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Abstract 

 

A convenient and highly controllable atomic layer deposition (ALD) of manganese silicate 

(MnSixOy) thin film method is presented in this thesis. This method can achieve high conformal 

films on any three-dimensional structures. ALD MnSixOy thin film can serve as a diffusion barrier 

for Cu without subsequent annealing. The elemental distribution is uniform. Its efficiency as the 

oxygen and water diffusion barrier for copper is confirmed with experiments. These properties are 

promising for applications in the semiconductor industry.  

 

A polyimide thin film deposited by molecular layer deposition (MLD) with pyromellitic 

dianhydride (PMDA) and ethylenediamine (EDA) precursors is also demonstrated in this work. 

This is an exceptionally flexible and electrical insulating organic film with high thickness 

controllability. This method can also achieve highly uniform coverage on complex structures, 

such as nanowires.  
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To make hybridized polyimide, we used PMDA-EDA cycles to create linear polyimide layers, 

along with one PMDA-DETA (ethylenediamine) cycle to create a branched polyimide layer. In 

this MLD process, each MLD super-cycle consists of several cycles of forming linear polyimide 

(PMDA-EDA process) and one cycle of forming branched polyimide (PMDA-DETA process). 

This branched and cross-linked polymer films potentially have some improved properties 

compared to normal linear polymer films. Higher thermal stability, larger film density, better 

mechanical strength and elasticity may be achieved because of more branches and cross-linkers.  

 

 

 

 

  



 

v 

 

Table of Contents 

 

Chapter 1 Introduction..................................................................................................... 1 

Chapter 2 Atomic Layer Deposition of Manganese Silicate ......................................... 7 

2.1 Introduction ............................................................................................................... 7 

2.2 Reaction Mechanism ................................................................................................. 9 

2.3 Experiments ............................................................................................................. 14 

2.4 Results and Discussion ............................................................................................ 15 

2.5 Conclusion ............................................................................................................... 20 

Chapter 3 Manganese Silicate Diffusion Barrier for Cu Interconnections in 

Microelectronics .............................................................................................................. 25 

3.1 Introduction ............................................................................................................. 25 

3.2 Experiments, Results and Discussion...................................................................... 25 

3.3 Conclusion ............................................................................................................... 32 

Chapter 4 Molecular Layer Deposition of Polyimide and Polyimide Insulation for 

Nanowires ........................................................................................................................ 34 

4.1 Introduction ............................................................................................................. 34 



 

vi 

 

4.2 Experiments, Results and Discussion...................................................................... 35 

4.3 Conclusion ............................................................................................................... 47 

Chapter 5 Molecular Layer Deposition (MLD) of Branched and Cross-linked Polyimide 

with Controllable Ratios................................................................................................. 50 

5.1 Introduction ............................................................................................................. 50 

5.2 Experiments, Results and Discussion...................................................................... 54 

4.3 Conclusion ............................................................................................................... 63 

Chapter 6 Conclusions and Future Work .................................................................... 68 

6.1 Conclusions ............................................................................................................. 68 

6.2 Future Work ............................................................................................................ 69 

 

 

 



 

vii 
 

 

Acknowledgement 

 

First, and most important, I would like to thank my advisor, Prof. Roy Gordon, not only 

for his advice and support in research, but also for showing me how to be a good mentor 

to students, and a supportive colleague in the work. It is difficult to find a boss better than 

Roy. 

 

Besides, I would also like to thank Prof. Eric Mazur, Prof. Michael Aziz, Prof. Frans 

Spaepen, and Prof. Joost Vlassak for being my committee members, and for their advice 

and help throughout my graduate studies. I thank my Gordon Lab colleagues for their 

dedicated support of my graduate work, especially Dawei, Aykut, Harbing, Jun, 

Liuchuan, Xian, Kecheng, Billy, Robert, Qiang, Teri and all the other members. It is my 

great honor to work with such a splendid team and I really learned a lot from them.  

 

I would also like to thank staff members of the Center for Nanoscale Systems (CNS) for 

their instruction, training and supports during sample fabrication and characterization. I 

thank our collaborators - Draper, IBM, DOW Chemical, and Applied Materials, for 

providing samples and scientific insights.  

 



 

viii 

 

I thank my friends for their support and the happy life that we experienced together. 

These individuals really make my PhD life more colorful; That fantastic experience will 

be unforgettable for many years.  

 

I would like to thank my parents for their consistent and unconditional love; I have the 

courage and determination to explore the unknown scientific territories because of them.  

 

I thank my husband Jing Zhang, for his understanding, respect, love and support. All the 

best things in the world are coming to me only because he is by my side. Our deep mutual 

love and support for each other has not only inspired our potential, but also helped us to 

be our better selves.  

 

 



 

1 

 

Chapter 1 Introduction 

 

Thin film deposition is one of the most critical manufacturing processes for microelectronic 

devices. There are two major approaches: physical vapor deposition (PVD),1,2 and chemical 

vapor deposition (CVD). 

 

Physical Vapor Deposition (PVD) 

The major difference between PVD and CVD is that there is chemical reaction in the latter. 

Typically, there are two methods for PVD, namely evaporation and sputtering. The physical 

vapor is generated either by heating or ion bombardment.  

 

In the early days of thin film deposition, evaporation deposition dominated in the industrial 

applications. The material from a thermal source reaches the substrates without bombardment 

with any gas molecules in a high vacuum chamber. In general, the precursor of the film is placed 

in a container, such as a crucible. An energy source is used to evaporate the material to be 

deposited. The energy sources include thermal, electron beam, resistive heating and etc. As the 

vapor goes straightly until they touch the surface of a sample, the step coverage is poor.  
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Sputtering deposition can achieve a better step coverage. Sputtering deposition generally 

includes ion-beam sputtering, impulse magnetron sputtering, gas flow sputtering, etc. During the 

sputtering process, an ion beam bombards into the target material. The vapor then shoots in the 

controlled directions. During the flight path of the vapor, it collides with the gas molecules, such 

as argon. The gas molecule serves as a moderator, and the vapor moves more diffusively before 

condensing on the substrate.  Such method can deposit a wide range of available materials.  

 

Despite PVD is widely used in deposition of thin films on ICs, its applications are more and 

more limited as the feature is getting smaller and more accurate due to the limited step coverage 

in the application of high aspect ratio structures. Such drawbacks of PVD can be overcome with 

chemical vapor deposition.  

 

Chemical Vapor Deposition (CVD) 

Chemical vapor deposition is a method for thin film deposition involving chemical reaction. 

During the deposition process, the substrate is exposed to vapor of volatile precursors, which 

react and/or decompose on the substrate surface to form thin films. By-products may also be 

generated during the reaction and shall be removed by a gas purge. Therefore, a typical CVD 

process includes the following steps: 

1. Prepare the precursors; 

2. Transport the precursors to the area of reaction zone with gas flow; 

3. Diffuse of the products on the substrate; 
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4. Remove the byproducts.  

