
Japan Advanced Institute of Science and Technology

JAIST Repository
https://dspace.jaist.ac.jp/

Title
溶液を用いた分子層堆積(MLD)法によるポルフィリン含

有ポリ尿素薄膜の作成

Author(s) Uddin, S. M. Nizam

Citation

Issue Date 2017-12

Type Thesis or Dissertation

Text version ETD

URL http://hdl.handle.net/10119/15078

Rights

Description
Supervisor:長尾　祐樹, マテリアルサイエンス研究科

, 博士



 

Doctoral Dissertation 

 

Fabrication of Porphyrin-based Polyurea Thin Film by 

Solution-based Molecular Layer Deposition (MLD) 

Technique 

 

溶液を用いた分子層堆積(MLD)法によるポルフィリン

含有ポリ尿素薄膜の作成 

 

 

 

 

 

S. M. NIZAM UDDIN 

 

Supervisor: Associate Professor Yuki Nagao  

School of Materials Science 

Japan Advanced Institute of Science and Technology  

December, 2017 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Referee-in-chief:  Associate Professor Dr. Yuki Nagao 

         Japan Advanced Institute of Science and Technology 

 

  Referee:  Professor Dr. Noriyoshi Matsumi 

                 Japan Advanced Institute of Science and Technology 

  

       Professor Dr. Donglin Jiang  

                               Japan Advanced Institute of Science and Technology 

 

Associate Professor Dr. Toshiaki Taniike 

Japan Advanced Institute of Science and Technology 

 

                               Associate Professor Dr. Tatsuya Nishimura 

                               Kanazawa University 

 

 



I 
 

Table of Contents 
 

 

Page 

Table of Contents         I 

List of Figures         VI  

List of Tables         XI 

List of Schemes         XII 

List of Abbreviations         XIII 

Abstract          XIV 

 

Chapter 1 

General Introduction        1 

1.1 Thin Films  1 

1.2 Thin Films Fabrication  2 

1.2.1 Layer-by-layer (LbL)  4 

1.2.1.1 Vapor Deposition Technique  5 

1.2.1.2 Solution-based Molecular Layer Deposition (MLD) 8 

1.3 Comparison of Bulk and Thin Film Materials  
10 

1.4 Research Objectives 12 

1.5 Thesis Outline  13 

References 14 

 



II 
 

Chapter 2 

Investigation of Self-assembled Monolayers (SAMs)    25 

Abstract 25 

2.1 Introduction 26 

2.1.1 Self-assembled Monolayers (SAMs) 26 

2.1.2 Aminosilane  28 

2.2 Experimental 30 

2.2.1 Materials 30 

2.2.2 Surface Cleaning 31 

2.2.3 Modification of Solid Substrate 31 

2.2.3.1 Self-assembled Monolayer of APDMES 31 

2.2.3.2 Self-assembled Monolayer of APTMS 32 

2.2.4 Chemical Stability of APDMES and APTMS-modified Surface  33 

2.2.5 Characterization 33 

2.2.5.1 X-ray Photoelectron Spectroscopy (XPS) 33 

2.2.5.2 Atomic Force Microscopy (AFM) 34 

2.3 Results and Discussion 35 

2.3.1 Investigation of APDMES Self-assembled Monolayer  35 

2.3.1.1 Time Dependent APDMES Modification  35 

2.3.1.2 Chemical Bonds of APDMES-Modified Solid Surface 38 



III 
 

2.3.1.3 Influence of Different Solvent Systems 39 

2.3.2 Investigation of APTMS Self-assembled Monolayer  41 

2.3.2.1 Time Dependent APTMS Modification  41 

2.3.2.2 Chemical Bonds of APTMS-modified Solid Surface 43 

2.3.2.3 Atomic force microscopy of APTMS-modified solid 

substrate  

 

44 

2.3.3 Chemical Stability of APDMES and APTMS-modified Surface 46 

2.4 Conclusions 49 

References 50 

 

Chapter 3 

Synthesis and Characterization of Porphyrin-based Polyurea Thin Film 

Using Solution-based MLD Technique      55 

Abstract 55 

3.1 Introduction 56 

3.2 Experimental  60 

3.2.1 Materials 60 

3.2.2 Surface Cleaning 60 

3.2.3 Modification of Solid Substrate 61 

3.2.4 Fabrication of Multilayer Thin Film on Solid Substrate 61 

3.2.5 Characterization 63 



IV 
 

3.2.5.1 UV-vis Absorption Spectroscopy 63 

3.2.4.2 Transmission Fourier Transform Infrared (FTIR) 

Spectroscopy 

 

63 

3.2.4.3 Atomic Force Microscopy (AFM) 63 

3.2.4.4 White interference microscope 64 

3.2.4.5 X-ray Photoelectron Spectroscopy (XPS) 64 

3.3 Results and Discussion 65 

3.3.1 Investigation of Self-assembled Monolayer Growth on Solid 

Substrate 

 

65 

3.3.2 Investigation of Optimal Reaction Condition for Multilayer Film 

Growth   

 

67 

3.3.2.1 UV-vis Absorption Property of Thin Film 67 

3.3.2.2 Optimization of Reactant Concentration for Thin Film 

Growth      

 

68 

3.3.2.3 Investigation of Optimal Reaction Time 70 

3.3.3 Humidity Effect on Molecular Growth   72 

3.3.3.1 Study of UV-vis Absorption Spectroscopy  

3.3.3.2 Study of X-ray photoelectron spectroscopy (XPS) 

72 

75 

3.3.4 Porphyrin-based Multilayer Thin Film Formation 77 

3.3.4.1 Investigation of Multilayer Film Growth by UV-vis 

absorption Specctroscopy  

 

77 

3.3.4.2 Film Thickness Measurement by AFM  82 

3.3.4.3 Determination of Chemical Bond by FTIR 84 



V 
 

3.3.4.4 Investigation of Chemical Environments and Bond by XPS  86 

3.3.4. 5 Study of Surface Morphology by AFM 90 

3.4 Conclusions 94 

References 96 

 

Chapter 4 

 

 

 

 

 

 

 

 

General Conclusion and Future Prospects  105 

4.1 General Conclusion 105 

4.2 Future Prospects 108 

 

Acknowledgement 

 

110 

Achievements 111 

Abstract of Minor Research 112 



VI 
 

List of Figures 

 

Figures Page 

Figure 1.1 Highlights of thin film research fields 2 

Figure 1.2 Top-down and bottom-up approach for thin film  fabrication 3 

Figure 1.3 Schematic drawing of polyelectrolyte multilayer thin film 

growth using LbL technique. 

 

4 

Figure 1.4 Schematic representation of the vapor-based ALD process 6 

Figure 1.5 Conceptual representation of the vapor-based MLD process 7 

Figure 1.6 Schematic representation of organic multilayer thin film 

growth on solid surface using tetrafunctional precursors 

 

9 

Figure 1.7 Comparison between bulk and surface-induce thin film 

fabrication: (a) molecular orientation and (b) molecular growth sequence 

 

 

11 

Figure 2.1 Schematic representation of SAMs structure 27 

Figure 2.2 Chemical structure and abbreviation of some aminosinale 

molecules 

 

28 

Figure 2.3 The possible realistic bond orientation of APTMS-modified 

substrate 

 

29 

Figure 2.4 Chemical structures of (a) 3-aminopropyltrimethoxysilane, 

APTMS and (b) 3-aminopropyldimethylethoxysilane , APDMES 

Figure 2.5 (a) XPS survey spectrum of bare and APDMES-modified 

 

30 

 



VII 
 

SiO2 substrate and (b) N 1s XPS spectra for APDMES-modified solid 

surface after 1, 2, 3 and 6 hr of silanization at (70 ± 2 ºC) 

 

37 

Figure 2.6 (a) Si 2p XPS fine scale spectra for bare SiO2 substrate. (b) Si 

2p and (b) N 1s XPS fine scale spectra for APDMES-modified solid 

surface after 3 hr of silanization at 70 C. (Solvent system = Ethanol) 

 

 

39 

Figure 2.7 XPS survey spectra of (a) N 1s and (b) Si 2p XPS for 

APTMS-modified solid surface after 1, 2 and 3 hr of silanization at 

25C 

 

 

41 

Figure 2.8 Contact angle (CA) of the bare and APTMS-modified (1, 2 

and 3 hr) (a) SiO2 and (b) Si substrate surface [CA = Contact angle] 

 

42 

Figure 2.9 (a) The N 1s (b) and Si 2p XPS fine scale spectra for 

APTMS-modified solid surface after 1 hr of silanization at 25 C 

 

44 

Figure 2.10 AFM 2D and 3D height images of (a) bare SiO2, (b) 1 hr 

APTMS-modified SiO2 substrate. Scan size: 5.0 μm × 5.0 μm. Data scale 

10 nm 

 

 

45 

Figure 2.11 Contact angle (CA) of the APDMES and APTMS-modified 

SiO2 substrate at as prepared and after 7 hr immersing into (a) H2O and 

(b) 0.1 M HClO4 (aq) solution at 40 ºC and RT respectively 

[CA = Contact angle] 

 

 

 

47 

Figure 2.12 XPS survey spectra of N 1s for the APDMES and APTMS-

modified SiO2 substrate at as prepared and after 7 hr immersing into     

(a) H2O and (b) 0.1 M HClO4 (aq) solution at 40 ºC and RT respectively 

 

 

48 

Figure 3.1 (a) XPS survey spectrum of bare SiO2 and APTMS-modified  



VIII 
 

SiO2 substrates. (b) N 1s and (c) Si 2p XPS fine scale spectra of APTMS-

modified SiO2 substrate 

 

66 

Figure 3.2 (a) UV-vis absorption spectra and (b) schematic representation 

of 0.5 and 1 MLD cycle films on APTMS-modified SiO2 substrate 

 

67 

Figure 3.3 Optimization of (a) 1,4-PDI and (b) H2TAPP concentration 

for solution-based MLD process at 0.5 and 1  MLD cycle respectively 

 

69 

Figure 3.4 Absorbance at ~260 (blue) and ~430 nm (red) as a function of 

immersion time in 1,4-PDI (0.5 MLD cycle) and H2TAPP solution  

(1 MLD cycle) respectively 

 

 

70 

Figure 3.5 Physisorption check: UV-vis absorption spectra of (red) 4 

MLD cycle thin film and (black) 4 MLD cycle + extra 30 min H2TAPP 

dipped film 

 

 

71 

Figure 3.6 UV-vis absorption spectra of 1 MLD cycle films on the SiO2 

substrate as a function of RH of the reaction chamber (immersion time = 

25 min/0.5 MLD cycle) 

 

72 

Figure 3.7 The N 1s XPS fine scan spectra of (a) H2TAPP powder and 1 

MLD cycle film prepared at (b) 10  2 % and (c) 34  2 % RH 

conditions and there schematic representation   

 

 

76 

Figure 3.8 (a) UV-vis spectra of multilayer thin film as a function of 

MLD cycles on APTMS-modified quartz slides and (b) linear plot of 

absorption intensity vs. the number of MLD cycles at 10  2 % RH of the 

reaction chamber 

 

 

 

78 



IX 
 

Figure 3.9 9 Linear plot of absorption intensity as a function of MLD 

cycles at (a) 5  2% and 10  2%, and (b) 10  2% and 34  2% RH of 

the reaction chamber. (c) Schematic representation of multilayer film 

growth at low and high RH.   

 

 

 

80 

Figure 3.10. Film thickness as a function of number of MLD cycles 

prepared at 10  2 % RH of the reaction chamber. 

 

82 

Figure 3.11 Thickness of multilayer thin films by AFM (blue) and white 

interference microscope (red) 

83 

Figure 3.12 IR spectra of 5 and 10 MLD cycle thin films on the APTMS-

modified Si substrate at lower wavenumber region (1100-1700 cm
-1

) 

 

84 

Figure 3.13 IR spectra of 5 and 10 MLD cycle thin films on the APTMS-

modified Si substrate at higher wavenumber region (2000-3600 cm
-1

) 

 

85 

Figure 3.14 N 1s XPS fine scan spectra of (a) 5 and (b) 10 MLD cycle 

film films on APTMS-modified SiO2 substrate 

 

86 

Figure 3.15 C 1s XPS fine scan spectra for (a) 5 and (b) 10 MLD cycle 

films on APTMS-modified SiO2 substrate 

 

89 

Figure 3.16 XPS survey spectrum for APTMS-modified SiO2 substrate 

and 1, 5 and 10 MLD cycle thin films on APTMS-modified SiO2 

substrate 

 

 

90 

Figure 3.17 AFM height images (a) 2D and (b) 3D of bare Si and 

APTMS-modified Si substrate respectively. Scan size: 5.0 μm × 5.0 μm. 

