearly observed (Tables 

4.6 and 4.7). Nevertheless, we attempted to determine the structures of AgSePh and AgTePh in C-

centered lattices, and reasonable models could be established in the C2/c space group for both 

(Figure 4.11). However, it should be noted that in this space group, we encountered over 10,000 

systematic violations, and the phenyl ring is disordered over two positions with a 50:50 ratio. 

Although R-values are slightly lower in the C2/c model (as expected over 10,000 of the weakest 

reflections are excluded), we believe P21/c description is superior to C2/c for AgSePh and AgTePh 

in our data because primitive structures make use of all collected data and contain all information. 

The AgEPh obtained by the colloidal method have lateral dimensions in the order of a few 

micrometers or smaller and a thickness in the sub-micrometer range (Figure 4.10b-d). These 

crystals might not have been large and high-quality enough to generate systematically weak X-ray 

reflections. In contrast, the size of AgSPh, AgSePh,30 and AgTePh crystals used for SCXRD were 

415 μm × 355 μm × 35 μm, 230 μm × 220 μm × 20 μm, 235 μm × 70 μm × 10 μm, respectively 

(Figure 4.12). Additionally, the suppression of defect-derived PL in AgSePh crystals obtained by 

the amine-assisted method, as previously reported, further supports the superior crystal quality.30 
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Table 4.5 Intensity statistics of SCXRD for AgSPh (Identification code: P23051). P, A, B, C, I, 
and F represent primitive, A-centered, B-centered, C-centered, body-centered, and face-centered 
lattices, respectively. N (total) indicates the number of reflections that should be absent among all 
collected reflections (61679) if the structure is described in X-lattices (X = A, B, C, I, or F). N (Int 
> 3σ) indicates the number of these reflections with intensities higher than three times the standard 
deviation (σ). Mean intensity represents the average intensity of these reflections, and Mean int/σ 
represents the average of intensity/σ for these reflections. 

Lattice exceptions P A B C I F All 
N (total) 0 30269 30690 30963 30993 45961 61679 

N (int>3sigma) 0 20936 21721 19771 23265 31214 43667 
Mean intensity 0 14.7 19 16.4 20.2 16.7 24 
Mean int/sigma 0 7.7 8.2 7.2 8.6 7.7 8.1 

 

Table 4.6 Intensity statistics of SCXRD for AgSePh (Identification code: X21004).30 

Lattice exceptions P A B C I F All 
N (total) 0 19560 19599 20097 19756 29628 39508 

N (int>3sigma) 0 12960 13557 11769 14432 19143 27300 
Mean intensity 0 15.7 15.8 1.9 13.4 11 15.9 
Mean int/sigma 0 6.8 7.1 5 7.5 6.3 7.1 

 

Table 4.7 Intensity statistics of SCXRD for AgTePh (Identification code: P23058). 

Lattice exceptions P A B C I F All 
N (total) 0 36302 36259 36865 36325 54713 72691 

N (int>3sigma) 0 17733 18350 9885 18268 22984 36957 
Mean intensity 0 18 18.1 0.8 16.5 12.3 18.7 
Mean int/sigma 0 6.8 6.9 2.3 6.9 5.3 7 
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Figure 4.11 Crystal structures of AgSePh and AgTePh in C2/c obtained when they are forced into 
C-centered lattices by excluding >10,000 reflections from the collected data. In both cases, the 
phenyl ring is disordered over two positions with a 50:50 ratio. 
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Figure 4.12 Images of AgSPh in P21, AgTePh in P21/c, and AgTeC6.27H5.62N0.09 in P-1 used for 
single-crystal X-ray diffraction. 

 

4.4  Conclusions 

In conclusion, we have shown the growth of millimeter-sized single crystalline AgEPh (E 

= S, Se, Te) and revealed the relationship between their macroscopic morphologies and 

microscopic crystal structures. Furthermore, we have reported three new structures (2D AgSPh, 

2D AgTePh, 1D AgTePh + 0.089C3H7N), and we explored and discussed the discrepancies in 

crystal structure descriptions of 2D AgEPh (Primitive lattices vs C-centered lattices) in terms of 

phase transitions, polymorphism, and differences in crystal size and quality. Considering the 

growing interest on these emerging 2D hybrid materials, we believe that the synthesis of 

millimeter-sized single crystals, crystallographic information, and macroscopic-microscopic 

structural relationships provided in this work will serve as foundational knowledge for future 

experimental and theoretical investigations into their in-plane anisotropic electronic, optical, 

thermal properties arising from their low-symmetry structures. 
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4.5  Methods 

Chemicals. Silver pellets (Ag, 99.99% pure) were purchased from Kurt J Lesker. Diphenyl 

disulfide (Ph2S2, 99.0+%), diphenyl diselenide (Ph2Se2, 97.0+%), and benzeneselenol (PhSeH, 

>95.0%) were purchased from TCI America. Diphenyl ditelluride (Ph2Te2, 98%), benzenethiol 

(≥99%), propylamine (PrNH2, 98%), butylamine (BuNH2, 99.5%), hexylamine (HexNH2, 99%), 

toluene (>99.5%), isopropanol (IPA, ≥99.5%), potassium bromide (KBr, 99.0%) silver powders 

(Ag, ≥99.9%), silver nitrate (AgNO3, ≥99.0%) and silver (I) oxide (Ag2O, ≥99.99%) were 

purchased from Millipore Sigma.  

Preparation of AgEPh (E = S, Se, Te) crystals by the amine-assisted method.30 AgEPh 

crystals were synthesized by mixing a 20 mM solution of silver nitrate (AgNO3) in 1-butylamine 

(BuNH2) and a 20 mM solution of diphenyl dichalcogenide (Ph2E2) in BuNH2 in a sealed vial 

(Figure 1a). The vial was then stored under dark at room temperature for 2 weeks to obtain AgSPh 

crystals, 3 days for AgSePh crystals, and 2 months for AgTePh crystals. For AgSPh and AgSePh, 

no byproduct or intermediate phase was observed during the synthesis process, and similar results 

were obtained when propylamine (PrNH2) and hexylamine (HexNH2) were used instead of BuNH2. 

However, intermediate phases or byproducts such as 1D fibers or 1D crystals (1D AgTePh + 0.089 

C3H7N) were observed during the synthesis of 2D AgTePh. 

Preparation of AgEPh (E = S, Se, Te) nanocrystals by the colloidal method.18 For AgSPh 

and AgSePh nanocrystals, 100 mg of silver (I) oxide was placed in a 5 mL glass vial with 1 mL of 

isopropanol and 1 mL of benzenethiol (PhSH) or benzeneselenol (PhSeH). The vial is sealed and 

placed in a secondary container to avoid leakage of toxic and smelly PhSH or PhSeH. The 

container is heated in an oven at 100 °C for 1 day to obtain AgSPh or AgSePh crystals. For AgTePh 

crystals, 100 mg of metallic silver powders and 1.5 g of diphenyl ditelluride (Ph2Te2) were placed 

in a 5 mL glass vial with 1 mL of isopropanol. The vial is sealed and placed in a secondary 

container. The container is heated in an oven at 100 °C for 4 days to obtain AgTePh crystals. 

AgEPh crystals were retrieved after removing excess organic ligands by 3 cycles of centrifugation 

(6,000 rpm for 2 min) with toluene, isopropanol and ethanol, successively. 

Preparation of AgEPh (E = S, Se, Te) films by the tarnishing method.21,24,29 AgEPh thin 

films were prepared by a chemical transformation reaction between metallic silver and a vapor of 
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Ph2E2, known as the tarnishing method. Silver films with thickness of 15 nm were deposited on 

pre-cleaned glass substrates (12.2 x 12.2 x 1.1 mm3, Luminescence Technology Corp.) by thermal 

evaporation with a deposition rate of ~1 Å/s. After that, the prepared silver films, Ph2E2 powder 

and 200 µL of deionized water in separate open culture tubes were sealed together inside a 

microwave reaction vial. After heating in an oven at 100 °C for 4~7 days, the silver films 

transformed into AgEPh films. 

Polarized optical microscopy. The samples on transparent glass coverslips were mounted 

on an inverted microscope (Nikon, Ti-U Eclipse). Above and below the sample, a polarizer and an 

analyzer were placed, respectively, oriented orthogonally to each other. The sample was 

illuminated by an overhead light source (Nikon D-LH Halogen 12V 100W). The transmitted light 

through the sample was collected with an objective lens (Nikon, CFI S Plan Fluor ELWD, 40×, 

0.6 NA) and then directed into a color CMOS camera (Thorlabs, DCC1645C-HQ). Polarized 

optical images were taken by rotating the sample stage.  

Photoluminescence spectroscopy. PL spectra of AgSePh and AgTePh were measured with 

a home-built setup consisting of an inverted microscope (Nikon, Ti-U Eclipse) equipped with a 

405 nm laser diode (Picoquant, LDHDC-405M, continuous wave mode) and a cooled charge-

coupled detector (Princeton Instruments, PiMAX 4) on a spectrograph (Princeton Instruments, SP-

2500). A Tecan Spark multimode plate reader with 355 nm excitation was used to measure PL of 

AgSPh, but no PL was detected. 

UV-Vis spectroscopy and diffuse reflectance spectroscopy. Absorption spectra of AgEPh 

films prepared by the tarnishing method were obtained using Cary 5000 UV-Vis-NIR spectrometer. 

For temperature-dependent absorption spectra, samples were mounted inside a steady flow Janis 

ST-100 optical cryostat. The cryostat was then mounted in the Cary spectrometer, evacuated to 

below 3 × 10-5 Torr, and cooled with liquid nitrogen. The temperature was controlled with a model 

335 Lakeshore temperature controller. Diffuse reflectance spectra of AgEPh crystals prepared by 

the amine-assisted method and AgEPh nanocrystals prepared by the methods in ref X were 

obtained using a Cary 5000 UV-Vis-NIR spectrometer equipped with a PIKE Technologies 

DiffuseIR accessory and Perkin Elmer 1050 UV-Vis-NIR spectrophotometer equipped with 

diffuse reflection accessory, respectively. For diffuse reflectance measurements, AgEPh crystals 

and nanocrystals were grinded with dry potassium bromide (KBr) to a ~0.3 wt% dilution and 
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diffuse reflectance spectra were normalized to a 100% KBr baseline. The obtained diffuse 

reflectance spectra were converted into absorption spectra by Kubelka-Munk transform:39 

( ) ( )21
2

R
F R

R
−

=
 

where F(R) is the Kubelka-Munk function with a value proportional to the sample’s absorption 

coefficient, and R is the relative reflectance of the sample with the 100% KBr baseline.  

Scanning electron microscopy (SEM). SEM images were collected using a Zeiss Merlin 

instrument operating at 1 kV and 100 pA. 

Transmission electron microscopy (TEM) and electron diffraction (ED). TEM and ED 

were conducted using a FEI Tecnai G2 Spirit Twin instrument operating at 120 kV. 

Room-temperature Powder X-ray diffraction (PXRD). Room temperature PXRD data were 

collected using a PANalytical Empyrean X-ray diffractometer (Mo Kα radiation, λ = 0.71 Å) 

equipped with Galipix 3D detector. 

Single-Crystal X-ray Diffraction (SCXRD). SCXRD data at 100 K were collected on 

Bruker-AXS X8 Kappa Duo diffractometers with IμS micro-sources using Mo Kα radiation (λ = 

0.71073 Å), coupled to a Photon 3 CPAD detector, performing φ and ω scans. All structures were 

solved by dual-space methods using SHELXT40 and refined against F2 on all data by full-matrix 

least squares with SHELXL-201741 following established refinement strategies.42 All non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were included into the model at 

geometrically calculated positions and refined using a riding model. The isotropic displacement 

parameters of all hydrogen atoms were fixed to 1.2 times the U-value of the atoms they are linked 

to. Temperature-dependent transmission-mode PXRD data were collected using the SCXRD setup. 

Temperature-dependent PXRD. Temperature-dependent transmission-mode PXRD data 

were collected using the SCXRD setup. 
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Chapter  5    
Light emission in 2D AgSePh and 2D AgTePh 
 

The basis of this chapter has been published as: 
Woo Seok Lee, Yeongsu Cho, Eric R. Powers, Watcharaphol Paritmongkol, Tomoaki Sakurada, 
Heather J. Kulik, William A. Tisdale. “Light Emission in 2D Silver Phenylchalcogenolates” ACS 
Nano 2022, 16, 20318-20328. 

 

5.1  Abstract 

Silver phenylchalcogenolate (AgSePh – also known as “mithrene”) and silver 

phenyltellurolate (AgTePh – also known as “tethrene”) are two-dimensional (2D) van der Waals 

semiconductors belonging to an emerging class of hybrid organic-inorganic materials called metal-

organic chalcogenolates. Despite having the same crystal structure, AgSePh and AgTePh exhibit 

strikingly different excitonic behavior. Whereas AgSePh exhibits narrow, fast luminescence with 

minimal Stokes shift, AgTePh exhibits comparatively slow luminescence that is significantly 

broadened and red-shifted from its absorption minimum. In this chapter, using time-resolved and 

temperature-dependent absorption and emission micro-spectroscopy, combined with sub-gap 

photoexcitation studies, we show that exciton dynamics in AgTePh films are dominated by 

intrinsic self-trapping behavior, whereas dynamics in AgSePh films are dominated by interaction 

of band-edge excitons with a finite number of extrinsic defect/trap states. Density functional theory 

calculations reveal that AgSePh has simple parabolic band edges with a direct gap at Γ whereas 

AgTePh has a saddle point at Γ with a horizontal splitting along Γ-N1 direction. Correlation 

between the unique band structure of AgTePh and exciton self-trapping behavior is unclear, 

prompting further exploration of excitonic phenomena in this emerging class of hybrid 2D 

semiconductors. 

 

5.2  Introduction 

Two-dimensional (2D) semiconductors, including transition metal dichalcogenides (TMDs) 

and 2D halide perovskites, have attracted attention due to strong charge-charge and light-matter 
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interactions.1–8 The atomically thin morphology leads to reduced dielectric screening and strong 

quantum confinement for charge carriers, resulting in the formation of excitons with binding 

energies up to hundreds of meV.9–12 In 2D semiconductors, excitonic phenomena dominate the 

optical response at room temperature, leading to strong absorption, emission and nonlinear optical 

responses due to enhanced light-matter interaction.13–17 Consequently, these materials have been 

envisioned for use in optoelectronic applications such as light-emitting diodes, lasers, solar cells 

and photo-detectors.18–21 

 2D metal organochalcogenolates (MOCs) – also referred to as metal-organic chalcogenides 

– are an emerging class of hybrid organic-inorganic 2D semiconductors.22–28 Similar to TMDs and 

2D perovskites, 2D MOCs crystallize in the form of three-dimensional solids consisting of 2D 

layers bound together by interlayer van der Waals forces (Figure 5.1a).25 Each 2D layer consists 

of an inorganic sheet sandwiched by organic ligands, which are covalently bonded to the inorganic 

sheet. The presence of organic ligands, which decouple electronic interactions between inorganic 

layers, distinguish 2D MOCs from TMDs, which exhibit layer-dependent electronic properties.7,29 

Furthermore, 2D MOCs are distinguished from 2D perovskites by the covalent nature of bonding 

between organic and inorganic components, which allows chemical stability in air and solvents30 

and enables electronic bandgap tuning via organic ligand modification.31 

 Among the 2D MOCs reported so far, silver phenylchalcogenolate (AgSePh) – also known 

as “mithrene” – has attracted the most attention due to its natural blue (~467 nm) emission.29,32–43 

Recently, it was shown that silver phenyltellurolate (AgTePh) – known as “tethrene” – also 

crystallizes into a 2D structure at room temperature with the same monoclinic centrosymmetric 

space group P21/c as AgSePh.39 (Note that AgSePh and AgTePh have also been reported in the 

C2/c structure,32,36 which is very similar in structure to P21/c) However, AgTePh exhibits 

strikingly different optical behavior from AgSePh despite the structural and compositional 

similarity, implying a different physical mechanism underlying light emission in AgTePh. 

Here, we investigate light emission in AgSePh and AgTePh thin films using time-resolved 

and temperature-dependent optical spectroscopy. AgTePh exhibited a single broad, Stokes-shifted 

emission feature as the sample was cooled from room temperature (300 K) to cryogenic conditions 

(5 K). As the AgTePh sample was cooled, the photoluminescence (PL) lifetime increased from 

~1.5 ns at 300 K to >100 ns at 5 K, while the PL quantum yield (QY) increased from <1% at 300 
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K to ~100% at 5 K. In contrast, AgSePh exhibited a largely temperature-independent PL lifetime 

of ~70 ps and did not exhibit any broadband emission signatures until the sample was cooled below 

200 K. These temperature-dependent observations, combined with sub-gap and power-dependent 

photoexcitation experiments, suggest that intrinsic exciton self-trapping dominates excitonic 

behavior in AgTePh, whereas exciton dynamics in AgSePh are dominated by interaction of free-

excitons with extrinsic defects/trap states. Density functional theory (DFT) calculations revealed 

that AgSePh has a direct gap at Γ with simple parabolic band edges whereas AgTePh has a saddle 

point at Γ with a horizontal splitting along Γ-N1 direction. Correlation between exciton self-

trapping behavior and the unique band structures of AgTePh is unclear in that both valence band 

maximum (VBM) and conduction band minimum (CBM) in AgTePh are two-dimensionally 

dispersive [(mh*, me*) = (1.05mo, 1.08mo) along BM → Γ, (1.24mo, 0.70mo) along BM → N1, and 

(0.52mo, 0.64mo) along BM → BM±ky]. Overall, we discuss possible origins of these observations 

and highlight some of the fundamental questions in this emerging class of 2D semiconductors. 
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5.3  Results and Discussion 

5.3.1  Structural and optical properties 

 

Figure 5.1 Structural and optical properties of AgSePh and AgTePh thin films. (a) Layered 2D 
structures of AgSePh and AgTePh. (b) Photographs of AgSePh and AgTePh films under ambient 
light (top) and 365 nm light-emitting diode excitation (bottom). The bottom images were taken 
through a 450 nm long-pass filter to remove scattering from the excitation light. (c) X-ray 
diffractograms of AgSePh and AgTePh films. (d, e) Absorption and emission spectra of AgSePh 
and AgTePh films at room temperature. (f, g) Time-resolved photoluminescence of AgSePh and 
AgTePh films. IRF denotes the instrument response function of the measurement instrument. 

 

Silver phenylselenolate (AgSePh) and silver phenyltellurolate (AgTePh) films were 

prepared by a vapor-phase chemical transformation method.34,35 Briefly, a 15 nm thick Ag film 

was deposited on a glass substrate by thermal evaporation, and then the silver-coated glass slide 

was placed inside a sealed pressure vessel containing deionized water and diphenyl diselenide 

(Ph2Se2) or diphenyl ditelluride (Ph2Te2) powder. After heating the vessel to 100°C for 3~4 days, 

the Ag film was transformed into a light yellow AgSePh film or a deep yellow AgTePh film 

(Figure 5.1b).  

The structural and morphological properties of AgSePh and AgTePh films were 

investigated using powder X-ray diffraction (XRD) and scanning electron microscopy (SEM). 

Both AgSePh and AgTePh films showed evenly spaced (00h) XRD peaks below 20° 
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corresponding to the stacking periodicity of ~1.45 nm and ~1.52 nm, respectively (Figure 5.1c). 

SEM micrographs reveal a micro-crystalline morphology in both samples (Figure 5.2). AgSePh 

crystals are ~500 nm in size and aligned mostly parallel to the substrate, while AgTePh crystals 

are ~200 nm in size and randomly oriented.  

 

Figure 5.2 Scanning electron micrographs of (a) AgSePh and (b) AgTePh films. 

 

Absorption spectra of AgSePh and AgTePh films at room temperature were collected using 

an integrating sphere accessory to suppress contributions from scattered light to the measured 

absorption spectrum (Figure 5.3). While this configuration improves the accuracy of the absorption 

measurement by collecting forward scattered light, it does not account for backscattered light – 

especially in microcrystalline films where the crystallite size is close to the wavelength of light. 

 

Figure 5.3 Schematic of room-temperature absorption measurement using the integrating sphere 
attachment (Agilent, Internal DRA 2500) for the Agilent Cary 5000 Spectrophotometer. Black 
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solid line, black dashed line, green dashed line, and red dashed line represent incident light, 
transmitted light, forward scattered light, and backscattered light, respectively. 

Temperature-dependent absorption measurements can help distinguish true absorption 

signals from light scattering. Whereas actual electronic resonances in materials (including optical 

transitions at defects) will shift in wavelength, linewidth and intensity with changing temperature, 

light scattering due to sample morphology will be largely temperature-independent. In Figure 5.4, 

we show the temperature-dependent “apparent” absorption spectra of AgSePh and AgTePh films 

collected in transmission mode in an upright tower cryostat (Janis ST-100). The invariance of the 

long-wavelength scattering signal with temperature (beyond 510 nm in AgSePh and beyond 560 

nm in AgTePh) confirms that this signal originates from scattering. Moreover, the sub-bandgap 

signal is heavily suppressed when the same measurement is performed with an integrating sphere 

(Figure 5.5). 

