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ABSTRACT 

 

The research of cross-linked organic thin films garnered much attention for its many conventional applications 

like organic thin film transistors, purification membranes and so on. However, the synthesis of thin films with 

nanometer scale is very challenging. One of the simple and versatile techniques to prepare nanometer scale cross-linked 

multilayer thin films is solution based molecular layer deposition (MLD). However, to fabricate organic thin films with 

MLD technique need to deal with several parameters: solid surface properties, self-assembled monolayer, monomers 

symmetrical combination, as well as optimized reaction condition. Any of the above mentioned parameters can make 

significance influences of films physical and chemical properties. In this research, I focused a unique monomers 

combination on fabricating thin films with 3D molecular networks.  

In this thesis, synthesis of urea (bonded) cross-linked multilayer thin film was demonstrated by sequential 

deposition of bifunctional 1,3-phenylene diisocyanate (PDI) and tetrafunctional tetrakis(4-aminophenyl)methane 

(TAPM) molecular building blocks over Si/SiO2 surface. Multilayer growth as a function of deposition cycles was 

inspected using UV-vis absorption spectroscopy. From infrared spectroscopy results, three characteristic infrared bands 

confirmed the formation of polyurea networks. X-ray photoelectron studies also unveiled the formation of polyurea 

networks. From X-ray reflectivity (XRR) density investigation, constant mass density was not observed with a number 

of deposition cycles. This difference in packing density might derive from the different degrees of cross-linking among 

layers proximate to the substrate surface and extending away from the substrate surface. Moreover, grazing incidence 

small-angle X-ray scattering (GI-SAXS) studies demonstrated the improvement of structural ordering with deposition 

cycles or film thickness.  

However, by changing Si substrate surface characteristic by chemical etching and followed by oxygen plasma 

activation, a significant variation was observed in polyurea films mass density property, even though films show 

non-linear mass density behavior. This may happen due to the formation of the dense packed amine-terminate 

self-assembled monolayer (SAM), which is formed prior to the layer deposition. This dense packed self-assembled 

monolayer, reduced the initial or buffer layers packing density by forming a significant number of double reactions 

between surface attached amine groups and initial deposited 1,3-phenylene diisocyanate (PDI) monomer.  However, 

film mass density is successively increased with layers deposition. This phenomenon resulted due to the presence of 

multi-functional TAPM monomer, which can laterally extend the molecular networks using multiple reactive sites. This 

result suggests not only the degree of cross-linking but also particular monomer combination is responsible for getting 

variable density property in multilayer thin films.      

 

Keywords: Polyurea, Covalent linkage, Self-assembled monolayer, Layer-by-Layer, Mass density 
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General Introduction 

 

1.1 THIN FILMS: WHY? 

With the development of civilization, the research of thin films is continuously 

progressing being used for the creation and development of radical devices or 

technologies to meet the challenge a wide range of applications in physics, chemistry, 

biology and medical science. Thin films deposited was carried out on different substrate 

materials including conducting metals, semiconductors, glass and porous polymers 

based on the demand of particular application.  Furthermore, the chemical and physical 

properties of the thin film can be enriched and tailored by specific optimization of film 

growth technology and deposition material as well as the substrate materials. The 

physiochemical properties of a thin film which are based on surface/interface 

interactions among substrate or base material and the deposition materials show 

enhanced functionalities and properties compare to the corresponding bulk 

materials. This surface/interface interaction able to tailored the surface properties such 

as energy, polarity, charge, as well as roughness, morphology, topology etc. These 

tailored properties or functionalities have been acknowledged to determine a significant 

impact in a wide range of research fields such as biomaterials, energy, electronic, optics, 
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and biological and chemical sensors.
1-4

  

Thin films have a significant advantage over bulk materials. The processability 

for devices application is regarding the main barrier for bulk materials. In addition, thin 

films offered enhancement of device performances over bulk materials for its structural 

diversity and orientation.
5-6

 

1.2 RESEARCH TO DESIGN FUNCTIONAL THIN FILMS 

During the past few decades, there has been enormous interest to fabricate solid 

support functional thin films with tunable chemical compositions and enhanced 

structural properties. The specific control of the properties of the substrate surface and 

deposited materials (e.g. organic and/or inorganic), demonstrated a dynamic role in the 

creation of nanostructured and nanocomposite functional assembly for biological, 

chemical, engineering and biotechnology applications. There are plenty of researches 

have been done to design functional thin films including techniques, Langmuir-Blodgett 

(LB),
7-10

 polymer grafting,
11-12

 chemical vapor depsoition
13-15

 and others.
16-17 

However, 

all these processes more or less biased with limitations, in term of expensive and 

specialized instrumentations. Moreover, the concern regarding the variation of deposited 

materials on the substrate surface as well as the stability and robustness of the fabricated 

nanostructured materials under open atmospheric conditions. Therefore, significant 
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efforts have been done to investigating a modest, inexpensive and flexible technique for 

fabricating thin films with numerous functionalities on practically any kind of the 

substrate surface as well as usage in unprecedented number and variation of deposition 

materials.   

In this concern, a promising method has been developed by the alternating 

deposition of interacting species, namely, layer-by-layer (LbL) technique, which is an 

easy, reproducible, efficient, cost effective and versatile technique to fabricate 

functional multilayer thin films and nanocomposites.
4,18

 LbL assembly formed by  

electrostatic
19-24

 or nonelectrostatic interactions, i.e., hydrophobic interaction,
25-26

 

hydrogen bonding,
27-28

 covalent and coordination interaction,
29-33

 and others 

interaction.
34-36

 In addition, multilayer thin films using LbL assembly technique can be 

performed on a variety of substrates materials of various shapes and sizes, for example, 

planar, colloidal, porous, cylindrical structures etc. Moreover, this LbL technique 

permits the incorporation of a wide range of materials such as polymers, carbon 

nanotubes, peptides, metal oxide, clays, dyes, as well as biological components 

including proteins, nucleic acids, enzymes and viruses into the multilayer assemblies to 

introduce new functionalities and proficiencies.
4,18

 Figure 1.1 shows the conceptual 
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drawing of conventional layer-by-layer dipping cycles for polyelectrolyte thin film 

synthesis. 

 

 

 

 

 

 

 

Figure 1.1. Conceptual drawing of polyelectrolyte multilayer thin film in layer-by-layer 

technique. 

Even though those above discussed LbL processes showed better efficiencies to 

fabricate functional multilayer thin films. To achieve the well-controlled films 

composition, conformation, structure, smooth film morphology as well as precisely 

controlled of films thickness at atomic or molecular scale, relatively new developed 

multilayer growth techniques; vapor based LbL growth methods known as atomic layer 

deposition (ALD)
37-42

 and molecular layer deposition (MLD)
43-48

 have garnered much 

attention. Both ALD and MLD offers an efficient route to assemble multilayer thin films 
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have emerged for accurate control of film thickness at angstrom to nanoscale level, 

provide multilayer film with densely packed and well-ordered internal structure.
4,18

 In 

atomic layer deposition, atoms are deposited one atomic layer at a time to grow a 

conformal film. In general ALD process has been used to the formation of inorganic 

thin films.
49

 An analogy of the ALD, molecular layer deposition (MLD) provides 

high-quality organic multilayer thin films with self-limiting and surface terminating 

growth onto the substrate. In where a single layer of organic precursors deposited onto 

the substrate surface at a time.
50

 MLD provides as powerful organic nanoscale thin film 

deposition technique and this technique establish a link between nanotechnology and 

polymer coating. In MLD process, an organic precursor interacts with another organic 

precursor which has previously deposited onto the substrate surface. This interaction is 

carried out via the reaction between functionalities of organic precursors based on the 

corresponding polymerization chemistry. After depositing the organic molecular layer 

on the surface, leave new surface functionality for deposition of an upcoming precursor. 

Due to the stepwise polymerization reaction, it is anticipated that the arrangement and 

orientation of the organic precursors tend to have less random distribution than 

interfacial polymerization or bulk polymeric materials. Moreover, as for surface 

terminating growth mechanism, desired chemical and physical properties can be 
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achieved by incorporation of new functionality into MLD films with tailoring the 

backbone of deposited organic precursors. The composition and positions of chemical 

functionalities can be eagerly tuned by appropriate selection of monomers and number 

of deposition cycles.
51

 Schematic illustrations of ALD and MLD are shown in Figure 

1.2 and Figure 1.3, respectively.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic of ALD process (a) Substrate surface has natural 

functionalization or is treated to functionalize the surface. (b) Precursor A is pulsed and 

reacts with surface. (c) Excess precursor and reaction by-products are purged with inert 
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carrier gas. (d) Precursor B is pulsed and reacts with surface. (e) Excess precursor and 

reaction by-products are purged with inert carrier gas. (f) Steps 2–5 are repeated until 

the desired material thickness is achieved (Adapted from ref. 39). 

 

 

 

 

 

 

Figure 1.3. A cartoon illustrating the vacuum based MLD process using bifunctional 

precursor’s combination (Adapted from ref. 44). 

1.3 ORGANIC THIN FILMS WITH MOLECULAR NETWORKS 

Molecular-scale organic network materials
52

 have become an interesting 

research topic for applications such as molecular storage / separation, delivery, catalyst 

or catalyst support.
53-56

 Polymerization reaction of rigid organic monomers with 

multiple functional groups yields organic molecular networks via the strong covalent 

interaction. In this aspect, covalent organic frameworks (COFs), which have 

demonstrated crystallinity and permanent porosity,
57-61

 would be a most suitable 
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candidate to fabricate organic thin film with molecular networks. However, COFs are 

generally formed in harsh reaction conditions with thermodynamic control of the 

reversible condensation reaction.
60

 In addition, several amorphous organic networks 

such as porous organic polymers (POPs),
62

 porous polymer networks (PPNs),
63

 

hyper-cross linked polymers (HCPs),
64

 polymers of intrinsic microporosity (PIMs)
65

 are 

well-known. Even though those materials have unique structural properties either 

crystalline or amorphous, because of their inherent insoluble and indefeasible behavior 

these networks materials used mainly as gas or liquid adsorbents in their powdery form. 

Moreover, due to the complex or thermal assist synthesis route, direct synthesis of these 

polymeric networks on solid surface is still a great challenge. Therefore, most 

researches of above mentioned polymers confined only in bulk state. 

In contrast, molecular layer deposition provides a systematic route to 

synthesize molecular networks based organic thin films within nanometer-scale 

thickness. This thin film with organic molecular networks synthesis was carried out via 

the cross-linking polymerization reaction using layer-by-layer sequential assembly of 

multifunctional organic molecular building blocks.
66

 MLD thin films with molecular 

networks would provide higher thermal and chemical stability due to the cross-linked 

polymeric networks. This cross-linked phenomenon has been appeared without any 
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post-treatment approach such as thermal treatment, expose to UV radiation or using 

reactive cross-linking agents.  

Though MLD technique was introduced earlier in 1990s, the MLD method 

reported to date has been limited to the surface grafting chain polymerization reaction 

using bi-functional monomers combination under vacuum deposition techniques. 