Data scale 10 nm 

 

 

91 



X 
 

Figure 3.18 AFM (a) 2D and (b) 3D height images of 5 MLD and 10 

MLD cycle thin films on Si-substrate. Scan size: 500 nm × 500 nm. Data 

scale 10 nm 

 

 

92 

Figure 4.1.  (a) The proposed host-guest binding mode of urea based thin 

film and anion (F
-
 and CH3COO

-
) and (b) UV-vis absorption spectra thin 

film towards various dipping time in 24 mM CH3COO
-
 solution.  

 

 

108 

 

 

 

 

 

 

 

 

 

 

 

 

 



XI 
 

List of Tables 

 

Table Page 

Table 2.1 Surface composition (at. %) of the SiO2 substrate after 1, 2, 3 

and 6 hr APDMES-modification at RT and higher temperature (70±2 ºC) 

           

36 

Table 2.2 N-at. % of APDMES-modified SiO2 substrate in different 

solvent at both room temperature and high temperature and their 

chemical environments 

                               

 

40 

 

Table 3.1 Peak assignments of the N 1s XPS fine scan spectra for 

H2TAPP powder and    1 MLD cycle films at both low and high RH 

conditions 

 

 

77 

Table 3.2 Peak assignments of the N 1s XPS fine scan spectra for 

H2TAPP powder and 5 and 10 MLD cycle films 

 

87 

Table 3.3 Surface roughness and the estimated domain size of bare Si 

substrate, APTMS-modified Si substrate, 5 and 10 MLD cycle films on 

APTMS-modified Si substrate 

 

 

93 

 

  

 

 

 



XII 
 

List of Schemes 

 

 

Scheme Page 

Scheme 2.1 (a) schematic representation of aminosilane modification  

(b) polymerization of aminosilane in presence of H2O 

 

29 

Scheme 2.2 Silanization reaction between APDMES and the 

hydroxylated solid surface 

 

32 

Scheme 2.3 Silanization reaction between APTMS and the hydroxylated 

solid surface 

 

32 

Scheme 3.1 Schematic representation for the fabrication of porphyrin-

based polyurea thin film 

 

62 

Scheme 3.2 Hydrolysis of isocyanate group to form a carbamic acid 

(intermediate) and the subsequent decomposition to produce amine, 

leading self-polymerization of 1,4-PDI molecules period 

 

 

74 

Scheme 3.3 Reaction between isocyanate and amine group to form urea 

linkage period 

 

74 

  

 

 

 

 

 

 

 

 

 

 



XIII 
 

List of Abbreviation 

 
LbL     Layer-by-Layer 

LB     Langmuir-Blodgett 

PVD    Physical Vapor Deposition 

CVD    Chemical Vapor Deposition 

ALD                Atomic Layer Deposition  

MLD    Molecular Layer Deposition 

SAMs     Self-Assembled Monolayers 

APTMS            3-Aminopropyltrimethoxysilane 

APDMES   3-aminopropyldimethylethoxysilane 

DMF    N, N-dimethylformamide 

RT    Room Temperature 

XPS      X-ray photoelectron spectroscopy  

AFM                Atomic Force Microscope  

CA    Contact Angle 

RMS       Root Mean Square 

1,4-PDI   1,4-phenylene diisocyanate 

H2TAPP    5,10,15,20-tetrakis-(4-aminophenyl)porphyrin  

RH    Relative Humidity 

CHCl3                        Chloroform  

THF    Tetrahydrofuran 

FTIR     Fourier-transform infrared  

MCT    Mercury Cadmium Telluride 



XIV 
 

Abstract 

Synthesis of organic thin film materials on solid surfaces is important for prospective applications 

in many research fields today. One of the simple and versatile techniques to prepare nanometer scale 

multilayer thin films is solution based molecular layer deposition (MLD). Organic thin film growth 

depends on several factors such as solid surface properties, self-assembled monolayer, as well as 

optimized reaction condition.  

First part of this research was focused on the study of aminnosilane self-assembled monolayer 

formation on Si/SiO2 surfaces. A major problem of aminosilane-modified surface is their chemical 

stability. To examine the issue of losing surface functionality, I prepared the self-assembled monolayer 

of one and three alkoxy group containing 3-aminopropyldimethyl ethoxysilane (APDMES) and 3-

aminopropyl trimethoxysilane (APTMS) on SiO2 substrates respectively. Silanization condition of 

APDMES was investigated in four different solvents under various reaction conditions. APDMES layer 

prepared in ethanol at 70 ºC for 3 hr shows the highest N-at. % along with highest free amine %. In 

contrast, APTMS-modified SiO2 substrate was prepared in ethanol at RT for 1, 2, 3hr of silanization and 

found that 1 hr silanization is enough for APTMS-modification on SiO2. The chemical stability of 

APDMES and APTMS-modified SiO2 substrates were also investigated after 7 hr immersion into H2O 

and 0.1 M HClO4 solution at 40 ºC and RT respectively. Contact angle and XPS analysis showed that 

22.4 % APDMES and 6.7 % APTMS were removed from the surface when the modified substrates 

were immersed into H2O at 40 ºC for 7 hr. On the other hand, 38.7 % APDMES and 14.9 % APTMS 

were removed from the surface when the modified substrates were immersed into 0.1 M HClO4 (aq) 

solution at RT for 7 hr. Thus Indicating, three alkoxy groups containing APTMS is more chemically 

stable (in hot H2O and HClO4) than one alkoxy group containing APDMES. 

In the second part of this article, I demonstrated a solution-based molecular layer deposition 

(MLD) approach to prepare porphyrin-based covalent molecular networks on APTMS modified 

substrate surface using the urea coupling reaction between 1,4-phenylene diisocyanate (1,4-PDI) and 

5,10,15,20-tetrakis-(4-aminophenyl)porphyrin (H2TAPP) at room temperature. Multilayer growth was 

investigated under different relative humidity (RH) conditions. Sequential molecular growth at low 

relative humidity (≤10% RH) was observed using UV-vis absorption spectroscopy and atomic force 

microscopy (AFM). The high-RH condition shows limited film growth. Infrared spectroscopy (IR) and 

X-ray photoelectron spectroscopy (XPS) revealed the polyurea bond formation in sequential multilayer 

thin films, demonstrating that stepwise multilayer film growth was achieved using the urea coupling 

reaction.  

 

Keywords: Self-assembled monolayer, Molecular layer deposition, Porphyrin, Polyurea, Covalent 

linkage, Thin film. 
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Chapter-01 

General Introduction 

 

1.1 Thin Films  

Thin film is a progressing research field has been used to create and development 

of device performance. Thin film technology controls the synthesis of a layer of materials 

ranging from fractions of a nanometer to several micrometers in thickness. It opens a wide 

range of application windows in physics, chemistry, biology and medical science. Based 

on the particular application demands, thin films deposition has been carried out on 

different types of substrates including conducting, semiconductors, non-conducting and 

porous materials. The thin film growth depends on the surface-interface interaction among 

the substrate and reacting materials which can enhance functional properties compare to 

the corresponding bulk materials. Thus the physical and chemical properties of the thin 

film can be monitored and improved by choosing the appropriate set of reacting materials 

to anchor with the substrate surfaces. As in thin film technology, it is possible to optimize 

the specific film growth along with the control over the film thickness. It has become very 

attractive in various research fields such as functional film and materials, battery research, 

organic electronic, optics and process technology.
1-4

 Figure 1.1 shows some of the 

attractive research fields in thin film technology. 
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Figure 1.1 Highlights of thin film research fields. 

  

 

 

 

 

 

 

1.2 Thin Films Fabrication  

  Thin film growth is an important part of the consideration in the present research 

world as it is required for many devices in the modern technology. The control of thin film 

growth at the molecular level is required for device miniaturization as the morphology 

plays a vital role for most of the device performances.
5
 Two major synthetic approaches 

are well known for thin film fabrication such as top-down and bottom-up approach 

(Figure 1.2). Top-down is an approach where the nanostructures are synthesized by 

etching out the film which are already exist on the substrate surface using beam 

lithography.
6
 Thus, top-down approach is used to remove the building block from the 

substrate to form the nanostructure for device applications. On the other hand, bottom-up 
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Figure 1.2 Top-down and bottom-up approach for thin film fabrication. 

Bottom-up approach Top-down approach 

approach are used to synthesized the nanostructure on the substrate surface by stacking the 

atoms and/or molecules on each other.
7 

Thus,
 
bottom-up is an approach where the building 

blocks are combined onto the substrate surface to form nanostructures. The bottom-up 

approaches are more advantageous than top-up approach because of the better chance of 

producing nanostructures with less defects and more homogenous chemical composition. 

Bottom-up approach includes the various thin film fabrication techniques such as Layer-

by-layer (LbL),
8
 Langmuir-Blodgett (LB),

9-12
 microwave,

13
 colloidal,

14
 electrochemical 

deposition,
15

 inkjet,
16

 spray coating
17

 and spin coating.
18 

 Among all of these techniques, 

LbL is an easy and cost-effective technique to fabricate multilayer thin films.
4,19
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Figure 1.3 Schematic drawing of polyelectrolyte multilayer thin film growth using 

LbL technique. 

 

1.2.1 Layer-by-layer (LbL)  

LbL is a thin film fabrication technique where films are formed by depositing 

alternative layers of materials. Various types of intermolecular interactions are used in LbL 

techniques such as electrostatic
20-25 

and non-electrostatic interactions,
26-27

 hydrogen, 

covalent and coordination bonding
28-34

 and others.
35-37

 Figure 1.3 shows the schematic 

drawing of conventional LbL process for polyelectrolyte multilayer thin film growth. LbL 

is an efficient technique to fabricate multilayer thin film with control over the film 

thickness and reproducibility. The polyelectrolyte multilayer thin films are synthesized by 

the electrostatic interaction of polycation and polyanion between the polymers chains. By 
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using the advantage of charge-charge interaction, LbL technique has gained a great 

attention in biological science as many proteins, nucleic acids and enzymes bear charged 

groups that are able to interact with each other to form multilayer thin films.
30

 

 

1.2.1.1 Vapor Deposition Technique  

Vapor deposition is a technique in which materials in a vapor state are condensed 

through condensation, chemical reaction, or conversion to form a solid material. It is an 

emerging technique to achieve the well-controlled films composition, conformation, 

structure and smooth film morphology. Usually vapor-based deposition techniques are two 

types- (i) physical vapor deposition (PVD) and (ii) chemical vapor deposition (CVD). 

Among them chemical vapor deposition techniques, specially atomic layer deposition 

(ALD)
38-43

 and molecular layer deposition (MLD)
44-49

 have gained much attention because 

of having control over film thickness at atomic or molecular scale (angstrom to nanoscale 

level). ALD is a special type of CVD technique to fabricate the ultra-thin films of 

inorganic materials using metal, metal oxide and metal nitrile in sequential self-limiting 

reaction steps.
42-43

 The substrate surface has a finite number of reactive sites, therefore 

only a finite number of reactant species can deposit on the surface. The self-limiting nature 

of the ALD process removes the randomness of reactant flux which helps to fabricate an 

extremely smooth and conformal thin film on the substrate. Figure 1.4 shows a schematic 
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Figure 1.4 Schematic representation of vapor-based ALD process.
50

 

representation of vapor-based ALD technique for multilayer film formation.  