 

Figure 5.4 Temperature-dependent absorption spectra of (a) AgSePh and (b) AgTePh films 
collected in transmission mode in an upright tower cryostat (Janis ST-100). 
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Figure 5.5 Scattering-suppressed absorption spectra measured at room temperature using an 
integrating sphere, and further removal of residual scattering contributions by extrapolating the 
sub-band gap signal. 

We use a simple heuristic expression to account for scattering contributions to the 

measured raw absorption spectrum, 

𝐴𝐴 = 𝑎𝑎 ∙ 𝜆𝜆 +  𝑏𝑏, (5.1) 

where a and b are fitting constants. a and b were extracted from tangent lines at 510 nm for the 

AgSePh film and at 560 nm for the AgTePh film. Then, scattering removed absorption spectra in 

short wavelengths (below 510 nm for the AgSePh film and below 560 nm for the AgTePh film) 

were acquired by subtracting the linear fit from the raw data. For long wavelengths where the 

absorption did not show temperature-dependence, the intensity of scattering removed absorption 

was set to be zero. 

Scattering-corrected absorption and photoluminescence spectra of AgSePh and AgTePh 

films are shown in Figure 5.1d and 5.1e. The room-temperature absorption spectrum of the 

AgSePh film shows two overlapping absorption peaks at 2.87 and 2.74 eV. When the temperature 

was reduced to 80 K, these two peaks blue-shifted to 2.91 (X3) and 2.79 eV (X2) and a new peak 

became resolvable at the lowest energy of 2.72 eV (X1) (Figure 5.6a). These three optical 

transitions were previously assigned to three distinct excitonic states having an exciton binding 

energy of approximately 350 meV, with X2 oriented perpendicular to X1/X3 within the 2D plane.36  

The AgSePh film exhibited narrow photoluminescence (PL) centered around 2.65 eV with 

a full-width-at-half-maximum (FWHM) of ~10 meV at room temperature (Figure 5.1d). The PL 
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emission peak is close in energy to the X1 absorption resonance, and the corresponding Stokes 

shift decreased from ΔSS = 22.8 ± 5.7 meV at room temperature to ΔSS = 1.9 ± 5.9 meV at 80 K 

(Figures 5.6c, 5.6e and 5.12). Because of the small Stokes shift and close tracking of the PL and 

absorption spectrum with temperature (Figures 5.6c and 5.8a), we assign light emission in AgSePh 

to band-edge “free” exciton emission. (Following convention, we described electron-hole pairs 

whose wavefunction is strongly delocalized over a few unit cells and which can move freely inside 

the crystal as “free-excitons” whereas excitons localized at defects or lattice sites as “bound 

excitons”.) The PL decay of the AgSePh film at room temperature was well fit by a single 

exponential decay function convolved with the instrument response function (IRF), with an 

extracted PL lifetime of ~70 ps (Figure 5.1f).44  
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Figure 5.6 Absorption spectrum of (a) AgSePh and (b) AgTePh films at 80 K. Three absorption 
peaks are labeled X1, X2, and X3 for AgSePh, and X1, X3, and X4 for AgTePh. The reason why 
excitonic transitions in AgTePh are labelled as X1, X3, and X4, instead of X1, X2, and X3 will be 
explained in the Chapter 6. These spectra have not been corrected for light scattering. (c, d) Xn (n 
= 1,2,3, or 4) and PL peak positions as a function of temperature for (c) AgSePh and (d) AgTePh 
films. Note that X3 and X4 are strongly overlapping in the AgTePh spectrum and could not be 
distinguished above 100 K (Figures 5.4 and 5.7). (e) Temperature-dependent Stokes shift for 
AgSePh and AgTePh films. The error bars represent the uncertainty of wavelength calibration in 
the absorption and photoluminescence measurement (1.0 nm). 
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Figure 5.7 The second derivative of absorption spectrum of AgSePh and AgTePh films as a 
function of temperature. 

 

Figure 5.8 Excitonic absorption resonance peaks and photoluminescence peak positions as a 
function of temperature for (a) AgSePh and (b) AgTePh films. (Enlarged figures of Figure 5.6c 
and 5.6d) 

 

The AgTePh film also showed two absorption peaks at room temperature, but with much 

larger energetic separation, positioned at 2.97 eV and 2.58 eV. When the temperature was reduced 

to 80 K, the AgTePh film also revealed three distinct absorption peaks positioned at 3.06 (X4), 

2.91 (X3), and 2.65 eV (X1) (Figure 2b). (The reason why excitonic transitions in AgTePh are 

labelled as X1, X3, and X4, instead of X1, X2, and X3 will be explained in the Chapter 6) As in 

AgSePh, the energies of these excitonic transitions blue-shifted with decreasing temperature 
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(Figure 5.6c,d). However, the AgTePh film exhibited significantly broader PL centered at 2.04 eV 

with a FWHM of ~420 meV. Moreover, the PL peak emission wavelength was invariant with 

temperature, leading to a Stokes shift that actually increased as the sample temperature decreased 

from ΔSS ≈ 540 meV at room temperature to ΔSS ≈ 600 meV at 80 K (Figures 5.6d, 5.6e and 5.12). 

The AgTePh PL decay at room temperature was also fit well by a single exponential decay function 

convolved with the IRF, but with an extracted PL lifetime of ~1.5 ns (Figure 5.1g). 

Given the similarities in structure, composition, and absorption characteristics of AgSePh 

and AgTePh, the differences between their light emission characteristics is striking. Both materials 

crystallize in the same monoclinic P21/c39 (or C2/c structure)32 and form 2D layered van der Waals 

solids. In addition, both materials exhibit three distinct excitonic absorption resonances. However, 

whereas the three excitonic absorption resonances in the AgSePh film are close in energy, the 

AgTePh film exhibit much larger energetic separation between X1 and X3. More strikingly, 

whereas AgSePh exhibits narrow, fast luminescence with minimal Stokes shift, AgTePh exhibits 

comparatively slow luminescence that is significantly broadened and red-shifted from its 

absorption minimum, and which does not track the band gap energy with changing temperature. 

 

5.3.2  Electronic band structure calculations 

Electronic dispersion in AgSePh and AgTePh was calculated using approximate density 

functional theory (DFT) with the PBE functional and semi-empirical DFT-D2 correction to ensure 

van der Waals interactions were captured. Fully relativistic calculations were performed to 

incorporate the strong spin-orbit coupling of Te. These calculations used the reported monoclinic 

C2/c structures32 of AgSePh and AgTePh (see Figure 5.10 for calculation in the P21/c space 

group39 and the Chapter 7). The calculated band structure with the projected density of states are 

shown in Figure 5.9a,d. The density of states results show that the bands of AgSePh and AgTePh 

have largely similar orbital contributions. The valence band is primarily comprised of chalcogen 

p orbitals and Ag d orbitals. The conduction band is dominated by C p orbitals, except near the 

conduction band minimum where the Ag s orbital, Ag p orbital, and chalcogen p orbital become 

more important.  A distinct difference between AgSePh and AgTePh appears at the valence band 

maximum (VBM) and conduction band minimum (CBM). Whereas AgSePh has a simple parabola 

with a direct gap at Γ, AgTePh has a saddle point at Γ with a horizontal splitting in the x direction 
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(Γ-N1 direction). The momentum of the VBM and CBM in AgTePh differ by only 0.04 Å−1, and 

the indirect gap is only 11 meV smaller than the direct gap, leading to an effectively direct band 

gap (Figure 5.11). The difference in the band shape leads to a large 0.30 eV difference in the band 

gap, i.e., 1.33 eV for AgSePh and 1.63 eV for AgTePh, neglecting correlation effects. Electron 

and hole at the band edges of AgSePh and AgTePh have similar effective mass (Table 5.1). 

 

 

Figure 5.9 Density functional theory (DFT)-calculated band structure and density of states of (a) 
AgSePh and (d) AgTePh in C2/c space group. The color and width of the line indicates the type 
and contribution of each orbital to the band, respectively. Detailed shape of the conduction band 
minimum (b,e) and the valence band maximum (c,f) on Γ-N1-N plane. The axes are fractions of 
the reciprocal lattice vector. Note that the high symmetry points are selected from the conventional 
lattice for the band structure instead of the primitive lattice. (g) Brillouin zone of the conventional 
lattice. Effective mass of hole and electron at the band edges of AgSePh and AgTePh are presented 
in Table 5.1. 
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Figure 5.10 Band structure of AgSePh in P21/c space group calculated with DFT using PBE 
functional and the DFT-D2 correction. 

 

 

Figure 5.11 Enlarged conduction band minimum (CBM), valence band maximum (VBM), and 
projected density of states (PDOS) of (a,b) AgSePh and (c,d) AgTePh. The color and width of the 
line indicates the type and contribution of each orbital to the band, respectively. 

 

Table 5.1 Effective mass of hole and electron at the band edges of AgSePh and AgTePh in the 
unit of the true electron mass. BM stands for the valence band maximum and conduction band 
minimum as specified in Figure 5.11. 

AgSePh (C2/c) Hole Electron AgTePh (C2/c) Hole Electron 
Γ → N1 1.14 1.28 BM → N1 1.05 0.64 
Γ → N 0.77 0.42 BM → Γ 1.24 0.70 
AgSePh (P21/c) Hole Electron BM → BM±ky 0.52 0.64 
Γ → A 0.69 1.00 Γ → N 0.50 1.08 
Γ → Y 0.37 0.25    
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5.3.3  Temperature-, location, and power-dependent photoluminescence micro-

spectroscopy 

 

Figure 5.12 Temperature-, location-, power-dependent photoluminescence (PL) spectroscopy. (a, 
d) Temperature-dependent normalized PL spectra of AgSePh and AgTePh films. (b, e) Location-
dependent PL spectra of AgSePh and AgTePh films at 5 K. (c, f) Power-dependent PL spectra of 
AgSePh and AgTePh films at 5 K. 

 

To investigate light emission in AgSePh and AgTePh films, we measured the PL spectra 

of AgSePh and AgTePh films as a function of temperature from 5 K to 300 K as shown in Figure 

5.12a,d. The samples were mounted under vacuum in a microscopy cryostat and excited by 405 

nm light focused to ~1 μm spot on the sample surface, from either a variable repetition rate 

pulsed/CW laser diode or the second harmonic of a Ti:sapphire laser (see Methods). In the case of 

the AgSePh film, the free-exciton emission peak at ~2.6 eV gradually blue-shifted and narrowed 

with decreasing temperature, tracking the temperature-dependent shifting of the lowest-energy 

excitonic absorption resonance (Figure 5.6c). An additional broadband emission feature was also 

observed below 2.5 eV at low temperatures. In contrast to AgSePh, the AgTePh film exhibited a 

single broadband emission feature across all temperatures studied. The broad AgTePh emission 
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feature became slightly narrower at lower sample temperature, but its peak position remained 

constant. 

Broad emission with a large Stokes shift in semiconductors has historically been assigned 

to defects,45–48 self-trapped excitons (STEs),40,49–51 or indirect bandgap recombination.44,52 Charge-

transfer excitons can also lead to broadband emission in hetero-structures with type II band 

alignment,53–55 but we do not expect to observe this behavior in pure AgSePh and AgTePh. To 

clarify the origin of broadband emission in AgSePh and AgTePh films, we performed location- 

and power-dependent steady-state PL micro-spectroscopy.  

 

 

Figure 5.13 Power-dependent photoluminescence intensities of (a) AgSePh and (b) AgTePh films 
at 5 K. Free-exciton emission in the AgSePh film shows linear trend whereas the broad emission 
(defect emission) in the AgSePh film shows sublinear trend at high power densities. The broad 
emission in the AgTePh film shows linear trend. 

 

Figure 5.12b,c shows the PL spectra of the AgSePh film at 5K (normalized to the intensity 

of the free-exciton emission feature) as a function of excitation spot location and excitation power, 

respectively. The spectral shape of the broad emission in AgSePh and its relative intensity to the 

free-exciton emission showed large location-to-location variation (Figure 5.12b). Moreover, the 

broad emission showed sub-linear scaling with excitation laser intensity (Figures 5.12c and 5.13a). 

This behavior is characteristic of extrinsic defect states, which are finite in number (i.e. saturable) 

and can exhibit spatial heterogeneity depending on local conditions during film growth.45,48,51,56 
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We note that another study recently reported a broad, low-energy spectral feature in transient 

absorption spectra of AgSePh films and assigned it to a self-trapped exciton (STE).40 However, 

the reported photoinduced absorption feature was not observed in transient absorption 

measurements on our samples, and we cannot identify spectral emission from AgSePh that is 

characteristic of STEs. Moreover, sub-band-gap broad emission in AgSePh is suppressed in high-

quality single crystals,39 reinforcing our assignment of this feature to extrinsic defect states – rather 

than intrinsic behavior. 

In contrast, the broad emission feature in AgTePh showed the same spectral shape 

regardless of location and excitation power (Figure 5.12e,f) and its intensity grew linearly with 

excitation laser power (Figure 5.13b). These observations indicate that the broad emission feature 

in AgTePh films arises from an intrinsic mechanism, such as STE or indirect recombination.44,49 

 

 

Figure 5.14 Temperature-dependent photoluminescence quantum yield (PLQY) of AgSePh and 
AgTePh films. (a, b) Temperature-dependent PL spectra of AgSePh and AgTePh films. (c) 
Temperature-dependent PLQY of free-exciton emission of the AgSePh film (blue) and overall 
spectrally integrated emission of AgSePh (black) and AgTePh films (red). 

 

To further investigate the mechanisms of light emission, we measured the temperature-

dependent PL quantum yield (PLQY) of AgSePh and AgTePh films (Figure 5.14). The PLQY of 

AgSePh and AgTePh films was first measured at room temperature using the absolute method in 

an integrating sphere.57 Based on these measurements, the PLQY of AgSePh and AgTePh films at 

room temperature was calculated to be ~0.05% and ~0.85%, respectively (Figure 5.15). Then, the 

PLQY at lower sample temperatures was estimated by scaling the PLQY measured at room-
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temperature by the temperature-dependent relative PL intensity, keeping all other experimental 

conditions constant (see Methods and Figure 5.14).  

 

Figure 5.15 The differences of spectra in the excitation (blue) and the emission (red) regions of a 
photoluminescence quantum yield (PLQY) experiment on (a) AgSePh and (b) AgTePh films. The 
ratio of integrated emission and excitation signals after the correction from ND and color glass 
filters gives PLQY of ~0.05 % and ~0.85% for AgSePh and AgTePh films, respectively. 

 

For the AgSePh films, since the free-exciton emission and defect emission are spectrally 

well-resolved, each feature could be separately integrated and quantified (Figure 5.14a). The free-

exciton PLQY of the AgSePh film increased monotonically with decreasing temperature, 

approaching ~0.25 % at 5 K. The PLQY of the sub-gap defect-derived emission in AgSePh also 

increased monotonically with decreasing temperature, becoming the primary emission source at 

low temperature (based on spectral integration). The total PLQY, including free-exciton and sub-

gap emission, of the AgSePh film was estimated to be ~2.1 % at 5K. These overall trends suggest 

the existence of thermally-activated nonradiative recombination channels that become partially 

suppressed at low temperatures.43,58 Strikingly, however, there also remains a strong nonradiative 

recombination pathway in AgSePh even below 10 K. 

In contrast, the PLQY of AgTePh films increased monotonically with decreasing 

temperature, approaching nearly unity at temperatures below 50 K. The observation of near-unity 

PLQY in AgTePh at cryogenic temperature strongly suggests that light emission in this material 
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does not originate from indirect bandgap recombination, which is also supported by the band 

structure calculation showing the effectively direct gap (Figures 5.9 and 5.11). Electron-hole 

recombination in indirect bandgap semiconductors is a phonon-assisted process, requiring the 

participation of phonons to conserve crystal momentum. Consequently, indirect bandgap 

recombination is strongly suppressed at lower sample temperature when the occupancy of phonon 

modes is reduced.52 Consequently, the broad Stokes-shifted emission in AgTePh films most likely 

originates from an alternative mechanism, such as self-trapped exciton emission. 

 

5.3.4  Sub-gap excitation photoluminescence spectroscopy 

 

Figure 5.16 Sub-gap excitation. (a) Diagram showing the energy levels of conduction band (CB) 
and valence band (VB) edges, as well as hypothetical defect (DE) and self-trapped exciton (STE) 
states. Solid blue, green, red lines represent above-gap excitation, sub-gap excitation, and broad 
emission, respectively. (b,c) Photoluminescence spectra at 80 K of AgSePh and AgTePh films 
upon resonant (blue) and sub-gap (green) laser excitation. The absorption spectrum is included for 
reference. 

 

To further distinguish between defect-derived mid-gap states and intrinsic self-trapped 

excitons (STEs), we performed sub-gap excitation PL spectroscopy (Figure 5.16). In these 

experiments, we compare the PL spectra under resonant (above-gap) photoexcitation to non-

resonant (sub-gap) photoexcitation. Defect-derived mid-gap states are quasi-permanent electronic 

states that should be accessible upon direct photoexcitation from the ground state (albeit with 

possibly weak oscillator strength). In contrast, STEs are lattice deformations that are absent in the 

ground state configuration of the lattice; their formation is transiently induced by the presence of 

excited charge carriers.59,60 Consequently, comparison of both the intensity and spectral shape of 
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PL under resonant and sub-gap excitation conditions can help differentiate STEs from defect-

derived emission (Figure 5.16a).45,51 

 

Figure 5.17 Power-dependent photoluminescence intensities of (a) AgSePh and (b) AgTePh films 
upon resonant excitation (3.06 eV, 405 nm) and subgap excitation (2.33eV, 532 nm) with fits to 
𝐼𝐼 ∝  𝑃𝑃𝛼𝛼 where α = 1. 

 

Figure 5.16b,c compares the PL spectrum under resonant (3.06 eV, 405 nm) and sub-gap 

(2.33 eV, 532 nm) laser excitation conditions in AgSePh and AgTePh films at T = 80 K. For 

AgSePh, a 550 nm long-pass filter was used to filter out the free-exciton emission near ~455 nm. 

All of the spectra shown in Figure 5.16 followed a linear power dependence, ruling out any 

contribution of two-photon absorption to the measured spectra (Figure 5.17). In the case of 

AgSePh, both above-gap and sub-gap excitation led to overlapping spectral emission (Figure 

5.16b), supporting the assignment of broad emission in this sample to quasi-permanent defect 

states. The ~20x weaker emission under sub-gap excitation is explained by significantly reduced 

absorption at 532 nm compared to 405 nm (Figure 5.16b).  

In contrast, the PL spectra of AgTePh under resonant and sub-gap photoexcitation were 

completely different (Figure 5.16c). Upon resonant (above-gap) excitation in AgTePh, the 

emission spectrum spanned from 1.6 eV to 2.2 eV (550-780 nm), while non-resonant (sub-gap) 

excitation produced emission below 1.6 eV (note that the shape of the sub-gap emission curve 

below ~1.4 eV is affected by reduced efficiency of a cooled charge-coupled device (CCD) camera 



131 
 

detector at longer wavelengths). Moreover, the PL peak intensity upon resonant excitation was 

~102 times higher than that upon sub-gap excitation with the same incident laser intensity. These 

observations further support the conclusion that broad emission ranging from 1.6 eV to 2.2 eV in 

AgTePh does not arise from defects. On the other hand, we note that emission beyond ~800 nm 

(1.6 eV) in AgTePh films became stronger when the sample was intentionally degraded by long 

time photo-exposure (Figure 5.18), suggesting that PL in this spectral range is defect-derived. 

 

Figure 5.18 Comparison of photoluminescence spectra of AgTePh films stored for 10 days under 
dark and room-light. The emission spectra of AgTePh films did not change overtime when the 
sample was kept under dark. In contrast, emission beyond ~800 nm (1.6 eV) in AgTePh films 
became stronger when the sample was stored under room-light, suggesting sample degradation by 
photo-exposure. 

 

5.3.5  Time-resolved spectroscopy 

Temperature-dependent time-resolved photoluminescence (TRPL) spectroscopy data for 

AgTePh and AgSePh are shown in Figure 5.19a-f. Spectrally-resolved TRPL of the AgTePh film 

at 80 K is shown in Figure 5.19a. Similar PL decay dynamics at different wavelengths and a PL 

spectrum that is invariant with decay time was observed (Figures 5.19b and 5.20), further 

confirming that the broad emission in the AgTePh film arises from a homogeneous emission 

mechanism, such as an intrinsic STE. 
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Figure 5.19 Time-resolved spectroscopy. (a) Spectrally-resolved time-resolved 
photoluminescence (TRPL) of the AgTePh film at 80 K. (b) Comparison of spectral slices 
corresponding to early time (0 – 50 ns, black) and late time (100 – 300 ns, red) emission in AgTePh 
at 80 K. (c, d) Temperature-dependent TRPL of AgSePh and AgTePh films. (e, f) Temperature-
dependent radiative (kr) and nonradiative (knr) recombination rates of AgSePh and AgTePh films 
determined from PL quantum yield and TRPL data. (g) 2D transient absorption color plot showing 
dynamics in the vicinity of the two ground-state excitonic absorption resonances in AgTePh at 300 
K. (pump energy: 3.3 eV) (h) Ground-state bleach recovery of the two excitonic resonances in 
AgTePh at 300 K; spectral range 2.83 – 2.91 eV is shown in blue and 2.60 – 2.67 eV is shown in 
red. 
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Figure 5.20 Normalized photoluminescence decay of the AgTePh film at different emission 
energies at 80 K. 

