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Due to the increase in demand for mobile devices and the improvement in 

performance, many semiconductor devices are being developed in a limited space. 

Memory devices and logic devices are typical semiconductor devices in mobile devices. 

In order to develop a high capacity memory in a small space, the internal structure of the 

memory element is changed into a three-dimensional form. In addition, a package on 

package (PoP) method in which a memory element is mounted on a logic element or a 

chip on chip method is developed. As the area shrinkage of semiconductor devices with 

high memory density, the high aspect ratio pattern is needed such as 3D NAND flash. 

To create a vertical pattern with a mask, mask is needed to be thicker for etching it 

longer. However, a thick mask distorts the shape of the pattern with a shadowing effect. 

Therefore, it is necessary to have a hard mask that can be made thinner. The vertical 

structure is fabricated by plasma based dry etching process with hard masks, which have 

superior etch resistance. Therefore, it is necessary to study the properties of hard mask 
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materials for deeply patterned devices having higher memory density. The hard mask 

should have more etch resistant to plasma reactive gas than conventional organic soft 

mask for deeper pattering. It must also be easily removed after the etching process. 

These conditions are well satisfied with amorphous carbon, which is the most promising 

material for hard mask. 

In the development of a complex of a logic device and memory device such as a PoP, 

the heat generation of the logic element is critical to the reliability and performance of 

the memory element. One way to solve the heat problem is to place the heat spreader, 

but as a method of suppressing the heat quickly, it is possible to fabricate the 

thermoelectric device on the logic device to perform active cooling. 

This study investigated the hardmask with amorphous carbon and thermoelectric 

materials with Bi2Te3. The focus of attention in these two materials is on the penetration 

of heterogeneous materials. The hardmask is a sacrificial material that is exposed to F-

based plasma in progress of dry etch, and the penetration of F has effects on the 

performance reliability of hardmask. In addition, the thermoelectric device is exposed 

to a high temperature environment so that the reaction and diffusion between the 

electrode and the thermoelectric material should be suppressed. 

A thorough analysis of the experimental data was performed to determine the 

microstructure change of amorphous carbon through process control and modification 

of the material through doping to correlate with performance. In addition, 

thermodynamic calculations suggest a material selection method with stable phase at the 

interface of materials. 
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CHAPTER 1 
 
Introduction 
 

 

1.1. Development of 3D device  

 

The development of next-generation semiconductors is the most active in the mobile 

device market. Due to the 4th industrial revolution, the speed of communication is 

getting faster and the amount of data is getting bigger. Not only does the application 

processor need to process this data faster, but it also requires a high capacity memory 

device to contain the highly performing operator system. 

There are two main methods for making high capacity memory devices. It simply 

makes more memory cells in the same area as making the device larger. Since the form 

factor of mobile devices is small and limited, it is impossible to continuously increase 

the size of the memory device. Therefore, there should be more memory cells in the 

same area of the device. Semiconductor devices have been steadily increasing capacity 

year by year according to Moore's Law, which has been accompanied by improvements 
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in patterning technology. Currently, patterning using photolithography has been 

performed up to 10 nm. Patterning through photolithography is a process of making a 

pattern by changing the properties of the photoresist polymer by irradiating the patterned 

mask. The shorter the wavelength, the higher the resolution. At present, the wavelength 

in the photolithography process is becoming shorter and now the pattern of 10 nm or 

less is being formed by patterning using EUV. 

Memory devices are changing from two-dimensional to three-dimensional devices at 

the expense of pattern lithography, improving process cost, power consumption, and 

device performance per area. Recently, 3D devices have been fabricated by making 

more devices in the same area. In the conventional horizontal device structure, the 

vertical device structure is formed by stacking several layers of the thin film and 

adjusting the thickness and the number of layers, thereby increasing the capacity of the 

memory device. 1 This vertical structure eliminates the need for a fine patterning process 

to reduce the size of the memory cell. That is, it is possible to overcome the limit of the 

lithography and to increase the capacity of the device. 

In addition to overcoming the limitations of lithography by changing the cell design 

of the device, we also create a three-dimensional device at the memory device level. The 

method is to place the memory chip on a logic chip. Package level devices are designed 

to accommodate more devices on a limited PCB (Printed Circuit Board) area, where the 

memory device chips are mounted on top of the logic device chip and electrically 

connected. 
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Figure 1.1 Development of 3D type device to solve 2D scaling issue. 1 
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1.2. Hardmask for etching high aspect ratio pattern 
 

When a memory device is fabricated in three dimensions, a gate material and a thin 

film of insulator material are stacked, and a deep hole is formed to fill the source material. 

The deep hole required for vertical memory fabrication requires a deep pattern with an 

aspect ratio of 40 or more. When making a deep hole, a dry etch process is carried out, 

in which a hardmask is required. 

Hardmask is a constituent material resistant to plasma etch for a long time due to the 

slow etching rate in the dry etch process. The photoresist used for conventional 

patterning is usually made of polymer and thinly coated on the substrate through spin 

coating. Photoresist is resistant to dry etch due to the nature of the polymeric material. 

Polymers made of carbon and hydrogen react easily with other elements and are 

mechanically soft. 

The gate material and the insulator material mainly react with F with Si, SiO2, Si3N4, 

etc. and fly into the gas state. Therefore, during the dry etch process, a plasma of a 

fluorine-based gas source is formed and etches the stacked layers. Hardmask should use 

materials that are less reactive with Fluorine than Si, SiO2, Si3N4. 

The order of the process using the hardmask is as follows. A hardmask is deposited 

on the thin film deposited on several layers, and an anti-reflection layer (ARL) and 

photoresist are then deposited to pattern the hardmask thereon. After photolithography, 

the photoresist and ARL are removed from the patterning part of the hardmask, and the 

hardmask is patterned through the O2 etch process. Then, the etch gas of F base is used 

to etch the thin films of the part without the hardmask to make a pattern of high aspect 

ratio, and then remove all of the hardmask through the O2 etch process. 
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Therefore, in addition to the basic characteristics of slow etching rate, the 

requirements of the hardmask material are as follows. Stresses must be minimized 

because the holes must be etched at the correct locations in the patterning of the 

hardmask, so that they must be light transmissive and deposited on the thin films 

deposited on multiple layers. In addition, since F-based etch gas is used, the penetration 

of F must be minimized and finally it should be easily removed through O2 etch process. 
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Figure 1.2 High aspect ratio patterning method using hardmask. An anti-reflactive layer 

is used for photoresist, F-based gas is used for etching, and O2 is used to remove the 

hardmask. 
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1.3. Planar type of thermoelectric device 
 

As the semiconductor device is fabricated in three dimensions, a package for 

mounting the memory device on the logic device is being made. Three-dimensional 

devices are mainly fabricated in two formats. One is a method of electrically connecting 

and molding a memory package on a processor package, and a method of connecting 

through a silicon via (TSV) between chips in a chip state before packaging. Among them, 

3D IC (Integrated circuit) method using TSV is designed to reduce the area occupied by 

the device on the PCB. 

One problem with this device fabrication method is that the heat generated by driving 

the logic device degrades the performance of the memory device. When the NAND flash 

is driven, the voltage is applied to the gate and the body to be stored in the floating gate. 

When the temperature is high, the electrons increase in activity and electrons in the 

floating gate can escape. It is therefore important to keep the temperature constant in the 

memory device. However, the performance reliability of the memory device is lowered 

because it is placed on the logic device that generates heat when driven. In order to 

prevent this, a device that effectively suppresses the heat generation of the logic element 

is required. 

Passive cooling system such as heat pipe is introduced in logic devices to suppress 

heat generation in mobile devices. However, in order to achieve rapid cooling, 

instantaneous cooling elements are required rather than passive cooling. A thin film type 

thermoelectric device is required to fabricate a cooling device between a logic device 

and a memory device in a structure in which a memory device is attached to a logic 

device. Conventional thermoelectric devices were fabricated using bulk materials. As 
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the device was fabricated in thin film form, the production method of thermoelectric 

material changed from ball milling method to vacuum deposition method. The 

thermoelectric materials made by vacuum evaporation increase the crystallinity through 

heat treatment and improve the performance and understand the crystallization behavior. 

Also, it is important to understand the properties of the surface and interface of the 

material because the ratio of volume to surface area is high. 
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Figure 1.3 Three-dimensional device implementation through integrated circuit 

package: package on package (left), 3D interconnect with through silicon via (TSV) 

(right). 
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1.4. Objective of the thesis 
 

In order to make a 3-D device, we looked at issues that arise during device fabrication 

and issues that may arise during device operation. We studied the characteristics of 

hardmask and amorphous carbon, which are necessary for fabricating 3D devices. 2 

Amorphous carbon was deposited using physical vapor deposition (PVD) method. The 

changes of sp2 bond and sp3 bond according to deposition conditions and doping were 

investigated and compared with etch performance. 

We have also studied the materials and systems for the fabrication of planar type 

thermoelectric devices to suppress the heat generation of logic devices. Thermoelectric 

elements are divided into thermoelectric materials and electrodes. Thermoelectric 

materials are made in thin film form, require substrates, and have a large volume and 

surface area. Since the thin film thermoelectric material using PVD is deposited as an 

amorphous material, it is necessary to investigate the crystallization behavior and 

improve the performance. Since the electrode is also formed by vacuum deposition, it is 

necessary to examine the interface between the thermoelectric material and the electrode. 

Therefore, the objective of this study is as follows. 

The first objective of this study is to analyze the bonding of amorphous carbon to be 

used as a hardmask. The effect of amorphous carbon on sp2 bonding and sp3 bonding 

was investigated by the process conditions and doping. Since amorphous carbon is a 

material whose properties vary depending on the ratio of sp2 bond and sp3 bond, it is 

indispensable to investigate the change in properties due to internal element bonding. 

The second objective of this study is to characterize the growth mechanism of 

amorphous carbon. The internal bond structure of amorphous carbon was mainly 
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performed by Raman spectroscopy and XPS. At this time, the shortest element distance 

of the amorphous material can be known through the radial distribution function (RDF), 

which can analyze the short range order of the amorphous material, and thereby the 

internal structure of the amorphous carbon can be known in detail. 

The purpose of this last study is to understand thermoelectric materials and 

thermoelectric device systems. As the thermoelectric material is formed into a thin film, 

crystallization process is required through heat treatment. The crystallization behavior 

of (Bi, Sb)2Te3, a thermoelectric material, was analyzed by in-situ stress analysis. In 

addition, a planar type thermoelectric device using Cu as an electrode is required to have 

excellent thermal stability and electrical performance. 

Analysis of these experimental results will help to understand the materials used in 

the fabrication and design of 3D devices. 
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1.5. Organization of the thesis 
 

This thesis consists of eight chapters. In Chapter 2, the principles of amorphous 

carbon and thermoelectric materials are reviewed, and the basic theory and characteristic 

features of microstructure of amorphous carbon and the method of analysis are 

explained in detail. The basic applications and theory of thermoelectric materials are 

also explained in Chapter 2. Chapter 3 describes the experimental procedure, including 

the fabrication of the samples and the process of dry etch and stress analysis for thin film. 

In Chapter 4, the optimization of sputtering deposition for amorphous carbon is 

described with deposition power and pressure. Chapter 5 discusses the effects of doping 

on amorphous carbon and its etch characteristics. Chapter 6 describes the crystallization 

behavior of Bi2Te3 with in-situ thermomechanical analysis. Chapter 7 discusses the 

stability of interface between Bi2Te3 and Cu electrode. Chapter 8 summarizes the results 

of this study. 
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CHAPTER 2 
 
Theoretical background 
 

2.1. Carbon 
 

2.1.1. sp3 and sp2 bonding of carbon 

  

As shown in Figure 2.1 below, carbon mainly forms sp3 bonds and sp2 bonds, and 

there is a large difference in properties depending on the bond types. 

The carbon atom has six electrons with an electronic structure of (1s)2 (2s)2 (2p)2. The 

energy difference between 2s and 2p is so small that one electron can easily be excited 

from the 2s state to the 2p state. One s-orbital and three p-orbitals, px, py and pz, form a 

sp3 bond in a mixed state. The characteristic angle between the hybrid orbits is 109.5 

degrees. By assembling many different sp3-hybridized carbon atoms into one crystal, 

diamond structure can be formed. Due to the three-dimensional sp3 structure, the bond 

strength between carbon atoms is the same for each atom and is very strong. Therefore, 

diamonds are one of the hardest known materials. The corresponding band structure 

exhibits a large band gap of 5.47 eV corresponding to the insulator and it has low 
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electrical conductivity. 3 In addition, the transparent appearance of the diamond 

corresponds to the fact that the electrons can not be excited into the conduction band 

having a wavelength in the optical range in the valence band. 

The sp2-hybridization is a combination of one s-orbital and only two p orbitals, px and 

py. They contribute together to a planar assembly with an angular characteristic of 120 

degrees between the hybrid orbits forming a sigma-bond. The additional pz-orbit is 

perpendicular to the sp2-hybrid orbit and forms a π-bond. A typical example of sp2-

hybrid crystal structure is graphite. It consists of a parallel carbon layer. Planar sp2-

hybrid orbits in the layer fit into structures with strong bonding forces. Between layers, 

π-orbitals generate weak Van der Waals forces. As a result, graphite is one of the softest 

known materials and is used as a pencil. The band structure of graphite represents 

valence and conduction band consisting of bond and semi-bond π- and π* -conjugate and 

contact at K-point. Because of this fact, graphite can be described as semimetallic. 

Graphite is a very good electrical conductor and opaque because the connection of the 

two bands affects the possibility of electrons entering the conduction band easily at 

valence, regardless of wavelength. 
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Figure 2.1 Schematic diagrams of sp3 and sp2 boning in carbon. 4 
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2.1.2. Allotropes of carbon 

 

There are two main types of carbon bonding, but the structure of carbon is much 

different. As mentioned earlier, when it consists of only sp3 bonds, it is called diamond. 

When it consists of sp2 bonds and Van der Waals bonds, it is called graphite. In addition 

to these two types, there are different kinds of carbon through nano-structuring.  The 

two-dimensional nanostructures separated from the carbon layer of hexagonal structure 

composed of Van der Waals bonds constituting graphite are called graphene. The 

structure of hexagonal carbon in a tube shape is called a carbon nanotube (CNT). 

In a diamond having a tetrahedral structure, each carbon atom is bonded to four 

adjacent atoms and forms an sp3 hybrid bonding structure. Diamonds are known to have 

the highest hardness. It has excellent heat resistance, chemical resistance, optical 

transparency and excellent thermal conductivity and electrical resistance at room 

temperature. These excellent properties are due to the strong and directional sp3 carbon 

hybrid bond. 

In the graphite crystal structure, one carbon atom forms a sigma bond represented by 

sp2 hybrid bonding in a two-dimensional structure having three adjacent carbon atoms, 

and the electron forms a pi bond positioned perpendicular to this plane. The coplanar 

carbon-carbon distance of graphite (sp2) is 1.42 angstroms shorter than the carbon-

carbon bond distance of 1.54 angstroms of diamond (sp3), thus forming a strong sigma 

bond. However, the bond between graphite layers is easily destroyed because each two-

dimensional plane is bonded together with a very weak force called Van der Waals force. 

Also, the electrons in the π-Bond bonded in the direction perpendicular to the plane can 
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easily move along the plane and have electrical conductivity at room temperature. These 

electrons exhibit very low light transmittance. 

The graphite and diamond described above are carbon-crystallized materials. 

However, carbon can exist in an amorphous state. This is called amorphous carbon or 

diamond like carbon (DLC), because is has similar hardness properties of diamonds. we 

will describe the study of this material in this paper. The amorphous carbon is composed 

of a mixture of sp2 bonds and sp3 bonds. The physical and chemical properties vary 

greatly depending on the ratio of sp2 bonding to sp3 bonding. 
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Figure 2.2 Atomic structure and properties of diamond, graphite, and amorphous carbon. 

Characteristics of each materials and atomic scale microstructure. 
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2.2. Amorphous carbon layer (a-C layer) 
 
 

2.2.1. Microstructure of a-C 

 

Amorphous carbon consists of sp2 and sp3 bonds, which are hybridized states of 

carbon. The overall structure of the material is irregular, but in the short-range order, the 

bond between carbons is composed of sp2 or sp3 bonds. Like other amorphous materials, 

it is unstable. It can have a high mechanical hardness and chemical inertness like 

diamond or low electrical resistivity like graphite, depending on its bonding 

characteristics. In previous carbon studies, the understanding of the properties and 

structure of crystalline materials such as graphite, diamond, graphene, CNT, or C60 has 

been actively studied. Recently, research on the amorphous state of carbon has also been 

actively conducted. The reason for this is that the bonding characteristic of amorphous 

carbon can be controlled according to the process variables and can be quantitatively 

determined using various analytical methods. Analysis of amorphous carbon bonds is 

much like that of conventional carbon structures, but lacks understanding of amorphous 

carbon structures. 

