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Abstract 

The vertically stacked NAND (V-NAND) flash memory in which the 

memory cell strings are arranged in a three-dimensional vertical structure was 

first commercially manufactured in 2013. [1,2] Since then, V-NAND flash 

memory has increased its bit density by increasing the number of stacked 

layers.[3–5] However, due to the insufficient cell current of a poorly 

crystallized poly-Si channel with low mobility, the strategy of simply 

increasing the number of vertical layers is expected to reach its limit soon.[6,7] 

Under the circumstance, the sensing current becomes too small to read the cell 

data at a reasonable speed. Therefore, amorphous oxide semiconductor (AOS), 

which exhibits high mobility of >10 cm2/Vs, is regarded as the potential 

candidate for the next-generation channel material.[8,9] Atomic layer 

deposition (ALD) with excellent step coverage is an essential process for the 

deposition of the vertical channel layer in V-NAND flash memory using a high-

aspect-ratio hole structure. The ternary ALD zinc tin oxide (ZTO) thin film is 

an appealing contender as the channel material because its electrical properties 

are comparable to the quaternary indium gallium zinc oxide (IGZO) thin film, 

and the process is less complicated.  

However, a precise understanding of the behavior of multicomponent metal 

oxide ALD is generally challenging due to its complexity compared with the 

ALD of binary component oxides. While the initial applications of ALD in the 

semiconductor field started with simple oxides, such as Al2O3, ZrO2, and HfO2, 
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this technique can also be applied to more complicated multi-cation oxide films. 

Extensive researches have been conducted to grow multicomponent dielectric 

films, such as SrTiO3, and semiconductor films, such as IGZO, using the ALD 

technique[6–10]. The supercycle of ALD of ternary or quaternary oxides 

consists of several subcycles of the binary component oxides. When combining 

the subcycles of the component oxides, it is likely to show different growth 

behaviors compared to each single component oxide growth. [11–14] This is 

because the chemical structure of the surfaces of the previously grown 

component oxides is most likely different from the component layer itself. [15–

17] 

Furthermore, to replace the poly-Si channel of the existing V-NAND flash 

memory with the AOS channel, an AOS-based charge-trap flash (CTF) must 

guarantee program/erase characteristics comparable to that of the poly-Si 

channel. However, according to previous reports, the AOS CTF device 

exhibited a very inefficient erase operation, of which origin is not well 

understood yet.[10–13] As the erase operation is mostly related to the hole 

injection into the charge trap layer (CTL), the lack of holes in AOS could be 

one of the major reasons.[14] However, the undoped poly-Si channel in the 

current V-NAND also does not provide the device with a sufficient density of 

holes; the holes are injected from p-type Si substrate or generated by the gate-

induced drain leakage (GIDL) current in the string-select transistors.[1,15] 

However, both methods are barely available for the AOS-based CTF due to its 

large bandgap.  
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First, in this work, the ALD of ZnO, SnO2, and ZTO thin films were prepared 

using O3 as an oxygen source, and their growth behaviors were examined in 

detail. It was observed that ZnO ALD with O3 on the Si substrate exhibited 

distinct incubation cycles, which was found to originate from the high surface-

reaction-barrier property of the SiO2 substrate produced by O3. On the other 

hand, no involvement of such incubation cycles was observed on the SnO2 thin 

film. The thickness growth per cycle (GPC) of the ZnO layer, excluding the 

influences of the incubation cycles, was as high as ~ 4.2 Å  cycle-1 on the Si 

substrate, which required an in-depth examination of the ALD mechanism. 

Overall, a facile and homogenous ZTO ALD process could be achieved over 

the entire Zn:Sn ratio range when the SiO2 substrate was effectively covered by 

the SnO2 ALD cycles. The electrical performances of the ZTO films with 

different Sn-concentrations were also examined by fabricating thin-film 

transistors (TFTs). The optimum cation composition was found at the Sn-

concentration of 40 at% with the highest field-effect mobility of 13.6 cm2 V-1 

s-1, the Vth of −0.12 V, and the lowest subthreshold swing (SS) of 0.33 V decade-

1. These performances, along with its excellent step coverage confirmed by 

conformal deposition on a hole structure, demonstrate the feasibility of ALD 

ZTO film as the channel material for V-NAND flash or cell-stacked dynamic 

random access memory (DRAM) with ultra-high-aspect-ratio structures. 

