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Grenzflächenphänomene in  

zweidimensionalen Materialien 

Philip Klement 

Die technologischen Entwicklungen des 

21. Jahrhunderts zielen darauf Materialien 

auf molekularer und atomarer Ebene nutz-

bar zu machen. Einer der Vorreiter ist die 

Halbleitertechnologie mit der Fertigung 

von Computerchips, Displays und Daten-

speichern. Die fortschreitende Verkleine-

rung dieser Strukturen und die einherge-

hende Leistungssteigerung sind wesentli-

che Grundlagen der digitalen Revolution.  

Das Verständnis von Grenzflächen – dem 

Übergang zweier Materialien – ist entschei-

dend für das Design und die Leistungsfä-

higkeit moderner elektronischer Bauele-

mente. Denn mit kleiner werdenden Struk-

turen wird der Einfluss der Grenzfläche 

auf die Materialeigenschaften immer grö-

ßer. Zweidimensionale (2D) Materialien, 

wie die Modifikation des Kohlenstoffs Gra-

phen, die quasi nur aus einer Atomlage be-

stehen, erfahren enormes Forschungsinte-

resse, da sie die Verkleinerung bis an die 

Grenze des einzelnen Atoms vorantreiben. 

Hier bestimmt der Einfluss zwischen Ma-

terial und Umgebung an der jeweiligen 

Grenzfläche wesentlich die Materialeigen-

schaften. Das Verständnis dieses Einflusses 

und seiner Auswirkungen stehen jedoch 

noch am Anfang. 

Diese Dissertation erweitert das Verständ-

nis der Grenzflächen durch Untersuchun-

gen des Einflusses zwischen 2D Material 

und der Umgebung. 

Publikation 1 zeigt den starken Einfluss 

der chemischen Umgebung auf die elektro-

nischen Eigenschaften zweidimensionaler 

Materialien. Die Sauerstoffadsorption an 

einer einzelnen Lage MoS2 induziert einen 

Elektronentransfer über die Grenzfläche. 

Auf diesen Erkenntnissen aufbauend zeigt 

Publikation 2 die Herstellung einer flachen 

Plattform (Substrat) für 2D Materialien zur 

Kontrolle der elektronischen Eigenschaf-

ten. Die Oberflächendiffusion der Adsor-

bate dominiert hier den Wachstumspro-

zess und ermöglicht es, auf einfache Weise, 

neuartige Nanostrukturen herzustellen. 

Publikation 3 erweitert das Spektrum der 

2D Materialien um organisch-anorgani-

sche Mischkristalle. In dem Material 

[C7H10N]3[BiCl5]Cl existieren einzelne La-

gen und der hier erstmals entdeckte Ein-

fluss der Schichtdicke auf die Emissions-

wellenlänge könnte ein einfaches Einstel-

len der Farbe in zukünftigen Beleuchtungs- 

und Displaytechnologien ermöglichen. 

Diese Ergebnisse eröffnen neue Möglich-

keiten für die Forschung und deren An-

wendungen. Der Einfluss auf die elektroni-

schen Eigenschaften durch ein Substrat er-

möglicht es auf innovative Weise interne 

Grenzflächen für kleinere und leistungsfä-

higere elektronische Bauelemente zu nut-

zen. 



 

Philip Klement – Dissertation – Executive Summary iv 

Interface Phenomena in 

Two-Dimensional Materials 

Philip Klement 

The unprecedented technology 

developments in the 21st century aim at 

harnessing materials on the molecular or 

atomic level. Among others, 

semiconductor technology is pioneering 

this effort by the fabrication of integrated 

circuits like computer chips, displays and 

memory. The continuous downsizing of 

these structures and resulting performance 

gains lay the foundation of the digital 

revolution. 

The understanding of interfaces – junctions 

between materials – is crucial for the 

design and performance of modern 

electronic devices. The impact of interfaces 

on the materials properties increases as 

structures become smaller. Two-

dimensional (2D) materials like Graphene 

that feature virtually only one atomic layer 

receive tremendous research interest as 

they push downsizing to the ultimate limit 

of atomic thickness. The influence between 

materials and their environment across 

interfaces now can even determine the 

properties. However, the understanding of 

this influence and its consequences remain 

in their infancy. 

This dissertation extends the 

understanding of interfaces by 

investigations of the influence between 2D 

materials and their environment. 

 

Publication 1 demonstrates the strong 

impact of the chemical environment on the 

electronic properties of 2D materials. 

Oxygen adsorption to a single layer of 

MoS2 induces an electron transfer across 

the interface.  

Publication 2 explores these observations 

further and establishes the controlled 

fabrication of flat nanometer-sized 

platforms (substrates) for 2D materials and 

the manipulation of their electronic 

properties. Surface diffusion of adsorbates 

dominates the growth process on these 

small scales and can be exploited to 

fabricate novel nanostructures. 

Publication 3 extends the spectrum of 2D 

materials by organic-inorganic mixed 

crystals. Not deemed feasible before, 

[C7H10N]3[BiCl5]Cl can be exfoliated to a 

single layer. The here-discovered novel 

influence of the crystal thickness on the 

emission wavelength of the material may 

enable color tuning in next-generation 

lighting and display technologies. 

These results enable a magnitude of new 

developments and opportunities in 

research as well as for their applications. 

The influence on the electronic properties 

through substrates allows for the creation 

of internal interfaces that may be used for 

smaller and more powerful electronic 

devices. 
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Abbreviations 

1D, 2D, 3D one-, two-, three-dimensional 

AFM  atomic force microscopy 

ALD  atomic layer deposition 

AS-ALD area-selective atomic layer deposition 

CVD  chemical vapor deposition 

DOS  density of states 

FWHM  full-width-at-half-maximum 

PL  photoluminescence 

PLE  photoluminescence excitation 

PMMA  poly (methyl methacrylate) 

QW  quantum well 

STE  self-trapped exciton 

TRPL  time-resolved photoluminescence 

TMDC  transition metal dichalcogenides 
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Introduction 

The understanding of interface-related phenomena is one of 

the most pressing issues in current solid-state physics. All 

electronic devices are based on interfaces of different 

materials, where excitations like charge carriers are separated 

or transferred across. These interfaces may be formed by 

different semiconductors in hetero- or homojunctions, i.e., by 

two different semiconductors, or by the same semiconductor 

typically featuring different doping levels, respectively. Such 

interfaces are harnessed as building blocks in diodes, 

transistors, solar cells, light-emitting diodes, solid-state lasers, 

and integrated circuits, among other applications. The 

miniaturization of semiconductor devices continues 

seemingly limitless: billions of transistors form a modern chip 

smaller than the size of a fingernail. Typical lateral extensions 

of transistor structures are just a few nanometer, which 

renders interfaces ever more important as their number and 

share in devices increase. The optical and electronic 

properties of the interface largely determine the functionality 

and performance of devices. This prompted the German-

American Nobel laureate in physics Herbert Kroemer to the 

concise statement: “The interface is the device.”.1 

Novel phenomena emerge at interfaces and attract 

considerable research interest. New electronic states form that 

have no analogue in the bulk of both materials or their 

constituting atoms. Many fundamental excitations such as 

electron-hole pairs (excitons) and lattice vibrations (phonons) 

feature distinct properties in the two-dimensional interface 

compared to the three-dimensional bulk. Further, structural 

questions arise: what makes an interface abrupt, and how can 

that be controlled – if at all? As a consequence, the need for 

research and understanding is large. The continuing 

miniaturization demands a better understanding of interface 

phenomena. On top of that, new organic materials 
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complement existing inorganic materials by adding new 

functionalities and design capabilities. This forms a vivid, 

interdisciplinary scientific research environment at the 

interface of physics and chemistry. 

The aim of this dissertation is to advance the understanding 

of interface-related phenomena at semiconductor-

environment interfaces. More precisely, it features 

investigations of the interactions between two-dimensional 

(2D) materials and their chemical and dielectric 

environments. 

Publication 1 demonstrates the strong impact of the chemical 

environment on the optical and electrical properties of 2D 

semiconductors. Adsorption of oxygen to a single layer of 

MoS2 induces an electron transfer across the semiconductor-

molecule interface. The results implicate that the chemical 

and dielectric environment of 2D materials can be used to 

manipulate the electronic properties. 

Publication 2 elaborates on this idea and demonstrates the 

fabrication of flat nanometer-sized lateral heterostructures of 

two dielectrics that can be used as substrates for 2D materials. 

Surface diffusion of species across the interfaces of the growth 

areas and the no-growth areas dominates on these length 

scales and can be exploited to fabricate novel nanostructures. 

Publication 3 extends the spectrum of available 2D materials 

to the emerging class of lower-dimensional organic-inorganic 

perovskites. Not thought possible before, the one-

dimensional semiconductor [C7H10N]3[BiCl5]Cl can be 

exfoliated to a single layer exhibiting novel exciton physics. 

This enables a simple process to tune the emission 

wavelength in these materials by changing the crystal 

thickness. 

The presented results open up a magnitude of opportunities 

in fundamental research and applications. The flat dielectric 

substrates can be used to create internal lateral interfaces 

inside a 2D semiconductor sheet. The novel exciton physics in 

organic-inorganic perovskites serves as a starting point to 

explore fundamental structure-property relationships and 
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may advance next-generation lighting and display 

technologies with the possibility to easily tune the emission 

color. 

This dissertation is written in cumulative form and organized 

as follows: First, it gives a short introduction to the 

investigated materials, important fundamental physical 

phenomena, and experimental techniques. The main findings 

are presented in concise abstracts followed by a conclusion 

and perspective for future works. This is completed by the 

original publications including a statement of my 

contributions.  

Detailed results have been published in the following three 

peer-reviewed works: 

(1) P. Klement, C. Steinke, S. Chatterjee, T. O. Wehling, and 

M. Eickhoff. Effects of the Fermi Level Energy on the 

Adsorption of O2 to Monolayer MoS2. 2D Materials 5, 045025 

(2018), DOI: 10.1088/2053-1583/aadc24 

(2) P. Klement, D. Anders, L. Gümbel, M. Bastianello, F. Michel, 

J. Schörmann, M. T. Elm, C. Heiliger, and S. Chatterjee. 

Surface Diffusion Control Enables Tailored-Aspect-Ratio 

Nanostructures in Area-Selective Atomic Layer Deposition. 

ACS Applied Materials & Interfaces 13, 19398−19405 (2021), 

DOI: 10.1021/acsami.0c22121 

(3) P. Klement, N. Dehnhardt, C.-D. Dong, F. Dobener, 

S. Bayliff, J. Winkler, D. M. Hofmann, P. J. Klar, 

S. Schumacher, S. Chatterjee, and J. Heine. Atomically Thin 

Sheets of Lead-Free 1D Hybrid Perovskites Feature Tunable 

White-Light Emission from Self-Trapped Excitons. 

Advanced Materials 33, 2100518 (2021), 

DOI: 10.1002/adma.202100518 

 

http://doi.org/10.1088/2053-1583/aadc24
http://doi.org/10.1021/acsami.0c22121
https://doi.org/10.1002/adma.202100518
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Two-Dimensional Materials 

The discovery of graphene with its unique properties has 

sparked tremendous research interest in two-dimensional 

(2D) materials.2–4 Ever after researchers have explored many 

other layered materials that form stable, atomically thin 

layers.5 These include allotropes to graphene such as silicene,  

and binary or multinary compounds spanning from the 

insulating hexagonal boron nitride to semiconducting or 

metallic transition metal dichalcogenides.5,6 They provide an 

excellent platform for fundamental research as well as 

promising applications including fundamental physical 

phenomena such as polaritons,7 superconductivity,8 and 

charge-density waves,8 and applications such as water 

purification,9 light-emitting diodes,10 and photovoltaics.11 In 

principle, any layered material with only weak van der Waals 

forces acting between its more strongly-bound layers can be 

exfoliated.12 More recent additions to the class of 2D materials 

are covalent organic frameworks,13 coordination 

polymers,14,15 and layered organic-inorganic perovskites.16–18 

 

Transition Metal Dichalcogenides 

Semiconducting transition metal dichalcogenides (TMDCs) 

are presumably the best-studied 2D materials. The 

stoichiometry is MX2, and they feature a layered crystal 

structure with one layer of transition metal atoms M 

sandwiched between two layers of chalcogen atoms X 

(Figure 1). M can be from groups 4−6, and X from group 16. 

The most-prominent compounds are MoS2, WS2, MoSe2, and 

WSe2 due to their direct band gaps as single layers. 

The metal atom in the center is covalently bonded to six 

neighboring chalcogen atoms in the top and bottom layers. 

The complete layer is robust in-plane, and adjacent layers 

Transition Metal
Dichalcogenides

MX2

M

Xa b

c

Figure 1 | TMDC Crystal 

Structure. One metal-atom 

layer (M) is sandwiched 

between two chalcogen-

atom layers (X). 
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bond together by weak Van der Waals forces. This allows for 

the separation of individual layers with one layer being three 

atoms (X−M−X) thick. One important feature of the crystal 

structure is the inversion symmetry breaking in uneven 

numbers of layers: one layer consists of hexagons with metal 

and chalcogen atoms located in alternating but inequivalent 

corners (K, K’), which together with the strong spin-orbit 

coupling gives rise to spin and valley physics.19 

TMDCs with group-4 transition metal atoms (Mo, W, etc.) are 

semiconductors with band-gap energies in the red to near-

infrared part of the optical spectrum. Their electronic 

properties strongly depend on the crystal thickness, 

especially for few layers (Figure 2). Generally, bulk TMDCs 

are indirect-band-gap materials, and become direct-band-gap 

materials of larger band-gap energies in the single-layer 

limit.20,21 The indirect band gap lies between the maximum of 

the valence band at the Γ-point and the minimum of the 

conduction band halfway between the Γ-point and the Κ-

points. The band-gap energies increase gradually as the 

crystal thickness decreases, and the band gap eventually 

becomes direct in the single-layer limit with valence band 

maxima and conduction band minima located at the K-points. 

The bands near the Κ-points remain almost unchanged, 

whereas those near the Γ-point change as the crystal thickness 

changes. This change originates from the orbital character of 

the bands at the high-symmetry points. In tight-binding 

approximation, the density of states (DOS) of the conduction 

band near the Κ-points is mainly contributed by d electron 

orbitals on the metal atoms that are localized in the xy-plane 

of the TMDC layer, and thus relatively unaffected by 

interlayer interactions. In contrast, the DOS near the Γ-point 

originates from the hybridization of pz electron orbitals on the 

chalcogen atoms with d electron orbitals on the metals atoms, 

and are rather delocalized in the TMDC layer. The chalcogen 

atoms are located at the top and at the bottom of the TMDC 

layer, and are thus strongly affected by interlayer 

interactions. As a result, the indirect band gap increases 

significantly as the crystal thickness decreases, and the direct 

band gap remains relatively unchanged. 

−4

4

0

Energy (eV)

1.2 eV

Γ

1.9 eV

−4

4

0

M K Γ

MoS  bulk2

MoS  single layer2

Figure 2 | TMDC Band 

Structure. Band structure of 

bulk and single-layer MoS2 

with arrows indicating the 

fundamental band gap. The 

figure was adapted with 

permission from Ref. 21. 

