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Abstract  

Al1-xScxN films are attractive materials for high-sensitive piezoelectric sensors and 

filters because of their high piezoelectric coefficient with a high-temperature tolerance. 

Besides, recent works have experimentally demonstrated that the Al1-xScxN films exhibit 

ferroelectric properties with a high remnant polarization (Pr) of over 100 C/cm2.The 

bandgap of the Al1-xScxN film which shows the ferroelectricity is from 3.0 to 6.0 eV, 

indicating that the Al1-xScxN films can be considered as one of the nitride semiconductors. 

Once we can control the carrier charge types of the Al1-xScxN films for source and drain, 

complementary metal-oxide-semiconductor (CMOS) thin-film transistors (TFT) with 

ferroelectric Al1-xScxN channel can be realized, which opens a wide range of unique 

applications. One of the issues for using the Al1-xScxN film as a channel of the TFT is the 

formation of contacts with low Ohmic contact resistance (c). The key to achieving the 

low c is lowering the Schottky barrier height (B) and/or increasing the carrier 

concentration (N) of the Al1-xScxN film. The purpose of the thesis is the extraction of band 

alignment of metal/Al1-xScxN interface and propose a guideline to reduce the B, and also 

to demonstrate n-type conduction to increase in the N for low c.  

The band alignment was extracted by leakage current analysis of the 

metal/ferroelectric/metal (MFM) capacitors with either TiN or W electrode. The electron 

conduction through the Al0.78Sc0.22N film followed the Schottky emission model with an 

initial B of 0.46 and 0.55 eV for TiN and W electrodes, respectively. During the first 

ferroelectric polarization switching, a gradual shift in the leakage current was observed, 

changing the effective B to 0.36 eV for both electrodes. After the initial polarization 

switching, the current level kept the same level during the further positive/negative 

sweeping, indicating that the B for both polarization states (metal-face, N-face) was the 

same. The formation of an interface dipole layer possibly formed by nitrogen vacancies 

(VN) at the metal interface can be deduced from the modeling of the Richardson constant 

(A*). With the obtained results, a small B to reduce the c can be achieved by forming 

i 
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the interface dipole layer at the interface.  

The demonstration of the n-type conduction in the Al0.78Sc0.22N film was achieved by Si 

ion doping followed by activation annealing. The activation of Si atoms was found above 

an annealing temperature of 800oC. Under a dose of 2×1015 cm-2 with an activation 

annealing at 900oC, n-type conduction was obtained with Hall mobility and a carrier 

concentration of 8.6 cm2/Vs and 8.9×1018 cm-3, respectively. The Si atom concentration 

in the Al0.78Sc0.22N film was 4.1×1020 cm-3 by secondary ion mass spectroscopy. Therefore, 

the activation ratio can be deduced to be 2.2%. The activation annealing temperature of 

implanted Si atoms in Al0.78Sc0.22N film is relatively low for those implanted to AlN or 

AlGaN. The n-type conduction was realized in a relatively low-temperature process. This 

can be an advantage for applications such as the ferroelectric semiconductor-FET.  

The surface of the n-type Al0.78Sc0.22N film turned out to be sensitive to exposure to air, 

and two orders of magnitude increase in the sheet resistance (Rs) were measured. The 

mechanism of the increase in Rs was explained by H3O
+ molecules adsorption by self-

ionization of water in the air to the Si-doped Al0.78Sc0.22N surface. With the adsorption, a 

depletion region from the backside of the Al0.78Sc0.22N film is formed, caused by the 

balance between the spontaneous polarization and surface charges. To overcome this issue, 

it is necessary to coat a proper passivation layer on the n-type Al0.78Sc0.22N film, or either 

thicken the n-type Al0.78Sc0.22N film or increase the carrier concentration of n-type 

Al0.78Sc0.22N film. 

Based on the obtained results, the remaining issues of Al1-xScxN films for TFT 

application are summarized. Considering other n-type semiconductors used for TFT, the 

c needs to be further reduced to increase the current density. Therefore, it is essential to 

increase the carrier concentration of the Al1-xScxN film. Secondly, the demonstration of 

p-type conduction by impurity doping is required for CMOS application. Also, a carrier 

conduction model between the ferroelectric and doped regions needs to be constructed.  
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Chapter 1. Introduction 

1.1 Channel material for thin-film transistors 

 Thin-film transistors (TFTs) are widely used for the switching elements of image sensors 

and liquid crystal display (LCD). TFT is a field-effect transistor (FET) composed of a 

semiconductor layer, a dielectric layer, and electrodes at source, drain, and gate. The 

conductivity of the semiconductor layer is controlled by the gate voltage application. 

Recently, as the TFT can be fabricated at a low-temperature process, it has attracted 

attention as a back-end-of-line (BEOL) transistor for 3D-LSIs. [1-1, 1-2]  

 In the field of LCD devices, a technology called memory-in-pixel (MIP) is drawing 

attention to low power consumption. The MIP is a technology that gives a memory 

function to the pixels, keeping the static image unchanged. The current MIP technology 

consists of a static-random-access memory (SRAM) circuit for each pixel in the liquid 

crystal drives. [1-3] However, SRAM is still power consuming, giving a high transient 

current during the switching. Also, as SRAM is composed of at least six transistors, it 

occupies large area, reducing the efficiency of the backlight energy consumption. 

Therefore, the TFT embedded memory with low power consumption is required.  

The ferroelectric liquid crystal display (F-LCD) is a display technology with memory 

function and is proposed in 1980 by Clark and Lagerwall. [1-4] Liquid crystal molecules 

with ferroelectric have a helical structure in enough thick cells. However, when the width 

of the cell is narrowed down to 1 m, the helical structure disappears and only two states 

in which the remnant polarization is up or down become stable. [1-5] By applying an 

electric field, only one state can exist at the same time, so that the two states can be 

switched. The F-LCD has several advantages in terms of high-speed response, viewing 

angle, memory function, and so on. Above all, the F-LCD has not been used as a direct-

view display device due to its manufacturing problem for large-area displays on the 

instability of the layered structure of ferroelectric liquid crystal in the thin cell, and the 

issue of tolerance against physical impact. [1-6, 1-7, 1-8] Table 1.1 shows the comparison of 
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the display technology with memory function. 

Table 1.1 Comparison of the display technology with memory function. [1-5~1-9] 

 

 

 

 

 

 

 

 

 

 

TFT using a ferroelectric semiconductor for the channel can be a solution for the MIP 

application. Figure 1.1 shows the difference in structure between the well-known 

ferroelectric-FET and the ferroelectric semiconductor-FET. In the ferroelectric-FET, a 

ferroelectric film is used as a gate insulator in a standard metal-oxide-semiconductor 

field-effect transistor (MOSFET). As the channel conductance changes depending on the 

direction of polarization in the ferroelectric film, the polarization state can detect by the 

measurement of the channel conductance. With this structure, the data reading operation 

is non-destructive. However, the ferroelectric-FET has an issue of the short retention 

times originated from the depolarization field and the large gate leakage current caused 

due to the poor insulation of the polycrystalline ferroelectric insulator, which limits their 

commercialization. [1-10] To overcome this issue, the ferroelectric-semiconductor-FET 

was proposed. [1-10] In ferroelectric semiconductor-FET, the ferroelectric semiconductor 

film is used as a channel in the general MOSFET. The polarization in the ferroelectric 

semiconductor layer changes the conductance of the ferroelectric semiconductor layer. A 

significant difference between the ferroelectric-FET and the ferroelectric semiconductor-

FLCD MIP by ferro. 
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FET is that the ferroelectric semiconductor-FET can use high-quality amorphous material 

such as SiO2 for the gate insulator, which can potentially suppress the gate leakage current.  

 

 

 

 

 

 

 

Fig. 1.1 Schematic structures of (a) ferroelectric-FET, and  

(b) ferroelectric semiconductor-FET. 

 

The working mechanism of the ferroelectric semiconductor-FET is as follows. By 

applying an electric field, the polarization switching occurs throughout the ferroelectric 

semiconductor layer. Therefore, the conductive path can be formed at the top surface of 

the ferroelectric semiconductor layer. In the downstate polarization case as shown in fig. 

1.2 (a), (b), the channel resistance is high due to the absence of the mobile charges at the 

bottom surface of the ferroelectric semiconductor layer as shown in fig. 1.2 (b). On the 

other hand, in the case of the upstate polarization as shown in fig. 1.2 (c), (d), the channel 

resistance is low because the mobile charges accumulate at the top surface of the 

ferroelectric semiconductor layer and the conductive path is formed. Therefore, the drain 

current on the gate voltage (Id-Vg) curve shows a counterclockwise hysteresis as shown 

in fig. 1.2 (e). The presence of the fixed charge states at the metal/ferroelectric 

semiconductor interface leads to a shift of the Id-Vg curve as shown in fig. 1.2 (f). If the 

electron trap states exist at the ferroelectric semiconductor/insulator interface, the Id-Vg 

curve may show a clockwise hysteresis, leading to the disappearance of the hysteresis 

caused by the Pr in the ferroelectric semiconductor layer. 

Gate

Ferroelectric insulator

Semiconductor

Source Drain

Gate

Insulator

Ferroelectric 

semiconductor

Source Drain

(a) Ferroelectric-FET (b) Ferroelectric semiconductor-FET
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Fig. 1.2 Working mechanism of the ferroelectric semiconductor-FET. (a) Schematic of 

the cross-sectional structure in polarization down, (b) Band diagram in polarization 

down, (c) Schematic cross-sectional structure in polarization up, (d) Band diagram in 

polarization up, (e) Id-Vg curve, (f) Effect of the fixed charge states at the interface. [1-10]  
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1.2 Al1-xScxN for TFT applications 

One of the material candidates for the ferroelectric semiconductor channel is Al1-xScxN. 

Al1-xScxN is an alloy between AlN with its crystal structure of the wurtzite and its lattice 

constants of a=3.112 Å, c=4.982 Å [1-11] and ScN with its crystal structure of the rock-salt 

and its lattice constant of 4.501 Å, [1-12] where a and c are the lattice parameters of the a-

axis and c-axis, respectively. The crystal structure of ScN is generally rock-salt, however, 

the first principle calculation predicted that the existence of the metastable wurtzite ScN 

and the alloy of Sc-(Al, Ga, In)-N can be realized. [1-13]  

In 2009, Akiyama et al. reported that the four times larger piezoelectric coefficient of 

Al1-xScxN compared to AlN. [1-14] Generally, the piezoelectric materials with higher Curie 

temperature (TC) show the lower piezoelectric coefficient, but Al1-xScxN can overcome 

this trade-off relationship. Since then, Al1-xScxN films have attracted attention for high-

sensitive piezoelectric sensors and the filters because of their high piezoelectric 

coefficient [1-14~1-17] with a high-temperature (500oC) tolerance. [1-15] By incorporating 

ScN into AlN, the distortion of the lattice structure from the wurtzite towards the cubic 

may be caused due to the difference in the lattice structure between AlN and ScN. As a 

result, the chemical bonding becomes soft, indicating that Al1-xScxN easily causes the 

atomic and the lattice displacement for the same strain. [1-18] Therefore, Al1-xScxN shows 

high piezoelectric properties. As an increase in the Sc composition of Al1-xScxN, the c/a 

ratio decrease, and the energy landscape of the cations are flattened, which facilitates the 

movement of cations and increases piezoelectricity. [1-19]  

In recent years, the ferroelectricity of Al1-xScxN has been attracting attention. The Al1-

xScxN film has two stable states of III-polar and N-polar as the same as the AlN film and 

the polarities can be switched by an external electric field as shown in fig. 1.3. [1-18] The 

ferroelectric functionality of Al1-xScxN was predicted by the density functional theory 

calculation in 2013, 
[1-20] and the recent works have experimentally demonstrated that the 

Al1-xScxN films exhibit ferroelectric properties with a box-like high remnant polarization 
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(Pr) of over 100 C/cm2. [1-9] Many conventional oxide-based ferroelectric films suffer 

from the size-effect, which means the ferroelectricity degrades as its thickness thinner. [1-

21~1-23] On the other hand, Al1-xScxN retains the ferroelectricity with its thickness of 9 nm. 