However, synthesis of molecular networks with aromatic compounds contains 

multifunctional groups, having high molar mass and boiling point. Therefore, for these 

monomers it is incredible to apply vacuum based MLD techniques. The major difficulty 

is removing physio-absorb monomers after each cycle of vapor deposition using inert 

carrier gas.    

The solution based MLD may offer an effective route to overcome some of 

these problems.
66-67

 This approach consists of a series of dipping steps in solution 

contained multifunctional reactant species in mild reaction condition and excess absorb 

monomers can be removed easily by rinsing in organic solvents. This solution based 

approach can offer molecular networks instead of surface-grafted polymeric chain. The 

practical advantage of covalently bonded thin films with multifunction monomers is 

they provide multilayer film with remaining reactive groups, as buried inside or residing 

at the surface. These unreacted functionalities can be used as a platform for further 



Chapter 1 

10 
 

functionalize of the films. Figure 1.4 shows the organic molecular networks using 

bifunctional and tetrafunctional precursors on solid surface.  

 

 

 

 

 

 

 

Figure 1.4. Schematic illustration of cross-linked organic molecular networks on solid 

surface using molecular layer deposition technique.  

1.4 SELF-ASSEMBLED MONOLAYER 

A self-assembled monolayer (SAMs) on solid surface was needed prior to 

multilayer film growth using MLD technique. SAMs are ordered molecular assemblies 

formed by the adsorption of active precursor molecules on a solid surface which have 

been commonly used to achieve the surface modification.
68

SAMs played a significant 

role to fabricate multilayer thin film with organic molecular networks on surface normal 

direction. In general thiol derivatives and organosilicon derivatives (silane coupling 
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agent) were used for self-assembly monolayer formation. SAMs formation using 

alkanethiol on gold surface was focused great attention in 1990s.
32

 However, latterly it 

has become exposure that this alkanothiol/gold system suffered serval limitations; such 

as lack of driving force of monolayer formation, leading to labile structure, the thiol 

head groups are sensitive to oxidation degradation.
69,70

 In contrast, organosilane 

precursors are typically chosen for SAMs formation on –OH terminated silicon surface 

due to the primarily strong covalent interaction between the alkoxy group (-OR) of 

agent molecules and surface silanol (Si-OH) group via Si-O-Si bond.
51

 Organosilane 

SAMs are well-established surface modification agent to synthesis covalent bonded 

multilayer films over silicon surface via MLD process.
51, 65-66, 71-73

 However, differences 

can be induced in the surface characteristics of the substrate, for example, the surface 

concentration of OH groups by oxidation treatment may affect the SAMs nucleation 

density. And, thus this change may be directly influenced films physical and chemical 

properties, even though MLD process was carried out with same monomers 

combination and identical experimental conditions. Film growth with variation of 

surface OH concentrated has readily been examined in ALD process.
74,75

 

 Figure 1.5 demonstrated the formation of self-assemblies monolayer on solid 

surface using amine-substituted alkyl silane. In where, the alkoxy group (−OR) of the 
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organosilane precursors hydrolyzed and then react with the active group on the silicon 

surface (e.g., -OH) as well as interact with others precursors.   

 

 

 

 

   

 

 

 

 

Figure 1.5. Self-assemblies monolayer on solid surface using amine-substituted alkyl 

silane precursors. 

1.5 PRESENT ISSUES AND FINDINGS 

Upto date most of the reported organic thin films, synthesis in MLD technique 

(both vacuum and solution based MLD) employed same symmetrical pairs of 

monomers combination (both bifunctional or both tetrafunctional). Until now the MLD 

thin films research have been focused only in the investigation of chemical bonding, 

chemical composition, orthogonally film growth to the surface, films surface 

morphology and so on. Although the conformity and controlling the deposition of 

ultrathin polymer films bare very important phenomena, only a few investigations have 

done to explore the details of MLD thin films’ surface and interfacial properties. 
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In this thesis, the author has paid attention to synthesize urea linked covalent 

bonded molecular networks via solution based MLD technique using bifunctional and 

tetrafunctional monomers combination and investigate the surface/interface properties 

of the thin films. The driving force induced by the covalent bonding interaction 

significantly increases the durability and creditable performance of the laminated 

multilayer thin films. Due to the presence of tetrahedral arms precursor the resulting 

networks are linked three-dimensionally (3D) via urea linkage, −NHCONH− . 

Polyurea networks have been chosen because of its higher thermal and chemical 

stability. Urea coupling is a well-recognized chemical reaction, where the interaction 

between amine and isocyanate functionalities is carried out by the nucleophilic 

interaction from the electron-rich nitrogen of amine to the carbon of isocyanate 

functional group. This polymerization reaction can be performed at room temperature 

without producing any byproduct molecular that may be trapped inside the molecular 

networks or introduce impurities into thin film. In general, polyurea is synthesized 

industrially via a simple additional polymerization reaction between diisocyanate and 

diamine monomers, mainly used as fiber and coating polymers. Recently, the chemistry 

of urea bonds demonstrated molecularly cross-linked covalent networks, which could be 

rearranged to form stiff urea-bonded molecular networks while producing reticulated 
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micropores.
76

 This reticulated micropores through covalent networks have explored to 

fabricate nanocomposite membrane for selective separation of carbon dioxide.
77

  

In this present study, the author has synthesized cross-linked polyurea 

molecular networks based multilayer thin films using MLD technique. In where, it was 

observed that the sequential deposition of different symmetrical monomers, such as 

bifunctional and tetrafunctional was influenced in films physical properties within 

number of laminating cycles, especially, films mass density. This phenomenon may 

directly relate with degrees of cross-linking within layer deposition cycles. This mass 

density phenomenon also correlated with substrate surface OH group concentration. The 

author also paid much attention regarding the investigation of chemical bonding as well 

as film morphology. This finding can contribute a brief understanding in the 

surface/interfacial phenomena in organic multilayer thin films.  
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1.6 SURVEY OF THIS THESIS     

The objective of this thesis is to synthesis and characterization a new class of 

cross-linked multilayer thin film using solution based molecular layer deposition 

technique. The specific chemical system is reported in this study form covalent bonded 

polyurea networks based on the additional polymerization reaction of amine and 

isocyanate functionalities. Various experimental techniques were used to investigate 

films physical and chemical properties, and the experiments were systematically 

performed.  

In chapter 2, the non-linear mass density of the thin films was observed within 

number of layer deposition. This is the first report is to synthesize variable densities 

organic thin film using layer assembled technique. In chapter 3, the effect of substrate 

surface OH concentration in layer growth has been studied. This study revealed that 

change of surface characteristic has significant influenced in film properties. The author 

also provided a significant attention regarding the chemical bonding and atomic 

environments into molecular networks as well as surface morphology of film and SAMs 

modified substrate.  
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This research investigates the surface/interfacial phenomena in cross-linked 

multilayer thin film using unique monomers combination in solution processable MLD 

technique. In detail of research will address the following aspects (scheme 1).  
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Scheme 1.1. Schematic illustration of the issues and research objectives. 

Si/SiO2 substrate 

Surface modification using 

amine-substituted alkyl silane 

precursors at ambient condition. 

Si/SiO2 substrate 

Fabrication of multilayer thin films by 

sequential dipping of different symmetrical 

functional monomers. Reaction proceed 

under ambient condition. 

 

Issues 

Conventional issues 

 Multilayer growth 

 Bonding in molecular 

networks 

 Surface morphology 

New aspects 

 Role of cross-linking in 

multilayer growth 

 Effect of surface properties 

 Interfacial effect on films 

physical properties:  

 Density 

 Molecular ordering 
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Fabrication and Characterization of Cross-linked 

Organic Thin Films with Nonlinear Mass Densities 

 

The preparation of urea (bonded) cross-linked multilayer thin film by 

sequential deposition of bifunctional and tetrafunctional molecular building block was 

demonstrated. Multilayer growth as a function of deposition cycles was inspected using 

UV-vis absorption spectroscopy. From infrared spectroscopy results, three 

characteristic infrared bands of amide I, amide II, and asymmetric 𝜈𝑎 (N-C-N) 

stretching band confirmed the formation of polyurea networks by alternate dipping into 

a solution of amine and isocyanate functionality monomers. The deconvoluted 

component of the C 1s and N 1s spectra obtained by X-ray photoelectron spectroscopy 

(XPS) shows clear evidence of stable polyurea networks. Thickness of the multilayer 

films was investigated using AFM and XRR techniques. From XRR density 

investigation, constant mass density was not observed with deposition cycles. The mass 

density increased up to 16% within deposited layers from proximate layers to those 

extending away from the substrate surface. This difference in packing density might 

derive from the different degrees of cross-linking among layers proximate to the 

substrate surface and extending away from the surface. Enhancement of structural 

periodicity with film growth was demonstrated by grazing incidence small angle X-ray 
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scattering (GI-SAXS) measurements. The thin film near the substrate surface seems to 

have an amorphous structure. However, molecular ordering improves in the surface 

normal direction of the substrate with a certain number of deposited layers. 
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2.1 INTRODUCTION 

Cross-linked organic thin films have garnered much attention recently for 

their higher density,
1
 better mechanical strength,

2
 and chemical stability.

3,4 
Demand for 

cross-linked nanoscale organic thin films has increased rapidly for conventional 

applications such as organic thin film transistors
5,6

, purification membranes
7
 etc. 

However, the synthesis of thin films with sub-nanometer scale is still challenging. For 

the synthesis of organic thin films, spin-coating
8
 and Langmuir–Blodgett (LB)

9
 are 

well-known and useful techniques. Another simple and versatile technique to prepare 

multilayer organic thin films is molecular layer deposition (MLD),
10–12

 which deposits 

films in a layer-by-layer (LbL)
13,14

 fashion to prepare multilayer thin films with a 

sub-nanometer scale. Molecular layer deposition is an analogy of atomic layer 

deposition (ALD).
15-17

 In MLD process, organic monomer deposited in a molecular 

level through the reaction of alternating pendent functional groups. Therefore, MLD 

provides opportunity to fabricate ultrathin film in molecular level thickness. To date, 

most MLD processes have been conducted with polymerization reaction of volatile 

bifunctional monomers under vacuum conditions. Polymeric thin films such as 

polyamides,
18–20 

polyimides,
21–25 

polyurethane,
26

 polyureas,
1, 27–30

 polythiourea,
31

 and 

polyester
32 

have been reported. However, this vapor-based MLD technique is 

inapplicable for monomers with high molar mass and low vapor pressure.
33

 Because of 
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the high boiling point of monomers, excess adsorbed monomers onto the substrate 

surface by vapor deposition cannot be removed completely, which hinders single 

molecular layer deposition. Moreover, with vacuum-based reaction system, it is 

difficult to use a catalyst or pH change in the reaction media to make a non-spontaneous 

reaction a spontaneous one.
29

 Solution-based MLD offers an exclusive route to 

overcoming these problems. Stafford and co-workers reported multilayer cross-linked 

polyamide thin film using solution-based molecular layer-by-layer (mLbL) synthesis. 