Copyrighted by the 

American Physical Society. 
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The indirect-to-direct band-gap transition in TMDCs is 

evident as a shift of the photoluminescence to higher energies 

and a large increase in the photoluminescence quantum 

efficiency: e.g., the indirect band gap in bulk MoS2 is 

Eg,bulk = 1.2 eV and transitions to a direct band gap of 

Eg,2D = 1.9 eV in the single-layer limit. This is accompanied by 

a 104-fold increase in the photoluminescence quantum 

efficiency.22 

 

Layered Organic-Inorganic Perovskites 

Layered organic-inorganic perovskites have recently been 

added to the class of 2D materials. They attract considerable 

research interests due to their potential for improving the 

long-term stability of perovskite solar cells while retaining 

high power-conversion efficiency. In addition, their chemical 

tunability allows for tailored electronic and optical properties 

on the one hand, and the investigation of fundamental 

structure-property relationships on the other.23,24 

In general, 2D organic-inorganic perovskites derive from the 

three-dimensional (3D) parent perovskite as cut-outs across 

different crystallographic directions (Figure 3). The 

stoichiometry of 3D parents is AMX3, where A is a small 

organic or inorganic cation, M a divalent metal, and X a 

halogen. The 3D crystal structure involves corner-sharing 

MX6 octahedra. The space filling of the cation A between the 

octahedra imposes rigid structural constraints. 2D 

perovskites lift those constraints by cutting the 3D perovskite 

structure into slices. This is achieved by using large organic 

cations like primary alkyl- or aryl ammonium ions. The 

stoichiometry of 2D perovskites is (A’)m(A)n-1MnX3n+1, where 

A’ is a mono- or divalent (m = 1,2) organic cation that forms a 

layer between the inorganic (A)n-1MnX3n+1 sheets. The integer n 

indicates the inorganic layer thickness with n = 1 representing 

2D, and 1 < n ≤ 5 quasi-2D materials. This crystal structure 

with stacked alternating organic and inorganic layers 

resembles that of conventional 2D materials such as TMDCs. 

Whereas 2D materials bond covalently, 2D perovskites are 

3D Perovskite

AMX3

2D Perovskite

 (A’) (A) M Xm n-1 n 3n+1

M A

A‘Xa b

c

Figure 3 | Perovskite 

Crystal Structure. Schematic 

of the 3D and 2D perovskite 

crystal structure showing 

two inorganic perovskite 

layers sandwiched between 

two organic layers. 
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more ionic.25 The flexibility in choosing the constituents 

provides many opportunities for the preparation of crystal 

structures with varying physical properties.   

Currently known 2D organic-inorganic perovskites are 

direct-gap semiconductors and the band gap is located at the 

Γ-point in the band structure. The band-gap energy can be 

tuned continuously across the optical spectrum by adjusting 

the composition of the inorganic layer.16 In contrast to 

conventional semiconductors, the valence band maximum in 

2D perovskites is mainly contributed by the hybridization of 

p electron orbitals on the halides with s electron orbitals on 

the metals atoms, and the conduction band minimum forms 

from p electron orbitals on the metal atoms.26 The organic 

cations do not contribute to the band extrema expect when 

there is a relatively close overlap between energy levels. This 

leads to complexity in the conduction band structure: the 

electronic states at the conduction band minimum are 

degenerate and the incorporation of relatively heavy metal 

atoms (Pb, Bi, etc.) generates significant spin-orbit coupling. 

This, in principle, allows the manipulation of spin-states.27 

The freedom in combining many inorganic and organic 

components in one material offers a rich chemical, structural, 

and optical tunability. This paves the way to the design of 2D 

materials as their building blocks can be chosen deliberately. 

However, reports of single layers similar to those of TMDCs 

are scarce, despite 2D perovskites exhibiting a similar 2D 

structure.16–18 The problems in the investigation of single 

layers of such 2D perovskites have been manifold: 

(1) Early reports suggested that the properties of the single layer 

and bulk crystal should be the same, because the inorganic 

layer is effectively isolated by the organic layers.28 

(2) Strong in-plane covalent bonds, were thought to be 

mandatory for the formation of single layers. 

(3) The technical difficulty of separating and analyzing single 

layers has led to only few reports.17 
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Quasiparticles in Two-Dimensional Materials 

Strong quantum effects and the dielectric confinement in 2D 

materials give rise to strong Coulomb interactions resulting 

in extraordinary many-body phenomena such as strongly 

bound electron-hole pairs, or excitons, and their charged 

counterparts, trions. The exciton binding-energy is one to two 

orders of magnitude larger than in conventional 

semiconductors and is commonly assigned to the range of 

150−550 meV.27,29 Thus, such excitons are stable at room 

temperature and dominate the optical properties of 2D 

materials. 

The electrons and holes forming excitons in 2D materials are 

strongly confined to one layer and additionally experience 

altered dielectric screening due to the different dielectric 

environment compared to the 3D material (Figure 4). This has 

three major implications for the electronic and exciton 

properties of the material: 

(1) Quantum confinement in one dimension increases the 

quasiparticle band-gap as it shifts the conduction and valence 

bands by ħ²π2 / 2me,h d2, where d is the confinement length-

scale, and me,h is the electron or hole mass, respectively.30 

(2) Quantum confinement increases the electron-hole interaction, 

and thus the exciton binding-energy of the 1s exciton such 

that 

𝐸𝑏,2𝐷 = 4𝐸𝑏,3𝐷 =
2

𝜇
(

ℏ

𝑎0
)

2

 

where µ is the reduced exciton mass, and a0 is the exciton Bohr 

radius.31 

(3) Dielectric confinement in a 2D material with the dielectric 

constant ε2D occurs when the electric field lines connecting the 

electron and hole begin to extend outside of the core material 

into the surrounding material with the dielectric constant ε1. 

(Figure 4). This “image-charge effect” increases the Coulomb 

3D Material

e-
h+

ε3D

2D Material

e-
h+ ε2D

ε1

ε1

3D exciton

2D exciton

Figure 4 | Dielectric 

Screening in 2D Materials. 

Real-space representation of 

excitons (one electron e−  

and one hole h+) in 3D bulk 

and single-layer 2D 

materials. The different 

dielectric environment is 

shown by the dielectric 

constants ε3D, ε2D, and ε1. 

The figure was redrawn 

from Ref. 35. 
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interaction in the material, which leads to renormalization of 

the energy levels increasing the exciton binding-energy and 

the quasiparticle band-gap energy even further.32,33 The 

change of the exciton binding-energy can be approximated by 

Δ𝐸𝑏 ≈ 2 (
𝜖2D − 𝜖1

𝜖2D + 𝜖1
)

𝑒2

𝜖0𝜖2D𝑑
𝐼 

where ε0 is the vacuum dielectric constant, and I is a 

dimensionless quantity.34 

This set of phenomena and equations provides the framework 

for understanding confinement effects in 2D materials. The 

following sections highlight important exciton characteristics 

in TMDCs and 2D perovskites.  

 

Excitons in Transition Metal Dichalcogenides 

The strong Coulomb interaction in TMDCs leads to the 

formation of excitons as well as higher-order quasiparticles 

such as trions and biexcitons.29 The optical spectra of TMDCs 

show two pronounced resonances denoted as A and B 

excitons, which originate from the spin-splitting of the 

valence and conduction bands. The splitting is relatively 

small in the conduction band and large in the valence band, 

where it is approximately 0.2 eV in Mo-based and 0.4 eV W-

based TMDCs, respectively. The two optical transitions 

involve holes in the upper-energy and lower-energy spin 

states. 

Excitons in TMDCs have some of both, Wannier-Mott and 

Frenkel characteristics: the exciton Bohr radius a0 is rather 

large, i.e., on the order of 1 nm (Wannier type), while the 

exciton binding-energy Eb is also large, i.e., in the range of 

0.3−0.55 eV (Frenkel type).29 Quantum confinement and weak 

dielectric screening in the dielectric environment of the 

material result in large exciton binding-energies. Screening 

effects are strong and allow to tune the exciton binding-

energy by several hundreds of meV through the surrounding 

dielectric.33,35,36 This allows to locally tune the exciton binding-

energy and design in-plane electronic interfaces.37 
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Higher-order quasiparticles such as trions and biexcitons 

form in TMDCs (Figure 5). The neutral exciton (one excited 

electron and one corresponding hole) is the ground state of 

the charge-neutral system. Positively-charged or negatively-

charged trions (one electron and two holes, or two electrons 

and one hole) form in the presence of excess charge. The trion 

binding-energy is one order of magnitude smaller than the 

exciton binding-energy, i.e., on the order of several tens 

of meV.38 The trion appears as an additional transition at 

energies below the neutral-exciton transition. Often, both 

exciton and trion peaks emerge in the photoluminescence 

spectra of TMDCs as samples are seldom electrically neutral: 

defects and adsorbates contribute additional charges to the 

material.39 Further, excitons and trions can be tuned by 

electrostatic gating, i.e., by introducing excess electrons or 

holes to the material.40 Thus, the relative intensities of the 

exciton and trion transitions can serve as a probe for the 

doping of the material. 

Biexcitons composed of two electrons and two holes form 

when the excitation density of appropriate states is high. Its 

binding energy is several tens of meV, and it appears as an 

additional transition at energies below the trion transition.41 

Many more quasiparticles such as dark, spin- and 

momentum-forbidden, localized and interlayer excitons 

further extend the versatile exciton landscape.29 

 

Excitons in Layered Perovskites 

Quantum confinement and the dielectric confinement result 

in strong Coulomb interaction and the formation of excitons 

in layered perovskites. Typical optical spectra show one 

narrow exciton resonance that is well separated from the 

band-gap energy. The 2D structure forms an ideal quantum 

well (QW) of one or more inorganic layers sandwiched 

between two organic barriers. The optical properties of such 

QWs can be tuned in various ways through the organic and 

inorganic constituents: Engineering the thickness of the 

inorganic layer n alters the quantum confinement and the 

e-
h+

e- h+

e-
e- h+

h+
e-

h+

e-

h+

X
0

X- X+ XX

Figure 5 | Quasiparticle 

Transitions in TMDCs. 

Excitons, (X0), trions (X±) and 

biexcitons (XX) form from 

excited electrons (e−) and 

holes (h+). The figure was 

redrawn from Ref. 38. 
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dielectric confinement effects, consequently changing the 

band-gap energy Eg and the exciton binding-energy Eb. In 

BA2MAn−1PbnI3n+1 with n = 1−5, Eg decreases from 2.42 to 

1.85 eV, and Eb from 0.38 to 0.22 eV as the inorganic layer 

number n increases.42 Further, adjusting the length of the 

organic cation during the synthesis tunes the separation 

between individual QWs, but has negligible effects on the 

band-gap energy and exciton binding-energy when the cation 

is longer than 15 Å.28 However, modifying the dielectric 

confinement by changing the dielectric constant of the organic 

cation significantly affects the exciton binding-energy: 

choosing aromatic amines with a higher dielectric constant 

(ε1) instead of alkyl amines with a lower dielectric constant 

decreases the band-gap energy and exciton binding-energy.43 

Additionally, halide and metal substitution, the cross-

sectional area of organic cations, diammonium cations, and 

mixed-cation systems offer a virtually limitless variety of 

possibilities to tune the optical properties of layered 

perovskites.27 

The nature of excitons in layered perovskites is under debate 

as they feature some of both, Wannier-Mott and Frenkel 

characteristics: The exciton binding-energy Eb is large and in 

the range of 0.15−0.38 eV (Frenkel type), while exciton Bohr 

radii a0 in the range of a single to several unit cells have been 

reported (Frenkel and Wannier-Mott type).27 Even in a single 

material, different exciton Bohr radii and consequently both 

Wannier-Mott excitons and Frenkel excitons have been 

reported.27 It is possible that excitons in layered perovskites 

are intermediates between both categories as it is the case for 

TMDCs. The softness of the lattice may complicate the matter 

as it gives rise to dynamic localization effects of excitons as 

outlined in the next paragraph. 

In contrast to inorganic TMDCs, layered perovskites feature a 

soft lattice with strong electron-phonon coupling that can be 

directly observed in optical spectra due to the large exciton 

binding-energy. Many layered perovskites show an 

additional broad, low-energy feature below the strong, 

narrow exciton resonance, that is caused by self-trapped 
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excitons (STE). Self-trapping occurs when excited electrons 

and holes cause an elastic distortion of the lattice surrounding 

them (Figure 6). Such excitons are trapped by their own 

lattice deformation potential and localized to a single unit cell. 

The trapped states are more stable than quasiparticles moving 

in mobile states while dragging the lattice distortion along. 

Importantly, STE photoluminescence exhibits a Stokes shift 

several times of the exciton binding-energy, and the materials 

have no optical absorption near the STE emission-energy. 

Another key characteristic may be the existence of a barrier to 

self-trapping in the form of a narrow photoluminescence with 

small Stokes shift and a very broad photoluminescence with 

large Stokes shift. However, the existence of a barrier to self-

trapping depends on the dimensionality of the system. It 

typically vanishes in quasi one-dimensional (1D) systems.44 

Consequently, self-trapping increases from 3D to 2D to the 1D 

perovskite and the narrow exciton luminescence vanishes. 

The softness of the lattice and the strong electron-phonon 

coupling lead to self-trapping in 2D perovskites. The resulting 

optical properties can be interpreted within a configuration 

coordinate model,45 and the Huang-Rhys factor S quantifies 

the strength of the electron-phonon coupling.46 S can be 

derived from the temperature dependence of the full-width-

at-half-maximum (FWHM) of the photoluminescence 

FWHM = 2.36√𝑆ħ𝛺e√coth
ħ𝛺e

2𝑘B𝑇
 

where Ωe is the phonon frequency of the excited state.47 No 

functional relationship exists between S and STE formation, 

but large S certainly do facilitate STE formation.48 

Consequently, a large S promotes broadband emission that is 

of interest for white-light emitters as this characteristic is rare 

for intrinsic luminescence. However, a large S also leads to a 

crossing of the excited-state and ground-state curves in the 

configuration coordinate diagram, which means that excited 

charge-carriers can recombine nonradiatively by emitting 

phonons. This nonradiative recombination deteriorates the 

efficiency of the radiative emission process. As a result, the 

e-

h+

Free
Exciton
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Figure 6 | Exciton Self-

Trapping. Schematic and 

configuration coordinate 

diagram of self-trapped- 

(XSTE) and free-exciton (X0) 

formation. Arrows represent 

lattice relaxations and 

optical transitions. 
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strength of the electron-phonon coupling should be just right 

to enable efficient STE emission. The understanding of the 

relationship between structure and STE formation in 

perovskites is just at the beginning. 
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Experimental Methods 

This chapter covers the most important experimental 

techniques that I used within the scope of this thesis. It is 

divided into three sections: the first section covers the 

preparation of atomically thin 2D materials used for the 

experiments in Publication 1 and Publication 3. The following 

section covers the preparation of thin films by atomic layer 

deposition (ALD) used for the experiments in Publication 2. 

Finally, the last section covers the measurements of the optical 

properties used for the experiments in Publication 1 and 

Publication 3. It includes a brief description of linear 

absorption measurements and reflectance spectroscopy, 

continuous-wave photoluminescence (PL) spectroscopy, 

time-resolved photoluminescence (TRPL) spectroscopy and 

photoluminescence excitation (PLE) spectroscopy. 

 

Sample Preparation 

2D materials featuring a layered crystal structure have been 

investigated in Publication 1 and Publication 3. Monolayer 

and ultrathin samples can be produced by mechanical 

exfoliation of bulk single-crystals.3 In a typical procedure, a 

small bulk crystal of approximately 1 mm2 is placed on the 

sticky side of blue wafer-processing tape. Then, the sticky side 

with the bulk crystal on it is folded and unfolded several 

times cleaving the bulk crystal. This produces pristine crystal 

surfaces that are free of contamination. The tape is pressed on 

the surface of a heavily p-type doped Si substrate with a 

275 nm-thick oxide-layer. For MoS2, mild heating to 100 °C for 

60 s on a hot plate facilitates the adhesion of individual layers 

to the substrate.49 The tape is subsequently removed leaving 

a variety of samples of different thicknesses attached to the 

substrate. 
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Ultrathin samples are identified by optical contrast imaging 

as the contrast between the sample and the substrate changes 

as a function of the sample thickness.50 The thickness is 

confirmed by atomic force microscopy (AFM, AIST-NT 

SmartSPM 1000). Non-contact tapping-mode is used to avoid 

sample damage from the tip. For MoS2, the thickness is 

additionally confirmed by Raman and PL spectroscopy as the 

relations between the phonon frequencies, the PL intensity 

and the sample thickness are well-known.22,51 Lateral sizes of 

MoS2 single- and few-layer samples range from 5−10 µm, 

whereas ultrathin 2D perovskite samples featured lateral 

sizes of less than 1 µm, which reflects the mechanically-brittle 

structure originating from the comparably soft crystal-lattice. 