According to J. Rovertson and E. P. O'Reilly, amorphous carbon is composed of ~ 

95% sp2 state and 15 ~ 20 Å disordered graphitic islands. The disordered graphitic 

islands are composed of 34 ~ 60 rings composed of bonds. These islands are also 

bonded to the dangling bond of the sp3 bond of carbon. 5  

D. Beeman also assumed the structure of amorphous carbon by substituting the 

structural modeling of amorphous carbon into known amorphous Ge. Mainly the ratio 
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of threefold structure to fourfold structure was adjusted to obtain optimized structure, 

and it was agreed with experimental data that there was 14% of four-coordinated atom. 
6 

Two modeling studies have shown that sp2 clusters or threefold structures exist 

predominantly within amorphous carbon. Since the sp2 bond exists inside the hexagonal 

structure of the carbon and binds to three different carbon atoms, two modeling results 

show the same result. In addition, sp3 binding is a link between sp2 clusters, which means 

that the size of the sp2 cluster structure decreases as more sp3 bonds are formed in the 

amorphous carbon structure. In other words, it can be explained that the more abundant 

the sp3 bond is in the amorphous carbon, the more material is disordered. 

The amorphous carbon layer is mainly deposited by plasma enhanced chemical vapor 

deposition (PECVD). In this method, the chemical precursor of the material to be 

deposited is injected in vacuum chamber and the temperature is raised to deposit on the 

substrate, thereby increasing the deposition rate and energy by using plasma. The 

chemical precursors for the amorphous carbon layer deposition utilize a gas consisting 

of C and H, and the deposited thin film contains H along with C. 7 Therefore, amorphous 

carbon can be classified as a-C:H in which H bonds internally and a-C in which H does 

not exist. 

In the previous description, the amorphous carbon is mainly composed of a mixture 

of sp2 bond and sp3 bond, and the phase equilibrium when the a-C internal H exists is 

shown in figure 2.3 below. 
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Figure 2.3 Ternary phase diagram of amorphous carbon according to C bonding (sp3 

and sp2) and hydrogen. The nomenclature of the substance depends on the ratio of sp2 

bond and sp3 bond. As the amount of H increases, amorphous carbon becomes 

polymerized. 4 
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We will discuss the a-C assuming that the sp2 cluster model with sp3 bonding results 

in the destruction of the cluster and the change of the material binding ratio in the 

direction of decreasing the amount of sp2 bond. Amorphous carbon containing a large 

amount of sp2 bonds is called glassy carbon or graphitic carbon, and its physical 

properties are similar to those of graphite. 

When the sp2 bond exists only in the a-C state without H, it has similar physical 

properties to graphite. However, as the size of the sp2 cluster decreases and the internal 

sp3 bond increases, it becomes similar to diamond, which is called diamond like carbon. 

The amorphous carbon with a sp3 bond content of 50% or more in between is called a 

tetrahedral amorphous carbon and is labeled ta-C. ta-C is a representative material of 

amorphous carbon, also called diamond like carbon, which is a material with a large 

amount of fourfold coordinated carbon. That is, the higher the sp3 bond, the higher the 

hardness becomes because it is similar to the diamond property, which helps ta-C to be 

used as a coating material. 

When carbon is not present but H is inside a-C, it is indicated as a-C:H and the amount 

of H varies depending on the type of process. In the case of a-C produced by sputtering, 

the amount of H is in the range of 0% to 20%, and the amount of a-C produced by 

PECVD is more than 20%. Figure 2.3 shows the increase in the amount of sp3 when H 

is bonded to C in a-C. However, as the amount of H increases, the increase in the amount 

of sp3 bond of carbon does not bring the a-C closer to the diamond property. The sp3 

formed by the single bond of H with the carbon can not increase the hardness of a-C, 

but rather the sp3 carbon amount which forms the bond of the sp2 cluster is reduced. 

Therefore, as the amount of H increases, the hardness of a-C is lowered and its properties 

become closer to that of a polymer. 
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a-C is a material that has hardness similar to diamond without grain boundaries and 

becomes a good coating material when deposited in film form. The combination of H 

and C offsets the advantages of a-C. Thus, it is important to deposit a-C with a high 

amount of sp3 bonds while minimizing the amount of H. 

 

2.2.2. Deposition of a-C layer 

 

As described above, the properties of a-C depend on the ratio of carbon bonds (sp3, 

sp2). In particular, when a-C is deposited in the form of a film, the bonding ratio can be 

controlled according to the deposition process. The thin film deposition method is 

divided into two methods, chemical vapor deposition (CVD) and physical vapor 

deposition (PVD).  

a-C is deposited mainly using PECVD. PECVD is a device that deposits a gas phase 

source into a solid phase using a chemical reaction on a substrate. Gas is injected and a 

radio frequency (RF) is applied between two electrodes filled with gas to deposit a thin 

film from the gas source using plasma. 

a-C is also deposited by sputtering, one of the PVD methods. Using a solid state source, 

the solid source is decomposed and deposited on the substrate at a temperature lower 

than the melting point by the atom or molecular unit of the source. An inert gas, Ar, is 

used to form plasma around the source. Plasma of the generated Ar ions damages the 

source surface with strong energy. Place a magnet on the source to increase the density 

of the plasma to increase the deposition rate. The source material decomposed by plasma 

moves toward the substrate due to bias to the substrate direction and is deposited on the 

substrate. 
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2.2.3. Microstructure analysis 

 

Carbon is mainly analyzed by Raman spectroscopy. Raman spectroscopy is a 

spectroscopy technique used to observe vibration, rotation, and other low-frequency 

modes in a system. Raman spectroscopy is one of the nondestructive analysis methods 

to detect the kind of molecule through the event that absorbs the energy by the difference 

of the energy level of the electron when the laser is shot on the specific molecule.  

Amorphous carbon is basically a structure in which the sp2 cluster is joined by sp3 bonds. 

The ratio of sp2 binding to sp3 binding is determined by the size of the sp2 cluster, 

Figure 2.4 (a) is a schematic description of the two different carbon-binding modes 

that can be obtained by Raman spectra analysis of graphite and amorphous carbon. The 

graphite single crystal has a single Raman active mode of 1580 cm-1, which is E2g 

symmetry. It is mainly called G peak. On the other hand, in case of disordered graphite, 

the Raman active mode of 1350 cm-1 is additionally detected, A1g symmetry, and called 

D peak. This is related to ring breathing vibration at the K zone boundary. 8 Since 

amorphous carbon is disordering state of graphite, G peak and D peak occur 

simultaneously. G mode represents the stretching vibration of C = C chain or aromatic 

rings in which sp2 bonds exist, and D mode represents the breathing mode of sp2 bonds 

in rings, not in chains. 9  

Figure 2.4(b) shows the relationship between ID/IG and internal structure. According 

to the theory of Tuinstra and Koenig, it is known that the analysis of D and G peaks 

obtained by Raman analysis reveals the graphite crystallize size (La). 8 

 

                          (2.1) 
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In Raman analysis, carbon D and G peaks can be obtained. Each pick is located at 

about 1355 and 1575 cm-1 and defines ID and IG as the area of the pick. This means that 

the ID/IG value is proportional to the amount of ring present at the edge of the grain. 

However, it is difficult to explain in ta-C where sp2 is less than 20%. This is because the 

ID/IG value can not infinitely increase when La is extremely small. When La is smaller 

than 2 nm in recent data, the following tendency is shown as the following expression 

2.2. 10 

 

                      (2.2) 

 

The sp2 bond of carbon is divided into ring structure and chain structure. D mode is 

related to carbon ring structure and G peak is related to both ring and chain structure 

related to sp2. Therefore, it can be assumed that as ID/IG becomes larger, ring structure 

increases and carbon chain structure decreases in carbon have. 

a-C is divided into three modes depending on the degree of disordering of the structure. 

As the degree of disordering increases in graphite composed of sp2 bonds, the structures 

are classified in the order of nc-graphite, a-C and ta-C. The structure of carbon and the 

correlation of Raman analysis results can be divided into three stages as shown in Figure 

2.5. 11 

The first stage is the increase of disordering by grain size reduction of the ordered 

graphite layer. At this stage, the hexagonal structure of the carbon remains intact. The 

phonon confinement increases the G peak position as the hexagonal grain size decreases, 

which causes phonon confinement. Also, as the disordering of the edge portion of the 

grain size increases, the ID/IG value becomes larger due to the occurrence of the D mode. 

In the second stage, the hexagonal structure breaks, creating topological disordering. 
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As the aromaticity weakens, the G peak position decreases. As the degree of disordering 

increases, the grain size becomes smaller than 2 nm and the ID/IG becomes smaller 

according to the relationship shown in figure 2.4 (b). 

In the third step, the amount of sp2 bond is reduced to 0% and changes to ta-C structure. 

The sp2 bond changes into a chain structure as the hexagonal ring structure disappears. 

As the G peak indicating the vibration mode of the chain structure and the ring structure 

is increased, the D peak showing only the ring structure is decreased. This leads to a 

decrease in the ID/IG and finally the ID/IG value approaches 0 when the sp2 binding is 0%. 
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Figure 2.4 (a) Eigenvectors of the Raman G and D modes in graphite and amorphous 

carbon, (b) Variation of Raman ID/IG peak intensity with La. 11 
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Figure 2.5 Relationship between the degree of disordering of a-C and G peak position 

and ID/IG obtained from Raman analysis. 11 
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X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative 

spectroscopy technique that measures the elemental composition of a few nm depth 

from the surface, empirical, chemical, and electronic states of the elements present in 

the material. X-rays are injected into the sample to analyze electrons emitted from the 

surface. When X-rays (photons) having a certain energy are applied to a sample, 

photoelectrons are emitted from the sample. By measuring the kinetic energy of the 

emitted photoelectron, we can know the energy for the photoelectron to emit and 

calculate the binding energy through the energy. Since the energy emitted by 

optoelectronics is the inherent value of the material, it is possible to analyze the 

constituent elements and qualities of the material through XPS.  

XPS is a useful tool for analyzing the internal bonding of carbon like Raman 

spectroscopy. The binding energy changes depending on the chemical bonding state of 

the element. The sp2 bond and the sp3 bond of carbon can be separated and analyzed 

using XPS. The peak of C1s can be analyzed to determine the ratio of sp2 binding to sp3 

binding. The sp2 bond forming the double bond is shorter in binding length than the sp3 

bond forming single bond and the binding energy is larger. The two binding energies of 

284.3 ± 0.1 eV and 285.2 ± 0.1 eV at the C1s peak of Carbon indicate the hybrid binding 

of sp2 and sp3, respectively. 12 In other words, the single bond sp3 binding exhibits a peak 

at higher binding energy and the energy difference is about 1 eV. 

Unlike crystalline materials, which has well known lattice parameter and crystal 

structure, amorphous materials are difficult to quantitatively determine the elemental 

arrangement or distance between elements. Since amorphous materials are randomly 

distributed, only elemental structures in the medium or short range order of atom 

arrangement can be analyzed. 13 Among the tools for analyzing various atomic short 

range orders, there is a method using a radial distribution function (RDF). 14, 15 The 
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atomic RDF describes the probability of finding a particular pair of atoms in a paired 

function and consequently provides short and medium range structure information. RDF 

can be derived using X-ray or neutron diffraction and electron diffraction results using 

TEM. 

Figure 2.6 shows sketch of the procedure of calculate the RDF distribution map from 

D-STEM. Using a nano-beam in TEM, the diffraction pattern is obtained as shown in 

figure 2.6 (b). The diffraction pattern was azimuthally integrated to obtain the radius 

profile I(s) (Fig. 2.6 (c)). Where s = 2θ / λ, θ is half of the scattering angle, and λ is the 

incident wavelength. The structure factor (Figure 2.6 (d)) is calculated by subtracting 

the single atom scatter factor and normalizing it, as describe in equation 2.3 

 

                      (2.3) 

 

Where N is the number of atoms within the volume sampled by the electron probe, 

f(s) are the parameterized elemental scattering factors. 16 

The RDFs (G(r)) are obtained by a sine Fourier transformation of the structure factors 

according to equation 2.4 

 

                 (2.4) 
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Figure 2.6 Sketch of the procedure of calculate the RDF distribution map from D-

STEM (a) HAADF-STEM image with the area for D-STEM acquisition outlined. (b) 

Parallel nano beam diffraction pattern acquired in D-STEM. (c) Annular averaged 

diffraction profile. (d) Structure factor deduced by subtraction and normalization with 

single atomic scattering factors. (e) RDF obtained by Fourier transform of the structure 

factor. 15 



 
Chapter 3: Experimental procedures 

32 
 

 

2.3. Thermoelectric materials 
 

Thermoelectric materials are materials that can turn heat into electricity or change 

electricity into heat transfer. As shown in Figure 2.7, thermoelectric materials have 

various applications ranging from semiconductor devices to aerospace. It has a great 

advantage that it can be used for power generation by using heat generated when energy 

is converted to other energy. It is also used as a cooler by using the temperature 

difference generated when potential difference is given to both sides of the 

thermoelectric material. 

 

2.3.1. Performance of thermoelectric materials 

 

Thermoelectric materials are divided into n type and p type depending on the type of 

carrier. Similar to the other semiconductor materials, a material that transfers heat is 

called an n-type thermoelectric material, and a material that allows holes to move heat 

is called a p-type thermoelectric material. As shown in Figure 2.8, the thermoelectric 

element consists of a series connection of n-type and p-type thermoelectric elements. 

Since the electrons and electrons move in opposite directions when the current is applied, 

they are fabricated with the structure shown on the left side of Figure 2.8 to generate 

the cold side and the hot side. Equation 2.5 below gives the maximum heat-flux 

pumping capability for a thermoelectric device. 17 

 

           (2.5) 
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Where l is the thickness of the thermoelectric material, α is the Seebeck coefficient, T 

is the temperature, ρ is the electrical resistance, and k is the thermal conductivity. In this 

equation, it can be seen that the value of qmax becomes larger as α is larger and ρ and k 

are smaller. The seebeck coefficient, which indicates the performance of the 

thermoelectric material, is shown in Equation 2.6 below. 18 

 

                    (2.6) 

 

Where m* is the effective mass of the carrier and n is the carrier concentration. The 

thermoelectric material is a material that transfers heat by using the movement of a 

carrier. According to Equation 2.6 above, α is inversely proportional to n. therefore, 

Insulators and semiconductors with low carrier concentration can also have 

thermoelectric performance. Besides, when one, electron or hole, type of carrier is 

responsible for heat transfer, m* is larger and the performance of thermoelectric device 

is enhanced. If both electrons and majors act as carriers, they act to cancel the transfer 

of heat each other. 
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Figure 2.7 Energy sorurce of thermoelectric mateirals and applications. 
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Figure 2.8 Structure of thermoelectric device (left) and principle of thermoelectric 

materials (right). 
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2.3.2. Efficiency of thermoelectric materials

 

The performance of the thermoelectric material increases with lower electrical 

resistance and lower thermal conductivity. However, since both heat and electricity 

travel due to majority carriers, thermal conductivity and electrical conductivity are 

usually proportional. Therefore, a method other than Equation 2.5 is used to define the 

performance related to the electrical conductivity and thermal conductivity of 

thermoelectric materials. The figure of merit (ZT) can be calculated to show the 

efficiency of the thermoelectric material. 

 

                        (2.7) 

 

Where σ, κ and T are the electrical resistivity, thermal conductivity and absolute 

temperature. The ZT value is an important value for measuring the efficiency of the 

thermoelectric material. That is, the higher the ZT value, the higher the efficiency of the 

thermoelectric material, and the higher the power generation and cooling efficiency. As 

shown in Figure 2.9, the type of thermoelectric material depends on the operating 

temperature. The formula for converting ZT, which is the performance value of 

thermoelectric material, to Carnot efficiency is as follows. 19 

 

                  (2.8) 
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Where Th and Tc are the temperatures of the hot and the cold ends, respectively,  is 

the average temperature between Th and Tc. From this Equation 2.8 and Figure 2.10, it 

can be seen that the efficiency of the thermoelectric material increases as the temperature 

difference between the hot side and the cold side increases, and the efficiency is 

saturated as the temperature difference increases. Exceeding ZT of 1.5 is a very 

challenging research. A temperature difference of about 150 ° C is required to achieve 

10% power generation efficiency even at a ZT of 2. 
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Figure 2.9 Figure of merit (ZT) fof high performance bulk thermoelectric materials as a 

function of applied temperature. 20 
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Figure 2.10 Power generation efficiency  of single-leg state of-the-art 

nanocomposites as a function of temperature difference Th with an assumption of Tc=300 

K. 19 
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CHAPTER 3 
 
Experimental procedures 
 

 

3.1. Sample preparation 
 

To study the amorphous carbon, amorphous carbon (a-C) thin films were deposited 

onto Si (or SiO2/Si) substrates using direct current (DC) magnetron sputtering. Also, 

plasma source gas and sputtering source target were changed to N-doping and B-doping 

in a-C. The individual deposition conditions for the a-C films with the various dopants 

are listed in Table 3.1. 

a-C was deposited with DC magnetron sputtering at room temperature, and power 

was 100 to 400W with Ar pressure 5 and 50 mTorr. 