[1-19] Also, it is reported that the breakdown field of Al1-xScxN film of 4.5 MV/cm was kept 

constant in the film thickness range from 50 to 20 nm. [1-24] Thanks to these advantages, 

Al1-xScxN became a promising material for ferroelectric memory applications including 

ferroelectric-FETs.  

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Atomic locations of Al1-xScxN corresponding to the polarization states. [1-9] 

 

 

For mass production, it is an important factor whether the Al1-xScxN film can be etched 

by a reactive ion etching process (RIE). The wurtzite Al1-xScxN film is mainly composed 

of AlN composition. The AlN film commonly etches by the inductively coupled plasma 

(ICP) etching with Cl2 or Cl2/BCl3 gas chemistry. [1-25] In the same manner, Al1-xScxN 

etching by ICP-RIE with Cl2 based gas chemistry is reported. [1-26] Table 1.2 shows the 

dissociation energy of the various bonds related to the Al1-xScxN etching. [1-27] In the 

plasma process, the reaction proceeds to form a large energy bond. The surface oxide 

Metal-polar N-polar 

Metal (Al, Sc)
N

P P

Switching
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layer AlO impedes the progress of the etching reaction of forming the volatile Al-Cl bond 

in the Cl2 chemistry RIE process. By adding the BCl3, the surface AlO layer is removed 

by forming the B-O bond, and the etching of AlN is proceeding smoothly. 

 

 

Table 1.2 Dissociation energy of various bonds related to Al1-xScxN etching. 

 

 

 

 

 

 

 

The bandgap of Al1-xScxN films can be expressed as Eg(x)= –9.5x+6.2 (eV), under the 

Sc composition of 0<x<0.34. [1-28] Thus, Al1-xScxN films can be considered as one of the 

nitride semiconductors. Once we can control the carrier charge types of the Al1-xScxN 

films for source and drain, CMOS TFT with ferroelectric Al1-xScxN channel can be 

realized, which opens a wide range of unique applications. 

 

1.2.1 BEOL transistor 

Al1-xScxN films that show ferroelectric characteristics can be deposited at a relatively 

low temperature of 400oC. [1-9, 1-19, 1-24] This feature gives the Al1-xScxN to be used as 

transistors manufactured in low-temperature processes. Table 1.3 shows a comparison of 

the channel materials of TFT. [1-29~1-36] Poly-Si TFT has already realized n-type and p-type 

conductions. With its bandgap of 1.1 eV, the c can be small and a high current density 

(J) can be obtained at the cost of low breakdown voltage. Ge-TFT is a promising 

candidate to overcome the Si scaling limit due to its higher mobility than that of Si. 

bond Dissociation 
energy(kJ/mol)

bond Dissociation 
energy(kJ/mol)

bond Dissociation 
energy(kJ/mol)

B-O 809 Al-Cl 502 Sc-O 671.4±1.0

B-N 377.9±8.7 Al-O 501.9±10.6 Sc-N 464±84

Al-N 368±15 Sc-Cl 331

Al-Al 140.5±1.8 Sc-Sc 163±21
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However, the formation of the high-quality interface of Ge/Ge oxide is difficult due to 

the chemically and thermally instability of Ge oxide. [1-29, 1-30] Recently, the In-Ga-Zn-O 

(IGZO) TFT has attracted attention as BEOL-transistor because of its advantages such as 

the low off leakage current, [1-31] with a high breakdown voltage. [1-32] However, IGZO-

TFT has several disadvantages. Firstly, the c is relatively high due to its wide bandgap. 

Secondly, IGZO-TFT suffers from the effective channel length shortening caused by the 

reduction reaction between IGZO and metal electrodes. [1-33] And finally, only n-type 

conduction is realized, [1-34] limiting the use of IGZO-TFT for CMOS circuit.  

Al1-xScxN-TFT can be estimated to have similar properties (low off-leakage current, high 

breakdown voltage, high c) to IGZO-TFT due to its similar bandgap values. However, 

there is a possibility that n-type/p-type conduction can be obtained with a high tolerance 

to the thermal budget.  

 

 

Table 1.3 Comparison of channel materials for TFT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Poly Si Poly Ge OS(IGZO) Al1-xScxN

Bandgap (eV) 1.1 0.66 3.2 4.2(x=0.2)

Process Temp.(oC) ~500 ~500 RT~400 ~400 
(unknown for doping)

CMOS Fabrication 〇 〇 × n-type only ？？

Mobility (cm2/Vs) 120 140 10~30(IGZO) ？？

Memory function By circuit By circuit By circuit Ferroelectricity

Features ・High current density

・Low breakdown 

voltage

・High current density

・Low breakdown 

voltage

・Low leakage current

・High breakdown 

voltage

・Poor thermal 

tolerance

(Form O vacancy)

・Low current density

・Low leakage current

・High breakdown 

voltage

・Thermally stable

・High c due to wide

bandgap

OS: oxide semiconductor
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1.2.2 Ferroelectric semiconductor-FET [1-10] 

As a non-volatile memory application, it has been demonstrated that a field-effect 

transistor using a ferroelectric semiconductor material as a channel. [1-10] Si et al. reported 

that the ferroelectric semiconductor-FET using the two-dimensional ferroelectric 

semiconductor -In2Se3 as a channel. Al1-xScxN is a promising candidate for channel 

material of ferroelectric semiconductor-FET due to its several advantages of the large Pr, 

and the high breakdown voltage. 

 

1.2.3 Comparison for the ferroelectric semiconductor materials 

 Table 1.4 shows the comparison of the ferroelectric semiconductor materials. [1-9, 1-10, 1-

37~1-43] From the viewpoint of application to the non-volatile memory, -In2Se3 is 

promising material compared to Cd1-xZnxTe or Zn1-xLixO because of its high Pr and 

ferroelectricity even 10nm thickness. However, since -In2Se3 is a two-dimensional 

material, there is an issue of the application for the channel material of 3D devices. The 

Al1-xScxN film has many advantages such as the larger Pr than -In2Se3, ferroelectricity 

even in a thin film of about 9 nm, the large bandgap, and no restriction of the growth 

substrate.  

 

Table 1.4 Comparison of the ferroelectric semiconductor materials. 

 

 

 

 

 

 

 

 

Cd1-xZnxTe Zn1-xLixO -In2Se3 Al1-xScxN

Bandgap (eV) 1.53 3.2 1.39 4.2(x=0.2)

Process Temp.(oC) 600~ 500 540~670 RT~400 

n/p type 

conduction

〇
n-type : In, I 

p-type : P (CdTe)

n-type unknown unknown

Pr (C/cm2) 0.6(x=0.04) 0.09(x=0.25, 300nm)

0.044(x=0.3, bulk)

25 (sim) 100

Thickness scaling

< 100nm

Bulk (900m) △300nm 〇 10nm 〇 9nm

Features p-type, (100 cm2/Vs) ・Unstable 

resistance for  

impurities

・2D-material

・Growth on graphene or 

fluorophlogopite mica 

([KMg3(AlSi3O10)F2]) is 

required. 

・Thermally stable

・Large Pr

・No restriction of  

growth sub. 
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1.3 Issues of applying Al1-xScxN for the channel of BEOL transistor or ferroelectric 

semiconductor-FET 

To apply Al1-xScxN for the channel of BEOL transistor or ferroelectric semiconductor-

FET, there are some issues. First, n-type and/or p-type conduction of the Al1-xScxN film 

is required. Also, the reduction of the c and the increase in the channel mobility are 

required to obtain a large on-current. Besides, it is necessary to form a good interface with 

the insulator. This study focused on the realization of n-type conduction and the reduction 

of the c.  

 

1.3.1 Realization of n-type and/or p-type conduction of Al1-xScxN 

To date, there are no reports of achieving the n-type or p-type conduction of Al1-xScxN 

film. As Si atoms are commonly used as n-type dopants of AlGaN [1-44~1-48] and AlN [1-

49~1-52], the dopant is also a promising candidate for the donor impurities of Al1-xScxN 

films. Mg is a promising candidate for the acceptor impurities because Mg atoms are used 

as p-type dopants of AlGaN [1-53, 1-54], AlN [1-55], and ScN [1-56].  

 

 

Table 1.5 Typical donor and acceptor impurities of AlN and ScN films. 

 

 

 

 

 

1.3.2 Reduction of the contact resistance of Al1-xScxN 

 The c based on the thermionic-emission (TE) model can be expressed in the following 

equation: [1-57, 1-58]  

 

AlN ScN

Crystal structrue Wurtzite Rock-salt

n-type Si -

p-type Mg Mg
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𝜌𝑐 =  
𝑘

𝑞 𝐴∗ 𝑇
 exp (

𝑞 𝜙𝐵

𝑘 𝑇
) ,    (1.1) 

 

where q is the elementary charge, A* is the effective Richardson constant, k is the 

Boltzman’s constant, T is the absolute temperature, and B is the Schottky barrier height, 

respectively. With a high doping level, the c based on the thermionic field emission 

(TFE) model can be expressed in the following equation: [1-57, 1-58] 

(1.2)     

 

(1.3)     

 

(1.4)     

 

(1.5)     

 

, where uf is the Fermi level to the band edge, N is the carrier concentration, E is the 

electric field in an insulator, s is the permittivity of the semiconductor, m* is the effective 

mass, m*
tun is the tunneling effective mass, and M is the number of equivalent ellipsoids 

corresponding to the minimum tunneling effective mass, respectively. 

 With a higher doping level, the c based on the field emission (FE) model can be 

expressed in the following equation: [1-57, 1-58] 

 

𝜌𝑐  ∝ 𝑒𝑥𝑝 {
2 √ℰ𝑠 𝑚∗

ℏ
 (

𝜙𝐵

𝑁
)} ,     (1.6) 

 

where ħ is the Dirac's constant. These formulas indicate that lowering the B and 

increasing in the N are effective to obtain the low c as shown in fig. 1.4. However, many 

semiconductor materials suffer from the Fermi-level pinning, [1-59~1-63] suggest that the B 

𝝆
𝒄

=  
𝒌√𝑬𝟎𝟎
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𝑩

+ 𝒖𝒇) 
 𝒄𝒐𝒔𝒉 (

𝑬𝟎𝟎

𝒌𝑻
) 𝒄𝒐𝒕𝒉 (

𝑬𝟎𝟎

𝒌𝑻
) 𝒆𝒙𝒑(

𝝓
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cannot be lowered by optimizing the M of the electrode material. In such a case, it is 

necessary to select another method such as increasing the N of the Al1-xScxN film for 

reducing the c.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4 Schematic band diagram at the interface between source/drain electrode and 

Al1-xScxN film.  