 

Atomic Layer Deposition 

Atomic layer deposition (ALD) is a thin-film deposition 

technique which adds atoms or small inorganic compounds 

sequentially (i.e., layer-by-layer) to a substrate. It is a strongly 

modified chemical vapor deposition (CVD) process, which 

relies on the cyclic and alternate exposure of the substrate to 

two or more precursors (Figure 7). Those precursors react 

with the surface in a self-limiting reaction forming a thin film. 

Surface Reaction Mechanism. In a typical ALD process, the 

substrate is sequentially exposed to two gaseous precursors 

A and B. First, precursor A is inserted into the reactor, and the 

precursor molecules react with the reactive sites on the 

substrate surface. The reaction stops once all reactive sites are 

occupied making this step self-limited. Excess precursor 

molecules and by-products are purged from the reactor by 

inert gas. Then precursor B is inserted into the reactor and 

reacts with precursor A on the substrate surface forming the 

target compound. Importantly, the surface of the product is 

active to the reaction mechanism of precursor A. The reaction 

stops once all precursor A molecules have reacted making 

this step self-limited as well. In the final step, excess precursor 

molecules and by-products are purged from the reactor by 

inert gas. Repeating the alternate exposure of A and B 

A B

2 self-limiting steps

Atomic Layer Deposition

Chemical Vapor Deposition

A + B

Continuous reaction

Time

Figure 7 | Distinction of 

ALD & CVD. Whereas ALD 

features two self-limiting 

precursor-reaction-steps, 

CVD operates continuously 

with both precursors A + B. 
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deposits a thin film of the target compound on the substrate. 

Those four steps constitute an ALD reaction cycle, and the 

precursor exposure steps are referred to as half-reaction 

cycles.52 This cyclic exposure ensures atomic-level thickness-

control as only one layer of precursor molecules forms on the 

substrate in each half-reaction, subsequently reacting with 

each other forming one layer of the target compound. The 

details of the reaction mechanisms in the two half-reactions 

depend on the specific ALD process, i.e., on the precursors, 

the reactor temperature and the substrate surface chemistry. 

Titanium oxide (TiO2) was selected for the experiments in 

Publication 2 because of its high dielectric constant and its 

chemical and physical stability. Ultimately, the goal of these 

experiments is to extrinsically manipulate the electronic 

properties through dielectric screening effects (cf. page 8). The 

synthesis of TiO2 from titanium tetrachloride (TiCl4) and 

water (H2O) is a well-known ALD process (Figure 8).53,54 

During the first half-reaction, TiCl4 adsorbs to the substrate 

and reacts with one surface hydroxyl group forming titanium 

trichloride (TiCl3) and gaseous hydrochloric acid (HCl). 

Excess TiCl4 and HCl are purged from the reactor, and the 

surface is exposed to H2O. During the second half-reaction, 

H2O reacts with three chlorine ligands forming hydroxlated 

TiO2 and gaseous HCl. Excess H2O and HCl are purged from 

the reactor, and the ALD reaction cycle begins anew. 

Area-Selective ALD on Polymers. The application of ALD in 

self-aligned fabrication schemes for modern microelectronics 

mandates that the deposition is limited to specific areas.55  

Area-selective atomic layer deposition (AS-ALD) implements 

spatial control of the growth area by locally tailoring the 

surface chemistry. Typically, parts of the substrate are either 

activated, i.e., made reactive to the chemistry of the ALD 

process, or deactivated, i.e., made inert to the chemistry of the 

ALD process. Thus, a substrate surface in AS-ALD features at 

least two materials with distinct surface chemistries, and the 

ALD process is selective to one of these materials. 

One possibility for area deactivation is the use of poly (methyl 

methacrylate) (PMMA) as in the experiments in Publication 2. 

ALD Reaction Cycle

TiCl4 H O2

Figure 8 | TiO2 ALD Process. 

Reaction cycle of the TiO2 

deposition from TiCl4 and 

H2O in 4 steps. The figure 

was redrawn from Ref. 53. 
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It is a well-established polymer that allows to readily generate 

nanometer-sized patterns on a substrate. It features methyl 

(−CH3) and carbonyl (−C=O) groups on the surface in contrast 

to hydroxlated (−OH) surfaces in conventional ALD 

processes. This makes PMMA unreactive towards most ALD 

chemistries as precursor adsorption is at least inhibited or 

even blocked.56 However, precursor adsorption in the form of 

physisorption is always possible, and adsorbed species 

diffuse on the surface until they reach a reactive site and 

chemisorb. The surface diffusion may occur during either 

half-reaction cycle: precursor A may diffuse on the substrate 

during the first half-cycle, and the target compound may 

diffuse during the second half-cycle. An exact differentiation 

remains difficult.57 Publication 2 investigates this surface 

diffusion process in AS-ALD. 

 

Optical Spectroscopy 

Linear Absorption Spectroscopy. Absorption is the 

conversion of light (photon) energy into other forms of energy 

like heat, chemical energy or the excitation of particles into 

higher states. In semiconductors, linear absorption 

measurements access dipole-allowed transitions from 

occupied states in the valence band to unoccupied states in 

the conduction band. The intensity of light I propagating in a 

medium in this fundamental absorption process decreases 

exponentially with increasing distance d according to the 

Beer-Lambert law  

𝐼 = 𝐼0 e−𝛼𝑑. 

Here, α is the extinction coefficient, and d denotes the sample 

thickness of the bulk material.30 Note that the law may be 

questioned for 2D systems as the conditions for its validity 

hold no longer. Among others, radiative coupling and a 

thickness-dependent refractive index complicate the 

absorption process.58 

Extinction α comprises both the above-mentioned absorption 

and the scattering of light (αscat). The absorption coefficient 
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(αabs) is a function of the photon energy: it is small below and 

large above the band-gap energy. Usually, scattering is 

neglected because it is weak and approximately wavelength-

independent. The absorption A may be calculated from the 

transmittance T and reflectance R of the sample according to 

1 = A + T + R by either measuring the transmittance of the 

sample neglecting reflectance, or measuring the reflectance of 

the sample on an opaque substrate neglecting transmittance. 

The measurements are always three-step processes: first, a 

background measurement with no light source and sample 

corrects for stray light in the experimental setup. Second, a 

reference measurement gives the 100 % baseline. This 

corresponded to the experimental setup without the sample 

in transmission measurements, and to a polished silicon 

surface or a metallic/dielectric mirror in reflection 

measurements. Finally, the sample transmission or reflection 

spectrum is measured, and A and αabs are calculated from the 

equations above. In most cases, the product αd was evaluated 

as the exact sample thickness was unknown, and this is the 

relevant quantity for 2D systems. 

Photoluminescence Spectroscopy. Photoluminescence (PL) 

is the light emission of a material after photoexcitation. 

Photon absorption creates an electron-hole pair by exciting an 

electron from an occupied state in the valence band to an 

unoccupied state in the conduction band leaving a hole. 

Various energy- and momentum-relaxation processes occur, 

and both charge carriers move to the respective band extrema. 

Finally, electron and hole recombine emitting a photon. Thus, 

PL probes occupied states and allows comprehensive insight 

into the electronic structure of the material. Time-Resolved 

Photoluminescence Spectroscopy (TRPL) adds information 

on the relaxation dynamics of the emissive state by probing 

the luminescence decay-time τ, whose reciprocal is the sum 

of the reciprocals of the radiative and non-radiative decay-

times.30 It can be used to identify individual radiative 

recombination channels from their decay behavior. If the 

external quantum-efficiency is known, the radiative and non-

radiative decay-times can be calculated.30 Photo-

luminescence Excitation Spectroscopy (PLE) monitors the 
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PL intensity of a certain luminescence feature as a function of 

the excitation energy. It provides an absorption-like spectrum 

with peaks at energies of strong absorption. However, it is not 

identical with absorption as it includes other processes like 

the relaxation of excited carriers to the respective band 

extrema.30 A comparison of PLE and absorption spectra yields 

information on the coupling between absorbing and emitting 

states. Further, PLE allows to measure higher states above the 

band-gap energy that cannot be accessed by linear absorption 

spectroscopy due to the large absorption coefficient. It is also 

very useful when the substrate is opaque in the spectral 

region of interest or the absorption coefficient is very low like 

in single quantum wells. 

Experimental Setups. The optical measurements performed 

within the scope of this thesis utilize different experimental 

setups, each customized to the specific requirements of the 

sample and spectroscopic technique. This section presents the 

mutual concept of all setups instead of describing each 

experimental setup separately. The latter can be found in the 

experimental sections of the publications. All samples 

investigated by optical spectroscopy in Publication 1 and 

Publication 3 feature very small dimensions, i.e., lateral 

dimensions of 0.5−10 µm and thicknesses of 0.6−250 nm. This 

requires experimental setups with small spot sizes to 

selectively probe a single sample, optical feedback to monitor 

the position of the sample, and a positioning system to align 

the laser spot and the sample. The experimental setup may be 

divided into three parts: excitation, microscope, and detection 

(Figure 9). 

The excitation sources differ depending on the sample 

requirements and spectroscopic technique. Linear absorption 

spectroscopy in Publication 3 utilizes a combined deuterium 

and tungsten lamp delivering a continuous spectrum from 

280−825 nm (4.4.−1.5 eV). PL spectroscopy in Publication 1 

and Publication 3 uses a continuous-wave 488 nm (2.5 eV) Ar-

ion laser and a 266 nm (4.7 eV) frequency-quadrupled 

Nd:YAG laser, respectively. TRPL spectroscopy in 

Publication 3 employs a tunable titanium-sapphire laser 
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emitting approximately 100 fs long pulses at 800 nm (1.55 eV) 

and 78 MHz repetition rate. The excitation energy increases 

through a combined frequency-doubling and frequency-

tripling unit delivering pulses at 266 nm (4.7 eV). PLE 

spectroscopy uses a titanium-sapphire regenerative amplifier 

at 5 kHz repetition rate and 50 fs pulse length in combination 

with an optical parametric amplifier delivering an excitation 

range from 240−650 nm (5.2−1.9 eV). 

The excitation light is coupled into a self-build microscope 

with a beam splitter customized to the excitation wavelength. 

Alternatively, a small (5 x 5 mm) Al mirror is used to avert 

wave interference from the front and back surfaces of the 

beam splitter. However, this may increase the complexity of 

operation as the field-of-view is partly shadowed. The 

excitation light is focused through a reflective 36-fold 

Schwarzschild objective into an almost diffraction-limited 

spot of 1 µm diameter. The beam path is confocal, which 

means that the excitation and detection beam paths have the 

same foci. The use of exclusively reflective optics allows low 

power losses over the entire excitation range and low 

temporal pulse distortions. The microscope benefits from the 

long working distance of the objective (8.6 mm), which allows 

mounting the sample in a He-flow cryostat. The temperature 

ranges from 3.6−300 K. The sample signal is collected in 

backscattering geometry by the same objective and focused 

Figure 9 | Optical 

Spectroscopy Setups. 

Schematic of the self-build 

setups for absorption, PL 

and TRPL spectroscopy. This 

assembly enables 

measurements with high 

spatial, spectral and 

temporal resolutions over a 

broad range of excitation 

energies. 
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with an achromatic lens on the entrance slit of the 

spectrometer. The lens images the sample surface onto the 

entrance slit and is the sole transmissive optical component of 

the microscope. An optional beam splitter between the lens 

and the spectrometer couples the light to an imaging camera. 

This allows to monitor the relative positions of the excitation 

light-spot and the sample. A motorized stage below the 

cryostat allows to align the sample with the excitation light-

spot with 4 nm precision. 

The detection consists of a spectrometer for selecting a narrow 

band of wavelengths and a subsequent charge-coupled 

device camera for detection. The spectrometer is a standard 

Czerny-Turner-type model with different diffraction 

gratings, each optimized to a spectral range and required 

spectral resolution. In linear absorption, PL, and PLE 

spectroscopy, the signal is detected by a Si charge-coupled 

device camera with high sensitivity that allows the detection 

of low levels of light. The camera is thermoelectrically-cooled 

to −60 °C to reduce the dark current and noise level. In TRPL 

spectroscopy, the signal is recorded by a streak camera 

equipped with a S20 photocathode yielding a time resolution 

better than 1 ps (Hamamatsu C10910 and Orca Flash). 
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Summary of Results 

Publication 1 

Ultrathin two-dimensional materials offer large surface-to-

volume ratios that make them ideal for sensing applications 

as interactions on the surface significantly change the 

materials properties. However, most interaction mechanisms 

remain unclear, even for common environments such as O2. 

In this work, we investigate O2 adsorption on single-layer 

MoS2 and the influence of the Fermi-level energy in this 

process. We find an increase of the photoluminescence 

intensity and a reduction of the electrical conductivity upon 

O2 adsorption, and identify an electron transfer from MoS2 to 

O2. Further, we show that the adsorption process can be 

manipulated by the Fermi-level energy, and only occurs if 

free carriers are available in the conduction band of MoS2. Our 

work highlights the strong interactions across the 2D 

material-gas interface and offers new opportunities to 

manipulate materials properties.59 

 

Publication 2 

Area-selective atomic layer deposition is a key technology for 

modern microelectronics as it eliminates alignment errors 

inherent to conventional approaches by enabling material 

deposition only in specific areas. Typically, the selectivity 

originates from surface modifications of the substrate that 

allow or block precursor adsorption. The control of the 

deposition process currently remains a major challenge as the 

selectivity of the no-growth areas is lost quickly. Here, we 

show that surface modifications of the substrate strongly 

manipulate the surface diffusion. The selective deposition of 

TiO2 on poly (methyl methacrylate) and SiO2 yields localized 
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nanostructures with tailored aspect-ratios. Controlling the 

surface diffusion allows to tune such nanostructures as it 

boosts the growth rate at the interface of the growth and no-

growth areas. Kinetic Monte-Carlo calculations reveal that 

species move from high to low diffusion areas. Further, we 

identify the catalytic activity of TiCl4 during the formation of 

carboxylic acid on poly (methyl methacrylate) as the reaction 

mechanism responsible for the loss of selectivity, and show 

that process optimization leads to higher selectivity. Our 

work enables the precise control of area-selective atomic layer 

deposition on the nanoscale, and offers new strategies in area-

selective deposition processes by exploiting surface diffusion 

effects.60 

 

Publication 3 

Low-dimensional organic-inorganic perovskites synergize 

the virtues of two unique classes of materials featuring 

intriguing possibilities for next-generation optoelectronics: 

they offer tailorable building blocks for atomically thin, 

layered materials while providing the enhanced light-

harvesting and -emitting capabilities of hybrid perovskites. 

Here, we go beyond the paradigm that atomically thin 

materials require in-plane covalent bonding and report single 

layers of the one-dimensional organic-inorganic perovskite 

[C7H10N]3[BiCl5]Cl. Its unique 1D-2D structure enables single 

layers and the formation of self-trapped excitons which show 

white-light emission. The thickness dependence of the exciton 

self-trapping causes an extremely strong shift of the emission 

energy. Thus, such two-dimensional perovskites demonstrate 

that already 1D covalent interactions suffice to realize 

atomically thin materials and provide access to unique 

exciton physics. These findings enable a much more general 

construction principle for tailoring and identifying two-

dimensional materials that are no longer limited to covalently 

bonded 2D sheets.61 
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Conclusion & Outlook 

This dissertation successfully advances the understanding of 

interface-related phenomena at the semiconductor-

environment interface. The results pave the way to creating 

and investigating internal lateral interfaces in 2D materials. 

Publication 1 demonstrates the strong impact of the chemical 

environment on the optical and electrical properties of two-

dimensional semiconductors. The electron-transfer from 

MoS2 to O2 across the 2D material-gas interface and the 

resulting change in dielectric screening offer new 

opportunities to manipulate materials properties and 

possibly create internal lateral interfaces. 

Publication 2 carries this idea forward and demonstrates the 

fabrication of flat, nanometer-sized heterostructures of two 

dielectrics. Surface diffusion of species across the interface of 

the growth and no-growth areas in area-selective ALD 

emerges on small scales and dominates the growth process. It 

can be exploited to fabricate novel nanostructures that serve 

as substrates to 2D materials. 