For N doping of a-C, DC magnetron sputtering was used at room temperature, and 

the working pressure was 5 mTorr. The ambient conditions in the vacuum chamber were 

controlled by the flow rate of Ar and N2 gas ratio with constant total flow rate to 0.067 

sccm used to control the N concentration in the a-C thin film. For the B-doped a-C, DC 

magnetron sputtering was used at room temperature, and the working pressure was 5 
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mTorr same with a-C and N-doped a-C. The B 10wt% doped graphite target was used 

for B-doped a-C. The power for deposition of doped a-C was 300W. The concentration 

of dopants in the a-C film were determined using X-ray photoelectron spectroscopy 

(XPS) as shown in Figure 3.1. 

The roughness of a-C film was analyzed with using atomic force microscope (AFM) 

performed by Park System NX-10. Due to the noncontact measurement method, the 

roughness can be measured without damaging the film. By measuring the roughness of 

the thin film surface, we could confirm the degree of film formation. The analysis of 

carbon bonds was carried out by Raman spectroscopy and XPS. Raman spectroscopy 

analysis was performed using HORIBA LabRAM HV Evolution instrument. The 

vibration modes of carbon were measured by analyzing the optical characteristics of the 

surface using a laser having a wavelength of 532 nm. XPS was analyzed by C1s peak, 

N1s peak, and B1s peak shown in Figure 3.1. XPS (PHI 5000 VersaProbe ™, ULVAC-

PHI) was measured at 10 nm from the surface using an AlK alpha 1486.6 eV source. 

The short range order of a-C was analyzed through RDF in addition to the binding analysis by 

energy analysis from a-C. RDF is obtained by analyzing a pattern obtained by obtaining a 

diffraction pattern of a cross section of a sample by TEM. Using a nano-diffraction mode in TEM 

(JEOL 2100f), a diffraction pattern was obtained with a 50 nm probe size. 

To study the thermoelectric materials, Bi2Te3 films were prepared on SiO2/Si 

substrates by RF magnetron sputtering of a single Bi2Te3 target at room temperature. 

The working pressure was 3 mTorr. The RF power of the Bi2Te3 target was 50 W, and 

the plasma gas was Ar 20 sccm.  

To study the stability of interface between thermoelectric materials and Cu, Cu film 

was deposited on SiO2/Si substrates by thermal evaporator. The deposition rate was 0.8 

nm per second. In order to prevent diffusion of Cu, refractory metals such as Ta and Mo 
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were deposited. Mo and Ta was deposited between Cu and thermoelectric materials with 

DC magnetron sputter with 4 mTorr pressure and 50W power. 
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Table 3.1 Sputtering conditions for the preparation of the amorphous carbon films. 

 

 Target Power Gas flow 

a-C Graphite DC 300 W Ar: 0.067 sccm 

N-doped a-C Graphite DC 300 W 

Ar: 0.060 sccm 
N2: 0.007 sccm 
Ar: 0.053 sccm 
N2: 0.014 sccm 

B-doped a-C B 10wt% doped 
graphite DC 300 W Ar: 0.067 sccm 
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Figure 3.1 Element analysis with X-ray photoelectron spectroscopy (XPS).  
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3.2. Dry etch characteristic 
 

3.2.1. Dry etch process 

 

The etch characteristics of a-C were studied by ICP etcher. ICP Etcher (PlasmaPro 

System 100 Cobra, Oxford) carried out for dry etching the a-C with 2700W power and 

75W bias at 90sccm of CHF3 and 15sccm of Ar at 4mTorr. The a-C of two different 

thicknesses was etched by varying the etching thickness by adjusting the etching time. 

The a-C thin film and the P-TEOS thin film were etched in the same chamber to measure 

the relative etch rate of a-C of about 300 nm to P-TEOS. P-TEOS film was deposited 

with PECVD. At this time, etching was performed for 200 nm SiO2 etching time set in 

etcher equipment. In order to observe the F penetration into a-C, a-C was deposited to 

about 100 nm, and the penetration depth of F after etching was examined under SiO2 50 

nm etching conditions. Since the SiO2 etch rate set in the etcher equipment is different 

from the actual P-TEOS etch rate, P-TEOS is etched twice as much as the etch thickness. 

 

3.2.2. Elemental analysis with depth profiling 

 

Time of flight secondary ion mass spectrometer (TOF-SIMS) was used for elemental 

analysis of a-C after dry etching. The element depth profiling was performed with TOF-

SIMS (SIMS-5, ION-TOF) to confirm the penetration of fluorine after Etch. The mass 

of ionized particles emitted by colliding the surface of the material with the area of 100 

x 100 �m2 inside the etching part with Bi3+ 30kV, 1pA while etching the area of 400 x 

400 �m2 at 1 keV Cs and 70 nA. When analyzing the element type while etching the 



 
Chapter 3: Experimental procedures 

46 
 

sample, the time to be etched is converted to the thickness where the element is present. 

The etch time at which fluorine is detected when the carbon etch time is converted to 

the total thickness of the a-C film can be converted to the total thickness of a-C. 
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3.3. Stress analysis of thin film 
 

3.3.1. in-situ thermomechanical analysis 

 

If heat is applied to a thin film deposited on a substrate, a curvature is generated on 

the substrate due to a difference in thermal expansion coefficient between the substrate 

and the thin film. The generated curvature can be used to measure bi-axial stress on the 

thin film. Figure 3.3 shows the actual state of the equipment and the measurement 

method for measuring the stress on the thin film. The base pressure in the chamber is set 

to about 4 × 10-6 Torr, and the working pressure in the chamber can be controlled by 

inserting N2 or H2-N2 gas. The working pressure is set to 10 Torr not 760 Torr to avoid 

beam interference due to air convection at elevated temperatures. When the temperature 

is raised at normal pressure, laser light may be distorted due to gas convection. The 

heating stage is placed in the chamber to apply heat to the sample. For heating ranges 

from room temperature to 580 ºC, the heating rate is 3 K / min. One laser beam source 

is dispersed into 12 pieces and then irradiated onto the sample. Twelve reflected Laser 

are received by the CCD again, and the distance between the lasers is measured in real 

time and converted into a curvature change. Equation 3.1 below is the stoney's equation 

to convert the curvature to the bi-axial stress of the thin film. 

 

                           (3.1) 

Where Ys is bi-axial elastic modulus of substrate and hs and hf are thickness of 

substrate and film, and K is curvature of substrate 
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Figure 3.2 in-situ curvature measurement using a multi-beam optical sensor (MOS). 

The curvature is determined from the beam spacing, which can be calculated into film 

stress. 
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3.4. Stability of interface 
 

3.4.1. Thermodynamic based calculation 

 

 The ternary diagram was derived using a thermochemical database program 

(Factsage™ software) to determine the stability of the interface between the metal and 

thermoelectric materials (Bi2Te3). The ternary diagram was calculated with the FACT 

pure substances database (FactPS) and the FACT light metal database (FTlite) in the 

database program. The conditions of the ternary diagram of Cu-Bi-Te, Mo-Bi-Te, and 

Ta-Bi-Te were set with the temperature and pressure at 250 °C and 10-3 Torr, 

respectively. 

 

3.4.2. Contact resistance measurement 

 

Transmission line measurement (TLM) devices were fabricated to measure the 

electrical properties of the interface and Bi2Te3. To fabricate the TLM device, a Bi2Te3 

and electrode were deposited with a shadow mask. The TLM device was designed with 

a 150 μm × 1200 μm Bi2Te3 line pattern and a 100 μm wide electrode with interval 

distances (100, 200, 400 μm). The electrodes are divided into basic Cu electrodes with 

no barrier and Cu electrodes with Mo and Ta barriers. After Bi2Te3 deposition, Cu 

electrodes were deposited 200 nm thick with a thermal evaporator. The base pressure of 

the evaporator chamber was 3 × 10-6 Torr. Mo and Ta barriers were deposited between 

Bi2Te3 and Cu with thicknesses of 20 nm with using a DC magnetron sputtering system 

at 50 W. The base pressure and the working pressure of the sputtering system were 3 × 
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10-6 Torr and 4 × 10-3 Torr, respectively. The deposited thin films and TLM devices were 

annealed at 250 °C for 1, 10, and 48 hours under 10-3 Torr after N2 purging. 
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CHAPTER 4 
 
Optimization of amorphous carbon deposition 
condition 21 
 

 

4.1. Introduction 
 

  The patterning technique of the microstructure is important when manufacturing a 

semiconductor device. This is because the pattern size and quality vary depending on 

the degree of development of the patterning technique. Table 4.1 below shows the 

materials used for patterning. In the conventional 2D device, photoresist is used to 

fabricate a device with a fine pattern. In other words, for patterning of high aspect ratio 

to fabricate 3D devices, materials with low etch rate should be used and this is called 

hardmask. However, when the device is fabricated in 3D, a photoresist made of a 

polymer with a high etch rate is not usable. 22 In addition to photoresist materials, spin 

on hardmask, amorphous carbon layer, and metal oxide layer are used. Considering the 

process cost, productivity, etch rate, and stability, it is most appropriate to use amorphous 
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carbon layer as patterning mask. 23 24 When amorphous carbon is used as a hardmask, it 

undergoes a dry etch process. The dry etch process is described below. 

  First, vacuum deposition is performed by PECVD or PVD on a film to be patterned 

with a high aspect ratio. The high aspect ratio pattern that you want to make is usually a 

thick film or a stack of layers. At this time, when the hardmask is deposited on it, it is 

necessary to reduce the damage of the materials deposited under the hardmask due to 

the deposition process. Therefore, it is important to find process conditions that are not 

harsh. Therefore, PECVD or PVD process is used in which deposition is accelerated 

without using CVD having a high deposition temperature. 

  Secondly, photolithography is used to pattern the photoresist, and then oxygen plasma 

are used to etch the amorphous carbon hardmask without the photoresist. The etched 

hardmask portion is dry etched to create a high aspect ratio pattern. High aspect ratio 

During patterning, dry etching is performed using a fluorine-based plasma on the oxygen 

plasma etched part. In the lower part of the hardmask, materials such as Si, SiO2, and 

Si3N4 are mainly formed and react with F and reaction into the gas state. 

 Finally, after the F-based plasma process is performed, the remaining hardmask is 

removed using oxygen plasma and the process is completed. 

  When PECVD is used to deposit amorphous carbon, there exists C bonding to H in 

the film. This serves to eliminate the bond between the sp2 clusters, lowering the density 

and inducing polymerization as shown in Figure 4.1. 25, 26, 27, 7, 28 Therefore, in this study, 

amorphous carbon was deposited by PVD sputtering.  

 In this study, optimization experiments of amorphous carbon deposition conditions 

were carried out. We will look at the deposition condition optimization in terms of etch 

characteristic. 
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Table 4.1 Materials for patterning. 

 

 Photoresist 
Spin on 

hardmask 

Amorphous 

carbon layer 
Metal oxide 

layer 

Cost Low Moderate Moderate High 

Productivity Excellent Excellent Good Low 

Etch aspect 
ratio Poor Good Excellent Excellent 

Stability Poor Excellent Excellent Excellent 

Patterning Poor Good Good - 
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Figure 4.1 Relationship between carbon contents and film density [1] M. Iwasaki and 

A. Hirata [2] P. Kumar et. al. [3] A. Golanski et. al. [4] E. Tomasella et. al. [5] G. 

Jungnickel et. al.. 25, 26, 27, 7, 28 
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4.2. Experiments 
 

This experiment was conducted in collaboration with Kyung-Tae Jang and is the basis 

of the experimental content to be discussed in chapter 5. Amorphous carbon deposition 

conditions were optimized for deposition power and pressure. To study the amorphous 

carbon, amorphous carbon (a-C) thin films were deposited onto Si (or SiO2/Si) 

substrates using direct current (DC) magnetron sputtering. a-C was deposited with DC 

magnetron sputtering at room temperature, and power was 100 to 400W with Ar 

pressure 5 and 50 mTorr. The source gas Ar of the plasma was flowed to 0.067 sccm and 

the process pressure was controlled by adjusting the gate of the deposition chamber. 

The roughness was measured through AFM to check the film quality of the a-C film. 

Raman spectroscopy and XPS were performed to analyze the binding properties of a-C, 

and RDF was performed using TEM for short range order analysis. The name and 

manufacturer of the experimental equipment used are described in chapter 3. 

ICP etch was performed to determine the etch characteristics of the deposited a-C, 

and the thickness variation due to etching was determined by FESEM. Depth profiling 

was performed with TOF-SIMS to analyze the F penetration of the thin film. 
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4.3. Deposition of amorphous carbon 
 

4.3.1. Power dependence 

 

The film quality of a-C was confirmed by increasing the deposition DC power from 

100 W to 400 W while the deposition pressure was fixed at 5 mTorr. In order to use a-

C as a hardmask, if the roughness is high on the surface, there will be imbalance of etch 

depth and uniform patterning becomes impossible. Therefore, the lower the roughness, 

the better the hardmask.  

As shown in Figure 4.2, the roughness increases with increasing deposition power. 

The roughness when deposited at 100 W was 2.581 nm, whereas the roughness when 

deposited at 400 W was 3.093, which was about 20% increased. Besides, the deposition 

rate was increased with deposition power. The roughness was related to the faster 

deposition rate. As the deposition rate gets faster, the time for the C elements coming 

from the graphite target to rearrange on the substrate becomes shorter, so the more the 

power, the more chaotic the film is created. As the deposition rate increases, the time 

required for the C elements from the graphite target to rearrange on the substrate 

becomes shorter. Therefore, as the power increases, a film with a high roughness is 

generated. 

Figure 4.3 shows Raman spectroscopy data for analyzing the binding characteristics 

of deposited a-C with different deposition DC power. In order to reduce the error of the 

data, other light reflected at room temperature was measured with a laser having a 

wavelength of 532 nm. 



 
Chapter 4: Effects of deposition condition on amorphous carbon 
 

57 
 

Raman spectroscopy was used to measure Raman shifts from 800 cm-1 to 2000 cm-1. 

Unlike the Raman spectroscopy data of conventional graphite, Graphene, and Diamond, 

the shape of the peak is not sharp, and the D peak and G peak, which can be measured 

in the carbon material, are overlapped to obtain gentle curve data. D peak is a peak at 

about 1350 cm-1, which can be used to obtain information on the ring structure of carbon, 

and is related to the disordering(sp3 bond) of amorphous carbon. The G peak is a peak 

at about 1580 cm-1, which is observed in graphite and is related to the ring structure and 

chain structure of carbon sp2 bond. 

In a-C, these two peaks are simultaneously generated. Since each peak width is broad, 

the signals of two kinds of bonds are superimposed and gentle curve data is obtained. 

At this time, if the D peak and G peak are separated into the Lorentz distribution on the 

gentle curve, the signal of D peak and the signal of G peak can be separated. Therefore, 

it is also possible to obtain the ID/IG by the ratio of the widths of the two separated curves. 

As shown in Figure 4.3(b), it is confirmed that the characteristics of the carbon 

bonding according to the deposition power do not change much differently from the 

roughness result which increases abruptly. 

As the deposition power increases, the roughness increases significantly, whereas the 

ID/IG value does not change significantly, which is related to the thin film growth 

mechanism. When the thin film grows, it is deposited in sp2 cluster units. The 

characteristics of the sp2 clusters deposited at a deposition pressure of 5 mTorr and a 

deposition power of 100 W or more are similar. Since the deposition rate is different, 

the sp2 cluster arrangement is different, but the internal bonding of the deposited carbon 

is not significantly different. 

 

 



 
Chapter 4: Effects of deposition condition on amorphous carbon 
 

58 
 

 

 

 

 

 

 

 

 

 

Figure 4.2 (a) Image measured by AFM with various deposition power (b) Roughness 

of a-C layer. 
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Figure 4.3 (a) Raman spectroscopy of a-C layer with various deposition power (b) ID/IG 

value of a-C layer with Lorentz distribution. 
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4.3.2. Pressure dependence

 

In order to investigate the effect of Ar pressure on the a-C deposition, which is the gas 

used to deposit the plasma during deposition, the deposition power was fixed at 300 W 

and deposition was performed at Ar pressure of 5 mTorr and 50 mTorr. The flow rate 

of Ar is equal to 0.067 sccm. 

Figure 4.4 shows the surface morphology of the a-C layer with different deposition 

pressures observed by AFM. The roughness (2.958 nm) of the a-C deposited at 5 mTorr 

was lower than that of the a-C deposited at 50 mTorr (4.695 nm) when the thickness was 

same. In addition to the roughness, the size of the particles seen in the AFM surface 

image was also significantly different. When the deposition power was changed, the size 

of the particle that can be identified by AFM did not change much, but it changed greatly 

when the deposition pressure was changed. This can be inferred to be a change in the 

sp2 cluster described above. When the deposition power was changed, the size of the 

deposited particles and the ID/IG of the Raman spectroscopy were not changed, but the 

particle size changed when the deposition pressure was changed. Therefore, it was 

confirmed through Raman spectroscopy, XPS, and RDF that the bonding characteristics 

in a-C were changed. 