Second, understanding the origin of the inefficient erase problem and 

improving the erase speed will be one of the critical tasks for the AOS-based 

CTF devices. An ALD ZTO-based planar CTF device was fabricated and the 
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program/erase characteristics were evaluated. The relationship between the 

inversion layer formation of the AOS channel and the erase operation of the 

ZTO CTF device was investigated through technology computer-aided design 

(TCAD) simulation. It revealed that the injection of holes from the source and 

drain to invert the AOS channel is a prerequisite to ensure sufficient erase. A 

probable method to achieve the hole injection was also suggested. 

Overall, in this dissertation, substrate-dependent growth behavior of multi-

component ALD ZTO films was investigated and based on the understanding 

of its characteristics, the TFT and CTF devices with AOS channel layers were 

fabricated and evaluated. By analyzing the program/erase operation 

characteristics of ZTO CTF with the aid of TCAD simulation, it was revealed 

that the sufficient program and erase speed would be limited by the inherent 

energy band structure of AOS with its wide bandgap of over 3 eV. 
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1. Introduction 

 

1.1. Overview 

 

Wide bandgap amorphous oxide semiconductors (AOSs) have been steadly 

studied as the channel material of thin film transistor (TFT) for display 

applications with its high electron mobility and their transparency. AOSs are 

characterized by their large and anisotropic ns-orbitals (n>4) of metal cation, 

which comprise the conduction band edge with high band dispersion. Therefore, 

the electron mobility of AOSs are not significnatly lowered in amorphous phase, 

contrary to the silicon. [1]. Hosono firstly reported the AOS TFTs with 

amorphous indium gallium zinc oxide (a-IGZO), which can be utilized in 

display applications such as the TFT backplanes for large-sized active-matrix 

oragnic light-emitting diodes. Compared to the conventional Si TFTs, AOS 

TFTs exhibited superior electrical performance with respect to their higher 

electron mobility, lower off-current, and better uniformity. 

Recently, AOSs gained the significant attention as alternative materials for 

the device of complex 3-D sturucture, such as V-NAND and V-DRAM devices. 

AOSs can be deposited by atomic layer deposition (ALD), so that they exhibit 

excellent step coverage and thickness uniformity. [2-6] In addition, the AOS 

channel is advantageous in that it has lower off-current and better uniformity 
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compared to the poorly crystalized Si channel. [6-8] 

However, few studies have been reported so far on the multi-component 

ALD processes or the memory device applications. Therefore, a proper 

understanding of the non-ideal behavior of multi-component ALD and the 

operation mechanism of AOS CTF for the memory applications are very 

important for the fabrication of the next-generation 3-D memory devices. 

Therefore, study on the growth mechanism of AOS thin films grown by multi-

component ALD, and a concrete understanding of the CTF memory device 

operation characteristics with AOS channel, which lacks the holes with the wide 

band gap over 3 eV, are required. 

In this work, the growth mechanism of mult-component ALD ZTO thin films 

was investigated. It was observed that ZnO ALD with O3 on the Si substrate 

exhibited distinct incubation cycles, which was found to originate from the high 

surface-reaction-barrier property of the SiO2 substrate produced by O3. As a 

result, a facile and homogenous ZTO ALD process could be achieved over the 

entire Zn:Sn ratio range when the SiO2 substrate was effectively covered by the 

SnO2 ALD cycles. The electrical performances of the ZTO films with different 

Sn-concentrations were also examined by fabricating thin-film transistors 

(TFTs). The optimum cation composition was found at the Sn-concentration of 

40 at%. Its performances, along with its excellent step coverage confirmed by 

conformal deposition on a hole structure, demonstrate the feasibility of ALD 

ZTO film as the channel material for V-NAND flash with ultra-high-aspect-

ratio structures. 
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The origin of the inefficient erase problem was also investigated. ALD ZTO-

based planar CTF devices were fabricated and the program/erase characteristics 

were evaluated. The relationship between the inversion layer formation of the 

AOS channel and the erase operation of the ZTO CTF device was investigated 

through technology computer-aided design (TCAD) simulation. It revealed that 

the injection of holes from the source and drain to invert the AOS channel is a 

prerequisite to ensure sufficient erase. A probable method to achieve the hole 

injection was also suggested.  
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2. Literature review 

2.1. Characteristics of amorphous oxide semiconductor 

thin films and their ALD processes 

 

AOS thin films are characterized by their wide bandgap and the largely 

dispersed conduction band, which consist of anisotropic metal ns (n>4) orbitals. 