Publication 3 expands the universe of two-dimensional 

materials by the emerging and promising class of lower-

dimensional organic-inorganic perovskites. They offer 

excellent semiconductor properties while increasing the 

stability compared to conventional perovskites. Not thought 

possible before, [C7H10N]3[BiCl5]Cl can be exfoliated to a 

single layer exhibiting novel exciton physics. This 

phenomenon may enable a simple way to tune the emission 

color in next-generation lighting technologies. 

The presented results open up a magnitude of new 

developments and opportunities in research as well as for 

their applications. The flat dielectric hetero-substrates can be 

used to create internal lateral interfaces inside 2D 
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semiconductors thereby circumventing the problem of lattice 

mismatch, which usually hinders device performance 

(Figure 10).33,62 Our preliminary studies on dielectric 

screening effects in monolayer WSe2 on such SiO2-TiO2 

hetero-substrates reveal the intended band-gap variation as 

well as a distinct exciton physics with spin-split excitons 

experiencing different dielectric screening.63 The latter is 

highly remarkable and underlines the richness of scientific 

opportunities in this approach. 

The next key result is the comprehensive characterization of 

internal lateral interfaces in inorganic 2D semiconductors 

such as TMDCs on dielectric hetero-substrates. In principle, 

carriers can be optically injected on one side of the interface 

and diffuse across the lateral interface.64 These currents can be 

monitored through ultrafast reflection changes of the material 

by imaging a line across the lateral interface in a pump-probe 

experiment. The band alignment of the interface as well as the 

nature of diffusing (quasi-)particles (charge carriers or 

excitons) are central scientific questions. Further, the 

transport across the lateral interface can be restricted by an 

appropriate hetero-substrate: the width of one dielectric strap 

with the dielectric constant ε2 bordered on both sides by 

another dielectric with ε1 > ε2 defines a transport channel for 

(quasi-)particles in the 2D semiconductor. Reducing the 

width could lead to additional quantum mechanical states 

similar to those observed in semiconductor quantum wells. 

Even further, dielectric quantum dots could offer the 

possibility of controlling the exciton motion similar to an 

exciton funnel and manipulate the emission of light.65 

Lower-dimensional organic-inorganic perovskites add a 

multitude of opportunities as their constituents can be chosen 

deliberately. Uniaxial covalent bonds as in [C7H10N]3[BiCl5]Cl 

offer the potential for 1D conductance without using hetero-

substrates. Additionally, they exhibit self-trapped excitons 

whose fundamental structure-property relationships have 

been only briefly explored but offer great potential for next-

generation lighting and display technologies.
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Interface Creation. 
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Individual Contributions 

This section emphasizes my contributions to the publications. 

 

Publication 1 

M. Eickhoff and I conceived the experiments. I developed and implemented the MoS2 field-

effect transistor fabrication and the electrical-optical experimental design. I performed the 

Raman and photoluminescence spectroscopy and conductivity measurements, and analyzed 

the results. I discussed the results with all co-authors and co-wrote the bulk of the manu-

script. Finally, I was responsible for the publication process. 

Publication 2 

S. Chatterjee and I conceived the experiments. I fabricated the samples by electron-beam li-

thography and performed the X-ray reflectivity, infrared spectroscopy, and atomic force mi-

croscopy measurements, assisted by D. Anders, M. Bastianello, and L. Gümbel. I analyzed 

and interpreted the results. I discussed the results with all co-authors and co-wrote the bulk 

of the manuscript. Finally, I was responsible for the publication process. 

Publication 3 

J. Heine and S. Chatterjee conceived the study. I developed and implemented the experi-

mental design for the nanoscale optical experiments. I prepared the ultrathin samples and 

performed the atomic force microscopy, absorption, reflectance, photoluminescence, time-

resolved photo-luminescence and Raman spectroscopy measurements. S. Chatterjee and I 

analyzed and interpreted the results. I discussed the results with all co-authors and co-wrote 

the bulk of the manuscript
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Publications 

Publication 1 

Effects of the Fermi Level Energy on the Adsorption of O2 to Monolayer MoS2 

Philip Klement, Christina Steinke, Sangam Chatterjee, 

Tim O. Wehling, and Martin Eickhoff 
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Abstract 

Two-dimensional transition metal dichalcogenides possess large surface-to-volume ratios that make them ideal candidates for 

sensing applications such as detecting the surface adsorption of specific gas molecules. The resulting changes of the electrical 

and optical properties allow for detection and analysis of interaction mechanisms at the sensing interface. Specifically, we 

investigate the influence of O2 adsorption on monolayer MoS2 and the role of the Fermi level energy in this process. We 

record the response in photoluminescence and transport properties of monolayer MoS2 upon O2 adsorption and the impact of 

external electric gating. We find an increase of the photoluminescence intensity and a reduction of the conductivity upon O2 

adsorption, and show that the adsorption can be enhanced by an increase of the Fermi level energy. These results demonstrate 

that ionosorption of O2 on MoS2 by charge transfer only occurs if free carriers are available in the conduction band of MoS2. 

This free-carrier-supported adsorption-mechanism is corroborated by density functional calculations. Furthermore, the 

resulting reduction in screening of the Coulomb interaction between photo-excited electron-hole pairs amplifies the effect of 

the electron transfer on the excitonic recombination, causing a strong change of the photoluminescence intensity and 

rendering photoluminescence recording advantageous for sensing applications. 

Keywords: transition metal dichalcogenides, MoS2, adsorption, Fermi level, photoluminescence, conductivity 

 

1. Introduction 

Two-dimensional transition metal dichalcogenides (2D 

TMDs) and their prototype MoS2 consist of atomically thin 

layers. In recent years, these materials have received great 

attention due to their thickness-dependent band structure [1] 

and favorable electrical properties for applications in field-

effect transistors (FETs) [2], chemical sensors [3−5], and 

optoelectronic devices [6]. Their large surface-to-volume 

ratios and the presence of different active surface sites such as 

sulfur vacancies and edge sites of MoS2 make their electrical 

and optical properties subject to changes in different dielectric 

and chemical environments [7−9]. In monolayers of 2D 

materials, all atoms are exposed to ambiance rendering 

possible chemical reactions between gaseous species and the 

surface of fundamental interest. Indeed, the 

photoluminescence (PL) characteristics of such materials are 

strongly affected by the presence of specific gas molecules, 

that can interact with the electronic system upon adsorption 

[9]. Consequently, different studies regarding the detection of 

various gaseous species such as NO2, NH3, acetone, and other 

solvents utilizing MoS2 electrical devices have been reported 

[3−5,10−12]. Although the gas-sensing performance could be 

improved through gate voltage or surface functionalization 
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[13,14], most reports demonstrate interactions with ambient 

gases as a proof of principle. A comprehensive understanding 

of the interactions between 2D TMD surfaces with their 

gaseous environment is desirable to facilitate sensing and 

optoelectronic applications. These issues and concepts for the 

manipulation of the underlying interaction mechanisms at the 

surface are of great interest for the application of MoS2 in 

optoelectronic or sensing devices. 

In this work, we report on the influence of a variation of the 

Fermi level energy in monolayer MoS2 on the adsorption 

behavior of oxygen as a model system for the interactions 

between 2D TMDs and oxidizing gases. The experimental 

analysis was carried out using monolayer MoS2 FETs on 

conductive SiO2/Si substrates, the latter acting as back gates. 

These device structures allow for the concurrent 

characterization of the electrical and optical responses of 

monolayer MoS2 in terms of the channel current in the FET, 

PL, and photocurrent (PC) to the exposure to oxygen. The 

variation of the Fermi level energy thus allows for the 

investigation of the underlying mechanisms. We find an 

oxygen-induced reversible increase of the PL intensity and a 

concurrent decrease of the conductivity of monolayer MoS2 

that allows us to identify a charge transfer between MoS2 and 

O2 upon adsorption. These effects are attenuated upon 

reduction of the surface Fermi-level, i. e., for surface depletion 

of majority carriers by application of a negative back gate bias. 

This observation is confirmed by first-principles calculations 

that reveal that an electron transfer from MoS2 to O2, required 

for the ionosorption of O2
−, only takes place when the system 

is sufficiently n-doped. Further, we find that the manipulation 

of the PL by external gating strongly depends on the gaseous 

environment, indicating that the charge transfer between 

oxygen and MoS2 is more important than sole electrostatic 

doping by back gate bias, shedding new light on earlier reports 

[15,16]. Our work demonstrates that the screening of the 

Coulomb interaction amplifies the effect of the electron 

transfer on the PL compared to the conductivity change, which 

renders PL recording advantageous for sensing applications 

and processes that involve a charge transfer in 2D TMDs. 

2. Methods 

Monolayer MoS2 flakes were prepared by mechanical 

exfoliation of natural bulk crystals [17] and deposited onto a 

heavily p-type doped Si substrate with a 275 nm thick wet 

thermal oxide layer. Monolayer samples were identified by 

optical contrast imaging and confirmed by Raman and PL 

spectroscopy. Standard electron beam lithography (JEOL JSM 

7001F) was used to pattern source and drain contacts in a 

300 nm PMMA resist. Ti/Au (5/50 nm) was deposited on top 

by electron beam evaporation. 

Electrical characterization was performed using a Keithley 

Model 4200-SCS semiconductor characterization system in 

ambient conditions. A Renishaw inVia Raman microscope 

equipped for PL detection was used for Raman & PL 

spectroscopy. A 488 nm Ar-ion laser illuminated the active 

channel, and the PL was recorded continuously. The spot size 

was 1.1 µm, and the excitation power was 20 µW. 

Devices were placed in a gas-tight chamber that was 

equipped with an electrical feed-through, an optical window 

and gas in- and outlets. Electrical and optical properties were 

monitored in-situ and simultaneously using the 

characterization systems mentioned above. N2 and O2 were 

injected to the chamber at room temperature. The gaseous 

environment was controlled by mass flow controllers, and the 

concentrations were adjusted by the flow rates of each gas. 

The total flow rate was kept constant at 200 sccm. 

We performed density functional theory (DFT) calculations 

within the local spin density approximation (LSDA) utilizing 

the Vienna ab-initio simulation package (VASP) [18,19] to 

simulate the adsorption of O2 on a monolayer of MoS2. The 

Projector-augmented wave approach (PAW) [20,21] with a 

cutoff energy of 400 eV for the plane wave basis set was used. 

To avoid interactions between different periodic images of the 

MoS2 monolayers we chose a vacuum distance of 15 Å 

between adjacent periodic images. To model the gas 

adsorption, we use a 4 x 4 supercell of monolayer MoS2 

hosting one O2 molecule, which results in a distance larger 

than 12 Å between two gas molecules. The supercell Brillouin 

zone integrations are performed with a Γ-centered Monkhorst-

Pack mesh [22] of 12 x 12 x 1 k-points. Structures were 

relaxed until the forces acting on each ion were less than 

0.02 eV/Å. We found an optimized lattice constant for 

monolayer MoS2 of a = 3.12 Å. As it was suggested by Yue et 

al. [23], the most favorable adsorption sites for the gas 

molecules are the so called H-sites, where the center of mass 

of the molecule is positioned on top of the hexagon, and the 

TM site, where the center of mass is on top of a Mo atom. We 

investigated two different initial molecular orientations of O2 

with the molecular axis parallel (║) or perpendicular (┴) to the 

monolayer. For different Sulfur-O distances h, we relaxed all 

structures and found the most favorable configuration as the 

TM|| site with h = 2.8 Å, which is in accordance with Yue et 

al. [23]. Further information on the structure can be found in 

the Supplementary Information (figure S4). We discuss the 

charge transfer in terms of the Fermi level position relative to 

the density of states as it links directly to the experimentally 

relevant quantity of free charge carriers, and allows us to 

investigate the effects of doping. To simulate electrostatic n-

doping of MoS2 due to a gate bias and with that to allow for a 

gate controlled manipulation of the Fermi level, we artificially 

increased the number of electrons in the system while adding 

homogenous positive background charge to ensure overall 

charge neutrality of the system. 
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3. Results and Discussion 

In the measurement configuration, the source contact is 

grounded, and the drain-to-source voltage Vds is applied to the 

drain contact resulting in a drain-to-source current Ids 

(figure 1(a)). The p+-Si-substrate acts as a back gate that 

enables the manipulation of the Fermi level energy in the 

MoS2 monolayer by application of the gate-to-source voltage 

Vgs. PL is recorded by illumination of the region between both 

contacts.  In Raman spectra of monolayer MoS2 that form the 

active device region (figure 1(b)), two peaks are observed near 

385 and 403 cm-1, corresponding to the in-plane phonon mode 

E1
2g, and the out-of-plane phonon mode A1

g, respectively [24]. 

The Raman peaks were approximated by two Lorentzian 

functions, and the peak positions were extracted. We observe 

that the peak position of the E1
2g mode red shifts and that of 

the A1
g mode blue shifts with increasing number of layers. The 

peak position difference of the monolayer is 18.40 cm-1, which 

confirms our thickness determination [16,25]. Electrical 

characteristics of a monolayer device were measured in 

ambient conditions (figure 1(c)). The transfer characteristics 

exhibit the typical behavior of an n-type channel FET with an 

on/off-ratio of more than 104 and a current of some tens of pA 

in the off-state, consistent with earlier reports [10,26,27]. The 

current at Vds = 0 V can be attributed to gate leakage and 

measurement errors. The average field-effect mobility µ 

estimated from the slope of the transfer curve (figure S1(a)) 

[2] is 7 cm2/Vs and in the upper range of the values of 

monolayer MoS2 FETs with metal contacts published in 

earlier reports [10,28,29]. The PL spectra of monolayer MoS2 

at room temperature and different back gate biases exhibit one 

broad emission near 1.85 eV. Significant changes in the 

spectral shape and intensity occur when a negative back gate 

bias is applied (figure 1(d)). The peak center shifts to 1.88 eV, 

and the intensity increases by 40 % when monolayer MoS2 is 

electrically depleted by a negative gate bias. The high-energy 

peak at 1.88 eV can be attributed to recombination of the 

neutral exciton X0, and the low-energy peak at 1.85 eV to the 

negatively charged trion X− (figure 3) [15]. Trions emerge at 

high densities of free electrons (positive gate bias), when 

excess electrons are introduced to MoS2 to bind to photo-

generated electron-hole pairs. Spectral weight is transferred to 

the trion, accompanied by a reduction in excitonic PL. In 

contrast, less X− form and the X0 PL is enhanced when 

monolayer MoS2 is depleted of free electrons for negative gate 

bias. 

We have studied the PL and PC of monolayer MoS2 in 

O2/N2 gaseous atmospheres of different O2-concentrations and 

gate biases to investigate the effect of the Fermi level energy 

on the adsorption and desorption processes. The resulting 

transients of the PL intensity were obtained by integration of 

Figure 1. (a) Schematic of a back-gated MoS2 device and the 

measurement configuration. (b) Raman spectra of monolayer 

and bulk MoS2 and the approximation by two Lorentzian 

functions (red line). (c) Transfer characteristics Ids-Vgs of a 

monolayer MoS2 device with the drain-to-source voltage Vds 

from 0 to 0.1 V. (d) Photoluminescence spectra of a 

monolayer MoS2 device for different Vgs from -100 to +100 

V in air. 

Figure 2. Modulation of the photoluminescence intensity of a 

monolayer MoS2 device as a function of the O2 concentration 

and back gate bias Vgs. The dashed black line indicates the 

stable base level. The grey background indicates the O2 

intervals and interval timings and concentrations are shown in 

the upper panel and range from 100 to 1 %. For Vgs = 0 V (red 

line), the gas input failed after 10 h. 
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the PL spectra between 1.7 and 2.0 eV (figure 2). A reversible 

increase in PL intensity whose magnitude scales with the 

oxygen concentration is observed upon exposure to O2-

containing atmospheres. It can still be resolved for 

concentrations below 1 %. In each intermediate N2 interval 

(white background in figure 2), the PL intensity decreases to 

approximately the same value indicating a full recovery of the 

sample. Consistent with Figure 1(d), the PL intensity is 

increased for negative gate bias compared to positive ones, 

independent of the gas composition. As this difference is much 

more pronounced in the presence of O2, it results in a 

significant enhancement of the O2 response. This indicates 

that the position of the Fermi level significantly influences 

adsorption and desorption processes of oxygen molecules to 

the surface. As O2 is a more electronegative molecule than N2, 

it is expected to attract electrons from the MoS2 layer by 

charge transfer [7,9]. 