Figure 4.5 shows the results from Raman spectroscopy, XPS, and RDF for analyzing 

the carbon bonding. The interpretation method for each of the three experiments is as 

follows. First, the analysis of Raman spectroscopy is shown in Figure 4.5 (a). As 

discussed in chapter 2, G peak is a vibration mode expressed by a single graphite and is 

a mode measured in a ring structure and a ring structure having sp2 bonds. The D peak 

also indicates disordering in the sp2 cluster. Therefore, Raman spectroscopy of a-C 

deposited at Ar pressure of 50 mTorr shows that the D peak is sharper than the a-C 
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deposited at Ar pressure of 5 mTorr, which can be interpreted that the fraction of sp2 

bonds is more exist in a-C deposited at 50 mTorr. The second way to analyze the results 

obtained from the XPS data is to separate the C1s peak from the results obtained from 

the XPS analysis. The peak of C1s in the binding energy corresponding to the sp3 

binding and the sp2 binding of carbon is separated and analyzed. It also compares the 

binding energy itself, which shows the intensity maximum of the C1s peak. In the XPS 

data, the binding energy of sp3 binding is larger than the binding energy of sp2 binding. 

It is possible to interpret that the highest peak position is higher in the spanning binding 

energy when there are many sp3 bonds. Figure 4.5 (b) shows the results of enlarging 

C1s peak of the a-C XPS results of deposition of 5 mTorr and 50 mTorr of process Ar 

pressure. With considering the peak position of highest C1s peak, the binding energy of 

a-C deposited with 5 mTorr Ar plasma is higher than the a-C deposited with Ar plasma 

of 50 mTorr. That is, the sp3 bond of carbon is more in the a-C deposited at 5 mTorr than 

at 50 mTorr. This is consistent with the results in Figure 4.5 (a). Finally, RDF is a data 

obtained by Fourier transform of the ring pattern of the diffraction pattern of the thin 

film, which can quantitatively represent the inter-element distance of the amorphous 

material. In Figure 4.5 (c), the position of the first peak of data in the RDF is the distance 

between the nearest elements. It can be interpreted that the a-C deposited under the 

condition of Ar 5 mTorr has a longer nearest atom distance, which means that a single 

bond having a longer bonding length (sp3 bond) is more. That is, through the analysis in 

Figure 4.5, we can conclude that the sp3 bond at a-C deposited at Ar pressure of 5 mTorr 

has more than that of 50 mTorr. Based on Figure 4.3 and Figure 4.5, we analyze the 

etch characteristics varied by power and pressure from the viewpoint of atomic bond. 
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Figure 4.4 Surface morphology analysis of a-C deposited at Ar pressure of 5mTorr and 

50mTorr by AFM. 
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Figure 4.5 (a) Raman spectroscopy (b) C1s peak analysis from XPS (c) RDF of 

deposited a-C with different deposition pressure (5 mTorr, 50 mTorr). 
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4.4. Etch characteristics of amorphous carbon 
 

4.4.1. Power dependence

 

In Figures 4.2 and 4.3, the sputtering deposition power affects the roughness of a-C, 

but is not related to carbon bonding. Based on the results of Raman spectroscopy, the 

etch rate of a-C was compared with the etch rate of SiO2 made with TEOS through ICP 

etcher. This is because, hardmask is used to etch Si-based materials into high aspect ratio 

patterns. Figure 4.6 shows the relative etch rate of a-C compared with SiO2 deposited 

with different deposition powers. The SiO2 thin film and the a-C thin film were etched 

in the same ICP etcher chamber under the same conditions. Etching was performed for 

the same etching time, and the cross section of the thin films before and after dry etch 

was observed with FESEM and the thickness was measured. The relative etch rate of a-

C is shown in Figure 4.6 by calculating the thickness of the etched SiO2 film as 1. As 

the deposition power increased, the etch rate tended to decrease. Therefore, although a-

C deposited at a high power with a low etch rate is suitable for use as a hard mask. 

Roughness and etch rate must be compensated for each other because the roughness 

must be low for uniform etching. In order to increase the productivity of hardmask, the 

deposition rate must be high. Therefore, a-C deposited at 300 W is selected as the proper 

deposition power considering three conditions of etch rate, roughness and deposition 

rate. 
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Figure 4.6 Relative etch rate of a-C with various deposition power from 100 W to 400 W. 

The Ar pressure is 5 mTorr. 
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4.4.2. Pressure dependence

 

The effect of Ar pressure on etch characteristics of a-C was investigated after selecting 

300 W for deposition power of this study. The reason why the deposition power is set to 

300W is that it is suitable for fabrication and use as a hardmask in the sputtering system 

of this study according to Figure 4.6 and above explanation. The reason why the 

deposition power is set to 300W is that it is suitable for fabrication and use as a hardmask 

in the sputtering system of this study according to Figure 4.6 and above explanation in 

4.4.1. 

Figure 4.7(a) shows the etch rate of a-C deposited at a deposition pressure of 5 mTorr 

and 50 mTorr relative to the etch rate of SiO2. The etch rate of a-C deposited at 5 mTorr 

was significantly slower than the etch rate of a-C deposited at 50 mTorr. In the two 

samples with different deposition pressures, the macrostructure of the thin films such as 

the roughness was greatly different, and the types of the internal carbon bonds were also 

greatly different. The roughness and particles of the a-C deposited at 5 mTorr were 

smaller and the amount of sp3 bond was larger. The etch rate difference is large between 

two samples due to the combined effect of macrostructure and microstructure. A thin 

film with a high roughness can not only produce irregular etching but also exhibit a 

faster etch rate due to plasma concentration. In addition, a-C having a higher density has 

a higher etch resistance. The density of a-C is higher when the amount of sp3 bond is 

larger, the density of a-C is higher.4 The more sp3 bonds, the more characteristic a-C is to 

diamond, which has a high mechanical hardness. Therefore, a-C deposited at 5 mTorr has a 

slower etch rate.  
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Figure 4.7(b) and (c) shows the depth profile after etch of a-C deposited at Ar 

pressure of 5 mTorr and 50 mTorr. Dry Etch uses F-based gas to etch and react with 

target materials. Therefore, there is a possibility that F penetrates into the target materials 

during the etching process. When dry etch is performed using a hardmask, when the F 

penetrates into the hardmask, the undesired portion is etched or unevenly etched. The a-

C dry etched with CHF3 gas using TOF-SIMS was analyzed for elemental depth. In 

Figure 4.7 (b) and (c), the black dot indicates the entire thin film of a-C, and the red dot 

indicates the presence of the F ion in the a-C. F penetrates only the surface of the a-C 

deposited at Ar pressure of 5 mTorr. However, a-C deposited at Ar pressure of 50 mTorr 

shows that the F(red dot) is present in the entire C(black dot) of the thin film, so that F 

penetrates the entire thin film. These results appear to be due to differences in the carbon 

bonds within a-C. Therefore, in order to prevent the penetration of F, there should be a 

lot of sp3 bonds in a-C. 
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Figure 4.7 (a) Relative etch rate of a-C with 5 mTorr and 50 mTorr of Ar pressure. Depth 

profile after etch of a-C deposited at Ar pressure of (b) 5 mTorr and (c) 50 mTorr. 
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4.5. Summary 
 

Amorphous carbon was deposited using sputtering, one of the PVD processes. The 

PVD process has the advantage of minimizing the amount of H when depositing the a-

C film. The reason why H must be minimized is that when carbon atoms are present in 

a-C, carbon bonds between the sp2 clusters are reduced, thereby decreasing the density 

and polymerizing the carbon thin film. a-C was investigated by varying the deposition 

power and the deposition pressure. 

The higher the deposition power, the faster the deposition rate of the thin film 

becomes, the better the productivity. However, the roughness becomes larger and it 

becomes inappropriate for the hard mask which requires uniform etching. It was 

confirmed by Raman spectroscopy that there was no significant difference in the binding 

properties of carbon according to the deposition power. Based on this, 300W was 

selected as the optimum deposition power. 

When the Ar pressure was increased during deposition, the roughness and the particle 

size of the thin film was greatly increased. Raman spectroscopy, XPS, and RDF were 

used to confirm that the sp2 bonding carbon increased when the deposition pressure 

increased. As the sp2 bond increases, the density of the thin film becomes lower and the 

etch characteristic deteriorates. Thus, a more suitable a-C as a hardmask is deposited at 

the low deposition pressure. In this chapter, the deposition process of amorphous carbon 

was optimized by sputtering. The etch characteristics of deposited a-C according to the 

process parameters were also examined. However, it is difficult to analyze the 

performance of hardmask according to the process of a-C by separating carbon bond 

and morphology of thin film. 
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CHAPTER 5 
 
Effects of doping on amorphous carbon for 
hardmask  
 

 

5.1. Introduction 
 

As a high-capacity memory is required, , a plurality of thin films are stacked to form 

a 3D memory device instead of fabricating a 2D type memory device in which a gate, 

source, and drain are on the same plane. The finer pattern can be formed with the 

wavelength of photolithography process becomes shorter. However, there is a limit to 

reduce the photo wavelength of the photolithography process. Currently, a short 

wavelength light such as EUV is used for making a device of 10 nm or less, but there is 

a limitation in mass production and cost reduction. Therefore, the 3D memory device is 

formed by stacking thin films, then making the holes of high aspect ratio through the 

stacked multi layers, and then filling the source material to form a 3D memory device. 

By controlling the thickness of each layer in the multi stacked layer, the lithography 

limit of 2D devices could be overcome. In order to make holes of high aspect ratio by 
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dry etch method, hard mask which has high etch resistant is used instead of photoresist 

made of conventional polymer. Therefore, the hard mask requires the following 

characteristics. 

Since the hardmask is used for making deep holes in the stacked layers, the etch rate 

must be much lower than that of silicon, oxide, and nitride the materials constituting the 

devices. Also, when using etch gas based on oxygen or fluorine, etch gas should not 

enter through hardmask resulting unwanted etch. When an element of etch gas 

penetrates into a hard mask, the etch proceeds irregularly, which may result in poor 

surface properties of under-layer or unwanted etch of the hardmask. 

Amorphous carbon (a-C) is attracting attention as a recent hardmask material to 

replace spin on carbon (SOC). a-C has been widely used as a coating material because 

of its strong mechanical properties and low chemical reactivity.29 It has better etch 

resistance than conventional SOC because of its chemical, mechanical properties. 

Amorphous carbon has the advantage such as absence of grain boundaries, chemical 

stability, and there is also other advantage that the material property can be changed by 

controlling the internal atomic bonding. a-C is composed mainly of sp2 bonding and sp3 

bonding, and its mechanical, electrical and optical properties depend on the ratio of the 

two. 4 Therefore, hardmask performance for dry etch varies greatly depending on the 

internal bonding nature of amorphous carbon. The sp2 bond is a carbon double bond, 

which mainly forms a benzene ring, and the sp3 bond is a single bond, which is weaker 

than the sp2 bond and unstable. The ratio can be varied by adjusting the energy of the 

power source, the deposition temperature and the deposition source during the 

deposition process by various methods such as PECVD, cathodic vaccum arc, 

sperttering and pulsed laser deposition, or post-treatment such as heat treatment after 

deposition. 30 31 32 33 
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Doping is the most efficient way to change the bonding properties of carbon during 

the deposition process. 34 35 36 When amorphous carbon is doped, carbon bonds with 

dopant. Furthermore, changes in binding properties through doping not only cause local 

changes in the material, but also cause large changes such as film morphology. 

Amorphous carbon has a limited method of analyzing differently from other 

crystalline carbon materials. Research on the structure of amorphous carbon proceeds 

with Raman spectroscopy and XPS peaks analysis in the same way as other carbon 

materials (graphite, graphene, etc.). 37 38 39 40 Through the Raman spectroscopy analysis, 

the internal structure can be estimated through the position and peak area ratio (ID/IG) of 

the D and G peaks, and the crystallinity can be known through the width of the peak. 9 

It is possible to know the ratio of sp2 and sp3 bonding relative to the ID/IG and position 

of G peak. Also in XPS peaks analysis, C1s peak is decomposed to find the ratio of sp2 

and sp3 bonding from the area of peaks corresponding to the binding energies of sp2 

bonding and sp3 bonding. 

In addition to the existing carbon bonding analysis tools above, radial distribution 

functions (RDFs) are used as the most suitable tool for characterizing the short-range 

order in the study of the internal structure of amorphous materials. 13 15 RDFs are tools 

that can derive the nearest atom distance by expressing the distribution probability of 

the neighbor atom of the element by the distance (r). RDFs are derived with diffraction 

pattern obtained by TEM. 

This study investigated the phenomenon that the amorphous carbon film with the N 

and B doping into the carbon by sputtering system which prevents polymerization by 

hydrogen. The changes in carbon binding properties and etch characteristics were 

investigated according to the process parameters of amorphous carbon discussed in 

Chapter 4. Based on these results, we investigated the relationship between sp3 binding 
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and etch characteristics to eliminate morphology of thin films. In addition to Raman 

spectroscopy and XPS analysis, short-range order analysis through RDFs using TEM 

diffraction patterns were derived to analyze the bonding nature of amorphous carbon. 

The etch characteristics was investigated for analyzing the dependence of bonding 

nature on doping and etch selectivity by dry etching to confirm the hard mask properties. 

 
5.2. Experiment  
 

Thin film amorphous carbon were deposited on SiO2(100nm) / Si substrate at room 

temperature by DC magnetron sputtering system. Amorphous carbon deposited by 

sputtering is advantageous in that it has better etch selectivity because it is deposited by 

high purity carbon source in high vacuum, unlike CVD or spin on carbon. The base 

pressure was 2 × 10-7 Torr and the working pressure was 5 mTorr. The plasma source 

gas was injected at 0.067 sccm, which is optimized deposition condition according to 

chapter 4. The total plasma source gas was fixed at 0.067 sccm and the gas flow rates of 

Ar (99.999%) and N2 (99.999%) were adjusted to 67 : 0, 60 : 7, and 53 : 14 to N-doping. 

Unlike N doping, the sputtering target was changed to deposit the B doping to a-C. B 

doped with 10 wt% of target was used for B doping. B doped a-C was deposited at 5 

mTorr and 300 W at an Ar flow rate of 0.067 sccm. 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) were performed to 

obtain information on the internal bonding of amorphous carbon. Raman spectroscopy 

(LabRAM HV Evolution) analysis was performed at room temperature using a 532 nm 

laser. XPS (PHI 5000 VersaProbeTM, ULVAC-PHI) was measured at 10 nm from the 

surface using an Al K alpha 1486.6 eV source. 
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RDF is obtained by analyzing a pattern obtained by obtaining a diffraction pattern of 

a cross section of a sample by TEM. Using a nano-diffraction mode in TEM (JEOL 

2100f), a diffraction pattern was obtained with a 50 nm probe size. The RDF analysis 

was carried out using RDF tool, a DigitalMicrograph software package from Gatan. The 

relaxation of the model structure using the simulations was performed using LAMMPS, 

a classical molecular dynamics code focused on material modeling. For the diffraction 

simulation, Zmult tool, a software developed by Professor Jian-Min Zuo at university of 

Illinois, Urbana-champaign, was used. Zult is a diffraction and imaging simulation 

program based on the multi-slice method. 

Etching was carried out by ICP Etcher (PlasmaPro System 100 Cobra, Oxford) with 

2700W power and 75W bias at 90sccm of CHF3 and 15sccm of Ar at 4mTorr. 

The element depth profiling was performed with TOF-SIMS (SIMS-5, ION-TOF) to 

confirm the penetration of fluorine after Etch. The mass of ionized particles emitted by 

colliding the surface of the material with the area of 100 x 100 �m2 inside the etching 

part with Bi3 + 30kV, 1pA while etching the area of 400 x 400 �m2 at 1 keV Cs and 70 

nA. 
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5.3. Effects of doping on microstructure of sputtered a-C  
 

5.3.1. Bonding analysis of N doped a-C with XPS

 
Figure 5.1 shows the surface analysis of amorphous C thin films deposited by DC 

magnetron sputtering with XPS. The N content of amorphous carbon was controlled by 

using Ar and N2 gas as a plasma source and the Ar: N2 gas flow rate was adjusted to 67: 

0, 60: 7, 53: 14 respectively. The binding energy was scanned from 0 to 1200 eV. The 

N1s peak increased, with the N2 gas flow rate increased which shows the N was 

successfully doped in amorphous carbon. 

As shown in Figure 5.3, the surface morphology of the thin films showed a large 

difference in roughness between the undoped and N-doped samples and the roughness 

was lower when doped with N. 

Analysis of the C1s peak reveals the internal bonding configuration of carbon. As 

shown in Figure 5.2 (a), the peak of sp2 bond (~ 284eV), sp3 bond (~ 285eV), C-O bond, 

etc. can be obtained by decomposition of peaks. The ratio of sp3 bond in amorphous 

carbon can be calculated by the area ratio of sp3 peak and sp2 peak. The ratio of peak 

area was calculated as shown in Figure 5.2 (b). The sp3 bond compared with sp2 and sp3 

(sp3/(sp2+sp3)) increased with increasing N in amorphous carbon. This means that the 

single bond (C - C) inside the amorphous carbon is increased. In addition, since the 

double bonds are mainly composed of benzene rings, the amount of sp2 bonds decreases 

as N increases in the a-C. In addition the benzene ring structure is broken by N doping. 

N1s peak analysis from XPS shows how N bonds with the carbon, in Figure 5.2(c). 