 

Figures 5.19c,d shows temperature-dependent TRPL from 80 K to 300 K of AgSePh and 

AgTePh films, respectively. For AgTePh TRPL data, the entire broad emission spectrum was 

spectrally integrated. For AgSePh, a combination of shortpass and bandpass filters were used in 

the collection path to select only the free-exciton emission (Figure 5.21). In the case of the AgSePh 

film, PL decay traces were almost identical in the temperature range between 80 – 300 K. The PL 

lifetime was determined by fitting a single exponential decay model convolved with the IRF. For 

AgSePh, the fitted PL lifetime was temperature-independent (Figure 5.22). In contrast, PL from 

AgTePh films decayed more slowly with decreasing temperature. Because the PL decay of the 

AgTePh film could not be well-fitted with a single exponential function below 250 K, we extracted 

the time at which the PL count is reduced to 1/e (≈ 0.368) as the PL lifetime throughout the 

temperature range. The extracted PL lifetimes of the AgTePh film monotonically increased from 

1.5 ns at 300 K to 92 ns at 80 K (Figure 5.22). 
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Figure 5.21 (a) Photoluminescence (PL) spectra and (b, c) time-resolved PL of the AgSePh film 
at 80 K with no filter (blue), shortpass and bandpass filters (green), and the longpass filter (red) in 
the collection path, respectively. Shortpass and bandpass filters were used to reject defect 
emissions and longpass filter was used to reject free-exciton emission. IRF denotes the instrument 
response function of the measurement. 

 

Figure 5.22 Temperature-dependent photoluminescence lifetime of AgSePh and AgTePh films. 

 

The observed PL lifetime (𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇) has contributions from radiative (𝜏𝜏𝑟𝑟) and nonradiative 

(𝜏𝜏𝑛𝑛𝑛𝑛) decay pathways, which are related through the relationship 1
𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

 =  1
𝜏𝜏𝑟𝑟

 +  1
𝜏𝜏𝑛𝑛𝑛𝑛

. Additionally, 

the PLQY can be expressed by PLQY = 𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝜏𝜏𝑟𝑟

.44 Therefore, the radiative (kr) and nonradiative (knr) 



135 
 

recombination rates, which are the inverse values of their respective lifetimes, can be calculated 

from the separately measured 𝜏𝜏𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 and PLQY data. Figure 5.19e,f shows the calculated kr and knr 

of AgSePh and AgTePh films, respectively, as a function of temperature from 80 K to 300 K. In 

the case of the AgSePh film, trends of slightly increasing kr and decreasing knr were observed as 

temperature was reduced, consistent with typical direct bandgap semiconductor behavior. In direct 

bandgap semiconductors, the momentum space thermally sampled by excitons within the direct 

transition valley decreases as temperature is reduced according to the Boltzmann distribution, 

increasing the rate of radiative recombination at lower temperature while suppressing other 

nonradiative recombination processes.44 

 

Figure 5.23 Nonradiative recombination rates of the AgTePh film as a function of temperature 
with a fit to the Arrhenius relation. The fitting gives a value of ~ 50 meV for an activation energy. 

 

For the AgTePh film, a massive and monotonic decrease in knr was observed with 

decreasing temperature, while kr was found to be mostly temperature-independent. Similar 

behavior has been observed in studies of STE luminescence from many conventional bulk and low 

dimensional materials.58,59,61 STEs can decay radiatively or non-radiatively by emitting phonons, 
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forming defects, or hopping to quenching sites.59 Nonradiative recombination channels are 

thermally activated in most cases, while the radiative recombination is generally independent of 

temperature. In many cases, one dominant nonradiative recombination channel is observed 

because it has the lowest activation energy, so the overall nonradiative recombination rate can be 

roughly approximated as 𝑘𝑘𝑛𝑛𝑛𝑛  =  𝑘𝑘0exp(−𝐸𝐸𝐴𝐴 𝑘𝑘𝐵𝐵𝑇𝑇⁄ ), where k0 is the nonradiative recombination 

pre-exponential factor, EA is the activation energy for the recombination process, and T is the 

temperature in Kelvin. An approximate EA ~ 50 meV was found by fitting the temperature-

dependent nonradiative transition rate in AgTePh (Figure 5.23). 

 

Figure 5.24 2D transient absorption color plot showing dynamics of the AgTePh film at 300 K. 

 

Transient absorption (TA) spectroscopy was employed to probe the excited state dynamics 

in AgTePh films on even faster timescales (Figure 5.19g). The TA instrument has a time resolution 

of ~0.1 ps, whereas the TRPL instrument has a time resolution of ~50 ps (instrument response 

function). The TA spectrum reveals two strong excitonic resonances, consistent with the ground 

state absorption spectrum shown in Figure 5.1f. However, the TA peaks are centered at 2.85 eV 

(435 nm) and 2.63 eV (470 nm), while the absorption peaks are centered at 2.98 eV (416 nm) and 

2.58 eV (480 nm). The differences arise from bandgap renormalization under higher excitation 

density and multiple competing contributions to the spectral shape of the TA signal (ground state 
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bleach, stimulated emission, excited state absorption). In addition to the ground state exciton 

resonances, the broadband TA probe pulse also spectrally covered the sub-bandgap region 

equivalent to the STE emission energy (Figure 5.24). However, no measurable TA signal from 

stimulated emission was observed in the region of the STE, likely due to the low oscillator strength 

of the STE and sensitivity limitations of our TA experimental setup. 

Figure 5.19h shows the recovery dynamics of the two dominant TA bleach signals 

integrated over probe wavelength ranges of 2.83 – 2.91 eV and 2.60 – 2.67 eV. The fastest TA 

dynamics are completed within ~2 ps following photoexcitation, which could arise from both hot 

carrier cooling and STE formation.40,62 Because there was no noticeable dynamics after ~ 2 ps, we 

assign it (or shorter) to the timescale of formation of STEs in AgTePh. 

 

5.3.6  A complete description of exciton dynamics in AgTePh 

 

Figure 5.25 Schematic description of exciton dynamics in AgTePh. Potential energy surfaces 
corresponding to the free-exciton (FE), self-trapped exciton (STE), and electronic ground state 
(GS) are shown. STEs are readily formed through a nearly barrier-less transition from the initially 
excited FE species and then relax to the GS through radiative and nonradiative decay processes. 
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Based on all of the experimental observations reported here, we propose a schematic 

description of exciton dynamics in AgTePh (Figure 5.25). Free-excitons initially formed in 

AgTePh by optical excitation are quickly (<2 ps) self-trapped into a deep potential well induced 

by local lattice deformations. This self-trapping is not mediated by defects – as supported by 

location-, power-, and excitation wavelength-dependent steady-state PL and spectrally-resolved 

TRPL analysis – but is rather an intrinsic material response driven by strong electron-phonon 

interactions. The fast self-trapping time and absence of free-exciton emission down to 5 K imply 

a potential energy surface-crossing in configuration space that is nearly barrier-less. Finally, STEs 

relax back to the electronic ground state through a temperature-independent radiative 

recombination process or by thermally-activated non-radiative recombination. 

 

5.4  Conclusions 

Although our spectroscopic observation supports that the broadband emission in AgTePh 

arises from self-trapped excitons (STEs), the origin of differences between AgTePh and AgSePh 

is less clear. STE formation has been observed in materials featuring soft lattices and strong 

electron-phonon interactions, such as organic molecular crystals63 and halide perovskites,64 and 

are more likely to be observed when the materials dimensionality is reduced.59,60 Given the hybrid 

organic-inorganic composition and 2D structure of AgTePh, it is unsurprising that STEs are 

observed. Moreover, the broadened excitonic transitions in AgTePh relative to AgSePh (Figure 

5.6) and the greater shifting of the X1 energy with temperature (66 meV for AgTePh vs. 47 meV 

for AgSePh from 300 K to 80 K – Figure 5.8) indicate stronger exciton-phonon coupling in 

AgTePh. However, how the unique electronic structure of AgTePh (Figure 5.9) contributes to self-

trapping – if at all – is not obvious. Despite the saddle point at Γ, the conduction and valence band 

edges are two-dimensionally dispersive at their respective band extrema, meaning that charge 

carriers are delocalized in 2D real space in the absence of phonons. Moreover, effective masses of 

band edge carriers in AgSePh and AgTePh are comparable (meff ≈ 0.5-1.2m0). It is possible that 

the strong in-plane anisotropy of the AgTePh electronic structure acts to effectively reduce the 

electronic dimensionality, but higher-level calculations are needed to understand this behavior. 
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5.5  Methods 

Chemicals. Silver pellets (Ag, 99.99% pure) were purchased from Kurt J Lesker. Diphenyl 

diselenide (Ph2Se2, 97.0+%) was purchased from TCI America. Diphenyl ditelluride (Ph2Te2, 98%) 

and Allura Red AC (98.0+%) were purchased from Millipore Sigma.  

Preparation of AgSePh and AgTePh films. AgEPh (E = Se, Te) thin films were prepared 

by a chemical transformation reaction between metallic silver and Ph2E2 (E = Se, Te).34,35 Silver 

films with thickness of 15 nm were deposited on glass substrates by thermal evaporation with a 

deposition rate of ~1 Å/s. After that, the prepared silver films, ~30 mg of Ph2E2 powder and 200 

µL of deionized water in separate open culture tubes were sealed together inside a microwave 

reaction vial. After heating in an oven at 100 °C for 3 days, the silver films transformed into AgEPh 

(E = Se, Te) films. 

Substrate preparation. Bare glass with dimensions of 12.2 x 12.2 x 1.1 mm was purchased 

from Luminescence Technology Corp. The glass substrates were cleaned by sonication for 3 min 

successively in acetone, isopropanol, and deionized water.  

Steady-state PL micro-spectroscopy. Steady-state PL measurements were performed on an 

inverted microscope (Nikon, Ti-U Eclipse) with sample mounted either in air or under vacuum. 

The samples were excited by focusing the output of a 405 nm laser diode (Picoquant, LDHDC-

405M, continuous wave mode) by an objective lens (Nikon, CFI S Plan Fluor ELWD, 40x, 0.6 

NA) to ~1 µm spot. The excitation light polarization was controlled by a circular polarizer 

(Thorlabs, CP1R405). After excitation, the PL was collected in the epi configuration and passed 

through a dichroic mirror and a long-pass filter. It was then directed into a spectrograph (Princeton 

Instruments, SP-2500) mounted with a cooled charge-coupled device (CCD) camera detector 

(Princeton Instruments, Pixis). All spectra underwent Jacobian transformation from wavelength to 

photon energy,65 but have not been corrected for wavelength-dependent efficiency of the 

spectrograph or CCD camera. Temperature-dependent PL spectroscopy was performed by 

mounting samples in a microscopy cryostat (Janis Research, ST-500) and flowing liquid helium 

through a cold finger attached to the base of the cryostat.  

Sub-gap excitation PL micro-spectroscopy. PL spectra by sub-gap excitation was obtained 

by the same microscope and spectrograph as used for 405 nm excitation, but with a 532 nm 
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continuous wave laser (Coherent, Sapphire 532 LP). To filter out the free-exciton emission at ~455 

nm in AgSePh, a 550 nm long-pass filter was used (Thorlabs FEL0550). 

Time-resolved PL micro-spectroscopy. Time-resolved PL (TRPL) measurements were 

performed using the same microscope and cryostat setup as steady-state PL spectroscopy with 

some modifications. For the AgSePh film, the excitation light source was replaced by frequency-

doubled light (405 nm) of the 810 nm output from a ~150 fs Ti:sapphire laser (Coherent Mira HP) 

operating at 76 MHz. For low-temperature measurements on AgTePh films, a variable repetition-

rate 405 nm pulsed laser diode (Picoquant, LDHDC-405M) was used instead of the 76 MHz 

Ti:sapphire laser because of the long natural emission lifetime of AgTePh. For both samples, PL 

was detected by a Si avalanche photodiode (APD, Micro Photon Devices, PDM20) connected to 

a counting board for time-correlated single-photon counting (PicoQuant, PicoHarp 300). To 

account for the wavelength-dependent temporal response of the APD, different procedures were 

used to obtain the instrument response function (IRF). For AgSePh, the IRF was obtained by 

detecting Raman scattering from water at ~470 nm, which is close to the PL peak position of 

AgSePh. For AgTePh, the IRF was obtained by detecting the PL from Allura Red AC dye in water, 

which shows fast and broad emission centered near ~620 nm, similar to emission spectrum of 

AgTePh. For spectrally-resolved TRPL measurements, the emitted light was directed into a 

monochromator (Princeton Instruments, SP-2500) with a 300 gr/mm grating. The monochromator 

output was then focused into the Si avalanche photodiode. 

Photoluminescence quantum yield. The measurement of PL quantum yield (QY) was 

performed at room temperature using the absolute quantum yield method in an integrating 

sphere.34,57 The excitation light from a 405 nm laser diode (Picoquant, LDHDC-405M, continuous 

wave mode) was directed into an integrating sphere (Labsphere) containing the sample. The output 

signal was collected by an optical fiber mounted on an exit port of the integrating sphere and was 

directed into a spectrograph (Princeton Instruments, SP-2500) outfitted with the CCD camera 

(Princeton Instruments, Pixis 100B). Neutral density and color glass filters were inserted in front 

of the spectrograph to avoid oversaturation of the CCD and accounted for in all calculations. 

Absolute QY at lower sample temperature was estimated by scaling the QY measured at room-

temperature by the temperature-dependent relative PL intensity. 
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Steady-state absorption spectroscopy. Optical absorption measurements were performed 

on films made from 15 nm thick silver films using a Cary 5000 UV-Vis-NIR spectrometer. Room 

temperature absorption spectra were collected in an integrating sphere geometry (Agilent, Internal 

DRA 2500), in air to minimize scattered light contributions to the signal. For temperature-

dependent absorption spectra, samples were mounted inside a steady flow Janis ST-100 optical 

cryostat. The cryostat was then mounted in the Cary spectrometer, evacuated to below 3 × 10-5 

Torr, and cooled with liquid nitrogen. The temperature was controlled with a model 335 Lakeshore 

temperature controller. 

Transient absorption spectroscopy. The transient absorption (TA) spectroscopy 

experimental setup used has been described elsewhere,51 with a few differences noted here. A non-

collinear optical parametric amplifier (Spectra-Physics Spirit-NOPA) was used to generate the 

pump pulse centered at 375 nm. A pump fluence of 120 µW was selected to best balance TA signal 

intensity with photoinduced sample degradation. Broadband probe light was generated by first 

frequency doubling the 1040 nm fundamental laser to 520 nm in a β-barium borate crystal, then 

focusing the 520 nm light into a sapphire window to generate a supercontinuum. The pump and 

probe beams were overlapped to a spot diameter of ~120 µm using a 200 mm focal length concave 

mirror. 

Density functional theory calculations. Density functional theory (DFT) calculations were 

performed with the PBE functional66 and ultrasoft pseudopotential using Quantum-ESPRESSO.67 

DFT-D268 correction for the van der Waals interaction and fully relativistic scheme for the spin-

orbit coupling were applied. The crystal structures reported in refs 32, 36, and 39 for AgTePh C2/c, 

AgSePh C2/c and AgSePh P21/c, respectively, were employed without further geometry 

optimization. We used a 6×6×2 Monkhorst-Pack k-mesh with a kinetic energy cutoff of 40 Ry. 

Scanning electron microscopy (SEM). Scanning electron micrographs were collected using 

a Zeiss Merlin instrument operating at 1 kV and 100 pA. 

Powder X-ray diffraction (PXRD). Powder X-ray diffraction data were collected using a 

PANalytical X’Pert Pro MPD X-ray diffractometer (Cu Kα radiation, λ = 1.54184 Å) with High-

Speed Bragg-Brentano Optics. A 0.04 rad Soller slit, a 2° anti-scatter slit, a 10 mm mask, and a 

programmable divergence slit with an illuminated length of 6 mm were used in the incident beam 
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path. The diffracted beam optics included a 0.04 rad Soller slit, a Ni Filter, and an automatic 

receiving slit. The detector was an ultrafast X’Celerator RTMS detector. 
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Chapter  6    
Thermodynamic Stability and Excitonic Properties in 

2D AgX1-nYnPh (X,Y = S, Se, Te) Alloys  
 

The basis of this chapter has been adapted from: 
Woo Seok Lee, Yeongsu Cho, Watcharaphol Paritmongkol, Tomoaki Sakurada, Seung Kyun 
Ha, Heater J. Kulik, William A. Tisdale. “Thermodynamic Stability and Excitonic Properties in 
2D Silver Phenylchalcogenide Alloys” In manuscript (2024). 

 

6.1  Abstract 

Alloying is a powerful strategy for manipulating electronic band structures and optical 

properties of semiconductors. In this chapter, we investigate the thermodynamic stability and 

excitonic properties in alloys of two-dimensional (2D) hybrid organic-inorganic semiconductors 

known as silver phenylchalcogenides – AgEPh (E = S, Se, Te). Through systematic structural and 

optical characterizations, we demonstrate that the AgSePh-AgTePh system forms homogeneous 

alloys (AgSe1-nTenPh, 0≤n≤1) across all compositions, featuring tunable excitonic absorption 

resonances in the ultraviolet-visible range. Using temperature-dependent photoluminescence and 

sub-gap excitation spectroscopy, we reveal dual emissions spanning blue to near-infrared range, 

arising from band-edge free-exciton and self-trapped exciton states, which dynamically vary with 

composition and temperature. In contrast, we identify a miscibility gap in the AgSPh-AgSePh and 

AgSPh-AgTePh systems through composition-dependent X-ray diffraction, absorption and 

photoluminescence analysis. Density functional theory calculations of the free energy of mixing 

predict that the homogeneous alloy is favored over phase separation in the AgSePh-AgTePh 

system at room temperature, whereas phase separation is more favorable for both AgSPh-AgSePh 

and AgSPh-AgTePh systems than alloying. These experimental and theoretical results are 

explained by differences in the crystal structure of AgSPh and AgSePh/AgTePh. 
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6.2  Introduction 

The bandgap that determines overall electronic and optical properties is one of the most 

important parameters in semiconductors for almost all applications including transistors, solar cells, 

light-emitting devices, photodetectors.1 Many techniques have been developed to obtain a 

desirable bandgap for target applications by using strain effects2,3 and/or quantum confinement 

effects.4,5 Among them, alloying is a powerful technique for engineering electronic band structures 

and achieving application-specific properties.6 By mixing two or several semiconductors at atomic 

scales, alloying allows to create all the bandgaps between those of the constituent semiconductors 

in principle and to obtain otherwise non-existent properties. This approach has been widely used 

from conventional bulk inorganic semiconductors7–9 to low-dimensional hybrid organic-inorganic 

semiconductors10–12 for wide applications in electronic and optic devices. 

Silver phenylchalcogenides – AgEPh (E = S, Se, Te)13–27 are two-dimensional (2D) 

semiconductors belonging to a broader class of hybrid organic-inorganic materials, metal 

organochalcogenides (MOCs).28–37 These 2D semiconductors crystallize in the form of layered van 

der Waals solids consisting of inorganic AgE sheets covalently sandwiched by phenyl rings 

(Figure 6.1a). Despite having similar monoclinic structures and similar compositions,13,23 each 

AgEPh exhibits unique excitonic properties. Whereas AgSePh and AgTePh show multiple 

excitonic absorption resonances in the visible ranges,14,16,22 AgSPh exhibits a single absorption 

peak in the ultraviolet region at room temperature.16 Furthermore, AgSPh exhibits no 

photoluminescence at room temperature while AgSePh and AgTePh exhibit narrow band-edge 

free-exciton emission and broad self-trapped exciton emission, respectively.16,22 Strikingly 

different excitonic behaviors of AgEPh prompt exploration of excitonic phenomena in alloys of 

these emerging 2D semiconductors. 

In this work, we explore the thermodynamic stability and excitonic properties of silver 

phenylchalcogenide alloys (AgX1-nYnPh, 0≤n≤1; X, Y = S, Se, Te). Systematic structural and 

optical characterizations show the formation of homogeneous AgSe1-nTenPh alloys at all 

compositions and, in contrast, a miscibility gap in the AgSPh-AgSePh and AgSPh-AgTePh 

systems. Composition- and temperature-dependent optical spectroscopic studies on AgSe1-nTenPh 

films reveal tunable excitonic absorption resonances in ultraviolet-visible range as well as dual 

emission from band-edge free-exciton and self-trapped exciton states in blue to near-infrared range. 
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Furthermore, we employ density functional theory calculations of the free energy of mixing to 

understand thermodynamic stability of AgX1-nYnPh alloys. Finally, we establish a correlation 

between the thermodynamic stability of AgX1-nYnPh alloys and the differences/similarities in the 

crystal structure of the parent materials. 

 

6.3  Results and Discussion 

6.3.1  Preparation and structural properties of AgSe1-nTenPh films 

 

Figure 6.1 (a) Layered 2D structures of AgSPh, AgSePh and AgTePh. (b) Schematic of a chemical 
transformation reaction in a sealed container containing a Ag film, deionized water, and a mixture 
of diphenyl dichalcogenides (Ph2X2 + Ph2Y2) for creating AgX1-nYnPh alloy films (X, Y = S, Se, 
Te). 
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Figure 6.2 Photographs of AgSe1-nTenPh films under ambient light (top) and 365 nm light-emitting 
diode excitation (bottom). The bottom images were taken through a 450 nm long-pass filter to 
remove scattering from the excitation light. 