They used bifunctional m-phenylene diamine and trifunctional trimesoyl chloride 

monomers to fabricate organic multilayer thin films.
34,35 

Recent reports by Qian et al. 

and Kim et al. show cross-linked polyamide and polyurea thin films by polymerization 

of the same symmetrical tetrafunctional monomers to produce three-dimensional (3D) 

covalent bonded molecular networks via LbL dipping technique.
33, 36

 

My approach to fabrication of 3D covalent bonded multilayer thin films is 

based on sequential deposition of different symmetrical monomers, such as bifunctional 

1,3-phenylene diisocyanate (PDI) and tetrafunctional tetrakis(4-aminophenyl)methane 

(TAPM), on a 3-aminopropyltrimethoxysilane (APTMS) modified amine-terminated 

surface. The longer urea chains with combinations of different symmetrical monomers 

lead to different cross-linking states within multilayer growth. This different degree of 
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cross-linking might be facilitated by changing the molecule–molecule interaction 

proximate to the substrate surface and extending away from the substrate surface. It is 

reasonable to consider that intermolecular interaction apart from the substrate surface is 

considerably higher than the intermolecular interactions among monomers near the 

surface. It is also rational to infer that molecular networks extending away from the 

substrate surface exhibit higher cross-linking than molecular networks located near the 

substrate surface. Presumably, this different degree of cross-linking provides films with 

variable densities among layers (with a certain thickness) proximate to the substrate 

surface and extending away from the substrate surface (Figure 2.1). 

 

Figure 2.1. Schematic illustration of molecular layer deposition (MLD) process on a 

solid surface and the chemical structure of 1,3-PDI and TAPM monomers. 
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This work shows the synthesis and characterization of a new class of 

cross-linked multilayer polyurea thin films using 3D covalent bonded molecular 

networks with nonlinear mass densities via solution-based MLD technique. Infrared 

(IR) spectroscopy and X-ray photoelectron spectroscopy (XPS) confirmed the formation 

of a urea bond between the reaction of amine and isocyanate functionalities. UV-vis 

absorption spectroscopy demonstrated multilayer growth. The thickness of multilayer 

polyurea films on the silicon substrate was measured using atomic force microscopy 

(AFM) and X-ray reflective (XRR) techniques. The mass density and degree of 

molecular ordering with film growth were examined, using X-ray reflectivity (XRR) 

analysis and grazing incidence small angle X-ray scattering (GI-SAXS) measurements, 

respectively. 
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2.2 EXPERIMENTAL SECTION 

2.2.1 Materials 

As molecular building blocks, tetrakis(4-aminophenyl)methane (TAPM) and 

1,3-phenylene diisocyanate (PDI) were purchased from Aldrich Chemical Co. Inc., USA 

and Tokyo Chemical Industry Co. Ltd., Japan, respectively. Using recrystallization 

technique, 98% pure commercial PDI was purified further. 

3-Aminopropyltrimethoxysilane (APTMS, >96%) was purchased from Tokyo Chemical 

Industry Co. Ltd., Japan, and was used as received. All solvents (super-dehydrated and 

AR grade) were purchased from Wako Pure Chemical Industries Ltd., Japan and were 

used without further purification. 

2.2.2 Surface Cleaning 

Multilayer thin films were synthesized onto quartz substrates (25 × 15 mm
2
, t = 

0.5 mm) and silicon wafers (30 × 20 mm
2
, t = 0.525 mm) of p-type silicon (p-Si(100), 5 

- 20 Ω -cm with boron doped). Substrates were cleaned using 2-propanol with 

sonication (three times each, 15 min duration), and were then dried and kept in the clean 

bench.  
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2.2.3 Self-assembled Monolayer (SAM) Formation 

After cleaning the substrate, the cleaned substrates were immersed into 10 mM 

amine-functionalized 3-aminopropyltrimethoxysilane (APTMS) in ethanol solution at 

room temperature for 1 hr under Ar atmosphere with constant stirring. After taking out 

from the APTMS solution, substrates were cleaned using ethanol (twice) and 2-propanol 

(twice) consecutively with sonication and finally rinsed with 2-propanol and dried. 

Finally, APTMS modified substrates kept in a clean bench for multilayer film formation 

within 24 hours. 

2.2.4 Multilayer Thin Film Formation 

These modified substrates were used for the formation of a multilayer thin film 

using an automatic layer-by-layer (LbL) system. Layer deposition was carried out in the 

following procedures: (i) amine-functionalized substrate was immersed into 17.6 mM 

1,3-PDI in 1,4-dioxane and toluene (3:1, v/v) solution for 5 min. Then, the substrate 

was rinsed in five separate containers: two beakers of 1,4-dioxane and toluene mixture 

at the previously described ratios, two beakers of dry THF, and finally one beaker of 

chloroform. (ii) After washing, the isocyanate-terminated substrate was immersed into 

3.78 mM TAPM in 1,4-dioxane and toluene (3:1, v/v) solution for 5 min, followed by 

rinsing successively in two beakers with 3:1 (v/v) ratio of 1, 4-dioxane and toluene 
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mixture, and two beakers of THF. The deposited substrate was dried under an Ar 

atmosphere. This bilayer deposition process described above (steps (i) and (ii)) was 

designated as a single cycle of molecular layer deposition (MLD). Multilayer thin films 

were formed by repeating the procedure described above in a desired number of cycles. 

In every cycle, the amine-terminated surface is regarded as a top surface.  
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2.2.5 Characterization Techniques 

Several analytical techniques have been used to investigate multilayer growth, 

explore the physical and chemical properties of the polyurea thin films, and elucidate 

the films surface morphology. 

2.2.5.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS study was performed using a DLD spectrometer (Kratos Axis-Ultra; 

Kratos Analytical Ltd.) with an Al K radiation source (1486.6 eV). Spectra were taken 

at 90° normal to the specimen surface. A neutralizer gun was used to reduce charging of 

the samples. Energy calibration and component separation were conducted using the 

bundled software with pure Gaussian profiles and a Shirley background (otherwise it 

will be mentioned). Binding energy correction was made by taking reference spectra of 

C 1s peak at 284.5 eV.  

2.2.5.2 UV-vis Absorption Spectroscopy 

UV-vis absorption spectra of the molecular networks fabricated on quartz 

substrates were obtained using a UV-vis spectrometer (Jasco V-630BIO-IM; Jasco 

Corp. Japan). The APTMS-modified quartz substrate was used as a background.  
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2.2.5.3 Atomic Force Microscopy (AFM) 

Films thickness and surface morphology were measured by atomic force 

microscopy (AFM), respectively, VN–8000; Keyence Co. and AFM, Nanoscope IIIa; 

Veeco Instruments under following experimental conditions. Film thickness was 

measured using an AFM (VN–8000; Keyence Co.) equipped with a DFM/SS mode 

cantilever (OP-75041; Keyence Co.). For thickness measurements, films were partly 

scratched and height difference was evaluated for film thickness. Thickness was 

measured at four positions at least on each sample and an average (mean) value was 

obtained. 

For surface morphology investigation, an atomic force microscopy (AFM, 

Nanoscope IIIa; Veeco Instruments) with tapping mode was used. Silicon cantilevers 

(SI-DF3FM; Nanosensors Corp.) with a spring constant between 2.8 Nm
-1

 and 4.4 Nm
-1

 

and resonance frequency of 79–89 kHz were used. The measurements were taken, 

respectively, under an air atmosphere with a scan rate of 0.4 Hz and scan size of 5 × 5 

μm
2
 and 0.5 × 0.5 μm

2
.  

2.2.5.4 IR Spectra 

Fourier-transform infrared (FTIR) spectroscopy was used to investigate the 

urea bond formation of the thin film on the substrate. Infrared spectra were collected 
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using an FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped 

with a mercury cadmium telluride (MCT) detector. An APTMS-modified Si wafer was 

used as a background. Spectra were taken at 8° from the surface normal. All 

measurement was carried out by flowing dry nitrogen gas (in avg. 90 min) to improve 

signal to noise ratio.  

2.2.5.5 X-ray Reflectivity (XRR) 

To investigate changes of internal properties of multilayer films in respect with 

layer growth X-ray reflectivity (XRR) analysis was performed using a high-resolution 

diffractometer (ATX/G; Rigaku Corp., Japan) with an R-AXIS IV two-dimensional 

(2D) detector. The diffractometer was equipped with Cu K radiation (= 0.1542 nm) 

and divergence of 0.01°. The reflective oscillation curves were fitted using software 

(GIXRR; Rigaku Corp., Japan). Curve fitting areas were chosen between 0.3° to 3°. 

During XRR investigation, the thickness of native oxide layer was estimated 0.6 nm. 

This thin native oxide layer did not affect to the XRR fitting process. 

2.2.5.6 Grazing Incidence Small Angle X-ray Scattering (GI-SAXS) 

Grazing incidence small angle X-ray scattering (GI-SAXS) analysis was 

performed using a diffractometer (FR-E; Rigaku Corp., Japan) with beam size of 

approximately 300 × 300 m
2
. The camera length was 300 mm. The sample stage was 
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composed of the goniometer and a vertical stage (ATS-C316-EM/ALV-300-HM; Chuo 

Precision Industrial Co. Ltd.). The X-ray incidence angle varied between 0.21° and 

0.22°. The X-ray exposure time was fixed for 4 hours for every measurement. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 Investigation of Self-Assembled Monolayer  

Prior to multilayer growth, a self-assembled monolayer was formed on solid 

surface using amine-terminated organosilane precursor (APTMS). Self-assembled 

monolayer was investigated using X-ray photoelectron spectroscopy (XPS). Figure 2.2 

(A) demonstrates XPS fine scan spectra of Si 2p for bare Si wafer. Peaks at 99.0 eV and 

100.0 eV represent the Si-bulk (Si 2p3/2 and Si 2p1/2). Higher binding energy peak at 

102.8 eV attributed for native oxide layer on Si surface. After modification with 

aminosilane precursors (APTMS), Si 2p3/2 and Si 2p1/2 peaks were shifted towards 

lower binding energy (ca. 0.3 eV) (Figure 2.2 (B)). This shifting might be occurred due 

to the chemisorption of APTMS on Si surface. In addition, a new peak appeared at 

intermediate binding energy position for aminosilane attribution at 101.7 eV.  

In addition, N 1s XPS fine scan spectra of APTMS modified surface provided 

two peaks at 399.1 eV and 401.2 eV, respectively (Figure 2.2 (C)). These peaks are 

assigned for terminated free amine and hydrogen bonded/protonated amine.
37

 This 

hydrogen bonded/protonated amine (N 1s) peak might arise due to the acid-base 

interaction between chain terminal amine groups with surface silanol group (Si-OH).
38
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This discussion confirmed the successful formation of self-assembled 

monolayer (SAM) on Si surface using covalent interaction between the alkoxy group 

(-OR) in amine-terminated organosilane precursors and surface silanol (Si-OH) group 

via Si-O-Si bond.
27

 This SAM surface creates a preferred route to synthesis multilayer 

films by coupling reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) 



Chapter 2 

43 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. XPS fine scan spectra of (A) Si 2p of bare Si wafer, (B) Si 2p of APTMS 

modified Si wafer, (C) N 1s of APTMS modified Si wafer.
a
  

a
Linear background were used for N 1s spectra deconvolution. 