The reduction of carbon double bond (sp2) was confirmed by analysis of C1s peak. 
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Nitrogen can bind to the carbon without generation of stress because the difference 

between carbon and atomic radius is negligible. There are three types of bonds 

associated with sp2 binding of carbon when doped inside carbon: pyridinic (397 to 399.5 

eV), pyrrolic (400.2 to 400.9 eV), and graphitic (401 to 403 eV). Pyridinic N is located 

at the edge of the hexagonal structure and maintains the hexagonal structure by 

contributing one phi electron to the aromatic bonding. 41 Pyrrolic N contributes two phi 

electrons to the aromatic phi to destroy the hexagonal structure and form a pentagonal 

structure. Graphitic N, on the other hand, is located at the substitutional site of the 

hexagonal structure C and does not destroy the carbon structure of sp2. The higher the 

flow rate of N2 in plasma source gas, the higher the intensity of N1s peak and the 

presence of graphitic N can not be confirmed. That is, mainly pyridinic and pyrrolic N 

exist mainly in the carbon, and the hexagonal structure is broken with increasing sp3 

bond as shown in the analysis of C1s peak. 
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Figure 5.1 XPS spectra of amorphous carbon Ar : N2 flow 67 : 0 (undoped), 60 : 7, 

53 : 14. 
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Figure 5.2 (a) C1s XPS spectra of amorphous carbon Ar : N2 flow 67 : 0 (undoped), 60 : 

7, 53 : 14, (b) sp3/(sp2+sp3) calculated from (a), and (c) N1s XPS spectra of amorphous 

carbon Ar : N2 flow 67 : 0 (undoped), 60 : 7, 53 : 14. 
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Figure 5.3 Surface morphology and roughness of (a) Undoped a-C , (b) N dopoed a-C 

(Ar : N2 = 60:7) (c) N-doped a-C (Ar : N2 = 53:14). 
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5.3.2. Bonding analysis of N doped a-C with Raman spectroscopy (RS)

 

The information on the bonding of amorphous carbon was analyzed by Raman 

spectroscopy. The D and G peaks are ambiguous because amorphous carbon has 

broaden D and G peaks at about 1300 ~ 1400 cm-1 and 1500 ~ 1600 cm-1 at Raman 

spectroscopy. The G peak shows information on the hexagonal structure of the sp2 bond, 

the main structure of graphite, and the D peak shows the degree of bond disordering in 

the sp2 structure, which is related to the sp3 bond of carbon. 

The Figure 5.4 (a) shows the results of a raman spectroscopy that scans the 532 nm 

wavelength from 800 cm-1 to 2000 cm-1. The ID/IG values, in Figure 5.4 (b), were 

calculated from the Lorenz distribution of D peak and G peak position, respectively. The 

ID/IG value refers to the amount of sp3 bond represented by the D peak relative to the 

amount of sp2 bond represented by G peak and indicates the amount of disordered (sp3) 

in the graphite structure. As N is doped into amorphous carbon, the ID/IG value increases, 

which is consistent with the result of XPS, which shows that sp3 was generated by the 

destruction of the structure composed of sp2 bonds. In addition, as the N doping 

increases, the position (red) of the G peak increases and the full width half maximum 

(blue) gradually decreases, as shown in Figure 5.4 (c). The amorphous carbon 

deposition is controlled by plasma source gas ratio in the sputtering process, and the 

binding change due to N doping is the same as the result when N is bonded to graphene. 

It is presumed that the N bonds in the amorphous carbon changed the bond structure 

through bonding with C. 42 

Using XPS and Raman spectroscopy, we have investigated the carbon element 

binding due to N doping by the conventional analysis method of amorphous carbon. 

Unlike the chemical vapor deposition (CVD) method, amorphous carbon deposited by 
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DC sputtering has almost no hydrogen inside the thin film. Therefore, the interference 

effect of other elements was minimized, when the amorphous carbon deposited by 

sputtering was doped with nitrogen. When amorphous carbon is deposited using Ar and 

N2 gas by DC sputtering of amorphous carbon, it can be assumed that N breaks the sp2 

bond of carbon and combines with carbon to form sp3 bond. 
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Figure 5.4 (a) Raman spectroscopy of amorphous carbon with difference Ar : N2 flow 

(b) ID/IG calculated by the area ratio obtained by the peak decomposition (c) Position 

and FWHM of G peak. 
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5.3.3. Bonding analysis of N doped a-C with TEM

 

The amorphous carbon film deposited about 100 nm on the SiO2/Si wafer was 

observed by TEM. As the deposited carbon film was amorphous, the ring pattern could 

be confirmed from the diffraction pattern. The intensity of the pattern from the center 

was obtained, and the RDF result was obtained through the Fourier transform of pattern 

intensity. 43 As shown in Figure 5.5 (a), the nearest atom distance was obtained by 

converting the diffraction pattern of the thin film in TEM to Figure 5.5 (b). It can be 

seen that the nearest neighbor distance gradually increases as N is doped in the 

amorphous carbon. Since the length of the sp3 bond (single bond) is longer than the 

length of the sp2 (double bond) bond in the carbon bond, it can be deduced that the 

amount of sp3 bond increases as the N-doping. 

As shown in Figure 5.6 elliptical elongation asymmetry was found in TEM 

diffraction beam center for RDF analysis. Because of this asymmetry, the elliptic ring 

pattern of each sample is divided into several sectors and the data of the same sector are 

compared. It is meaningful to compare the qualitative differences between the samples. 

Figure 5.7 shows the specificity of the center beam elongation results of a-C. The 

diffraction patterns of a-C deposited and SiO2 substrate were compared. This 

phenomenon appeared in carbon samples of all conditions although there were 

differences in the extent. In the diffraction pattern of SiO2 substrate under the thin film, 

in Figure 5.7 (c), measured for comparison, elongation phenomenon does not appear, 

and it can be seen that this phenomenon is due to the structure of the carbon film rather 

than the instrumental defect. There are two noteworthy features in this elongation 

phenomenon. The first is that the long axis direction of the ellipse due to elongation 
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coincides with the in-plane direction. For accurate comparison, 3 samples were placed 

in the same direction in the same FIB grid and data were measured without changing 

the TEM alignment conditions. As a result, we confirmed that elongation occurs in the 

same direction as in-plane direction of the film. This implies that there is a structural 

feature in the depth direction of the film. The second feature is that as the nitrogen doping 

concentration of the sample increases, the elongation length of the ellipse decreases. The 

ratio of the longest to the shortest side of ellipse is 1: 0.83 in undoped carbon sample 

and as the amount of N doping increases, the ratio decreases to 1: 0.85 and 1: 0.93.  

This means that the structural characteristics in the depth direction of the sputtered 

carbon are basically present, and nitrogen doped in amorphous carbon broke this 

structure. Considering the tendency of sp2 bonds to decrease with increasing nitrogen 

content in the previous XPS and raman analysis, it can be deduced that there is a 

structure with sp2 bonds in the sputtered carbon, and the density of this structure is 

decreased by nitrogen breaking the sp2 bonds. 

The cause of the elongation phenomenon of the diffraction is the presence of the peak 

near the center due to the arrangement of the structure inside the amorphous carbon. In 

order to prove our hypothesis, model structure was set up and diffraction simulation was 

carried out. Figure 5.8 (a) and (b) show the model structure based on the information 

obtained from the TEM diffraction pattern. The hexagon was arranged in the z direction 

to construct the structure, and the structures were arranged randomly without 

overlapping each other. Then, carbon atoms were randomly filled in the remaining space 

according to the atomic density and relaxed. Model structure relaxation was done 

through a molecular dynamics. Considering the random orientation of the hexagon 

structure, it is more realistic to set the spiral twisted structure. Since our purpose is to 

reproduce the superlattice peak due to the periodic arrangement of the structure, we 
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proceeded with the simulation with the above simple structure. 

The electron diffraction simulation was performed using the Zmult tool for the model 

structure in Figure 5.8 (c) and (d). The model structure was constructed to have 120,000 

structures in 50nm*50nm*60nm cell size and the probe size was set to have a diameter 

of 40nm in an accelerating voltage of 200kV. Figure 5.8 (c) shows the diffraction result 

obtained from this simulation, and Figure 5.8 (d) is the contrast corrected image. 

Simulation results show a diffraction pattern showing elongation phenomenon similar 

to actual TEM diffraction, which supports the hypothesis that a sputtered carbon film 

has a z-directionally grown structure. 

Figure 5.9 shows the electron energy loss spectroscopy (EELS) results of the 

deposited amorphous carbon films. The scanned peak is normalized based on the 298 

eV peak of the * bond of carbon. Binding energy of 150 to 280 eV was defined as 

background. It is important to note that as the nitrogen is doped, the peak of the * bond 

of carbon and the N K edge peak increased above the surrounding peak. Compared with 

the data of N2 gas (gray), EELS analysis of amorphous carbon showed that nitrogen of 

gas phase was not detected, so nitrogen element was found to exist in carbon and bond 

state. 
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Figure 5.5 (a) Diffraction pattern of a-C (b) RDF plot of a-C according to its plasma 

gas ratio. 
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Figure 5.6 Observe the shape of the center beam by increasing the contrast effect in the 

diffraction pattern of a-C. 
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Figure 5.7 (a) Cross-sectional image of a-C deposited on a SiO2 substrate (b) Diffraction 

pattern of undoped amorphous carbon (c) Diffraction pattern of SiO2 (Left) Original 

diffraction pattern (right) Image contrast emphasis of diffraction pattern. 
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Figure 5.8 (a) The model of the structure with sp2 bonding in an amorphous matrix. (b) 

Model structure after MD relaxation. (c) Simulation of diffraction pattern of model 

structure obtained by diffraction simulation. (d) Contrast corrected image of (c) 
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Figure 5.9 EELS analysis of deposited amorphous carbon films 

 

 

 



 
Chapter 5: Effects of doping amorphous carbon for hardmask 

91 
 

5.3.4. Bonding analysis of B doped a-C

 

Doping effect of B was confirmed as opposed to N doping to amorphous carbon. The 

doping method is sputtering using a target doped with B 10 wt%. Figure 5.10 (a) shows 

the surface morphology of B-doped a-C thin film deposited using the B-doped target. 

The roughness of B-doped a-C was 0.348 nm, which is lower value when using an 

undoped target as shown in Figure 5.3. 

The thin films were analyzed using XPS to confirm that B was successfully doped in 

the amorphous carbon. As shown in Figure 5.10 (b), the peak of B1s was very small, 

but it was confirmed to be present inside. The results of analysis of C1s and B1s in this 

XPS result are shown in Figure 5.11. 

Figure 5.11 (a) shows the bond ratio of carbon. The ratio of sp2 bond and sp3 bond 

was determined by deconvolution of the peak in the same manner as in Figure 5.2, and 

sp2/sp3 ratio was found to be about 3.06, indicating that the amount of sp2 bond was 

higher than that of undoped a-C. In other words, the amount of sp3 bond shows the 

opposite result as the increased N doping. In the periodic table, B is an element with a 

lower element number than C, and N is an element with an element number higher than 

C. In other words, it can be inferred that the type of bond changes due to the difference 

in the number of outermost electrons.  

In addition, Raman spectra of B doped a-C in Figure 5.12 show that the G peak at 

1580 cm-1 is significantly higher than that of undoped a-C, which reduces the ID/IG value. 

That is, the ID/IG value of the B-doped a-C is 0.83, whereas the ID/IG value of the undoped 

a-C is about 1.10. . Both XPS and Raman spectroscopy results show that the B-doped 

a-C increases the amount of sp2 binding more than undoped a-C. 

 



 
Chapter 5: Effects of doping amorphous carbon for hardmask 

92 
 

 

 

 

 

 

 

Figure 5.10 (a) Surface morphology of B-doped amorphous carbon analyzed by AFM 

(b) XPS data of B-doped amorphous carbon. 
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 Figure 5.11 (a) C1s peak analysis (b) B1s peak analysis from XPS data. 
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Figure 5.12 Raman spectra of undoped (black) and B doped amorphous carbon. 

 

 

 

 

 

 

 



 
Chapter 5: Effects of doping amorphous carbon for hardmask 

95 
 

5.3.5. Etch characteristics of doped a-C

 

B doped a-C, undoped a-C and N doped a-C films were deposited at 114, 95, 104, 

and 123 nm, respectively. After etching thin films under the same conditions, elemental 

analysis was carried out according to the thicknesses of the final thicknesses of 83, 66, 

72 and 91 nm, as shown in Figure 5.13. SiO2 was etched 161 nm under the same etch 

conditions. Based on this, the relative etch rates of undoped a-C and a-C doped with B 

and N are obtained as shown in Figure 5.14. The etch rate was slightly faster when 

doped with a-C, but there was no significant difference with doping. In addition, no 

effect of changing the etch rate according to the kind of a-C bond was found. 

Hard masks are also important for high etch resistance, but it is also important to 

prevent F ions from penetrating into the hard mask. When F ions penetrate, undesired 

etching is caused by reacting with the Si-based material under the hard mask, or the etch 

rate of the hard mask is not uniform throughout the film. Therefore, the amorphous 

carbon film was analyzed by TOF-SIMS after etch under the same conditions, as shown 

in Figure 5.15. The portion marked with magenta in Figure 5.15 shows the degree of 

penetration of F by a-C. Since TOF-SIMS analyzes elements by sputtering with Cs, the 

sputtering time is directly related to the thickness of the film. In addition, through the 

sputtering time at which CF- ions are detected, the degree of penetration of F can be 

calculated. The results are shown in the table 5.1 below. 

F penetration depth can be calculated as 15.44 10.94, 5.14, and 5.34 nm by the simple 

equation 5.1 

 

      (5.1) 
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In other words, it can be seen that the amount of F penetrating the N-doped amorphous 

carbon film is much smaller than undoped a-C and B doped a-C. 

In chapters 5.3.3 and 5.3.4 we examined the change in the ratio of sp3 binding and 

sp2 binding in a-C according to doping. Based on this, it is possible to associate carbon 

bonding and F penetration. The amount of sp3 increases in the order of B doped, undoped, 

and N doped a-C. On the other hand, the F penetration depth decreases in the order of B 

doped, undoped, and N doped a-C. This is consistent with the results of F penetration 

due to the difference in the amount of sp3 bond according to the deposition pressure in 

chapter 4. These results are consistent with the results of diffusion of F ions in N-doped 

a-C via the recently reported discrete Fourier transform (DFT). The experimental and 

computational results are the same. Figure 5.16 is a quote from H. Park et.al. paper. In 

this paper, we demonstrate that DFT computation requires higher energy for the transfer 

of F in a-C, where a-C doped with N is not doped. This is because Nitrogen, which is 

bonded with a carbon element and sp3, requires a large energy to bond with Fluorine. 44  

The large roughness and growth of the undoped carbon in the vertical direction serves 

as a path through which F ions penetrate into the hard mask. In addition, the internal 

structure of the sp2 cluster derived from Raman spectroscopy and XPS data shows that 

the increase of disordering accompanied by the increase of sp3 bonding due to the 

destruction of carbon - carbon bonding due to N doping consumes more energy for 

penetration of F ions. 

The undoped a-C and B doped a-C, which are weak to the penetration of F ions, can 

change the internal structure of the film during the etching process due to the deep 

penetration of F. This makes it difficult to design a hard mask because the internal 

structure of the thin film can be changed and a uniform etching rate can not be 

maintained. Therefore, an N-doped amorphous carbon film having less penetration of F 
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ions may be more suitable as a reliable hard mask. 
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Figure 5.13 Cross-section image of a-C thin film before (top) and after (bottom) dry 

etch (a) B doped a-C (b) Undoped a-C (c) N doped a-C (Ar : N2 = 60 : 7) (d) N doped 

a-C (Ar : N2 = 53 : 14). 
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Figure 5.14 Relative etch rate of a-C thin film compared to SiO2, which is etched about 

161 nm. 
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Figure 5.15 Depth profiling of a-C thin film after dry etch with TOF-SIMS (a) B doped 

a-C, (b) Undoped a-C, (c) N doped a-C (Ar : N2 = 60 : 7), and (d) N doped a-C (Ar : N2 

= 53 : 14). 
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Table 5.1 The data obtained from the TOF SIMS was analyzed using F penetration 

depth. 

 
Film thickness 

after etch (nm) 

Time of C- ion 

detection (s) 

Time of CF- 

ion detection 

(s) 

F 
penetration 
depth (nm) 

B doped 83 258 48 15.44 

Undoped 66 175 29 10.94 

60 : 7 
N doped 72 280 20 5.14 

53 : 14 
N doped 91 375 22 5.34 
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Figure 5.16 Minimum-energy path of F diffusion on (a) undoped a-C and (b) N doped 

a-C. 44 
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5.3.6. in-situ thermomechanical property of N doped a-C

 

In order to investigate the stress-induced stress change of deposited a-C thin films, 

real-time thin film curvature changes were observed. H2-N2 The curvature of the thin 

film changed from 10 Torr to 580 degrees was measured through a laser and converted 

to stress using stoney's equation. As a result, it was confirmed that the stress change 

before and after the heat treatment of the thin film increased as the N doping increased. 

As shown in Figure 5.17, when the stress of the thin film increases in the positive 

direction after the heat treatment, the thin film shows a behavior such as densification or 

crystallization.  

These stress changes were found to be highly related to the density of the thin films. 