 

Silver phenylselenide-telluride (AgSe1-nTenPh) films were prepared by a vapor-phase 

chemical transformation method with some modifications (See Methods and Figure 6.1b).17,22,26 

Briefly, a 15 nm thick Ag film was deposited on a pre-cleaned glass substrate by a thermal 

evaporation. Then, the substrate was placed inside a sealed pressure vessel containing deionized 

water and a mixture of diphenyl diselenide (Ph2Se2) and diphenyl ditelluride (Ph2Te2) powder. 

After heating the vessel at 100 ℃ for 3-4 days, the Ag film was transformed into AgSe1-nTenPh 

films (Figure 6.2). The ratio of Ph2Se2 and Ph2Te2 in the precursor mixture was varied to control 

the actual Se and Te ratio in the resulting AgSe1-nTenPh films. Throughout the thesis, we refer to 

the mole fraction of Ph2Te2 in the precursor mixture (Ph2Te2/(Ph2Se2 + Ph2Te2)) as n in AgSe1-

nTenPh films, rather than the actual mole fraction of Te in films (Te/(Se + Te)). 
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Figure 6.3 (a) Experimentally measured Te fraction in AgSe1-nTenPh films using ICP-OES vs. Te 
fraction in the precursor mixture. (b) Zoomed-in X-ray diffractograms showing (002) diffraction 
peaks of AgSe1-nTenPh films. (Cu K𝛂𝛂 radiation, 𝛌𝛌 = 1.541 Å) (c) Scanning electron micrographs 
of AgSe1-nTenPh films. 

 

The compositional and structural properties of AgSe1-nTenPh films were investigated using 

inductively coupled plasma optical emission spectroscopy (ICP-OES), powder X-ray diffraction 

(XRD) and scanning electron microscopy (SEM) (Figure 6.3). In Figure 6.3a, we compare the 
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experimentally measured Te fraction in AgSe1-nTenPh films with the Te fraction in the precursor 

(n). The actual Te fraction in AgSe1-nTenPh films monotonically increased with n. The actual Te 

fraction in AgSe1-nTenPh films was higher than Te fraction in feed materials. This may be due to 

the faster reaction kinetics between Ag and Ph2Te2 compared to Ag and Ph2Se2, as evidenced by 

the more rapid formation of AgTePh films compared to AgSePh films under the identical reaction 

condition. Figures 6.3b and 6.4 illustrates the XRD patterns of AgSe1-nTenPh films (Cu K𝛂𝛂 

radiation, 𝛌𝛌 = 1.541 Å). All AgSe1-nTenPh films showed evenly spaced (00h) diffraction peaks 

below 20°, corresponding to the stacking periodicity of the 2D structures. As n increased, the (00h) 

diffraction peaks of AgSe1-nTenPh films monotonically shifted to smaller diffraction angles 

without the emergence of new diffraction peaks, indicating the formation of homogeneous AgSe1-

nTenPh alloys and lattice expansion. SEM micrographs revealed a sub-microcrystalline 

morphology in AgSe1-nTenPh films (Figures 6.3c and 6.5). In general, the lateral size of crystals 

decreased from ~500 nm (AgSePh) to ~200 nm (AgTePh) and the alignment of crystals changed 

from mostly parallel to the substrate (AgSePh) to relatively random (AgTePh) with increasing Te 

fraction. 

 

Figure 6.4 X-ray diffractograms of AgSe1-nTenPh films. (Cu K𝛂𝛂 radiation, 𝛌𝛌 = 1.541 Å) 
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Figure 6.5 Scanning electron micrographs of AgSe1-nTenPh films. 
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6.3.2  Optical properties of AgSe1-nTenPh films 

 

Figure 6.6 (a) Absorption spectra and (b) their second derivatives of AgSe1-nTenPh films at 80 K. 
(c) Photoluminescence spectra and (d) time-resolved photoluminescence traces of AgSe1-nTenPh 
films at room temperature. (e) Location-dependent photoluminescence spectra of the 
AgSe0.75Te0.25Ph film at room temperature. (f) Photoluminescence excitation spectra of AgSePh 
(emission wavelength: 500 nm), AgSe0.75Te0.25Ph (emission wavelength: 600 nm) and AgTePh 
(emission wavelength: 650 nm) films at room temperature. (g) Photoluminescence excitation 
spectra of the AgSe0.75Te0.25Ph film as a function of emission wavelength at room temperature. 
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Figure 6.7 Temperature-dependent absorption spectra of AgSe1-nTenPh films. 

 

Figure 6.8 Absorption spectra and their second derivatives of AgSe1-nTenPh films at room 
temperature. 
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Absorption spectra and their second derivatives of AgSe1-nTenPh films at 80 K are shown 

in Figure 6.6a,b. The AgSePh film exhibited three distinct excitonic absorption peaks at 457 nm 

(2.71 eV, X1), 446 nm (2.78 eV, X2), and 428 nm (2.90 eV, X3), consistent with previous 

reports.14,16,17,22 As the Te fraction increased in AgSe1-nTenPh films, the X1 peak monotonically 

red-shifted from 457 nm (2.71 eV) in AgSePh to 469 nm (2.64 eV) in AgTePh, whereas the X3 

peak monotonically blue-shifted from 428 nm (2.90 eV) in AgSePh to 424 nm (2.92 eV) in 

AgTePh. In contrast, the position of the X2 peak remained relatively unchanged as the Te fraction 

increased. More strikingly, its absorption intensity was reduced with increasing Te fraction, 

becoming unresolvable when the Te fraction exceeded 50 %. This reduction in intensity suggests 

a significant decrease in the oscillator strength of the X2 exciton as the Te fraction increased. 

Interestingly, another excitonic absorption peak emerged at 406 nm (3.05 eV, X4) in AgTePh. As 

the temperature increases to room temperature, all the Xn excitonic peaks in AgSe1-nTenPh films 

red-shifted and broadened (Figures 6.7 and 6.8). 

The room temperature photoluminescence (PL) spectra and time-resolved PL traces of 

AgSe1-nTenPh films are shown in Figure 6.6c,d. The AgSePh film exhibited narrow blue emission 

centered at 467 nm, previously assigned to the band-edge free-exciton emission.16,21,22 As the Te 

fraction increased, this narrow free-exciton emission peak gradually red-shifted (Figure 6.9). 

Additionally, a broad emission centered around 550 nm emerged, which also gradually red-shifted 

with increasing Te fraction, dominating over the narrow free-exciton emission. Eventually, the 

AgTePh film exhibited a single broadband emission, previously assigned to the self-trapped 

exciton emission.22 The PL decay of AgSe1-nTenPh films at room temperature was well fit by a 

mono-exponential function convolved with the instrument response function (Figure 6.6d). The 

extracted lifetime increased monotonically from ~100 ps in AgSePh to ~1.6 ns in AgTePh as the 

Te fraction increased (Figure 6.10). The spectral shape of PL emission and PL decay traces of 

AgSe1-nTenPh films were almost invariant to the excitation spot location (Figures 6.6e, 6.10 and 

6.11), supporting the homogeneity of alloy films. Moreover, spatially homogeneous PL suggests 

that the red-shifted broad emission feature in AgSe1-nTenPh films arise from an intrinsic 

mechanism such as self-trapped exciton emission in AgTePh. 
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Figure 6.9 Photoluminescence spectra of AgSe1-nTenPh films at room temperature. Arrows 
indicate that narrow emission at ~ 470 nm and broadband emission at ~ 550 nm are both red-
shifted as Te fraction increases. 

 

Figure 6.10 Location-dependent time-resolved photoluminescence traces of AgSe1-nTenPh films 
at room temperature. 
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Figure 6.11 Location-dependent photoluminescence spectra of AgSe1-nTenPh films at room 
temperature. 

 

To further assess the degree of homogeneity in AgSe1-nTenPh films, we measured PL 

excitation (PLE) spectra of AgSePh and AgTePh films, and a AgSe0.75Te0.25Ph film as a 

representative of alloy films (Figures 6.6f,g and 6.12). The PLE spectra of AgSe1-nTenPh films 

exhibited a red-shift as the Te fraction increased, consistent with the red-shift of the X1 exciton in 

absorption spectra. Importantly, the PLE spectra of the AgSe0.75Te0.25Ph film showed no 

dependence on emission wavelength covering a range from 480 nm to 700 nm. This indicates that 

both the narrow blue emission and the red-shifted broad emission arise from a single, identical 

optical transition. 
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Figure 6.12 Photoluminescence excitation spectra of AgSePh and AgTePh films as a function of 
emission wavelength at room temperature. 

 

6.3.3  Temperature-dependent photoluminescence of AgSe1-nTenPh films 

To investigate the mechanisms of light emission in AgSe1-nTenPh films, we performed 

temperature-dependent PL micro-spectroscopy from 5 K to 300 K on the AgSe0.83Te0.17Ph film as 

a representative case (Figure 6.13). The free-exciton emission peak at ~480 nm (2.58 eV) gradually 

blue-shifted with decreasing temperature, while the broadband emission maintained its peak 

position with a narrowing PL line width at lower temperatures (Figure 6.13a). Additionally, as the 

temperature decreased, the broadband emission became more dominant than the free-exciton 

emission which became undetectable below 125 K. The broadband emission feature exhibited the 

spectral shape invariant to location and excitation power, and its intensity scaled linearly with 

excitation laser power, suggesting its intrinsic mechanism such as self-trapped exciton emission in 

AgTePh (Figure 6.14). Moreover, the broadband emission spanning between 550-750 nm was not 

observed upon subgap (532 nm, 2.33 eV) laser excitation, but only observed upon resonant (405 

nm, 3.06 eV) laser excitation, further ruling out extrinsic defect-derived midgap states as its origin 

(Figure 6.15). 
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Figure 6.13 (a) Temperature-dependent normalized photoluminescence (PL) spectra of the 
AgSe0.83Te0.17Ph film. Temperature-dependent (b) PL quantum yield and (c) time-resolved PL 
(TRPL) of the AgSe0.83Te0.17Ph film, integrated over the entire emission. IRF denotes the 
instrument response function of the measurement. (d) TRPL of the AgSe0.83Te0.17Ph film at 200 K 
with no filter (black), 500 nm shortpass filter (blue), and 550 nm longpass filter (red) in the 
collection path, respectively. 

 

Figure 6.14 Power-dependent (a) normalized photoluminescence spectra and (b) 
photoluminescence intensities of the AgSe0.83Te0.17Ph film at 5 K. (c) Location-dependent 
normalized photoluminescence spectra of the AgSe0.83Te0.17Ph film at 5 K. 
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Figure 6.15 (a) Photoluminescence spectra of the AgSe0.83Te0.17Ph film at 80 K upon resonant 
(blue) and subgap (green) laser excitation. (b) Power-dependent photoluminescence intensities of 
the AgSe0.83Te0.17Ph film at 80 K upon resonant excitation and subgap exctiation with fits to I ∝ 
P𝛂𝛂 where 𝛂𝛂 = 1. Linear power dependence rules out any contribution of two-photon absorption to 
the measured spectra in (a). 

The temperature-dependent PL quantum yield (PLQY) of the overall spectrally integrated 

emission of the AgSe0.83Te0.17Ph film is shown in Figure 6.13b. The overall PLQY of the 

AgSe0.83Te0.17Ph film increased monotonically with decreasing temperature from ~0.27% at room 

temperature to near unity at 5 K (Figures 6.13b and 6.16). Figure 6.13c shows temperature-

dependent spectrally integrated PL decay from 80 K to 300 K of the AgSe0.83Te0.17Ph film. Because 

the overall PL decay was not well described by a mono-exponential function below 250 K, the PL 

lifetime was extracted by the time at which the PL count is reduced to 1/e (≈ 0.368) throughout 

the temperature range. The extracted PL lifetimes of the AgSe0.83Te0.17Ph film monotonically 

increased from 0.9 ns at 300 K to 140 ns at 80 K (Figure 6.17). 

 

Figure 6.16 (a) Temperature-dependent PL spectra of the AgSe0.83Te0.17Ph film.  (b) The 
differences of spectra in the excitation (blue) and the emission (red) regions of a 
photoluminescence quantum yield (PLQY) measurement on the AgSe0.83Te0.17Ph film. The ratio 
of integrated emission and excitation signals after the correction from neutral density (ND) filters 
gives PLQY of ~0.27% for the AgSe0.83Te0.17Ph film. 
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Figure 6.17 Temperature-dependent photoluminescence lifetimes of the AgSe0.83Te0.17Ph film. 

 

Figure 6.18 Photoluminescence spectra of the AgSe0.83Te0.17Ph film (a) at room temperature and 
(b) at 200 K with no filter (black), 500 nm shortpass filter (blue), and 550 nm longpass filter (red) 
in the collection path, respectively. (c) Time-resolved photoluminescence traces of the 
AgSe0.83Te0.17Ph film at 200 K with no filter (black), 500 nm shortpass filter (blue), and 550 nm 
longpass filter (red) in the collection path, respectively. 
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To investigate emission wavelength-dependent PL decay dynamics in the AgSe0.83Te0.17Ph 

film, we selectively collected emissions with wavelength shorter than 500 nm and longer than 550 

nm using short-pass and long-pass filters, respectively (Figure 6.13d). At room temperature, the 

AgSe0.83Te0.17Ph film exhibited relatively similar PL decay dynamics (~ 0.9 ns) for both short-

wavelength emission (<500 nm) and long-wavelength emission (>550 nm) (Figure 6.18). However, 

when the sample was cooled to 200 K, the long-wavelength PL decayed much slower (~7.4 ns) 

compared to room temperature, while the short-wavelength PL still exhibited fast decay dynamics 

(~ 1 ns). As the broadband emission with long wavelengths became more dominant over short-

wavelength free-exciton emission with decreasing temperature, the trends of monotonically 

increasing PLQY and PL lifetimes of the AgSe0.83Te0.17Ph film at lower temperatures are primarily 

contributed by the broadband emission. These trends in the temperature-dependent PLQY and PL 

lifetimes of broadband emission in the AgSe0.83Te0.17Ph film are consistent with the temperature-

dependent behavior of self-trapped exciton emission in AgTePh.22 Similar trends were also 

observed in the AgSe0.5Te0.5Ph film (Figure 6.19). 

Based on all of the experimental observations reported above, we conclude that AgSePh 

and AgTePh systems form complete solid solutions (AgSe1-nTenPh, 0≤n≤1) at all compositions, as 

supported by XRD, absorption, steady-state PL, time-resolved PL, and PLE analysis. Notably, 

AgSe1-nTenPh exhibits dual emission of narrow free-exciton emission and red-shifted broad self-

trapped exciton emission. The self-trapped exciton emission becomes gradually dominant over 

free-exciton emission as the Te fraction increases, suggesting a strengthening of exciton-phonon 

coupling with increasing Te fraction. 
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Figure 6.19 (a) Temperature-dependent normalized photoluminescence (PL) spectra of the 
AgSe0.5Te0.5Ph film. (b) Temperature-dependent time-resolved photoluminescence of overall 
spectrally integrated emission of the AgSe0.5Te0.5Ph film. (c) The differences of spectra in the 
excitation (blue) and the emission (red) regions of a photoluminescence quantum yield (PLQY) 
measurement on the AgSe0.5Te0.5Ph film. The ratio of integrated emission and excitation signals 
after the correction from neutral density (ND) filters gives PLQY of ~0.40% for the AgSe0.5Te0.5Ph 
film. (d) Temperature-dependent PL spectra of the AgSe0.5Te0.5Ph film. (e) Temperature-
dependent photoluminescence quantum yield of overall spectrally integrated emission of the 
AgSe0.5Te0.5Ph film. 
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6.3.4  Analysis of AgS1-nSenPh and AgS1-nTenPh films 

 

Figure 6.20 (a) Zoomed-in X-ray diffractograms showing (002) diffraction peaks (Mo K𝛂𝛂 
radiation, 𝛌𝛌 = 0.71 Å), (b) absorption spectra and (c) photoluminescence spectra of AgS1-nSenPh 
films at room temperature. (d) Zoomed-in X-ray diffractograms showing (002) diffraction peaks 
(Mo K𝛂𝛂 radiation, 𝛌𝛌 = 0.71 Å), (e) absorption spectra and (f) photoluminescence spectra of AgS1-

nTenPh films at room temperature. 
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We also investigated the potential formation of silver phenylsulfide-selenide (AgS1-nSenPh) 

and silver phenylsulfide-telluride (AgS1-nTenPh) alloys (Figure 6.20). AgS1-nSenPh and AgS1-

nTenPh films were prepared using a similar method employed for AgSe1-nTenPh films by 

substituting organic ligand precursors. Specifically, a mixture of diphenyl disulfide (Ph2S2) and 

Ph2Se2 powders was used to prepare AgS1-nSenPh films and a mixture of Ph2S2 and Ph2Te2 powders 

was used for AgS1-nTenPh films. As in the case of AgSe1-nTenPh films, we refer to the Ph2Se2 

fraction (Ph2Te2 fraction) in the precursor mixture as n in AgS1-nSenPh films (AgS1-nTenPh films). 

 

Figure 6.21 X-ray diffractograms of (a) AgS1-nSenPh and (b) AgS1-nTenPh films. (Mo K𝛂𝛂 radiation, 
𝛌𝛌 = 0.71 Å) 

 

Figures 6.20a and 6.21a illustrate the XRD patterns of AgS1-nSenPh films (Mo K𝛂𝛂 radiation, 

𝛌𝛌 = 0.71 Å). All AgS1-nSenPh films showed evenly spaced (00h) diffraction peaks below 10°, 

corresponding to the stacking periodicity of the layered 2D structures. In contrast to AgSe1-nTenPh 

films, the (002) peak of AgS1-nSenPh films did not exhibit a gradual shift with increasing n. The 

(002) peak of AgSPh and AgS0.91Se0.09Ph films was positioned at ~2.88°, whereas the (002) peak 

of AgS1-nSenPh films with n ≥ 0.17 was positioned at ~2.80°, suggesting a miscibility gap between 

AgSPh and AgSePh. The miscibility gap was also observed in the absorption and PL spectra of 

AgS1-nSenPh films (Figure 6.20b,c). The AgSPh film exhibited an excitonic absorption centered at 

~ 356 nm, slightly shifting to ~ 358 nm in AgS0.91Se0.09Ph film. In contrast, the AgS0.83Se0.17Ph 

film exhibited an absorption spectrum centered around 425nm that resembles the absorption 
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spectral shape of the AgSePh film. As the Se fraction increased further, the overall absorption 

spectrum gradually red-shifted. Similarly, whereas AgSPh and AgS0.91Se0.09Ph films did not 

exhibit any emission upon 365 nm photoexcitation, AgS1-nSenPh films with n ≥ 0.17 exhibit narrow 

PL with a peak monotonically shifting from ~457 nm in the AgS0.83Se0.17Ph film to ~468 nm in 

the AgSePh film as the Se fraction increased. 

Figures 6.20d-f and 6.21b illustrates the XRD patterns (Mo K𝛂𝛂 radiation, 𝛌𝛌 = 0.71 Å), 

absorption spectra and PL spectra of AgS1-nTenPh films. Similar to AgS1-nSenPh films, a miscibility 

gap was clearly observed in AgS1-nTenPh films. Whereas the XRD patterns, absorption spectra and 

PL spectra of the AgS0.91Te0.09Ph film are similar to those of the AgSPh film, AgS1-nTenPh films 

with n ≥ 0.17 exhibited XRD patterns, absorption spectra and PL spectra that resemble those of 

the AgTePh film. Taken together, these observations suggest a miscibility gap in both the AgSPh-

AgSePh system and the AgSPh-AgTePh system, while the AgSePh-AgTePh system forms 

complete solid solutions at all compositions. 
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6.3.5  Calculations of the thermodynamic stability of AgX1-nYnPh alloys (X, Y = S, Se, 

Te) 

 

Figure 6.22 (a) 3 x 3 x 1 supercell of AgX1-nYnPh (X, Y = S, Se, Te) for density functional theory 
calculations. AgSe0.5Te0.5Ph is shown as an example. (b) Internal (Emix) and free energies (Fmix) of 
mixing per formula unit for AgX1-nYnPh. (c) Top views of crystal structures of AgSPh (P21 space 
group38), AgSePh (P21/c space group23), and AgTePh (P21/c space group38) with phenyl rings 
omitted. 

 

 To understand the degree of miscibility in AgX1-nYnPh alloys (X, Y = S, Se, Te), we 

calculated the free energies of mixing of AgS1-nSenPh, AgSe1-nTenPh, and AgS1-nTenPh, 

respectively, using the density functional theory (DFT) with the semi-local PBE functional (see 

Methods for details). The alloys were modeled by 3 x 3 x 1 supercells as shown in Figure 6.22a, 
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based on the monoclinic P21 structure of AgSPh38 and the monoclinic P21/c structures of AgSePh23 

and AgTePh38. For each AgX1-nYnPh alloy system, we considered three different chalcogen ratios: 

X0.25Y0.75, X0.5Y0.5, and X0.75Y0.25. For each chalcogen ratio, we considered 4 different 

configurations to collect reasonable statistics as follows: 2 configurations were generated by 

randomly replacing X atoms in AgXPh with Y atoms, which is referred to as AgX1-n(Yn)Ph. The 

other 2 configurations were generated randomly replacing Y atoms in AgYPh with X atoms, which 

is referred to as Ag(X1-n)YnPh. The atomic positions and the cell dimension were fully optimized 

for both pure AgXPh and alloy at the Γ point. 