Owing to these properties, AOSs exhibit various characteristics, such as the 

higher electron mobility (>10 cm2/Vs) even in amorphous phase, high 

transparency, lower off-current, and better uniformity. As the channel layer of 

next-generation 3-D memory devices, these properties are promising aspects to 

substitute the existing poorly crystallized p-Si channel of V-NAND, which 

suffers from its lower electron mobility and non-uniformity arisen from their 

grain boundaries. The comparison of a-ZTO with a-Si and poly-Si was 

summarized in Table 2.1.1 [2-7]. It has been widely reported that the n-type 

semiconducting nature of AOS materials are come from oxygen vacancies, 

which act as shallow donor state. [6,16-18] Oxygen vacancies in the AOS are 

known to be exist as three possible states (neutral (Vo) state, singly ionized state 

(Vo
1+), or doubly (Vo

2+) ionized states. [18,19] The ionization states of the 

oxygen vacancy can be changed according to the relative degree of cation 

distribution around the vacancy. 

The conduction band edge of the a-ZTO is consisted of large anisotropic ns 

orbital of metal cation, Zn and Sn. Furthermore, it is commonly reported that 
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the Sn 5s orbital mainly composes the conduction band minima (CBM) as the 

Sn 5s – O 2p hybrid orbital. [6,15,20] It is distinct difference from covalent Si 

in which the conduction band edge (CBE) is comprised of anisotropic sp3 

hybrid orbitals. In addition, owing to the spherical and anisotropic nature of Sn 

5s orbital, the degree of conduction band dispersion is maintained even in the 

amorphous phase. In contrary, the CBE of a-Si is significantly localized as the 

bond angles between isotropic sp3 hybrid orbitals are sensitively varied in 

amorphous state of which the atoms are randomly deviated from the crystal 

lattice, resulting in the lowered electron mobility. Therefore, the a-ZTO can be 

the possible alternative channel material for the next-generation memory 

devices. 

Compared to quaternary a-IGZO, the ternary a-ZTO is an appealing 

contender as the channel material because its electrical properties are 

comparable to the quaternary indium gallium zinc oxide (IGZO) thin film, and 

the multi-component ALD process is less complicated with less elements. In 

addition, a-ZTO does not contain rare-earth elements, such as In or Ga, which 

guarantees the price competitiveness compared to IGZO. 

Development of multi-component ALD is another challenge for the 

application of AOS to next-generation 3-D memory devices. AOSs has been 

mainly studied with the sputtering technique owing to its higher growth rate 

and higher productivity. However, sputtering has its limitations when 

considering the structure of V-NAND memory devices. Sputtering cannot be 
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adopted due to its low step coverage and severe sputtering damage toward the 

underlying structures. For 3-D memory devices with more complex structures 

such as V-NAND, ALD is being evaluated as a more suitable deposition 

technique than sputtering. In addition, ALD not only can control the thickness 

of the thin film very precisely, but also has excellent conformality. In addition, 

it is easy to control the cation composition of the thin film and control the 

properties accordingly. The fact that physical damage is small compared to 

sputtering is also a very significant advantage of ALD technique. The 

deposition rate of ALD is very low compared to sputtering, but the it can be less 

critical for the deposition of thin channel layer of V-NAND in narrow and deep 

hole structure [12,13].  

In this study, O3 was utilized as an oxygen precursor for the ALD of ZnO, 

SnO2, and ZTO thin films, and the resulting growth rate was sufficiently fast, 

nearly equal or higher to the one monolayer thickness of corresponding 

crystalline films. The film densities of deposited films also exhibit the values 

of ideal perfect bulk crystalline. The deposition characteristics of ALD ZTO 

films with O3 as an oxygen precursor have not been studied in detail so far. 