This is because thin films with low density are susceptible to densification through heat 

treatment. a-C of about 100 nm was analyzed with X-ray reflactivity (XRR, X'pert Pro 

(HR-XRD)) to measure the density of the thin film, as shown in Figure 5.18. In the 

XRR curve, the critical angle is defined as the point at which the intensity drops sharply 

as the X-ray scanning angle increases. Critical angle is proportional to the density of the 

thin film. The width of the oscilation is related to the thickness of the thin film after the 

critical angle. Using the X'Pert Reflectivity simulation tool, enter the thickness and 

density values of the thin film to obtain the simulation result (red) and compare it with 

the actual data (blue). The simulation result in Figure 5.18 were successfully fitted to 

the actual results. The critical angle is decreased with N doping, respectively 0.2085, 

0.2065, 0.2055 . The density of a-C with N doping were 2.17, 2.15 and 2.13 g/cm3 with 

increasing N contents in a-C. 
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Figure 5.17 Biaxial stress of a-C thin film with in-situ thermomechanical analysis.  
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Figure 5.18 Density of a-C thin film with X-ray reflectivity (X'pert Pro(HR-XRD)) 

analysis (a) undoped a-C (b) Ar : N2 = 60 : 7 N doped a-C (c) Ar : N2 = 53 : 14 N doped 

a-C. 
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5.4. Summary 
 

In this chapter we looked at how amorphous carbon is doped with N and B and how 

doping affects carbon bonding. The a-C was doped with N by controlling the flow rate 

of Ar and N2, which are the plasma source gases of the sputter. Also, B-doped thin films 

were deposited on a-C using B-doped 10 wt% target. As a result of the doping, the bond 

type of carbon could be successfully controlled. When N was doped, sp3 binding 

increased in a-C, and it was confirmed that sp3 binding decreased in a-C when B was 

doped. Raman spectroscopy, XPS, and RDF were used for the analysis, and the 

reliability of the data was improved by showing the same results in those analyzes.  

Based on the understanding of the carbon bonding which depends on the doping, a 

performance analysis was performed to use a-C as a hardmask. The ICP etcher was used 

to analyze the performance of the hardmask, and the thickness before and after etch was 

confirmed by FESEM. In addition, TOF-SIMS was used to confirm that F penetrates 

into a-C. The etch rate of the doped a-C was faster than that of the non-doped a-C. 

However, we concluded that there is no significant difference in performance for use as 

a hardmask. On the other hand, the results of F penetration showed a strong correlation 

with carbon bonding. As the amount of sp3 bond increased, the F penetration thickness 

decreased. It is possible to analyze the cause of DFT calculation of F diffusion in a-C 

through previous study. 
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CHAPTER 6 
 
Crystallization behavior of Bi2Te3 deposited with 
DC sputtering 
(This chapter self-cited reference 76) 

 

6.1. Introduction 
 

Energy harvesting using thermoelectric materials is promising technology for the 

future sustainable development of the energy-conversion industry. Thermoelectric 

materials are used for energy generation and cooling due to their unique properties, 

including the Seebeck effect and Peltier effect. The enhancement of the Seebeck 

coefficient and electrical and thermal conductivity has been mainly studied for various 

microstructures based on the fabrication method and material modification. 45 46 47 48 49 

These properties of thermoelectric materials are optimized for their performance at their 

application temperature. 19 

Among the thermoelectric materials, bismuth telluride (Bi2Te3) has been studied as a 

generator or cooler for room temperature applications due to its high efficiency. 20 A 

high-quality crystal phase is required to maximize its properties.50 In sputtering-based 
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fabrication of Bi2Te3 thin film, the as-deposited films are unsuitable for device 

applications because of their unstable phase and microstructure.51 Therefore, 

crystallization of the Bi2Te3 thin film is indispensable due to the property enhancement 

and phase stability.52 Bi2Te3 is classified as a chalcogenide material, as well as a 

thermoelectric material. Chalcogenide materials have been studied to understand their 

unique crystallization behavior, including their fast crystallization speed and stability of 

the amorphous phase. 53 Like other Te-based chalcogenide materials, Bi2Te3 has a 

hexagonal or rhombohedral crystalline (R-3m) unit cell structure with a 5-atomic-layer 

structure (quintuple-layer structure), as shown in Figure 6.1.54 Thus, the formation of a 

stable phase and an understanding of its crystallization behavior is necessary to enhance 

the material properties and to understand the relationship between the microstructure 

and properties of chalcogenide materials. 50 

A post-annealing process is required for crystallization or phase stabilization, which 

leads to microstructural evolution accompanied by volume change through thermal 

expansion of the thin film and substrate or reduction of the free volume in the unstable 

thin film. Because a stable phase enhances the performance of thin-film thermoelectric 

materials, it is important to understand the microstructure evolution of the thin-film 

thermoelectric material. However, there are few reports on how the microstructure 

changes during post-annealing. 

Therefore, with in situ measurement of the volume change of the thin film, it is 

possible to detect the microstructure evolution inside the thin film, thereby indirectly 

determining the performance improvement. Because the volume change of the film is 

correlated with the volume change of the substrate, the film is subjected to tensile stress 

because the volume change of the film is larger than that of the substrate. In contrast, the 

film is subjected to compressive stress when the volume change of the film is smaller. 
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As a result, the stress of the film affects the curvature of the deposited substrate. The 

change in the curvature of the film due to stress can be calculated with using Storney’s 

equation. 

The curvature change induced by in-plane stress can be detected by the change in 

spacing of an irradiated laser on the thin film. 55 Consequently, the microstructural 

evolution of the thin film can be investigated using in situ thermomechanical analysis 

with a multi-beam optical system. 

In this study, the in situ microstructural evolution of thin-film Bi2Te3 was investigated 

for the first time by measuring the biaxial stress of sputtered Bi2Te3 thin film. Based on 

the microstructure and property measurements, we discuss the microstructural evolution 

using in situ thermomechanical analysis and the relationship between the properties and 

microstructure.  



 
Chapter 6: Crystallization behavior of Bi2Te3 deposited with DC sputtering 

110 
 

 

 

 

 

 

Figure 6.1 Crystal structure of Bi2Te3, which shows quintuple structure of Te(2) – Bi – 

Te(1) – Bi – Te(2). Te (red) and Bi (dark blue). 

 

 

 

 

 



 
Chapter 6: Crystallization behavior of Bi2Te3 deposited with DC sputtering 

111 
 

 

6.2. Experiment 
 

Approximately 250 nm thick Bi2Te3 films were deposited from Bi2Te3 alloy target (2 

inch) on Si wafer for mechanical analysis and SiO2/Si wafer for measuring electrical 

properties and thermal property at room temperature using radio frequency (RF) 

magnetron sputtering at 50 W power while rotating the wafer at 30 rpm. The base 

pressure of the sputtering chamber was 3*10-7 Torr, and the working pressure was 3*10-

3 Torr. 

The mechanical analysis was performed with increasing temperature 1°C per minute 

using a multi-beam optical sensor (MOS) system with 10 Torr N2 atmosphere to prevent 

oxidation of Bi2Te3 thin film. 

The phase of the thin film was analyzed using an X-ray diffractometer (XRD, D8 

Advanced). The microstructural evolution was analyzed via transmission electron 

microscopy (TEM, Technai F20). Raman spectroscopy (Raman, LabRAM HV 

Evolution) with a 532 nm laser. Electrical properties are measured by hall measurement 

system and thermoelectric property is measured by Seebeck measurement system 

(Fraunhofer, IPM). The efficiency related performance index called power factor (PF) 

was calculated by multiplying the measured seebeck coefficient, electrical conductivity. 
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6.3. Crystallization behavior of Bi2Te3 

 

Figure 6.2 shows the result of the thermomechanical analysis, which measures in-

plane stress changes of Bi2Te3 films with increasing temperature from room temperature 

to 300°C (red line) and cooling to room temperature (gray line). In-plane stress changes 

was analyzed with in situ wafer curvature measurement. The in situ microstructural 

evolution of the thin film can be indirectly analyzed, because it monitor the curvature of 

thin film in real time through the microstructure induced volume of thin film on substrate 

with increasing temperature. As the initial stress was set to the neutral stress state (0 

GPa), a positive value indicates tensile stress in the deposited thin film. As the 

temperature increases, the stress initially decreases (negative slope) up to 50°C due to 

thermal expansion difference between as-dep Bi2Te3 thin film and Si substrate. The slope 

then increased above 50°C (positive slope) rapidly, a typical trend observed in thin films 

due to thin film densification and a larger degree of volume shrinkage than that of the 

substrate under thermal stress. The rate of increases gradually decreases at 

approximately 200°C, and the stress plateaus at higher temperatures. This is opposite to 

the frequently observed phenomenon in thin films, such as grain growth or 

crystallization, which typically result in densification and thus induce tensile stress and 

increased slopes. As a result of annealing Bi2Te3 up to 300°C, the total stress change of 

thin film was increased by 0.25 GPa and the change of stress in cooling was almost 

constant, which means the microstructure of Bi2Te3 fully changed at peak temperature 

and does not change in cooling. Because Bi2Te3 crystallizes below 200°C, crystallization 

does not fully explain these results. 56 This consideration suggests that the materials 

behave differently from grain growth or crystallization in the thin film. 

Three samples, which underwent temperature cycles up to different temperatures (150, 
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190, or 270°C), were investigated, as shown in Figure 6.3(a) and (b). Initially, the as-

deposited sample shows only a few low-intensity XRD peaks, similar to the result 

reported in previous studies, suggesting that the film is in a meta-stable phase based on 

the rock-salt structure. Annealing at elevated temperatures prompted the emergence of 

(00l) peaks of the stable Bi2Te3 phase. The Bi2Te3 film annealed up to 150°C (the blue 

line) shows slight indications of (006), (1010) peak growth. The sample annealed at 

190°C, where the gradual decline in the increasing stress rate is just about to start, shows 

sharp (006), (0015) crystalline Bi2Te3 peaks (yellow line), suggesting that some stable-

phase grains have emerged in the film. Upon annealing at 270°C, where the stress 

plateaus, the sample shows a dramatic increase in (006), (0015) crystalline Bi2Te3 peaks. 

Figure 6.3 shows the stress curve when the Bi2Te3 was annealed with repeating heat 

cycle. The first step is to cool to room temperature after increasing the temperature from 

room temperature to 100°C. The second step is to anneal the thin film to 200° C and 

cool to room temperature. In the third step, the thin film is heated to 300°C, cooled to 

room temperature, and then heated again to 300°C. First, the gray curves are the stress 

curves when the thin film was cooled to room temperature and then raised to the same 

temperature. In this section, hysteresis is not shown but linear behavior is shown. That 

is, the microstructure changed once by the heat treatment has no significant change in 

the microstructure when the heat treatment is conducted again at the same temperature. 

However, the blue curve shows the irreversible behavior of the curve after the heat cycle, 

which shows irreversible structural change. 
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6.4. Microstructure evolution of Bi2Te3 
 

6.4.1. Layer structure observation 

 

Figure 6.5 and 6.6 shows the TEM images and electron diffraction patterns of the as-

deposited and 150°C and 270°C annealed Bi2Te3 thin films. The as-deposited sample, 

Figure 6.5(a), shows small grains, and the electron diffraction pattern shows a ring 

pattern with unclear spots, consistent with the XRD data. The 150°C annealed sample 

shows significant grain growth but no clear indication of (00l) grains. In Figure 6.5(c), 

a large layer-structured grain exists at the interface between the Bi2Te3 thin film and the 

substrate, with a shape stretched along the interface. The electron diffraction pattern of 

the 270°C annealed sample, shown in Figure 6.6(c), displays a series of spots with 

distances corresponding to (00l) planes (marked with the white arrow), which arise from 

the layer structure grain in Figure 6.5(c). The layer structure of the stable Bi2Te3 phase 

is characterized by stacking of 5 atomic layers (called quintuple, Te(2) – Bi – Te(1) – Bi 

– Te(2)), which is responsible for the (00l) peaks in the XRD results. 
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Figure 6.5 TEM image of cross section of Bi2Te3 thin film (a) as-deposited (b) 150°C 

annealed (c) 270°C annealed. 
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Figure 6.6 Diffraction pattern of Bi2Te3 thin film in figure 6.5 (a) as-deposited (b) 150°C 

annealed (c) 270°C annealed. 
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6.4.2. Atomic bonding analysis with Raman spectroscopy

 

To further analyze the layered structure of Bi2Te3, we used Raman spectroscopy for 

the Bi2Te3 samples before and after the mechanical analysis, as shown in Figure 6.8. As 

shown in Figure 6.7, Bi2Te3 has various vibration modes in Raman and IR active. 

Among the 15 vibration modes of Bi2Te3, A1g, Eg, Eu and A1u are optical modes that are 

detectable in Raman spectroscopy. Eg arises from the in-plane vibration of the quintuple 

layers, while Ag arises from the out-of-plane vibration. In addition, A1u results from 

defects in the quintuple layers. 57 58 

The as-deposited sample shows a strong peak at 121 (A1u) and a shoulder peak at 141 

cm-1 (A1g
2). As the annealing peak temperature increases, the peaks at 60 and 100 cm-1 

(A1g
1 and Eg

2 respectively) increase. Furthermore, the existing A1u and A1g
2 peaks 

decrease significantly for the sample annealed up to 270°C. The out-of-plane vibration 

peak increases sharply at a 60 cm-1 Raman shift. The dominance of the quintuple-layer 

peaks (Eg and A1g
1) and the diminishment of the defect peak (A1u) means that the grains 

of the stable Bi2Te3 phase are formed during the test at elevated temperatures and that 

the defect concentration has dropped substantially. This result is consistent with our 

XRD and TEM analyses and similar to the results of a study based on Bi2Te3 nanosheets. 
59 

Our XRD, TEM, and Raman analyses consistently indicate the formation of (00l) 

grains of the stable Bi2Te3 phase and their growth during testing at elevated temperatures. 

As the (00l) oriented grains grow on the substrate, a quintuple-layer structure continues 

to stack with the Te(2) basal planes bonded via Van der Waals (VDW) bonding. The 

VDW bonds between each quintuple layer have longer atomic distances than those of 
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the covalent bonds in the quintuple layer. The formation of the (00l) grains on the 

substrate is directly related to the stress curve slope changes observed in Figure. 6.2 

because the gradual change in the stress curve at 200°C is due to the volume change 

induced by forming the layered crystalline structure with a highly (00l) oriented 

heterogeneous grain structure. 
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Figure 6.7 Various vibration mode of Bi2Te3 (a) Raman active (b) IR active. Dark blue 

and Red dot is Te and Bi atom respectively. 
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Figure 6.8 Raman spectrum data of Bi2Te3 after mechanical analysis at each peak 

temperature. The A1g
1 and Eg

2 peaks increased and the A1u peak decreased with 

increasing annealing temperature 
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6.5. Electrical and Thermal property of Bi2Te3 
   

  The electrical properties and thermal properties were measured by a Hall 

measurement and Seebeck measurement system at room temperature after annealing at 

each peak temperature, as shown in Figure 6.9 and 6.10. 

 

6.5.1. Electrical property

 

The electrical properties are related to the microstructural changes of Bi2Te3 

following the post-annealing process. The electrical conductivity decreases with as the 

tested peak temperature increases due to the reduced carrier concentration. As increasing 

annealing peak temperature, the mobility increases and shows drastic increase at 270°C 

annealed sample with highly oriented large grains in the film. The carrier concentration 

is strongly related to the defects in Bi2Te3. 60 As explained previously for the Raman 

analysis, the defect concentration decreases with the formation of the layered structure 

at higher temperatures. Consequently, the decrease in defect concentration in the Bi2Te3 

thin film with the formation of a number of layered-structure stacks lowered the carrier 

concentration. 
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6.5.1. Thermal property

   

The Seebeck coefficient was calculated by measuring the generated voltage between 

the edges of the sample by making temperature differences, as shown in scheme in 

Figure 6.10(a). The measured Seebeck coefficient (Fig. 4(c)) increases similarly to that 

of the electrical mobility with increasing peak temperature. The highly (00l) oriented 

large grains appear to be responsible for the increases in mobility and the Seebeck 

coefficient. The efficiency-related performance index called the power factor (PF) was 

calculated by multiplying the measured square of the Seebeck coefficient by the 

electrical conductivity. Although the electrical conductivity decreases with temperature, 

the power factor increases significantly from 0.93 to 13.7 μW/K2cm 
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Figure 6.9 (a) Electrical conductivity, (b) carrier mobility and concentration of Bi2Te3 

with annealed peak temperature. 
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Figure 6.10 (a) Seebeck coefficient, (b) Power factor of Bi2Te3 with annealed peak 

temperature. 
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6.6. Summary 
 

  Highly oriented grain formation occurs during the annealing process from a meta-

stable structure to a stable layered structure with enhanced thermoelectric properties, 

which showed lower degree of densification after the formation of the layer structure 

and different behavior with grain growth or crystallization. The stress-temperature curve 

obtained from in situ thermomechanical analysis and XRD shows the relationship 

between the decreasing slope and highly oriented grain formation. TEM and Raman 

spectroscopy show the formation of quintuple layers with van der Waals bonds in thin-

film Bi2Te3 and a decrease in the defect concentration with increasing annealing 

temperature. As the film forms a stable phase due to the increasing of annealing 

temperature, the (00l) oriented grains forming layered-structure grow. The formation of 

VDW bonds in the quintuple-layer structure of Bi2Te3 results in lower degree of 

densification behavior. Consequently, layer-structure formation was confirmed by the in 

situ mechanical temperature-stress slope changes, which were caused by the decreased 

number of defects in the Bi2Te3 quintuple-layer structure with the transformation from a 

meta-stable to stable structure. The effects of the decreased number of defects on the 

electrical properties and Seebeck coefficient were confirmed by analysis of the electrical 

and thermal properties. The power factor increased approximately 14.8 times after the 

slope of the temperature-stress curve changed, forming a quintuple layer, which 

improves the understanding of thin-film Bi2Te3 and its property enhancement. 