We define the free energy of mixing per formula unit (AgXnY1-nPh) as 

𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚(𝑛𝑛) = 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚(𝑛𝑛)  +  𝑘𝑘𝐵𝐵𝑇𝑇[𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛(𝑛𝑛) + (1 − 𝑛𝑛)𝑙𝑙𝑙𝑙𝑙𝑙(1 − 𝑛𝑛)] (6.1) 

where T is assumed to be 300 K and 𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚(𝑛𝑛) is the internal energy of mixing: 

𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚(𝑛𝑛) = 𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴1−𝑛𝑛𝑌𝑌1−𝑛𝑛𝑃𝑃ℎ − [𝑛𝑛𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ + (1 − 𝑛𝑛)𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ] (6.2) 

 

Figure 6.23 The calculated volume difference between host materials and alloys per formula unit 
in Å3 (AgXnY1-nPh; X, Y = S, Se, Te): 𝑑𝑑𝑑𝑑 = 𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴1−𝑛𝑛𝑌𝑌1−𝑛𝑛𝑃𝑃ℎ − {(𝑛𝑛𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ + (1 − 𝑛𝑛)𝑉𝑉𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴ℎ} 

 

Figure 6.22b shows the mixing energies of AgX1-nYnPh systems per formula unit (cell 

volume per formula unit is shown in Figure 6.23). The internal energies of mixing (Emix) were 
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positive for all AgX1-nYnPh systems at all compositions and configurations, indicating that the 

homogenous alloy is not energetically favored over segregated phases. However, the free energies 

of mixing (Fmix) of the AgSe1-nTenPh system at 300 K were negative for all compositions and 

configurations, predicting that the homogeneous mixing is more favorable than phase separation 

due to the entropic contributions. In contrast, Fmix of the AgS1-nTenPh system at 300 K were still 

positive for all compositions and configurations, predicting a miscibility gap in the AgSPh-

AgTePh system. Interestingly, the sign of Fmix of the AgSPh-AgSePh system depended on the host 

material. Fmix of AgS1-n(Sen)Ph were negative for all compositions and configurations whereas Fmix 

of Ag(S1-n)SenPh were positive for all compositions and configurations. Overall, the calculated 

thermodynamic stability of AgX1-nYnPh systems is largely consistent with our experimental 

observations. 

Crystal structures of AgSPh, AgSePh and AgTePh shown in Figure 6.22c help explain the 

thermodynamic stability of their alloys. Complete substitutional solid solution is predicted under 

following conditions according to Hume-Rothery rules:39,40 1) Solute and solvent must have the 

same crystal structure. Solute and solvent atoms must have 2) similar size, 3) equal valence and 4) 

similar electronegativity. Both AgSePh and AgTePh crystallize in the monoclinic P21/c space 

group with Ag-Ag honeycomb networks whereas AgSPh crystallizes in the monoclininc P21 space 

group with Ag-Ag concave hexagon networks. Therefore, AgSePh and AgTePh can be completely 

soluble in one another at all compositions, whereas the different crystal structures of AgSPh 

compared to AgSePh/AgTePh cannot support complete solution between AgSPh and 

AgSePh/AgTePh. 

 

6.4  Conclusions 

In conclusion, our joint experimental-theoretical study demonstrated that the AgSePh-

AgTePh system forms homogeneous complete solid solution (AgSe1-nTenPh) at all compositions 

whereas both the AgSPh-AgSePh system and AgSPh-AgTePh system exhibit a miscibility gap. 

These observations were correlated with the differences in crystal structures of AgSePh compared 

to AgSePh/AgTePh. Moreover, through temperature- and composition-dependent optical 

spectroscopy, we showed tunable excitonic absorption resonances in ultraviolet-visible range, 
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alongside dual emission from band-edge free-exciton and self-trapped exciton states in blue to 

near-infrared range in AgSe1-nTenPh films. This work not only highlights tunable excitonic 

properties and exciton-phonon coupling strength via alloying but also offers insights into structure-

composition-exciton property relationship in these emerging hybrid semiconductors. 

 

6.5  Methods 

Chemicals. Silver pellets (Ag, 99.99% pure) were purchased from Kurt J Lesker. Diphenyl 

disulfide (Ph2S2, 99.0+%) and diphenyl diselenide (Ph2Se2, 97.0+%) were purchased from TCI 

America. Diphenyl ditelluride (Ph2Te2, 98%), Allura Red AC (98.0+%), nitric acid (HNO3, 70%) 

were purchased from Millipore Sigma.  

Substrate preparation. Bare glass with dimensions of 12.2 x 12.2 x 1.1 mm was purchased 

from Luminescence Technology Corp. The glass substrates were cleaned by sonication for 3 min 

successively in acetone, isopropanol, and deionized water. 

Preparation of AgX1-nYnPh films. AgXnY1-nPh (X, Y = S, Se, Te) thin films were prepared 

by a chemical transformation reaction between metallic silver and a vapor of Ph2X2 and Ph2Y2 (X, 

Y = S, Se, Te).17,22,26 Silver films with thickness of 15 nm were deposited on glass substrates by 

thermal evaporation with a deposition rate of ~1 Å/s. After that, the prepared silver films, a mixture 

of Ph2X2 and Ph2Y2 powder and 200 µL of deionized water in separate open culture tubes were 

sealed together inside a microwave reaction vial. After heating in an oven at 100 °C for 4~7 days, 

the silver films transformed into AgXnY1-nPh films. The ratio of Ph2X2 and Ph2Y2 powders in the 

precursor was varied to control the actual ratio of X and Y in AgX1-nYnPh films 

Steady-state PL micro-spectroscopy. Steady-state PL measurements of AgX1-nYnPh films 

were performed on an inverted microscope (Nikon, Ti-U Eclipse) with sample mounted either in 

air or under vacuum. The samples were excited by focusing the output of a 405 nm laser diode 

(Picoquant, LDHDC-405M, continuous wave mode) by an objective lens (Nikon, CFI S Plan Fluor 

ELWD, 40x, 0.6 NA) to ~1 µm spot. The excitation light polarization was controlled by a circular 

polarizer (Thorlabs, CP1R405). After excitation, the PL was collected in the epi configuration and 

passed through a dichroic mirror and a long-pass filter. It was then directed into a spectrograph 

(Princeton Instruments, SP-2500) mounted with a cooled charge-coupled device (CCD) camera 
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detector (Princeton Instruments, Pixis). All spectra underwent Jacobian transformation from 

wavelength to photon energy,41 but have not been corrected for wavelength-dependent efficiency 

of the spectrograph or CCD camera. Temperature-dependent PL spectroscopy was performed by 

mounting samples in a microscopy cryostat (Janis Research, ST-500) and flowing liquid helium 

through a cold finger attached to the base of the cryostat.  

Sub-gap excitation PL micro-spectroscopy. PL spectra by sub-gap excitation was obtained 

by the same microscope and spectrograph as used for 405 nm excitation, but with a 532 nm 

continuous wave laser (Coherent, Sapphire 532 LP). To filter out the free exciton emission at ~470 

nm in AgSe0.83Te0.17Ph, a 550 nm long-pass filter was used (Thorlabs FEL0550). 

Time-resolved PL micro-spectroscopy. Time-resolved PL (TRPL) measurements were 

performed using the same microscope and cryostat setup as steady-state PL spectroscopy with 

some modifications. For room temperature measurement of AgSe1-nTenPh films (0≤n≤1), the 

excitation light source was replaced by frequency-doubled light (405 nm) of the 810 nm output 

from a ~150 fs Ti:sapphire laser (Coherent Mira HP) operating at 76 MHz. For low temperature 

measurement of AgSe0.83Te0.17Ph and AgSe0.5Te0.5Ph films, a variable repetition-rate 405 nm 

pulsed laser diode (Picoquant, LDHDC-405M) was used instead of the 76 MHz Ti:sapphire laser 

because of the long natural emission lifetime. For all cases, PL was detected by a Si avalanche 

photodiode (Micro Photon Devices, PDM20) connected to a counting board for time-correlated 

single-photon counting (APD, PicoQuant, PicoHarp 300). To account for the wavelength-

dependent temporal response of the APD, different procedures were used to obtain the instrument 

response function (IRF). For AgSePh and AgSe0.17Te0.09Ph films, the IRF was obtained by 

detecting Raman scattering from water at ~470 nm, which is close to the peak position of narrow 

blue emission of AgSePh and AgSe0.17Te0.09Ph films. For other AgSe1-nTenPh films (0.17≤n≤1), 

the IRF was obtained by detecting the PL from Allura Red AC dye in water, which shows fast and 

broad emission centered near ~620 nm, similar to broad emission spectrum of AgSe1-nTenPh films 

(0.17≤n≤1). 

Photoluminescence quantum yield. The measurement of PL quantum yield (QY) was 

performed at room temperature using the absolute quantum yield method in an integrating 

sphere.17,22,42 The excitation light from a 405 nm laser diode (Picoquant, LDHDC-405M, 

continuous wave mode) was directed into an integrating sphere (Labsphere) containing the sample. 
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The output signal was collected by an optical fiber mounted on an exit port of the integrating 

sphere and was directed into a spectrograph (Princeton Instruments, SP-2500) outfitted with the 

CCD camera (Princeton Instruments, Pixis 100B). Neutral density and color glass filters were 

inserted in front of the spectrograph to avoid oversaturation of the CCD and accounted for in all 

calculations. Absolute QY at lower sample temperature was estimated by scaling the QY measured 

at room-temperature by the temperature-dependent relative PL intensity. 

Steady-state absorption spectroscopy. Optical absorption measurements were performed 

on films made from 15 nm thick silver films using a Cary 5000 UV-Vis-NIR spectrometer. Room 

temperature absorption spectra were collected in an integrating sphere geometry (Agilent, Internal 

DRA 2500), in air to minimize scattered light contributions to the signal. For temperature-

dependent absorption spectra, samples were mounted inside a steady flow Janis ST-100 optical 

cryostat. The cryostat was then mounted in the Cary spectrometer, evacuated to below 3 × 10-5 

Torr, and cooled with liquid nitrogen. The temperature was controlled with a model 335 Lakeshore 

temperature controller. 

Photoluminescence excitation spectra (PLE). PLE spectra were recorded with a Tecan 

Spark multimode plate reader using the excitation scan mode with an emission band of 5 nm. 

PL spectra of AgSnSe1-nPh and AgSnTe1-nPh films. PL spectra of AgSnSe1-nPh and AgSnTe1-

nPh films were recorded with a Tecan Spark multimode plate reader using a monochromator upon 

365 nm excitation. 

Density functional theory calculations. The internal energy of mixing was calculated using 

Vienna Ab initio Simulation Package version 6.3.1.43–46 The density functional theory calculations 

were performed at the Γ point, employing the PBE functional47 and projector augmented wave 

pseudopotentials48 with a kinetic energy cutoff of 500 eV. DFT-D349 with Becke-Johnson 

damping50 was applied as a dispersion correction. The geometry, including the cell dimension, was 

optimized until the total energy difference between steps was below 1 meV. Multiple geometry 

optimizations were carried out, in all cases fully relaxing both the atomic positions and the cell 

dimensions. The final energy was recalculated after the geometry was fully optimized to minimize 

the effect of Pulay stress.  
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Inductively coupled plasma optical emission spectrsocopy (ICP-OES). ICP-OES was 

performed using Agilent 5100 ICP-OES. Calibration was done using ICP standards from Millipore 

Sigma. ICP-OES samples were prepared by dissolving AgXnY1-nPh films in 5 mL of 3% HNO3 

solution. 

Scanning electron microscopy (SEM). Scanning electron micrographs were collected using 

a Zeiss Merlin instrument operating at 1 kV and 100 pA. 

Powder X-ray diffraction (PXRD). Powder X-ray diffraction data of AgSenTe1-nPh films 

were collected using a PANalytical X’Pert Pro MPD X-ray diffractometer (Cu Kα radiation, λ = 

1.54184 Å) with High-Speed Bragg-Brentano Optics. A 0.04 rad Soller slit, a 2° anti-scatter slit, a 

10 mm mask, and a programmable divergence slit with an illuminated length of 6 mm were used 

in the incident beam path. The diffracted beam optics included a 0.04 rad Soller slit, a Ni Filter, 

and an automatic receiving slit. The detector was an ultrafast X’Celerator RTMS detector. Powder 

X-ray diffraction data of AgSnSe1-nPh and AgSnTe1-nPh films were collected using a PANalytical 

Empyrean X-ray diffractometer (Mo Kα radiation, λ = 0.71 Å) and Galipix 3D detector. 
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Chapter  7    
Excitonic Anisotropy in Single Crystalline 2D AgEPh 

(E = S, Se, Te) 
 

The basis of this chapter has been adapted from: 
Woo Seok Lee, Yeongsu Cho, Katarzyna Posmyk, Paulina Peksa, Mateusz Dyksik, Nicholas 
Samulewicz, Paulina Płochocka, Michał Baranowski, Heather J. Kulik, William A. Tisdale 
“Excitonic Anisotropy in Single Crystalline 2D AgEPh (E = S, Se, Te)” In manuscript (2024). 

 

7.1  Abstract 

The discovery of low-dimensional semiconductors has opened up avenues for exploring 

many-body interactions among quasiparticles (such as excitons, phonons, and photons) that lie at 

the heart of condensed matter physics and materials science. Two-dimensional (2D) hybrid 

organic-inorganic silver phenylchalcogenides (AgEPh; E = S, Se, Te) can provide an excellent 

platform for such studies due to large exciton binding energy, strong exciton-lattice interactions, 

and natural photonic cavity structure. In this chapter, using the combination of multiple 

polarization-resolved optical spectroscopy and ab initio calculations, we reveal strikingly distinct 

excitonic structure and anisotropy in these emerging materials. We show that multiple excitonic 

transitions with giant in-plane anisotropy dominate absorption in AgSePh and AgTePh, whereas 

absorption in AgSPh is in-plane isotropic. Anisotropy of low-lying free-excitons in AgSePh and 

self-trapped exciton in AgTePh is further identified in their photoluminescence. Density functional 

theory and GW with the Bethe-Salpeter equation (GW-BSE) calculations predict multiple 2D 

excitonic transitions with in-plane anisotropy in these materials. Unexpectedly, we observe that 

the lowest excitonic transition in AgSePh is resolved as two orthogonal transitions at 4 K that are 

consistent with two lowest-lying and brightest s-like intralayer excitons predicted in GW-BSE 

calculations in terms of their energy order, oscillator strengths, and polarization. These findings 

lay the foundation for a comprehensive understanding of excitonic structures and behaviors in 

AgEPh, which will serve as a knowledge base for further investigation into many-body physics in 

these emerging materials. 
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7.2  Introduction 

Excitons, electron-hole pairs bound by Coulomb interaction, represent the lowest 

electronic excitation in a semiconductor.1–3 The properties of excitons strongly depend on the 

crystal structure and dimension of the host materials.4–8 In two-dimensional (2D) semiconductors, 

the combined effects of quantum confinement and reduced dielectric screening leads to tightly 

bound excitons with binding energies up to hundreds of meV, dominating optical response of 

materials.9–14 Additionally, these spatial and dielectric confinement effects result in anisotropic 

excitons with transition dipole moment lying in the 2D plane,5,15,16 enabling the enhanced optical 

coupling efficiency along the out-of-plane direction. If the 2D materials have in-plane anisotropy 

in structure, these 2D excitons may have additional in-plane anisotropy, providing more degree of 

freedom to control light-matter coupling efficiency.  

While robust excitons within visible spectrum and strong in-plane anisotropy are essential 

for the development of advanced optoelectronic and photonic applications with polarization-

selectivity and directional energy transport, 2D semiconductors discovered so far possess one of 

these properties, but rarely both. For example, transition metal dichalcogenides (MoS2 and 

WS2)5,17–19 and 2D perovskites15,20,21 possess robust excitons within visible range, but their 

excitonic phenomena tend to be in-plane isotropic due to their high-symmetry in-plane structure. 

Conversely, while many in-plane anisotropic 2D materials, such as black phosphorous,22,23 SnSe,24 

GaTe,25 ReSe2,26 and PdSe2,27 have been recently discovered, their bandgap is in the infrared range 

even in their monolayer limit.  

Silver phenylchalcogenides (AgEPh; E = S, Se, Te) are covalently-bonded 2D hybrid 

organic-inorganic van der Waals semiconductors belonging to a broader family of metal 

organochalcogenolates.28–51 AgEPh feature tunable excitonic phenomena in ultraviolet-visible 

range via alloying,31,49 optical anisotropy,40 air stability, and heavy-metal free composition, 

exhibiting potential uses in optoelectronics,39,41 photonics,51 catalysis,29,43 and sensing.50 

Importantly, recent progress in synthesis enabled the synthesis of single crystals with sufficient 

size and quality for singe-crystal X-ray diffraction,30,46 revealing their highly anisotropic and low-

symmetry crystal structure both in-plane and out-of-plane directions. Here, we unveil strikingly 

distinct excitonic structure and anisotropy in these emerging materials, arising from their low-
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symmetry crystal structure, using multiple polarization-resolved optical spectroscopy, combined 

with density functional theory and GW with the Bethe-Salpeter equation calculations. 

 

7.3  Results and Discussion 

7.3.1  Polarization-resolved absorption and photoluminescence of AgEPh (E = S, Se, Te) 

at room temperature 

 

Figure 7.1 Crystal structures of (a) AgSPh in P21, (b) AgSePh in P21/c, and (c) AgTePh in P21/c. 
Disordered atoms in AgSPh are omitted for clarity. Phenyl rings are omitted for clarity in [001] 
view. The parallelograms outlined with a black solid line in [001] view represent virtual crystals 
terminated by {110} planes. 

 

Two-dimensional (2D) silver phenylchalcogenides (AgEPh; E = S, Se, Te) exhibits 

structural anisotropy along both in-plane and out-of-plane directions,30 suggesting the presence of 

anisotropic excitons (Figure 7.1). The layered structure with inorganic sheets sandwiched between 

organic ligands suggests the strong spatial and dielectric confinement of excitons within in-plane. 

Additionally, in-plane anisotropic crystal structure implies the presence of 2D excitons with in-

plane anisotropy. 
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Figure 7.2 Optical micrographs of the (a) 68-nm thick AgSPh, (b) 40 nm-thick AgSePh and (c) 
75 nm-thick AgTePh single crystal. Insets: surface profiles along the red solid line, measured using 
atomic force microscopy. 2D color plots showing absorption spectra of thin (d) AgSPh, (e) 
AgSePh and (f) AgTePh single crystal as a function of polarization angle of incident light. Vertical 
dashed lines are references for the crystallographic [100] and [010]. Polarization-resolved 
absorption spectra of thin (g) AgSPh, (h) AgSePh and (i) AgTePh single crystal when a linear 
polarizer was rotated to angles of 40° (red) and 130° (blue). Polar plot showing intensities of the 
absorption peaks of thin (j) AgSPh, (k) AgSePh and (l) AgTePh single crystal as a function of 
polarization of incident light. Solid line: sinusoidal fit applied to the experimental data. See Figures 
7.4-7.6 for details. 

 

 To investigate the in-plane exciton anisotropy of AgEPh, we performed polarization-

resolved micro-absorption spectroscopy (Figures 7.2-7.6). Briefly, AgEPh single crystal with a 

parallelogram shape, synthesized by the amine-assisted method, was mounted on an inverted 

microscope (Figures 7.2a-c). In particular, crystals thinner than 80 nm were prepared through 

careful searching or mechanical exfoliation to eliminate potential photonic effects (we will address 

photonic effects in the later section). The sample was illuminated with a broadband light from an 

overhead source, with a linear polarizer placed between the sample and the light source. The 

transmitted light through the sample was spatially filtered through a pinhole (spatial resolution: 
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~15 µm, see Figure 7.4b,c) to select a region of interest. The spatially filtered light was then 

directed into a spectrograph equipped with a cooled charge-coupled device (CCD) detector. The 

absorbance [𝐴𝐴 = −𝑙𝑙𝑙𝑙𝑙𝑙10(𝐼𝐼/𝐼𝐼0)] of the sample was calculated by comparing the spectrum of the 

transmitted light through the crystal (I) with the spectrum of the transmitted light through the bare 

substrate (I0) under the same experimental condition, which ensures the cancellation of 

polarization effects from the optics in the data. Polarization-resolved micro-absorption spectra of 

the AgEPh single crystal was measured by rotating the linear polarizer from 0° (corresponding to 

the selected polarization of the incident light being parallel to the bottom edge of the crystal in 

Figures 7.2a-c) to 360° at a step size of 10° (Figures 7.2d-f and 7.4-7.6). 