 

   

 In 

contrast to ALD, MLD process has been used for organic and organic-inorganic hybrid 

thin film growth on substrate surface by limiting the deposition rate to no more than one 

molecular layer per deposition step.
51

 The self-assembled monolayers of the desired 

functionality should be fabricated first to initiate the film growth. Then the terminus of the 

film can be varied by substituting a desired functionality into the final molecule of the 

MLD sequence. Due to the stepwise film growth, it is anticipated that the orientation and 
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Figure 1.5 Conceptual representation of the vapor-based MLD process. 

arrangement of the organic precursors should have less random compare to bulk polymeric 

materials. The vast numbers of organic molecules are available to select for the film 

growth, based on the corresponding polymerization chemistry. Typically, bifunctional 

organic molecules are used in vapor-based MLD techniques. A Schematic illustration of 

vapor-based MLD process is shown in Figure 1.5.  
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1.2.1.2 Solution-based Molecular Layer Deposition (MLD) 

To date, most MLD processes have been conducted through polymerization of 

volatile bifunctional monomers under vacuum conditions to prepare polyamide,
45,52-53

 

polyimide,
48,54

 polyurethane,
55

 and polyurea
56-58 

based nanostructures. However, vapor-

based MLD technique is not applicable for macromolecules because of their high molar 

mass and boiling points.
59

 In addition, the major difficulty is to remove physio-absorb 

monomers by using inert carrier gas in the time of deposition steps, the pH can’t be varied 

and a catalyst can’t be easily used.
49 

   

Recently, solution-based MLD process has taken much attention because of its 

simplicity and advantage over the vapor-based MLD techniques.
59-60

 In this process, the 

multilayer thin films are fabricated by immersing the substrate into a series of solvents, 

containing selected multifunctional reacting monomers based on the target application. 

During the film growth, the unreacted physio-absorb monomers can be easily removed 

from the film surface by rinsing with a suitable set of solvents. As this process is based on 

solution-phase, it offers an opportunity to use catalyst or pH change according to the 

reaction requirements. In addition, the most attracting point of this technique is that it 

provides an opportunity to use macromolecular precursors for fabricating multilayer thin 

films.
61-62

 Compared to conventional MLD film fabrication based on non-covalent 

interactions such as coulombic interactions
63-64 

and hydrogen bonding,
65

 covalently bonded 
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Figure 1.6 Schematic representation of organic multilayer thin film growth 

on solid surface using tetrafunctional precursors.
59

 

films possess much higher chemical and thermal stability because of their chemical 

characteristics.
66-67

 Figure 1.6 Schematic representation of organic multilayer thin film 

growth on solid surface using tetrafunctional precursors.   
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1.3 Comparison of Bulk and Thin Film Materials 

Thin film materials have a significant advantage over bulk materials. Bulk materials 

have a wide range of applications in chemistry, physics and biology but the main obstacle 

of bulk materials is the process ability for devices applications. In contrast, thin film 

materials are regarded as a suitable choice that allows the fabrication of devices with 

smaller volume and weight, low-cost and good performances for its higher flexibility, 

structural diversity, orientation, and control over the film thickness.
68-70

 Control of thin 

film growth at the molecular level is necessary for device miniaturization because 

morphology plays a crucially important role in the performance of many devices,
5,71

 but it 

is very challenging in the case of bulk materials. In addition, the immobilization property 

of the nanoscale molecular assembly on solid surface has taken a great attention for the 

improvement in utilization with long time durability.
72-73

 Figure 1.7 represents the 

comparison between bulk and surface-induce thin film synthesis. As we know that it is 

possible to synthesize crystalline as well as the non-crystalline materials by using bulk 

processes. But thin film offers an opportunity to control over the molecular orientation 

(Figure 1.7a) that can help to enhance their application performances.
74

 Another most 

important benefits of this process is to control over the sequential molecular growth 

(Figure 1.7b). Suppose, precursor X contains a specific functional group which can react 

with two different precursors Y and Z (having same functional group). Then it is difficult 
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Figure 1.7 Comparison between bulk and surface-induce thin film fabrication: 

(a) molecular orientation and (b) molecular growth sequence.  

(b) 

 

(a) 

or impossible to control the molecular sequence in bulk reaction process whether 

substrate-induce thin film growth can control it easily.  

 

 

 

 

 

 

 

 

 

 

 

 

 



  

CHAPTER 01 General Introduction 

 

12 
 

 

 

1.4 Research Objectives 

The main objective of this research is to use the solution-based molecular layer 

deposition method to fabricate porphyrin-based covalent molecular networks on a amine-

functionalized substrate surface using the urea coupling reaction. This research was mainly 

addressed in two parts as following:  

(a) Investigation of the chemical stability of one and three alkoxy group containing 

3-aminopropyldimethylethoxysilane (APDMES) and 3-aminopropyltrimethoxysilane 

(APTMS) on Si/SiO2 substrates respectively.  

(b) The study of thin film synthesis of porphyrin-based covalent molecular networks 

on a amine-functionalized substrate surface using the urea coupling reaction, especially in 

these aspects: 

 Investigation of RH effect on multilayer thin film growth using urea 

coupling reaction.  

 Growth phenomena, chemical bonding and surface morphology. 
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1.5 Thesis Outline 

In chapter 1, the general introduction of this thesis was mentioned about the thin film 

technology and there scope modern science. 

In chapter 2, the chemical stability of the self-assembled monolayer of one and three 

alkoxy group containing 3-aminopropyldimethyl ethoxysilane (APDMES) and 3-

aminopropyl trimethoxysilane (APTMS) on SiO2 substrates were investigated by 

considering there appropriate preparation conditions. The finding in this chapter motivated 

to the use of APTMS in the study of thin film preparation in chapter 3.   

In chapter 3, I have demonstrated the solution-based MLD thin film growth of 

porphyrin-based covalent molecular networks on a APTMS-modified substrate surface 

using the urea coupling reaction between 1,4-PDI and H2TAPP at room temperature. The 

growth phenomena and thin film properties were examined. Stepwise multilayer film 

growth was observed at ≤14% RH, whereas the high RH conditions showed film growth-

limiting behavior. Presumably, numerous 1,4-PDI self-polymerization took place at high 

RH conditions. This suggests about the effect of RH on polyure-based multilayer film 

growth. 
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In chapter 4, general conclusion and future prospects of this research were presented.  
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Chapter-02 

Investigation of Self-assembled Monolayers (SAMs)  

 

Aminosilanes are common coupling agents used to functionalize Si/SiO2 surfaces. 

The major problem of aminosilane-modified surfaces is their chemical stabilities. To 

examine the issue of losing surface functionality, I prepared the self-assembled monolayer 

of one and three alkoxy group containing 3-aminopropyldimethyl ethoxysilane (APDMES) 

and 3-aminopropyl trimethoxysilane (APTMS) on SiO2 substrates respectively. 

Silanization of APDMES was carried out in four different solvents under various reaction 

conditions. APDMES layer prepared in ethanol at 70 ºC for 3 hr shows the higher N-at. % 

along with high free amine %. In contrast, APTMS-modified SiO2 surface was preapered 

in ethanol at RT for different time scale (1, 2, 3hr). The same surface response was 

observed for APTMS-modified surface at 1, 2 and 3 hr of silanization. The chemical 

stability of APDMES and APTMS-modified SiO2 substrates were also investigated after 7 

hr immersion into H2O and 0.1 M HClO4 solution at 40 ºC and RT respectively. XPS 

analysis showed that 22.4 % APDMES and 6.7 % APTMS were removed from the surface 

when the modified substrates were immersed into H2O at 40 ºC for 7 hr. On the other hand, 

38.7 % APDMES and 14.9 % APTMS were removed from the surface when the modified 

substrates were immersed into 0.1 M HClO4 (aq) solution at RT for 7 hr.  
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2.1 Introduction 

2.1.1 Self-assembled Monolayers (SAMs) 

Modern surface chemistry is an important research field about molecular-level 

understanding and the control over the surface chemical reactions. Self-assembled 

monolayer (SAM) is a robust and versatile approach to fine-tune a surface of interest. 

The molecular self-organization from the solution phase to a surface was first reported 

by W. C. Bigelow in 1946,
1 

but later on J. Sagiv introduced the definition of  self-

assembled monolayers.
2
 Studies on self-assembled monolayers (SAMs) have been 

reported for several decades
3
, the various kinds of device fabrication has been endorsed 

by this technique.
4-6

 SAMs is powerful surface modification technique to tailor the 

surface properties by the combination of molecules and surface. For SAM formation, at 

first the molecules should be chemisorbed on the surface and then spontaneously 

organized into 2D long-range molecular ordered domains.
5,7 

SAMs are typically 

composed of three parts as shown in Figure 2.1: 

(i) the head group, it is the end of the molecule which binds to the surface. For 

example: trichloro-, trimethoxy-, triethoxysilane, etc.   

(ii) a backbone, made of an aliphatic chain and/or an aromatic oligomer, mostly 

responsible for the molecular ordering.  



CHAPTER 02 Introduction 

 

27 
 

 

Figure 2.1 Schematic representation of SAMs structure. 

 

 (iii) the terminal group, which determines topography,
2 

surface energy,
8
 and 

chemistry
2
 of the outer interface. For example: halide, methyl, carboxyl, hydroxyl, 

amino, etc. 

  

 

 

 

 

 

Thiols and organosilicon derivatives (silane coupling agent) are commonly used 

for SAMs preparation. In 1990s, alkanethiol has taken a great attention for gold surface 

modification.
9
 But serval limitations were indentified for the alkanothiol/gold system; 

such as lack of driving force for monolayer formation leads to labile structure, the thiol 

head groups are sensitive towords oxidation degradation.
10-11

 Later on, organosilane 

precursors have been widely chosen for the –OH terminated silicon or quartz surfaces. 

This is because of their strong covalent bond formation possibility between the alkoxy 

group (-OR) of organosilane molecules and surface substrate surface -OH group to 

form Si-O-Si bond.
12-17

  

 



CHAPTER 02 Introduction 

 

28 
 

 
Figure 2.2 Chemical structure and abbreviation of some aminosinale molecules. 

2.1.2 Aminosilane  

The amine-terminated silane, commonly known as aminosilanes (Figure 2.2) are 

widely used silane coupling agents for silica-based materials because of their 

bifunctional nature. They have the ability to form a durable chemical bond with organic 

and inorganic materials. Aminosilanes are widely used to functionalize the hydroxyl-

terminated surface for the wide range of applications such as chromatography,
18

 

biosensor (immobilization of DNA, proteins, etc.),
19-22

 inmedicine,
23

 for attaching metal 

nanoparticles,
24

 for the detection of specific gases
25

 and explosives.
26-27

  

 

 

 

Aminosilanes are unique in surface reaction chemistry because of the presence of 

amine group which act as a built-in catalyst. The amine is capable of catalyzing the 

formation and hydrolysis of siloxane bonds at ambient temperature. In that case, amine 

group can bind to the Si atom of the same or neighbor aminosilane molecules by intra or 

inter molecular interaction and forms a cyclic intermediate that is very reactive to 

nucleophiles i.e., the surface -OH group or water molecules (Scheme 2.1).
28
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(a) 

(b) 

Scheme 2.1 (a) schematic representation of aminosilane modification  

(b) polymerization of aminosilane in presence of H2O. 

 

Figure 2.3 The possible realistic bond orientation of APTMS-modified substrate. 

 

 

 

 

 

 

 

 

In all aminosilane cases, a lack of reproducibility in SAMs formation arises from 

different reaction conditions such as reaction temperature, nature of the aminosilane 

(mono-, di- or trialkoxy), reaction time, solvent system and silane concentration.
28-30

 So, 

it is very important to investigate systematically the reaction conditions before further 

studies. A more realistic bond orientation of aminosilane-modified surface is shown in 

Figure2.3. 
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Figure 2.4 Chemical structures of (a) 3-aminopropyltrimethoxysilane, APTMS 

and (b) 3-aminopropyldimethylethoxysilane , APDMES. 

2.2 Experimental  

2.2.1 Materials 

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

Chemical Industry Co. Ltd., Japan. 3-aminopropyldimethylethoxysilane (APDMES, 

>96%) was purchased from Gelest, Inc. and stored under Ar atmosphere. For substrate 

cleaning, HPLC grade ethanol and 2-propanol were purchased from Wako Pure 

Chemical Industries Ltd., Japan, and were used as-received without further purification. 

AR grade toluene, ethanol, acetone and N, N-dimethylformamide (DMF) were also 

obtained from Wako Pure Chemical Industries Ltd., Japan.  
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2.2.2 Surface Cleaning 

Quartz substrate (SiO2; 25 × 15 mm
2
, t = 0.5 mm) and boron doped p-type silicon 

wafer (p-Si (100); 5-20 Ω-cm, 30 × 20 mm
2
,
 
t = 0.5 mm) were chosen for multilayer 

thin film fabrication. Before use, these substrates were cleaned by sonication for 3 × 15 

min using 2-propanol (HPLC grade) to remove organic contaminants. Finally, rinsed 

with 2-propanol and streamed with Ar and dried and kept in a clean bench. 