Therefore, in this work, The ALD behaviors of ZnO, SnO2, and ZTO thin films 

using DEZn, TDMASn as Zn- and Sn-precursors, respectively, and O3 as an 

oxygen source, were investigated on Si, SiO2, and SnO2 substrates. Also, back-

gated ZTO TFT structures were fabricated to examine the electrical properties 

of the films. 
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Table 2.1.1 TFT parameters of TFTs with the different channel material; a-Si, 

poly-Si, and a-ZTO thin films 

Property a-Si Poly-Si a-ZTO 

Mobility (cm2/Vs) <1 30 – 100 10 – 20 

SS (V/decade) 1.49 0.5 0.5 

Process temp. (oC) 150 – 350 250 – 550 RT – 400 

TFT uniformity Good Poor Good 
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2.2. Oxide semiconductor thin-film transistors and 

charge-trap flash memory devices 

2. 2. 1. The fabrication process of AOS TFTs 

Conventional Si-based MOSFETs have been studied in-depth so far, and are 

the basis of most existing semiconductor devices. TFTs also have similar 

operating principles to MOSFETs, but there are differences that must be 

distinguished. TFTs, having a structure composed of thin films continuously 

deposited including a channel layer, has a structural difference from a MOSFET 

with a bulk Si channel. In addition, unlike the MOSFETs in which the 

source/drain junction is composed of homo-junction (p-n junction) through 

implantation, the TFT has a structure in which the electrode material directly 

contacts the channel. In this study, the TFT was fabricated with a bottom gate 

structure. This structure has the advantage that since the back channel is 

exposed to the air, the characteristics of the channel film can be easily adjusted 

according to a subsequent process or environment. In particular, the electrical 

properties of oxide semiconductor channel films are greatly influenced by their 

oxygen vacancy concentration. Therefore, the type of oxygen precursor used in 

the ALD process, the deposition temperature, and the temperature and 

atmosphere of the subsequent annealing process can all affect the 

characteristics of the channel layer. In this respect, a dielectric film covering 

the channel layer can be deposited for the bottom gate TFT to protect the back 

channel from chemical/physical damage to prevent unwanted variation in their 
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electrical properties. [25-27] 
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2. 2. 2. The operation properties of AOS TFTs  

TFT has similar structure and operation principle to MOSFET, but there are 

some significant differences. Figure 2.2.1 shows the difference in structure 

between TFT and MOSFET. [22]. First, in the MOSFET, high-quality single 

crystal bulk Si is used as a semiconductor channel material. Also, the 

source/drain is formed as a homo-junction structure through implantation on 

the source drain region, which exhibit very low contact resistance. On the other 

hand, in the TFT, a channel film having a spatially confined structure in 

thickness direction is utilized. Since a metal is used as the source/drain 

electrode, and the implantation process applied in Si-based devices cannot be 

applied, the metal is directly connected to the channel layer. The metal-

semiconductor contact (hetero-junction) accordingly has a limitation with their 

relatively high contact resistance. 

Due to the structural difference of source/drain contact, TFT and MOSFET 

have different operation scheme. In a MOSFET in which a p-n junction is 

formed between the source/drain and the channel, the device is operated in on-

state as the channel is strongly inverted. The source/drain current cannot flow 

through the reverse-biased p-n junction when the gate bias is not applied. In 

other words, the applied gate bias modulates the junction between the channel 

and the source/drain to control the current flowing through the device. On the 

other hand, in TFT, the current flowing through the device is mainly controlled 

by adjusting the conductance of the channel. In other word, the TFT becomes 
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on-state when a low-resistance accumulation layer is formed in the channel, 

and becomes off-state when the channel is fully depleted and exhibit very high 

resistance, as depicted in Figure 2.2.2. The channel should be fully depleted for 

off-state of TFTs [28]. 
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Figure 2.2.1 Schematic diagram of MOSFET and TFT [22]. 