 

 

Figure 7.3 Schematic showing the experimental setup for the polarization-resolved micro-
absorption spectroscopy. 
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Figure 7.4 (a) Atomic force microscopy image of 68 nm-thick AgSPh crystal. Images of the 68 
nm-thick AgSPh crystal captured in the collection path (b) without a pinhole and (c) with a pinhole. 
(d) Absorption spectra of the 68 nm-thick AgSPh crystal without a linear polarizer.  (e) Absorption 
spectra of the 68 nm-thick AgSPh crystal as a function of polarization angle of incident light. (f) 
Polarization-dependent intensities of absorption at 3.44 eV. 



188 
 

 

Figure 7.5 (a) Atomic force microscopy image of 40 nm-thick AgSePh crystal. Images of the 40 
nm-thick AgSePh crystal captured in the collection path (b) without a pinhole and (c) with a 
pinhole. (d) Absorption spectra of the 40 nm-thick AgSePh crystal without a linear polarizer.  (e) 
Absorption spectra of the 40 nm-thick AgSePh crystal as a function of polarization angle of 
incident light. (f) Three Gaussian fit with a peak position of 2.687 eV (X1, red), 2.755 eV (X2, 
green), and 2.885 (X3, blue) on top of a linear background, applied to the absorption spectra for 
the linear polarizer angle of 40°. (g) Polarization-dependent absorption intensities of X1, X2 and 
X3 excitons, obtained by integrating the Gaussian fits. Solid lines represent sinusoidal fit (a + 
b∙sin2(θ-c)) applied to the experimental data. 
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Figure 7.6 (a) Atomic force microscopy image of 75 nm-thick AgTePh crystal. Images of the 75 
nm-thick AgTePh crystal captured in the collection path (b) without a pinhole and (c) with a 
pinhole. (d) Absorption spectra of the 75 nm-thick AgTePh crystal without a linear polarizer.  (e) 
Absorption spectra of the 75 nm-thick AgTePh crystal as a function of polarization angle of 
incident light. (f) Polarization-dependent intensities of absorption at 2.577 eV (X1, red) and 2.969 
(X3 + X4, blue). Solid lines represent sinusoidal fit (a + b∙sin2(θ-c)) applied to the experimental 
data. 

 

In the case of the AgSPh, the absorption spectra with a peak at ~3.44 eV remained nearly 

identical regardless of the polarization state (Figures 7.2d,g,j and 7.4), suggesting in-plane 

isotropic imaginary part of refractive index. In contrast, the AgSePh exhibited a strong polarization 

dependence of absorption (Figure 7.2e). When the polarization of incident light was parallel to the 

crystallographic [010] orientation, excitonic resonances at ~2.687 eV (X1) and ~2.885 eV (X3) 

became clearly resolvable and exhibited the highest intensity (Figure 7.2h). Conversely, when the 

light polarization was aligned with the [100] orientation, an excitonic resonance at ~2.755 eV (X2) 

became predominant, while the absorption intensity of X1 and X3 excitons was significantly 

suppressed. To assess the extent of absorption anisotropy, the polarization-resolved absorption 

spectra were fit with three Gaussian functions corresponding to X1, X2, and X3 excitons (Figure 

7.5f). The absorption intensities of these excitons were determined by integrating the Gaussian fit 

as a function of polarization. The integrated intensities are plotted in polar coordinates alongside 
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crystal orientation information (Figures 7.2k and 7.5g). The polar plot clearly exhibits that X1 and 

X3 excitons are polarized along [010] orientation whereas X2 exciton is polarized along [100] 

orientation, consistent with the previous report.40 The AgTePh also exhibited strong absorption 

anisotropy (Figures 7.2f and 7.6). Both absorption peaks at ~2.577 eV (X1) and ~2.969 eV (X3 + 

X4) exhibited their maximum intensity when the incident light was polarized along the [010] 

orientation (Figure 7.2j). The absorption around ~2.969 eV at room temperature consists of two 

excitonic resonances that become resolvable at ~2.91 eV (X3) and ~3.05 eV (X4) at 80 K, as shown 

in our previous reports.45,49 Because of the unclarity of energies of X3 and X4 excitons at room 

temperature arising from their significant broadening and overlapping, we extracted the absolute 

absorption intensity at ~2.577 eV (X1) and at ~2.969 eV (X3 + X4) instead of Gaussian fitting, as 

a function of polarization angle. The polar plot clearly exhibits that both X1 and X3 + X4 excitons 

are polarized along [010] orientation (Figure 7.2l). 

 

Figure 7.7 2D color plots showing photoluminescence spectra of (a) 40 nm-thick AgSePh and (c) 
75 nm-thick AgTePh single crystal as a function of polarization angle of the emitted light. Polar 
plots showing photoluminescence intensities of (b) 40 nm-thick AgSePh and (d) 75 nm-thick 
AgTePh single crystal as a function of polarization angle of the emitted light. Solid line: sinusoidal 
fit applied to the experimental data. See Figures 7.10-7.11 for details. 
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Strong absorption anisotropy in AgSePh and AgTePh suggests the presence of anisotropy 

in photoluminescence (PL). (Note that AgSPh did not show any PL) To investigate the PL 

anisotropy in AgSePh and AgTePh, we performed polarization-resolved micro-PL spectroscopy 

on the identical single crystal used for polarization-resolved absorption measurement (Figures 7.7-

7.11). Briefly, the single crystal, mounted on an inverted microscope, was excited by a 405 nm 

CW laser diode focused to a spot of ~1 µm in diameter. A circular polarizer was placed between 

the sample and the light source to eliminate the impact of excitation light’s polarization on the PL 

anisotropy. After excitation, the PL was collected in the epi-configuration and guided into a 

spectrograph with a CCD detector. A linear polarizer was placed in the PL collection path and 

rotated from 0° to 360° at a step size of 20, to collect polarization-resolved PL spectra. We 

confirmed that the polarization response from the optical components in the PL collection path is 

negligible by conducting measurements using unpolarized broadband light placed on the sample 

stage (Figure 7.9). 

 

Figure 7.8 Schematic showing the experimental setup for the polarization-resolved micro-PL 
spectroscopy. 

 

Figure 7.9 (a) PL spectra of the unpolarized white LED (Thorlab MCWHL2-C3) mounted on the 
sample stage, as a function of the rotation angle of the linear polarizer shown in Figure 7.8. (b) 
Normalized integrated PL in (a), as a function of the rotation angle of the linear polarizer. The 
ration between the maximum and minimum values is ~0.95, indicating that the experimental setup 
has a negligible impact on the polarization-dependent signals. 
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Figure 7.10 (a) PL spectrum of the 40 nm-thick AgSePh crystal (Figure 7.7b) without a linear 
polarizer. (b) PL spectra of the 40 nm-thick AgSePh crystal as a function of polarization of emitted 
light. (c) Polarization-resolved PL spectra of the 40 nm-thick AgSePh crystal for the linear 
polarizer angles of 40° (~𝐸𝐸�⃗ ||[100], red) and 120° (~𝐸𝐸�⃗ ||[010], blue). (d) Two Gaussian fit with a 
peak position of 2.662 eV (X1, red) and 2.716 eV (X2, blue) applied to the PL spectra for the linear 
polarizer angles of 100°. Only the high-energy side of the PL spectra was used for the Gaussian fit 
due to the asymmetry of the spectra, which is likely caused by defect-derived emission or phonon-
mediated emission on the low-energy side. (e) The polarization-dependent PL intensities of the X1 
and the X2 excitons, obtained by integrating the Gaussian fit. Solid line represents a sinusoidal fit 
[a + b∙sin2(θ-c)] applied to the experimental data. 
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Figure 7.11 (a) PL spectrum of the 75 nm-thick AgTePh crystal (Figure 7.7c) without a linear 
polarizer. (b) PL spectra of the 75 nm-thick AgTePh crystal as a function of polarization angle of 
emitted light. (c) Polarization-resolved PL spectra of the 75 nm-thick AgTePh crystal for the linear 
polarizer angles of 40° (~𝐸𝐸�⃗ ||[010], red) and 120° (~𝐸𝐸�⃗ ||[100], blue). (d) The integrated intensities 
for the entire PL spectrum as a function of polarization of the emitted light. Solid line represents a 
sinusoidal fit [a + b∙sin2(θ-c)] applied to the experimental data. 

 

 Figure 7.7a displays polarization-resolved PL spectra of the 40 nm-thick AgSePh single 

crystal. The dataset could be well fit by two Gaussian functions with a peak at 2.662 eV and 2.716 

eV, respectively (Figure 7.10). These energies correspond to energies of X1 and X2 excitons, 

considering a slight red-shift from their absorption energies. The PL intensities of X1 and X2 

excitons as a function of polarization were determined by integrating the Gaussian fit and these 

PL intensities were polar-plotted (Figure 7.7b). The polar plot reveals that PL of the X1 exciton is 

polarized along the [010] direction whereas the PL of the X2 exciton is polarized along the [100] 

direction, consistent with their absorption anisotropy. Figure 7.7c shows polarization-resolved PL 
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spectra of the 75 nm-thick AgTePh single crystal. The normalized PL spectra remained nearly 

identical regardless of the polarization state (Figure 7.11). Thus, the entire PL spectra were 

integrated to assess the PL anisotropy. Figure 7.7d displays the integrated PL intensities on a polar 

plot, revealing that the PL in AgTePh is polarized along with the [010] direction. Interestingly, the 

polarization of the PL is identical to the polarization of X1 exciton observed in the absorption 

measurement, despite the significant red-shift from the absorption of the X1 exciton. The 

significantly red-shifted and broad PL in AgTePh was previously assigned to the self-trapped 

exciton emission.45 This self-trapping phenomenon occurs when free-excitons are trapped into a 

deep potential well induced by their strong interaction with phonons.52,53 The conservation of their 

polarization states during the self-trapping process highlights the robustness of their polarization 

states and potentially suggests the anisotropic exciton-phonon interaction.27,42 
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7.3.2  Density functional theory and GW with the Bethe-Salpeter equation calculations 

 

Figure 7.12 Density functional theory (DFT)-calculated electronic band structures of (a) AgSPh 
in P21, (d) AgSePh in P21/c, and (g) AgTePh in P21/c. The valence band maximum (VBM) and 
the conduction band minimum (CBM) are marked with red circles. Orbital projected density of 
states of (b) AgSPh, (e) AgSePh, and (h) AgTePh. Wavefunctions of the VBM and the CBM of 
(c) AgSPh, (f) AgSePh, and (i) AgTePh. Blue and red surfaces represent the positive and negative 
phases of the wavefunction, respectively, with an isosurface level set at 8 × 10−4 𝑒𝑒/𝑏𝑏𝑏𝑏ℎ𝑟𝑟−3 . 
Atoms are colored as follows: Ag: gray, S: yellow, Se: orange, Te: red, C: black, H: white. 
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Electronic band structures of AgEPh were investigated using density functional theory 

(DFT) calculations (Figure 7.12). These calculations used the reported structures of AgSPh in 

monoclinic P21,30 AgSePh in monoclinic P21/c,46 and AgTePh in monoclinic P21/c.30 The 

calculated band structure of AgSPh reveals an indirect gap of 2.32 eV with a direct gap of 2.38 eV 

at Γ. Notably, due to the lack of inversion symmetry in AgSPh, unlike AgSePh and AgTePh 

(Figure 7.1a), AgSPh exhibits a slight splitting in its band structure corresponding to the two 

symmetrically inequivalent layers within the unit cell (Figure 7.12a). AgSePh features a direct gap 

of 1.45 eV at Γ and AgTePh has an indirect gap of 1.701 eV with a nearly equivalent direct gap of 

1.702 eV (Figure 7.12d,g). For all AgEPh, the bands exhibit negligible dispersion along the out-

of-plane direction (band extrema or Γ → Z) but exhibit strong dispersion along the other two in-

plane directions (band extrema or Γ → X and Y), indicating confinement of electrons and holes 

within the 2D plane while being delocalized within the plane.  

The projected density of states show that the bands of AgEPh have largely similar orbital 

contributions (Figure 7.12b,e,h). The valence band maximum (VBM) is primarily composed of 

Ag 4d orbitals and chalcogen p orbitals, while the conduction band minimum (CBM) is dominated 

by Ag 5s orbital and chalcogen p orbitals. Conduction bands above CBM are dominated by C 2p 

orbitals. Furthermore, the wavefunctions of the VBM and CBM for all AgEPh are predominantly 

located at the Ag-chalcogen sheet, further suggesting that charge carriers are confined within the 

inorganic sheet (Figure 7.12c,f,i). 
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Figure 7.13 Excitation spectra of (a) AgSePh in P21/c and (d) AgTePh in P21/c, calculated using 
GW-BSE. The GW band gap is indicated by a blue vertical dotted line. Vertical bars represent 
excitations with oscillator strengths greater than 5 a.u.. Black and red bars represent the lowest (S1) 
and the second lowest (S2) excitations in energy among those excitations. S1 (left) and S2 (right) 
exciton wavefunctions of (b) AgSePh and (e) AgTePh shown in a([100])b([010]-plane in k-space. 
Absorption intensities of S1 and S2 excitons of (c) AgSePh and (f) AgTePh, projected on ab-plane 
in real space. 
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Table 7.1 Excitation energy, oscillator strength, identification of whether the state is s-like or p-
like, identification of whether the state is intralayer or interlayer, and polarization of excitations of 
AgSePh in P21/c and AgTePh in P21/c, calculated using GW-BSE. Only excitations with energy 
below GW band gap and with oscillator strength greater than 5 a.u. are included. See Tables 7.2 
and 7.3 for all excitations below GW bandgap of AgSePh in P21/c and AgTePh in P21/c, 
respectively. 

AgSePh in P21/c (GW bandgap: 2.426 eV) AgTePh in P21/c (GW bandgap: 3.107 eV) 
Energy 

(eV) 

Oscillator 
strength 

(a.u.) 

s-like vs. 
p-like 

Intra vs. 
Inter 

Polarizatio
n 

Energy 
(eV) 

Oscillator 
strength 

(a.u.) 

Intra vs. 
Inter 

s-like vs. 
p-like 

Polarizatio
n 

2.108 (S1) 182.9 s Intra [100] 2.715 (S1) 407.9 Intra s [010] 

2.151 (S2) 258.4 s Intra [010] 2.815 (S2) 146.3 Intra s [100] 

2.336 13.9 s Intra [100] 2.861 8.4 Intra s [010] 

2.386 7.5 s Inter [010] 2.958 20 Intra s [100] 

2.393 42.7 s Intra [010] 3.018 34.3 Intra p [010] 

2.425 31.3 p Intra [100]      

 

We performed GW with the Bethe-Salpeter equation (GW-BSE) calculations of AgSePh 

in P21/c46 and AgTePh in P21/c30 to understand their observed optical anisotropy (Figure 7.13 and 

Table 7.1). The GW renormalizes the direct gap to 2.43 eV for AgSePh and 3.11 eV for AgTePh. 

Calculated absorption spectra of AgSePh and AgTePh are shown in Figures 7.13a and 7.13d, 

respectively, revealing multiple exciton states below the computed GW band gap (See Tables 7.2 

and 7.3 for all excitations below GW gap of AgSePh and AgTePh, respectively). Notably, the 

lowest-energy exciton (S1) exhibits a significant exciton binding energy of 318 meV for AgSePh 

and 392 meV for AgTePh. For both AgSePh and AgTePh, the lowest (S1) and the second lowest 

(S2) excitons in energy exhibit much stronger oscillator strength than other low-energy excitons. 

These S1 and S2 excitons in AgSePh and AgTePh are both s-like intralayer excitons that are 

delocalized in the 2D plane (Figures 7.13b,e, 7.14 and 7.15). Figure 7.13b,d displays the ab-plane 

([100]-[010]-plane in real space) projected absorption intensities of these two brightest excitons in 

AgSePh and AgTePh, respectively. It was revealed that the S1 and S2 excitons in AgSePh are 

polarized along [100] and [010], respectively, whereas S1 and S2 excitons in AgTePh are polarized 

along [010] and [100], respectively. Other low-energy excitons below the GW gap in AgSePh and 

AgTePh also exhibit polarization along either [100] or [010] as summarized in the Table 7.1.  
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Table 7.2 Energy and oscillator strength of excitations below GW gap (2.426 eV) of AgSePh in 
P21/c, calculated using GW-BSE. 

 

  AgSePh in P21/c 
State Energy (eV) Oscillator strength 

1 (S1) 2.10799 1.829E+02 

2 2.11498 1.502E-04 

3 2.15096 1.214E-03 

4 (S6) 2.15135 2.584E+02 

5 2.27773 3.542E-04 

6 2.27782 9.347E-01 

7 2.32416 1.049E-02 

8 2.32847 5.306E-04 

9 2.33592 1.389E+01 

10 2.33837 3.027E-04 

11 2.34269 3.840E-03 

12 2.34362 3.888E-03 

13 2.34434 1.004E-02 

14 2.34850 1.116E-02 

15 2.36463 8.931E-05 

16 2.36617 3.224E+00 

17 2.37663 3.691E-05 

18 2.38170 6.127E-03 

19 2.38487 1.610E-04 

20 2.38620 7.497E+00 

21 2.38996 1.942E-03 

22 2.39267 4.274E+01 

23 2.39329 3.917E-02 

24 2.39455 3.033E+00 

25 2.39515 1.911E-02 

26 2.39876 1.953E-04 

27 2.40851 2.322E-04 

28 2.41164 3.057E-03 

29 2.41283 3.715E+00 

30 2.41319 5.749E-04 

31 2.41491 1.303E-01 

32 2.41557 2.893E-01 

33 2.42460 3.130E+01 
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Table 7.3 Energy and oscillator strength of excitations below GW gap (3.107 eV) of AgTePh in 
P21/c, calculated using GW-BSE. 

 

  

AgTePh in P21/c 
State Energy (eV) Oscillator strength State Energy (eV) Oscillator strength State Energy (eV) Oscillator strength 

1  2.71458 4.000E-04 31 2.99059 7.336E-04 61 3.07532 4.110E-02 

2 (S1) 2.71465 4.079E+02 32 2.99373 1.568E-05 62 3.07679 1.497E+00 

3 2.77376 2.155E-01 33 2.99514 2.967E-02 63 3.07717 3.746E-01 

4 2.77411 4.806E-03 34 2.99528 1.750E-06 64 3.07835 3.101E+00 

5 (S2) 2.81501 1.463E+02 35 3.00506 5.402E-02 65 3.08145 3.994E+00 

6 2.81738 2.316E-03 36 3.00549 2.872E-05 66 3.08176 1.031E-02 

7 2.86095 3.070E-04 37 3.01512 1.443E-01 67 3.08191 8.830E-01 

8 2.86126 8.395E+00 38 3.01603 2.253E+00 68 3.08204 9.710E-04 

9 2.92766 1.109E-02 39 3.01699 2.161E-02 69 3.08316 4.716E-02 

10 2.92774 6.483E-01 40 3.01786 3.426E+01 70 3.08372 1.248E-01 

11 2.93027 4.309E-01 41 3.02512 2.164E-02 71 3.08613 1.624E-03 

12 2.93052 5.335E-04 42 3.02952 1.236E-03 72 3.08765 4.231E-03 

13 2.93290 3.407E-03 43 3.03334 4.676E-04 73 3.09094 5.331E-02 

14 2.93344 3.926E-03 44 3.03375 1.185E-04 74 3.09181 2.598E-02 

15 2.95009 8.346E-04 45 3.03527 1.157E+00 75 3.09553 9.890E-01 

16 2.95034 1.069E-01 46 3.03751 4.788E-02 76 3.09611 1.408E-02 

17 2.95818 1.995E+01 47 3.03962 2.062E-01 77 3.09643 1.818E+00 

18 2.95849 7.910E-02 48 3.04031 1.006E-05 78 3.09749 6.181E-02 

19 2.95873 9.387E-02 49 3.04357 7.122E-02 79 3.09762 4.919E-02 

20 2.95878 8.864E-03 50 3.04428 1.315E-03 80 3.09837 1.699E-01 

21 2.96654 1.838E-01 51 3.05207 1.464E-01 81 3.09925 8.307E-03 

22 2.96779 3.177E-03 52 3.05241 9.916E-02 82 3.10063 2.527E-02 

23 2.97124 3.410E-06 53 3.05262 2.368E-01 83 3.10197 1.844E+00 

24 2.97155 3.561E-01 54 3.05297 3.730E-03 84 3.10301 1.883E+00 

25 2.97796 9.745E-04 55 3.05415 1.342E-03 85 3.10355 5.891E-01 

26 2.98142 3.542E-03 56 3.05465 1.075E-01 86 3.10385 5.972E-02 

27 2.98292 3.850E-04 57 3.06629 1.816E+00 87 3.10524 1.029E-02 

28 2.98300 3.919E-02 58 3.06692 5.230E-01 88 3.10538 3.462E-03 

29 2.98311 1.120E-07 59 3.07293 1.878E-01    

30 2.98343 1.323E-01 60 3.07392 2.549E-02    



201 
 

 

Figure 7.14 The wavefunctions of excitons with oscillator strength greater than 5, shown in real-
space (left) and k-space (right), respectively, for AgSePh in P21/c. For real-space, the wavefunction 
of electron is shown with the position of the hole fixed (red circle). For the k-space visualization, 
the exciton wavefunctions are shown in a([100])b([010])-plane. 