2.2.3 Modification of Solid Substrate  

2.2.3.1 Self-assembled Monolayer of APDMES 

The modification of freshly cleaned SiO2 and Si substrates were carried out in 10 

mM solution (AR grade) of APDMES in toluene, ethanol, acetone and DMF solvents 

separately.  The silanization reaction was carried out in a closed system for a specific 

time (1, 2, 3 and 6 hr) at room temperature (22 ± 2 ºC) and at high temperature: (a) 70 

ºC (toluene, ethanol and DMF) and (b) 50 ºC (acetone). The flask was purged with Ar 

prior to the silanization. After taking out from the APTMS solution, the substrates were 

washed with HPLC grade ethanol (twice) and 2-propanol (twice) solvents consecutively 

with sonication for 5 min each and were finally rinsed with 2-propanol and streamed 

with Ar and dried in a clean bench. 
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Scheme 2.3 Silanization reaction between APTMS and the hydroxylated solid 

surface. 

 

Scheme 2.2 Silanization reaction between APDMES and the hydroxylated solid 

surface. 

 

 

2.2.3.2 Self-assembled Monolayer of APTMS 

To obtain the self-assembled monolayers of APTMS, clean SiO2 and Si substrates 

were immersed into 10 mM ethanol solution (AR grade) of APTMS for 1, 2 and 3 hr 

with constant stirring at room temperature (22 ± 2 ºC) under an Ar atmosphere. After 

taking out from the APDMES solution, the substrates were washed and stored as the 

same process mentioned above.   

 

 

 

 

 

2.2.4 Chemical Stability of APDMES and APTMS-modified Surface  



CHAPTER 02 Experimental 

 

33 
 

The chemical stability of APDMES and APTMS-modified SiO2 substrate was 

investigated under H2O and HClO4 solution. Hydrolytic stability of APDMES and 

APTMS-modified substrate was investigated by immersing into H2O for 7 hr at 40 ºC. 

Acidic stability of APDMES and APTMS-modified substrate was investigated by 

immersing into 0.1 M HClO4 (aq) solution for 7 hr at room temperature. Finally, the 

substrates were washed with enough amount of water and dried in a clean bench.  

2.2.5 Characterization  

Several characterization techniques have been used to investigate multilayer thin 

film growth on solid surfaces, the physical and chemical properties of the covalent 

organic thin film and the surface morphology. 

2.2.5.1 X-ray Photoelectron Spectroscopy (XPS) 

To confirm the elemental characteristics of the thin films, X-ray photoelectron 

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

Kratos Analytical Ltd.) with an Al Kα radiation source (1486.6 eV). Energy and 

component separations were conducted using bundled vision processing software with 

pure Gaussian profiles with a Shirley background. 

 

2.2.5.2 Atomic Force Microscopy (AFM) 
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Tapping mode atomic force microscopy (AFM) was used to analyze the film 

surface morphology and roughness. AFM images were collected using a digital AFM 

system (NanoScope IIIa; Veeco Instruments). Silicon probes were used as a cantilever 

(SI-DF3FM; Nanosensors Corp.) with a resonance frequency of 60-66 kHz and a spring 

constant of 2.8–4.4 Nm
-1

. The measurements were taken under an air atmosphere with a 

scan rate of 0.4 Hz and scan sizes of 5 μm × 5 μm and 1 μm × 1 μm.  
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2.3 Results and Discussion 

2.3.1 Investigation of APDMES Self-assembled Monolayer  

2.3.1.1 Time Dependent APDMES Modification  

Amine functionalized self-assembled monolayers (SAMs) of APDMES on SiO2 

substrate was investigated by XPS analysis. The bare SiO2 surface showed peaks of 

carbon, oxygen and silicon. Usually, carbon signal comes from the contamination 

layer.
30

 The XPS spectra of APDMES modified surface contained the signals of carbon, 

oxygen and silicon and an addition of nitrogen signal. Nitrogen is the most significant 

response of APDMES molecules on the solid substrate, representing the amine group of 

the APDMES molecules. Table 2.1 showed the compositional analysis of SiO2 surface 

after different silanization time in ethanol at both room temperature (RT) and high 

temperatures (70 ºC). At RT condition, a little N-signal appears after 2, 3 and 6 hr of 

silanization but no signal was observed after 1 hr of silanization. But in the case of high 

temperature condition, N-signal fairly increased from 1 to 6 hr of silanization. These 

results indicated that high temperature is more suitable for getting APDMES-modified 

surface. Figure 2.5a presents the XPS survey spectrum of bare SiO2 and APDMES-

modified SiO2 substrate. It clearly shows that the N and C-signals increases from bare to 

APDMES-modified substrate, confirming the presence of APDMES on SiO2 substrate. 
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Table 2.1 Surface composition (at. %) of the SiO2 substrate after 1, 2, 3 and 6 hr 

APDMES-modification at RT and higher temperature (70 ± 2 ºC). 

 

Temperature At. % 1 hr 2 hr 3 hr 6 hr 

 

Room 

Temperature 

(22 ± 2 ºC) 

 

C 5.56 8.57 9.07 8.97 

Si 59.31 56.58 56.42 56.32 

O 35.13 34.48 33.90 34.05 

N - 0.37 0.61 0.69 

Higher 

Temperature
 

(70 ± 2 ºC) 

C 9.89 14.04 14.74 14.90 

Si 55.32 51.69 50.34 50.14 

O 34.30 33.25 33.19 33.22 

N 0.48 1.03 0.71 0.72 

(Solvent system = Ethanol) 

 

The N 1s XPS spectra for APDMES-modified solid surface also showed the continuous 

increase of N-signal from 1 to 3 hr of silanization (Figure 2.5b), indicating the increase 

of APDMES molecules on SiO2 substrate. Further increase of silanization time didn’t 

show any considerable change in N-at. %.  
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(a) 

Figure 2.5 (a) XPS survey spectrum of bare and APDMES-modified SiO2 

substrate and (b) N 1s XPS spectra for APDMES-modified solid surface after 

1, 2, 3 and 6 hr of silanization at (70 ± 2 ºC). 

 

 

(b) 
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(a) 

2.3.1.2 Chemical Bonds of APDMES-modified Solid Surface 

Figure 2.6a depicts the Si 2p XPS fine scale spectra for bare SiO2 substrate. Peaks 

at the binding energy of 99.0 eV, 99.6 eV corresponds to the bulk Si 2p3/2 and Si 2p1/2. 

Higher binding energy peak at 103.3 eV corresponds to the native silicon oxide layer of 

SiO2 substrate.
29-30 

After modification with APDMES, these peaks were shifted towards 

ca. 0.3 eV lower binding energy (Figure 2.6b). This shifting might be occurred because 

of the chemisorption of APDMES on substrate. In addition, a new peak at the binding 

energy of 101.6 eV attributed that corresponds to the aminosilane on the silicon oxide 

layer. The N 1s XPS fine scale spectra showed two different components at the binding 

energy of 399.2 eV corresponds to free NH2 and 401.6 eV corresponds to H-bonded 

NH2,
29,31

 indicating the APDMES growth on the SiO2 surface as shown in Figure 2.6c.  
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Figure 2.6 (a) Si 2p XPS fine scale spectra for bare SiO2 substrate. (b) Si 2p and 

(b) N 1s XPS fine scale spectra for APDMES-modified solid surface after 3 hr 

of silanization at 70 C. (Solvent system = Ethanol) 

(b) (c) 

   

2.3.1.3 Influence of Different Solvent Systems 

It is very important to find out the proper solvent system for surface modification 

as the solvents are different in polar natures. Because of the polar nature of APDMES, I 

expected its better solubility in polar solvents. The silanization process was carried out 

at different solvent systems: (a) polar protic solvent (ethanol), (b) polar aprotic solvent 

(acetone, DMF) and (c) non-polar solvent (toluene). The surface modification at various 

solvent systems was investigated by XPS analysis. Table 2.2 represents the summary of 

the N-composition (at. %) and their chemical environments. Toluene solvent system 
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showed high N-at. % at both RT and high temperature condition along with the highest 

free amine %. The maximum number of free amine is desired for further film growth on 

APDMES-modified surface. So, the suitable condition for APDMES-modification is 

expected to be the toluene solvent system for 3 hr at high temperature (70 ºC). 

Table 2.2 N-at. % of APDMES-modified SiO2 substrate in different solvent at both 

room temperature and high temperature and their chemical environments. 

Solvent 

N-at. %  Room temperature High temperature 

Room 

temperature 

High 

temperature 

Free NH
2 
% 

 

H-bonded 

NH
2 
% 

Free NH
2 
% 

 

H-bonded 

NH
2 
% 

Toluene 1.27  1.45  76.5  23.53  75.8  24.27  

DMF 0.92  1.33  70.9  29.15  75.4  24.59  

Acetone 0.82  1.07  79.3  20.68  78.2  21.79  

Ethanol 0.61  0.71  70.0  30.05  74.4  15.6  

N.B.: High temperature: Ethanol, toluene and DMF (70 ± 2 ºC); acetone (50 ± 2 ºC) 

Room temperature: 22 ± 2 ºC 
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Figure 2.7 XPS survey spectra of (a) N 1s and (b) Si 2p XPS for APTMS-modified 

solid surface after 1, 2 and 3 hr of silanization at 25 C. 

 

(a) (b) 

2.3.2 Investigation of APTMS Self-assembled Monolayer  

2.3.2.1 Time Dependent APTMS Modification  

Due to the high possibilities of APTMS polymerization and different types of 

interaction between APTMS and silicon oxide layer, the APTMS growth was also 

investigated by XPS at various silanization times. The N 1s and Si 2p XPS fine scale 

spectra showed almost similar peak area for various silanization times (1, 2 and 3 hr) at 

three different points for each (checked for three times), indicating that the 

polymerization of APTMS molecules is lower in ethanol solvent system as shown in 

Figure 2.7.
30

 These results indicated that 1 hr might be enough silanization time for 

preparing APTMS-modified SiO2 substrate.   
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Figure 2.8 Contact angle (CA) of the bare and APTMS-modified (1, 2 and 3 hr) 

(a) SiO2 and (b) Si substrate surface. [CA = Contact angle] 

(a) 

(b) 

Contact angle which represents the hydrophilic and hydrophobic behaviors of the 

bare substrate and APTMS-modified substrates were also investigated. Contact angle 

increased from bare substrate to APTMS-modified substrates from 37  2 to 62  2 

and 35  2 to 60  2 for SiO2 and Si substrates respectively (Figure 2.8), indicating 

the increase of hydrophobic behavior of the surface due to the presence of hydrophobic 

APTMS molecules. These also match with the evidences of APTMS growth on solid 

surface. In addition, 1, 2 and 3 hr APTMS-modified surfaces showed almost the same 

contact angle, indicating an additional evidence for lower polymerization possibilities of 

APTMS molecules in ethanol solvent system. 
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This phenomenon can be explained by the solvents polarity and nature. Like hydrolysis 

in the case of water, the OH group containing polar protic ethanol solvent can 

solvolyze the Si-O-Si bonds much faster than the competitive condensation reaction 

between two SiOH groups to form SiOSi bonds, which leads to lower 

polymerization.
30,32

 

 

2.3.2.2 Chemical Bonds of APTMS-modified Solid Surface 

Amine functionalized self-assembled monolayer (SAM) of APTMS on Si/SiO2 

substrate was investigated by XPS analysis. Nitrogen signal is the most significant 

response for the presence of APTMS molecules on the solid substrate, representing the 

amine group of the APTMS molecules.  The N 1s XPS fine scale spectra showed two 

different components at the binding energy of 399.2 eV corresponds to free NH2 and 

401.2 eV corresponds to H-bonded NH2,
29,31

 indicating the APTMS growth on the 

surface as shown in Figure 2.9a. The Si 2p XPS fine scale spectra also showed a signal 

at the binding energy of 102.3 eV corresponds to the aminosilane on the silicon oxide 

layer, which provided an additional evidence of APTMS growth. Other components at 

the binding energy of 98.5 eV, 99.0 eV and 103.0 eV corresponds to the bulk Si 2p3/2, Si 

2p1/2 and silicon oxide respectively as shown in Figure 2.9b.
29-30
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Figure 2.9 (a) The N 1s (b) and Si 2p XPS fine scale spectra for APTMS-modified 

solid surface after 1 hr of silanization at 25 C. 