 

The sub-branches of CVD include plasma-enhanced CVD (PECVD), atmospheric pressure CVD 

(APCVD), low pressure CVD (LPCVD) at sub-atmospheric pressure, and ultrahigh vacuum 

CVD (UHVCVD), typically below 10-6 Pa. Most modern CVDs are either LPCVD or UHVCVD. 

These approaches could be used to deal with precursors of different properties.  

 

Unlike the above mentioned three approaches, metalorganic CVD (MOCVD) is specifically 

referred to the CVD using metalorganic precursors. MOCVD has been used to grow epitaxial 

semiconductors, insulators, and metals.  

 

CVD methods could be used in the production of a variety of different films such as 

semiconductors, insulators and metals with controlled electrical, optical and mechanical 

properties. The advantages of CVD methods include low cost in the equipment and operation 

expenses, compatibility in batch and semi-continuous production. Due to the high conformality, 

CVD is also used to coat high aspect ratio 3D structures.  

 

Atomic Layer Deposition (ALD)  

In most of the CVD techniques, all source gases flow simultaneously and some energy source is 

provided to aid the reaction (high-temperature or plasma), an ultra-fine thickness control can 
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hardly be achieved. While if the growth progresses layer by layer by alternatively pulsing the 

source gases, an ultra-fine thickness control is obtained, and the process is called atomic layer 

deposition (ALD).  

 

A gas reactant (precursor A), on impact with a solid-state reactant (the substrate) as result of a 

surface reaction, produces a deposit on the substrate. The surface reaction between the substrate 

and the precursor A requires clean substrate surface, since it proceeds through the active sites on 

the surface. As the reaction proceeds, all the surface of the substrate is covered with the 

deposited material, then the reaction stops, since no more active sites remain for the precursor A. 

Such reaction is called self-limited reaction. 

 

Despite the deposition terminates the surface reaction of the precursor A, it may serve as the 

active sites for a reaction with other precursors, such as a precursor B. The process of ALD 

typically include the following steps: 

1. Apply pulses of precursor A to allow the complete reaction with the substrate;  

2. Purge with inert gas to remove excessive precursor A and the by-products in step 1; 

3. Apply pulses of precursor B to allow the complete reaction with the surface after step 1; 

4. Purge with inert gas to remove excessive precursor B and the byproducts in step 3.  

 

In the ideal case, the reaction in step 1 and step 3 shall be completely self-limited and cover the 

substrate surface with a mono layer. The deposited layer thickness can be calculated by 
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multiplying of the growth rate by the number of cycles. However, some ALD processes do not 

satisfy this ideal case. The causes may include self-decomposition of the precursors, the etching 

of the film and insufficient reactivity of the precursors. If the precursor is unstable and 

decomposes under the reaction condition, the self-limited reaction effect will be disrupted. The 

decomposed material may react with the substrate before covering the substrate and the reaction 

may not be terminated. Besides, the decomposed byproducts may contaminate the film. While if 

the precursor etches the film either physically or chemically, a self-limited termination of the 

reaction cannot be achieved. In the case that the precursor is not active enough, the reaction time 

may be too long to complete one layer, which results in a very low growth rate.  

 

As above discussed, in ALD process, the basic requirement for the precursors shall be 

sufficiently volatile to generate a stable flow rate, non-reactive with the film and with a high 

enough reaction rate with the substrate. In consideration of the production, other preferred 

qualities may include low production cost, environment friendly, safe to operate, and etc.  

 

Molecular Layer Deposition (MLD)  

MLD is similar to ALD, but refers to the deposition of organic materials using organic 

precursors.  

 

In this thesis, we will focus on Atomic Layer Deposition (ALD) and Molecular Layer Deposition 

(MLD) of insulating materials.  



 

6 

 

Reference  

1 M. Ohring, Materials Science of Thin Films, Second ed. (Academic Press, 2002). 

2 S. Campbell, The Science and Engineering of Microelectronic Fabrication, Second ed. 

(Oxford University Press, 2001). 

  



 

7 

 

Chapter 2 Atomic Layer Deposition of Manganese Silicate 

2.1 Introduction 

As Moore’s law predicted in 1965, electronic devices will increase the integration density 

geometrically in the next few years. To accomplish this, metal wires, known as interconnects, 

have to become narrower. And specifically, an abundant metal - copper (Cu) - is used now due to 

its low resistivity (1.67 µΩ˖cm) and reliability against electromigration.1 For microelectronic 

devices, the highest performance is achieved when copper and low-k dielectrics are combined. 

However, Cu will ionize and diffuse into attached dielectrics readily,2 resulting in higher 

resistance and larger capacitance (RC delay), which lowers the speed of microelectronic circuits 

and dominates the overall delay time.3 On the other hand, organic-doped silica glass (OSG) is 

commercially used as a low-k dielectric (k ~ 2.8). To further lower the k constant, dielectrics 

should be highly porous (k ~ 1 for the air in pores),4 and this high porosity property easily 

absorbs moisture. Copper diffusion and moisture leaking into pores greatly increase both 

dielectric constant and leakage current, resulting in electrical breakdown. These problems 

dramatically limit the development of microelectronic devices. Thus, thin film barriers are 

expected to coat the dielectrics uniformly - even deeply inside their pores - to prevent undesired 

diffusion, adsorption or damage.5  

 

Until now, sputtered tantalum nitride (TaN) diffusion barriers combined with Ta adhering and Cu 

seed layers are commercially used in the industry.6,7 However, such sputtered barriers are non-

conformal and have rough structures, which can hardly be functional for future microelectronic 
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circuits. Fortunately, atomic layer deposition (ALD) technology can conformally coat the rough 

material 8 with its layer by layer process. So we can deposit TaN uniformly by plasma enhanced 

ALD 9 or indirectly deposit barriers on ALD silica,10 though Ta is a unsustainable rare element 

and its precursor is expensive. MnNx 
11 and WNx 

10,12 can also be used as a diffusion barrier but 

with weak adhesion to both OSG and Cu. However, none of the above metal nitrides can act as an 

efficient barrier when the coating is thinner than 5nm,13 which is required in the 32nm (or smaller) 

micro interconnects. Another proven efficient diffusion barrier is MnSixOy, which can be 

synthesized by Physical Vapor Deposition (PVD) Mn and SiO2 simultaneously.14 Much work 

carried out by others so far has been focused on sputtering Mn-Cu alloy,15,16 Chemical Vapor 

Deposition (CVD) MnO 17,18 or Mn 19 on SiO2 coating, followed by hours of annealing to make 