 

 

(B) 
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2.3.2 Investigation of Multilayer Growth 

To confirm the multilayer growth of the MLD process, transparent UV-vis 

spectra of thin films were measured as a function of the MLD cycles (Figure 2.3). The 

absorption maxima were centered at 268 nm. The absorbance intensities continuously 

increased within deposition cycles represents the multilayer growth carried out. The 

inset of Figure 2.3 shows the layer growth near the substrate up to 10 MLD cycles and 

extending away layer growth above 10 MLD cycles followed two distinctive linear 

trends. This results suggested non-linear growth for MLD cycles.  

 

 

 

 

 

 

 

Figure 2.3. UV-vis spectra of multilayer thin film as the number of deposition cycles 

on quartz substrate. Inset: absorption peak intensity at 268 nm as a function of 0–30 

deposition cycles. 
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2.3.3 Film Thickness Measurement 

Film thickness was investigated using AFM and XRR techniques. For AFM 

thickness measurements, films were partly scratched and the height difference was 

evaluated for film thickness. Thicknesses of the 10, 20, and 30 MLD cycle films were 

4.34 ± 0.29, 6.82 ± 0.40, and 9.33 ± 0.59 nm thick, respectively (error bars based 

on standard deviation). These results show growth rates (avg.) of 0.434 nm / cycle, 

0.341 nm / cycle and 0.311 nm / cycle for 10, 20, and 30 MLD cycle films, respectively. 

The thickness of AFM results is well-matched to the XRR results, as shown in Figure 

2.4. Results of XRR data are discussed later. The non-uniform growth rate (avg.) per 

cycle in 10, 20, and 30 MLD cycle films might be attributed to different packing 

conformations (loose/dense) per unit volume (cm
3
) of different depth into the films. 

This density (g/cm
3
) change phenomenon will be discussed next. Moreover, this 

thickness value is lower than the combined molecular length of 1,3-PDI and TAPM, 

which is estimated to be approximately 1.44–1.61 nm / cycle. Some reports have 

described that growth rates are much less than the ideal repeating unit length for thin 

films deposited by MLD.
1,11,12

 This deviation can be explained with several reasons. 

Thinner growth could be observed because of the tilting of organic molecular networks. 

In “double” reactions, the bifunctional monomer stops the layer growth by forming a 
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“capped” region on the reactive film surface.
10,11

 Finally, steric hindrance because of a 

bulky precursor may also affect the accessibility of surrounding reactive sites and cause 

submonolayer coverage.
1 

Although, the growth rate of the polyurea thin film is lower 

than expected, the film thickness increased with MLD cycles, indicating multilayer 

deposition. This phenomenon is consistent with the UV-vis results discussed above. It 

is noted that MLD thin films with 1,4-PDI also faced “double” or “capped” reactions 

problem. Therefore, the experimental growth per layer shows much lower than the 

expected growth per layer with MLD cycles.
11,12

 

 

 

 

 

 

 

 

Figure 2.4. Thickness profiles of 10, 20, and 30 MLD cycle films by AFM (red circle) 

and XRR (blue circle).
a 

a 
Reported error bars for thickness results from AFM. 
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2.3.4 Determination of Chemical Bond using FT-IR  

Polyurea networks formation through reaction between amine and isocyanate 

functionalities was inspected with infrared (IR) spectroscopy. Figure 2.5 presents IR 

spectra of 10, 20, and 30 MLD cycle thin films. Several characteristic peaks were 

observed in the region of 1200–1800 cm
-1

. Peaks around 1650–1690 cm
-1 

can be 

assigned to the amide I band with the 𝑣(C=O) stretching vibration mode of the urea 

group. The band at 1510 cm
-1

 can be assigned to the amide II band with (N–H) bending 

vibration. These two bands and the 𝜈a(N-C-N) asymmetric stretching band at 1300 

cm
-1

 suggest the formation of urea linkage. The wavenumbers of these characteristic 

peaks are consistent with others reported in the literature of polyurea linkage,
29,30,39,40

 

and assist to confirm polyurea networks in as-synthesized thin films. In
 
addition, a 

shoulder-type band near 1535 cm
-1 

and a sharp band near 1603 cm
-1 

are attributable to 

aromatic ring breathing and aromatic ring stretching, respectively.  
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Figure 2.5. IR spectra of 10, 20, and 30 MLD cycle thin films in the infrared vibrational 

region for urea bonds. Spectra were measured under a nitrogen atmosphere.  

Coleman and co-workers has been classified “ordered hydrogen bonded”, 

“disordered hydrogen bonded” and “non-hydrogen bonded” urea, based on amide I 

characteristic infrared band for urea linkage. These bands were observed at 1630 cm
-1

, 

1650 cm
-1

 and 1690 cm
-1

 respectively.
40

 Therefore from amide I band in IR spectra, can 

be conclude that fabricated polyurea networks were dominated with disordered 
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hydrogen bonded fashion. 

Furthermore, in higher wavenumber region a broad 𝜈(N-H) stretching band 

appeared at 3255 cm
-1 

(Figure 2.6), which is the evidence in the presence of wide 

distribution of hydrogen bonds (with different distances and geometries) that would be 

expected as disordered hydrogen bonded polyurea networks.
41,42

 

It is expected to presence some unreacted isocyanate (-NCO groups), because 

of incomplete reaction with sequentially deposited TAPM monomers. This might 

happen because of steric hindrance or others. However, In this study, no peak was 

observed at 2270 cm
-1

, indicates no unreacted isocyanate is present in polyurea thin 

films.
29

 The probable reason is that the unreacted isocyanate groups are easily converted 

to amine by expose to humid air.
36

 Spectra up to this region was not shown, because of 

high level of noise. 
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Figure 2.6. IR spectra of (A) 10 MLD cycle, (B) 20 MLD cycle, and (C) 30 MLD cycle 

thin films. Spectra were measured in the region 2600-3600 cm
-1

 under nitrogen 

atmosphere.  

 

 

 

 

 

 

(A) 

(B) 

(C) 
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2.3.5 Investigation of Atomic Environments and Chemical Bonding using XPS 

Along with infrared spectroscopy, X-ray photoelectron spectroscopy (XPS) can 

also be used to investigate the bonding to as-synthesized polyurea thin films. The 

atomic environments and chemical bonding in the thin films can be discussed using 

XPS fine scan spectra. Figure 2.7 and Figure 2.8 depict C 1s and N 1s XPS fine scan 

spectra of 10, 20, and 30 MLD cycle films, respectively.  

The C 1s fine scan spectra showed three different types of carbon species in all 

MLD films. The lowest binding energy peak at 284.5 eV resulted from the electron-rich 

aromatic carbon. The highest binding energy peak near 288.6 eV resulted from the 

carbonyl carbon (C=O) from urea linkage. The intermediate peak at 285.9 eV resulted 

from the combination of alkyl carbon and substituted aromatic carbon linked with urea. 

These assignments of the C 1s fine scan spectra are consistent with other reports of the 

polyurea-based and thiourea-based MLD literature.
30,31

 These assignments confirm the 

formation of urea into thin films. The IR results also reinforce urea bond formation, 

indicating that the reaction between amine and isocyanate functionalities form polyurea 

networks via a urea-coupling reaction. 
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Figure 2.7. XPS fine scan spectra of C 1s at (a) 10, (b) 20, and (c) 30 MLD cycle films. 

The N 1s fine scan spectra also contained three isolated peaks (Figure 2.8). The 

intermediate binding energy peak at 399.9 eV corresponds to urea groups.
30,36 

The lower 

binding energy at 399.3 eV and higher binding energy at 401.3 eV are attributed to 

nonhydrogen-bonded and hydrogen-bonded free amine groups, respectively, in polyurea 

thin films.
37

 N 1s for isocyanate was not detected because the unreacted isocyanate 

groups are converted easily to amine by exposure to humid air.
36

 This results are 

consistent with FTIR results discussed above. 
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Figure 2.8. XPS fine scan spectra of N 1s at (a) 10, (b) 20, and (c) 30 MLD cycle films. 

From Table 2.1, results show that the peak intensity percentage of N 1s for urea 

linkage increases from 74 to 85% with layer growth. The urea density apparently 

increased with layer growth. This revealed that different degrees of cross-linking were 

formed among layers proximate to the surface and extending away from the surface. 

This degree of cross-linking might also influence the mass density (g/cm
3
) of 10, 20, 

and 30 MLD cycle films. 
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Table 2.1. Peak Widths and Intensity of the Deconvoluted N 1s in 10, 20, and 30 MLD 

Cycle Films 

 N 1s in urea N 1s in amine N 1s in H-bonded amine 

10 Cycles 

Binding Energy (eV) 

FWHM (eV) 

Peak area (%) 

 

399.9 

1.49 

73.97 

 

399.3 

1.49 

15.57 

 

401.4 

1.49 

10.44 

20 Cycles 

Binding Energy (eV) 

FWHM (eV) 

Peak area (%) 

 

399.9 

1.44 

84.0 

 

399.3 

1.49 

6.41 

 

401.3 

1.49 

9.59 

30 Cycles 

Binding Energy (eV) 

FWHM (eV) 

Peak area (%) 

 

399.9 

1.46 

84.82 

 

399.2 

1.50 

4.30 

 

401.3 

1.49 

10.87 

 

However, inspection of the peak intensity ratio of three carbon species is not 

applicable because of the presence of adventitious carbon in thin films. This 

adventitious carbon might influence the intensity ratio of carbon species.  

Finally, UV-vis, IR, and XPS results revealed that sequential deposition of 

amine and isocyanate functionalities produces polyurea networks and demonstrates 

multilayer growth. 
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2.3.6 Examination of Surface Morphology by AFM 

Molecular layer deposition (MLD) technique has an advantage to fabricate 

smooth films with minimal roughness.
34 

Tapping mode atomic force microscopy (AFM) 

was carried out to investigate the surface morphology of the polyurea thin films in open 

atmosphere. Figure 2.9 represents AFM (height) image of 10, 20, and 30 MLD cycle 

films. Root mean square (RMS) roughness analysis revealed that a smooth film surface 

with a maximum roughness is 1.20 nm. This roughness result is quite consistent with 

estimated roughness by XRR (discussed in next). Narrow scan area analysis of 10 MLD 

cycle film show a grain like morphology with dense packed (Figure 2.10).  
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Figure 2.9. AFM (height) image for surface morphology (A) 10 MLD cycle, (B) 20 

MLD cycle, and (C) 30 MLD cycle films (scan area 5 μm × 5 𝜇m).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10. AFM image of 10 MLD cycle film (A) 2D (B) 3D (scan area 0.5 μm × 
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0.5 𝜇m). 