(a) (b) 

 

2.3.2.3 Atomic force microscopy of APTMS-modified solid substrate  

The surface morphology of bare Si and APTMS-modified Si substrates and 

multilayer thin films were also investigated using tapping mode AFM, as shown in 

Figure 2.10. The surface morphology of thin film showed the distinct properties from 

the bare and APTMS-modified SiO2 substrates. It also represents the evidence of thin 

film formation. The 2D and 3D height images show consistent APTMS-modified 

surface within 5.0 μm × 5.0 μm areas, which indicates the well deposition process. The 

root mean square (RMS) roughness was also investigated, where the roughness was 

slightly increased from 0.17 to 0.25 nm for bare Si and APTMS-modified surfaces 
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respectively. APTMS-modified surfaces are relatively uniform with the low density of 

island. 

 

 

 

 

 

Figure 2.10 AFM 2D and 3D height images of (a) bare SiO2, (b) 1 hr APTMS-

modified SiO2 substrate. Scan size: 5.0 μm × 5.0 μm. Data scale 10 nm. 

(a) 

(b) 
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2.3.3 Chemical Stability of APDMES and APTMS-modified Surface 

APDMES and APTMS have a primary amine group in the propyl (γ) position. 

This amine group can act as a catalyst for the formation and hydrolysis of siloxane 

bonds by both intra- and inter-molecularly.
28,32-33

 In this case intra-molecular catalysis 

might be achieved bia the formation of stable five-membered cyclic intermediates.
28

 So, 

the chemical stability of APDMES and APTMS-modified SiO2 substrate was 

investigated under H2O (at 40 ºC) and 0.1 M HClO4 solution. Figure 2.11 shows the 

contact angle of APDMES and APTMS-modified SiO2 surfaces at as prepared and after 

7 hr immersing into H2O and 0.1 M HClO4 (aq) solution separately at 40 ºC and RT 

respectively. APDMES-modified surface showed much lower contact angle than 

APTMS-modified surface after immersing into H2O and 0.1 M HClO4 solutions 

separately for 7 hr. The result indicated that APDMES is less stable than APTMS in 

both H2O and 0.1 M HClO4 solutions. As contact angle represents the hydrophilic and 

hydrophobic behaviors of the solid surface. Therefore, contact angle decrease means the 

removal of hydrophobic APDMES or APTMS molecules from the solid surface. This 

might be happened due to the presence of three alkoxy group in APTMS molecules 

where APDMES molecules have only one alkoxy group for making siloxane bonds with 

the surface hydroxyl groups. Where, amine is capable of catalyzing the hydrolysis of 

siloxane bonds at ambient temperature. In that case, amine group can bind to the Si 
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(a) H2O at 40 ºC 

(b) HClO4 at RT 

As prepared After 7 hr 
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Figure 2.11 Contact angle (CA) of the APDMES and APTMS-modified SiO2 

substrate at as prepared and after 7 hr immersing into (a) H2O and (b) 0.1 M HClO4 

(aq) solution at 40 ºC and RT respectively. [CA = Contact angle] 

atom of the same or neighbor aminosilane molecules by intra or inter molecular 

interaction and forms a cyclic intermediate that is very reactive to nucleophiles i.e., the 

water molecules.
28

 Figure 2.12 represents the XPS analysis revealed that 22.4 % 

APDMES and 6.7 % APTMS were removed from the surface when the modified   

 

 

 

 

 

 

 

 

 

 

 

 

 

As prepared After 7 hr 
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Figure 2.12 XPS survey spectra of N 1s for the APDMES and APTMS-modified 

SiO2 substrate at as prepared and after 7 hr immersing into (a) H2O and (b) 0.1 M 

HClO4 (aq) solution at 40 ºC and RT respectively. 

(a) 

(b) 

substrates were immersed into H2O at 40 ºC for 7 hr. On the other hand, 38.7 % 

APDMES and 14.9 % APTMS were removed from the surface when the modified 

substrates were immersed into 0.1 M HClO4 (aq) solution at RT for 7 hr. 
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2.4 Conclusions 

In this work, I prepared the self-assembled monolayer of APDMES and APTMS 

on SiO2 substrates. APDMES modification was carried out in four different solvents 

under various reaction conditions. Using the XPS technique, I investigated the surface 

compositions and chemical bonding of the modified surfaces. Results show the best 

APDMES-modification in toluene solvent system at both RT and high temperature (70 

ºC, 3 hr) along with the higher free amine %. I conclude that the modification of 

APDMES on SiO2 surface strongly depends on solvent system. During silanization 

process, polymerization possibility of APTMS molecules in ethanol solvent system was 

also investigated at different time scale using XPS, contact angle. Interestingly, no 

evidence was found for polymerization in ethanol solvent system. The chemical stability 

of the APDMES and APTMS-modified SiO2 substrates were also investigated after 7 hr 

in H2O and 0.1 M HClO4 solution at 40 ºC and RT respectively. Three methoxy group 

containing APTMS molecules showed much higher stability on SiO2 substrate than the 

one ethoxy group containing APDMES molecules in both aqueous and acidic 

conditions.  
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Chapter-03 

Synthesis and Characterization of Porphyrin-based Polyurea 

Thin Film Using Solution-Based MLD Technique 

 

Synthesis of organic thin film materials on solid surfaces is important for prospective 

applications in many research fields today. In this article, we demonstrated a solution-

based molecular layer deposition (MLD) approach to prepare porphyrin-based covalent 

molecular networks on a 3-aminopropyl trimethoxysilane (APTMS) modified substrate 

surface using the urea coupling reaction between 1,4-phenylene diisocyanate (1,4-PDI) 

and 5,10,15,20-tetrakis-(4-aminophenyl)porphyrin (H2TAPP) at room temperature (22 ± 2 

ºC). Multilayer growth was investigated under different relative humidity (RH) conditions. 

Sequential molecular growth at low relative humidity (≤14% RH) was observed using UV-

vis absorption spectroscopy and atomic force microscopy (AFM). The high-RH condition 

shows limited film growth. Infrared spectroscopy (IR) and X-ray photoelectron 

spectroscopy (XPS) revealed the polyurea bond formation in sequential multilayer thin 

films, demonstrating that stepwise multilayer film growth was achieved using the urea 

coupling reaction.  
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3.1 Introduction 

Thin film growth is a crucially important consideration in today’s research world 

because many devices related to modern technology require it. Control of thin film growth 

at the molecular level is necessary for device miniaturization because morphology plays a 

crucially important role in the performance of many devices.
1-3

 Thin film materials with 

nanoscale level have some considerable implications such as molecular electronics,
4
 

photovoltaics,
5
 sensor,

6
 nonlinear optics,

7
 and bio-resistant coatings.

8,9
 Scientists from 

different backgrounds have introduced versatile new methods for thin film synthesis. 

Langmuir–Blodgett (LB)
10-11

 and spin coating
12

 are well-known techniques used for thin 

film fabrication. Molecular level layer-by-layer (LbL) thin film fabrication, known as 

molecular layer deposition (MLD) has attracted  considerable attention because of its 

simplicity and its attractive control over film thickness, composition, and conformality 

through sequential self-limiting surface reaction at the single-molecule level.
13-16

 To date, 

most MLD processes have been conducted through polymerization of volatile bifunctional 

monomers under vacuum conditions to prepare polyamide,
17-19

 polyimide,
20-21

 

polyurethane,
22

 and polyurea
13,23-24

 based nanostructures. However, this vapor-based MLD 

technique is not applicable for macromolecules because of their high boiling points.
25

 

Solution-based MLD process offers an alternative route to overcome some limitations of 

vapor-based MLD techniques. Compared to conventional MLD film fabrication based on 
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non-covalent interactions such as coulombic interactions
26-27

and hydrogen bonding,
28

 

covalently bonded films possess much higher chemical and thermal stability because of 

their chemical characteristics.
25,29-30

 Bent et al.
31-33

 and Park et al.
34

 reported polyurea-

based multilayer thin films using chemical vapor deposition (CVD) and solution-based 

MLD processes respectively. Blanchard and co-workers also reported the solution-based 

polyurea multilayer thin film growth using bifunctional amine and isocyanate group-

containing monomers and separately using only isocyanate group-containing monomers. 

For the isocyanate group-containing monomers, they demonstrated that the reactive amine 

group was accomplished by the deliberate hydrolysis of the isocyanate groups, providing 

uncontrolled molecular growth.
35

  

Porphyrin, the most well-known and widely studied macromolecule, has attracted 

considerable attention because of its various possibilities for application to molecular 

electronics,
36-37

 artificial photosynthesis,
38

 semiconductor sensitization,
39-41

 and biological 

fields.
42 

A few works have been reported by Dinolfo and co-workers to fabricate 

porphyrin-based covalent organic thin films, but they have introduced a solution-based 

MLD thin film fabrication technique utilizing copper (I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) or click chemistry to build porphyrin-based multilayer thin 

films.
43-44 

Still, introducing new materials of porphyrin-based covalent organic thin films 

presents a demanding issue that must be addressed to support prospective applications in 
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many research fields. 

This report is the first of the relevant literature to describe a study in which the 

solution-based MLD technique was chosen to establish a well-controlled porphyrin-based 

covalent organic thin film through the urea coupling reaction. Specifically, 1,4-phenylene 

diisocyanate (1,4-PDI) was used as the bifunctional monomer, whereas 5,10,15,20-

tetrakis-(4-aminophynyl) porphyrin (H2TAPP) was used as the tetrafunctional counter 

molecule for multilayer film growth (Scheme 1). The choice of these monomers was based 

on their chromophore properties in the multilayer thin film and commercial availability. 

Two different wavelength regions of phenylurea and porphyrin in UV-vis absorption 

spectroscopy assisted to investigate the multilayer film growth at different RH conditions 

of the reaction chamber. The main focus of this paper is on demonstrating the use of 

conventional isocyanate-amine chemistry to fabricate porphyrin-based polyurea multilayer 

assemblies. Moisture sensitive 1,4-PDI (containing isocyanate group) was used as one 

precursor,
34-35

 which might have different degrees of self-polymerization with respect to 

relative humidity (RH) conditions. I conducted this investigation of how sequential 

molecular growth might be improved by appropriate choice of RH conditions of the 

reaction chamber. According to my knowledge, no report of the relevant literature 

describes RH effects on polyurea-based sequential molecular growth by solution-based 

MLD process. Systematic characterization of the sequential molecular growth at low RH 
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(≤10% RH) was accomplished using UV-vis absorption spectroscopy and atomic force 

microscopy (AFM). Moreover, chemical characteristics of the multilayer organic thin film 

were characterized using infrared spectroscopy (IR) and X-ray photoelectron spectroscopy 

(XPS).  



CHAPTER 03 Experimental 

 

60 
 

3.2 Experimental  

3.2.1 Materials 

Silicon wafer (Si (100), p-type) and quartz (SiO2) substrates were purchased from 

Electronics and Materials Corp. Ltd. and Sendai Sekiei Glass Seisakusho respectively. 

5,10,15,20-tetrakis-(4-aminophynyl) porphyrin (H2TAPP, >95%), 1,4-phenylene 

diisocyanate (1,4-PDI, >98%) and 3-aminopropyltrimethoxysilane (APTMS, >96%) were 

purchased from Tokyo Chemical Industry Co. Ltd., Japan. Before use, 1,4-PDI was further 

purified by sublimation. HPLC (99.7%) grade of ethanol and 2-propanol was used for 

substrate modification with APTMS. Super dehydrated (H2O, ≤0.001%) chloroform 

(CHCl3), tetrahydrofuran (THF), toluene and N, N-dimethylformamide (DMF) were used 

for the formation of multilayer thin films. All solvents were purchased from Wako Pure 

Chemical Industries Ltd., Japan, and were used as-received without further purification.  