 

Figure 7.15 The wavefunctions of excitons with oscillator strength greater than 5, shown in real-
space (left) and k-space (right), respectively, for AgTePh in P21/c. For real-space, the 
wavefunction of electron is shown with the position of the hole fixed (red circle). For the k-space 
visualization, the exciton wavefunctions are shown in a([100])b([010])-plane. 
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While GW-BSE calculations revealed multiple excitons with in-plane anisotropy below 

the bandgap, the characteristics of these excitons, such as energy, oscillator strength, and 

polarization, are different from experimental observations at room temperature. For example, in 

the room temperature experiment, we observed that the lowest-energy X1 exciton and the second 

lowest-energy X2 exciton in AgSePh are polarized along [010] and [100], respectively, which is 

opposite to the results of GW-BSE calculations (S1 || [100] and S2 || [010]). Additionally, GW-BSE 

predicts a greater number of excitons below bandgap than the number of excitons that we 

experimentally resolved at room temperature. These discrepancies may arise from limitations of 

our calculations which did not include any nuclear motions or lattice vibrations as well as 

limitations in experiments that could not resolve dim excitons with weak oscillator strengths that 

were buried under or overlapping with other bright excitons. Subsequently, we investigated the 

optical properties at cryogenic temperature to facilitate a direct comparison with results from GW-

BSE calculations. 
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7.3.3  Polarization-resolved reflectance of AgSePh at 4 K 

 

Figure 7.16 (a) The reflectance spectrum of AgSePh crystal, measured with unpolarized incident 
light at 4 K. (b) The 2D color plot showing reflectance spectra of AgSePh crystal as a function of 
the linear polarization analyzer angle in the detection path. (c) Polarization-resolved reflectance 
spectra of AgSePh crystal when the light polarization axis is along crystallographic [100] (red) 
and [010] (blue). (d) The polar plot showing the amplitudes of X1a (~2.739 eV) and X1b (~2.748 
eV) excitonic resonances, extracted by fitting the reflectance spectra with the sum of two Lorentz 
resonances. Solid line: sinusoidal fit applied to the amplitudes of X1a and X1b resonances. 

 

To further investigate exciton anisotropy of AgSePh with reduced nuclei motions and 

thermal lattice vibrations, we performed polarization-resolved micro-reflectance measurement at 

4 K. Briefly, the sample was mounted on the cold finger of a liquid Helium flow cryostat. The 

sample was illuminated with a broadband unpolarized white light through a 50x magnification 

microscope objective. The reflected light was collected in the epi-configuration and guided into a 
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spectrograph with a CCD detector. Figure 7.16a exhibits the reflectance spectra of AgSePh 

measured with the unpolarized incident light, revealing a sharp transition at ~2.74 eV (X1) and 

broad transitions at ~2.81 eV (X2) and at ~2.95 eV (X3) in a good agreement with transitions at 

room temperature considering thermal red-shift. Next, a linear polarizer and a half-wave plate were 

inserted in the detection path to probe the intensity of reflected light with a given polarization 

orientation. The polarization-resolved micro-reflectance spectra were collected by rotating the 

half-wave plate (Figure 7.16b). The 2D color plot of polarization-resolved reflectance spectra 

clearly reveals anisotropy in these transitions where X1 (||[010]) and X2 (||[100]) transitions are 

orthogonally polarized (Figure 7.16b), consistent with the polarization-resolved absorption data at 

room temperature (Figure 7.2e). Interestingly, we found that the excitonic transition near ~2.74 

eV can be resolved as two distinct transitions at ~2.739 eV (X1a) and at ~2.749 eV (X1b) as shown 

in Figure 7.16c.  

 

Figure 7.17 Examples of the two Lorentz resonances fitting for the half-wave plate angles of 10° 
and 100°, respectively. The amplitude of each resonance, C1a and C1b, as a function of polarization 
is polar-plotted in Figure 7.16d. 

To assess the amplitude and anisotropy of these two transitions, we fit the polarization-

resolved reflectance spectra near ~2.74 eV with the sum of two Lorentz resonances corresponding 

to X1a and X1b transitions (Figure 7.17) using following equation:   

𝑟𝑟(𝐸𝐸)  =  𝑟𝑟0  +  𝑅𝑅𝑅𝑅[𝐶𝐶1𝑎𝑎 ∙ 𝑒𝑒𝑖𝑖𝜑𝜑1𝑎𝑎 ∙ (𝐸𝐸 − 𝐸𝐸1𝑎𝑎 + 𝑖𝑖𝛤𝛤1𝑎𝑎)−1  + 𝐶𝐶1𝑏𝑏 ∙ 𝑒𝑒𝑖𝑖𝜑𝜑1𝑏𝑏 ∙ (𝐸𝐸 − 𝐸𝐸1𝑏𝑏 + 𝑖𝑖𝛤𝛤1𝑏𝑏)−1] (7.1) 

where Ci, φi, Ei, and Γi are the amplitude, phase, energy, and broadening parameter of each 

resonance (i = 1a or 1b). 
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Figure 7.16d exhibits the transition amplitude of X1a and X1b as a function of polarization 

in a polar plot, revealing X1a is polarized along [100] orientation whereas X1b is polarized along 

[010] orientation. Surprisingly, the order in energy, transition intensity, and polarization of X1a and 

X1b transitions nicely match with S1 and S2 excitons in GW-BSE calculations. This suggests that 

S1 and S2 excitons in GW-BSE calculations may correspond to X1a and X1b excitons, rather than 

X1 and X2 excitons, in our experimental observations. Furthermore, given that GW-BSE 

calculations predict the greater number of excitons with sufficient oscillator strengths and 

polarization along either [100] or [010] below GW bandgap than our experimental observations, 

this implies that the potential presence of other dim excitons in AgSePh and AgTePh that could be 

further resolved in future investigations. 

 

7.3.4  Photonic effects on optical properties of AgEPh (E = S, Se, Te) 

2D AgEPh (E = S, Se, Te) crystals naturally have an Fabry-Perot cavity structure54 due to 

their high refractive index compared to air and glass substrate which causes the top and bottom 

facets to act as mirrors40,51. Thus, photonic effects such as interference54 or even exciton-polariton 

interactions55 can occur when their thickness is in the range of wavelength of our interest. The 

minimum thickness (t) to see these effects is t = λ/4n where λ is wavelength of our interest and n 

is the real part of the refractive index. To explore potential photonic effects on absorption and 

photoluminescence spectra of AgEPh crystals, we prepared 500 nm-thick AgSPh, 420 nm-thick 

AgSePh, and 280 nm-thick AgTePh crystals (Figures 7.18-7.22). 

The absorption peak of the 500 nm-thick AgSPh was slightly red-shifted compared to the 

68-nm thick AgSPh, likely due to interference effect (Figures 7.4 and 7.18). More importantly, the 

500 nm-thick AgSPh exhibited polarization-dependent absorption spectra while the 68-nm thick 

AgSPh did not), suggesting the anisotropic real part of refractive index (as also confirmed by 

polarized-light microscopic images in Figure 7.18b,c) and isotropic imaginary part of refractive 

index within in-plane. The 420 nm-thick AgSePh exhibited much more dramatic photonic effects 

(Figures 7.5 and 7.19). It showed a fringe pattern below the absorption onset likely due to 

interference. More strikingly, it exhibited significant polarization-dependent signals above 

absorption onset that is completely different from the 40 nm-thick AgSePh. This may be due to 

combination of interference and exciton-polariton interactions arising from strong oscillator 
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strength, high exciton binding energy, negligible Stokes shift, and natural optical cavity structure 

of AgSePh. The 280 nm-thick AgTePh crystal exhibited comparatively similar polarization-

resolved absorption spectra to the 75 nm-thick AgTePh crystal (Figures 7.6 and 7.19). Overall, 

these observations suggest that 2D AgEPh, especially AgSePh, can provide a platform to study 

and exploit exciton-photonics in the absence of artificial cavity. 

 

 

Figure 7.18 (a) Atomic force microscopy image of 500 nm-thick AgSPh crystal. (b,c) Polarized 
optical micrographs of the 500 nm-thick AgSPh crystal. The change in brightness across the crystal 
from (b) complete darkness to (c) brightness as the crystal was rotated indicates that the crystal is 
single. Images of the 500 nm-thick AgSPh crystal captured in the collection path (d) without a 
pinhole and (e) with a pinhole. (f) Absorption spectra of the 500 nm-thick AgSPh crystal without 
a linear polarizer.  (g) Absorption spectra of the 500 nm-thick AgSPh crystal as a function of 
polarization angle of incident light. 
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Figure 7.19 (a) Atomic force microscopy image of 420 nm-thick AgSePh crystal. (b,c) Polarized 
optical micrographs of the 420 nm-thick AgSePh crystal. The change in brightness across the 
crystal from (b) complete darkness to (c) brightness as the crystal was rotated indicates that the 
crystal is single. Images of the 420 nm-thick AgSePh crystal captured in the collection path (d) 
without a pinhole and (e) with a pinhole. (f) Absorption spectra of the 420 nm-thick AgSePh crystal 
without a linear polarizer. (g) Absorption spectra of the 420 nm-thick AgSePh crystal as a function 
of polarization angle of incident light. 
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Figure 7.20 (a) Atomic force microscopy image of 280 nm-thick AgTePh crystal. (b,c) Polarized 
optical micrographs of the 280 nm-thick AgTePh crystal. The change in brightness across the 
crystal from (b) complete darkness to (c) brightness as the crystal was rotated indicates that the 
crystal is single. Images of the 280 nm-thick AgTePh crystal captured in the collection path (d) 
without a pinhole and (e) with a pinhole. (f) Absorption spectra of the 280 nm-thick AgTePh 
crystal without a linear polarizer. (g) Absorption spectra of the 280 nm-thick AgTePh crystal as a 
function of polarization angle of incident light. 
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Figure 7.21 (a) PL spectrum of the 420 nm-thick AgSePh crystal (Figure 7.19) without a linear 
polarizer. (b) PL spectra of the 420 nm-thick AgSePh crystal as a function of polarization of 
emitted light. (c) 2D color plot showing PL spectra of the 420 nm-thick AgSePh crystal. (d) 
Polarization-resolved PL spectra of the 420 nm-thick AgSePh crystal for the linear polarizer angles 
of 40° (~𝐸𝐸�⃗ ||[100], red) and 120° (~𝐸𝐸�⃗ ||[010], blue). The results are largely the same as those 
observed in thinner crystals (Figure 7.5). 
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Figure 7.22 (a) PL spectrum of the 280 nm-thick AgTePh crystal (Figure 7.20) without a linear 
polarizer. (b) PL spectra of the 280 nm-thick AgTePh crystal as a function of polarization of 
emitted light. (c) 2D color plot showing PL spectra of the 280 nm-thick AgTePh crystal. (d) 
Polarization-resolved PL spectra of the 280 nm-thick AgTePh crystal for the linear polarizer angles 
of 40° (~𝐸𝐸�⃗ ||[100], red) and 120° (~𝐸𝐸�⃗ ||[010], blue). A slight difference between two spectra is 
likely due to the interference effect. The results are largely the same as those observed in thinner 
crystals (Figure 7.6). 
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7.4  Conclusions 

In conclusion, our spectroscopic measurements combined with ab initio calculations reveal 

the anisotropy of multiple robust excitons in in-plane anisotropic 2D AgEPh, which dominate their 

optical responses in the ultraviolet-visible range. Our findings highlight the richness and 

complexity of excitons within the visible range in these emerging 2D semiconductors, likely 

arising from their low-symmetry crystal structures. GW-BSE calculation offer an atomistic and 

electronic perspective on the origins of excitonic peaks and their anisotropy, further elucidating 

the relationship between the crystal structure and the optical properties. These excitons have been 

reported to strongly couple with lattices or phonons in these hybrid 2D materials, leading to 

coherent excited state oscillation in AgSePh33,42 and self-trapped excitons in AgTePh.45 

Furthermore, due to their natural photonic cavity structure, these excitons can couple with photons 

to form exciton-polaritons at a certain range of thickness.51 Taken all together, we propose these 

in-plane anisotropic 2D hybrid semiconductors as an ideal platform for the investigation of 

excitonic physics and many-body interactions among quasiparticles including electrons, excitons, 

phonons, and photons. 

 

7.5  Methods 

Chemicals. Diphenyl disulfide (Ph2S2, 99.0+%) and diphenyl diselenide (Ph2Se2, 97.0+%) 

were purchased from TCI America. Diphenyl ditelluride (Ph2Te2, 98%), propylamine (PrNH2, 

98%), butylamine (BuNH2, 99.5%), toluene (>99.5%), ammonium hydroxide solution (NH3/H2O; 

ACS reagent, 28.0-30.0% NH3 basis), silver nitrate (AgNO3, ≥99.0%) were purchased from 

Millipore Sigma.  

Preparation of AgEPh (E = S, Se, Te) crystals.30,46 AgEPh crystals were synthesized by 

mixing a 20 mM solution of silver nitrate (AgNO3) in 1-butylamine (BuNH2) and a 20 mM solution 

of diphenyl dichalcogenide (Ph2E2) in BuNH2 in a sealed vial. The vial was then stored under dark 

at room temperature for 2 weeks to obtain AgSPh crystals, 3 days for AgSePh crystals, and 2 

months for AgTePh crystals. The synthesized AgEPh crystals are typically much thicker than 1 

μm. Thus, 68 nm-thick AgSPh and 75 nm-thick AgTePh were prepared through mechanical 

exfoliation, and 500 nm-thick AgSPh, 420 nm-thick AgSePh, and 280 nm-thick AgTePh were 
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prepared through careful search. Thin (< 100 nm) AgSePh can also be obtained by mechanical 

exfoliation, but 40 nm-thick AgSePh that we discussed in this manuscript was prepared by a 

biphasic hydrothermal method. For the biphasic method, a mixture of toluene containing Ph2Se2 

(3mM) and aqueous ammonia (NH3/H2O) containing AgNO3 (3mM) was heated at 180 oC for 1 

hour. Thickness of crystals were measured using atomic force microscope (BRUKER, Dimension 

XR). 

Polarized optical microscopy. The samples on transparent glass coverslips were mounted 

on an inverted microscope (Nikon, Ti-U Eclipse). Above and below the sample, a polarizer and an 

analyzer were placed, respectively, oriented orthogonally to each other. The sample was 

illuminated by an overhead light source (Nikon D-LH Halogen 12V 100W). The transmitted light 

through the sample was collected with an objective lens (Nikon, CFI S Plan Fluor ELWD, 40×, 

0.6 NA) and then directed into a color CMOS camera (Thorlabs, DCC1645C-HQ). Polarized 

optical images were taken by rotating the sample stage.  

Micro-absorption spectroscopy. The samples on transparent glass coverslips were mounted 

on the inverted microscope. The sample was illuminated by an overhead light source (Thorlabs 

M365L2-C5 for AgSPh / Nikon D-LH Halogen 12V 100W for AgSePh and AgTePh). The 

transmitted light through the sample was collected with the 40× objective lens and then spatially 

filtered through a 600 μm in diameter pinhole (spatial resolution: ~15 µm, see figures S2b,c) to 

select a region of interest. The spatially filtered light was then directed into a spectrograph 

(Princeton Instruments, SP-2500) equipped with a cooled charge-coupled device (CCD) detector 

(Princeton Instruments, PIMAX 4: 1024 EMB). The absorbance [𝐴𝐴 = −𝑙𝑙𝑙𝑙𝑙𝑙10(𝐼𝐼/𝐼𝐼0)] of the 

sample was calculated by comparing the spectrum of the transmitted light through the crystal (I) 

with the spectrum of the transmitted light through the bare substrate (I0) under the same 

experimental condition, which ensures the cancellation of polarization effects from the optics in 

the data. For polarization-resolved micro-absorption measurement, a linear polarizer (Thorlabs, 

LPUV050 for AgSPh /Thorlabs, LPVISE100-A for AgSePh and AgTePh) was inserted between 

the sample and the light source, and then rotated from 0° to 360° at a step size of 10°. 

Micro-photoluminescence spectroscopy. The samples on transparent glass coverslips were 

mounted on the inverted microscope and excited by focusing a 405 nm light (Picoquant, LDHDC-

405M, continuous wave mode) through the 40× objective lens to ~1 µm spot. The polarization 
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state of the excitation light was controlled by a circular polarizer (Thorlabs, CP1R405). After 

excitation, the PL was collected in the epi-configuration and passed through a dichroic mirror and 

a long-pass filter. It was then directed into the spectrograph with the CCD detector. For 

polarization-resolved PL measurement, a linear polarizer (Thorlabs, LPVISE100-A) was placed 

in the PL collection path and rotated from 0° to 360° at a step size of 20°. All spectra underwent 

Jacobian transformation from wavelength to photon energy,56 but have not been corrected for 

wavelength-dependent efficiency of the spectrograph or CCD camera. We confirmed that the 

polarization response from the optical components in the PL collection path is negligible by 

conducting measurements using unpolarized broadband light (Thorlabs, MCWHL2-C3) placed on 

the sample stage (Figure S9). 

Micro-reflectance spectroscopy. The samples were mounted on the cold finger of a liquid 

Helium flow cryostat. The sample was illuminated with a broadband unpolarized white light, 

provided by a Tungsten halogen light source, through a 50× magnification microscope objective 

with numerical aperture NA = 0.55. The reflected light was collected in the epi-configuration and 

guided into a 500 mm long monochromator equipped with a grating of 1200 grooves/mm and with 

a liquid nitrogen-cooled CCD detector. For polarization-resolved reflectance measurement, a 

linear polarizer and a half-wave plate were inserted in the detection path to probe the intensity of 

reflected light with a given polarization orientation. Polarization-resolved reflectance spectra were 

collected by rotating the half-wave plate at a step size of 10°. 

Computational methods. Density functional theory (DFT) calculations of AgEPh were 

carried out using Quantum-ESPRESSO version 6.7.57 The kinetic energy cutoff was set at 90 Ry. 

For the charge density calculations, an 8x8x2 k-point mesh was used. We employed norm-

conserving pseudopotentials58 and the Perdew Burke Ernzerhof (PBE) exchange correlation 

functional.59 The crystal structure was determined through single-crystal X-ray diffraction, as 

reported in references 30 and 46, and was used directly without further geometry optimization. A 

one-shot G0W0 calculation was performed using the generalized plasmon-pole model as 

implemented in BerkeleyGW version 3.0.60–62 Quasiparticle energies were computed using the 

Kohn-Sham wavefunctions and energies calculated with PBE functional on a 4x4x1 k-mesh. The 

dielectric screening cutoff energy was set at 10 Ry, and a total of 2000 bands were included. The 

absorption spectra were computed by solving the Bethe-Salpeter equation with the electron-hole 
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interaction kernel on a 4x4x1 k-mesh, which was then interpolated to a 12x12x1 k-mesh. The 

kernel included 6 occupied and 18 empty bands. 
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Chapter  8    

Giant excitonic anisotropy in 2D Silver 

Organochalcogenolates with semi-1D Ag-Ag chains  

 

8.1  Abstract 

In this chapter, we reveal the significant electronic and excitonic anisotropy of AgSePh-

F2(2,3) compared to AgSePh using polarization-resolved optical spectroscopy and density 

functional theory calculations. We provide a concrete structural explanation for these observations: 

AgSePh features a 2D hexagonal Ag-Ag network with uniform Ag-Ag bond lengths, whereas 

AgSePh-F2(2,3) exhibits a significantly distorted Ag-Ag hexagon where one Ag-Ag bond length 

is much longer than the others, resulting in semi-1D Ag-Ag chains. This semi-1D-like inorganic 

structure in AgSePh-F2(2,3) may cause the valence electron density to distribute primarily along 

this 1D direction, leading to its anisotropic electronic band structure, different absorption spectrum, 

and giant excitonic anisotropy compared to AgSePh. This relationship between Ag-Ag bond 

parameters and the absorption spectrum is generalizable to other 2D blue-emitting AgSePh-R 

compounds, resolving the puzzle of the divergence between the AgSePh-like absorption spectrum 

and the AgSePh-F2(2,3)-like absorption spectrum. 

 

8.2  Introduction 

Silver phenylselenolate (AgSePh),1,2 also known as “mithrene”,3,4 is an emerging two-

dimensional (2D) hybrid organic-inorganic semiconductors that belongs to the broader class of 

metal organochalcogenolates (MOCs).5 Attracting significant attention due to its narrow blue 

emission (~467 nm), this material has been extensively studied over the past seven years, 

exhibiting many promising properties such as strong exciton binding energy and in-plane optical 

anisotropy.6,7  
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Another crucial feature of AgSePh is the covalent bonding between organic and inorganic 

components, which allows for the tunability of its dimension, structure, and electronic bandgap 

through organic functionalization. This tunability is exemplified in materials like zero-dimensional 

(0D) silver pyridinylselenolate (AgSePy),8 one-dimensional (1D) silver 2,6-

difluorophenylseleonlate [AgSePh-F2(2,6)],9 and various other 2D silver organoselenolates (2D 

AgSePh-R)2 including 2D silver 2,3-difluorophenylseleonlate [AgSePh-F2(2,3)].  

Interestingly, among 12 blue-emitting 2D AgSePh-R compounds discovered so far (Figure 

3.11), only two types of absorption spectra were observed: excitonic absorption peaks crowded 

near 450 nm, as in AgSePh, or excitonic absorption peaks separated by a large energetic gap, as in 

AgSePh-F2(2,3). However, the origin of the divergence in absorption spectra among blue-emitting 

2D AgSePh-R remains unknown. 