The relationship between the microstructure and its properties can be investigated by 

correlating the in situ thermomechanical analysis and ex situ microstructural evolution 

observations and their electrical and thermal properties. These results contribute to 
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optimizing the performance of the Bi2Te3 thin film by rapid in situ analysis without 

further destructive experiments. In addition, the results improve the understanding of the 

crystallization behavior of other layered-structure-based materials that are highly related 

to the structure and their properties. 
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Figure 6.11 Stress behavior of Bi2Te3 thin film with microstructural evolution 
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CHAPTER 7 
 
Stable interconnect system for horizontal 
thermoelectric coolers by thermodynamic-based 
prediction  
(This chapter are accepted at Electronic Materials Letters with same title in June, 2019) 

 

7.1. Introduction 
 

Thermoelectric materials are one of the most promising types of materials for energy 

conversion development because they can reuse waste heat energy by converting it into 

electric current. Currently, thermoelectric materials are being developed as thin films to 

improve their efficiency by shrinking the material dimensions61 62 47 63 Moreover, thin 

films of thermoelectric materials are more beneficial for device applications because 

electronic devices have become more complex and therefore have limited space for 

device cooling components. In particular, thin film-type thermoelectric devices have 

been applied as horizontal cooling devices for microchip cooling. 49 18 64 65 66 67 68 69 

Though the performance of the thin film thermoelectric material itself is superior, thin 

film thermoelectric devices do not show satisfactory performance. 70 There are various 
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reasons why a thin film thermoelectric device cannot exhibit its ideal performance. First, 

the volume of the thermoelectric material itself is not large enough, so the overall 

amount of carrier in the thermoelectric material is not sufficient to transfer as much heat 

as desired. Therefore, the device was made to be a horizontal type, and the volume of 

the thermoelectric material was increased to improve the performance. Second, there is 

a lack of understanding of the effect of the substrate and electrode accompanied by the 

large area-to-volume ratio. In particular, in the case of the electrode material, using a 

material with an excellent electrical conductivity is not the solution for maximizing the 

performance of the device: the solution is superior thermal stability at the electrode-

thermoelectric material contact.66 71 72 73 If the contact is unstable, the diffusion of the 

materials could cause reactions between materials at the interface, which can change the 

resistance of both materials of the thermoelectric device; therefore, the performance of 

the thermoelectric device cannot be maintained.74 In addition, an unstable contact often 

acts as an additional heat source by Joule heating. Accompanied by interfacial phase 

stability, it is important to control the contact resistance because the electrical resistance 

generated at the contact portion between the electrode and the thermoelectric material 

may also be a major cause of the deterioration of the device performance.49 From this 

point of view, understanding a stable contact with low resistance is more crucial for thin 

film thermoelectric devices because the contact area becomes larger as the number of p 

- n pairs increases. Moreover, as the metal electrode and the thermoelectric material are 

connected directly to each other with larger surface to volume ratios compared to bulk 

devices, acquiring a stable contact area becomes more important for thin film device 

performance. Nickel has been used to improve the stability of electrodes in commercial 

bulk thermoelectric devices by preventing reactions between the tin (Sn) electrode and 

the thermoelectric material. However, even in conventional bulk thermoelectric devices, 
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Ni did not show a stable interface due to the reaction with Ni of Te.73 75 Therefore, it is 

necessary to find not only new materials but also a guide for material selection for 

securing stable electrode-thermoelectric material contact in thin film thermoelectric 

devices for commercialization.  

In this study, we suggest a proper interconnect system and materials constituting the 

electrode, forming a guide for material selection for the stable interface of the thin-film 

thermodynamic device. It is important to reduce the overall resistance of the 

thermoelectric device in order to achieve horizontal cooling. Therefore, Cu was selected 

as an electrode for this study because Cu is regarded as a proper electrode for 

commercializing thin film thermoelectric devices due to its excellent electrical 

conductivity and inexpensive price. Bi2Te3 shows the highest efficiency (ZT = α2σT/κ) 

at temperatures below 200°C and is a good material for microchip cooling.18 The 

stability of the interface between the Cu electrode and Bi2Te3 was studied by dividing it 

into thermodynamic stability and electrical performance stability. The interfacial 

stability was predicted with a thermodynamics-based ternary phase diagram (Cu – Bi – 

Te) and confirmed through experiments. Based on the results, Mo and Ta were selected 

as candidates for barrier materials to stabilize the interface between Cu and Bi2Te3, and 

the interfacial stability of each case was also predicted with thermodynamic calculations 

and confirmed by experiments. It was calculated that Ta would form a stable interface 

rather than Mo, and the thermodynamic prediction was proven by a long duration 

annealing experiment. This study suggests a suitable interconnect system for a 

horizontal thermoelectric cooler and a methodology for the selection of electrodes with 

low contact resistance with interfacial stability based on thermodynamic calculations. 
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7.2. Experiment 
 

The ternary diagram was derived using a thermochemical database program 

(Factsage™ software) to determine the stability of the interface between the metal and 

thermoelectric materials (Bi2Te3). The ternary diagram was calculated with the FACT 

pure substances database (FactPS) and the FACT light metal database (FTlite) in the 

database program. The conditions of the ternary diagram of Cu-Bi-Te, Mo-Bi-Te, and 

Ta-Bi-Te were set with the temperature and pressure at 250 °C and 10-3 Torr, respectively. 

Transmission line measurement (TLM) devices were fabricated to measure the 

electrical properties of the interface and Bi2Te3. To fabricate the TLM device, a Bi2Te3 

and electrode were deposited with a shadow mask. The TLM device was designed with 

a 150 μm × 1200 μm Bi2Te3 line pattern and a 100 μm wide electrode with interval 

distances (100, 200, 400 μm). Bi2Te3 was deposited with a thickness of 250 nm from the 

Bi2Te3 alloy target (2 inch) on the SiO2/Si wafer at room temperature using radio 

frequency (RF) magnetron sputtering at 50 W power while rotating a wafer at 30 rpm. 

The base pressure of the sputtering chamber was 3 × 10-7 Torr, and the working pressure 

was 3 × 10-3 Torr. 

The electrodes are divided into basic Cu electrodes with no barrier and Cu electrodes 

with Mo and Ta barriers. After Bi2Te3 deposition, Cu electrodes were deposited 200 nm 

thick with a thermal evaporator. The base pressure of the evaporator chamber was 3 × 

10-6 Torr. Mo and Ta barriers were deposited between Bi2Te3 and Cu with thicknesses 

of 20 nm with using a DC magnetron sputtering system at 50 W. The base pressure and 

the working pressure of the sputtering system were 3 × 10-6 Torr and 4 × 10-3 Torr, 

respectively. The deposited thin films and TLM devices were annealed at 250 °C for 1, 

10, and 48 hours under 10-3 Torr after N2 purging. 
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The resistance values of the TLM devices were measured using a 4156C 

semiconductor parameter analyzer (Agilent Technologies, Santa Clara, CA, USA). The 

contact resistance and the sheet resistance of Bi2Te3 were calculated by measuring the 

resistance between each electrode in the TLM device. The phase of the thin film was 

analyzed using an X-ray diffractometer (XRD, D8 Advanced) through theta – 2 theta 

scan from 10° to 60°. The microstructure and elemental analysis were analyzed by field 

emission SEM (FESEM, MERLIN Compact). Elemental analysis was used to 

quantitatively analyze the amount of Cu diffusion in Bi2Te3 after heat treatment when 

the Bi2Te3 and electrode were in contact. 

 

 

7.3. Interface stability between Bi2Te3 and Cu electrode 
 

7.3.1. Ternary (Cu – Bi – Te) diagram calculation

 
Thermodynamic calculations and experiments have examined whether Cu, which is 

widely used in semiconductor processing and has low electrical conductivity, can be 

applied to thermoelectric devices. Figure 7.1 shows the result of the thermodynamic 

calculation of the ternary phase diagram, which is calculated in a three-element system 

composed of Cu - Bi - Te and confirms the relationship between Cu and the 

thermoelectric material, Bi2Te3, at 250 °C. If the interface of different materials is 

thermally stable, there should be a tie line, which does not intersect other lines in the 

ternary phase diagram. However, as shown in Figure 7.1, there are three intersect points 

(marked as red dots) on the red line connecting Cu and Bi2Te3, which represent the 

generation of the CuTe phase. 
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7.3.2. Cu – Bi2Te3 reaction 

 

To confirm the feasibility of the calculation results, the thin film experiments were 

conducted under the same conditions as the calculation. The thin films deposited with 

Bi2Te3 (250 nm) alone and the films deposited with Cu (200 nm) on Bi2Te3 were 

annealed at 250 °C, and the phases of the thin films were compared by XRD (Figure 

7.2 (a)). The gray XRD trace corresponds to the (00l) phase, which was mainly observed 

when Bi2Te3 was deposited at 250 nm and then annealed. 76 However, when the Cu on 

Bi2Te3 film was annealed (blue), the Bi2Te3 peaks were not observed; Bi2Te3 was phase-

separated into the Bi and Te phases, and a CuTe phase was newly observed. 

After Cu was deposited on Bi2Te3 and annealed at 250 °C, the image and EDS 

mapping of the cross section were analyzed by TEM, Figure 7.2(b). In the EDS 

mapping, the green dot indicates the position of Cu atom. As shown in Figure 7.2 (b), 

it was confirmed that Cu penetrated fully into Bi2Te3, and Cu was penetrated by reacting 

with Te as analyzed in Figure 7.2 (a). 

To confirm the adverse effects of phase instability at the interface identified by 

thermodynamic calculations and experiments when fabricated as a device, Cu and 

Bi2Te3 were deposited as a TLM device on the SiO2/Si substrate and were annealed at 

250 °C and 10-3 Torr after N2 purging to investigate the problems with micro device 

scale phase stability. Figure 7.2 (c) shows a top-view image of the TLM device (left) 

and visualized Cu diffusion into Bi2Te3 by EDS mapping (right) after thermal treatment 

at 250 °C for 1 hour. The horizontal line of the device is Bi2Te3, and the 4 vertical lines 

are Cu electrodes. After annealing, the internal diffusion of Cu was confirmed by 

observing the surface morphology of the device. As shown in the SEM image, large 

amounts of precipitates were formed on the surface of Bi2Te3 by diffusion and reaction 
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of Cu. In addition, due to the diffusion of Cu into Bi2Te3, the opening of the circuit 

appears at the edge of the Bi2Te3 thin film. Diffusion of Cu into Bi2Te3 can also be seen 

in the EDS results. Fine Cu (red dot) was detected in the Bi2Te3 line in the EDS mapping. 

In order to investigate the amount of Cu that diffused into the thermoelectric material, a 

quantitative analysis was performed on a portion near the electrode (position 1 in Figure 

7.2 (c)) and on a portion at the middle of each electrode (position 2 in Figure 7.2 (c)). It 

was confirmed that Cu penetrated into the thermoelectric material about 42.04% and 

41.81% at positions 1 and 2, respectively, maintaining the Bi - Te stoichiometry of 2:3. 

It is worth noting that the amount of Cu was not much different between each point. 

Although not a harsh annealing condition, the fact that Cu is diffused throughout Bi2Te3 

means that the interface between Cu and Bi2Te3 is unstable. In addition, it can be 

expected that, when Cu permeates into Bi2Te3, the electrical conductivity of the 

thermoelectric material deteriorates with time, so that the performance of the 

thermoelectric material as well as the interface deteriorates. 77 Therefore, the agreement 

between the ternary phase diagram obtained from the thermodynamic calculation and 

the experimental results shows that the barrier material must be inserted to prevent the 

diffusion and reaction between Cu and Bi2Te3. 
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Figure 7.1 The calculated ternary equilibrium diagram of Bi2Te3 and Cu at 250 °C and 

10-3 Torr. 
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Figure 7.2 (a) Phase analysis with XRD of Bi2Te3 250 nm thin film (gray) and Cu 

deposited on Bi2Te3 after annealing at 250 °C and 10-3 Torr (navy). (b) Cross section 

image(left) and EDS mapping(right) of Cu/Bi2Te3 stacked thin film after annealing with 

TEM (c) SEM image (left) and EDS mapping (right) of Cu in the TLM device with 

Bi2Te3 and the Cu electrode after annealing.  
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7.4. Interface stability enhancement with barrier material 
 

The above results confirm that the interlayer is necessary to prevent the diffusion and 

the reaction for using Cu as the electrode of thin film thermoelectric device. When a 

three-layer (Cu - barrier - Bi2Te3) system is introduced at the contact site, the following 

conditions are required to select the diffusion barrier layer: the materials must have a 

low diffusivity and show a stable interface in the equilibrium ternary phase diagram with 

the thermoelectric material. If the barrier materials do not fulfill these requirements, the 

resistance of the thermoelectric materials would be changed by the diffusion of the 

electrode and barrier materials and reaction with electrode and barrier materials, and the 

uniform performance cannot be obtained due to the change in the total resistance of the 

device. In addition, the contact resistance should be low because the high contact 

resistance generates joule heat in the device, which causes degradation of the device 

performance. 

As mentioned above, when applied as diffusion barrier, thermal stability and contact 

resistance should be low. In addition, the material to be applied to the diffusion barrier 

must have an ohmic contact with the thermoelectric material. This is because the loss of 

carriers at the junction of metal – Bi2Te3 must be reduced. Figure 7.3 is a graph showing 

the relationship between the work function of various metals and free energy of 

formation per O. 78 The work function of Bi2Te3 is known to be 5.3 eV. 79 The work 

function of the metallic material should be smaller than Bi2Te3 in order to make an ohmic 

contact with Bi2Te3, which is an n-type semiconductor material. 
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7.4.1. Phase stability of refractory metal for barrier materials 

 

Based on these requirements, refractory metals, which have low diffusivity due to 

their high melting point, can be candidates for barrier materials if it is verified that they 

show low contact resistance and stable interfaces with Bi2Te3. Therefore, we chose Ta 

and Mo and examined the phase stability and electrical properties. 

First, the equilibrium ternary diagram was investigated by thermodynamic 

calculations to predict the interfacial stability between Mo, Ta and Bi2Te3. As shown in 

Figure 7.4, tie lines exist only in the Ta – Bi – Te ternary phase diagram, which is 

expected to have a stable interface with Bi2Te3. In contrast, in the Mo - Bi - Te ternary 

phase diagram, there is no tie line, and a line (red dot) intersecting with the imaginary 

tie line (light red line) of Mo and Bi2Te3 indicates that the MoTe2 phase is generated at 

the interface at 250°C. 

However, as shown in Figure 7.5, XRD analysis of the metal / Bi2Te3 thin films 

annealed at 250°C for 1 hour showed that both Mo and Ta react with Bi2Te3. In the 

calculation of the ternary diagram based on thermodynamic calculation, it was predicted 

that Mo would react with Bi2Te3 unlike Ta, so longer time heat treatment was required 

to confirm phase stability. 

To verify the applicability of the actual device, TLM devices were fabricated using 

Mo and Ta as a barrier material between Cu and Bi2Te3. The structure of the devices is 

the same as in Figure 7.2 (c), and only Mo and Ta are additionally deposited between 

Cu and Bi2Te3 with a thickness of 20 nm. Figure 7.6 is the scheme of TLM device and 

EDS mapping images of the TLM device after 250 °C for 1, 10, and 48 hours of 

annealing with Mo and Ta barriers, respectively. The red material is Cu, which was used 

as the electrode. When the Mo and Ta barriers were deposited at approximately 20 nm 
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between Bi2Te3 and the Cu, the TLM device did not behave as an open circuit after 

annealing at 250 °C for 1 hour, unlike the case where there is no barrier, as in Figure 

7.2(c). It was also observed that there was almost no Cu inside Bi2Te3. Since both Ta 

and Mo have low diffusivities, the experiments show different results from the 

prediction of interfacial stability, which is the thermal equilibrium state phase diagram. 

Therefore, it can be assumed that it is insufficient for thermoelectric materials to exhibit 

phase stability as a result of just 1 hour of annealing. In addition, since thermoelectric 

elements are not only highly exposed to heat but also generate heat themselves, it is 

necessary to examine the interfacial stability for a long time. 

To confirm the stability of the Mo and Ta barriers for the long duration use, the 

annealing time was increased to 10 hours and 48 hours under the same conditions as the 

1-hour annealing. It seems that the devices annealed for 10 and 48 hours showed no 

significant difference from the device annealed for 1 hour in elemental mapping images. 