 

Here, a large leakage current of the Al1-xScxN capacitor was reported. [1-64] This high 

leakage current in the Al1-xScxN film can, in turn, be used for low Ohmic contact 

resistance. Therefore, clarification of the origin of the high leakage current is important.  

The target value of the c is set to 1×10-4 cm2. For liquid crystal application, the 

required on-current of TFTs is the order of 1×10-6 A. When displaying a moving image, 

rewriting in the cells within 16 msec is required. If one line consists of 1080 pixels, one 

cell is required to be rewritten within about 15 sec (16 msec/1080). Assuming that the 

capacitance to be rewritten is 5 pF, the required current is 3.3×10-7 A (5 pF/15 sec).  

  

Ec
EF

Al1-xScxNSource/Drain
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Figure 1.5 shows the resistance model in the Al1-xScxN-FET. The total resistance (Ron) 

of the Al1-xScxN-FET is expressed as the following equation: 

𝑅𝑜𝑛 = 2 𝜌𝐶 +  𝑅𝑐ℎ ,   (1.7) 

where Rch is the channel resistance. In the linear region and low Vd case, the Rch and the 

drain current Id are expressed as (1.8) and (1.9). [1-65]  

 

, (1.8) 

,  (1.9) 

 

where eff is the effective mobility, W is the channel width, L is the channel length, and 

Vth is the threshold voltage, respectively.  

 

 

 

 

 

Fig. 1.5 Resistance model of the Al1-xScxN-TFTs. 

 

Figure 1.6 shows the c dependence of the Id calculated by eq. (1.8) and eq. (1.9) as a 

function of L. When the c is lower than 1×10-4 cm2, the Id of 1×10-6 A can be obtained.  
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Fig. 1.6 c dependence of Id as a function of L. 

 

1.4 Objective of this thesis 

 The purpose of this study is the extraction of band alignment of metal/Al1-xScxN 

interface and propose a guideline and demonstrate the n-type conduction for low Ohmic 

contact resistance. Figure 1.7 shows the outline of this thesis. In chapter 1, the feature of 

Al1-xScxN, the proposal of a new device using Al1-xScxN as the channel, and how to realize 

it are summarized. In chapter 2, the physical and electrical characterization methods are 

described. In chapter 3, the extraction results of the band alignment at the 

metal/Al0.78Sc0.22N are described. In chapter 4, the achievement of n-type conduction of 

Al1-xScxN by Si ion doping and the properties of n-type Al1-xScxN are described. In chapter 

5, the issue of Si-doped Al1-xScxN films, “sheet resistance instability” is described and its 

solution is proposed. In chapter 6, the summary and the future perspective of this thesis 

are described. 
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Fig. 1.7 Outline of this thesis. 
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Chapter 2. Experimental methods 

 In this chapter, physical and electrical characterization methods are described.  

 

2.1 Physical Characterizations of Al1-xScxN film 

2.1.1 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is most widely used for surface analysis 

because it can identify the elements composed of the materials and evaluate not only the 

elemental composition but also their chemical state. Figure 2.1 shows the basic 

components of the XPS measurement system. [2-1] A sample is irradiated with a 

monochromatic X-ray to provoke the photoelectron effect. As a result, photoelectrons are 

emitted from the sample surface and are introduced into the detector through the input 

lens towards the energy analyzer for measuring the photoelectron energy distribution. 

With this configuration, the energy spectrum of the emitted photoelectron is obtained.  

 

 

 

 

 

 

 

 

Fig. 2.1 Basic components of XPS measurement system. 
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 Figure 2.2 shows the schematic of the photoemission process. In XPS analysis, the 

kinetic energy (Ek) of the emitted photoelectron is measured. The binding energy (Eb) is 

determined as the following equation:  

 

𝐸𝑏 = ℎ𝜐 −  𝜙𝑤𝑜𝑟𝑘 − 𝐸𝑘 ,      (2.1) 

 

where h is the energy of irradiated X-ray, and work is the instrument-specific work 

function. Here, the h is known, and the work can be obtained from the reference 

measurement. Therefore, Eb is obtained by measuring the Ek. The chemical bonding states 

can be diagnosed by the energy shift of the Eb. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.2 Schematic of the photoemission process. 
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2.1.2 X-ray diffraction 

 X-ray diffraction (XRD) is commonly used for determining the crystal structure, crystal 

orientation, and crystal quality. X-ray irradiated into the crystal is diffracted into many 

specific directions following Bragg's law,  

 

2𝑑 𝑠𝑖𝑛𝜃 = 𝑛 𝜆,      (2.2) 

 

where d is the spacing between atom layers,  is the incident angle of the X-ray, n is an 

integer multiple, and  is the wavelength of the X-ray, respectively. When the difference 

path (2dsin) of X-rays diffracted on the different surfaces becomes n, the diffraction 

occurs, and the intensity of the outgoing X-ray increases as shown in fig. 2.3. By scanning 

the sample through a range of 2 angles, the diffraction pattern is obtained (2 - scan). 

Since the X-ray diffraction pattern is unique to each material, the identification of 

polycrystalline phases can be done. 

 

 

 

 

 

 

 

 

 

Fig. 2.3 Schematic of Bragg diffraction.  

 

 

 

d



Incident X-ray Diffracted X-ray





atom

X-ray 1

X-ray 2

d sin



23 

 X-ray rocking curve (XRC) method is used to evaluate the crystal quality such as crystal 

distortion and defect. The 2 is fixed at a specific diffraction position, and the  slightly 

changed. The disorder of the crystal arrangement due to the distortion and the defect in 

the crystal causes a widening of the diffraction peak. Therefore, the crystal quality can be 

determined from the full-width at half-maximum (FWHM) of the diffraction peak. 

 

2.1.3 Transmission electron microscope 

 Transmission electron microscopes (TEM) can observe microstructures with extremely 

high spatial resolution. Figure 2.4 shows the basic components of a TEM system. [2-2] An 

accelerated electron beam is irradiated to an ultra-thin sample and the electron beam is 

transmitted through the sample with atomistic interaction. The obtained image is the 

results of the interaction. The spatial resolution  is given as  

 

                                    ,          (2.3) 

 

where  is the wavelength of the electron beam, n is the refractive index of the medium, 

and  is the semi-angle of collection of the subtended angle from the lens. [2-3] From eq. 

(2.3), the spatial resolution can be improved to decrease the wavelength of the electron 

beam. Generally, the electron beam is accelerated at 100~200 keV for TEM analysis, the 

wavelength of the electron beam is about 0.0037 nm~0.0025 nm, leading to a high spatial 

resolution.  

  

𝜹 =  
𝟎. 𝟔𝟏 𝝀

𝒏 𝒔𝒊𝒏𝜷
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Fig. 2.4 basic components of TEM system. 

 

 

 

2.2 Electrical Characterizations of Al1-xScxN film 

2.2.1 Extraction of the sheet resistance 

The sheet resistance (Rs) of the semiconductor film is measured by the four-point probe 

method as shown in fig. 2.5. The resistivity () is expressed following equation: [2-4]  

 

𝜌 =  
𝑉

𝐼
 𝑊 𝐶𝐹 (Ω 𝑐𝑚),     (2.4) 

 

where V is a voltage measured between the inner two probes, I is the current through the 

outer two probes, W is a thickness of semiconductor film, and CF is a correction factor, 

respectively. The correction factor is determined by the ratio of d/s, where d is the 

diameter of the semiconductor sample, and s is the space of two probes. When the d/s is 
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over 20, CF can approximate about 4.54. Here, the Rs of the semiconductor film is given 

by the following equation.  

 

𝑅𝑠 =  
𝑉

𝐼
 4.54 (Ω/𝑠𝑞. )         (2.5) 

 

 
 

Fig. 2.5 Schematic of the four-point probe measurement. 

 

 

2.2.2 Hall-effect measurement 

 Hall-effect measurement can evaluate a carrier type, the carrier concentration (N), and 

the Hall-mobility (Hall) of the semiconductor. Figure 2.6 shows the schematic of the Hall-

effect measurement. [2-5] When a magnetic field is applied vertically to the semiconductor 

in which a current is flowing, the magnetic field exerts a transverse force on a flowing 

electron, and the electron is accumulated to the one side of the semiconductor. As a result, 

an electric field (E) is established in the direction perpendicular to both the current and 

the magnetic field. When the E and magnetic field is balanced, producing a measurable 

voltage called a Hall-voltage (VH) between the two sides of the semiconductor. 

Considering the n-type semiconductor, the VH is expressed as the following equation, [2-

4]  

 

V

I

W

d
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𝑉𝐻 =  
1

𝑒 𝑛
 
𝐼 𝐵

𝑡
=  𝑅𝐻  

𝐼 𝐵

𝑡
  (𝑉),        (2.6) 

 

where e is an elementary charge, n is a carrier concentration, I is current, B is the magnetic 

flux density, t is the thickness of the semiconductor, and RH is the Hall coefficient, 

respectively. 

The carrier type can be identified from whether the RH is positive or negative. The n is 

obtained from the (2.6) equation because VH, I, B, and t can be measured.  

 

 

 

Fig. 2.6 Schematic of Hall-effect measurement. 

 

2.2.3 Extraction of the contact resistance by transmission line model 

 In measuring the Rs by the four-point probe method, the four probes are used to minimize 

the effect of the contact resistance (c). However, the evaluation of the c is necessary to 

improve device performance. The transmission line model (TLM) method is commonly 

used to extract the c. Figure 2.7 shows the extraction of the c by the TLM method. The 

total resistance (RT) of the measurement sample is expressed as (2.7). [2-6]  

𝑅𝑇 = 2𝜌𝑐 + 𝑅𝑠𝑒𝑚𝑖 = 2𝜌𝑐 + 
𝑑

𝑊
 𝑅𝑠 ,   (2.7) 

 

where d is the distance between two electrodes, W is the width, Rs is the sheet resistance 

I

B

ー

Lorentz forceVH

- - - - -

+ + + + + 
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of semiconductor, and Rsemi is the resistance of the semiconductor, respectively. Plotting 

the RT measured by the samples with different d, the c can be obtained by the intersection 

to y-axis as shown in fig. 2.7 (c). 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Extraction of the c by the TLM method. 

 

2.3 Summary 

 In this chapter, the physical and electrical characterization methods used in this thesis 

are briefly introduced.  

 

References 

[2-1] https://www.phi.com/surface-analysis-techniques/xps-esca.html 

[2-2] http://www.biosciencenotes.com/transmission-electron-microscope-tem/ 

[2-3] N. Tanaka, Densisen nano imeijingu (nano-imaging using electron beam), (Uchida 

Rokakuho, 2009). 

[2-4] S. M. Sze and M. K. Lee, Semiconductor Devices Physics and Technology, 3rd ed. 

(John Wiley & Sons, 2013). 