Mn diffuse into SiO2 to form MnSixOy. Researchers have also pushed the boundary of CVD to 

form ultra-uniform Mn-Cu alloy 20 or Solution Layer Deposition (SLD) - similar to ALD - to 

deposit MnO on SiO2 
21 and anneal the mixture into MnSixOy afterwards. Meanwhile, the ALD 

approach already allows deposition of MnOx film controllably.22,23 It should be noted that the ALD 

process is multi-steps, time consuming, energy wasting, difficult to control thickness or 

composition and the film is an inhomogeneous layer in which the Mn content varies strongly with 

depth - based on their thermal-diffusion strategy. During the diffusion process, it may also 

introduce impurity (such as Cu in Mn-Cu alloy or Mn itself) into attached material,16 resulting 

higher RC delay and low quality barrier. Also, annealing itself can contribute to undesired structure 

and damage.24 Therefore, a straightforward, easy-to-process anneal-free, highly controllable 

method needs to be developed to form MnSixOy thin films.  
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Indeed, alternating mixed ALD process can be used to form mixed oxides with a precise ratio 

and thickness,25-27 and ALD metal silicate (MSixOy, M=Al, Hf, Zr) can also directly grow by 

exposing the substrate to tris(tert-butoxy)silanol ((ButO)3SiOH) and another desired metal 

precursor 28,29 alternately. In this thesis, we synthesize the MnSixOy ternary barrier film directly, 

using tris(tert-pentoxy)silanol (TPS) and maganese(Ⅱ) bis(N,N’-di-tert-butylacetamidinate) 

(Mn(AMD)2) (Figure 2.1). The resulting film has low impurity and can cover the porous surface 

uniformly with a controllable thickness. It has also survived sticky tape test, indicating its strong 

adhesion to both low-k dielectrics and copper. Most importantly, it functions as an effective 

barrier to copper and moisture at a high temperature, high voltage, since Mn blocks Cu diffusion 

pathways in tetrahedral networks of amorphous SiO2.  

 

 

Figure 2.1. Precursors for ALD of MnSixOy  

 

2.2 Reaction Mechanism 

We used tris(tert-pentoxy)silanol (TPS) and maganese(Ⅱ) bis(N,N’-di-tert-butylacetamidinate) 

(Mn(AMD)2) as the only precursors to deposit manganese silicate. One typical ALD cycle 
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includes one pulse of Mn(AMD)2 and one pulse of TPS. A perfect liner fitting of thickness vs. 

the amount of pulses indicates that the resulting growth rate is 0.5 nm per cycle. According to the 

results from RBS, we can calculate that each MnSi2.7O7.6 unit occupies a space around 1.7*10-28 

m3. And due to its totally uniform structure showed by EDX pattern and STEM, we can assume 

that each unit is similar to one cube with a height of 5.6 A, which is rather close to the 

experimental growth rate. This indicates that in each cycle, Si atoms deposit more than twice as 

much as Mn atoms do, resulting from the multi-layer deposition of SiOx on MnOx in each cycle. 

The multi-layer deposition is mainly caused by strong electric dipole from Mn-O electrovalent 

bond. As Hausmann et al. reported in 2002,28 our alternating ALD manganese silicate growth 

behavior is similar to this multi atomic layer deposition process. The growth mechanism we 

proposed is illustrated in Figure 2.2.  

 

Figure 2.2. Reaction mechanism for ALD of MnSixOy 
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Figure 2.2. Reaction mechanism for ALD of MnSixOy (Continued) 
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Figure 2.2. Reaction mechanism for ALD of MnSixOy (Continued) 
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At the very beginning, the first dose of Mn(AMD)2 reacts with the OH group on the Si surface 

following the common ALD mechanism. The hydroxyl group on the silanol then reacts with the 

remaining ligands linked to Mn surface. The comparison experiment conducted by using only 

Mn(AMD)2 or TPS as the precursor showed no deposition, meaning that silanol cannot be 

chemisorpted by surface ligand saturated Si. Also, considering the rapid decrease of induction 

force through covalent bonds of Si-O, the new silanol inserted is unlikely to react with surface Si 

driven by Mn ions inside. In that case, extra silanol molecules diffuse in to react with active Mn-

O site to make this multi-layers deposition possible. Inserted silanol forms a stable siloxane. And 

since the ligand bonded to Si-O that is next to the Mn ion became more reactive caused by 

surrounding strong electric dipole (electronic field), they are ready to β-eliminate to become a 

hydroxyl. Those hydroxyls cross-link to form a solid amorphous silica network. The amount of 

inserted silanol is highly self-limiting because the gradually thicker silica network prevents 

silanol from diffusing to nearby Mn ions. This cycle finally forms a MnSixOy (x>1) deposited 

film with ligand-saturated Si on the surface. Then, a new cycle begins. That dose of Mn(AMD)2 

will react with the surface of film following a six-membered ring mechanism and starts a new 

cycle (Figure 2.2). Because TPS chosen as the precursor has a larger size than normally used 

tris(tert-butoxy)silanol ((ButO)3SiOH, TBS), the resulting multi-layers are much thinner than 

reported.28,29 That means the ratio of Mn inside formed barrier is relatively high, which makes 

the barrier with stronger adhesion and higher blocking efficiency.30-34 What is more, due to the 

high ratio of relatively movable Mn inside, the resulting film is highly uniform in all three 

dimensions rather than forming nanolaminates 28 that are non-uniform with depth. 
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2.3 Experiments 

The manganese precursor in a bubbler was heated at 110 °C, and the precursor vapor was 

delivered with nitrogen carrier gas due to its low vapor pressure. The manganese precursor is 

very sensitive to oxygen and water, so the nitrogen carrier gas was highly purified. TPS was 

heated at 110 °C and the vapor was delivered without N2 because of its high vapor pressure. 

These two precursor vapors were delivered alternatively to the reaction chamber (tube furnace) 

which was heated at 350 °C (Figure 2.3).      

 

 

 

Figure 2.3. Schematic diagram of the ALD system 
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2.4 Results and Discussion 

Thicknesses of MnSixOy films were measured by Spectroscopic Ellipsometry, as a function of 

the number of deposition cycles at 350 °C deposition temperature. The thickness of the films is 

proportional to the number of cycles (Figure 2.4).  
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Figure 2.4. Thickness of MnSixOy films as a function of the number of deposition cycles at 

350 °C 

 

The growth rate per cycle was measured as a function of the exposures of the precursors, 

providing values of the exposures necessary to saturate the surface reactions. Growth rate per 

cycle was around 0.5 nm, depending on the composition of this ternary material (Figure 2.5). 
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Figure 2.5. MnSixOy film growth rate at 350 °C as a function of TPS pulse times 

 

The cross section of the MnSixOy thin film was imaged by a high-resolution transmission 

electron microscopy (HRTEM). The structure was found to be amorphous (Figure 2.6).  
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Figure 2.6. High-resolution TEM image of the cross-section of the MnSixOy films 

 

The distribution of the elements was characterized by Energy-dispersive X-ray spectroscopy 

(EDX) in a Scanning Transmission Electron Microscope (STEM) (Figure 2.7).  