The spectral shape of individual PL spectra was 

quantitatively analyzed to assign the change in PL intensity to 

the contribution of exciton and trion recombination. Their 

respective ratio yields information about the free electron 

density in the active channel of the material. PL spectra of 

monolayer MoS2 for selected gate biases and gaseous 

environments were approximated by two Voigt functions 

corresponding to the neutral exciton (X0) recombination at 

1.88 eV and the trion (X−) recombination at 1.85 eV 

(figure 3). It can be seen that both, a variation in gate bias and 

the change in chemical environment, control the PL intensity 

and the relative spectral weight distribution between X0 and 

X−. The change in the chemical environment has a 

significantly stronger impact. As a general observation, the 

effect of a gate bias variation is more pronounced in oxygen-

containing environment. The relative spectral weight of X0 

increases for negative gate bias, i.e., for the case that the 

material is depleted of free electrons. At the same time, the PL 

intensity increases due to reduced charge screening and the 

resulting increase in binding energies of X0 and X− [30]. 

Whereas the exciton PL varies in intensity by a factor of up to 

4, the trion PL shows only a weak gate bias dependence. 

The change in PL properties upon exposure to oxygen is 

similar to that resulting from the application of a negative bias 

but significantly more pronounced. When the gate is tuned 

negative or when oxygen is added to the atmosphere, relative 

spectral weight shifts from X− to X0 and the PL intensity 

increases. This latter observation can be attributed to a 

depletion of electrons which in this case is of chemical origin. 

As O2 is more electronegative than N2, the ionosorption of O2 

as O2
− results in the depletion of free electrons due to charge 

transfer to O2 molecules. Consequently, X0 and X− are 

generally stabilized due to reduced screening of the Coulomb 

interaction by free charge carriers, and the PL intensity 

increases. At the same time, as fewer electrons are available 

for trion formation, the X− recombination is attenuated, which 

partially compensates the stabilization from reduced 

screening. The changes in PL properties are a result of the 

competition between screening of the Coulomb interaction 

and trion formation [9].  

In addition to the proposed transition from trion to exciton 

recombination, the suppression of non-radiative 

recombination of excitons at defect sites is another possible 

mechanism to explain some of the observed changes in the PL 

[7]. To distinguish between both proposed mechanisms, a 

simultaneous measurement of the source-to-drain current Ids 

provides further insight as it is directly related to the density 

of free carriers. Electrical current was converted to sheet 

conductivity σ = Ids/Vds, to normalize for a higher Vds, which 

was used at negative gate bias. The transients of the sheet 

conductivity σ were recorded concurrently with the PL 

transients (figure 4(a)). Initially, we focus on the transient 

recorded at Vgs = +100 V (blue line). In contrast to the PL, the 

sheet conductivity under illumination decreases when O2 is 

added to the atmosphere. For relatively high O2 concentrations 

between 100 and 30 %, σ decreases to an approximately 

constant base level of 3 µS. For lower O2 concentrations 

between 10 and 1 %, σ does not decrease to this base level but 

to a higher value in each subsequent interval.  The reduction 

in σ upon O2 exposure confirms the proposed interpretation of 

a reduction in the free electron concentration due to charge 

transfer between MoS2 and O2. The decreasing response of σ 

for lower O2 concentrations (below 30 %) is a consequence of 

fewer adsorbates available, which results in reduced depletion 

of MoS2. The O2 desorption in the subsequent interval results 

in a re-increase of the sheet conductivity. During N2 intervals, 

Figure 3. Photoluminescence spectra of monolayer MoS2 at 

different back gate biases in N2 and O2. The spectra are 

approximated by two Voigt functions for the exciton X0 

(green line) and trion X− (orange line) recombination.  
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σ increases, but does not fully recover to its initial value before 

O2 exposure, which was observed earlier and is referred to as 

‘poisoning’ [4,29,31]. This indicates chemisorption of O2 

molecules to MoS2 at room temperature, which desorb on a 

long time scale. In contrast, the PL response completely 

recovers within the investigated time intervals, as it is caused 

by a different mechanim. Whereas the response in 

conductivity is determined by the modulation in the density of 

majority carriers (electrons), the PL response is determined by 

the density of photo-generated minority carriers (holes) which 

decay on a significantly shorter time scale compared to 

chemisorption processes. Consequently, the latter effect does 

not influence PL recovery. A full recovery of the conductivity 

can be achieved by either long N2 purging intervals, which 

was employed between two consecutive measurement cycles 

or vacuum annealing at higher temperatures, as it was shown 

for graphene [31]. 

A similar argumentation that employs the free electron 

concentration applies when the transients of σ were recorded 

at different gate biases (black and red lines in figure 4(a)). As 

already shown above, the number of free electrons in the 

channel can be tuned by gate bias, which results in different 

levels of σ. When the gate bias is tuned positive, i.e. the 

density of electrons is increased in the channel, the absolute 

change in conductivity upon O2 exposure increases. This can 

be understood from basic electrostatics [4] or electronic 

theory. In the former case, the electric field that builds up at 

the SiO2-MoS2 interface either attracts or repels electrons to 

or from O2 depending on the polarity. Utilizing electronic 

theory, we show that the charge transfer between MoS2 and O2 

increases with n-doping, i. e. for positive back gate bias. 

In addition to the effects of external gating, visible-light 

illumination of oxygen-sensitive devices can increase the 

sensitivity to O2 and shorten the recovery time as reported for 

other materials [32]. The effect of visible-light illumination 

was analyzed by comparing the transient under illumination σ 

to that in the dark σdrk (figure 4(b)). First of all, the sheet 

conductivity is significantly lower for all biases, indicating the 

dominant contribution of photo-generated carriers to the 

drain-to-source current Ids. A change in the gaseous 

environment affects the electrical properties similarly to the 

illuminated case. When O2 is added, σdrk decreases, and it 

recovers in N2 intervals. In contrast to the illuminated case, the 

effect of O2 is observable only for relatively high 

concentrations above 30 %. Below that, σdrk increases on a 

long time scale. The effect of O2 adsorption cannot be 

observed in σdrk, and it recovers to its initial value in N2 

atmosphere. It can be concluded that visible-light illumination 

not only increases the channel current through photo-

generated carriers, but it also results in a higher sensitivity. 

Similar explanations apply to the effects of external gating in 

the illuminated and dark case, and are given above. In the dark, 

the conductivity decreases even further towards negative 

biases, and only a small effect can be observed at Vgs = −50 V, 

indicating a vanishing charge transfer between MoS2 and O2. 

This further emphasizes the importance of free carriers and the 

relative position of der Fermi level in MoS2 for O2 adsorption 

processes. 

Figure 4.  Modulation of the sheet conductivity σ of a monolayer MoS2 device as a function of the O2 concentration (100, 70, 

50, 30, 10, 3 and 1 %) and back gate bias Vgs (−100 to +100 V). (a) with the active channel illuminated and (b) in the dark. 

For Vgs = 0 V (red line), the gas input failed after 10 h. 
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This conception is supported by theoretical calculations of 

the density of states (DOS) of MoS2 in absence (upper panels) 

and presence (lower panels) of oxygen as adsorbates for 

different free electron concentrations controlled by the gate 

bias (figure 5). The corresponding band structures can be 

found in the Supplementary Information (figure S5). The 

doping of 0.01 electrons/unit cell corresponds to 

approximately 1013 electrons/cm². In the undoped system 

without surface adsorbates, the band gap of MoS2 is clearly 

visible in the DOS and the Fermi level energy is located inside 

the gap, as expected for a pristine semiconductor (figure 5(a)). 

When the number of electrons in the system increases, the 

Fermi level shifts to energies within the conduction band of 

MoS2 (figure 5(b)). The oxygen adsorbates change the DOS 

by contributing a fully occupied molecular orbital in the spin 

up channel below the valence band edge and an orbital with 

spin down character within the gap of MoS2 (figure 5(c)). 

Without additional doping of MoS2, the spin down orbital 

remains empty. Thus, in absence of free electrons in the 

conduction band of MoS2, the number of free carriers remains 

zero. Hence, there is no charge transfer from the extended 

MoS2 electronic states to those states localized predominantly 

in the oxygen orbitals. This situation changes for gate-induced 

n-doping (figure 5(d)). The Fermi level is now above the 

MoS2 conduction band edge. Electron transfer from MoS2 to 

O2 occurs and oxygen depletes the MoS2 conduction band. 

This is why the effect of oxygen adsorption on the measured 

current in the “dark state” is stronger for n-doped systems. The 

fact that the conductivity under illumination shows a strong 

response to oxygen irrespective of the gate doping level 

signals that also photo-excited electrons can be transferred 

from the conduction band of MoS2 to the O2 adsorbates and 

even dominate this effect. 

Finally, we emphasize that the effect of O2-adsorption is 

significantly stronger on the PL intensity (figure 2) compared 

to the conductivity (figure 4). This manifests in a greater 

sensitivity of the PL intensity. Further, in PL intensity, the 

effect of O2 adsorption is significantly stronger than that of a 

variation of the gate bias. These observations support the 

assignment of the increase in PL intensity to a reduction in 

screening of the Coulomb interaction and the related increase 

in exciton binding energy mentioned above: The number of 

excitons that contribute to the PL intensity scales linearly with 

the number of electrons and holes, and superlinearly with the 

screening of the Coulomb interaction. This results in a 

superlinear dependence of the PL intensity on the number of 

free carriers. In contrast, the conductivity scales linearly with 

the number of free carriers. This screening of the Coulomb 

interaction is responsible for the much higher sensitivity of the 

PL to changes in the number of free carriers. This “sensitivity 

amplification” by screening of the Coulomb interaction makes 

PL superior to conductivity measurements when charge 

carrier transfers are involved. 

4. Conclusions 

In conclusion, we demonstrate that a variation of the Fermi 

level of MoS2 controls the adsorption of O2 molecules. 

Concurrent measurements of the PL and conductivity of MoS2 

FETs allow us to identify an electron transfer from MoS2 to 

O2 on adsorption, which was proposed earlier [7,9]. The Fermi 

level controls this electron transfer, which decreases when the 

surface Fermi level is reduced. This is confirmed by first-

principles calculations that reveal that an electron transfer only 

takes place when the system is sufficiently n-doped. The 

effects of O2 adsorption are significantly stronger in the PL 

intensity compared to the conductivity. We ascribe this 

sensitivity enhancement to an amplification of the PL by 

screening of the Coulomb interaction. Further, the 

manipulation of the PL by external gating strongly depends on 

the gaseous environment. This indicates that the electron 

transfer between MoS2 and O2 is more important than sole 

electrostatic doping by back gate bias and explains earlier 

results on gated configurations [16]. These findings expand 

the knowledge on the interactions between gaseous adsorbates 

and 2D TMDs that are relevant for fundamental research as 

well as future optoelectronic applications of 2D TMDs. Future 

work should elucidate how the sensitivity amplification by the 

Coulomb interaction could make optical detection of 

adsorption processes superior to the electrical detection. 
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ABSTRACT: Area-selective atomic layer deposition is a key technology for
modern microelectronics as it eliminates alignment errors inherent to
conventional approaches by enabling material deposition only in specific
areas. Typically, the selectivity originates from surface modifications of the
substrate that allow or block precursor adsorption. The control of the
deposition process currently remains a major challenge as the selectivity of
the no-growth areas is lost quickly. Here, we show that surface modifications
of the substrate strongly manipulate surface diffusion. The selective
deposition of TiO2 on poly(methyl methacrylate) and SiO2 yields localized
nanostructures with tailored aspect ratios. Controlling the surface diffusion
allows tuning such nanostructures as it boosts the growth rate at the interface
of the growth and no-growth areas. Kinetic Monte-Carlo calculations reveal that species move from high to low diffusion areas.
Further, we identify the catalytic activity of TiCl4 during the formation of carboxylic acid on poly(methyl methacrylate) as the
reaction mechanism responsible for the loss of selectivity and show that process optimization leads to higher selectivity. Our work
enables the precise control of area-selective atomic layer deposition on the nanoscale and offers new strategies in area-selective
deposition processes by exploiting surface diffusion effects.

KEYWORDS: nanofabrication, self-aligned fabrication, atomic layer deposition (ALD), area-selective deposition, surface diffusion

■ INTRODUCTION

The downscaling of integrated circuits in semiconductor
technology currently relies almost completely on top-down
processing featuring a complex combination of many material
depositions, extreme ultraviolet lithography, and etching steps.
Approaching sub-5 nm device scales makes perfect alignment
in nanopatterning for reliable processing extremely challenging
as it mandates virtually atomic-scale precision.1 In particular,
alignment-related edge placement errors have become a major
issue in downscaling.2 Consequently, new bottom-up schemes
for the most demanding processing steps are required to
circumvent challenges or even avoid inherent deficiencies of
top-down fabrication.
Atomic layer deposition (ALD) is such a bottom-up thin

film deposition technique where atoms or small units grow on
a substrate layer-by-layer. It relies on exposing the substrate to
the alternating cyclic exposure of two or more vapor-phase
precursors that react in self-limiting surface reactions between
functional groups and vapor-phase precursors. This leads to
growth with atomic-level thickness control and high con-
formity.3 However, the bottom-up, self-aligned fabrication by
ALD mandates the deposition processes limited to specific
areas. As a result, area-selective atomic layer deposition (AS-
ALD) emerged over recent years.4 This approach enacts spatial
control of the growth areas by locally tailoring the specific

surface chemistry. It enables bottom-up fabrication schemes
that offer the potential to significantly reduce the number of
required device processing steps. AS-ALD typically includes a
substrate-patterning step before the area-selective ALD
process. This reflects the reality of self-aligned fabrication
schemes where prepatterned and preprocessed materials serve
as starting substrates. Such patterning-centered reasoning
classifies two main routes for AS-ALD: (A) AS-ALD by area
passivation. Parts of the substrate surface are deactivated, i.e.,
made inert to the chemistry of the ALD process; and (B) AS-
ALD by area activation. Here, parts of the inert substrate
surface are made reactive to the chemistry of the ALD process.
Thus, a sample surface in AS-ALD features several materials.
ALD deposition needs to be selective to one of these materials.
Previous work in the field of AS-ALD has covered dielectric-

on-dielectric5−7 and metal-on-dielectric8−13 deposition as
those are industrially most relevant. AS-ALD by area activation
has been achieved by deposition of a metallic or oxidic seed
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layer,5,9 whereas in AS-ALD by area deactivation, the substrate
surface has been chemically modified by self-assembled
monolayers (SAM)7,8,13 and polymers.6,10,12 Most AS-ALD
studies focused on the demonstration of selectivity in a specific
ALD process and the improvement of the selectivity toward
thicker layers. Promising approaches such as the introduction
of correction steps in so-called supercycles have been
developed and enable high selectivity,11,14 but the general
problem of a loss of selectivity persists. Those studies have
shown that the loss of selectivity involves nucleation on the no-
growth area, but the nucleation process and limiting factors
have not been clarified yet. They mandate the need for a better
understanding of the fundamental interactions between
precursors and reactants with specific surfaces in AS-ALD
processes to enable higher selectivity.2,4

In this work, we successfully control the surface diffusion in
the model system TiO2 on poly(methyl methacrylate)
(PMMA) to achieve selectively high-aspect-ratio nanostruc-
tures and show that surface diffusion boosts the growth rate
and leads to an accumulation at the growth to the no-growth
interface. We use PMMA for area deactivation, which is a
widely used and well-established polymer and allows for
nanometer-scale structures with ease of preparation. Further, it
serves as a model system for AS-ALD processes based on
blocking layers including SAMs and ABC-type supercycles
with inhibitors as it features the same CH3 groups that block
precursor adsorption and thus are unreactive toward most
ALD chemistries.11,14,15 In the patterning step, a small lateral
pattern establishes the basis for the AS-ALD process (Figure
1a). The use of electron-beam lithography with its ability to
generate sub-10 nm lateral patterns meets the resolution
requirement of modern semiconductor device fabrication. We
analyze the key factors in AS-ALD in terms of nucleation delay
and selectivity measured by X-ray reflectivity (XRR) and find a

selectivity window of 50 cycles or 3.1 nm with selectivity of 1
for TiO2 on PMMA. Further, we identify the catalytic activity
of TiCl4 during the formation of carboxylic acid on PMMA as
the chemical reaction responsible for the loss of selectivity. We
then elaborate on the selectivity on a molecular-scale level by
atomic force microscopy (AFM) and find small islands of TiO2
growing on PMMA beyond the selectivity window. On
prepatterned substrates, diffusion of species on the surface of
PMMA results in a strongly increased growth per cycle (GPC)
on SiO2 compared to unpatterned substrates and an
accumulation at the growth to the no-growth interface. A
kinetic Monte-Carlo (KMC) model for particle diffusion
excellently reproduces our experimental observations and
identifies surface diffusion of species as the physical origin of
both, the strongly increased GPC and the accumulation in AS-
ALD. Finally, we control the surface diffusion of species
through the purge times in the ALD process to enable the
preparation of nanostructures with tailored aspect ratios and
film thicknesses beyond the inherent selectivity of the AS-ALD
process.