However, based on the point element analysis at the part indicated by the white circles 

in Figure 7.6, it was confirmed that the difference was obtained when Mo and Ta were 

applied as a barrier. As a result of the elemental analysis of Bi, Te, Cu, and barrier 

materials (Mo, Ta) in Figure 7.7, the ratio of Bi-Te by heat treatment did not change 

much, and the barrier material was hardly detected. Mo and Ta deposited by the barrier 

material were kept at 0 at% due to the high melting temperature and low diffusivity. 

However, as shown in Figure 7.7(b), the Cu element ratio with the Mo barrier gradually 

increased with annealing time and then increased greatly after heat treatment for 48 

hours, contrary to the results with the Ta barrier. This result shows that the long-term 

thermal stability of the Mo barrier is worse than that of the Ta barrier, as in the result of 

phase equilibrium calculations through the thermodynamic calculations in Figure 7.4. 
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Figure 7.3 The relationship between work function and free energy of formation per O 

of various metal. The work function of Bi2Te3 is 5.3 eV. 78 79 
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Figure 7.4 Ternary phase diagram of (a) Mo-Bi-Te system, (b) Ta-Bi-Te system, 

calculated by FactsageTM at 250°C and 10-3 Torr. 
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Figure 7.5 Phase analysis of thin film deposited on SiO2/Si substrate (a) Mo on Bi2Te3, 

(b) Ta on Bi2Te3 at 250°C and 10-3 Torr. 
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Figure 7.6 Scheme of TLM device (left) and EDS mapping with 1hr, 10hr, and 48hr  

annealing at 250°C and 10-3 Torr (left to right) of (a) Mo barrier device, (b) Ta barrier 

device. White circle of each images indicate the position for point EDS analysis in 

Figure 7.7.  
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Figure 7.7 The point EDS at surface of Bi2Te3 as-deposited and after annealing (a) 

Total elemental contents analysis (b) Enlarged graph of (a) for Cu contents analysis. 

The position of point EDS was analyzed at white circle in Figure 7.6.  
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7.4.1. Barrier material dependence on contact resistance 

 

In addition to long-term thermal stability through elemental analysis, contact 

resistance was also measured to confirm the electrical stability. The TLM device, which 

can measure the contact resistance and the change in the resistance of the thermoelectric 

material, is a suitable method for analyzing the electrical stability of interfaces. The 

resistivity of the TLM device was measured with I-V sweep, and the resistance variation 

according to the electrode distance was analyzed. The 4 electrodes, deposited on the 

thermoelectric material (150 μm (w) × 1200 μm (l)), were placed at intervals (d) of 100, 

200 and 400 μm, respectively, and the contact area (Ac) was 100 μm × 150 μm. The 

reason for making the Cu electrode longer than the contact area is to minimize the 

electrical field effects when the probe makes contact. When measuring the resistance of 

the electrode-semiconductor-electrode structure, the resistance is constantly increased 

with the distance when the resistance is measured according to different distances 

between each electrode. As the distance increases, the increased resistance is related to 

the resistance of the semiconductor and the resistance, and when the distance converges 

to zero, it is related to the contact resistance between the semiconductor and the electrode. 

As the distance of the electrodes of the TLM device increases, the resistance (R) 

increases linearly. The slope of the linear fitting and the y intercept are related to the 

sheet resistance (Rs) of the thermoelectric material and the contact resistance (ρc), 

respectively. 

Figures 7.9 (a) and (b) show the resistance according to the electrode distance using 

the Mo barrier and Ta barrier, respectively. The y intercept with the dashed line in the 

graph is shown through linear fitting. When the Ta barrier was used, the y intercept 

significantly decreased before and after the heat treatment. In addition, the slope 
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gradually increased with annealing time in both the Mo and Ta barrier.  

The contact resistance and the sheet resistance of the thermoelectric material are 

calculated based on the results in Figures 7.9 (a) and (b) with the contact area between 

the electrode and the thermoelectric material, and the result is shown in Figure 7.9 (c). 

When the Ta barrier is used, the contact resistance in the as-dep state is larger than the 

Mo barrier. This is because the roughness is increased by stress, acting on the interface 

between Bi2Te3 and the Ta thin film. This is due to the fact that the larger roughness 

makes a wider effective contact area and limits the current flow through a cluster of 

contact spots. 80 The roughness of the film increased from 0.585 nm to 0.626 nm after 

depositing Ta, while Mo decreased to 0.396, in Figure 7.10. The higher the roughness 

is, the wider the effective area of contact and the greater the probability of scattering 

electrons, thereby increasing the contact resistance. Also, in the as-dep state, Bi2Te3 is 

not crystallized and has a high sheet resistance (Rs) with a similar value regardless of the 

barrier materials. 

After 1 hour of annealing, the Rs of the thermoelectric material was decreased by 

crystallization compared with the as-deposited state, and it was slightly increased as the 

annealing time increased. It is considered that the longer the time is, the rougher the 

surface generated by the evaporation of the exposed portion of Bi2Te3 due to the lower 

pressure of the chamber. In addition to the Rs, the contact resistance was also greatly 

decreased after 1 hour of annealing, and the contact resistance was lower in the Mo 

barrier than the Ta barrier after 1 hour of annealing: 0.65 × 10-7 m2 and 0.14 × 10-7 

m2, respectively. The decrease in contact resistance after annealing at 250 °C for 1 

hour seems to be due to the stabilization of the interface due to the relaxation of the stress 

at the interface as well as the increase in the electrical conductivity due to the 

crystallization of Bi2Te3. 
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When the annealing was conducted for 10 hours, the sheet resistance of the 

thermoelectric material did not change much in the Ta and Mo diffusion barrier. 

Therefore, the state change of Bi2Te3 seems to be negligible. However, the contact 

resistance was significantly increased about 3.4 times, from 0.14 to 0.48 × 10-7 m2, 

when the Mo barrier was used. This huge increase in the contact resistance of the Mo 

barrier is thought to be the result of the instability of the interface that was predicted in 

the thermodynamic calculations. When Ta was used as the diffusion barrier, the contact 

resistance decreased as the annealing time increased. This is because Ta and Bi2Te3 not 

only maintain a stable interface but also result in relaxation of the interface stress. 

When the annealing process continued for 48 hours, contact resistance values of 0.22 

× 10-7 m2 for Ta barrier and 0.60 × 10-7 m2 for Mo barrier were exhibited, and the 

contact resistance gradually increased with annealing time due to interface instability of 

Mo and Bi2Te3. In addition, the sheet resistance of Bi2Te3 with the Mo barrier, which 

did not change when annealed for 1 hour or 10 hours, increased significantly when 

annealing for 48 hours. This is also due to the unstable interface when annealed for a 

long time in the device, as shown in the thermodynamic calculation (Figure 7.4) and 

elemental analysis (Figure 7.7(b)). Therefore, it can be concluded that Ta is more 

applicable for the barrier materials for the thin film thermoelectric devices than Mo. Also, 

it can be suggested that in order to prevent the reaction between the thermoelectric 

material and the electrode, it is important to introduce materials that have a high melting 

point as a diffusion barrier, as well as materials that maintain thermodynamic stability 

and electrical performance at the interface.  

 As for the sheet resistance of Bi2Te3, it is greatly decreased after the 1-hour heat 

treatment compared with the initial value, but it tends to increase with longer heat 

treatments. This is because Bi2Te3 exposed to the surface is in a vacuum of 10-3 Torr, 
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and the surface of Bi2Te3 becomes unstable as the heat treatment time becomes longer. 

Since the melting point of Bi2Te3 at ambient pressure is approximately 580 °C, the 

longer the annealing process at 250 °C, the more the scattering of electrons on the 

surface increases the resistance. This is because the Mo barrier and the Ta barrier show 

the increase of Bi2Te3 sheet resistance and are not related to the interface instability of 

the contact area. 
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Figure 7.8 The method for analyzing TLM device (a) Scheme of TLM device, (b)  A 

method of converting the resistance value between the electrodes to the contact 

resistance in a TLM device. Where RT, Rc, and Rs is total resistant, contact resistant, and 

sheet resistant of semiconductor, respectively. 
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Figure 7.9 Resistance with distance of TLM pattern with the (a) Mo barrier and (b) Ta 

barrier and varying annealing times. (c) Contact resistance (Bar) and Bi2Te3 sheet 

resistance (Dot and line) measured from TLM devices introduced with Ta (red) and Mo 

(navy) as the barrier materials with increasing annealing time. 
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Figure 7.10 The roughness of (a) Bi2Te3, (b) Mo on Bi2Te3 and, (c) Ta on Bi2Te3 
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7.5. Summary 
 

 The stable interconnect system including metal electrodes and Bi2Te3 for the 

fabrication of horizontal thermoelectric coolers was designed by thermodynamic 

calculation-based prediction and contact resistance measurement with long time 

annealing. We fabricated a TLM device using Bi2Te3 and a Cu electrode, widely used in 

semiconductor processes, and simulated the ternary phase diagram for the prediction of 

interfacial stability. The reaction between Cu and Bi2Te3 was expected through 

simulation, and it was confirmed through experiments that Cu and Bi2Te3 reacted and 

had an unstable interface. 

To prevent reaction through diffusion, we propose a diffusion barrier using a 

refractory metal between Cu and Bi2Te3 and investigated whether they construct stable 

interfaces through thermodynamic calculations. By the thermodynamic calculations, Ta, 

which is a high melting point material, was predicted to have a more stable interface 

than Mo with Bi2Te3. As the annealing time increased, it was confirmed that the Ta 

barrier showed a superior barrier performance with Bi2Te3 than Mo and had a lower 

contact resistance with Bi2Te3 than the Mo barrier. These studies have shown that Ta is 

a suitable diffusion barrier material to prevent the reaction of Bi2Te3 with Cu. 

The predictions of interfacial stability through these thermodynamic calculations and 

the correspondence between the actual experiments will play a major role in predicting 

the stability of the Te-based materials. When Te-based materials are used, a methodology 

can be presented through thermodynamic calculations for stable interconnect systems.  
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CHAPTER 8 
 
Conclusion 
 

 

8.1. Amorphous carbon for hardmask 
 

In this study, the deposition conditions of amorphous carbon deposited by PVD were 

optimized and the element binding characteristics of amorphous carbon were changed 

by element doping. Through the analysis of experimental data, the binding 

characteristics of amorphous carbon used for hardmask applications were explained, and 

the relationship between bonding properties and etching performance was examined. 

This study is useful for understanding the direction of material modification of 

amorphous carbon used as hardmask. 

Carbon has various atomic bonds like sp3 of diamond and sp2 of graphite. The 

difference in carbon bond between the two materials greatly affects the properties such 

as mechanical and electrical properties. Amorphous carbon is known that the kind of 

bonding is changed according to the process conditions. In this study, we have studied 
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how the etch characteristics change with the change of bonding nature of amorphous 

carbon according to nitrogen doping. 

Amorphous Carbon (a-C) was deposited on SiO2/Si by DC magnetron sputter system 

using graphite solid target for higher purity and lower roughness than CVD process. The 

optimization of the deposition conditions of a-C proceeded by adjusting the deposition 

power and pressure. As the pressure increased, the roughness of the film became larger, 

resulting in an imbalance of etch and deposition at lower pressure. The deposition power 

was set to 300W considering deposition rate and etch rate. Nitrogen doping was 

proceeded by varying the ratio of the flow rate of Ar and N2 gas in the plasma gas while 

maintaining the constant whole flow rate. In addition, Boron doping was proceeded by 

using B 10 wt% doped graphite sputtering target. The thin film was analyzed by Raman 

spectroscopy, XPS and etch characteristics were investigated by ICP etcher. We also 

examined the mid-range order of the amorphous carbon through the radial distribution 

function (RDF) using the diffraction pattern through TEM analysis.  

The content of N in a-C increased with increasing N flow portion according to XPS 

results. As a result of Raman spectroscopy of N doping in a-C thin film, the ratio of D 

peak and G peak (ID/IG) increased with N contents, which means the increase disordered 

hexagonal graphite structure. In addition, when the structure of the thin film was 

analyzed with RDF, it was confirmed that the sp3 bond was increased with formation of 

N and sp3 C bonding. On the other hand, Raman spectroscopy and XPS revealed that 

the amount of sp2 binding of a-C was increased by B doping. 

The etch characteristic was investigated by measuring etch rate and depth of F 

penetration, as shown in Figure 8.1. Etch rate was not related with doping element but 

the density of a-C. The increased sp3 bonding portion in amorphous C improved 

performance to prevent F penetration. The relationship between mid-range order of 
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amorphous C and its property was confirmed by the microstructure analysis and the 

measured etch resistance. 
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Figure 8.1 (a) Schematic of doping element on carbon bonding, (b) Relative etch rate, 

and (c) Depth of F penetration of B, N doped a-C. 
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8.2. Thermoelectric materials and devices 
 

Among the many energy conversion technologies, thermoelectric devices are 

interesting devices for power generation using wasted heat from other energy sources or 

heat pumping when current is applied. 

Performance enhancement has been studied for thin-film thermoelectric materials for 

small-scale energy applications. The microstructural evolution of bismuth telluride 

(Bi2Te3) was investigated with respect to performance enhancement via in situ 

thermomechanical analysis due to the post-annealing process. The thermomechanical 

behavior of Bi2Te3 changes gradually at approximately 200°C with the formation of a 

quintuple-layer structure, which was confirmed by X-ray diffraction, transmission 

electron microscopy and Raman spectroscopy. It was found that highly oriented (006), 

(0015) was formed with a quintuple-layer structure parallel to the substrate, and the Eg
2 

Raman vibration mode of Bi2Te3 significantly increased after forming the layer structure 

with decreased defects. Therefore, the slope of the stress curve was affected by the 

longer atomic distance of the van der Waals bonds with the formation of (00l) oriented 

layered-structure grain. The decreased number of defects in the layer structure affects 

the electrical and thermal properties of the Bi2Te3 thin film. Due to the microstructural 

evolution, the power factor of Bi2Te3 was enhanced by approximately 14.8 times by the 

quintuple-layer structure of Bi2Te3 formed during the annealing process, which 

contributed to a better understanding of the performance enhancement via post-

annealing and to research on other highly oriented layer structure materials. 

For the application of horizontal thermoelectric coolers, it is necessary not only to 

minimize the heat generation by reducing the resistance of the device but also to 

minimize the contact resistance due to the increase in the surface to volume ratio of the 
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device. To minimize the resistance of the electrode, Cu was selected as the electrode 

material. For the reliability of such a device, long duration phase stability is required. 

The interconnect system, including Cu and barrier materials, was selected by a 

thermodynamic-based prediction. The interlayer was required to improve the unstable 

interface of Cu and Bi2Te3 to prevent the reaction of Cu and Bi2Te3. Ta and Mo, which 

are low diffusivity materials, were selected as candidates. Thermodynamic calculation 

results showed that Ta has a stable interface with Bi2Te3 while Mo reacts with Te. The 

calculation was confirmed by experiments, and it was determined that the longer the 

annealing process, the higher is the contact resistance when the Mo interlayer was 

applied, which was in accordance with the thermodynamic calculation. The 

thermodynamic calculations are a useful methodology when selecting materials with a 

stable interface with highly reactive chalcogenide materials. 
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8.3. Future work and suggested research 
 

In this study, the change of dry etch performance according to the bonding structure 

of amorphous carbon was studied through deposition conditions and doping. We also 

investigated the crystallization behavior of Bi2Te3 and its stability with interconnect 

system when applied to devices. A common interest in this work is the inhibition of 

heterogeneous material transport and the stability of materials. 

In the study of amorphous carbon, the control of the amount of sp2 bonding and sp3 

bonding, the hybridized bonding of carbon, was confirmed through process conditions 

and doping. The change of etch characteristic was observed through the control of the 

bonding ratio (sp2/sp3). Especially, the increase of the amount of sp3 bond or the increase 

of the amount of sp2 bond was confirmed by the doping of N and B, respectively, 

compared to the undoped a-C. As a result, it was confirmed that F penetration depth 

decreased as the ratio of sp3 bond increased. F penetration causes an irregular or 

unwanted etch of the hardmask when the hardmask is dry etched. Therefore, blocking F 

penetration is important as well as slowing the etch rate. 

Therefore, the study as an extension of this study is divided into two aspects. First, 

we need to make the etch rate, shown in this study, slower. The etch rate is slower with 

diamond-like properties. That is, the amount of sp3 and density of the a-C should be 

further increased. The doping of a-C with N resulted in an increase in the amount of sp3, 

which successfully inhibited F pen- tration but lowered the density of a-C. In other words, 

in order to increase the etch resistance when N-doping is performed, the process 

conditions for increasing the density of the undoped a-C should be set.  

In the study of thermoelectric devices, in order to increase interfacial stability between 

thermoelectric materials and electrodes, we obtained the ternary phase equilibrium 
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through thermodynamic calculations and measured the contact resistance and found that 

the interconnect system with stable interface has low contact resistance. The thermal 

stability of the interface is important, but the interfacial stability when applying current 

is also important because the current is applied when the thermoelectric element is 

operated. Therefore, experimental data are required to ensure that the interface safety is 

assured when applying a current for a long duration. 
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