 

 

Figure 2.7. STEM EDX Mapping of Elements in MnSixOy film 
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The amount of the elements deposited was measured by Rutherford Backscattering Spectrometry 

(RBS) (Figure 2.8). 

 

Figure 2.8. MnSixOy film composition by Rutherford Backscattering Spectrometry 

 

X-ray photoelectron spectroscopy (XPS) was used to characterize the composition and oxidation 

state of Mn in the MnSixOy film (Figure 2.9). The sample was etched by argon ion gun to clean 

the surface and to confirm the uniformity of the sample in the z-axis. XPS depth survey shows 

that the films consist of Si, Mn, and O. The Mn 2p1 and 2p3 peaks are observed 654.4 eV and 

642.2 eV respectively. The O 1s (532.8 eV), Si 2s (154.3 eV) and Si 2p (103.3 eV) peaks are 

also seen. High-energy-resolution XPS scan of the C 1s region shows obvious elimination after 

the first ion gun etching, indicating that no carbon contamination remains in the film. The first 

scanned C 1s peak is mainly caused by surface adsorption of CO2. Also, no N peak is found 

inside film, showing the purity of ALD MnSixOy film. High-energy-resolution scan of Mn 2s and 
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Mn 2p regions are used to analyze the oxidation state of Mn present in the films. O 1s and Si 2p 

regions are used to show different binding environment of Si and O compared to pure SiO2 

(Figure 2.9). The measured Mn 2p shows a Mn2+ satellite feature at around 647.5 eV. And the 

binding energy gap between two Mn 3s peaks is equal or greater than 6.0 eV, indicating the 

oxidation state of Mn is 2+, same as the Mn precursor we used. For the peaks of Si 2p and O 1s, 

each of which have two different chemical environments and can be fitted by two peaks. Taking 

the ratio of Si:Mn tested by RBS into account, the structure of our MnSixOy can be considered 

like this: in the amorphous SiO2 network, Mn2+ ions tear the Si-O-Si bonds apart, with another 

oxygen ion bonded to the Si. Thus, two different chemical environments of Si and O are created. 

One is almost the same as Si and O in amorphous SiO2 network, and another one is the structure 

of Si-O-Mn, where the bond of O and Mn is more likely to be an electrovalent bond. In the 

second structure, its Si and O has a different electron density, which contributes to the new peak 

showed in the XPS. 

 

Figure 2.9. XPS analysis of the MnSixOy film 
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Figure 2.9. XPS analysis of the MnSixOy film (Continued) 

 

2.5 Conclusion 

A simple ALD method was presented to make manganese silicate thin films with controllable 

thickness. The amorphous film was uniform in all three dimensions. We will discuss its potential 

applications in the next chapter.  
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Chapter 3 Manganese Silicate Diffusion Barrier for Cu 

Interconnections in Microelectronics 

3.1 Introduction 

Previously MnSixOy has been made by diffusion of manganese from copper-manganese alloy 

into a silica-based insulator. Tests show good barrier property against Cu, H2O and O2 diffusion.1 

However, this process forms an inhomogeneous layer in which the manganese content varies 

strongly with depth. The end members of this ternary, MnO and SiO2, are not effective diffusion 

barriers, so the optimum barrier properties must be achieved for some intermediate composition. 

A barrier with this optimum composition will be the thinnest possible, which is a great advantage 

in the tightly confined space of modern interconnects that will be less than 10 nm wide. ALD of 

MnSixOy might be optimum way to provide the thinnest possible barrier. 

 

3.2 Experiments, Results and Discussion 

 

Copper Diffusion Barrier Tests 

The effectiveness of the MnSixOy as a Cu diffusion barrier was tested by several different 

methods. We used a sample structure of PVD Cu (200 nm)/ALD MnSixOy (3 nm)/SiO2 (Figure 

3.1).    
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Figure 3.1. Copper diffusion barrier tests structure and tests by visible appearance  

 

The sample with the MnSixOy layer, and the control sample without the MnSixOy layer were 

annealed in N2 at 450 °C for one hour. The sample with the MnSixOy layer kept its shiny Cu 

color and sheet resistance after annealing. While the control sample, turned dark after annealing 

and its sheet resistance increased to 150 times larger as before the annealing process (Figure 3.1). 

This is an evidence that a large amount of Cu ions diffused through the SiO2 layer into the 

silicon.  

 

Then we etched the Cu layers of the samples from the last test by nitric acid, and etched the 

MnSixOy and SiO2 layers by HF. The surfaces after etching were characterized by a scanning 

electron microscope (SEM) and an energy-dispersive X-ray spectrometer (EDX).  
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Figure 3.2. Copper diffusion barrier tests by copper silicide formation - EDX 

 

There was no Cu peak in EDX scanning of the sample with MnSixOy layer (Figure 3.2). While a 

large Cu peak was shown in EDX scanning of the control sample, indicating that Cu ions 

diffused into Si layer and formed copper silicide which cannot be removed by HF.  

 

This was also confirmed by XPS depth profile scan of Cu element. The samples with MnSixOy 

did not show Cu peak by XPS, while the control sample showed obvious Cu signal in XPS scan 

(Figure 3.3).  
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Figure 3.3. Copper diffusion barrier tests by copper silicide formation - XPS 

 

Electrical test is much more sensitive to ion movement than other methods. The metal-oxide-

semiconductor (MOS) structures were made in the following steps: the Si wafer was etched by 

HF to remove native SiO2 layer, then ALD of 60 nm SiO2 was carried out on the cleaned surface, 

followed by ALD of 15 nm MnSixOy, in the end 200 nm thick Cu pad electrodes were fabricated 

by a thermal evaporator using a physical shadow mask. There was no MnSixOy layer in the 

control sample (Figure 3.4). CV characterization of these capacitors were carried out by a 4-point 

probe station. 
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Figure 3.4. C-V measurement under electric field at room temperature  

 

CV curves for samples under high voltage treatments are shown in Figure 3.4. The sample with 

MnSixOy layer remained the same shape of CV curve after applying high voltage, while the CV 

curves of the control sample shifted obviously due to Cu ions diffusion into the insulating layer. 

 

Oxygen and H2O Barrier Tests 

Thin MnSixOy films can function as excellent barriers to oxygen and moisture. Both low-k 

dielectrics and copper interconnects are very fragile against oxygen and moisture. Especially, 

porous low-k dielectrics, are even ready to absorb moisture and accelerate the corrosion of 
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microelectronic device. Therefore the barrier layer also should protect materials from oxygen or 

moisture. To test this kind of barrier properties of the manganese silicate layers, commercial 

porous low-k (k~2.3) dielectrics (grow on Si crystal) from IBM were coated with 10 nm of 

manganese silicate using alternating ALD process (sample without this barrier is used for 

comparison). 20 nm PVD copper was deposited on barrier layer, followed by 40nm of ALD 

silica to cover the copper (Figure 3.5). The sample was then cut into pieces to expose the edge of 

porous dielectric so that oxygen or moisture can diffuse into low-k layer to test the barrier 

efficiency.  