■ EXPERIMENTAL SECTION
Substrate Preparation and Patterning Step. Si substrates with

a 275 nm thick wet-thermal oxide layer were cleaned with acetone,
isopropanol (IPA), and deionized (DI) water and coated with a 300
nm thick PMMA (950K molecular weight, 4% dissolved in anisole)
layer. Microscale patterns were defined by electron-beam lithography
(JEOL JSM 7001F electron microscope equipped with a XENOS
XeDraw high-speed writer system) followed by the development in a
mixture of IPA/DI water (ratio 2:1). For some experiments, a trench
was formed by reactive Ar-ion etching on the patterned PMMA
substrate. SiO2 was etched in the uncovered regions creating an 8.9
nm deep trench.

Atomic Layer Deposition and Lift-off. TiO2 was deposited in a
commercial thermal ALD system (Picosun R200 Standard) at 120 °C

Figure 1. Schematic and selectivity of the area-selective ALD approach. (a) PMMA patterns on SiO2 serve as starting substrates. TiO2 is deposited
in an area-selective ALD process, and mask removal yields high-aspect-ratio nanostructures. (b) TiO2 film thickness on SiO2 and PMMA substrates
as a function of the number of cycles. On SiO2, the TiO2 film thickness increases linearly, whereas a nucleation delay of 50 cycles occurs on PMMA.
The dashed lines indicate the linear regime of the fit. (c) Selectivity of the TiO2 deposition on PMMA as a function of the deposited thickness on
SiO2. The selectivity window is 3.1 nm or 50 cycles. The dashed line serves as a guide to the eye.
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to prevent the PMMA patterns from reflowing. Titanium tetrachloride
and water were used as precursors and pulsed for 0.1 and 3 s,
respectively (Figure S1). The system was purged with nitrogen for 10
s after each precursor pulse. After ALD, samples were immersed in 50
°C hot acetone for PMMA lift-off followed by cleaning with IPA and
O2 plasma for 3 min to remove the residual polymer.
Analytical Methods. The nucleation and selectivity of TiO2 ALD

on PMMA in the first part of this work were analyzed in terms of
TiO2 thicknesses, which were determined by X-ray reflectivity with a
Siemens/Bruker D5000 X-ray diffraction system and a subsequent fit
of the reflectivity (Figure S2). The fit of the linear regime in the plot
of the TiO2 thickness as a function of the number of cycles yields the
growth per cycle (GPC). We use the generally accepted definition of
the selectivity S from the field of area-selective chemical vapor
deposition

S GA NGA

GA NGA

θ θ
θ θ

=
−
+ (1)

where θGA and θNGA are the amounts of the material deposited (i.e., in
terms of film thickness, coverage, etc.) on the growth and no-growth

areas, respectively.16 Infrared (IR) absorption spectra were recorded
on IR-transparent Si substrates with a Bruker Equinox 55 FTIR
spectrometer equipped with a reflectance-measuring unit and
converted to absorbance. We calculate the differential absorbance
following

A
A A

An n
n n

n
25,

25Δ =
−

+
+

(2)

where An is the absorbance of the sample with n cycles of TiO2
(Figure S4). The combination of PMMA patterning, area-selective
ALD, and PMMA lift-off results in TiO2 patterns on SiO2. The
topography of these TiO2 patterns prepared by AS-ALD was analyzed
with an AIST-NT SmartSPM 1000 AFM in a noncontact tapping
mode to prevent sample damage. The GPC in the AS-ALD process on
patterned substrates was calculated from the TiO2 edge height as
measured by AFM and the number of cycles. We define the area ratio
(AR) as

A
A

AR NGA

GA
=

(3)

Figure 2. FTIR, topography, and growth per cycle (GPC) in area-selective ALD. (a) Infrared differential absorbance spectra of TiO2 films grown
on PMMA. The disappearance of the characteristic CH3 and CO vibrations near 3000 and 1720 cm−1 indicates the nucleophilic attack of H2O
on the CO group of PMMA catalyzed by TiCl4. (b) GPC of TiO2 in AS-ALD on (un-)patterned substrates. The GPC on patterned substrates
increases significantly when the number of cycles is beyond the selectivity window. (c) Topography of TiO2 on PMMA as a function of the number
of cycles. TiO2 islands appear on the surface at 75 cycles and form a complete film at 100 cycles. The scale bar is 200 nm. (d) The roughness of
TiO2 on PMMA as a function of the number of cycles increases likewise.
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where AGA and ANGA are the absolute areas of the growth and no-
growth areas, respectively.
Kinetic Monte-Carlo Methods. All molecular dynamics

calculations were performed using a kinetic Monte-Carlo (KMC)
approach. The model derives from a Markov-chain approach and
considers particle collision and occupied sites. Input parameters are
lattice dimensions, iteration time, number of precursor molecules,
size, the proportion of different diffusion areas, and the ratio of
different diffusion velocities.

■ RESULTS AND DISCUSSION
Selectivity of TiO2 ALD on PMMA. The selectivity of

TiO2 on PMMA determines the potential applications of the
AS-ALD process, as each application requires different film
thicknesses or the number of cycles. Therefore, we study the
nucleation delay of TiO2 on PMMA. Figure 1b shows the TiO2
film thickness as a function of the number of ALD cycles. We
observe a nucleation delay of 50 cycles on PMMA. The TiO2
film thickness is negligible in the transient regime,17 and linear
growth with a growth per cycle (GPC) of 0.54 Å cycle−1 sets in
after 50 cycles. In contrast, no nucleation delay occurs on SiO2,
where the growth is linear over the whole range with an
average GPC of 0.57 Å cycle−1. We use the generally accepted
definition of the selectivity S from the field of area-selective
chemical vapor deposition (eq 1).16 Figure 1c shows the
accordingly calculated selectivity of the TiO2 ALD process on
PMMA. The selectivity is 1 for up to 50 cycles (3.1 nm),
decreases rapidly thereafter, and eventually, deposition occurs
on both surfaces. These results indicate that the difference in
nucleation delays on the two surfaces causes AS-ALD of TiO2.
The selectivity window is 50 cycles or 3.1 nm of TiO2 on SiO2.
The absolute size of the selectivity window is not readily
comparable as it depends, among others, on the chemical
process reaction, surface chemistry of the substrate, and the
deposition parameters. Nevertheless, similar sizes in terms of
thicknesses and number of ALD cycles have been observed for
dielectric-on-dielectric5,14,18,19 and metal-on-dielectric8,11 pro-
cesses.
The specific surface chemistry of SiO2 and PMMA explains

the microscopic nature of the selectivity window in the ALD
process as they feature different surface groups with distinct
reactivities. SiO2 is primarily −OH-terminated and TiCl4 reacts
readily in the first self-limiting half-reaction

Si OH TiCl Si O TiCl H O4 3 2− * + → − − * + (4)

where the asterisks denote the surface species. In contrast,
PMMA features methyl ester as a functional group bond to its
backbone but no −OH groups. The ALD surface chemistry is
more complex with several possible reaction mechanisms: (1)
precursor molecules can infiltrate the polymer and participate
in surface−interface reactions, (2) permeate to interstitial
spaces and react with the second precursor, or (3) react with
other functional groups.20

Previous works on the ALD deposition of Al2O3 and TiO2
on PMMA have found indications for surface−interface
reactions,21 subsurface diffusion,22,23 reaction with the
polymer,23,24 or full growth inhibition.6 It is critical to
understand the prevalent mechanism to be able to enhance
the selectivity of the TiO2 on PMMA during the AS-ALD
process. Choosing an appropriate, sufficiently thick polymer
film suppresses surface−interface reactions by preventing
precursors from reaching the interface.25 Also, prolonging the
purge steps removes adsorbed and diffused precursors and

decreases the subsurface diffusion.23 Although we use 300 nm
thick PMMA films and relatively long purge times, we detected
Ti species on the surface of PMMA in X-ray photoelectron
spectroscopy (XPS, Figure S3). This indicates that a reaction
of TiCl4 with PMMA is the prevalent mechanism for the loss
of selectivity. It has been suspected early on that TiCl4 may be
complexed by the carbonyl group in PMMA.25 Indeed, it is
well known that hard Lewis acids can easily be coordinated by
carbonyl compounds.26,27 We perform infrared spectroscopy to
identify the chemical mechanism for the loss of selectivity on
PMMA (Figure 2a), and calculate the differential absorbance
to visualize small changes in absorbance (Figure S4). The
PMMA film before AS-ALD shows characteristic peaks
attributed to the CH3 asymmetric and symmetric stretching
at 3000 and 2950 cm−1, and the CO ester and carbonyl
stretching features at 1720 and 1260 cm−1, respectively. After
25 cycles of alternating TiCl4 and H2O pulses, the peak
intensity of the CO ester stretching feature at 1720 cm−1

decreases significantly indicating the reaction between TiCl4
and PMMA. The peak intensities of the CH3 stretching
features at 3000 and 2950 cm−1 decrease likewise but less
pronounced. Furthermore, a mode appears near 1400 cm−1

that belongs to the lattice vibration of TiO2 (Ti−O−Ti
stretching).28 The reaction of TiCl4 with the PMMA surface
can be separated into two different mechanisms. The adsorbed
TiCl4 acts catalytically like a Lewis acid activating the ester
group to favor the nucleophilic attack of H2O on the CO
carbon, yielding HO−CH3 and the carboxylic acid.

COOCH H O COOH HOCH3 2 3* + → * + (5)

Here, the asterisks denote the surface species. The mass effect
of the water pulse is the main driving force of the reaction.
Consequently, the growth is zero in this phase as TiCl4 acts as
a catalyst (cf. selectivity window, Figure 1b). Second, the
reaction proceeds with the same mechanism displayed on SiO2
once the hydroxyl on the carboxylic acid has formed

COOH TiCl COO TiCl HCl4 3* + → − * + (6)

i.e., TiO2 grows on PMMA similar to SiO2 explaining the
identical GPC (Figure 1b).
One important feature of PMMA is that the carbonyl group

is not located in the backbone of the polymer. Thus, the chain
will not dissociate when reacting with TiCl4, making it a robust
choice for area deactivation in the AS-ALD processes. The
appearance of an additional TiClx species on PMMA in XPS
supports this interpretation (Figure S3).

Surface Diffusion in Area-Selective ALD. The complex
surface chemistry in AS-ALD on polymers yields very different
results compared to inorganic substrates. Typically, the
topography of the thin film changes,19 effects like swelling of
the polymer29 or delamination of the thin film occur,30 and the
GPC can change upon patterning.31 These issues make a
precise process control challenging and underline the need for
a systematic understanding of the fundamental processes.
Therefore, we study the topography and GPC to facilitate the
control of the AS-ALD process.
We measured the topography of TiO2 on PMMA as a

function of the number of cycles to examine the formation of
TiO2 during the area-selective process (Figure 2c,d). The
surface of PMMA is smooth, virtually free of defects, and the
roughness is low (330−360 pm) as long as the number of
cycles is within the selectivity window (0−50 cycles). The
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surface structure starts to change once the number of cycles
reaches the end of the selectivity window. Beyond the
selectivity window, the sample surface appears slightly granular,
and the roughness increases, e.g., to 440 pm at 75 cycles. The
small grains indicate island growth of TiO2 on PMMA.
Eventually, the sample surface becomes clearly granular as the
grains grow in size and begin to form a complete film (100
cycles). Here, the PMMA roughness increases to 480 pm,
which is nearly double that of TiO2 grown on SiO2 (280 pm,
cf. Figure S5). The topography of the thickest TiO2 film
appears globular with small grains. These results are a
consequence of the nucleation mechanism of TiO2 on
PMMA. During the first 50 cycles, carboxylic acid forms
under the catalytic activity of TiCl4 and no apparent growth of
TiO2 on PMMA occurs. Beyond the selectivity window, the
carboxylic acid presents a reactive site for nucleation and the
small grains indicate the onset of TiO2 crystallization. The
formation of small grains and their density correlate with the
film crystallinity.32 Similar surface features occur for Al2O3
(grown from trimethylaluminum and water) and TiO2 (grown
from titanium tetrachloride and water) on other polymer
surfaces.19

One major potential application of AS-ALD is the self-
aligned fabrication of prepatterned and preprocessed devices. A
reasonable target film thickness in these applications is 10
nm.33 However, typical selectivity windows in AS-ALD are
lower.5,8,11,14,18,19 Growing thin films significantly beyond the
selectivity window results in unusable structures, e.g., a
comparatively rough film forms on the prepatterned surface
making a lift-off virtually impossible. Therefore, it is interesting
to study the influence of the patterning step on the final thin
film structure, especially when the film thickness is beyond the

selectivity window. We prepared a series of different-sized
PMMA patterns on SiO2 (Figure S6), deposited 50 and 100
cycles of TiCl4/H2O (i.e., within and beyond the selectivity
window) on the patterned substrates, followed by the lift-off of
PMMA. We examined the resulting TiO2 patterns on SiO2
under an AFM and determined the GPC from the topography.
We define the area ratio (AR) as the ratio of the no-growth to
the growth area to generalize the discussion of the widths of
the growth and no-growth areas (Figure S6). We find that the
GPC strongly increases upon patterning (Figure 2b) and is
approximately independent of the area ratio in the investigated
range (Figure S7). The GPC on unpatterned substrates (bare
SiO2), which has been determined by XXR, is 0.63 Å cycle−1

and independent of the number of cycles. The difference to the
results from Figure 1b is based on the fit of all GPC values vs.
individual GPC calculations. Unexpectedly, the GPC depends
on the number of cycles on patterned substrates. It is 0.63 Å
cycle−1 when the number of cycles is 50 (black dots) and
increases by 1/3 to 0.83 Å cycle−1 when the number of cycles
is 100 (red dots). This observation is highly remarkable as the
GPC should be independent of the number of cycles in an
ALD process operating with saturation characteristics.
Commonly, the GPC saturates because of steric hindrance of
the ligands or the number of reactive surface sites.34 In the
latter case, when the growth is substrate-inhibited, the GPC is
low in the beginning before settling to a constant value. This
has been observed in the selective deposition of metallic
platinum and ruthenium dots on silicon: the GPC decreases on
patterned substrates, which is typically attributed to the
polymer residue on the substrate.31 However, this explanation
does not hold here as the GPC increases on patterned
substrates. Another possible process to be considered is the