2.3.7 Films Thickness, Mass Density and Roughness Analysis by XRR 

In this research, the author performed a systematic study to evaluate films 

internal structure within layer growth. X-ray reflectometry (XRR) is ideally suited to 

investigate internal properties of multilayered film on solid surface, yielding data on 

sub-surface structure and polymer properties. Therefore, to evaluate the film thickness, 

film mass density, and interface roughness, XRR measurements were performed. XRR 

is a powerful tool for accurate measurement of multilayer thin film thickness, film mass 

density, and interface roughness.
43-45

 Figure 2.11 shows XRR curves for 10, 20, and 30 

MLD cycle films. From the XRR simulated fringes of Figure 2.11, film thickness, film 

mass density, and roughness of 10, 20, and 30 MLD cycle films were estimated.  
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Figure 2.11. XRR profiles of different MLD cycles thin films. Solid lines and rhombus 

dots represent experimental and fitting data. 
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For XRR fitting curves, the simulated fringe satisfactorily fit with the 

experimental fringe profile in the case of 10 MLD cycles with a uniform density (Figure 

2.12 (A)). In the case of 20 and 30 MLD cycle films, the results of satisfactory fit with a 

uniform density could not be obtained. More close fit has been tired with a bilayer 

model as shown in Figure 2.12 (B). The fit results were found to improve at the 

sufficiently satisfactory level. Figure 2.13 shows the comparison of bilayer and single 

layer fitting in 30 MLD cycle film. The statistical fitting variable χ
2 

value reduced in 

bilayer fitting model in compare with single layer model, from 1.60 to 0.26. This result 

reflects the best fitting was observed in non-uniform density model rather than uniform 

density in thicker films case. However, the density around the boundary between the 

free interface layer and interfacial layer might intergrade. These results suggest the 

non-uniform density structure in the thicker film (20 and 30 MLD cycle films). 
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Figure 2.12. Schematic illustration of layer growth with (A) uniform density (B) non 

uniform densities. 
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Figure 2.13. XRR comparison fitting profile of 30 MLD cycle film. Solid line 

represents experimental data and blue rhombus dot and red rhombus dot represent 

single layer and bilayer fitting, respectively. 

From XRR measurements, the respective thicknesses of 10, 20, and 30 MLD 

cycle films were 4.55, 6.59, and 9.44 nm. This replies nonlinear thickness growth (in 

average) per cycle with respect to MLD cycles. AFM results support this nonlinear 

thickness growth as shown in Figure 2.4. Therefore, it is clear to say that the films 

density should vary with number of deposition cycles. 
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XRR density profiles (Figure 2.14) showed that the film mass density of 10 

MLD cycle film is constant throughout the film depth. However, for 20 and 30 MLD 

cycle films, the mass density is not uniform throughout the range of film depths. The 

mass density of the free interface (f/i) region is ca. 16% higher than that of the 

interfacial layer (int.) region. 
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Figure 2.14. Film mass density (g/cm
3
) profiles of simulated models for (a) 10 MLD 

cycle, (b) 20 MLD cycle, and (c) 30 MLD cycle thin films as a function of distance 

from the free interface. 

Followed by films surface/interface roughness, 20 and 30 MLD cycle films 

was demonstrated three different roughness parameters; roughness between substrate 

and thin film (𝜎s/f), roughness in free interface (𝜎f/i) and interfacial roughness of 

different densities adjacent layers (𝜎int) (Figure 2.12 (B)). In this present work, the 

roughness between substrate and thin film (𝜎s/f) was considered as constant, 𝜎s/f = 𝜎Si = 

0.5 nm, which was determined by XRR measurement of a blank silicon wafer.  
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The statistical deviations between experimental and fitting XRR results for 10, 

20, and 30 MLD cycle films was extracted from XRR oscillation fringes profile (Figure 

2.11). From statistical deviations value (Table 2.2), it was found that the deviation is not 

so large. Therefore, it is considerable that the estimated density, thickness and roughness 

from XRR simulation are acceptable. 
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Table 2.2. Thickness, d, mass density, 𝜌, and roughness, 𝜎 of reported layers of 10, 20, 

and 30 MLD cycle thin films was extracted from the XRR profile shown in Figure 2.11. 

The statistical errors are shown in each value. 

No. of 

MLD 

cycles 

Layer 

name 

Thickness, d (nm) Mass density, 𝜌 

(g/cm
3
) 

Roughness, 𝜎  

(nm) 

 

10 Si wafer 0.00 2.33 0.5 (𝜎s/f) 

Film 4.55 ± 0.03 1.33 ± 0.01 0.57 ± 0.03 (𝜎f/i) 

 

20 

Si wafer 0.00 2.33 0.5 (𝜎s/f) 

Film 4.89 ± 0.06 (int.) 1.40 ± 0.02 (int.) 0.85± 0.3 (𝜎int) 

1.70 ± 0.06 (f/i) 1.61 ± 0.05 (f/i) 0.74 ± 0.04 (𝜎f/i) 

 

30 

Si wafer 0.00 2.33 0.5 (𝜎s/f) 

Film 3.73 ± 0.14 (int.) 1.43 ± 0.03 (int.) 0.68 ± 0.27 (𝜎int) 

5.71 ± 0.15 (f/i) 1.67 ± 0.04 (f/i) 0.60 ± 0.07 (𝜎f/i) 

𝝈 s/f denotes roughness of substrate/film interface, 𝝈 f/i denotes roughness of free 

interface and 𝝈int represent interfacial roughness of different densities layers into thin 

films. 
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In 20 and 30 MLD cycle films, the non-linear densities phenomena might occur 

because of different packing densities among proximate to the surface (up to 3.5–5 nm 

thickness) and extending away from the surface (thicker than 3.5–5 nm). The XPS 

results support this hypothesis. Author assumes that these density changes might be 

observed according to the different degrees of interpenetration among organic molecular 

networks or different degrees of cross-linking. Because cross-linking introduces denser 

film
1
 and the XPS results suggest that urea density increases with layer growth, this 

suggests that different degrees of cross-linking occurred among the layers near to the 

surface and extending away from the surface. 

The propensity of cross-linking among molecular networks proximate to the 

substrate surface and extending away from the substrate surface can be considered with 

corresponding molecule–molecule interaction. Molecule–molecule interaction in layers 

extending away from the substrate surface might be considerably higher than that of 

near the substrate surface. Thereby, it is possible to change the degree of cross-linking 

proximate to the surface and extending away from the surface. This different degree of 

cross-linking can also be examined with changes in molecular volume (Å
3
) in a single 

repeating unit within-layer deposition. Reportedly cross-linking increases the film 

density corresponding to the decrease in the molecular volume of each repeating unit.
1 
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The repeating unit can be defined as the reactivity of four amine functional groups as 

one TAPM molecule with four isocyanate groups as two 1,3-PDI molecules. The 

molecular volume of each repeating unit can be extracted approximately by the 

mass-to-density ratio using the molecular mass of the single repeating unit and the film 

density obtained from XRR density profiles. This analysis revealed that the molecular 

volume in the free interface (f/i) region of 20 and 30 MLD cycle films decreases 

compared with that in the interfacial (int.) region (Table 2.3). The molecular volumes of 

the single repeating unit in the free interface (f/i) regions of 20 and 30 MLD cycle films 

are 722
 
and 696 Å

3
, respectively. In contrast, the molecular volumes of the single 

repeating unit in the interfacial layers (int.) region of 20 and 30 MLD cycle films are 

830 and 813 Å
3
, respectively. This result reflects the presence of different degrees of 

cross-linking into thin films. This phenomenon is responsible for introducing nonlinear 

mass densities into thin films. 

Table 2.3. Molecular volume of single repeated unit in 10, 20, and 30 MLD cycle films 

 

MLD 

cycles 

Total 

Thickness (nm) 

Thickness 

 (nm) 

Mass density 

(g/cm
3
) 

Molecular 

volume (Å3
) 

10 4.55 4.55 1.33 874 

20 6.59 4.89 (int.) 1.40 (int.) 830 (int.) 

1.70 (f/i) 1.61 (f/i) 722 (f/i) 

30 9.44 3.73 (int.) 1.43 (int.) 813 (int.) 

5.71 (f/i) 1.67 (f/i) 696 (f/i) 
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2.3.8 Investigation of Structural Ordering 

To increase the film mass density with deposition cycles, structural change 

might occur. The molecular ordering of the thin film within layer growth has been 

investigated with grazing incidence small angle X-ray scattering (GI-SAXS) analysis. 

From GI-SAXS investigation, it was observed that the molecular ordering seems to be 

improved within number of deposition cycles or film thickness. Figure 2.15 represent 

2D and 1D GI-SAXS profiles for the 10 MLD cycle film on Si wafer. No diffraction 

was observed neither in-plane (surface parallel) nor out-of-plane (surface normal) 

direction indicates random molecular arrangement. However, a clear diffraction was 

observed in the 30 MLD cycle film in 2D imaging plate at the out-of-plane direction at 

2z = 12.5° (Figure 2.16) with a corresponding d-spacing value of 0.7 nm. This result 

indicates that the threshold thickness should be considered for molecular ordering of the 

thin films. In addition, it may conclude that molecular ordering seems to be improved in 

the surface normal direction of the substrate with a certain number of deposited layers. 

In the in-plane direction, no diffraction peak was observed in 10, 20, or 30 MLD cycle 

films, which indicates that the MLD thin film exhibits less molecular ordering in the 

in-plane direction. 
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Figure 2.15. (a) 2D GI-SAXS imaging plate pattern of the 10 MLD cycle film on a Si 

surface. 1D profile in the (b) in-plane (c) out-of-plane direction extracted from the 2D 

GI-SAXS pattern. 
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Figure 2.16. (a) 2D GI-SAXS imaging plate pattern of the 30 MLD cycle film on a Si 

surface. 1D profile in the (b) in-plane (c) out-of-plane direction extracted from the 2D 

GI-SAXS pattern. 
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2.4 CONCLUSIONS 

Using solution-based MLD technique in ambient conditions, author 

synthesized 3D covalent bonded organic thin films with variable densities from 

sequential exposure of bifunctional 1,3-PDI and tetrafunctional TAPM precursors. This 

layer-assembled thin films exhibited multilayer growth. Fabricated thin films included 

three characteristic infrared vibrational bands for urea linkage, confirming the existence 

of polyurea networks’ in the thin films.
 