 

 

Figure 3.5. Sample structure for oxygen and H2O barrier tests 

 

Diffused water and oxygen can significantly change the appearance and resistance of copper. 

Samples were exposed in dry air at 350 ℃ or saturated moisture at 90 ℃ for 4 hours, those 

samples without barrier layers turned into a dark-green color while the ALD manganese silica 

coated samples maintained the shiny copper color (Figure 3.6). The color change due to 

oxidization and corrosion can be accurately observed under an optical microscope.  
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Figure 3.6. Optical microscope images of samples 

 

On the other hand, sheet conductivity of copper was tested by a 4-point probe station. Due to the 

extreme experimental conditions, in the control group, the unprotected copper layers’ 

conductivity dramatically decreased, whereas the conductivity of protected sample remained 

almost unchanged (Figure 3.7). The difference is distinct because the ALD barrier coats the 

surface uniformly even deep inside the pores or gaps. Then the conformal coating layer protects 

copper from oxygen diffused into porous low-k dielectrics. Moisture can be absorbed by porous 

low-k and condensed into liquid water, followed by faster copper corrosion. Our uniform 

manganese silica protection layer can efficiently insulate copper from harmful corrosion by 

water vapor or liquid. 
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Figure 3.7. Sheet conductivity of copper before and after oxidation 

 

 

3.3 Conclusion 

ALD of MnSixOy barrier film with controllable thickness was ready for using without subsequent 

annealing. The film shows low impurities, uniform elements distribution, efficient diffusion 

barrier against copper, O2 and H2O, which suggests their promising application in semiconductor 

industry. 
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Chapter 4 Molecular Layer Deposition of Polyimide and Polyimide 

Insulation for Nanowires 

[Part of this chapter is based on a manuscript submitted to Nature Nanotechnology: 

Electrospun Metal-Coated Single Meta-Aramid Nanofibers,  

Aykut Aydin, Lu Sun, Xian Gong, Kasey J. Russell, David J. Carter and Roy G. Gordon.] 

 

4.1 Introduction 

Sub-micron scale wires, pillars, and similar structures are finding increasing applications in 

biology,1 photonics,2 electronics,3 and other related fields.4,5 Various processes for preparing 

such nanowires have been developed.5–9 Existing methods can offer excellent control over phase 

purity, spatial position, electrical properties and other advantages, but nanowire length is often 

limited, with some of the longest nanowires prepared by vapor-liquid-solid processes being 

reported in the millimeter scale.10 A material-agnostic method to fabricate centimeter-length 

nanowires would enable a host of applications, from more sensitive and stable electrodes for 

neural integration to low-loss conductors for microwave electronics.11  

 

Here, we present a method to fabricate centimeter-long nanowires from a wide variety of 

materials via deposition on a nanofiber scaffold. We first fabricated nanofiber scaffolds by 

electrospinning a solution containing poly (m phenylene isophthalamide) (PMIA, commercial 
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names: Nomex or Teijinconex). Centimeter lengths of individual PMIA nanofibers were then 

suspended across custom fixtures and coated with metals and ALD of insulating materials. We 

have additionally demonstrated the ability to create multilayer coaxial nanostructures including 

submicron-scale, electrically insulated metal wires and micron-scale coaxial and triaxial wires. 

Such multilayered wire structures have potential photonic and X-ray focusing applications.12,13  

 

My work in this project focused on ALD of insulating materials. MnSixOy was deposited on 

metal-coated Nomex nanofibers first, while mechanical property of the film was not good 

enough for this project, since the film exhibited one cracking position in bending test. Then we 

carried out molecular layer deposition (MLD) of polyimide thin film to get more flexible 

insulating layer. 

 

4.2 Experiments, Results and Discussion 

MnSixOy Insulation for Nanowires 

We tested the MnSixOy insulating material by depositing it on planar copper substrates. A metal-

insulator-metal (MIM) structure was selected to assess electrical properties of the insulator film 

(Figure 4.1). 
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Figure 4.1. Schematic of planar test structure used to characterize electrical insulator (purple layer).   

 

Tris-tert-pentoxysilanol and manganese(II) bis(N,N’-di-tert-butylacetamidinate) were used as the 

precursors for ALD of MnSixOy. The Si/Mn ratio in these MnSixOy films is 2.5 by X-ray 

photoelectron spectroscopy (XPS) of these films and 2.7 by rutherford backscattering 

spectrometry (RBS) of films made previously in our laboratory under similar process conditions 

(see Chapter 1). 

 

Two films of MnSixOy (130 nm and 400 nm thick) were grown on flat substrates of 300 nm of 

thermally evaporated copper. The electrical leakage through these films are shown in Figure 4.2. 

Their leakage currents are below 1 nA/cm2 in the range of 0 V to 5 V applied bias, the projected 

working conditions for the nanowires.  
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Figure 4.2. J-V curves for ALD-MnSixOy thin films. Error bars represent the standard deviation 

across three contact pad diameters (10 mil, 15 mil, and 20 mil).  

 

We combined sputtering coating of conductive Pt/Pd alloy with ALD of MnSixOy to get 

multilayered structures (Figure 4.3). First, we deposited a layer of Pt/Pd alloy by sputtering from 

both sides onto suspended nanofibers. Then, we carried out ALD of MnSixOy at 350°C, yielding 

an insulated conductive wire (Figure 4.3-a). This insulated wire was coated with a thin layer of 

Pt/Pd to assist with imaging. We repeated these two consecutive depositions two more times to 

create first a coaxial and then a triaxial wire (Figure 4.3-b and c, respectively). This experiment 

showed that the PMIA fibers based structure could withstand multiple rounds of metal and 

insulator depositions since we had minimal unintended nanofiber loss throughout these multiple 

depositions. Such a multilayered structure could have applications in electronics or optics.  
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Figure 4.3. Conductor and insulator multi-layered wire. A final capping layer of Pt/Pd was added 

for each nanowire to assist with the FIB cross sectioning. (a) An insulated nanowire, where the 

polymer core (black), conductive metal layer (bright gray), and insulating oxide layer (dark gray) 

can be seen. (b) Coaxial wire with two layers of conductive metal and two layers of insulator. (c) 

Triaxial wire with three layers of metal and insulator stacked. (d) Higher magnification image of 

the cross section of the triaxial wire.  

 

A 153-nm thick film of MnSixOy was deposited on 10-micron diameter bare copper wires. 

Preliminary tests of mechanical robustness of were conducted by bending the wire with tweezers. 

As shown in Figure 4.4, the film exhibited a cracking position with radius of curvature around 

580μm. 
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Figure 4.4. Scanning electron micrograph of a 153-nm thick film of MnSixOy was deposited on 

10-micron diameter bare copper wires, which were then bent using tweezers. The film exhibited 

one cracking position, with radius of curvature around 580μm. 