Figure 3. Surface diffusion control in area-selective ALD. (a) AFM image of a flat TiO2 and SiO2 nanostructure showing accumulation at the edges
of the growth and no-growth areas, and the corresponding height profile. (b) Particle distribution from the kinetic Monte-Carlo model. (c) AFM
image of a TiO2 strap on SiO2 after 100 cycles with short purge times (10/10 s TiCl4/H2O) showing accumulation at the edges and corresponding
height profile. (d) AFM image of a TiO2 strap on SiO2 after 100 cycles with long purge times (60/90 s TiCl4/H2O) and corresponding height
profile. The scale bar is 1.5 μm.
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surface diffusion of species as the chemical nature of the
PMMA and SiO2 substrates are different.35,36

We analyze the topography of the patterns to gain further
insight into the growth mechanism reported here. ALD
processes operating with saturation characteristics typically
yield large degrees of uniformity. Deviations in the form of
gradients may indicate diffusion processes36,37 and explain the
increase in GPC. We etched an 8.9 nm deep trench in SiO2
and deposited 100 cycles of TiCl4/H2O to fill the trench. The
AFM image of the resulting structure reveals a flat geometry,
i.e., a filled trench, with sharp spikes of up to 17 nm running
vertically along the interface of the growth and no-growth areas
(Figure 3a). Additionally, small grains appear on the surface.
The species seem to propagate from the no-growth area
toward the growth area and pile up at the interface. To analyze
the particle distribution in AS-ALD processes, we employ a
kinetic Monte-Carlo model of the surface diffusion of particles.
The model assumes a uniform particle distribution in the
growth and no-growth areas and allows the particles to diffuse
until the distribution is in a steady state. The final particle
distribution from the kinetic Monte-Carlo model strongly
resembles the topography of the patterned samples (Figure
3b). A large number of particles accumulate in the growth area,
while only a small number of particles remain in the no-growth
area where they form small islands. The accumulation occurs
preferably at the interface of the growth to the no-growth area,
where the distribution exhibits localized spikes in agreement
with the experimental findings. The accumulation of particles
in the growth area explains the strongly increased GPC on
patterned substrates and the accumulation at the edges.
Particles diffuse from the no-growth area toward the growth
area where they remain near the edges producing sharp spikes.
The remaining particles in the no-growth area act as nucleation
centers in the following cycles contributing to a decrease of
selectivity. We further examine the influence of the model
parameters on the final particle distribution and find that an
increase in the number of iteration steps leads to more particles
in the growth area (Figure S8). As the kinetic Monte-Carlo
model reproduces the experimental observations, we conclude
particle diffusion to be the origin of the increased GPC and
accumulation at the interface.
A discussion of the nature of the diffusing particle is

essential, as it is not obvious from an ALD process operating
with saturation characteristics. In the static model, the first
precursor chemisorbs at the surface in the first half-reaction
and then reacts with the second precursor in the second half-
reaction forming the product. All participating species
chemisorb at the surface and thus are immobile. In reality,
the first precursor may physisorb and diffuse on the substrate
during the first half-cycle, and the product may diffuse during
the second half-cycle. However, an exact differentiation of the
diffusing species still remains difficult.35

Control of Surface Diffusion and Selectivity in Area-
Selective ALD. One important issue in the application of AS-
ALD for the self-aligned fabrication of integrated circuits is the
size of the selectivity window. To date, no clear target
thickness has been defined4 but 10 nm appears to be
reasonable.33 Further, our results indicate that species bond
only weakly to the substrate at the beginning of the ALD
process. Consequently, we examine the variation of the
precursor purge times as a route to control the surface
diffusion of species and improve the process toward larger
selectivity. We choose 100 cycles, which is outside of the

inherent selectivity window of the ALD process, and vary the
purge times from short (10/10 s TiCl4/H2O) to long (60/90
s). Short purge times lead to surface diffusion of weakly
bonded species, which results in an accumulation at the growth
to the no-growth interface (Figure 3c). The AFM image
reveals a vertical strap of TiO2 on SiO2. The strap is 1.5 μm
wide and exhibits a layered topography, which is evident from
the brighter areas. The base of the strap is 8.4 nm thick and
sharp spikes of up to 22 nm appear at the edges (Figure 3c).
Uniform planes of larger thickness seem to propagate from
these edges. One remarkable feature of those structures is the
high aspect ratio of the accumulation. Fabrication of such
structures in modern integrated circuits like the fins in FinFET
devices requires many processing steps. Exploiting the surface
diffusion in area-selective ALD enables the facile fabrication of
high-aspect-ratio nanostructures. Long purge times result in a
significantly extended selectivity window (Figure 3d). The
TiO2 strap is 7.6 nm thick and exhibits few defects and no
accumulation at the growth to the no-growth interface. The
film thickness and GPC are slightly reduced by prolonging the
purge times due to reduced surface diffusion, but still
significantly boosted compared to the unpatterned substrate
(Figure 2b). This means that surface diffusion of species
occurs, and the purge gas removes weakly bonded species on
the surface such as physisorbed precursor or product
molecules. An extension of the precursor purge times improves
the selectivity of the AS-ALD process.

■ CONCLUSIONS
In conclusion, surface modifications of the substrate strongly
manipulate the surface diffusion of species in area-selective
deposition. The area-selective atomic layer deposition of TiO2
on poly(methyl methacrylate) (PMMA) and SiO2 yields
localized nanostructures with tailored aspect ratios. Controlling
surface diffusion enables such nanostructures as it facilitates
the growth rate at the interface of the growth and no-growth
areas. This straightforward strategy may enable new self-
aligned fabrication schemes in area-selective deposition.
Substrates can be designed to control the surface diffusion
and thus deposition. Further, surface modifications accelerate
the growth in the entire growth area by 1/3 as species diffuse
from the no-growth to the growth areas contradicting a
commonly assumed static ALD model. The inherent selectivity
of the process of 50 cycles or 3.1 nm is limited by the catalytic
activity of TiCl4 during the formation of the carboxylic acid on
PMMA. Prolonging the purge times allows the preparation of
microstructures with film thicknesses well beyond the inherent
selectivity of these process parameters by removing weakly
adsorbed species and prolonging the diffusion time. This
allows improving the selectivity toward high selectivity
processes. Future work should explore the new opportunities
that arise from controlling the surface diffusion of species in
AS-ALD.
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materials can be understood as cut-outs 
across different crystallographic direc-
tions of the parent perovskite AMX3 (A = 
small organic or inorganic cation like Cs+ 
or CH3NH3

+; M = divalent metal like Pb2+ 
or Sn2+; X = Cl, Br or I). This is achieved 
by using larger organic cations like pri-
mary alkyl- or aryl ammonium ions.[2] The 
resulting 2D structure can be considered 
an ideal quantum well of one inorganic 
layer confined by two organic barriers. The 
optical properties of such quantum wells 
can be tuned by varying the thickness of 
the inorganic layer,[3] and the freedom in 
combining the inorganic and organic com-
ponents of the material offers a rich chem-
ical, structural, and optical tunability.[4] 
These materials pave the way to the design 
of 2D materials as the building blocks can 
be chosen deliberately. Established 2D 
materials provide an excellent platform for 

fundamental research and applications including fundamental 
physical phenomena such as polaritons,[5] superconductivity,[6] 
and charge-density waves[7] as well as applications such as water 
purification,[8] light-emitting diodes,[9] photovoltaics,[10] and 
sensing.[11] This wide range inherently infers that combinations 
of layered perovskites and 2D materials will provide advanced 
multi-functional structures combining many properties.

Low-dimensional organic–inorganic perovskites synergize the virtues of two 
unique classes of materials featuring intriguing possibilities for next-genera-
tion optoelectronics: they offer tailorable building blocks for atomically thin, 
layered materials while providing the enhanced light-harvesting and emitting 
capabilities of hybrid perovskites. This work goes beyond the paradigm that 
atomically thin materials require in-plane covalent bonding and reports single 
layers of the 1D organic–inorganic perovskite [C7H10N]3[BiCl5]Cl. Its unique 
1D–2D structure enables single layers and the formation of self-trapped 
excitons, which show white-light emission. The thickness dependence of the 
exciton self-trapping causes an extremely strong shift of the emission energy. 
Thus, such 2D perovskites demonstrate that already 1D covalent interac-
tions suffice to realize atomically thin materials and provide access to unique 
exciton physics. These findings enable a much more general construction 
principle for tailoring and identifying 2D materials that are no longer limited 
to covalently bonded 2D sheets.

© 2021 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which  
permits use and distribution in any medium, provided the original work 
is properly cited, the use is non-commercial and no modifications or 
adaptations are made.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202100518.

1. Introduction

Layered organic–inorganic perovskites offer considerable poten-
tial for solar cells and other optoelectronic devices as they retain 
the high-performing properties of 3D halide perovskites with 
high power conversion efficiency and improved long-term and 
environmental device stability.[1] Conceptually, these layered 
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More recent additions to the family of 2D materials include 
layered 2D perovskites.[12–15] In principle, any layered material 
with only weak van der Waals forces acting between its compar-
atively strongly bound layers can be exfoliated.[16] The limiting 
factors and problems in the investigation of free-standing single 
layers of such layered 2D perovskites have been manifold:  
1) Early reports suggested that the quantum well is effectively 
isolated by the organic layers,[17] which means that the prop-
erties of the single layer and bulk crystal should be the same. 
Further, 2) strong in-plane interactions in only two dimensions, 
typically realized by covalent bonds, were deemed mandatory 
for the formation of free-standing single layers. Even further, 
(3) the technical difficulty of separating and analyzing indi-
vidual layers has led to only few reports.[13]

Going beyond the state-of-the-art, we successfully combine 
the concepts of layered perovskites and atomically thin mate-
rials to establish a to date inaccessible class of hybrid mate-
rials with unique exciton physics, namely self-trapping in low-
dimensional materials. We present [C7H10N]3[BiCl5]Cl (BBC), 
as a principle example of single crystalline organic–inorganic 
hybrid materials that feature only 1D, wire-like covalent interac-
tions within their layers. This surpasses the conventional para-
digm of in-plane covalent bonds being mandatory for atomically 
thin 2D materials. We find ultrathin crystals of excellent quality 
with spectrally broadband, white-light emission across the vis-
ible spectrum originating from self-trapped excitons (STEs). 
Ultrathin sheets reveal an extremely strong shift of the emis-
sion energies due to the thickness dependence of the exciton 
self-trapping. This suggests that single-crystalline compounds 
featuring lamellar supramolecular motifs can be understood as 

2D materials, leading towards a general construction principle 
for identifying and creating tailored functional 2D materials 
even when no 2D covalent interactions are present within the 
individual layers.

2. Results and Discussion

2.1. Synthesis and Structural Characterization of BBC

An illustration of the concept of BBC shows the main interac-
tions in the material (Figure 1a). The strong ionic and supramo-
lecular interactions in the inorganic layer and the weak van der 
Waals interactions between individual layers corroborate the 2D 
nature of the compound. The reaction of benzylamine with a 
solution of Bi2O3 in concentrated hydrochloric acid yields large, 
colorless plates of BBC (Figure 1b). Most plates are rectangular 
in shape with truncated ends, reflecting the mechanically brittle 
structure. The product yield of this straight-forward synthesis 
was 52%. We have confirmed the single-crystal structure and 
high crystallinity of BBC by X-ray diffraction measurements 
(Figure  S2, Supporting Information). BBC crystallizes in the 
P21/c space group of the monoclinic crystal system, and exhibits 
a preferred orientation along the (100) direction, which reflects 
the layered structure and plate habit. The out-of-plane spacing 
between two layers is 1.7 nm. The lattice parameters are sum-
marized in the Supporting Information (Table   S1, Supporting 
Information). The crystal structure shows the hybrid nature of 
the compound (Figure 1c). Benzylammonium (BzA) cations are 
arranged in flat layers, with CH···π interactions between the 
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Figure 1.  Concept, crystal structure, and derivation of BBC. a) Illustration of the layered structure of BBC with strong ionic and supramolecular interac-
tions in the inorganic layer, and weak van der Waals interactions between individual layers. b) Photograph of large, colorless BBC crystals. c) Layered 
crystal structure of BBC with Cl atoms in green, C atoms in grey, and H atoms omitted for clarity. d) Individual layers are assembled from 1D chloro-
bismuthate chains. e) Schematic derivation of BBC as a cut-out of the perovskite aristotype.
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benzene rings. This enforces the equally flat arrangement of 
the [BiCl5]2– chloro-bismuthate chains, resulting in an overall 
lamellar structure. Additional chloride ions are found above 
and below the metalate-ion-plane, completing the compound’s 
charge balance. The crystal structure can be viewed as a bulk 
arrangement of 1D quantum wires with the inorganic BzA cat-
ions surrounding individual chloro-bismuthate chains that are 
based on corner-sharing octahedral BiCl6 units (Figure 1d). The 
motif in BBC is reminiscent of 2D lead-halide perovskites such 
as (BzA)2[PbCl4][18] and conceptually derived from the cubic 
perovskite aristotype (Figure  1e). Within the cubic perovskite, 
each cation A is replaced by two larger organic cations A′ such 
as BzA and an additional halide ion X– for overall charge bal-
ance. This way, <100>-oriented  layered perovskites of compo-
sition A′2MX4 are derived. Next, a third of the metal atoms in 
each of the <100>  layers is removed, and the charge on each 
metal is increased from 2+ to 3+ to maintain charge neutrality. 
The result is a vacancy-ordered <100>  perovskite with cis-con-
nected MX5 chains and additional halide ions completing each 
individual layer. BBC is the first ordered example of a group 15 
hybrid organic–inorganic halogenido metalate that is described 
as a vacancy-ordered 2D perovskite of the <100> family.[2,19] Only 
one singular, yet intrinsically disordered example of a hybrid 
iodido bismuthate of this family exists to date: (H2AEQT)M2/3I4 
(M = Bi or Sb; AEQT = 5,5′′′-bis-(aminoethyl)-2,2′:5′,2′′:5′′,2′′′-
quaterthiophene);[20] it features statistically disordered vacan-
cies at all metal positions and the use of a diammonium cation 
prevents exfoliation in this case.

2.2. Electronic Band Structure and Exfoliation of BBC

The conventional belief that 2D covalent interactions are an 
essential prerequisite for stable 2D materials suggests that the 
mechanical exfoliation should not be possible for BBC.[12] We 
investigate the mechanical exfoliation process of BBC despite 
this paradigm. Microscopic modeling evaluates its ability 
for exfoliation, any possible cleavage plane(s), and compares 
BBC to well-established 2D materials (Figure S4, Supporting 
Information). The required energy for expansions of the unit 
cell along the three crystallographic axes indicates the solute 
binding of BBC along the a-axis and determines the cleavage 
plane to the b-c-plane of the crystal. The calculated crystal struc-
ture of the single layer shows only a slight rearrangement of 
the organic molecules as the unit cell is expanded along the 
a-axis. This predicts excellent preservation of the individual 
sheets upon exfoliation.

The density functional theory (DFT) calculations also allow 
insight into the electronic properties of BBC. The density of 
states calculated by using the HSE06 hybrid functional yields 
a band-gap energy of 3.62  eV (Figure 2a), which increases 
to 3.67  eV when the thickness is reduced to a single layer 
(Figure  2b). The corresponding band structures show very 
narrow bandwidths and direct gaps located at the  Γ-point 
(Figure S5a,b, Supporting Information). The flat bands indicate 
that the electronic states are highly localized. Only the conduc-
tion band (CB) shows some dispersion around the Γ-point indi-
cating delocalization along the wires. The charge-density map 
of the CB confirms that the states are confined to the [BiCl5]2– 

anions (Figure  2c), and mainly contributed by the Bi and Cl 
orbitals in the calculated density of states (Figure S5d,e, Sup-
porting Information). The localization of the valence band (VB) 
slightly increases from the bulk crystal to the single layer. In the 
bulk crystal, the bands are formed by hybridization of C orbitals 
from the BzA cations with Cl orbitals from the [BiCl5]2– anions 
as suggested by the charge-density map of the VB (Figure S5d, 
Supporting Information). In the single layer, the C orbitals 
shift to lower energies leaving the exclusive contribution by Cl 
orbitals and consequent localization to the [BiCl5]2– anions. We 
find no indication for lattice distortion. These results indicate 
strong charge localization in the inorganic chains of BBC with 
neglectable interchain coupling, especially in the single layer. 
Therefore, upon photoexcitation each chloro-bismuthate chain 
can act as an efficient 1D luminescence center by trapping of 
excitons.