[2-5] https://detail-infomation.com/hall-effect/ 

[2-6] http://tuttle.merc.iastate.edu/ee432/topics/metals/tlm_measurements.pdf 

Rtotal

2c

d

W

d

c

Rsemi

c

(a) Top view of the sample for TLM measurement 

(b) Resistance model
(c) c extraction by TLM 



28 

Chapter 3. Extraction of band alignment at Al1-xScxN/metal interface  

Formation of the low c at the Al1-xScxN/electrode is required to improve the 

performance of the device which uses the Al1-xScxN film as a channel. As described at 

“1.3.2”, Schottky barrier height (B) lowering is effective to reduce the c. At the n-type 

semiconductor and metal interface, the B is lowered by using the metal with the low 

work function (M). On the other hand, many semiconductor materials suffer from the 

Fermi-level pinning. [3-1~3-5] Therefore, it is important to know B at the Al1-xScxN/metal 

interface. 

As the bandgap (Eg) of Al1-xScxN films is empirically expressed as Eg(x)= –9.5x+6.2 eV, 

under 0<x<0.34, [3-6] Al1-xScxN films with x from 0.2 to 0.3 exhibit Eg of 4.3 to 3.4 eV, 

respectively, and can be regarded as insulators with a wide bandgap. Besides, the valence 

band offset between Al0.72Sc0.28N (Eg=3.5 eV) and TiN electrode is reported to be 1.8 eV, 

[3-7] therefore, the conduction band offset, or the B, should be the order of 1.7 eV, which 

is generally high enough to suppress the leakage current. However, the leakage current 

through the Al1-xScxN films is unexpectedly large, [3-8, 3-9] and the physical reason has not 

been clarified yet. [3-10] It is reported that the leakage current increases due to the 

microstructural change in the high-temperature (>400oC) grown Al0.7Sc0.3N films. [3-11] 

However, a high leakage current is still reported with low-temperature (350oC) deposited 

Al0.68Sc0.32N films. [3-12] This large leakage current in the Al1-xScxN film can, in turn, be 

used for the low Ohmic contact resistance. To do this, we need to find the origin of the 

high leakage current.  

I-V measurement is commonly used for the evaluation of the B. At the Schottky contact 

interface, the leakage current density (J) based on the Schottky emission model is 

expressed as the following equation, [3-13] 

 

𝐽 =  𝐴∗ 𝑇2 𝑒𝑥𝑝 [−
𝑞

𝑘𝐵 𝑇
(𝜙𝐵 − √

𝑞𝐸

4𝜋𝜀𝑠𝜀0
)],  (3.1) 

where A* is the Richardson constant, T is the absolute temperature, kB is the Boltzmann’s 
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constant, q is the elementary charge, B is the Schottky barrier height, E is the electric 

field, s is the optical dielectric constant, and 0 is the vacuum permittivity, respectively.  

On the contrary, J based on the Poole-Frenkel model is expressed as the following 

equation, [3-13]  

 

𝐽 = 𝑞𝑛0𝜇𝐸 𝑒𝑥𝑝 [−
𝑞

𝑘𝐵𝑇
(𝜙𝑡 − √

𝑞𝐸

𝜋𝜀𝑠𝜀0
)] ,  (3.2) 

 

where n0 is carrier density and  is the effective mobility.  

XPS measurement is also commonly used to determine the B because it can evaluate 

the valence band level (Ev) and M of metal directly. [3-14~3-19]. However, in the case of 

measure the ferroelectric film, the peak shift caused by the band bending due to the 

polarization in the ferroelectric film is reported. [3-20] This suggests that the accurate 

evaluation of the band structure of the ferroelectric film is difficult by XPS. Therefore, in 

this study, to determine the B at the Al1-xScxN/metal more accurately, the leakage current 

analysis of the Al0.78Sc0.22N capacitor was performed.  

 

3.1 Experimental details 

Metal-ferroelectric-metal (MFM) capacitors with a 50-nm-thick Al0.78Sc0.22N layer are 

fabricated with either TiN or W top and bottom electrodes on the high conductive n+ Si 

wafer. The thickness of the top and the bottom metal are both set to 30 nm. The sample 

fabrication process is as follows. The n+ Si wafer was cleaned by a mixture of H2SO4 and 

H2O2 for 10 min, and 1% HF for 1min. Next, the 30nm-thick bottom electrode, the 50nm-

thick Al0.78Sc0.22N film, and the 30nm-thick top electrode were in-situ deposited on the n+ 

Si wafer by reactive sputtering in Ar and N2 mixture for Al0.78Sc0.22N and TiN, and in Ar 

for W at a substrate temperature of 400oC. After that, the top electrode was patterned for 

the shape of a square with an area of 2.5×10-5 cm2 by lithography and wet etching process 

of a mixture of 29% NH4OH: H2O2:H2O = 1:5:5. Figure 3.1 shows the sample fabrication 
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flow and table 3.1 shows the sputtering conditions. The films were characterized by X-

ray diffraction (XRD) under a source of the X-ray of CuK with a divergence angle of 

0.04o and the transmission electron microscope (TEM).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Sample fabrication flow of the MFM capacitors. 

 

Table 3.1 Details of the deposition conditions 

 

 

 

 

 

 

  

power

(W)

Ar

(sccm)

N2

(sccm)

Pressure

(Pa)

Temp.

(oC)

Al0.78Sc0.22N DC 300 5 10 0.7 400

TiN RF 300 4 6 0.22 400

W RF 150 7 - 0.55 400

● n-type Si sub. 

● Chemical Cleaning

(H2SO4/H2O2 : 10min,1% HF : 1min)

● Deposition of bottom electrode 30nm

Al0.78Sc0.22N as ferroelectric 50nm

top electrode 30nm

at 400oC, Reactive sputtering

in N2/Ar for TiN, Al0.78Sc0.22N, in Ar for W

Target : Ti, W, Al0.57Sc0.43

● Patterning by photolithography and wet etching

TiN remove : 29% NH4OH : H2O2 : H2O = 1 : 5 : 5

●Backside Al contact deposition
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 Figure 3.2 (a) shows the bright-field TEM image near the interface between the 

Al0.78Sc0.22N layer and the TiN electrode. From a closeup view of the image, we can see 

continuous lattice patterns toward the TiN layer with a sharp interface without any 

intermixing layer. However, a weak contrast with a thickness of about 2 nm in the 

Al0.78Sc0.22N layer at the interface can be seen dimly. The integral of the brightness in the 

lateral direction is shown in fig. 3.2 (b), where we can see a small peak near the interface.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 (a) Bright-field TEM image near the interface between the Al0.78Sc0.22N layer and 

the TiN electrode, and (b) Brightness profile to the vertical direction of the TEM image. 
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Figure 3.3 shows the XRD rocking curve spectra of the wurtzite (002) reflection of the 

Al0.78Sc0.22N film on the TiN electrode shown in the red line and on the W electrode shown 

in the black line. The c-axis orientation was confirmed for both Al0.78Sc0.22N films and a 

better full-width at half-maximum (FWHM) of 7.3o with the W electrode compared to 

9.7o of the TiN electrode can be shown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.3 X-ray rocking curve spectra of the Al0.78Sc0.22N films deposited on the TiN 

electrode (shown in red line) and on the W electrode (shown in black line).  
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3.2 Leakage current analysis of Al0.78Sc0.22N capacitors 

 Firstly, the variability of the leakage current within the sample was checked. Figure 3.4 

shows the initial J-V characteristics of 7 capacitors of the TiN/Al0.78Sc0.22N/TiN sample. 

The leakage current showed good repeatability among the electrodes. From this result, 

we can confirm that the measured leakage current is not affected by the variability within 

the MFM capacitor. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.4 J-V characteristics of 7 measurements of the TiN/Al0.78Sc0.22N/TiN capacitor. 

 

The leakage current was measured with a measurement delay time of 0.1 s by applying 

a DC voltage to the top electrode. As the Al0.78Sc0.22N layer is already poled in the 

downward direction, a positive voltage was first applied. [3-21] Figure 3.5 shows the J/T2 

on the E0.5 characteristics of the TiN/Al0.78Sc0.22N/TiN capacitor measured at 40oC. The 

relationship of the J/T2 on the E0.5 characteristics shows good linearity, indicating that the 

leakage current conduction follows the Schottky emission model in the applied voltage 
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range. Therefore, the effect of grain boundary leakage current can be neglected. [3-22~3-24] 

The voltage sweeping sequence is as follows: firstly, a double voltage sweep was applied 

to the positive direction, from 0 to 30 V and back to 0 V (shown in black line), then to the 

negative direction from 0 to –30 V and back to 0 V (shown in blue line), finally to the 

positive direction again (shown in red line). At the first positive voltage sweep, the 

leakage current showed no difference between the forward and reverse sweeping, 

indicating that charge trapping to the Al0.78Sc0.22N layer is negligible. When sweeping the 

voltage to the negative direction, a gradual increase in the leakage current higher than the 

expected Schottky emission model was observed in the E range from 3.8 to 4.2 MV/cm 

(E0.5 from 1950 to 2060 V0.5/cm0.5) during the forward sweep. Above this electric field, 

the leakage current again followed the Schottky emission model but with a different slope 

and intercept. The leakage current during the reverse sweeping followed the same 

Schottky emission model level, indicating that there has been a change in the B near the 

interface. The gradual increase in the leakage current at this region corresponds to the 

initial ferroelectric polarization switching of the Al0.78Sc0.22N film. The electric field 

region for the gradual change in the leakage current was found to decrease at elevated 

temperature, shown in the inset of fig. 3.5, indicating that the gradual increase in the 

leakage current is a thermally activated process. During the final voltage sweep to the 

positive direction, the leakage current followed the same level for both forward and 

reverse sweeping, except for the small hump at 3.6 MV/cm (1900 V0.5/cm0.5) only 

observed during the forward sweep due to the ferroelectric switching. Further leakage 

current measurements either to the positive or negative direction result in the same 

leakage level, indicating that the B is almost the same whether the polarization of 

Al0.78Sc0.22N film is N-face or metal-face.  
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Fig. 3.5 J/T2 on E0.5 characteristics of the TiN/Al0.78Sc0.22N/TiN capacitor. The 

temperature dependence of the electric field region for the gradual change in the leakage 

current at the negative bias application was shown in the inset. 

 

As for the W/Al0.78Sc0.22N/W capacitor, the same leakage current behavior can be 

observed before and after the initial switching. Figure 3.6 shows the J/T2 on E0.5 

characteristics of the W/Al0.78Sc0.22N/W capacitor measured at 40oC. At the first voltage 

sweep to the positive direction, the leakage current showed no difference between the 

forward and reverse sweeping. And then, by applying the voltage to the negative direction, 

the leakage current showed a gradual increase during the forward sweep, and the leakage 

current kept the same level during the reverse sweeping. During the 2nd voltage sweep 

to the positive direction, the leakage current followed the same level for both forward and 
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universal phenomenon for ferroelectric Al1-xScxN films. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.6 J/T2 on E0.5 characteristics of the W/Al0.78Sc0.22N/W capacitor 

 measured at 40oC. 
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the W/Al0.78Sc0.22N/W capacitor, the i values were extracted of 2.1 and 2.7 before and 

after the initial switching, respectively.  

From the intercept of the Schottky emission plot in fig. 3.5 and 3.6 with its temperature 

dependence, the B can be extracted from each leakage current and is shown in fig. 3.7. 