 

We explored organic materials as more flexible insulating films to avoid the cracking that 

was seen when the wire was bent. 
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Polyimide Insulation for Nanowires 

Polyimide thin films are interesting insulating materials due to their resistance to high 

temperatures and mechanical stress. They are widely used as electrical insulation in electrical 

systems. In addition to traditional wet chemical polymer manufacturing processes, different gas 

phase methods have also been investigated. We deposited polyimide thin films using molecular 

layer deposition (MLD) with the precursor materials shown in Figure 4.5.14 The suggested MLD 

reaction sequence for PMDA–EDA polyimide formation is shown in Figure 4.6. 

 

 

 

Figure 4.5. Precursors used for MLD of polyimides. 
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Figure 4.6. Suggested MLD sequence for PMDA-EDA polyimide formation 

 

There are two typical steps to form polyimide film generally (see Figure 4.7).15 Step 1 is MLD to 

form an intermediate state without complete cyclization, and two kinds of carbonyl in different 

chemical environments can be detected by Fourier-transform infrared spectroscopy (FTIR), 

corresponding to wave numbers 1550 and 1650 cm-1, respectively. Step 2 is complete cyclization 

by annealing at high temperature or/and UV curing, and both of the two carbonyls changed to the 

same one at a wave number of 1720 cm-1. 
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Figure 4.7. Two typical steps to form polyimide film.15  

 

We carried out FTIR of the polyimide film before and after high temperature anneal at 350˚C for 

0.5 hour (Figure 4.8.) Peaks at 1550 and 1650 decreased while peak at 1720 increased during 

annealing, showing completion of the cyclization. 

 

MLD 



 

43 

 

 

Figure 4.8. FTIR of the polyimide film before and after anneal @ 350˚C for 0.5 hour. 

 

PMDA (MP: 286˚C, BP: 400˚C) is not volatile enough at normal MLD oven temperatures 

(below 140˚C), so a higher oven temperature, around 170 ˚C, is needed to get sufficient PMDA 

vapor pressure, based on the isothermal TGA data of the PMDA precursor (Figure 4.9). 

 

Figure 4.9. Isothermal TGA Data of PMDA precursor 
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The deposition rate of the polyimide film was greatly dependent on the deposition temperature. 

Because the evaporation temperature for PMDA is around 170˚C, the lowest temperature for 

MLD was selected to be 170˚C in order to avoid precursor condensation. The source temperature 

of the EDA precursor is room temperature. The deposition rate decreased with the increasing 

temperature (see Figure 4.10).  

  

Figure 4.10. Film growth rate at different deposition temperatures  

 

We electrically tested the polyimide material by depositing it on planar copper substrates in a 

metal-insulator-metal (MIM) structure (Figure 4.11). 40 nm-thick polyimide film was grown on 

flat substrates of 300 nm of thermally evaporated copper, and Cu pads were evaporated as top 

contacts by a shadow mask. The electrical leakage through the film under different Cu pads are 
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shown. The leakage current density is below 4 nA/cm2 in the range of 0 to 1 V applied bias, the 

projected working conditions for the nanowires.  

 

Figure 4.11. Schematic of planar test structure used to characterize 40 nm polyimide insulator 

(blue layer) and J-V curves for different Cu contact pads. 

 

To make a thin insulated wire (~1-micron diameter), electrospinning was used to make a Nomex 

polymer core only 0.4 micron in diameter. As shown in Figure 4.12, the Nomex polymer core 

(black) was covered by a conductive Au layer (bright gray) and a 30 nm-thick insulating polyimide 

layer (dark gray). A local Pt deposition was added to assist with the FIB cross-sectioning. The 

polyimide film is uniform in thickness.   
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Figure 4.12. FIB cross section of polyimide deposition on Au coated Nomex fiber, where the 

Nomex polymer core (black), conductive Au layer (bright gray), and insulating polyimide layer 

(dark gray) can be seen. A local deposition of Pt was added to assist with the FIB cross sectioning.  

 

We electrically tested the wire structure (see Figure 4.13).  A 30-nm thick film of the polyimide 

was deposited by MLD on Au-coated Nomex fibers.  Then PVD of Au was carried out on half of 

the wire twice, first on top and then on the bottom, using a shadow mask to prevent deposition on 

the contact regions at the ends of the wire.  Focused ion beam (FIB) cutting was applied to the 

end of the wire to make sure the Au layer was exposed. We used Ga-In alloy as a contact metal 

since it is a conductive liquid at room temperature that adheres well to clean Au surfaces. The 
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electrical leakage current through the MLD polyimide film was smaller than 10-9 A level 

(detection limit of the tool), showing good electrical insulation property.   

 

Figure 4.13. Schematic of the test structure used to characterize the polyimide electrical insulation 

(blue) on on Au (golden) coated Nomex fiber (white) in 3D view. 

 

4.3 Conclusion 

Polyimide thin films made by MLD are flexible and electrical insulating. We can also precisely 

control the film thickness, and get uniform coverage on complex structures, such as nanowires.  
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Chapter 5 Molecular Layer Deposition (MLD) of Branched and 

Cross-linked Polyimide with Controllable Ratios 

5.1 Introduction 

Molecular layer deposition (MLD) is a reliable way of forming uniform polymer coatings. By 

alternately exposing the substrate to vapors of diamine and dianhydride compounds at a certain 

temperature, the substrate can be uniformly coated by a thickness-controllable polyimide film.1 

The coating film can be further stabilized by annealing or ultraviolent (UV) curing by a cyclizing 

reaction (Figure 5.1).2   

 

Figure 5.1. Growth of linear polyimide and cyclizing reaction by annealing or ultraviolent (UV) 

curing (as already shown in Figure 4.7) 
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However, the property and growth behavior of linear polymer has lots of limitations. By 

changing diamine compound to other multi-amine compounds (e.g. triamine), branched 

polyimide can also be deposited (Figure 5.2). 3 

 

 

Figure 5.2. MLD of branched polyimide polymers and cyclizing reaction by annealing or 

ultraviolent (UV) curing 
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Branched polymer films potentially have some improved properties compared to normal linear 

polymer films.4,5 However, a branched polymer can result in some undesirable drawbacks. For 

example, some branches might remain unreacted because the nearby chemical groups become 

too crowded, which makes the polymer even easier to break down at a high temperature. Thus, 

an approach to precisely control the branching ratio in polymers is strongly needed.6-26 Herein, 

we report a universal way to produce branched polymer with highly controllable branching ratio. 

With this approach, uniform polyimide coating was formed in the lab, which has a designated 

branching ratio, with desired stability, elasticity, strength and electrical properties.  