Furthermore, in the XPS study, peak splitting 

within N 1s and C 1s corresponded to the values expected for polyurea films. Results 

showed that structural periodicity and mass density (g/cm
3
) of the thin films increased 

concomitantly with the number of MLD cycles. These unusual changes might result 

from different degrees of cross-linking of organic molecular networks proximate to the 

substrate surface and extending away from the substrate surface. This approach of 

synthesizing organic molecular networks with higher degrees of cross-linking can be 

extended to porous substrates that can be used for ion separation membranes. 
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Investigation of Surface Effect on Cross-linked Organic 

Multilayer Thin Film 

 

In the previous chapter (chapter 2), the author has discussed the synthesis of 

3D covalent bonded organic thin films using layer-by-layer deposition approach on 

propanol washed Si wafer. From the previous study, the non-linear mass density of the 

thin films was observed within layer deposition along with the improvement of 

molecular ordering after a certain number of layers depositions. This phenomenon 

might be achieved by varying the degree of cross-linking in molecular networks sited 

among near and extending away from the substrate surface. However, removing the 

native oxide layer from Si surface by Buffered Oxide Etch (BOE) as well as replaced 

the H-terminated Si to –OH terminated using short time O2 plasma, demonstrated a 

significant change of multilayer films properties, especially, in film mass density. This 

may happen due to the formation of dense packed self-assembled monolayer (SAM), 

which is formed prior to the layer deposition. The polyurea networks in thin films are 

investigated by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS) techniques. From IR spectra, three characteristics infrared bands of 

Amide I, Amide II and asymmetric 𝜈𝑎(N-C-N) stretching band confirmed the formation 

of polyurea networks by alternate dipping into a solution of amine and isocyanate 
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functionality monomers. The deconvoluted component of the C 1s and N 1s spectra 

from XPS shows clear evidence of stable polyurea networks. Film mass density was 

inspected using X-ray reflectivity (XRR) analysis. This finding is crucially important to 

explore the surface phenomena of the multilayer films growth in MLD technique.  
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3.1 INTRODUCTION 

Organic precursors deposited on semiconductor surface are a promising 

research arena of surface science which played a major role in the fabrication and 

development of molecular-based semiconductor devices. The deposition of organic 

molecules with precise functionalities at the semiconductor interface introduced novel 

properties to biological, chemical, and electronic device. However, the semiconductors’ 

electronic and chemical natures influenced the deposition of precursors onto the surface. 

A number of studies of the covalent attachment of organic molecules to semiconductor 

surface have been conducted to comprehend the structure, reactivity, and interfacial 

properties of such hybrid inorganic/organic systems in gas phase condition.
1-5

 By 

following the trend, one of the major research goals is to control the deposition of 

multiple organic layers to prepare precisely tailored surfaces.  

To synthesize molecular-level controlled organic thin films on semiconductor 

surface, currently a number of deposition techniques are available such as 

Langmuir-Blodgett
6-7

 film deposition and self-assembled monolayer formation.
8-9

 

Recently, a vacuum-based organic thin film deposition techniques, namely, molecular 

layer deposition (MLD),
10-12

 an analogy of atomic layer deposition (ALD),
13-15

 is 

growing interest for its versatility and simplicity. MLD process deposits conformal 
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ultrathin film based on sequential, self-limiting surface reaction. Since the introduction 

in the 1990s, a plenty of research have been reported based on molecular layer 

deposition techniques, where organic polymer are achieved using polymerization 

reaction. Polymeric films have been reported including reaction of acyl dichlorid with 

diamine to form polyamides,
16-19

 reaction of dianhydrides and diamine to form 

polyimides,
20-23

 reaction of diisocyanate and diamine to form polyurea,
24-29

 reaction of 

diisothiocyanate and diamine to form polythiourea,
30

 among others.
31-34

 

However, this vacuum-based MLD technique for multilayer deposition faced 

several limitations, particularly, synthesis of organic thin films with multifunctional or 

bulky organic precursors. In contrast, solution-based MLD can offer an exclusive route 

to overcome this problem.
35-36

  

In the previous chapter, the author has discussed the synthesis of 3D covalent 

bonded multilayer thin films based on sequentially deposited of bifunctional 

1,3-phenylene diisocyanate (1,3-PDI) and tetrafunctional 

tetrakis(4-aminophenyl)methane (TAPM) monomers combination. In where, non-linear 

mass density phenomena were observed within layer deposition. It may happen due to 

the different degree of cross-linking properties among layers near to the substrate 

surface and extending away from the substrate surface. However, the role of substrate 
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surface properties and applied monomers was not certainly clear with this study. 

Therefore, in the present study the author has focused to synthesize thin films with same 

monomers combination and identical synthesis condition, on buffered oxide etch (BOE) 

followed by O2 plasma treated Si surface using solution based MLD technique. Prior to 

the film formation a self-assembled monolayer was formed by using an 

amine-terminated silane-coupling agent.  

In general, buffered oxide etch (BOE) followed by O2 plasma treatment 

increased OH surface concentration on the substrate. It is considered that this change of 

OH surface concentration influenced the self-assembled monolayer property, which 

successively affects the film property. In ALD process, it has been proved that 

difference in the surface characteristics of the substrate can cause difference in ALD 

film growth, even though the experiment was carried out at the same reactant and 

experimental condition.
37-38 

It is expected that, the hydrophilic property of the Si surface 

was enhanced by the O2 plasma treatment through the conversion of H-terminated 

surface to OH surface. These provided more active sites to react with the H3C-O- 

(methoxy) groups of APTMS i.e. increase organosilane nucleation density, introduces 

disorder and film defects in self-assembled monolayer.
8
 This phenomenon may 

influence films properties by forming a significant numbers of double reaction between 
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initial deposited bifunctional isocyanate groups and surface attached amine groups 

(Figure 3.1). 

 

 

 

 

 

 

 

 

Figure 3.1. Schematic illustration of molecular layer deposition (MLD) process on a 

buffered oxide etch (BOE) followed by O2 plasma treated Si surface and chemical 

structure of 1,3-PDI and TAPM monomers. 

This work demonstrates spontaneous layer-by-layer surface reaction between 

isocyanate and amine functional moieties under solution processable MLD technique to 

get cross-linked polyurea thin films. Polyurea networks were confirmed using 

Fourier-transform infrared (FT-IR) spectroscopy and X-ray photoelectron spectroscopy 

(XPS) techniques. The thickness of the thin films was measured using atomic force 
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microscopy (AFM) technique, and films mass density is inspected with X-ray 

reflectivity (XRR) analysis. Prior to the film deposition the surface morphology and 

chemical/electronic state of self-assembled monolayer investigated using XPS and AFM 

techniques.    
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3.2 EXPERIMENTAL SECTION 

3.2.1 Materials 

As molecular building blocks, tetrakis(4-aminophenyl)methane (TAPM) and 

1,3-phenylene diisocyanate (PDI) were purchased, respectively, from Manchester 

Organics, UK and Tokyo Chemical Industry Co. Ltd., Japan. Using recrystallization 

technique, 98% pure commercial PDI was purified further. 

3-Aminopropyltrimethoxysilane (APTMS, >96%) was purchased from Tokyo Chemical 

Industry Co. Ltd., Japan, and was used as received. All solvents (super-dehydrated and 

AR grade) were purchased from Wako Pure Chemical Industries Ltd., Japan and were 

used without further purification. 

3.2.2 Surface Cleaning 

Si wafers of p-type silicon (p-Si(100), 5 - 20 Ω-cm), boron doped were used 

in this study. The silicon wafers were cut with a diamond (40 × 20 mm
2
, t = 0.5 mm) 

and the substrates were cleaned using 2-propanol with ultrasonic bath (three times each 

15 min duration), and finally, dried and kept in a clean bench. The propanol washed 

substrates were then treated with an aqueous NH4HF2 buffer (2.9 %) (STELLA 

CHEMIFA, Singapore) to remove the native oxide layer from Si surface. Finally, 

substrates were washed with deionized water, dried under an argon stream and 
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immediately, put in O2 plasma chamber (CUTE-MP, Femto Science Inc. Korea) and 

treated with O2 Plasma (10 sec, p = 50 pa). These plasma treated substrates were kept in 

ethanol solution to protect it from air contract. Maximum curation was taken to protect 

the Si substrates to avoid from air contact.  

3.2.3 Self-assembled Monolayer (SAM) Formation 

The BOE followed by O2 plasma treated substrates were immersed into 10 mM 

amine-functionalized 3-aminopropyltrimethoxysilane (APTMS) in ethanol solution at 

room temperature for 1 h under Ar atmosphere with constant stirring. After taking out 

from the APTMS solution, substrates were cleaned using ethanol (twice) and 2-propanol 

(twice) consecutively with sonication and finally rinsed with 2-propanol and dried. 

Finally, APTMS modified substrates kept in a clean bench for multilayer film formation 

within 24 hours. 

3.2.4 Multilayer Thin Film Formation 

These amine-terminated substrates were used for multilayer thin film formation 

using an automatic LbL system. Layer deposition was carried out in the previous 

chapter described procedures: (i) amine-functionalized substrate was immersed into 

17.6 mM 1,3-PDI in 1,4-dioxane and toluene (3:1, v/v) solution for 5 min. Then, the 

substrate was rinsed in five separate containers with organic solvent, 1,4-dioxane and 
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toluene mixture, THF and chloroform, respectively. (ii) After washing, the 

isocyanate-terminated substrate was immersed into 3.78 mM TAPM in 1,4-dioxane and 

toluene (3:1, v/v) solution for 5 min, followed by rinsing successively in four separate 

containers with 1, 4-dioxane and toluene mixture, and THF. The deposited substrate was 

dried under Ar atmosphere. This bilayer deposition process described above [steps (i) 

and (ii)] was designated as a single cycle of molecular layer deposition (MLD). 

Multilayer thin films were formed by repeating the procedure described above in a 

desired number of cycles. In every cycle, the amine-terminated surface is regarded as a 

top surface.  
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3.2.5 Instrumentation and Analysis Condition 

3.2.5.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS study was performed using a Shimadzu Kratos Axis-Ultra (Kratos 

Analytical Ltd.) DLS high performance XPS system. Photoelectron was excited by 

monochromated Al K radiation source (1486.6 eV). Spectra were taken at 90° normal 

to the specimen surface. A neutralizer gun used to reduce charging of the samples. 

Energy calibration and component separation were conducted using the bundled 

software with pure Gaussian profile and a Shirley background. C 1s at binding energy 

284.5 eV was used as standard calibration condition. 

3.2.5.2 Atomic Force Microscopy (AFM) 

Surface morphology of bare Si wafer and APTMS modified Si wafer was 

investigated by AFM, under following experimental conditions. For surface morphology 

investigation, atomic force microscopy (AFM, Nanoscope IIIa; Veeco Instruments) with 

tapping mode was used. Silicon cantilevers (SI-DF3FM; Nanosensors Corp.) with a 

spring constant between 2.8 and 4.4 Nm
-1

 and a resonance frequency of 79–89 kHz 

were used. The measurements were taken under an air atmosphere with a scan rate of 

0.4 Hz and scan size of 5 × 5 μm
2
.  

Thickness of multilayer films was measured using an AFM (VN–8000; 
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Keyence Co.) equipped with a DFM/SS mode cantilever (OP-75041; Keyence Co.). 

During thickness measurement, films were partly scratched with sharp blade and height 

difference was evaluated for film thickness. Thickness was measured at least six 

different positions of each sample and got an average value.  

3.2.5.3 IR Spectra 

Fourier-transform infrared (FTIR) spectroscopy was used to investigate the 

formation of a urea bond of the thin films on the substrate. Infrared spectra were 

collected using an FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) 

equipped with a mercury cadmium telluride (MCT) detector. An APTMS-modified Si 

wafer was used as a background. Spectra were taken at 8° from the surface normal. The 

measurement was taken at nitrogen atmosphere. The signal to noise ratio has been 

improved by a smoothing process. 