A B of 0.46 and 0.55 eV for TiN and W electrode, respectively, was changed to the same 

B of 0.36 eV after the initial switching. The reason for the high leakage current for Al1-

xScxN ferroelectric capacitors may be due to this low effective B and the further B 

decrease by the initial ferroelectric polarization switching.  

The A* values, extracted from the intercept in fig. 3.7, were 5.3×10-7 and 1.5×10-5 Acm-

2K-2 before initial switching and 6.1×10-7 and 1.4×10-6 Acm-2K-2 after the initial switching 

for TiN and W electrode, respectively. The A* value kept the same value after further 

subsequent switching cycles. These values are far smaller than the value calculated from 

the theoretical value of A* (=4m*qkB
2/h3) to be the order of 58 Acm-2K-2, [3-25~3-27] when 

citing a value of m*=0.48m0 for AlN films, [3-27] where h is the Plank’s constant and m* 

and m0 are the effective electron and electron masses, respectively. 
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Fig. 3.7 B extractions of TiN/Al0.78Sc0.22N/TiN capacitor and W/Al0.78Sc0.22N/W 

capacitor before and after the initial polarization switching. 
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supposed to be the interface dipole layer due to the presence of nitrogen vacancies (VN) 

near the interface. Since the VN is positively charged, [3-29, 3-30] a sharp triangular-like 

shape potential barrier is created and to effectively reduce the conduction band of the bulk 

Al0.78Sc0.22N layer. With this configuration, the B will be seen to be reduced from the 

metal side accompanied by small A*
app values. From the change in the A*

app, it can be 

understood that a high concentration of VN is already created at the interface and further 

increases to increase the Tt after the initial switching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8 Schematic of the presence of a tunneling barrier layer 

 at the Al0.78Sc0.22N/metal interface. 
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The switching of Al1-xScxN films is based on the movement of N atoms within the 

wurtzite crystal, changing the polarity between metal-face to N-face via layered 

hexagonal BN-type structure. [3-31] With this switching mechanism, it is indispensable to 

remove the N atoms that reside in the target place before moving the N atoms to the 

position. As a result, the switching occurs simultaneously throughout the film or within 

the grains, resulting in box-like shapes in the polarization-electric field (PE) curves. 

Therefore, to facilitate the switching, a space of VN should be located at or near the Al1-

xScxN and metal interface for both top and bottom electrode regions as shown in fig. 3.9. 

VN may also be located at grain boundaries, but the effect can be minor due to the 

columnar growth of the crystals. 

 

 

 

 

 

 

 

 

 

Fig. 3.9 Schematic diagram of VN formation at the interface by initial switching. 
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report with an Eg of 4.1 eV. [3-6] As a consequence, B values of 1.84 and 1.75 eV for 

TiN and W electrode before the initial switching and 1.94 eV for TiN and W electrode 

after the initial switching were extracted with the same d of about 3 nm for both before 

and after the initial switching for both TiN/Al0.78Sc0.22N/TiN and W/Al0.78Sc0.22N/W 

capacitors. The obtained d is in good agreement with the weak contrast region dimly seen 

near the Al0.78Sc0.22N/TiN interface seen in fig. 3.2. The thickness is also in good 

agreement with a recent atomistic study on the switching of Al1-xScxN film analysis, 

where a non-switching thin layer was found at the metal interface. [3-32] Under a uniform 

distribution of VN in the tunneling barrier layer, the potential profile becomes quadratic 

dependent on the d to further increase the Tt. Under this condition, the VN concentrations 

(NVN=2iB/qd2) of the TiN/Al0.78Sc0.22N/TiN capacitor can be roughly estimated, and 

NVN of 3.3×1020 and 3.5×1020 cm-3 before and after the initial switching for a singly 

charged VN. Note that, the NVN becomes one third for triply charged VN. [3-29, 3-30] As for 

the W/Al0.78Sc0.22N/W capacitor, the NVN before and after the initial switching were 

estimated at 3.9×1020 and 4.0×1020 cm-3, respectively. 

The tunneling barrier layer was already formed at the interface at the as-deposited 

condition and was further grown after the initial switching. The gradual increase in the 

leakage current can be originated from the bond breakage of Al-N or Sc-N bonds near the 

interface. Indeed, the measured reduction in the E at elevated temperature with an 

activation energy of 0.02 eV is comparable to the bond breakage value of Si-O bonds in 

SiO2. 
[3-33] Although a physical analysis to detect the reduction in the nitrogen 

concentration near the interface needs to be done, our model quantitatively fulfills a 

realistic view of the potential shift at the interface. For TiN/Al0.78Sc0.22N case, the 

difference of the VN densities before and after the initial switching are estimated about 
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2.0×1019 cm-3. For example, the changes in the band bending near the TiN/Al0.78Sc0.22N 

interface may be possibly confirmed by the hard X-ray photoelectron spectroscopy 

(HAXPES).  

 

 

 

 

Fig. 3.10 Estimated B and the d of the tunneling barrier layer to fit the extracted A*
app. 
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Figure 3.11 shows the band alignment of the TiN/Al0.78Sc0.22N/TiN determined by the 

leakage current analysis. The potential level of the Al0.78Sc0.22N film lowered due to the 

existence of the positively charged VN. Therefore, the apparent B (B,app) was seen to be 

lowered. The VN increase caused by the initial switching led to the further reduction of 

B,app.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.11 Band alignment of the TiN/Al0.78Sc0.22N/TiN  

determined by the leakage current analysis. 
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 The M of TiN is reported of 4.55~4.77 eV (7~20 nm), [3-34] and the electron affinity and 

the Eg of AlN are reported of 1.4 eV and 6.1 eV. [3-35] Therefore, the valence band offset 

(Ev) and the B at the TiN/AlN interface are estimated at 2.8 eV and 3.3 eV as shown in 

fig. 3.12 (a). The Eg of the Al0.78Sc0.22N is 4.1 eV, [3-6], which is 2 eV smaller than that of 

AlN. Assuming that the Eg is narrowed by 1 eV on both edges of Ec and Ev, the Ev and 

the B at the TiN/Al0.78Sc0.22N interface is estimated at 2.3 eV and 1.8 eV as shown in fig. 

3.12 (b). This value is in good agreement with the extracted value shown in fig. 3.11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12 Band alignment of the (a) TiN/AlN and (b) TiN/Al0.78Sc0.22N interface 

 deduced by the M of TiN, and the electron affinity and Eg of AlN.  
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The interface at the metal/Al1-xScxN film has two features; firstly the B decreases with 

the initial ferroelectric polarization switching and secondly the B does not change with 

the polarization direction during subsequent switching. The former is due to the 

movement of atoms in Al1-xScxN film during the switching. Most of the ferroelectric 

material is switched by the movement of specific atoms in the unit cell, and there is no 

change at the metal/ferroelectric interface during the subsequent ferroelectric polarization 

switching. On the other hand, the Al1-xScxN is switched by the N atoms movement 

simultaneously throughout the film. Therefore, VN is formed at the metal/Al1-xScxN 

interface during the initial switching as shown in fig. 3.9, leading to the irreversible 

changes occur at the interface. The latter is probably due to the low dielectric constant of 

the Al1-xScxN film. At the metal/Al1-xScxN interface, a voltage drop (V) occurs in the 

ferroelectric layer due to the screening effect, and the amount of the V is small due to 

the relatively low dielectric constant of the Al1-xScxN film. Since the V is small enough, 

there is almost no change in the B depending on the direction of polarization.  

 

Table 3.2 Comparison of the ferroelectric materials. [3-36~3-40]  

 

 

 

 

 

 

 

 

  

Ferroelectric 

material

PZT
(Pb ( ZrxTi1-x ) O3 )

HfO2 Al1-xScxN

Movement of atoms Ti atom in unit 

cell

O atoms in unit cell N atoms in all the 

layer

Ferro/metal interface Metal-O-Pb-O-Ti Metal-O-Hf-O Metal-N-Al/Sc

Metal-VN-Al/Sc

Metal-N-Al/Sc-VN

Dielectric constant 600 18 20

Remnant 

polarization

20 C/cm2 20 C/cm2 100 C/cm2

Voltage drop across 

ferroelectric layer

Large Small Small
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The c of the TiN/Al0.78Sc0.22N was estimated by the TFE model as expressed eq. 

(1.2~1.5). Figure 3.13 shows the carrier concentration dependence of the c of the 

TiN/Al0.78Sc0.22N. To achieve the target value, the carrier concentration of the 

Al0.78Sc0.22N film is required to be 4.8×1018 cm-3 or more.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.13 Carrier concentration dependence of the c of TiN/Al0.78Sc0.22N 

 calculated by TFE model. 
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3.3 Summary 

Leakage current analysis on 50-nm-thick ferroelectric Al0.78Sc0.22N films with TiN and 

W electrodes has been performed. The electron conduction followed the Schottky 

emission with an initial B of 0.46 eV and 0.55eV for TiN and W electrode. During the 

initial switching, a gradual shift in the leakage current was observed, changing the B to 

0.36 eV for both TiN and W electrode, and stayed constant for further switching cycles. 

This result indicates that the B is almost the same whether the metal-face or N-face of 

the polarization of Al0.78Sc0.22N film after the initial ferroelectric polarization switching. 

The small A* was well explained by introducing a tunnel barrier layer at the interface 

representing a VN-rich Al0.78Sc0.22N layer. We infer that the reduced B to increase the 

leakage current after the initial switching is inevitable to realize the ferroelectric 

switching in Al0.78Sc0.22N layers. 

 As for the c of the Al0.78Sc0.22N/TiN, the extracted B is relatively small for a wide 

bandgap material. Therefore, low contact resistance can be obtained by increasing the 

carrier concentration. In the calculation based on the TFE model, it is expected that the 

target c can be achieved by increasing the carrier concentration up to 4.8×1018 cm-3. 
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Chapter 4. Demonstration of n-type conduction of Al1-xScxN by Si doping 

In this chapter, the demonstration for the n-type conductor of Al1-xScxN film by Si ion 

doping and a subsequent activation annealing was described. Si ion doping into the Al1-

xScxN film was carried out either by the ion implantation process or in-situ doping. The 

in-situ doping was performed by Al1-xScxN deposition from an AlScSi sputtering target.  

 

4.1 Ion implantation design for TiN/Al1-xScxN structure 

The ion implantation process has many advantages such as selectable any ion species, 

high-level control of doping location (lateral and depth direction) and ion composition, 

and so on. However, implantation damages to the crystal may be introduced by the 

collision of high energy ions.  

 

4.1.1 Experimental details 

Samples were fabricated by the following process as shown in fig. 4.1. First, a thermal 

oxidized Si wafer was cleaned by a mixture of H2SO4 and H2O2 for 10 min to remove the 

organic residues, and then by 1% HF for a short time. Then, a 50-nm-thick Al0.78Sc0.22N 

and a 30-nm-thick TiN were in-situ deposited on a cleaned thermal oxidized Si wafer by 

reactive sputtering with Al0.57Sc0.43 compound target and Ti target in Ar and N2 mixture 

at a substrate temperature of 400oC. The thickness of the TiN layer was selected to set the 

projection range of the following Si ion implantation (I/I) to be at the middle of the 

Al0.78Sc0.22N layer. The thickness of the TiN layer was determined by TRIM/SRIM 

simulation as shown in fig. 4.2. Next, Si ions were implanted through the TiN film at an 

acceleration energy of 60 keV with a dose of 2×1015 cm-2. After the ion implantation, TiN 

electrodes were patterned by lithography and wet etching process of a mixture of 29% 

NH4OH: H2O2:H2O = 1:5:5. Figure 4.3 shows the results of the secondary ion mass 

spectroscopy (SIMS) measurement. SIMS measurement revealed that the concentration 

of Si dopants in the Si-implanted (Si-I/I) Al0.78Sc0.22N film (Al0.78Sc0.22N with Si I/I) was 
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4.1×1020 cm-3. Furthermore, no change in the Si concentration was shown even after 

900oC annealing.  