 

We used pyromellitic dianhydride (PMDA) and ethyldiamine (EDA) as the precursors for 

forming polyimide. At the same time, we chose diethylenetriamine (DETA) as a source of 

branches. By exposing the substrate to PMDA and EDA alternately, mainly linear polyimide can 

be produced. Changing EDA to DETA can produce a branched polyimide (Figure 5.3). One dose 

of dianhydride and one dose of amine (diamine or triamine) are called one MLD cycle. In our 

case, we used one PMDA-DETA cycle to create a branching seed layer. In a particular MLD 

process, each MLD super-cycle consists of several cycles of forming linear polyimide (PMDA-

EDA process) and one cycle of forming branched polyimide (PMDA-DETA process) (Figure 

5.4). 
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Figure 5.3. PMDA-EDA cycle (left) and PMDA-DETA (right) cycle 
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Figure 5.4. MLD super-cycle consists of several cycles of forming linear polyimide (PMDA-EDA 

process) and one cycle of forming branches (PMDA-DETA process)  

 

5.2 Experiments, Results and Discussion 

The film thickness was measured using ellipsometer or high-resolution SEM. To carry out the 

SEM cross-section test, a 100 nm-thick copper layer was thermally evaporated on our polymer to 

improve the image resolution. 

 

The MLD films were grown on silicon (100) wafers. Before the MLD process, wafers were 

washed by acetone and isopropanol, followed by UV-ozone cleaning for five minutes. And then, 

the samples were placed in the furnace for MLD. The furnace was heated up to a set temperature. 

PMDA, as the dianhydride precursor, was equipped with a bubbler and put in a 175 ˚C oven. 
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EDA was used at room temperature, while DETA was placed in a 75 ˚C oven to increase its 

vapor pressure. 

 

In the experiment of temperature dependent growth, we tested the growth behavior of PMDA-

EDA polyimide and PMDA-DETA polyimide respectively. The temperature range did not 

decrease below 170 ˚C to avoid physical deposition of PMDA on samples. Also, we used 

sufficient precursor supply at each temperature to decrease the testing error.  

 

For EDA and DETA, a saturated dose consisted of five times of three-second pulse and three-

second pumping. After each compound dose, we applied six times of chamber cleaning process 

which is ten-second nitrogen purge followed by ten-second pumping. One PMDA-EDA 

polyimide growing cycle is made of one dose of PMDA, chamber cleaning, one dose of EDA, 

chamber cleaning. For PMDA-DETA polyimide growing cycle, the dose of EDA was changed to 

one dose of DETA. After 80 cycles of polyimide growth, the film thickness was measured and 

the growth rate was calculated. The growth rate of both polymers decreases when the growing 

temperature is higher (Figure 4.10 and Figure 5.5). We chose 170 ˚C as a suitable growth 

temperature for its relatively fast growth rate.  
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Figure 5.5. Temperature dependent growth rate of PMDA-DETA cycle 

 

After choosing 170 ˚C as the deposition temperature, we further tested the effect of time by 

changing the duration of each dose. For EDA and DETA, five times of precursor pulse and 

pumping were reserved but the duration of each pulse was changed. The overall dose time was 

calculated as the time of each pulse multiplied by the times of pulses. To find the proper dosing 

time of one precursor, we made the other precursor saturated. For example, to find the proper 

dosing time of PMDA in PMDA-EDA growth, we would apply five three-second EDA pulses to 

make sure that the amount of EDA is saturated. Then we changed the dose time of PMDA to plot 

the saturation curve in PMDA-EDA growth. We deposited these polyimide films for around 80 

cycles and then tested their thickness, as shown in Figure 5.6 and Figure 5.7. We clearly 

identified the MLD stage (where the growth rate remains constant although applied with more 
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precursor vapor because the precursor is already saturated) for PMDA-EDA polyimide and 

PMDA-DETA polyimide under 170 °C. According to the results of growth rate v.s. dose time, to 

grow PMDA-EDA polyimide, we chose the dose of EDA consisting of five times of three-

second and nine times of five-second PMDA doses. For PMDA-DETA polyimide, we chose five 

times of two-second DETA vapor pulses and nine times of five-second PMDA vapor pulses. 

 

Figure 5.6. Saturation curve of EDA (left) and PMDA (right) for PMDA-EDA polyimide 

 

 

Figure 5.7. Saturation curve of DETA (left) and PMDA (right) for PMDA-DETA polyimide 
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Using sufficient dosing times, the linear growth property of this MLD process were tested. 

PMDA-EDA and PMDA-DETA polyimide were deposited for different cycles, respectively. 

Then the thickness of the polymer films were measured (An ellipsometer was used to measure 

the thickness of PMDA-EDA films and high-resolution SEM was used to measure PMDA-

DETA films). As illustrated in Figure 5.8, each kind of polyimide shows a linear growth 

behavior. Here, it was observed that the PMDA-EDA MLD process had a growth rate of 

0.22±0.02 nm/cycle, while the PMDA-DETA MLD process had a surprisingly high growth rate 

of 2.78±0.04 nm/cycle.  

 

Figure 5.8. The linear growth property of PMDA-EDA polyimide (left) R Square (COD) = 0.9982, 

and PMDA-EDA polyimide (right) R Square (COD) = 0.9995 

 

The growth rate of PMDA-EDA polyimide was very slow. That was because PMDA cannot bind 

with all active sites on wafer at first, and most importantly, some of nearby reaction centers are 

blocked at the beginning of growth. As a result, linear polyimide would stop growing on these 
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chains. Thus, lots of polymer growing sites were lost (Figure 5.9), and those growing polymer 

chains are soft and can be twisted, leading to a limited growth rate. While for PMDA-DETA 

growth these shortcomings are overcome because DETA continually creates new reaction 

centers.  

       

Figure 5.9. The schematic showing the growth rate of PMDA-EDA polyimide was slower than 

PMDA-DETA polyimide.  

 

There are a few factors contributing to PMDA-DETA polyimide’s rapid growth rate. First of all, 

DETA chain itself is longer than that of EDA. Second, compared with PMDA-EDA polyimide, 

which lose a significant part of the reaction centers in the very beginning of growth, PMDA-

DETA polyimide continually create new reaction centers. And those newly generated reaction 

centers then become polymer branches. Those polymer branches will further grow until the 

substrate surface is too crowded to allow any new branch growth. These braches can easily link 
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with each other and form cross-linkers as a result of unlimited branches growing in this limited 

substrate area.  