Using polarization-resolved optical micro-spectroscopy and density functional theory 

calculations, we reveal anisotropic electronic band structure and giant excitonic anisotropy in 

AgSePh-F2(2,3) compared to AgSePh. We offer a detailed structural explanation for these findings: 

AgSePh possesses a 2D hexagonal Ag-Ag network with uniform bond lengths, whereas AgSePh-

F2(2,3) shows a notably distorted Ag-Ag hexagon with one bond length significantly longer than 

the others, resulting in semi-1D Ag-Ag chains. This semi-1D inorganic structure in AgSePh-F2(2,3) 

likely causes the valence electron density to concentrate along the 1D direction, leading to its 

anisotropic electronic band structure, distinct absorption spectrum, and significant excitonic 

anisotropy compared to AgSePh. This correlation between Ag-Ag bond parameters and the 

absorption spectrum can be extended to other 2D blue-emitting AgSePh-R compounds, resolving 

the divergence between the AgSePh-like and AgSePh-F2(2,3)-like absorption spectra.  
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8.3  Results and Discussion 

8.3.1  Synthesis and crystal structure of 2D AgSePh-R 

 

Figure 8.1 2D layered structures of (a) AgSePh-mF in P212121, (b) AgSePh in P21/c, (c) AgSePh-
CH3 in P21/c, (d) AgSePh-F2(2,3) in P21/n, (e) AgSePh-F2(2,4) in P-1, and (f) AgSePh-F2(2,5) in 
P-1.  

 

To prepare silver organochalcogenides [AgSePh-R; R = meta-F (mF), H, CH3, F2(2,3), 

F2(2,4), F2(2,5)], diorganic diselenide ligands were first synthesized via Grignard reactions,9 

except for diphenyl diselenide which is commercially available. The AgSePh-R crystals were then 

synthesized using the amine-assisted method.2 Briefly, a solution of silver nitrate (AgNO3) in 1-

butylmaine (BuNH2) and a solution of diorganic diselenide in BuNH2 were mixed in a sealed vial. 

The vial was stored under dark at room temperature for a few days to weeks to obtain AgSePh-R 

crystals. Single-crystal X-ray diffraction (SCXRD) revealed their anisotropic 2D layered 

structures consisting of inorganic AgSe layers sandwiched between organic ligands (Figure 8.1). 

Detailed crystallographic information of these crystals will be discussed in two forthcoming 

publications authored by Tomoaki Sakurada (a former Tisdale group member) and other co-

workers including myself. 
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8.3.2  Two different types of absorption spectra among 2D AgSePh-R 

 

Figure 8.2 Absorption and photoluminescence spectra of 2D AgSePh-R where (a) R = mF, H, 
CH3, and (b) R = F2(2,3), F2(2,4), F2(2,5). 

 

Diffuse reflectance UV-vis absorption and photoluminescence (PL) spectra of 2D AgSePh-

R crystals at room temperature are shown in Figure 8.2. Interestingly, two types of absorption 

spectra were observed. In the case of AgSePh (AgSePh-H), AgSePh-mF, and AgSePh-CH3, two 

overlapping excitonic absorption resonances were observed in the range of 430-460 nm (2.69~2.88 

eV). In contrast, AgSePh-F2(2,3), AgSePh-F2(2,4), and AgSePh-F2(2,5) exhibited two excitonic 

absorption peaks, with large energetic separation, centered at ~400 nm (~3.10 eV) and ~460 nm 

(~2.69 eV). When excited by 405 nm light, all crystals exhibited narrow blue emission centered at 

462-477 nm (2.60~2.68 eV). 
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8.3.3  Polarization-resolved optical spectroscopy on 2D AgSePh-F2(2,3) 

 

Figure 8.3 (a) Optical micrograph of the exfoliated AgSePh-F2(2,3) crystal. (b) Atomic force 
microscopy image for the red boxed region in (a), confirming a thickness of 100 nm. (c,d) 
Polarized optical micrographs of the AgSePh-F2(2,3) crystal. The change in brightness across the 
crystal from (c) complete brightness to (d) darkness as the crystal was rotated indicates that the 
crystal is single. 

  

To investigate the origin of divergent absorption spectra of AgSePh-F2(2,3), AgSePh-

F2(2,4), and AgSePh-F2(2,5) compared to those of AgSePh (a prototypical material and the most 

studied in this family) and the others, we performed polarization-resolved micro-absorption and 

micro-PL spectroscopy on AgSePh-F2(2,3) as a representative. 

 

Figure 8.4 Images of the 100 nm-thick AgSePh-F2(2,3) crystal captured in the collection path (a) 
without a pinhole and (b) with a pinhole for micro-absorption measurement. 
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For these studies, 100 nm-thick AgSePh-F2(2,3) single crystal was prepared through 

mechanical exfoliation to avoid potential photonic effects (Figure 8.3). The polarization-resolved 

absorption and PL of the crystal was measured using the same micro-optical spectroscopy setup 

as described in detail in Chapter 7, with a spatial resolution of ~15 µm in diameter for micro-

absorption (Figure 8.4) and an excitation spot size of <1 µm in diameter for micro-PL measurement. 

For both measurements, the linear polarizer was rotated from 0° (corresponding to the selected 

polarization of the light being parallel to the bottom edge of the crystal in Figure 8.3a) to 360°. 

The step size was 10° for absorption and 20° for PL measurements. 

 

Figure 8.5 (a) 2D color plot showing absorption spectra of the exfoliated AgSePh-F2(2,3) crystal 
as a function of polarization angle of incident light. (b) Polar plot showing intensities of the 
absorption peaks at 2.672 eV (XA exciton) as a function of polarization of incident light. (c) 2D 
color plots showing PL spectra of the exfoliated AgSePh-F2(2,3) crystal as a function of 
polarization angle of the emitted light. (d) Polar plot showing integrated PL intensities of the 
AgSePh-F2(2,3) crystal as a function of polarization angle of the emitted light. 

Figure 8.5a shows a 2D color plot of polarization-resolved absorption spectra of the 

exfoliated AgSePh-F2(2,3) crystal. Two excitonic resonances at ~2.672 eV (XA) and ~3.10 eV (XB) 

both exhibited significant polarization dependence, with orthogonal polarization to each other: 

when the absorption intensity of the XA exciton was highest, the intensity of XB exciton was 

suppressed the most, and vice versa. To assess the extent of absorption anisotropy of the lowest 
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exciton (XA) we extracted the absolute absorption intensity at ~2.672 eV as a function of the 

polarization angle. The polar plot clearly shows that the lowest exciton is strongly polarized 

parallel to the left edge of the crystal (Figures 8.3a and 8.5b).  

The PL spectra of the exfoliated AgSePh-F2(2,3) crystal also exhibited strong polarization 

dependence (Figure 8.5c), as expected from its strong absorption anisotropy. The polar plot of the 

integrated PL intensities shows that the PL centered at ~2.617 eV is polarized in the same direction 

as the lowest excitonic absorption resonance. Given this same polarization and small Stokes-shift 

(~55 meV), we attribute the origin of the PL to the recombination of the XA exciton. 

8.3.4  Comparison of the optical anisotropy between AgSePh and AgSePh-F2(2,3) 

 

Figure 8.6 (a) Polarization-resolved absorption spectra of the AgSePh-F2(2,3) crystal when XA 
excitonic absorption is maximum (red) and minimum (black). (b) Polarization-resolved absorption 
spectra of the AgSePh crystal when X1 excitonic absorption is maximum (red) and minimum 
(black). (c) Linear dichroism of AgSePh (black) and AgSePh-F2(2,3) (red) as a function of photon 
energy. (d) Integrated PL intensities of AgSePh (black) and AgSePh-F2(2,3) (red) as a function of 
polarization angle of the emitted light. The raw data for AgSePh in (d) was taken from Figure 
7.10b. 

To compare the optical anisotropy between AgSePh and AgSePh-F2(2,3), we calculated 

the linear dichroism (LD) as a function of energy using the following equation: 
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𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 + 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚
 (8.1) 

where 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 and 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 correspond to the absorption intensity when the lowest excitonic transition 

[X1 exciton for AgSePh and XA exciton for AgSePh-F2(2,3)] is at its maximum and minimum, 

respectively (Figure 8.6a,b). As expected from their strikingly different absorption spectra (Figure 

8.2), AgSePh and AgSePh-F2(2,3) exhibited different LD spectral shape (Figure 8.6c). Notably, 

AgSePh-F2(2,3) showed much stronger LD (85% at ~2.714 eV and 63% at ~3.10 eV) compared 

to AgSePh (30% at ~2.664 eV, 33% at ~2.746 eV, and 55% at ~2.953 eV). In both cases, energies 

of peaks in the LD spectra are close to energies of excitonic transitions, indicating stronger 

excitonic anisotropy in AgSePh-F2(2,3) compared to AgSePh. Additionally, the anisotropy in 

integrated PL intensities as a function of polarization is stronger in AgSePh-F2(2,3) compared to 

AgSePh, further supporting this claim (Figure 8.6d). 

8.3.5  Anisotropic electronic band structure of AgSePh-F2(2,3) 

 

Figure 8.7 Electronic band structures of AgSePh in P21/c and AgSePh-F2(2,3) in P21/n, calculated 
with density functional theory. 

 

The electronic band structures of AgSePh and AgSePh-F2(2,3) were investigated using 

density functional theory (DFT) calculations (Figure 8.7). These calculations used the structures 

of AgSePh in P21/c and AgSePh-F2(2,3) in P21/n. AgSePh features a direct gap of 1.45 eV at Γ 

and AgSePh-F2(2,3) has a direct gap of 1.19eV at Γ. For both, the bands exhibit negligible 
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dispersion along the out-of-plane direction (band extrema or Γ → Z), indicating confinement of 

electrons and holes within the 2D AgSe plane. Notably, AgSePh-F2(2,3) shows more anisotropic 

valence band structure, with much stronger dispersion along Γ → X compared to Γ → Y, than 

AgSePh, which exhibits relatively similar dispersion along both directions. 

8.3.6  The origin of divergent excitonic structure and anisotropy in 2D AgSePh-R 

 

Figure 8.8 (a) Hexagonal shape of AgSe in AgSePh. (b) Top view of the AgSe layer in AgSePh, 
featuring a hexagonal 2D Ag-Ag network. (c) hexagonal shape of AgSe with a broken Ag-Ag bond 
marked by a red X in AgSePh-F2(2,3). (d) Top view of the AgSe layer in AgSePh-F2(2,3), featuring 
a semi-1D Ag-Ag chain due to broken Ag-Ag bond marked by red X.  

The giant excitonic anisotropy in AgSePh-F2(2,3) and its strikingly different absorption 

spectrum compared to AgSePh can be understood by the differences in their AgSe layer structures 

(Figure 8.8 and Table 8.1). AgSePh features hexagonal 2D networks of Ag-Ag bonds, where the 

three Ag-Ag bonds, labeled 1, 2, and 3 in the hexagon, have similar lengths of 2.986, 3.038, and 

2.899 Å, respectively (Figure 8.8a,b). This can allow excitons to be formed, polarized, and 

delocalized along the direction parallel to Ag-Ag chain formed by the connection between Ag-Ag 

(1) and Ag-Ag (3). In contrast, the Ag-Ag (3) bond in AgSePh-F2(2,3) is 3.925Å, too long to 
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support the formation or delocalization of an exciton along this direction. Instead, valence electron 

density in AgSePh-F2(2,3) may be primarily distributed along the Ag-Ag chain formed by the 

connection between Ag-Ag (1) (2.959 Å) and Ag-Ag (2) (2.903 Å), which supports the formation 

and delocalization of the XA exciton along this direction. Consequently, differences in electronic 

and excitonic structures arising from different inorganic structure leads to divergent absorption 

spectra between AgSePh and AgSePh-F2(2,3). Furthermore, the semi-1D structure induced by the 

broken Ag-Ag (3) bond in AgSePh-F2(2,3) may lead to much stronger excitonic anisotropy than 

in AgSePh, which has a hexagonal 2D Ag-Ag network. This finding can be generalized to other 

blue-emitting 2D AgSePh-R compounds (Table 8.1). AgSePh-mF and AgSePh-CH3, which has 

similar absorption spectra to AgSePh, exhibit similar bond lengths for Ag-Ag (1), Ag-Ag (2), and 

Ag-Ag (3), close to ~3 Å. In contrast, AgSePh-F2(2,4) and AgSePh-F2(2,5), which has similar 

absorption spectra to AgSePh-F2(2,3) exhibit long bond lengths of Ag-Ag (3) [3.788 Å for 

AgSePh-F2(2,4) and 3.815 Å for AgSePh-F2(2,5)]. 

Table 8.1 Ag-Ag and Ag-Se bond lengths of 2D AgsePh-R. Bond labels are shown in Figure 
8.8(a,c). 

 Ag-Ag hexagonal 2D network Ag-Ag semi-1D chain 
Bond (Å) mF H CH3 F2(2,3) F2(2,4) F2(2,5) 
1 (Ag-Ag) 3.1057 2.9866 2.9868 2.959 2.9413 2.9483 
2 (Ag-Ag) 2.9434 3.0386 2.9868 2.903 2.8593 2.8796 
3 (Ag-Ag) 2.8821 2.8995 2.8681 3.925 3.7888 3.8151 
A (Ag-Se) 2.6772 2.7012 2.6909 2.701 2.6995 2.7117 
B (Ag-Se) 2.6808 2.6993 2.7009 2.725 2.6985 2.6945 
C (Ag-Se) 2.766 2.8155 2.6961 2.696 2.6978 2.7019 
D (Ag-Se) 2.8821 2.6984 2.8797 2.794 2.76 2.768 
E (Ag-Se) 2.6662 2.8596 2.6961 2.696 2.6978 2.7019 
F( Ag-Se) 2.7906 2.7352 2.8797 2.794 2.76 2.768 
G (Ag-Se) 2.7092 2.6885 2.6909 2.701 2.6995 2.7117 
H (Ag-Se) 2.7023 2.6878 2.7009 2.725 2.6985 2.6945 

 

8.4  Conclusion 

In conclusion, we demonstrated the significant electronic and excitonic anisotropy of 

AgSePh-F2(2,3) in comparison to AgSePh through polarization-resolved optical spectroscopy and 

density functional theory calculations. These observations were explained by their structural 

differences: the AgSePh-F2(2,3) structure exhibits a significantly distorted Ag-Ag hexagon with 
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one bond length considerably longer than the others, resulting in semi-1D Ag-Ag chains. This 

causes an anisotropic electronic band structure, a distinct absorption spectrum, and strong 

excitonic anisotropy, compared to AgSePh, which has a hexagonal 2D Ag-Ag network. This 

correlation between Ag-Ag bond parameters and the absorption spectrum can be generalized to 

other 2D blue-emitting AgSePh-R compounds, resolving the divergence between the AgSePh-like 

and AgSePh-F2(2,3)-like absorption spectra. This finding promotes future studies on anisotropic 

charge carrier or exciton transport in AgSePh-F2(2,3), arising from its anisotropic electronic band 

structures and strong excitonic anisotropy.  

 

8.5  Methods 

Material synthesis. Diorganic diselenide ligands were synthesized via Grignard reactions, 

except for diphenyl diselenide which is commercially available. The AgSePh-R crystals were 

synthesized using the amine-assisted method. Detailed information about the synthesis of organic 

ligands and AgSePh-R crystals, as well as crystal structures of these crystals, will be reported in 

future publications authored by Tomoaki Sakurada and other co-workers including myself. 

Experimental characterization. The details of diffuse-reflectance spectroscopy, polarized 

optical microscopy, polarization-resolved micro-absorption and photoluminescence spectroscopy, 

atomic force microscopy are described in Chapter 7. 

Density functional theory (DFT) calculations. DFT calculations were conducted by Dr. 

Yeongsu Cho, a former postdoc in the Kulik group at MIT. Detailed information about the 

electronic band structure calculations of AgSePh-F2(2,3) will be reported in future publications 

authored by Tomoaki Sakurada, Yeongsu Cho, and other co-workers including myself. Details of 

the electronic band structure calculation of AgSePh are described in Chapter 7. 
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Chapter  9    

Conclusions and Outlooks 

9.1  Conclusions 

Metal organochalcogenolates (MOCs) are novel hybrid excitonic semiconductors that 

fundamentally differ from other low-dimensional semiconductors. They not only provide an 

excellent platform to explore exciton physics and many-body interactions but also have potential 

for advanced optoelectronic and photonic applications. However, we do not understand how their 

excitonic properties arise at a fundamental level. (Chapters 1-3) 

This thesis paved the way to answer this question. In Chapter 4, we demonstrated the 

growth of up to millimeter-sized single crystalline 2D AgEPh (E = S, Se, Te), enabling their crystal 

structure determination via single crystal X-ray diffraction: AgSPh in P21, AgSePh in P21/c, and 

AgTePh in P21/c. In Chapter 5, we investigated the light emission mechanism in AgSePh and 

AgTePh thin films. Despite having the same crystal structure, AgSePh exhibited narrow blue 

emission and broad emission that only emerged at lower temperatures, whereas AgTePh exhibited 

single broad emission with large Stokes shift from 5K to room temperature. Through spectroscopic 

studies, we demonstrated that light emission in AgSePh is dominated by free-exciton emission and 

defect-derived emission, while in AgTePh it is dominated by self-trapped exciton emission. In 

Chapter 6, we showed that AgSePh-AgTePh forms homogeneous complete solid solution system, 

whereas AgSPh and AgSePh/AgTePh do not, which we explained by their crystal structures 

determined in Chapter 4. Additionally, we demonstrated dual emission in AgSe1-nTenPh alloys, 

where broad emission from self-trapped exciton recombination becomes dominant as the Te ratio 

increases, implying the important role of chalcogen in determining exciton-phonon coupling 

strength. In Chapter 8, we investigated excitonic anisotropy in single crystalline AgEPh, revealing 

multiple low-lying excitons with in-plane anisotropy in AgSePh and AgTePh. This showcases the 

richness of excitonic physics in these materials, which arises from their low-symmetry crystal 

structures. Finally, we demonstrated that the electronic and excitonic structure of AgSePh can be 

engineered by organic functionalization, resulting in giant excitonic anisotropy and completely 

different absorption spectrum of AgSePhF2(2,3) compared to AgSePh. This difference was 
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attributed to the semi 1D Ag-Ag chains in AgSePhF2(2,3) compared to Ag-Ag hexagonal 2D 

network in AgSePh, which can be generalized to other blue-emitting 2D AgSePh-R compounds 

that exhibit either AgSePh-like or AgSePhF2(2,3)-like absorption spectra.  

In conclusion, this thesis advanced the understanding of the structure-composition-

excitonic property relationships, paving the way for the future investigation in these emerging 

hybrid semiconductors. 

 

9.2  Outlooks 

 When I started my Ph.D. in 2019 Fall, there were only four papers about AgSePh (Note 

that the first report of AgSePh was in 2002).1–4 Five years later, there are now more than 30 papers 

on about AgSePh and its derivates. While the field is still small compared to halide perovskite or 

transition metal dichalcogenides, the MOC community is definitely growing, and I anticipate (and 

hope) that this field will grow more rapidly in the future. During my five years as a Ph.D. student, 

I tried to fill the existing knowledge gaps, but in the process, I also identified many new ones. Here, 

I conclude my thesis by briefly discussing future research directions. 

Photostability. Although AgSePh and many other 2D blue-emitting MOCs are stable in air, 

they degrade quickly and significantly under photo-excitation, hindering spectroscopic studies as 

well as optoelectronic and photonic applications. Therefore, it is essential to identify how photo-

excitation degrades the crystals and devise methods to prevent it. 

Photoluminescence quantum yield (PLQY). One of the advantages of AgSePh is its narrow 

blue emission, but its PLQY is limited to less than 0.1% at room temperature. Identifying the origin 

of the low PLQY and improving it is essential for both fundamental studies and applications. 

Device fabrication. Due to the two limitations mentioned above, the device applications of 

AgSePh have been limited. Even if its photostability and PLQY are improved, there will still be 

many steps to investigate and optimize for its practical applications, such as, metal-semiconductor 

contacts, dielectric-semiconductor contacts, and more. 

Exfoliation.5 While it is anticipated that the bandgap of MOCs is layer-independent, 

controlling its thickness is crucial because of its natural photonic structure. Additionally, thickness 
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control is essential for device fabrication. However, successful and reproducible exfoliation of 

MOCs down to monolayer limit has not yet been demonstrated. 

Metal doping.6 In this thesis, we demonstrated chalcogen substitution or alloying. In 

addition to chalcogen substitution, metal doping (substituting Ag with other metals) will be an 

interesting approach to controlling their properties. 

Organic functionalization.7,8 While there have been active studies on the organic 

functionalization of MOCs, given the vast diversity of organic ligands, this topic remains an area 

for further investigation. 

Strain engineering.9 Another effective approach to manipulate material properties is 

intentionally applying strain to the material. Given its soft lattice and strong exciton-lattice 

interactions, there may be a significant influence of strain on the properties of MOCs. 

Anisotropy.10,11 In this thesis, we demonstrated strong structural and excitonic anisotropy 

in MOCs. Investigation of anisotropic electrical, thermal and mechanical properties as well as 

anisotropic transport of phonon, photon, electrons (excitons) in these materials will be interesting 

topics for future research.  
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