After sample fabrication, the sheet resistance (Rs), the contact resistance (c), and Hall 

mobility (Hall) with carrier (donor) concentration (Nd) were extracted by the four-point 

probe, TLM method, and van der Pauw based Hall-effect measurements, respectively. 

Forming gas (FG, 3%H2/97%N2) annealing (FGA) processes were used to confirm the 

activation of the dopants from 500oC up to 900oC with a 100oC step for 3 min. To prevent 

the unintentional surface oxidation of the TiN layer, activation annealing was performed 

in FG. The films were also characterized by X-ray diffraction (XRD) under a source of 

the X-ray of CuK with a divergence angle of 0.04o and the transmission electron 

microscope (TEM).  

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Sample fabrication flow of Si-implanted Al0.78Sc0.22N films. 

 

  

● Si sub. / SiO2 400nm

● Chemical Cleaning

(H2SO4/H2O2 : 10min,1% HF for a short time)

● Deposition of Al0.78Sc0.22N 50nm / TiN 30nm

at 400oC, Reactive sputtering, in N2/Ar

Target : Al0.57Sc0.43, Ti

● Si implantation(60keV, 2x1015cm-2)

● Patterning by photolithography and wet etching

TiN remove : 29% NH4OH : H2O2 : H2O = 1 : 5 : 5
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Fig. 4.2 Si atom distribution in the TiN/Al0.78Sc0.22N/SiO2 stacked film 

 calculated by TRIM/SRIM simulation. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3 Si concentration measured by SIMS measurement before and after annealing. 
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4.2 Implantation damage and thermal treatment 

 Figure 4.4 shows the XRD 2- patterns of the TiN (30 nm)/Al0.78Sc0.22N with Si I/I (50 

nm)/SiO2 (400 nm)/Si substrate stacked films (a) before I/I, (b) with Si I/I, and (c) with 

Si I/I followed by 900oC FGA. Here, the TiN thickness of the before Si-I/I sample is about 

5 nm due to a mistake in the sample making process, so the peak of TiN was not observed. 

As (002) peaks are only visible for all Al0.78Sc0.22N films, it can be concluded that all the 

Al0.78Sc0.22N films are in the wurtzite structure with c-axis orientation. Indeed, the XRD 

rocking curves of the (002) Al0.78Sc0.22N with Si I/I reflection, shown in fig. 4.5, clearly 

indicate the c-axis oriented growth for all the films. The obtained full-width at half-

maximum (FWHM) values of the (002) Si-I/I Al0.78Sc0.22N reflections before I/I, after Si 

I/I, and Si I/I followed by 900oC FGA were 8.2o, 8.3o, and 7.4o, respectively. Although 

the high dose Si atoms were implanted into the Al0.78Sc0.22N films, the implantation 

damage to the polycrystalline Al0.78Sc0.22N films was not apparent from the rocking curve 

measurements. This might be caused by a dynamic annealing effect during the ion 

implantation process. The dynamic annealing effect means that the implant damage is 

healed by the applied heat during the ion implantation process. [4-1] S.O. Kucheyev et al. 

reported that the lattice amorphization was not observed in AlN film even after high doses 

of heavy-ion implantation due to its strong dynamic annealing effect. [4-2] In the AlGaN 

study, this dynamic annealing effect was enhanced strongly as the increase in the Al 

composition of AlGaN film. [4-3] Al0.78Sc0.22N may also have the strong dynamic annealing 

effect due to its high Al composition ratio. The decrease in the FWHM value after 900oC 

FGA indicated better orientation to the c-axis.  
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Fig. 4.4 XRD 2- patterns of the TiN/Al0.78Sc0.22N with Si I/I/SiO2/Si sub. with various 

conditions of (a) before I/I, (b) Si/I/I, (c)Si I/I, and 900oC FGA. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.5 XRD rocking curve of the (002) Al1-xScxN with Si I/I reflection. 
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Cross-sectional TEM images of the Si I/I sample with before I/I (a, b), after I/I (c, d), 

and Si I/I and 900oC FGA (e, f) are shown in fig. 4.6. The TiN thickness of the sample 

before I/I is thin but this sample is used only for TEM and XRD measurement purposes. 

The columnar growth of Al0.78Sc0.22N grains in the dark-field image from the bottom to 

the TiN interface with a width of about 50 nm was observed in the samples of before I/I, 

and after Si I/I with 900oC FGA. The grain size of the Si I/I sample became small in the 

vertical direction, which might be due to the implantation damage. The high-resolution 

image revealed the presence of lattice images throughout the grains in every sample, 

indicating that the Al1-xScxN film did not amorphized by the ion implantation process. 

Also, the interface reaction between the Al0.78Sc0.22N and SiO2 layers to form an 

amorphous layer was found for every film. The presence of the interface layer was 

observed with the sample before I/I, suggesting that the layer was formed during the 

Al0.78Sc0.22N deposition. The fast-Fourier transform (FFT) of the Al0.78Sc0.22N layer from 

high-resolution images revealed that every film is c-axis oriented as was observed from 

the XRD measurements. No apparent change in the Al0.78Sc0.22N layer was found before 

and after Si I/I, and before and after 900oC FGA. 
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Fig. 4.6 Dark-field (a, c, e) and high-resolution (b, d, f) TEM images of the before I/I, 

the Si I/I, and Si I/I and 900oC FGA.  

FFT images of the Al0.78Sc0.22N layer are shown in the inset. 

 

 

4.3 Annealing process for dopant activation 

 Figure 4.7 shows the current-voltage (I-V) characteristics of each FGA processed 

samples. Small and nonlinear I-V curves were obtained at 600 and 700oC FGA samples. 

On the contrary, a large increase in the current, as well as the Ohmic relationship, was 

obtained when the FGA temperature is higher than 800oC. Figure 4.8 shows the Rs of the 

Al0.78Sc0.22N with Si I/I film as a function of FGA temperature. The high Rs of the order 

of 109 /sq. was kept constant up to the FGA temperature of 700oC and showed a sudden 

decrease when annealed over 800oC. The smallest Rs of 3.2×105 /sq. was obtained at 

900oC FGA. The drop in the Rs after annealing above 800oC might be originated from the 
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activation of the Si atoms in the Al0.78Sc0.22N layer. TEM and XRC measurements show 

the grain of the Al0.78Sc0.22N grew to the vertical direction and the FWHM of (002) 

reflection decreased after 900oC FGA. These results suggest that the lattice rearrangement 

has occurred, and Si atoms might have replaced Al or Sc atom and bonded to N.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.7 I-V characteristics of the Si-I/I films after annealing at various temperatures. 
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Fig. 4.8 Rs of the Si-I/I films as a function of annealing temperature in FG for 3min. 

 

The Hall-effect measurement revealed that the Al0.78Sc0.22N with Si I/I film after FGA 

at 900oC was n-type, with a Hall and an Nd of 8.6 cm2/Vs and 8.9×1018 cm-3, respectively. 

These results indicate that the reduction in the Rs over 800oC FGA is originated from the 

activation of the Si atoms in the Al0.78Sc0.22N films. The concentration of Si atom in the 

Al0.78Sc0.22N films was 4.1×1020 cm-3 by SIMS measurement. Therefore, the activation 

ratio is estimated at 2.2%. 

The activation annealing temperature of implanted Si atoms in Al0.78Sc0.22N films was 

relatively low compared to those implanted into the AlN or AlGaN film. Many works of 

literature report that the annealing temperatures above 1100oC are required for optimal 

activation of Si ions in AlGaN [4-4~4-6] or AlN. [4-7] For example, Irokawa et al. reported 

the Si ion with a dose of 1×1015 cm-2 to Al0.13Ga0.87N was activated above a temperature 

1.E+04

1.E+05

1.E+06

1.E+07

1.E+08

1.E+09

1.E+10

400 500 600 700 800 900 1000

R
s

(
/s

q
.)

Annealing temperature (oC)

1x104

1x105

1x106

1x107

1x108

1x109

1x1010



60 

of 1150oC, [4-6] and Kanechika et al. also reported a Si dose of 5×1015 cm-2 to AlN was 

activated at 1400oC. [4-7] The dissociation energies of the Al-N bond, Sc-N bond, and Si-

N bond are 368±15 kJ/mol, 464±84 kJ/mol, and 437.1±9.9 kJ/mol, respectively. [4-8] Also, 

as Al1-xScxN films with x>0.2 show ferroelectric switching properties, the bonding 

configuration becomes somewhat flexible than AlN ones. [4-9] Therefore, the dissociation 

of Al-N and Sc-N bonds is likely to happen to replace with Si-N bonds. To prove this 

model, a detailed physical analysis is required. For example, the increase in the Si-N bond 

might be confirmed by XPS after the activation annealing. It is reported that the DX center 

in AlN compensates for the free electron. [4-10] So, if both a decrease in the Rs and an 

increase in the Si-N bonds after the activation annealing can be confirmed, it can be 

inferred that Si occupied the Al site. To confirm the site occupied by Si directly, the X-

ray absorption fine structure (XAFS) analysis is required. 

 Figure 4.9 shows the distance of electrodes dependence of the total resistance measured 

by the TLM method. The value of the extracted c was an unreliable value of -6.7×10-1 

cm2. The accurate extraction of the c by TLM method was difficult due to the Rs 

increase by air exposure described in the next chapter.  

The c was calculated using the experimentally obtained Hall and Nd from the 

following equations.  

   𝑉 = 𝐼𝑅𝑡𝑜𝑡𝑎𝑙               (4.1) 

                                                       (4.2) 

 

where W is the channel width (200 m), d is the distance between two electrodes (40, 90, 

140, 190, 240, 290 m). Figure 4.10 shows the relationship between the calculated c and 

the distance of two electrodes. The c values were not constant and increased in 

proportion to the value of d, suggesting that the c could not be calculated accurately. The 

extracted c increases depending on d, suggesting that it is affected by the increase in the 

series resistance over time as described in the next chapter.  

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑠𝑒 + 2𝜌𝑐 =  
𝑑

𝑊
 

1

𝜇𝐻𝑎𝑙𝑙 𝑁𝑑𝑞
+ 2𝜌𝑐, 
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Fig. 4.9 Distance of electrodes dependence  

of the total resistance measured by the TLM method. 