 

Despite the above mentioned important factors, they are not the main driving force of PMDA-

DETA polyimide’s unusual growth. As the growth thickness obtained in one cycle is even larger 

than the total length of PMDA and DETA. Also, previous research on MLD process of DETA 

polyurea has almost the same growth rate as EDA polyurea.3 These observations impel us to 

consider how more than one DETA or PMDA layer is attached to the polyimide even though a 

long purge time is applied to avoid any physical deposition. If we consider the difference 

between MLD polyimide and MLD polyurea, we can figure out that when the amine reacts with 

anhydride, another carbolic acid is formed. And the formed carbolic acid can only further cyclize 

above 300 ˚C. So that acid group can remain in the polymer under our deposition condition 

(lower than 200 ˚C). In the meantime, DETA is a well-known base. So many DETA molecules 

can form a relatively weak ionic sub bond with the subsurface carbolic acid inside, just like they 

can ‘dissolve’ in the subsurface of soft polyimide.27 They cannot go very deep because of 

concentrated cross-linkers and branches inside. Those ‘dissolved’ DETA can consequently react 

with following PMDA and become a small polymer inside. And they have a great chance to get 

attached with the main polyimide chains grown previously because both main polyimide and this 

small polyimide are highly branched. Once these polymer fragments get attached and form 

covalent bond with main chain, they will contribute more than one cycle growth thickness, 

resulting an unusual rapid growth. This proposed mechanism can be described as a sub bond 

induced rapid MLD process.  
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It is difficult to reduce the chamber pressure after DETA doses (that is the reason we use such a 

long purge time to decrease chamber pressure back to initialization). It is unusual because 

DETA’s boiling point is 207 ˚C and DETA doses come from 75 ˚C cylinder into 170 ˚C chamber 

at 0.15 torr. Physical absorption or condensation hardly occurs under that condition. But ionic 

bonds (sub bonds) induced dissolving can explain this result, which explains the observation that 

a higher growth temperature leads to a lower growth rate. Because sub bonds are dramatically 

weakened under higher temperature, making DETA harder to ‘dissolve’ and forming polyimide 

fragments later. When the temperature is high enough to break all those sub bonds inside, no 

more DETA ‘dissolves’ in subsurface, leading to an almost constant growth rate. 

 

The same growth rate decreasing under higher growth temperature for PMDA-EDA polyimide 

was observed. This indicates EDA dissolving might also play a role in PMDA-EDA’s growth. 

However, because the biggest limit factor of PMDA-EDA polyimide growth is inadequate 

reaction center, ‘dissolved’ EDA molecules have little chance to attach with main linear 

polyimide chains. Dissolved EDA will not dramatically increase the growth rate. 

 

After that, the linear PMDA-EDA polyimide was hybridized with highly branched PMDA-

DETA polyimide to control its branching density. We define one n:m hybridized super-cycle as 

m PMDA-DETA cycles followed by n PMDA-EDA cycles. EDA ratio means the percentage of 

PMDA-EDA cycles in a super-cycle. For example, we made a hybridized super-cycle like:  
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1 dose of PMDA, 1 dose of DETA, 

1 dose of PMDA, 1 dose of EDA,  

1 dose of PMDA, 1 dose of EDA; 

This super-cycle was made of three sub-cycles. And we repeated this super-cycle for several 

times. Because this super-cycle consists of two PMDA-EDA cycles and one PMDA-DETA 

cycle, we call it a hybridized MLD process, and the EDA ratio of above super-cycle is 2/3, or 

0.66667. 

To calculate this hybridized polymer’s average growth rate, we divided its total thickness with 

the number of total sub-cycles. We did this hybridized MLD with different PMDA-EDA ratios 

and measured their average growth rate. As Figure 5.10 shows, the growth rate of hybridized 

film was almost the weighted mean of each polyimide’s growth rate. It was mostly determined 

by the ratio of two kinds of polyimide in the deposited film.  

 

Figure 5.10. The growth rate of hybridized film, R Square (COD) = 0.9970 
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4.3 Conclusion 

We used PMDA-EDA cycles to create linear polyimide layers, along with one PMDA-DETA 

cycle to create a branched polyimide layer. In this MLD process, each MLD super-cycle consists 

of several cycles of forming linear polyimide (PMDA-EDA process) and one cycle of forming 

branches (PMDA-DETA process). This branched and cross-linked polymer films potentially 

have some improved properties compared to normal linear films. Higher thermal stability, larger 

film density, better mechanical strength and elasticity may be achieved because of more branches 

and cross-linkers.  
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Chapter 6 Conclusions and Future Work 

6.1 Conclusions  

A simple ALD method was presented to make manganese silicate thin films with controllable 

thickness. The amorphous film was uniform in all three dimensions. ALD of a MnSixOy barrier 

for Cu was ready for use without subsequent annealing. The film has few impurities, uniform 

elemental distribution, and is an efficient diffusion barrier for copper, O2 and H2O. These 

properties are promising for applications in the semiconductor industry.  

 

The polyimide thin film by MLD, using PMDA and EDA precursors, was flexible and 

insulating. We can also precisely control the film thickness, and get uniform coverage on 

complex structures, such as nanowires.  

 

We used PMDA-EDA cycles to create linear polyimide layers, and we used one PMDA-DETA 

cycle to create a branched seed layer. In this MLD process, each MLD super-cycle consists of 

several cycles of forming linear polyimide (PMDA-EDA process) and one cycle of forming 

branches (PMDA-DETA process). These cross-linked polymer films potentially have some 

improved properties compared to non-cross-linked films. Higher thermal stability, larger film 

density, better mechanical strength and elasticity may be achieved because of the cross-linkers.  
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6.2 Future Work 

Molecular layer deposition is a potentially useful technique that can provide more processing 

capabilities to polymers and other covalent materials. Besides reducing the difficulty to produce 

polymers, it also enables more controllability for polymers in all dimensions, including 

thickness, chain length, cross-linking, branches and so on.   

 

Based on the inherent advantages of MLD, polymers can be uniformly coated on most materials 

of interest. We can easily coat nano-scale networks or other materials with the desired polymer, 

without worrying about a polymers’ self-growth into a mess (which happens a lot in the solution 

coating process) or the solution harmful to the materials. And because it is so conformal, it is 

even possible to grow polymers in a metal organic frameworks’ nano-pores. Also, the loose and 

soft polymer film we produce can be a possible gas storage material. As we design its side chain 

differently, we may obtain films with different gas absorption properties.  

 

If we use some protection strategy (make sure reactions only happen at a certain point and de-

protection using another precursor to get ready for following reactions), we can produce most 

kinds of polymers. We may produce conductive polymers if we control its precursor and growth 

orientation. In that case, we can continually grow an ultra-soft conductive wire with the structure 

shown in Chapter 5.  
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By careful designing of the binding orientation, we may grow covalent organic frameworks that 

are hard to crystalize in solution. For example, PMDA and melamine can be candidates for 

forming two dimensional covalent organic frameworks. And the resulting film can be used for 

gas storage or as a molecular sieve because it has nano-pores with intrinsic size limitation, and 

there are unlimited possibilities of adjusting its functional group to change its molecular 

selectivity.  

 

Organic-inorganic hybridized structures could be obtained based on MLD. For example, MOFs 

could combine metal oxides with polymers, or make inorganic-organic hybridized perovskite 

solar film batteries. 

 

 