 

 

Figure 2.2.2 Device operation scheme of MOSFET and TFT [28]. 
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The electrical properties of TFT devices can generally be evaluated based on 

the MOSFET theory. The field effect mobility, which explains the movement 

of electrons in the channel of the transistor, is governed by various scattering 

mechanisms. Compared to the Hall mobility, carrier scattering in TFTs also 

involves the interface property between the channel layer and the gate insulator. 

Coulomb scattering from dielectric charge can also be a cause of carrier 

scattering of TFT devices. [29] In addition, owing to the band tail of CBE in 

amorphous materials, the carrier mobility can increase with carrier density, as 

the electron in the higher energy level can experience more dispersed band 

structure which enables the higher electron mobility. 

The MOSFET drain current equations for TFTs can be expressed as below. 

In linear region, VDS < VGS - Vth, 

 

𝐼𝐷𝑆,𝑙𝑖𝑛𝑒𝑎𝑟 =
𝑊

𝐿
𝜇𝐹𝐸𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑡ℎ)𝑉𝐷𝑆 

 

where the field effect mobility, 𝜇𝐹𝐸, is extacted using, 

 

𝑔𝑚 =
𝜕𝐼𝐷𝑆

𝜕𝑉𝐺𝑆
|

𝑉𝐷𝑆=𝑐𝑜𝑛𝑠𝑡.

=
𝑊

𝐿
𝜇𝐹𝐸𝐶𝑜𝑥𝑉𝐷𝑆 

 

𝜇𝐹𝐸 =
Lgm

𝑊𝐶𝑜𝑥𝑉𝐷𝑆
 

In saturation region, VDS > VGS-Vth 
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𝐼𝐷𝑆,𝑠𝑎𝑡 =
𝑊

2𝐿
𝜇𝑠𝑎𝑡𝐶𝑜𝑥(𝑉𝐺𝑆 − 𝑉𝑡ℎ)2 

 

Here, the saturation mobility, 𝜇𝑠𝑎𝑡, is extracted as, 

 

𝜇𝑠𝑎𝑡 =
2𝐿𝑚2

𝑊𝐶𝑜𝑥
, where m is the slope of √IDS,sat. − (𝑉𝐺𝑆 − 𝑉𝑡ℎ) curve 

 

The subthreshold swing (SS) is defined as the change in gate bias required to 

change the subthreshold drain current by one decade. SS can describe the 

decreasing rate of off current in the subthreshold region as below. 

 

SS = ln(10)
𝜕𝑉𝐺𝑆

∂ ln(IDS)
 

 

The on/off current ratio is the figure of merit for having high performance 

(high Ion) and low leakage current for the CMOS transistors. It is defined as the 

ratio of the on current to the off current. 

Threshold voltage can be defined using several methodologies. In this study, 

Vth was defined as the gate voltage which induces a normalized drain current of 

10 nA at VDS = 5 V. 
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2. 2. 3. NAND flash memory with oxide semiconductors 

The gate insulator of the charge trap flash (CTF) memory device consists of a 

blocking oxide, a charge trap layer, and a tunneling oxide, as shown in Figure 

2.2.3. The CTF device is programmed by electrons injected from the channel 

into the charge trap layer through the tunneling oxide. Since the injected charge 

is stored in high density charge trap states of the charge trap layer, unlike the 

floating gate type memory device, the lateral diffusion (leakage) of trapped 

charge is limited and better stability is guaranteed. In addition, the charge trap 

layer material such as the silicon nitride generally exhibits higher homogeneity 

than floating gate, so that the higher quality charge-storage is also guaranteed. 

The blocking oxide layer should be thick enough to keep the trapped charges in 

the charge trap layer from being leaked out by back-tunneling. Thus, the 

dielectric property of blocking oxide layer should be well-controlled, and high-

k materials are generally utilized to decrease the ratio of voltage drop across 

the blocking oxide when the program/erase gate bias are applied to gate 

insulator stack. 

As the program/erase bias is applied to the control gate of the memory cell, 

charges are stored in the trap layer. The trapped charges shift the threshold 

voltage and determine the on/off states of the channel when the reading bias is 

applied, as shown in Figure 2.2.4. 