3.2.5.4 X-ray reflectivity (XRR) 

X-ray reflectivity (XRR) analysis was performed using a high-resolution 

diffractometer (ATX/G; Rigaku Corp.; Japan) with an R-AXIS IV two-dimensional 

(2D) detector. The diffractometer was equipped with Cu K radiation (= 0.1542 nm) 

and divergence of 0.01°. The reflective oscillation curves were fitted using software 

(GIXRR; Rigaku Corp.; Japan). Curve fitting areas were chosen between 0.2° to 3.0°. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 Investigation of Self-assembled Monolayer  

Oxidation treatment of hydrogen terminated (NH4HF4 treated) Si surface is 

necessary for the surface modification with silane coupling agent.
39

 Generally piranha 

solution was used for oxidation of Si surface to form silicon oxide layer for that 

purpose.
40-42

 However, piranha can form tens of nanometer thick oxide surfaces, which 

may affect some of device applications need electrical conductivity.
39

 Therefore, in this 

work the author has examined a simple alternative to a short time (10 sec) plasma 

oxidation after NH4HF4 buffered Oxide Etch (BOE) of Si surface.  

Self-assembled monolayer was formed using amine-terminated silane coupling 

agent (APTMS) on the propanol washed surface and BOE followed by O2 plasma 

treated surface with the same modification condition. To investigate the changes of 

chemical property, a comparison study was done using XPS. In Si 2p XPS fine scan 

spectra, an aminosilane peak was observed in APTMS modified Si surface near 101.8 

eV in both samples (Figure 3.2 C and 3.2 D). However, the peaks of Si-bulk (Si 2p3/2 

and Si 2p1/2) was shifted towards negative binding energies within the formation of an 

oxide layer in compare with buffered oxide etch Si surface (Figure 3.2 (A-D)). The 

highest shifting was occurred in BOE followed by O2 plasma treated APTMS modified 
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sample. This shifting might be observed due to the presence of relatively thick/dense 

oxide layer in BOE followed by O2 plasma treated APTMS modified sample in compare 

with propanol washed APTMS modified sample. This phenomenon can also be 

investigated by calculating the atomic concentration (%) of nitrogen spices among 

propanol washed and BOE followed by O2 plasma treated APTMS modified samples. 

The atomic concentration (%) of nitrogen in BOE followed by O2 plasma treated sample 

is increased appx. 70 % (avg.) in compare with the propanol washed Si sample, in 

respectively, 2.20 and 1.30 %. This result suggests higher SAM density appears in BOE 

followed by O2 plasma treated sample compared with propanol washed sample.  
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Figure 3.2. XPS fine scan spectra of Si 2p; (A) Buffered oxide etched Si surface (B) 

Propanol washed Si surface (C) Propanol washed APTMS modified surface (D) BOE 

followed by O2 plasma treated APTMS modified Si surface. 
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3.3.2 Surface Morphology Investigation by AFM 

To check the BOE followed by O2 plasma process does not affect the silicon 

surface morphology rather than increases self-assembly monolayer density, AFM scans 

were recorded on 5 × 5 μm
2
 area of samples. Figure 3.3 shows the AFM (height) image 

of propanol washed bare Si surface (control), BOE followed by O2 plasma treated bare 

Si surface as well as the comparison of APTMS modified surface in both cases. No 

significant roughness variation was observed after BOE followed by O2 plasma 

treatment of Si surface, indicating constant surface morphology. However, the surface 

roughness change was observed among propanol washed, and BOE followed by O2 

plasma treated APTMS modified surface, Figure 3.3 (B) and 3.3 (D), respectively.   

It is well-established that the plasma-mediated enhancement of hydrophilic 

behavior on the silicon surface with the formation of OH groups (Si-OH).
 43-44 

Therefore it is rational to consider that this silanol groups (-OH) can enhance the 

nucleation density of self-assembled monolayer (APTMS) and increased the surface 

roughness. This hypothesis is consistent with XPS results discussed above. 
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Ra = 1.5 Å, RMS = 1.97 Å           Ra = 1.7 Å, RMS = 2.4 Å 

 

 

 

 

 

 

 

 

 

 

 

 

Ra = 1.5 Å, RMS = 1.84 Å               Ra = 2.5 Å, RMS = 3.7 Å   

 

Figure 3.3. AFM image for surface morphology (Top) propanol washed Si (A) bare 

surface (B) APTMS modified Si surface. (Bottom) BOE followed by O2 plasma treated 

Si (C) bare surface (D) APTMS modified Si surface. 
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3.3.3 Investigation of wetting property of APTMS Modified Surface 

From wetting property investigation, it was observed that BOE followed by O2 

plasma treated APTMS modified surface provides higher contact angle (63 ± 2°) in 

compare with propanol washed APTMS modified surface (51 ± 2°) (Figure 3.4). This 

suggests the higher nucleation density of APTMS monolayer on BOE followed by O2 

plasma treated Si surface compared with propanol washed Si.   

 

 

 

 

 

Figure 3.4. Contract angle measurement of (A) propanol washed APTMS modified 

surface (B) BOE followed by O2 plasma treated APTMS modified surface, with 10 𝜇l 

distilled water as an indicator. 

Finally, XPS, AFM and contract angle results confirmed the enhancement of 

APTMS nucleation density in BOE followed by O2 plasma treated Si surface compared 

with propanol washed Si surface. The author assumes that APTMS nucleation density 

was increased due to the enhancement of surface –OH concentration using plasma 
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mediation.  

3.3.4 Investigation of Multilayer Growth 

 

Cross-linked multilayer polyurea thin film deposition was carried out using 

MLD process by alternating dipping of isocyanate and amine functionalized precursors, 

starting with an amine terminated surface after APTMS functionalized. Figure 1 

demonstrated the chemical structure of the monomers employed in this study as well as 

schematic drawing of MLD process. 

To demonstrate the MLD growth behavior, the thickness of the polyurea films 

was measured in different number of MLD cycles (Figure 3.5). Film thickness was 

investigated using AFM techniques. Films were partially scratched and the height 

difference was evaluated for the film thickness. Thickness was measured at least six 

different positions of each samples and got an average value. The observed thicknesses 

of the 10, 20 and 30 MLD cycle films were 4.55 ± 0.76, 7.06 ± 0.81 and 9.85 ± 

0.98 nm, respectively (error bars based on standard deviation). This thickness value is 

nearly matched with the previous study (chapter 2), representing non-uniform growth 

rate per cycle deposition (average). Even though the non-uniform film growth, film 

thickness increased with deposition cycles, indicating multilayer deposition was carried 

out within MLD cycles. 
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Figure 3.5. Film thickness with error bar as a function of number of MLD cycles for 

polyurea thin film. 
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3.3.5 Investigate the Chemical Bond in MLD Thin Films using FT-IR 

Polymerization reaction of amine and isocyanate functionalities produced 

polyurea networks, which is inspected with infrared (IR) spectroscopy. Figure 3.6 

presents IR spectra of 10, and 30 MLD cycle films. Characteristic peaks amide I, amide 

II and asymmetric 𝜈a(N-C-N) stretching band confirmed the presence of urea linkage 

into the thin films. Peaks around 1650-1690 cm
-1

 can be assigned as amide I; (C=O) for 

the urea groups. The band at 1510 cm
-1

 can be assigned to the amide II band with (N–H) 

bending vibration and the 𝜈a(N-C-N) asymmetric stretching band attributed at 1300 

cm
-1

. The wavenumbers of these characteristic peaks are consistent with others reported 

literature of polyurea linkage,
28,29,45,46

 and assist to confirm polyurea networks in 

as-synthesized thin films. In
 
addition, a shoulder-type band near 1535 cm

-1 
and a band 

near 1603 cm
-1 

are attributable to aromatic ring breathing and aromatic ring stretching, 

respectively. No isocyanate peak was observed at 2270 cm
-1

.
28

 

 Interestingly, a new shoulder-type band at 1713 cm
-1

 for 10 MLD cycles and 

1733 cm
-1

 for 30 MLD cycles were appeared in the spectra of the polyurea films. These 

bands cannot be assigned to the urea linkage because of higher frequency position than 

the amide I stretching band for urea.
47,48

 This band may be attributed due to conversion 

of isocyanate to trace amount of carbamic acid as an unstable intermediate product 

which finally decomposed to produce amine and carbon-di-oxide.
45,49 
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Another interesting feature was observed in the IR spectra the presence of a 

very weak band at ~1775 cm
-1 

for 30 MLD cycle film. This peak is resulted due to 

anhydride formation by the reaction between two intermediate carbamic acids. 

Blanchard and co-workers have been reported this kind of phenomena in polyurea thin 

films.
45

   

 

 

 

 

 

 

 

 

Figure 3.6. IR spectra of 10 and 30 MLD cycle thin films in the IR vibrational region 

for urea bonds. Spectra were measured under nitrogen atmosphere.  

Furthermore, in higher wavenumber region a broad 𝜈(N-H) stretching band 

appeared at 3270 cm
-1 

(Figure 3.7), which is the evidence in the presence of wide 

distribution of hydrogen bonds.
50,51 
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Figure 3.7. IR spectra of 10 and 30 MLD cycle thin films. Spectra were measured in the 

region 2600-3500 cm
-1

 under nitrogen atmosphere.  
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3.3.6 Investigation of Atomic Environments and Chemical Bonding using XPS 

 The atomic environments and chemical bonding into thin films can be 

discussed using XPS fine scan spectra. Figure 3.8 shows the elemental fine scan spectra 

of C 1s for 10 and 30 MLD cycle films. At least three peaks are noticeable: peaks at 

284.5, 285.9, and 288.6 eV. Because of the binding energy makes an inverse 

relationship with electron density. Therefore, the peak at 288.6 eV is assigned to the 

carbonyl carbon of urea linkage; peak at 285.9 eV is corresponded to the combination of 

alkyl carbon and substituted aromatic carbon linked with urea; the lowest binding 

energy peak at 284.5 eV resulted from electron-rich aromatic carbon. These assignments 

of the C 1s fine scan spectra are consistent with other reports of the polyurea and 

thiourea based literature.
29,30

 These assignments confirm the formation of urea bond into 

thin films. The IR results also reinforce urea bond formation, indicating that the reaction 

between amine and isocyanate functionalities form polyurea networks via a 

urea-coupling reaction. 
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Figure 3.8. XPS fine scan spectra of C 1s (a) 10 and (b) 30 MLD cycle films. 
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Figure 3.9 depicts N 1s XPS fine scan spectra for 10 and 30 MLD cycle films. 

The N 1s fine scan also contained three isolated peaks. The major Peak at 399.9 eV 

corresponds to urea groups,
29,35 

peaks
 
near 399.2 eV and 401.3 eV are attributed to 

nonhydrogen-bonded and hydrogen-bonded free amine groups in polyurea thin films 

respectively.
52

 N 1s for isocyanate was not detected because in presence of any 

unreacted isocyanate groups are converted easily to amine by exposure to humid air.
35

  

Inspection of peak intensity ratio of these three nitrogen species did not provide 

any significant information. In both films case, it might be happened due to the reaction 

of maximum number of amine groups with isocyanate groups including the surface 

double reaction. However, XPS can depth only a few nanometers from the film surface 

and does not provide total films quantitative information.
53

 To get more details about the 

film internal properties X-ray reflectivity analysis (XRR) was carried out, will be 

discussed in next. 
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Figure 3.9. XPS fine scan spectra of N 1s in (a) 10, and (b) 30 MLD cycle polyurea thin 

films.   