 

The electrical characteristics evaluated by the TLM method were strongly influenced by 
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c. Therefore, the c was calculated from eq. (1.2~1.5). Figure 4.11 shows the carrier 

concentration dependence of the c calculated by the TFE model. The carrier 

concentration of the Al0.78Sc0.22N with Si I/I film after 900oC FGA is 8.9×1018 cm-3, so 

the c is estimated at 2.2×10-5 cm2, the target c value is achieved. 
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Fig. 4.10 Calculated c as a function of the distance between two electrodes. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11 Carrier concentration dependence of the c calculated by the TFE model. 
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4.4 In-situ doping with Si-doped target 

The in-situ doping has an advantage of damage less but has a disadvantage in that the 

doping location is uncontrollable. Since this method does not cause lattice defects, it may 

be possible to lower the temperature of the activation annealing. For example, it was 

reported that the Mg-doped GaN prepared by pulsed sputtering deposition (PSD) method 

exhibited the p-type conduction without the activation annealing due to the low 

concentration of the residual hydrogen and the threading dislocation densities which 

compensate Mg acceptors. [4-11]  

 The sample fabrication flow was almost the same except for using the Si-doped target 

at the sputtering process and omitting the ion implantation process as shown in fig. 4.12. 

In-situ Si-doped AlScN (in-situ Si-doped AlScSiN) film was deposited from an 

Al0.5675Sc0.4275Si0.05 target. Figure 4.13 shows the result of SIMS measurement. The 

concentration of Si dopants was 2.1×1019 cm-3. 

Figure 4.14 shows the XRD 2- patterns of the TiN (30 nm)/ in-situ Si-doped AlScSiN 

(50 nm)/SiO2 (400 nm)/Si substrate stacked film. Like the Al0.78Sc0.22N with Si I/I film, 

the (002) peak is only visible, indicating that the in-situ Si-doped AlScSiN film is the 

wurtzite structure with c-axis orientation too. Figure 4.15 shows the result of the XRC 

measurement. The FWHM value of the (002) reflection was 7.1o.  

 The I-V characteristics after various annealing temperatures and the Rs change as a 

function of FGA temperature are shown in fig. 4.16 and fig. 4.17. In the same tendency 

as the Al0.78Sc0.22N with Si I/I films, the current suddenly increased and the resistance 

decreased after annealing at 800oC. The Rs of the in-situ Si-doped AlScSiN film was about 

an order of magnitude higher than that of the Si-I/I Al0.78Sc0.22N film due to its low Si 

concentration of about one-twentieth.  
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Fig. 4.12 Sample fabrication flow. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13 Si concentration in the in-situ Si-doped AlScSiN film 

measured by SIMS measurement. 
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Fig. 4.14 XRD 2- patterns of the TiN/in-situ Si-doped AlScSiN/SiO2/Si sub. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15 XRD rocking curve of the (002) in-situ Si-doped AlScSiN reflection. 

 

 

0

2000

4000

6000

8000

10000

12000

14000

16000

0 10 20 30 40

In
te

n
s

it
y
 (

c
p

s
)

w (deg.)

20 30 40 50 60 70 80

In
te

n
s

it
y
 (

a
.u

.)

2 (deg.)

AlScN(002)

TiN(002)

Si(004)



66 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.16 I-V characteristics of the in-situ Si-doped AlScSiN films 

 after annealing at various temperatures. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.17 Rs of the in-situ Si-doped AlScSiN films  

as a function of annealing temperature in FG for 3min. 
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Figure 4.18 shows the Si dose dependence (5×1014, 1×1015, 2×1015 cm-2) of (a) I-V curve, 

and (b) Rs of the Si-implanted Al0.78Sc0.22N film after 900oC FGA for 3min (using a 

different electrode pattern compared to the above experiment). A small and nonlinear I-V 

curve was observed with the Si dose of 5×1014 cm-2. On the contrary, a large increase in 

the current and the Ohmic like behavior was obtained with the Si dose of 1×1015 cm-2, 

and 2x1015 cm-2 samples. The smallest Rs of 2.0×106 /sq. was obtained at the Si dose of 

1.0×1015 cm-2, the Rs increased slightly as the dose increased to 2×1015 cm-2. Since the Rs 

of the Al0.78Sc0.22N film with the low Si dose of 5×1014 cm-2 does not decrease after 900oC 

FGA, it is deduced that the cause of the decrease in the Rs is not the defect states but the 

activation of Si. With the low dose case, the density of Si atoms that occupies the group 

III site might have decreased, and the Nd is not increased enough. With the high dose case, 

the mobility might have been decreased due to the increase in the impurity scattering or 

the cluster formation of excess Si ions.  

 

 

 

 

 

 

 

 

 

 

Fig. 4.18 Si dose dependence of (a) I-V curve and (b) Rs  

of the Si-implanted Al0.78Sc0.22N film. 
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In this study, the activation temperature of the in-situ Si-doped AlScSiN film was the 

same compared to the Al0.78Sc0.22N with Si I/I film, and the activation temperature could 

not be lowered by in-situ Si doping. This result differs from the reported result of the in-

situ doping by the PSD. This difference may be caused by the differences in the crystal 

quality between both deposition methods. It is reported that the decrease in the carrier 

concentrations in Si-doped AlN may be caused by the compensation due to the high 

threading dislocation densities. [4-12] In this study, the high dislocation densities in the in-

situ Si-doped AlScSiN films were probably causing no activation of Si at the low-

temperature annealing. The crystal quality of the in-situ Si-doped AlScSiN film used in 

this study is relatively poor with the FWHM of XRC (002) reflection is 7.1o. On the other 

hand, the crystal quality of the film deposited by the PSD is high because the migration 

of metal precursors is enhanced due to the pulsed supply as shown in table 4.1. [4-11, 4-13, 4-

14] Furthermore, in the case of in-situ doping by the PSD method, the enhancement of the 

migration of precursors caused by the pulse supply has probably assisted the replacement 

of Si atoms with the Al or Sc site during the deposition process.  

Finally, the comparison of the Al0.78Sc0.22N with Si I/I and in-situ Si-doped AlScSiN was 

summarized in table 4.2.  
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Table 4.1 Summary of the properties of the film deposited by the pulse sputtering. 

 

 

 

 

 

 

 

 

 

 

Table 4.2 Comparison of the characteristics of the Si-I/I Al0.78Sc0.22N film  

and in-situ Si-doped AlScSiN film. 

 

 

 

 

 

 

 

 

  

Si-I/I in-situ Si doping

Activation temp. ~ 800 oC ~ 800 oC

Si concentration 4.1 x 1020cm-3 2.1 x 1019cm-3

Rs after 900oC FGA 3.2 x 105(/sq.) 1.8 x 106(/sq.)

FWHM of (002)  (deg.)

8.2 (as depo.)

8.3 (Si I/I)

7.4 (Si I/I and FGA)

7.1 (as depo.)

TEM 

①No apparent change in the 

Al0.78Sc0.22N layer was found.

②Grain size becomes small  to 

the vertical direction after Si I/I 

and recovered after 900
o
C FGA.

-

Method

FMHM of (002) 

reflection

(degree)

Activation

temp

(oC)

Hall mobility

(cm2/Vs)
Reference

Si-doped 

AlScN

reactive 

sputering
7.1 800-900

8.6 

＠ 8.9x1018

cm-3
This work

Mg-doped 

GaN

pulse 

sputtering
0.089 as deposited

34 

＠ 7.9x1017

cm-3
[4-11]

Si-doped 

GaN

pulse 

sputtering
Not mentioned Not mentioned

110 

＠ 2x1020 cm-3 [4-13]

Si-doped 

AlN

pulse 

sputtering
0.013 Not mentioned

44 

＠ 2.1x1014

cm-3
[4-14]
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4.5 Summary 

 In this chapter, the n-type conduction of Al1-xScxN film was demonstrated by Si doping 

and subsequent activation annealing above 800oC. In the case of the Si-I/I, under a dose 

of 2×1015 cm-2 with the activation annealing at 900oC, n-type conduction was obtained 

with Hall mobility and the carrier concentration of 8.6 cm2/Vs and 8.9×1018 cm-3, 

respectively. The contact resistance is estimated at 2.2×10-5 cm2. In the case of in-situ 

Si-doping, the activation temperature was found to be the same as Al0.78Sc0.22N with Si 

I/I. The n-type conduction was realized in a relatively low-temperature process. This can 

be an advantage for applications such as the ferroelectric semiconductor-FET. 
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Chapter 5. Sheet resistance instability of Si-doped Al1-xScxN films 

5.1 Sheet resistance instability 

 The n-type Si-doped Al0.78Sc0.22N films turned out to be unstable as the Rs increased 

under air exposure, and two orders of magnitude increase in the Rs shown by exposure to 

air. Figure 5.1 shows the Rs overtime under air exposure with 40% relative humidity (RH). 

Immediately after the FGA at 900oC, the Rs of 1×105 /sq. showed a sharp increase along 

with the exposure time and started to saturate, reaching two orders of magnitude higher 

value of the Rs of 1×107 /sq. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1 Rs of the Al0.78Sc0.22N with Si I/I film as a function of the air exposure time. 
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in the annealing atmosphere and the exposed atmosphere after annealing on the increase 

in the Rs were investigated. H in the semiconductor forms a complex center with deep 

level impurities and defects, and electrically inactivating it. [5-1] Therefore, desorption of 

H bonded to the dangling bond in the Al1-xScxN film may lead to deterioration of the Rs. 

Adsorption of ions to the surface of the Al1-xScxN film can also degrade the RS. It is 

reported that the adsorption of negative ion to the surface of n-type semiconductor causes 

an increase in resistivity. [5-2]  

Figure 5.2 shows the Rs overtime under air exposure with 40%RH after various 

annealing conditions of (a) 900oC FG, (b) 900oC Ar, and (c) 300oC Ar. The increased Rs 

can be reset back to the initial low Rs again after 900oC annealing in Ar ambient. After 

that, the Rs also showed an increase with the same behavior under subsequent air exposure, 

indicating that H atoms in the FG are not the origin of the Rs instability. Moreover, the 

reset in the Rs can be done even at a temperature as low as 300oC, though not back to the 

initial value, suggesting that absorbates to the surface of Al0.78Sc0.22N with Si I/I films can 

be desorbed at around this temperature. Table 5.1 shows the components of air. [5-3] 

Among them, the effects of O2, Ar, and NO on Rs were investigated. Also, the effect of 

humidity was investigated.  
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Fig. 5.2 Air exposure time on Rs of the Al0.78Sc0.22N with Si I/I film  

after various annealing conditions of (a) 900oC FG, (b) 900oC Ar, and (c) 300oC Ar.  
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5.2 Effect of humidity and gas on the sheet resistance 

The exposure time dependence of the Rs of the Al0.78Sc0.22N films with Si I/I films was 

investigated under the various environments of humid air (45%RH, 100%RH), dry air 

with a dew point of -20oC, 100%Ar, mixed-NO/N2(20%/80%), and 100%O2. The 

Al0.78Sc0.22N with Si I/I films were reset back by FGA at 900oC and stored in a chamber 

under these gases ambient, except for the electrical measurement for a short period. Figure 

5.3 shows the change in the Rs of the Al0.78Sc0.22N with Si I/I film under air with different 

humidity, O2, Ar, or NO exposure. A large increase in the Rs was found only under the 

storage conditions of air with 40%RH and 100%RH. Therefore, the change in the Rs can 

be originated by H3O
+ adsorption by the self-ionization of water in the air to the surface 

of the Al0.78Sc0.22N with Si I/I films. The same trend in the Rs increase between stored in 

40%RH air and 100%RH air can be understood from the adsorption limited process. In 

other words, the increase in the Rs was dominated not by the adsorption of moisture to 

the exposed Al1-xScxN surface but by the generation of H3O
+ from H2O at the surface of 

the Al0.78Sc0.22N films.  
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Fig. 5.3 Change in the Rs over time  

under air with different humidity, O2, Ar, or NO exposure. 
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charges at the surface, so the potential of the surface is negative (fig. 5.4 (a)A). Under 

this condition, the whole Al0.78Sc0.22N layer is conductive. As time passes, the potential 

of the surface gradually shifts to 0 V due to the adsorption of H3O
+ generated by the self-

ionization of H2O. As a result, electrons from the backside of the Al0.78Sc0.22N film start 

to fall to the surface and a depletion layer is formed from the backside of the film (fig. 