3.2.2 Surface Cleaning 

Quartz substrate (SiO2; 25 × 15 mm
2
, t = 0.5 mm) and boron doped p-type silicon 

wafer (p-Si (100); 5-20 Ω-cm, 30 × 20 mm
2
,
 
t = 0.5 mm) were chosen for multilayer thin 

film fabrication. Before use, these substrates were cleaned by sonication for 3 × 15 min 

using 2-propanol (HPLC grade, 99.7%)) to remove organic contaminants. Finally, rinsed 

with 2-propanol and streamed with Ar and dried and kept in a clean bench. 
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3.2.3 Modification of Solid Substrate  

To obtain the amine-functionalized self-assembled monolayers (SAMs), clean SiO2 

and Si substrates were immersed into 10 mM ethanol solution (AR grade, 99.5%)) of 

APTMS for 1 hr with mild shaking at room temperature (22 ± 2 ºC) under an Ar 

atmosphere. After taking out from the APTMS solution, the substrates were washed with 

HPLC grade ethanol (twice) and 2-propanol (twice) solvents consecutively with sonication 

for 5 min each and were finally rinsed with 2-propanol and dried with an Ar stream in a 

clean bench.  

3.2.4 Fabrication of Multilayer Thin Film on Solid Substrate   

Amine-functionalized substrates were used for the fabrication of multilayer thin films 

in a closed chamber at different relative humidity (RH) conditions. The RH of the reaction 

chamber was controlled by using Ar gas flow, which was monitored by RH sensor. 

Fabrication of multilayer thin film was carried out in super dehydrate solvents at room 

temperature with the following steps: 

1) The amine-functionalized substrate was immersed into 6.2 mM 1,4-PDI in the 

mixture solvent of CHCl3 and THF (8:2, v/v) for 25 min. Then the substrate was rinsed 

successively with two beakers of super-dehydrated toluene and two beakers of super-

dehydrated THF separately for each 1 min washing.  

2) The resulting isocyanate functionalized substrate was immersed into 1.5 × 10
-1
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mM H2TAPP in the mixture solvent of CHCl3 and THF (8:2, v/v) for 25 min, with 

subsequent washing successively using two beakers of super-dehydrated DMF and two 

beakers of super-dehydrated THF separately for each 1 min washing to remove the 

unreacted precursors onto the deposited film and dried under Ar atmosphere.  

This bilayer deposition obtained from step (1) and (2) was regarded as the 1 MLD cycle. 

The steps described above were repeated 5, 8, and 10 times to fabricate the multilayer 

films used for characterization.     

 

Scheme 3.1 Schematic representation for the fabrication of porphyrin-based polyurea   

thin film.   
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3.2.5 Characterization  

Several characterization techniques have been used to investigate multilayer thin film 

growth on solid surfaces, the physical and chemical properties of the covalent organic thin 

film and the surface morphology. 

3.2.5.1 UV-vis Absorption Spectroscopy  

UV-vis absorption spectra of the multilayer thin film deposited on the SiO2 substrates 

were measured using a UV-vis spectrometer (Jasco V-630BIO-IM; Jasco Corp., Japan). 

The APTMS-modified SiO2 substrate was used as a reference sample.  

3.2.4.2 Transmission Fourier Transform Infrared (FTIR) Spectroscopy 

Transmission Fourier transform infrared (FTIR) was used to characterize the MLD 

film formation. IR spectra were collected with a Fourier transform infrared (FTIR) 

spectrometer (Nicolet 6700, Thermo Fisher Scientific Inc.) equipped with a mercury 

cadmium telluride (MCT) detector. An APTMS-modified Si substrate was used as a 

reference sample. The signal noise has been subtracted by smoothing process.  

3.2.4.3 Atomic Force Microscopy (AFM) 

Multilayer film thickness was measured using AFM (VN-8000; Keyence Co.) 

equipped with a DFM/SS mode cantilever (OP-75041; Keyence Co.). Before APTMS and 

further multilayer film growth, a portion of clean bare substrate was covered by thin Au 

coating with sputter machine. During thickness measurements, thin Au coated portion was 
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carefully removed from the substrate surface by using cotton bar. Measurements were 

taken at four positions, at least, to estimate the average film thickness. The thickness of 

APTMS-modified substrate was used as a baseline thickness, which was subtracted from 

the subsequent total film thickness to get the thickness of multilayer thin film. 

Tapping mode atomic force microscopy (AFM) was used to analyze the film surface 

morphology and roughness. AFM images were collected using a digital AFM system 

(NanoScope IIIa; Veeco Instruments). Silicon probes were used as a cantilever (SI-

DF3FM; Nanosensors Corp.) with a resonance frequency of 60-66 kHz and a spring 

constant of 2.8–4.4 Nm
-1

. The measurements were taken under an air atmosphere with a 

scan rate of 0.4 Hz and scan sizes of 500 nm × 500 nm and 1 μm × 1 μm.  

3.2.4.4 White interference microscope 

 Multilayer film thickness was measured using white interference microscope (BW-S506, 

Nikon Co.) along with AFM.  

3.2.4.5 X-ray Photoelectron Spectroscopy (XPS) 

To confirm the elemental characteristics of the thin films, X-ray photoelectron 

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

Kratos Analytical Ltd.) with an Al Kα radiation source (1486.6 eV). Energy and 

component separations were conducted using bundled vision processing software with 

pure Gaussian profiles with a Shirley background. 
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3.3 Results and Discussion 

3.3.1 Investigation of Self-assembled Monolayer Growth on Solid Substrate 

Prior to multilayer film growth, amine functionalized self-assembled monolayer 

(SAM) of APTMS was prepared on Si/SiO2 substrate. As mentioned in chapter 02, 

APTMS-modified solid surfaces were investigated using X-ray photoelectron spectroscopy 

(XPS). Figure 3.1 (a) depicts the XPS survey spectrum of bare SiO2 and APTMS-

modified SiO2. Here, nitrogen (N) is the significant element that represents the amine 

group of the APTMS molecule on the solid substrate. So, the presence of N 1s peak for 

APTMS-modified SiO2 substrate referred to the availability of APTMS on SiO2 substrate. 

Whether, N 1s peak was not observed for bare SiO2 substrate. In addition, N 1s XPS fine 

scale spectra of APTMS-modified SiO2 substrate showed two different types of 

components at the binding energy of 399.2 eV and 401.2 eV correspond to the free NH2 

and H-bonded NH2 respectively Figure 3.1 (b).
45-46

 Si 2p XPS fine scale spectra also 

showed a signal at the binding energy of 102.3 eV corresponds to the aminosilane on the 

silicon oxide layer, which provided an additional evidence of APTMS growth. Other 

components at the binding energy of 98.5 eV, 99.0 eV and 103.0 eV corresponds to the 

bulk Si 2p3/2, Si 2p1/2 and silicon oxide respectively as shown in Figure 3.1 (c).
45,47
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Figure 3.1 (a) XPS survey spectrum of bare SiO2 and APTMS-modified SiO2 

substrates. (b) N 1s and (c) Si 2p XPS fine scale spectra of APTMS-modified 

SiO2 substrate.  

 

(a) 

(b) (c) 
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Figure 3.2 (a) UV-vis absorption spectra and (b) schematic representation of 0.5 and 1 

MLD cycle films on APTMS-modified SiO2 substrate.  

(a) (b) 

3.3.2 Investigation of Optimal Reaction Condition for Multilayer Film Growth   

3.3.2.1 UV-vis Absorption Property of Thin Film 

UV-vis absorption spectroscopy is an effective and easy technique to preliminary 

investigates the film growth of UV-active materials. Prior to the study of optimized 

reaction condition, a point relating to the identity of UV-active materials and their 

absorption wavelength was investigated first. Figure 3.2a depicts the UV-vis absorption 

spectra of 0.5 MLD and 1 MLD cycle films on quartz substrates. In the case of 0.5 MLD 

cycle film, the UV-vis absorption maxima centered at ~260 nm represented the aromatic 

polyurea.
13,35,48

  Whether 1 MLD cycle film showed an additional set of bands for typical 
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porphyrin soret band at ~430 nm along with four Q-bands in the range of 500-700 nm, 

representing the presence of pyrrole group containing porphyrin into the multilayer thin 

film.
49-50

 Figure 3.2b depicts the expected schematic representation of 0.5 and 1 MLD 

cycle film on APTMS-modified SiO2 substrates.  

3.3.2.2 Optimization of Reactant Concentration for Thin Film Growth      

Chemical reaction requires specific amount of reagents which may not work without 

the proper concentrations. In most of the cases, the rate of the reaction increases along with 

the increase of the reactant concentration. But in a few cases, increasing the concentration 

of one of the reactants may have little noticeable effect of the reaction rate. The optimal 

reactant concentration was investigated using transparent UV-vis absorption spectroscopy.  

Figure 3.3 depicts the UV-vis absorption spectra of 0.5 and 1 MLD cycle films as a 

function of 1,4-PDI and H2TAPP concentrations respectively. The UV-vis absorption 

maxima centered at ~260 nm for 0.5 MLD cycle films showed that minimum 6.2 mM 1,4-

PDI solution was needed to confirm the maximum surface coverage by the 1
st
 MLD (0.5 

MLD cycle) of 1,4-PDI on APTMS-modified SiO2 substrate (Figure 3.3a). From the 

absorbance of 1 MLD cycle films at ~430 nm, 1.5 × 10
-1 

mM H2TAPP solution was 

determined as the maximum useable concentration for the preparation of 2
nd

 MLD (1 MLD 

cycle) of H2TAPP on 0.5 MLD cycle film.  
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Figure 3.3 Optimization of (a) 1,4-PDI and (b) H2TAPP concentration 

for solution-based MLD process at 0.5 and 1  MLD cycle respectively. 

 

(a) 

(b) 
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Figure 3.4 Absorbance at ~260 (blue) and ~430 nm (red) as a function of immersion 

time in 1,4-PDI (0.5 MLD cycle) and H2TAPP solution (1 MLD cycle)  respectively.  

3.3.2.3 Investigation of Optimal Reaction Time  

To achieve the well-controlled film growth throughout the deposition process, it is 

essential to confirm the maximum surface coverage in each half cycle of molecular 

deposition. To get the best reaction condition as possible, the optimized reaction time was 

investigated during the step of 2
nd

 MLD (1 MLD cycle) film formation of H2TAPP 

molecules on 0.5 MLD cycle film. Figure 3.4 portrays the absorbance at ~260 (0.5 MLD 

cycle) and ~430 nm (1 MLD cycle) as a function of immersion time in 1,4-PDI and 

H2TAPP solution respectively. The reaction between isocyanate group of 1,4-PDI and 

amine group of APTMS-modified surface showed almost constant absorbance with the 
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Figure 3.5 Physisorption check: UV-vis absorption spectra of (red) 4 MLD cycle 

thin film and (black) 4 MLD cycle + extra 30 min H2TAPP dipped film. 

 

immersion time of 1,4-PDI from 5 to 20 min. But in the case of reaction between 

isocyanate group of 1,4-PDI and amine group of H2TAPP, absorbance increases 

continuously with the immersion time of H2TAPP and stopped after 25 min, indicating that 

25 min is the optimized reaction time to get the maximum surface coverage.  

As it is hypothesized that the amine group of H2TAPP may effectively react with the 

free isocyanate group of 0.5 MLD cycle film to promote the film growth. To verify this 

assumption, 1 MLD cycle film was immersed into the H2TAPP solution for additional 30 

min and the results showed no increase of the absorbance. But the absorbance at ~260 nm 

and ~430 nm increases when 1 MLD cycle film was immersed into the 1,4-PDI solution 

and followed by H2TAPP solution to prepare 2 MLD cycle film as shown in Figure 3.5.  

 

 

 

 

 

 

 

These results representing that 1,4-PDI was very essential for the molecular growth and 
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Figure 3.6 UV-vis absorption spectra of 1 MLD cycle films on the SiO2 substrate as 

a function of RH of the reaction chamber (immersion time = 25 min/0.5 MLD cycle). 

the physisorption of porphyrin didn’t occurred in this system. 

3.3.3 Humidity Effect on Molecular Growth   

3.3.3.1 Study of UV-vis Absorption Spectroscopy  

In this work, moisture-sensitive 1,4-PDI (containing isocyanate group) was used as 

one precursor,
34-35

 which may have different degrees of self-polymerization with respect to 

relative humidity (RH) conditions of the reaction chamber. Considering this issue, the 

effect of RH on film growth was investigated using UV-vis absorption spectroscopy. 