Finally, FT-IR and XPS studies revealed that sequential deposition of amine and 

isocyanate functionalities produced polyurea networks as well as thickness profile 

confirmed the multilayer growth within number of deposition cycles.   
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3.3.7 Films Mass Density Analysis by XRR 

 Films internal structural properties within layer growth were investigated using 

X-ray reflectivity analysis. X-ray reflectivity is a nondestructive probe of surface 

morphology and structure. XRR has dual advantages of being able to measure electron 

density variations as well as determine overall layer structure at the surface and inside 

the film.
54

 Figure 3.10 shows the XRR experimental (solid line) and simulation (dotted 

line) fringes profile of 10 and 30 MLD cycle films. It was observed that the simulation 

fringe is satisfactory fitted with experimental fringe in case of 10 MLD cycles with a 

uniform density. However, for 30 MLD cycles film case, the result of satisfactory fit 

with a uniform density could not be obtained. The best fitting result was observed in 

non-linear density model rather than linear density model throughout the film depth 

(Figure 3.11). However, the density around the boundary between the free interface 

layer and interfacial layer might intergrade. These XRR profile suggest the non-uniform 

density structure in the thicker film case. 
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Figure 3.10. XRR profile of 10 and 30 MLD cycle thin films. Solid lines and dotted 

lines represent experimental and fitting data.  
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Figure 3.11. Schematic illustration of layer growth with non-linear mass density. 

From XRR simulation profile (Figure 3.10), the estimated thickness of 10 and 

30 MLD cycle films were found 2.93 and 5.69 nm, respectively. This estimated 

thickness is lower than the thickness was obtained from AFM measurement (Figure 3.5). 

This might happen due to the high surface/interface roughness in thin films. Table 3.1 

demonstrates the thickness, roughness and mass density values with error bar extracted 

form XRR profile shown in Figure 3.10.  
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Table 3.1. Thickness, d, mass density, 𝜌, and roughness, 𝜎 of reported layers of 10, 

and 30 MLD cycle thin films was extracted from the XRR profile shown in Figure 3.10 

The statistical errors are shown in each value. 

No. of 

MLD 

cycles 

Layer 

name 

Thickness, d (nm) Mass density, 𝜌 

(g/cm
3
) 

Roughness, 𝜎  

(nm) 

 

10 Si wafer 0.00 2.33 0.5 (𝜎s/f) 

Film 2.93 ± 0.01 0.84 ± 0.02 0.76 ± 0.03 (𝜎f/i) 

 

30 

Si wafer 0.00 2.33 0.5 (𝜎s/f) 

Film 4.10 ± 0.02 (int.) 0.98 ± 0.007 

(int.) 

0.94 ± 0.21 (𝜎int) 

1.58 ± 0.06 (f/i) 1.58 ± 0.02 (f/i) 2.6 ± 0.04 (𝜎f/i) 

𝝈 s/f denotes roughness of substrate/film interface, 𝝈 f/i denotes roughness of free 

interface and 𝝈int represent interfacial roughness of different densities layers into thin 

films.  
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Films mass density extracted from the XRR simulation fringe profiles (Figure 

3.10). XRR mass density profile (Figure 3.12) showed that the estimated film mass 

density of 10 MLD cycle film is constant throughout the film depth. However, for 30 

MLD cycles, the mass density is not uniform throughout the range of film depth. The 

mass density of film proximate to the surface (interfacial layer (int.)) is ca. 60% lower 

than the mass density of film extending away from the surface (free interface (f/i) 

region), 0.98 g/cm
3
 to 1.58 g/cm

3
. 
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Figure 3.12. Film mass density (g/cm
3
) profile of simulated model for (A) 10 MLD 

cycle, and (B) 30 MLD MLD cycle films as a function of distance from the free 
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interface.  

This large variation of mass densities among layers proximate to the surface 

and extending away to the surface might be observed due to the influence of surface 

activation after plasma treatment. This plasma treatment enhanced the hydrophilic 

behavior of the silicon surface with the formation of silanol groups (Si-OH). This high 

concentration of surface silanol groups (Si-OH) increased the surface attachment of the 

forming siloxane group, in term of self-assembled monolayer formation (APTMS 

monolayer).
8
 In this case, the distance between two amine active sites in self-assembled 

monolayer might be too closed to each other. This conjugated active sites proceed a 

significant numbers of double reaction between initial deposited one 1,3-PDI molecules 

and two surface attached amine groups of APTMS species (Figure 3.1).
17 

This “double” 

reaction would eliminate active isocyanate functionalities and hinder further coupling 

reaction with amine functionalized TAPM molecules, ultimately reduced the film 

packing density. In addition, the significant number of these double reactions increased 

the distance between the isocyanate active sites for extending molecular networks with 

further deposited TAPM monomers. However, it was observed that film mass density 

increased with increasing number of deposition cycles. This phenomenon resulted due 

to the presence of multiple reactive sites of multifunctional building block (TAPM), 
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which provide reactive sites and laterally extended the molecular networks and directed 

closer to each other. Due to the closer approach of the molecular networks, the 

intermolecular interactions, as well as the cross-linking properties were increased. This 

result suggests that not only the degree of cross-linking but also the particular 

monomers combination are responsible for non-linear mass densities into cross-linked 

multilayer thin film.  
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3.4 CONCLUSIONS 

Thin film with polyurea molecular networks was synthesized using solution 

processable MLD techniques over chemical etch followed by O2 plasma-mediated 

silicon surface. This plasma-mediated process enhanced surface hydrophilicity with 

increasing surface OH concentration. XPS, AFM and contact angle analysis revealed 

that enhancement of surface OH group (Si-OH) make dense packed self-assembled 

monolayers (SAMs), which are formed prior to layer deposition. The formation of 

polyurea networks in multilayer thin films was confirmed using FT-IR and XPS 

investigations. However, a larger density variation was observed among layers sited 

near to the substrate surface and extending away to the substrate surface. This variation 

might results due to the formation of large number of double reaction between initial 

deposited bifunctional isocyanate monomer and APTMS modified NH2-terminated 

surface. 
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CONCLUSIONS AND PROSPECTS 

 

Molecular layer deposition (MLD) has been shown to be a powerful technique 

for fine-tuning film properties by depositing on demand monomers combination. 

Optical and mechanical properties have been successfully tuned by varying the numbers 

of the deposition cycle. Moreover, post-modification treatments of films using residing 

organic functionalities within the multilayer nanostructure enable the design and 

fabrication of tailored multifunctional assembly and to expand the application range of 

MLD thin films. Therefore, to develop thin film with MLD technique is need to deal 

with several factors such as substrate surface properties, self-assembled monolayer, 

monomers symmetrical combination, as well as optimized reaction condition and so on.  

This present study was conducted to develop a new class of layer assembled 

nanoscale organic multilayer thin film using MLD technique. In this research, I focused 

to fabricate 3D molecular networks based functional organic thin films on a smooth 

surface of silicon wafer using solution based molecular layer deposition technique. 

Several characteristics techniques have been employed to confirm the multilayer growth, 

expected covalent networks as well as explored the film physical and chemical 

properties. These results showed that MLD technique provided relatively dense-packed 
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multilayer thin film in propanol washed Si surface (chapter 2). However, a linear mass 

density was not observed within number of layers deposition. This may happen due to 

the different cross-linking state of molecular networks in different distance from the 

substrate surface. This propensity of cross-linking among molecular networks proximate 

to the substrate surface and extending away from the substrate surface can be 

considered with variable intermolecular interactions. However, with increasing the 

deposition cycles, improvement of molecular ordering was observed. I assume that the 

improvement of film mass density may relate to the improvement of the structural 

periodicity. 

In contrast, deposition of organic thin film with same monomers combination, 

and identical synthesis condition on buffered oxide etch and followed by oxygen plasma 

treated Si surface, also demonstrated variable mass densities behavior (chapter 3). 

However, a larger density variation was observed among layers near to the surface and 

extending away from the surface. This phenomenon might be related to the 

enhancement of hydrophilic nature of Si surface (Si-OH) after plasma-mediation. Prior 

to the MLD film growth, the substrate surface was chemically modified using 

organosilane precursors. The high concentration of surface OH groups increased the 

surface attachments of the forming siloxane (Si-O-Si) groups, in terms of 
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self-assembled monolayer formation; introduced dense-packed self-assembled 

monolayer. It is considered that this high nucleation density of self-assembled 

monolayer influenced layer assembled multilayer film properties.    

This variable mass densities phenomenon may provide an opportunity to 

develop ion separation membrane with a wide range of ion selectivity using only one 

monomers combination. In conventional case, it is not possible. Furthermore, by 

utilizing multi-functionalities in molecular networks, it may possible to conduct the 

post-modification step by using different organic and inorganic species and make 

application diversity. 

In conventional or vacuum based MLD technique rely on limited numbers of 

linking chemistry and the number of applied precursors is inadequate. Taking the 

advantage of solvent media, this solution based MLD can offer a wide range of linking 

chemistry as well as may apply an unprecedented number of organic precursors. 

Therefore, it is expected that this research will be encouraged for further investigation to 

the development of different types of molecular networks based organic thin films using 

solution based molecular layer deposition technique. 

 Since this solution based MLD technique is an infancy stage that still faces 

several problems. One of the major problem the “capped” reaction on the surface which 
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is generally formed by using homo-bifunctional monomers; eliminated the necessary 

surface active sites for MLD growth. This problem might overcome by using mask 

functionality. Thus one end of the precursor can react with surface and the other 

functional group remaining unchanged. After this self-saturation reaction, the masked 

functional groups will be unmasked or activated using a chemical reaction, thermal 

annealing or light exposure. Once the hidden functionality has been exposed, this new 

functionality is ready to react with the next incoming organic precursor. This approach 

of mask functionalities may improve the implementation of solution based MLD.  

Finally, I anticipate that molecular networks based nanoscale MLD thin films 

have very encouragement prospects and enable to use a wide range of applications. I 

hope that this present finding will make a significant contribution to surface and 

interface science and to the development of varieties of molecular scale functional 

multilayer thin films for diverse application fields.  
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Abstract of Subtheme Research 

 

Ion channels have many district features that make them interest for biophysical and 

physiological applications. Prussian blue (PB) nanoparticles covered with long alkyl 

chain oleylamine are capable of forming nano-pores in a lipid bilayer membrane. Using 

fluorescence sensitive dye, “pyranine” we observed a dramatic change of fluorescence 

spectra at 511 nm emission wavelength along with changes pH in PB embedded lipid 

bilayer suspension and control DOPC suspension. The fluorescence intensity difference 

between control DOPC and PB embedded DOPC was carried out might due to 

transportation of proton from the inner aqueous volume to the outer aqueous volume 

across lipid bilayer membrane using PB nanopores. 

 

Keywords: ion channel, lipid bilayer, Pyranine, Fluorescence, nano-channels 
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