5.4 (a)B). Therefore, the conduction path is limited to the quasi-neutral region in the film 

as shown in fig. 5.4 (c), leading to the apparent increase in the Rs. Once the surface 

potential of the Al0.78Sc0.22N layer reaches 0 V, the system is at the thermal equilibrium 

state in the vertical direction, and no further increase in the Rs is shown (fig. 5.4 (a)C). 

Once the surface charges reach a value of Pr, the adsorption will stop.  

 

 

 

 

 

 

 

 

 

 

Fig. 5.4 Model of Rs deterioration of Si-doped Al0.78Sc0.22N film. (a) Change in the band 

diagram of the Si-doped Al0.78Sc0.22N film by adsorbed H2O. “A” immediately after 

annealing at high temperature, “B” during molecule adsorption to the surface, and “C” 

at equilibrium state. (b) The ferroelectric P-E curve. The corresponding states are 

indicated by the symbol of "A", "B", and "C". (c) Formation of the depletion layer in the 

n-type Al0.78Sc0.22N film.  
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The effect of the formation of the depletion layer on the Rs was estimated. The 

conductivity () of the semiconductor is expressed as (5.1),  

 

     ,           (5.1)               

where  is mobility, Nd is carrier concentration, q is the elemental charge. Figure 5.5 

shows the depletion layer thickness dependence of the Rs. The Rs of the Al0.78Sc0.22N layer 

increases in about two orders of magnitude by the formation of the depletion layer to the 

whole Al0.78Sc0.22N layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Depletion layer thickness dependence of the Rs. 
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Figure 5.6 shows the relationship between the thickness of the formed depletion layer 

by the adsorption of H3O
+ to the Al1-xScxN surface and the Nd of Al1-xScxN film. By 

adsorbing the H3O
+ to the Al1-xScxN surface, the positive charges of 6.2×1014 cm-2 

(Pr/q=100 C/cm2) can be generated. The depletion layer formed in the Al0.78Sc0.22N 

film can be estimated from the Nd (6.2×1014 cm-2/Nd). Due to the large Pr of Al1-xScxN, 

the depletion layer spreads to the order of m when the Nd is low. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6 Relationship between the thickness of the formed depletion layer by the 

adsorption of H3O
+ to the Al1-xScxN surface and the carrier concentration of Al1-xScxN 

film. 
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It was found that the surface of the Al0.78Sc0.22N film was sensitive to the humidity, and 

the Rs increased two orders of magnitude by the exposure to air. To overcome this issue, 

it is considered effective to deposit a proper passivation layer on the Al0.78Sc0.22N film. 

The passivation layer deposited on the Al0.78Sc0.22N film is required to have a high water 

barrier property. There are many reports on water vapor barrier films in the field of 

organic electroluminescence (EL). [5-4~5-6] The water vapor transmission rate (WVTR) of 

the reported films is summarized in table 5.2. SiN and Al2O3 films are preferable in terms 

of water barrier due to their lower WVTR. By the way, in the field of organic EL, the 

temperature of the deposition process of the barrier film is limited to around 100oC. SiO2 

film deposited at higher temperatures may also have sufficient water barrier properties. 

 

Table 5.2 Comparison of the reported water vapor barrier films. 

 

 

 

 

 

 

5.4 Summary 

 In this chapter, the issue of the n-type Al0.78Sc0.22N film was described. The surface of 

the Al0.78Sc0.22N with Si I/I film was sensitive to the humidity, and the Rs increased 

gradually by the exposure to air due to the adsorption of H2O. The mechanism of the Rs 

increase was modeled by the formation of the depletion layer at the backside of the n-

type Al0.78Sc0.22N film. To overcome this issue, the deposition of the passivation film with 

high water barrier properties such as SiN or Al2O3 to the surface was proposed. It may be 

effective to thicker the Al0.78Sc0.22N film sufficiently, to increase the carrier concentration, 

and to protect it with an appropriate passivation film. 

WVTR

(g/m2/day)
reference

SiO2 0.31 @ 100nm [5-4]

SiN 0.012~0.003 @ 120nm [5-5]

Al2O3 0.001 @ 25nm [5-6]
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6. Conclusion 

6.1 Conclusion of this thesis 

In this study, characterization of the band alignment at the metal/ Al1-xScxN interface, 

demonstration of the n-type conduction in Al1-xScxN films, and the identification of the 

origin of the n-type Al1-xScxN surface instability were carried out. As for the band 

alignment at the TiN/Al1-xScxN interface, the leakage current analysis revealed the 

effective Schottky barrier height near the TiN/Al0.78Sc0.22N interface was reduced from 

0.46 to 0.36 eV due to the formation of the positively charged N vacancies by the initial 

ferroelectric polarization switching. The large leakage current of the 

TiN/Al0.78Sc0.22N/TiN capacitor can be, in turn, used as a low Ohmic contact for the 

metal/Al1-xScxN interface. However, the change in the barrier height near the metal/Al1-

xScxN interface may increase the contact resistance for p-type Al1-xScxN. As for the n-type 

conduction, n-type Al1-xScxN was achieved by Si ion doping and subsequent activation 

annealing above 800oC. This is the first experimental data that the n-type conduction of 

Al1-xScxN film is realized. Si doping was performed by two methods, ion implantation, 

and in-situ doping. However, there was little difference in activation temperature between 

the two methods. This activation annealing temperature is relatively low compared to 

other III-N semiconductor materials. Since the n-type conduction Al1-xScxN has been 

realized, the fabrication of the semiconductor device using Al1-xScxN as a channel may be 

possible. The instability of the Si-doped Al1-xScxN films in the sheet resistance was 

measured. It was clarified that the n-type Al1-xScxN surface is sensitive to water absorption, 

and the resistance of Al1-xScxN film increases significantly by exposure to air due to its 

large remnant polarization. Since the Rs increase is caused by the formation of the 

depletion layer from the backside of the Al1-xScxN layer, it is necessary to thicken the 

ferroelectric film and increase the carrier concentration. 
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6.2 Future perspective 

 The Al1-xScxN film still has several issues to be improved for device applications. 

Compared to other n-type semiconductors, n-type Al0.78Sc0.22N film is expected that the 

current density is small due to its high contact resistance. Therefore, it is essential to 

increase the carrier concentration of the Al1-xScxN film. Secondly, the demonstration of 

p-type conduction by impurity doping is required for CMOS application. Mg doping, 

common p-type doping species for AlN, might be a solution.  

 Furthermore, the conduction model between the conductive Al1-xScxN and non-

conductive Al1-xScxN (n+ Al1-xScxN/Al1-xScxN, p+ Al1-xScxN/Al1-xScxN) is not yet clear. 

Understanding the conduction through drain-channel-source with the ferroelectric 

channel is necessary. Also, the mobility of the non-conductive Al1-xScxN film is not yet 

clear. The extraction of the non-conductive ferroelectric Al1-xScxN is difficult but needs 

to be clarified. And then, the demonstration of the ferroelectric semiconductor channel 

FET and the evaluation of the on-current, the off-current, the breakdown voltage, the 

threshold voltage controllability, and the stability are important. 

In terms of mobility, OS such as IGZO shows relatively high mobility of 5~50 cm2/Vs 

despite its amorphous structure. [6-1] The conduction band of OS is formed by the spatially 

spread metal ns-orbitals, where n is an integer (IGZO case, n is 5). Therefore, the overlap 

of adjacent metal atoms with the ns orbitals of OS is not easily affected by crystal strain. 

[6-2] As a result, the mobility of amorphous and crystal OS shows a similar value. On the 

other hand, the mobility of III-N semiconductors is strongly affected by their crystal 

quality. It is necessary to improve the crystal quality to obtain higher mobility than that 

of OS. In this study, Si-implanted Al0.78Sc0.22N film shows the Hall of 8.6 cm2/Vs 

(Nd=8.9×1018 cm-3), this value is almost the same as that of IGZO which mobility of 9 

cm2/Vs (Nd=5×1018 cm-3). There is a possibility that the  can be made higher than that 

of the OS by improving the crystal quality of Al0.78Sc0.22N film. In the case of AlN, it has 

been reported that mobility of 48 cm2/Vs was obtained deposited by the pulse sputtering 
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method at a relatively low temperature of 480oC. [6-3]  

 In terms of the off-leak characteristics, the Al1-xScxN film is expected to be low due to 

its large bandgap. However, the vacancy of N or Al atoms generates their level near the 

conduction band bottom and the valence band maximum, [6-4] which deteriorates the off-

leak characteristics. C-atom doping in the Al1-xScxN film may be effective to reduce the 

off-leakage current because C in AlN is reported to compensate for the free electron in 

AlN films. [6-5] 

 For mass production, the development of the dry etching process of the Al1-xScxN film 

is mandatory. In this study, the dry etching by ICP-RIE with Cl2/BCl3 mixture gas 

chemistry was performed to remove the Al1-xScxN film for fabricating the TLM pattern. 

The etching rate (E/R) of Al1-xScxN was low in the low bias condition, and the E/R 

increased sharply by increasing the bias from 10 W to 50 W. The low E/R of the Al1-xScxN 

film at the low bias condition may be due to the low vapor pressure of ScCl3. The vapor 

pressure of ScCl3 is reported of 10-4 Pa at 700oC, [6-6] indicating that the ScCl3 is hard to 

be volatilized and the removal of ScN by dry etching is difficult. The development of the 

dry etching process for Al1-xScxN with high Sc composition may be necessary.  

 As for the application of the TFT channel materials for driving TFT of the organic light-

emitting diode (OLED) displays, the n-type Al1-xScxN film used in this study can apply 

for the driver TFTs in OLED display device. For the OLED display application, the on-

current of the driver TFTs requires an order of 10-5 A. In the parabolic region of MOSFET, 

Id is expressed as (6.1). [6.7] 

 

                                             (6.1) 

 

 In this study, Hall of Si-doped Al0.78Sc0.22N film is 8.6 cm2/Vs. For example, the W is 60 

m, L is 5 m, Vg-Vth=3 V, Vd is 5 V, and a 100nm-thick SiO2 is used as an insulator, the 

Id of the Si-doped Al0.78Sc0.22N TFT calculated from the eq. (6.1) is 1.6×10-5 A. This value 

𝑰𝒅 = 𝝁𝒆𝒇𝒇𝑪𝒐𝒙

𝑾

𝑳

(𝑽𝒈 − 𝑽𝒕𝒉)
𝟐

𝟐
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meets the Id spec of the driver TFTs of the OLED display device. However, for OLED 

display applications, it is essential to lower the activation annealing temperature. 
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