Figure 3.6 depicts the UV-vis absorption spectra of 1 MLD cycle films as a function of 

RH conditions of the reaction chamber. The absorbance increased significantly at ~260 nm 

and decreased at ~430 nm from 54  2% to 10  2% RH of the reaction chamber. But the 
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absorbance remains almost same in the cases of 5  2% and 10  2% RH, representing a 

tentative RH condition for the fabrication of porphyrin-based polyurea thin film. It 

represents the higher number of diphenylurea formation (at ~260 nm)
13,35,48

 at high–RH 

that reduced the reaction possibilities of  porphyrin precursors. That might have occurred 

because of the self-polymerization of 1,4-PDI,
35

 which can block the reactive surface area 

that interrupts the entry of incident porphyrin precursors for reaction. At high RH 

condition of the reaction chamber, hydrolysis of isocyanate group is expected to form the 

corresponding carbamic acid at the presence of water vapor (at high RH) that might be 

converted to amine with the evolution of carbon dioxide.
35

 Thus, another isocyanate group 

containing 1,4-PDI molecule can react with the carbamic acid intermediate or amine to 

form corresponding urea as the final product of self-polymerization (Scheme 3.2).
35

 As a 

consequence the top surface of the film could be blocked by the self-polymerization of 1,4-

PDI molecules. These might reduce the availability of isocyanate groups that is required 

for the molecular growth of H2TAPP through the urea coupling reaction (Scheme 3.3).  
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Scheme 3.3 Reaction between isocyanate and amine group to form urea linkage period 

 

Scheme 3.2 Hydrolysis of isocyanate group to form a carbamic acid (intermediate) 

and the subsequent decomposition to produce amine, leading self-polymerization of 

1,4-PDI molecules period. 
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3.3.3.2 Study of X-ray photoelectron spectroscopy (XPS)  

For clarification, XPS spectra of 1 MLD cycle films were taken at both low (10  

2%) and high (34  2%) RH conditions. Figure 3.7 presents the N 1s XPS fine scan 

spectra of H2TAPP powder and 1 MLD cycle films prepared at both low and high RH 

conditions. The lowest binding energy peak at 398.0 eV and higher binding energy peak at 

400.4 eV correspond to the iminic (=N-) and pyrrolic (N–H) groups respectively.
52

 The 

intermediate binding energy peak at 399.4 eV resulted from the non-hydrogen bonded free 

amine (NH2).
13,46,52

 A minor peak at the higher binding energy around 401.9 eV represents 

the hydrogen bonded amine and nitrogen shakeup satellite of porphyrin.
46,52

 The binding 

energies of N 1s XPS fine scan spectra for 1 MLD cycle film showed good matching with 

the N 1s XPS fine scan spectra for H2TAPP powder with an additional peak at 399.7 eV 

representing the urea (O=CNH) groups as shown in Table 3.1. The N 1s XPS fine scan 

spectra showed that the peak area of urea response prepared at the high–RH condition is 

70% higher than the film prepared at the low–RH condition. The iminic (=N-) and pyrrolic 

(N–H) peak areas of porphyrin showed 10% lower response from low to high RH 

conditions. That can only occur when 1,4-PDI becomes self-polymeraized at high-RH self-

polymerized at the high–RH condition.
 
The high free amine response might be observed 

because of the presence of free amine groups from each porphyrin molecules.
46 
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Figure 3.7 The N 1s XPS fine scan spectra of (a) H2TAPP powder and 1 MLD cycle 

film prepared at (b) 10  2 % and (c) 34  2 % RH conditions and there schematic 

representation.  

 

 

(b) 

 

(a) 

(c) 
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Table 3.1 Peak assignments of the N 1s XPS fine scan spectra for H2TAPP powder and    

1 MLD cycle films at both low and high RH conditions 

Sample 
=N- 

(Iminic) 
Free NH2 

N–H 

(Pyrrolic) 

H-bonded NH2 / 

N-shakeup satellite 
O=C–N–H 

H2TAPP 

powder 
397.9 eV 399.4 eV 400.4 eV 401.9 eV  

1 MLD cycle 

(Low RH) 
398.0 eV 399.4 eV 400.4 eV 401.9 eV 399.7 eV 

1 MLD cycle 

(High RH) 
398.0 eV 399.4 eV 400.4 eV 401.9 eV 399.7 eV 

 

 

3.3.4 Porphyrin-based Multilayer Thin Film Formation  

3.3.4.1 Investigation of Multilayer Film Growth by UV-vis absorption Specctroscopy 
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Figure 3.8 (a) UV-vis spectra of multilayer thin film as a function of MLD cycles on 

APTMS-modified quartz slides and (b) linear plot of absorption intensity vs. the number 

of MLD cycles at 10  2 % RH of the reaction chamber.  

(a) (b) 

To investigate the porhyrin-based multilayer film growth on APTMS-modified SiO2 

substrate, transparent UV-vis absorption spectroscopy has been used as a function of MLD 

cycles. According to the above study, it is expected that RH has a significant effect on 

multilayer film growth. So, multilayer film growth was investigated at both low and high 

RH conditions. Figure 3.8 portrays the continuous increase of absorbance as a function of 

MLD cycles at 10  2% RH of the reaction chamber, indicating stepwise film growth on 

APTMS-modified SiO2 substrate.
13,34,43

  

 

The surface density (Γ) of porphyrin-based urea thin films were calculated by using 
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equation 1.  

        (eq. 1) 

Here,  is the absorbance of polyurea or porphyrin in the film at wavelength λ,  is the 

extinction co-efficient ( = 37200 M
-1

 cm
-1 

and = 391590 M
-1

 cm
-1

) in 

solution at λ, and NA is Avogadro’s number (6.023 × 10
23

). 

The surface density of phenyl urea and porphyrin were estimated to be 4.3 × 10
13

 and 5.0× 

10
12 

molecules / cm
2
 respectively for 1 MLD cycle film. Whether, next MLD cycle showed 

the surface density of 1.29 × 10
13

 and 4.3 × 10
12 

molecules / cm
2 

for phenyl urea and 

porphyrin respectively. It represents that only 45 % of the 1,4-PDI molecules take part is 

the reaction for the formation of 2
 
MLD film growth. This might be happened due to the 

surface blocking (capping reaction) caused by the double reaction of 1,4-PDI molecules at 

0.5 MLD cycle. Stepwise film growth at 10  2% RH shows almost similar tends with 5  

2% RH condition (Figure 9a). However, limiting film growth was observed in a high–RH 

condition as shown in Figure 3.9b. These results signify that, at high RH, an considerable 

amount of 1,4-PDI self-polymerization blocks the reactive surface sites that leads to a 

lower accessibility of the porphyrin molecules for molecular growth.
17,31

 Figure 3.9c-3.9d 

depicts the expected schematic representation of multilayer film growth at both low and 

high RH conditions. During multilayer film growth, 1 MLD cycle film showed higher 
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(b) 

 

(a) 

absorbance at 260 nm compared to the growth sequence of following MLD cycles. It 

might have occurred as a result of capped region caused by the double reaction of 1,4-PDI 

or H2TAPP precursors because the molecular population is largest at the initial steps of 

film growth.
16,38
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(c) 

 

(d) 

Figure 3.9 Linear plot of absorption intensity as a function of MLD cycles at (a) 

5  2% and 10  2%, and (b) 10  2% and 34  2% RH of the reaction chamber. 

(c) Schematic representation of multilayer film growth at low and high RH.   
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Figure 3.10. Thickness measurements of (a) 2, (b) 5, (c) 8 and (10) 10 MLD 

cycle thin films by white interference microscope. 

 

(a) (b) 

(c) (d) 

3.3.4.2 Film Thickness Measurement by AFM  

To demonstrate the growth behavior, thickness of 2, 5, 8, and 10 MLD cycle thin 

films were investigated using AFM and white interference microscope (Figure 3.10).  
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Figure 3.11 Film thickness as a function of number of MLD cycles prepared at 

10  2 % RH of the reaction chamber. 

Figure 3.11 depicts the sequential growth behavior with the number of MLD cycles, 

confirming stepwise film formation at 10  2 % RH of the reaction chamber.
16,27

 The film 

growth rate for 1,4-PDI/H2TAPP film was found be approximately 0.80  0.03 nm/MLD 

cycle. The thickness of AFM results are well matched to the white interference microscope 

results. This growth rate is lower than the combined molecular length of 1,4-PDI and 

H2TAPP molecules, which is estimated as approximately 2.08 nm, based on the constituent 

bond length of 1,4-PDI and H2TAPP molecules. Deviation of the growth rate can be 

attributed to several factors. First, the film growth direction is not perpendicular to the 

substrate surface. In fact, the tilted configuration of MLD film with respect to the surface 
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Figure 3.12 IR spectra of 5 and 10 MLD cycle thin films on the APTMS-modified 

Si substrate at lower wavenumber region (1100-1700 cm
-1

). 

might dominate the structure.
32 

It is expected that the multilayer films are growing at an 

average angle of 64° from the substrate. Second, all functional groups in a fraction of 

incident precursors may react with the reactive film surface to form a capped region.
16,31

  

 

3.3.4.3 Determination of Chemical Bond Using FTIR 

From the discussion presented above, it was not confirmed that the multilayer film 

growth occurred by a urea coupling reaction between isocyanate and amine groups. 

Therefore, IR spectroscopic measurements were taken to investigate chemical bonding into 

the molecular films. Figure 3.12 presents the IR spectra for 5 and 10 MLD cycle thin films 

at lower wavenumber region (1100-1700 cm
-1

). Several characteristic peaks were observed  
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Figure 3.13 IR spectra of 5 and 10 MLD cycle thin films on the APTMS-modified 

Si substrate at higher wavenumber region (2000-3600 cm
-1

).  

 

in the IR fingerprint region. The band around 1635 and 1665 cm
-1

 can be assigned as 

amide I band resulting from the H-bonded and free υ(C=O) stretching vibration mode of 

urea group respectively. The amide II band as δ(N–H) bending vibration was observed 

around 1510 cm
-1

. Peaks around 1311 and 1180 cm
-1

 can be assigned for the asymmetric 

υas(N–C–N) and symmetric υs(N–C–N) stretching modes respectively. All characteristic 

peaks confirmed the formation of urea linkage.
13,32-33,35,51

 In addition, the out-of-plane 

(NH) vibration of pyrrole in free-base porphyrin was observed at around 730 and 800 

cm
-1

. A shoulder type υ(N–H) band was also observed at around 965 cm
-1 

for in-plane N–H 

vibration of pyrrole.
53-54
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(a) 

Figure 3.14 N 1s XPS fine scan spectra of (a) 5 and (b) 10 MLD cycle film films on 

APTMS-modified SiO2 substrate. 

 

(b) 

Figure 3.13 shows the infrared (IR) spectra of 5 and 10 MLD cycle thin films at 

higher wavenumber region. A broad peak was observed with the center wavenumber at 

around 3270 cm
-1

, representing the presence of ν(NH) stretching band of polyurea and 

amine groups.
13 

Furthermore, the absorbance increased with the number of MLD cycles,  

reflecting that the polyurea-based growth behavior occurred along with the multilayer film 

formation. No peak was observed at around 2270 cm
-1

 for υas(N=C=O) stretching, 

indicating the absence of unreacted isocyanate groups in the multilayer films.
33

 

3.3.4.4 Investigation of Chemical Environments and Bond by XPS  

  For further characterization, XPS was used to explore the chemical nature of the 

molecular networks. Elemental fine scan spectra revealed the atomic environment and 

chemical bonding in the multilayer thin films. The N 1s XPS fine scan spectra of 5 and 10 
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Table 3.2 Peak assignments of the N 1s XPS fine scan spectra for H2TAPP powder 

and 5 and 10 MLD cycle films 

Sample 
=N- 

(Iminic) 
Free NH2 

N–H 

(Pyrrolic) 

H-bonded NH2 / 

N-shakeup satellite 
O=C–N–H 

H2TAPP 

powder 
397.9 eV 399.4 eV 400.4 eV 401.9 eV  

5 MLD  

cycle film 
397.9 eV 399.4 eV 400.4 eV 401.9 eV 399.8 eV 

10 MLD 

cycle film 
397.9 eV 399.4 eV 400.4 eV 401.9 eV 399.8 eV 

 

MLD cycle films showed five different types of components (Figure 3.14). The main peak 

at 399.8 eV represents the urea (O=C–N–H) groups.
13,32,34

 The lowest binding energy peak 

at 397.9 eV and higher binding energy peak at 400.4 eV correspond to the iminic (=N-) 

and pyrrolic (N–H) groups respectively.
50

 The intermediate binding energy peak at 399.4 

eV resulted from the non-hydrogen bonded free amine (NH2).
13,46,50

 Finally, the minor 

peak at the higher binding energy around 401.9 eV represents the hydrogen bonded amine 

and nitrogen shakeup satellite of porphyrin.
46,50

 The binding energies of N 1s XPS fine 

scan spectra of 5 and 10 MLD cycle films showed good matching with the N 1s XPS fine 

scan spectra of H2TAPP powder (Figure 3.7a), as shown in Table 3.2.  