We have verified the existence of free-standing single layers 
of BBC by mechanically exfoliating single crystals yielding 
ultrathin sheets down to the single layer. The procedure is sim-
ilar to the technique that is successfully applied to common van 
der Waals materials. Typical ultrathin BBC sheets on SiO2/Si 
substrates exhibit lateral dimensions of a few micrometers—
similar to other 2D materials (Figure  2d). Various samples of 
only a few unit cell thicknesses have been realized this way 
featuring reduced lateral dimensions (less than 1  µm). The 
structure appears mechanically brittle. The comparison of the 
expansion energies of the 2D sheets of BBC and common 2D 
materials like graphene and molybdenum disulfide (MoS2) 
reveals that significantly less energy is required to expand 
the 2D sheet of BBC explaining our observations (Figure S4, 
Supporting Information). The ultrathin sheets are reasonably 
stable in air—at least on the order of days—and long-term 
stable in inert atmospheres like Ar and in vacuum, where they 
sustain repeated thermal cycling to cryogenic temperatures 
without damage. Degradation after 15 weeks of storage under 
ambient conditions becomes apparent by a reduced thickness 
and a deterioration of the surface topography (Figure S6, Sup-
porting Information), and is likely caused by hydrolysis.[21] 
Optical bright-field microscopy and atomic force microscopy 
of ultrathin sheets reveal smooth and uniform surfaces high-
lighting the good crystal quality (Figure  2e). The thicknesses 
of the sheets range from several hundreds to only a few nano
meter. The thinnest sheets are 3  nm thick (Figure  2f) which 
corresponds to a single layer of BBC as this is significantly less 
than twice the corresponding layer spacing along the a-axis of 
the bulk crystal. Apparently, substrate interactions increase the 
observed thickness of the first attached layer.[12,22]

2.3. Thickness-Dependent Optical Properties of Ultrathin BBC

BBC displays strong, broadband emission across the visible 
spectrum originating from STEs. The absorption spectrum 
(Figure 3a) shows the onset of absorption at 3.3 eV (375 nm), 
and a resonance at 3.5 eV (354 nm), which we identify with the 
fundamental bright exciton resonance. The increased band-gap 
energy compared to 3D perovskites is assigned to the increased 
quantum confinement in the 1D structure. The photolumi-
nescence (PL) of bulk BBC crystals centers at ESTE  = 1.87  eV 
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(663 nm) with a large full width at half maximum (FWHM) of 
0.53 eV (185 nm) making BBC a potential broadband emission 
material. The large Stokes shift of 1.6  eV (466  nm) is among 
the highest values reported for any solid-state light-emitting 
material.[23] Broadband emissions with large Strokes shifts 
are typically associated with STE, that form in materials with 
deformable lattice and localized carriers,[24–26], that is, strong 
electron-phonon coupling and the absence of deep defects 
within the bandgap.[27] An additional, much weaker PL fea-
ture with a comparatively small FWHM appears near 3  eV. 
We attribute this to the free exciton transition (FX), which is 
Stokes-shifted by 0.5 eV due to the strong electron-phonon cou-
pling in the material.

We quantify the electron-phonon coupling by deriving the 
Huang–Rhys factor S from the temperature dependence of the 
PL within a configuration coordinate model (CCM).[25] While 
the peak PL emission energy shifts slightly toward lower ener-
gies with increasing lattice temperature, its bandwidth extends 
considerably with the FWHM increasing from 0.53 to 0.73  eV 
(185 to 260  nm) yielding a large S = 45 with the phonon fre-
quency of the excited state ћΩe = 32  meV (Figure  S7a,b, Sup-
porting Information). From these data, we estimate the exciton 
self-trapping time to τ  = 2π/Ωe  = 129  fs, which indicates the 
ultrafast STE formation. The temperature dependence of the 
absorption yields the phonon frequency of the ground state 
ћΩg  = 19  meV (Figure  S7c, Supporting Information), and the 
lattice-deformation energy Ed  = SћΩg  = 0.86  eV. We confirm 

the absence of deep defects within the bandgap by PL excita-
tion (PLE) spectroscopy of the white-light emission at 1.9  eV 
(Figure 3b). The PLE intensity reveals a strong exciton peak at 
3.4 eV followed by a continuum contribution peaking at 3.7 eV. 
The shape of the exciton peak is similar to low-dimensional 
Wannier-like absorption patterns[28,29] and reflects the low-
dimensional structure of BBC.[4] The energy difference of the 
exciton resonance and the continuum of 0.3  eV yields an esti-
mation of the exciton binding-energy of 10 to 75 meV for mixed-
dimensional confinement.[4] Importantly, the PLE intensity 
decreases to nearly zero below the bandgap, and we observe no 
PLE intensity near 1.9 eV. A comparison of PLE spectra of the 
STE and FX emission reveals identical shapes and features indi-
cating that the white-light emission originates from the same 
excited state (Figure S7e, Supporting Information). Further, the 
PL intensity increases linearly with the excitation power in the 
investigated range (Figure S7f, Supporting Information), indi-
cating that there is neither a threshold for the onset of PL due 
to non-radiative recombination through defects at low excita-
tion powers nor saturation of the absorption at high excitation 
powers or multi-photon absorption. These experimental obser-
vations of strong electron-phonon coupling and absence of any 
indications of strong defect emission confirm the origin of the 
white-light emission as STE rendering BBC a 2D material can-
didate with functionality as white-light source. We measured the 
PL lifetime of the STE state by time-resolved PL (Figure 3c). The 
transient shows a bi-exponential decay after the laser excitation 
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Figure 2.  Electronic band-structure and exfoliation of BBC. a,b) Calculated density of states of bulk and single layer BBC. Bulk and single layer BBC 
exhibit bandgaps of 3.62 and 3.67  eV. The conduction band peaks are aligned to 0 energy for better comparability. c) Conduction band (CB) and 
valence band (VB) associated with charge-density maps of single layer BBC. CB and VB are mainly confined to the inorganic chloro-bismuthate chains. 
d) Typical bright-field microscopy image of mechanically exfoliated ultrathin BBC sheets on a SiO2/Si substrate. e) AFM image of the area highlighted 
by the white rectangle in (c) showing single layers (orange). f) Height profile of a single layer highlighted by the white dashed line in (d). The thickness 
of the single layer is 3 nm.
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with lifetimes of τ1 = 33 ps and τ2 = 710 ps, which are compa-
rable to other few-layered Pb-based 2D perovskites.[12,15]

These experimental findings allow us to establish an energy-
level diagram of BBC based on the CCM (Figure  3d). After 
photoexcitation at or above the exciton absorption resonance 
energy Eg  = 3.4  eV, we find emission at EFX  = 3  eV and an 
ultrafast transfer to the self-trapped state which is calculated to 
129 fs. The observation of a self-trapped state is consistent with 
the deformable lattice of BBC and the absence of a potential 
barrier for the formation of STE in 1D structures as opposed to 
3D systems.[24] The self-trapping energies and the lattice-defor-
mation energies are the differences of the excited-state energies 
and ground-state energy between the STE and FX and amount 
to Est  = 0.27  eV and Ed  = 0.86  eV, respectively. STEs recom-
bine after the PL lifetime of 710  ps with the emission energy 
ESTE = EFX − Eb − Est − Ed = 1.87 eV. The zero-phonon line (ZPL) 
EZPL = ESTE + SћΩe = 3.1 eV from the CCM coincides with the 
narrow PL feature at 3  eV confirming the identification with 
the FX. Importantly, the 1D structure of BBC allows for STE 
formation and the confinement of electrons and holes to the 
inorganic chain renders the STE transition radiative. Thus, 
BBC can be considered as a potential white-light emitter.

We examine the evolution of the characteristic lattice vibra-
tions of the bulk crystal and several ultrathin sheets by resonant 

and non-resonant Raman spectroscopy (Figure S8, Supporting 
Information). The non-resonant Raman spectra are typical 
for 1D structures with an octahedral arrangement of halogen 
atoms with two chlorine bridges linking two adjacent bismuth 
atoms. We attribute the peaks at 284, 249, 237, and 161 cm–1 to 
Bi-Cl stretching vibrations (2A1, B1, E1) and the peaks at 106 
and 80 cm–1 to Ci–Bi–Cl bending vibrations.[30] The intensity 
of the peaks decreases with the sample thickness and eventu-
ally vanishes for ultrathin sheets indicating weak Raman scat-
tering efficiencies. We find that the Raman spectra change sig-
nificantly between resonant and non-resonant excitation. This 
provides corroborating yet more direct experimental evidence 
for self-trapping as we find that optical excitation deforms the 
lattice.

The unique combination of the chain-like 1D structure of 
BBC with the formation of STE and the layered crystal struc-
ture with exfoliation of ultrathin sheets make the investigation 
of the thickness dependence of the STE possible. We measure 
the PL and differential reflectance spectra of ultrathin sheets of 
BBC as a function of the sample thickness (Figure  3e). Bulk 
crystals and ultrathin sheets display spectrally broadband emis-
sion. The emission energy shifts by as much as 0.46  eV to 
higher energies from 1.87 (663 nm) to 2.33 eV (532 nm) as the 
sample thickness reduces, while the FWHM stays constant. The 

Adv. Mater. 2021, 33, 2100518

Figure 3.  Thickness-dependent optical properties of self-trapped excitons in BBC. a) Absorption and photoluminescence (PL) of a bulk crystal as a func-
tion of temperature. PL spectra exhibit white-light emission across the visible spectrum from self-trapped excitons (STE) and a narrow emission from 
free excitons (FX). b) Photoluminescence excitation and PL spectra of a bulk crystal showing no defect-related emission. c) Time-resolved PL of the STE 
emission near 1.9 eV of a bulk crystal showing a luminescence lifetime of 710 ps. d) Configuration coordinate diagram of the STE and FX formation in 
BBC. The arrows represent lattice relaxations and optical transitions. e) Thickness-dependent PL and differential reflectance spectra of ultrathin BBC. 
The STE emission shifts to higher energies by 0.46 eV when the thickness decreases, whereas the bandgap only shifts by 0.04 eV.
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occurrence and the magnitude of the shift are highly remark-
able as the latter is at least one order of magnitude larger than 
that found for FX-related PL in 2D hybrid perovskites.[12,13,31] 
This presumably represents the first observation of a thickness-
dependent shift of the STE emission in a perovskite material. 
We identify its origin from the variation of the differential 
reflectance: the band-gap energy shifts only slightly to higher 
energies by 0.04  eV from 3.50 (354  nm) to 3.54  eV (350  nm) 
in stark contrast to the STE PL energy. This is consistent with 
the results from our DFT calculations that show only a slightly 
increased carrier localization in the single layer (Figure 2 and 
Figure S5, Supporting Information) compared to the bulk. The 
Stokes shift, which is the sum of the exciton binding-energy, 
self-trapping energy, and lattice-deformation energy, reduces 
from 1.63 eV in the bulk crystal to 1.21 eV in the ultrathin sheet. 
We exclude increased quantum confinement and reduced 
dielectric screening in the ultrathin sheets as the origin of 
the STE PL shift as the bandgap is almost independent of the 
sample thickness in our experiments, and the exciton binding-
energy was found to be independent of the sample thickness as 
well.[13,15] Consequently, the large STE PL shift is directly related 
to the thickness dependence of the STE and its vibrational 
coupling. Both, the self-trapping energy and the lattice-defor-
mation energy decrease in ultrathin samples shifting the STE 
emission to higher energies rendering self-trapping of excitons 
weaker in the single-layer limit. The 1D hybrid material BBC 
thus provides an excellent platform for fundamental research 
and promising applications. The thickness dependence of the 
exciton self-trapping down to the single-layer limit is of fun-
damental interest. It may be used to tune the emission color 
by simply changing the crystal or film thickness. We anticipate 
that these results will encourage research on novel 1D hybrid 
materials for next-generation lighting technologies.

3. Conclusion

We successfully combine the concepts of layered perovskites 
and atomically thin materials and establish a new class of 
hybrid materials with unique exciton physics. The existence 
of single layers of BBC contradicts the apparent paradigm that 
atomically thin 2D materials require only 2D covalent inter-
actions. BBC is a vacancy-ordered, layered perovskite of the 
<100>  family and features only 1D, wire-like covalent interac-
tions within its layers. The ionic and supramolecular interac-
tions present in this compound are strong enough to allow for 
mechanical exfoliation of bulk crystals down to single layers. 
We find ultrathin crystals of excellent quality with white-light 
emission across the visible spectrum originating from STE 
that form due to the 1D structure. Ultrathin sheets reveal an 
extremely strong shift of the emission energy due to the thick-
ness dependence of the exciton self-trapping, which allows the 
facile color tuning of white-light emitters by changing the film 
thickness. These findings enable a general construction prin-
ciple for identifying and creating tailored, custom-functional-
ized 2D materials where specific functionalities are introduced 
both in the organic and the inorganic parts of the materials. 
This class of materials enables interface-controlled device inte-
gration of brightly luminescent 1D and 0D hybrid perovskites 

and offers a promising pathway for the non-covalent function-
alization of classical 2D materials through heterostructures.

4. Experimental Section
Synthesis: Bi2O3 (233  mg, 0.5  mmol) was dissolved in 10  mL of 

concentrated hydrochloric acid (37%). A stoichiometric amount of 
benzylamine (0.33  mL, 3  mmol) was added. The solution was stirred 
and heated to reflux for 30 min, then left to cool to room temperature 
undisturbed. [BzA]3[BiCl5]Cl (193 mg, 0.26 mmol, 52%) was obtained as 
large colorless crystals. CHN Data: Anal. Calcd for C21H30BiCl6N3, (M = 
746.16 g mol−1): C, 33.80; H, 4.05; N, 5.63%. Found: C, 33.83; H, 4.06; N, 
5.64%.

Single Crystal X-Ray Data Brief: Monoclinic, space group P21/c  
(no. 14), a  = 17.0182(8)  Å, b  = 7.6205(4)  Å, c  = 22.4391(9)  Å, β  = 
102.638(2)°, V = 2839.6(2) Å3, Z = 4, T = 100 K, R1 = 0.0565 (I > 2σ(I)), 
wR2  = 0.1268 (all data). Additional details on data collection and 
structure refinement can be found in the Supplementary Information. 
CCDC 1952283 contains the supplementary crystallographic data for this 
paper. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Modeling: DFT calculations were performed using projector-
augmented wave potentials and plane-wave basis sets, as implemented 
in the VASP software package. The PBE functional and Tkatchenko–
Scheffler method were used to describe exchange-correlation and 
dispersion interaction, respectively. HSE06 hybrid functional was used 
to calculate the density of states as well as the partial charge densities 
with spin-orbital coupling (SOC) included. In addition, band structure 
calculations were performed by using PBE functional with SOC.

Mechanical Exfoliation and Atomic Force Microscopy: Ultrathin sheets 
of [BzA]3[BiCl5]Cl were produced by exfoliation of bulk single-crystals 
onto Si substrates with a 275  nm-thick wet-thermal oxide layer. Thin 
sheets were identified by optical contrast imaging and confirmed by 
atomic force microscopy (AFM, AIST-NT SmartSPM 1000). Noncontact 
tapping mode was used to avoid sample damage.

Optical Measurements: All optical measurements were conducted 
at cryogenic helium temperatures with the samples in vacuum. For PL 
and µ-PL measurements, samples were excited at 266  nm (4.66  eV). 
The spot diameters and excitation powers were 200  µm, 65  µW, and 
1  µm, 1.4  µW, respectively. Radiation from a combined deuterium 
and tungsten lamp was used for absorption and µ-reflectance 
measurements (spot diameters of 300 and 1 µm, respectively). For PLE 
measurements, samples were excited with 50  fs pulses at a fluence of 
(2200 ± 375) µJ cm–2

. For µ-TRPL measurements, samples were excited 
with 120 fs pulses at 266 nm (1 µm spot diameter, 1.4 µW).

Detailed methods are given in the Supporting Information.
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