 

The deconvoluted N-components revealed that the peak area ratio of pyrrolic N-H and 

iminic N=C is 1.3:1.0 for both porphyrin powder and multilayer thin film, indicating that 

multilayer film growth occurred through the reaction between isocyanate group of 1,4-PDI 

and amine group of H2TAPP (Free porphyrin) rather than pyrrole group of porphyrin 

center. It was also revealed that the peak area of urea (O=C–N–H) and free amine (NH2) 

responses are 3.2 and 1.3 times higher than the pyrrolic (N–H) group respectively. 
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Suggesting that, on average, only 2–3 amine groups of each porphyrin molecule took part 

in the reaction during stepwise film growth. Some additional urea and free amines might 

be observed because of the capping reaction of incident precursors
31

 and unreacted amine 

and isocyanate groups which were easily converted to amine by humid air.  

In addition, C 1s XPS spectra for 10 MLD cycle film showed four components 

(Figure 3.15). The lowest binding energy peak at 284.5 eV is attributed to the aromatic 

carbon (C=C) and C–H bonds.
13

 The highest binding energy peak at 288.5 eV corresponds 

to the carbonyl (C=O) group of urea linkage.
13,46 

And the intermediate binding energy 

peaks at 285.7 eV and 286.5 eV denote the sp
2
 C–N and C=N bond respectively.

46
 No 

isocyanate peak was observed from N 1s and C 1s XPS fine scan spectra.
55

 These 

assignments of N 1s and C 1s XPS fine scan spectra are consistent with IR results and 

were previously reported polyurea-based works.
13,31-35,46,51-52

 All results confirmed the urea 

bond formation consistently into the multilayer thin film.  
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(a) 

Figure 3.15 C 1s XPS fine scan spectra for (a) 5 and (b) 10 MLD cycle films on 

APTMS-modified SiO2 substrate. 

(b) 

 

 

 

 

 

 

 

Figure 3.16 presents survey spectra of APTMS-modified SiO2 substrate and 1, 5 

and 10 MLD cycle thin films on APTMS-modified SiO2 substrate. Results show that N 1s 

and C 1s peak intensities in5crease concomitantly with decreasing Si 2p peak intensity 

from APTMS to 10 MLD cycle thin films, indicating that the multilayer film covers the 

SiO2 surface. Additionally, it is noteworthy that N 1s peak intensity for 1 MLD cycle film 

is higher than the calculated one MLD cycle of 5 and 10 MLD cycle thin films. That result 

might have occurred  due to the presence of unreacted amine-functionalized APTMS (H-

bonded amine)
46

 and  the capped region caused by the double reaction of 1,4-PDI or 

H2TAPP precursors because the molecular population is larger at the initial steps of film 
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growth.
16,31

 These results are relevant with the results obtained from UV-vis absorption  for 

multilayer thin film growth (Figure 3.8).  

 

 

 

 

 

 

 

 

 

 

3.3.4. 5 Study of Surface Morphology by AFM 

The surface morphology of bare Si and APTMS-modified Si substrates and 

multilayer thin films were also investigated using tapping mode AFM, as shown in Figure 

3.17 and 3.18. The surface morphology of thin film showed the distinct properties from the 

bare and APTMS-modified Si substrates. It also represents the evidence of thin film 

formation. The 2D and 3D height images of 5 and 10 MLD cycle thin films show 

 

Figure 3.16 XPS survey spectrum for APTMS-modified SiO2 substrate and 

1, 5 and 10 MLD cycle thin films on APTMS-modified SiO2 substrate.   
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Figure 3.17 AFM height images (a) 2D and (b) 3D of bare Si and APTMS-

modified Si substrate respectively. Scan size: 5.0 μm × 5.0 μm. Data scale 10 nm. 

(a) 

(b) 

consistent surface within 500 nm × 500 nm areas, which indicates the well deposition 

process (Figure 3.18). It was made up of numerous small grain-like domains along the 

horizontal axis with the diameter of ca. 10–20 nm, which increases slightly from 5 to 10 

MLD cycle thin films. The root mean square (RMS) roughness was also investigated; 

where roughness increased from 0.36 to 0.48 nm for 5 and 10 MLD cycle thin films 

respectively.  In comparison to the bare Si substrate and APTMS-modified Si substrate, 5 

and 10 MLD cycle films show greater domain size and RMS roughness (Table 3.3), which 

signifies the molecular layer growth on the APTMS-modified Si substrate.
13,27
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(a) 

(b) 

 

 
 

Figure 3.18 AFM (a) 2D and (b) 3D height images of 5 MLD and 10 MLD cycle 

thin films on Si-substrate. Scan size: 500 nm × 500 nm. Data scale 10 nm. 
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Table 3.3 Surface roughness and the estimated domain size of bare Si substrate, APTMS-

modified Si substrate, 5 and 10 MLD cycle films on APTMS-modified Si substrate. 

Sample Scan size 
Roughness Analysis: 

RMS, Rq (nm) 

Estimated domain 

size (nm) 

Bare Si substrate 5 μm × 5 μm 0.17 N.A. 

APTMS-

modified Si 

substrate 

5 μm × 5 μm 0.25 N.A. 
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5 MLD cycle 

film 
500 nm × 500 nm 0.36 10-20 

10 MLD cycle 

film 
500 nm × 500 nm 0.48 10-20 

         N.A. = Not Applicable 
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3.4 Conclusions 

I have demonstrated the solution-based MLD thin film growth of porphyrin-based 

covalent molecular networks on a APTMS-modified substrate surface using the urea 

coupling reaction between 1,4-PDI and H2TAPP at room temperature. UV-vis absorption 

spectra showed stepwise multilayer film growth at ≤10% RH condition of the reaction 

chamber, whereas the high RH condition showed film growth-limiting behavior. 

Presumably, numerous 1,4-PDI self-polymerization took place at high RH conditions. This 

might block the reactive surface area that leads to a lower accessibility of porphyrin 

molecules for multilayer film growth. From surface density calculation, it was observed 

that only 45 % of the 1,4-PDI molecules take part is the reaction for the formation of 2
 

MLD film growth at low RH condition. And the multilayer film showed a low molecular 

density. White interference microscope confirms the film thickness measured by AFM and 

indicates that the multilayer films prepared at 10  2% RH of the reaction chamber are 

growing at an average angle of 64° relative to the substrate surface normal. FTIR spectra 

of multilayer thin films showed four characteristic IR vibrational bands for urea linkage 

along with the in-plane and out-of-plane vibrational modes of pyrrole from metal free 

porphyrin. The IR responses at   around 1635 and 1670 cm
-1

 confirmed the presences of 

hydrogen bonded and free urea respectively into the multilayer thin film. The IR signal 

also increased significantly with the number of MLD cycles, representing the sequential 
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multilayer film growth caused by consecutive urea coupling reaction. Furthermore, 

deconvoluted high resolution N 1s and C 1s XPS fine scale spectra represent an additional 

evidence of urea bond formation into the multilayer thin films. Peak area ratio of the 

deconvoluted N-component revealed that, on average, only 2-3 amine groups of each 

porphyrin molecule took part in the urea coupling reaction for multilayer film formation. 
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Chapter 04  

4.1 General Conclusion  

Molecular level layer-by-layer (LbL) thin film fabrication known as molecular layer 

deposition (MLD) has taken a great attention due to its simplicity and attractive control 

over the film thickness, composition and conformality through the sequential self-limiting 

surface reaction at single molecular level. Up to date, most of the MLD processes have 

been conducted by the polymerization of volatile bifunctional monomers under vacuum 

conditions to prepare polyamides, polyimides, polyurethanes and polyureas based 

nanostructures. But this vapor-based MLD technique is not appropriate for the high 

molecular weight and low vapor pressure molecules such as macromolecules. Solution 

based MLD process offers an alternative way to overcome some of the limitations of 

vapor-based MLD technique. By considering the above points, the solution based MLD 

technique was chosen in this research to fabricate the porphyrin-based covalent molecular 

network through the urea coupling reaction. In that case, I focused on some of the main 

factors such as appropriate self-assembled monolayer of aminosilane, humidity and other 

reaction condition for the multilayer film growth that can affect the sequential molecular 

growth on the solid substrate and the physical and chemical properties.  

In the first part of this work, I prepared the self-assembled monolayer of APDMES 
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and APTMS on SiO2 substrates. APDMES modification was carried out in four different 

types of solvent under various reaction conditions. Using the XPS technique, I investigated 

the surface compositions and chemical bonding of the modified surfaces. Results show the 

best APDMES-modification in toluene at both RT and high temperature (70 ºC, 3 hr) along 

with the higher free amine %. I conclude that the modification of APDMES on SiO2 

surface strongly depends on solvent system. During silanization process, polymerization 

possibility of APTMS molecules in ethanol was also investigated at different time scale 

using XPS and contact angle. Interestingly, no evidence was found for polymerization in 

ethanol solvent system. The chemical stability of the APDMES and APTMS-modified 

SiO2 substrates were also investigated after 7 hr in H2O and 0.1 M HClO4 solution at 40 ºC 

and RT respectively. Three methoxy group containing APTMS molecules showed much 

higher stability on SiO2 substrate than the one ethoxy group containing APDMES 

molecules in both aqueous and acidic conditions.  

In the second part of this work, I have demonstrated the solution-based MLD thin 

film growth of porphyrin-based covalent molecular networks on a APTMS-modified 

substrate surface using the urea coupling reaction between 1,4-PDI and H2TAPP at room 

temperature. Multilayer growth at different RH conditions was investigated using UV-vis 

absorption spectroscopy. Stepwise multilayer film growth was observed at ≤14% RH, 

whereas the high RH conditions showed film growth-limiting behavior. Presumably, 
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numerous 1,4-PDI self-polymerization took place at high RH conditions, which might 

block the reactive surface area that leads to a lower accessibility of porphyrin molecules 

for multilayer film growth. The urea linkage was confirmed using IR and XPS studies. The 

signal increased significantly with the number of MLD cycles, representing stepwise 

multilayer film growth caused by consecutive urea coupling reaction.  
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Figure 4.1.  (a) The proposed host-guest binding mode of urea based thin film and 

anion (F
-
 and CH3COO

-
) and (b) UV-vis absorption spectra thin film towards 

various dipping time in 24 mM CH3COO
-
 solution.  

 

(a) (b) 

4.2 Future Prospects 

The results of my research suggested that it is possible to fabricate porphyrin-based 

urea thin film with a low molecular density using solution-based MLD techniques. The 

future prospects of this work can be mentioned as following aspects:  

1. Based on my research results, porphyrin-based urea thin film can provide both H-

bonded and free urea linkages. This free urea linkage offers an opportunities to use this 

film for selective anion sensor. According to previous literatures, it is anticipated that free 

urea bond and free pyrrole group of porphyrin can act as a neutral receptor for anion 

hydrogen bonding through the N-H fragment of urea and/or pyrrole. The selective anion 



CHAPTER 04 General Conclusion and Future Prospects 

 

111 
 

sensing activity of porphyrin-based urea thin film is now on under investigation in our 

laboratory. 

 2. The presence of free amine-group and non-metallated porphyrin centers into the 

multilayer film offers an opportunity for post-metallation with a verity of metal ions (e.g., 

gold, nickel, iron, cobalt, zinc etc.). I hope, this criteria will make it more interesting for 

the application in biological field as sensor, anti-bacterial and anti-fungal materials.  
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