For the programming operation, the positive gate bias is applied to the control 

gate to form the inversion/accumulation layer at the channel/tunneling oxide 
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interface. The induced high density electrons then tunnel through the thin 

tunneling oxide and being stored in the charge trap layer. In other words, the 

applied positive voltage on the gate electrode is coupled to the channel layer 

and partially to the charge trap layer. The electric field applied to the tunneling 

oxide should be sufficiently large with thin enough tunneling oxide to overcome 

the barrier. Thus, the thicknesses of gate insulator layers and the magnitudes of 

program/erase bias should be precisely designed. 

For the erasing operation, Fowler-Nordheim (FN) tunneling is utilized to 

detrapped the trapped electrons in the charge trap layer. As the negative erasing 

bias is applied to the gate and the source/drain is grounded (or the positive 

programming voltage is applied to the source/drain and the gate is grounded), 

the hole is accumulated on the channel-tunneling oxide interface, and the 

trapped electrons in the charge-trap layer are attracted towards the source/drain, 

back-tunneled to the channel through the thin tunneling oxide layer at the initial 

stage of the erasing operation. 

It should be noted that the induced minority carrier holes in the channel layer 

should be injected from source, otherwise the n-type channel would remain 

depleted. As with the trapped electrons are detrapped and injected into the 

channel, holes in the channel layer are injected to the charge trap layer, 

annihilating the trapped electrons by recombination, and holes of positive 

charge also can be trapped in the charge trap layer. As the holes are injected, 

the Vth of the devices is shifted towards the negative direction from its pristine 
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state. 
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Figure 2.2.3 Schematic diagram of a gate insulator stack of CTF device 

 

 

Figure 2.2.4 Vth distribution of NAND flash 
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2. 2. 4. 3-dimensional vertical stacked flash memory 

The planar NAND devices were faced the difficulty on the scaling limitation 

as the simple lateral scaling of channel length induced the high leakage current, 

reducing gate controllability. Severe cell-to-cell interference were another issue 

as the channel length were scaled. 3-D stacked array structures which simply 

stack the planar NAND layer was proposed. [51,52] However, difficult 

lithography steps and the inefficient device structure impeded the 3-D stacked 

NAND device, because the peripheral circuit area should be multiplied by the 

number of memory layers. It is critical to note that the bit cost of flash memories 

would not effective increase or even decrease as the total device area and 

lithography cost are both increase with the number of memory layers. [53] 

The vertically stacked NAND (V-NAND) flash memory in which the 

memory cell strings are arranged in a three-dimensional vertical structure was 

first commercially manufactured in 2013. Since then, V-NAND flash memory 

has increased its bit density by increasing the number of stacked layers. It has 

several advantages to 3-D stacked NAND flash, as being described in Table 

2.2.1.  

The channel and the gate insulator layers of V-NAND flash memory is in the 

form of a cylindrical form which are deposited in the narrow and deep hole 

structures with an ultra-high aspect ratio. Poly-Si, SiO2, SiNx thin films are 

utilized as the channel layer, tunneling/blocking oxide, and charge trap layer, 

respectively. [51,52,54] It is important to note that, due to spatial limitations of 
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the narrow and deep hole structure, the poly Si channel cannot be expected to 

have excellent electrical properties like LTPS It is also difficult to control the 

grain size to secure the cell-to-cell uniformity. 

As the dielectric charge trap layer is adopted for the memory cells, the stored 

charges do not diffuse in the vertical direction, not interfering with each other. 

The memory cells in the single string are separated with the patterned gate 

electrodes assigned to each memory cell. 

The recent V-NAND flash memory device guarantees more than twice the 

operation speed and ten times more retention time than the conventional planar 

NAND device. Power consumption has also been reduced to about 50% 

compared to the conventional planar device. In addition, due to the vertical 

structure of the device design, a higher bit density is secured while using a 10 

nm lithography process with increasing the number of layers. However, due to 

the insufficient cell current of a poorly crystallized poly-Si channel with low 

mobility, the strategy of simply increasing the number of vertical layers is 

expected to reach its limit soon. [51,53,54] 
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Table 2.2.1. Comparison of three dimensional flash memories [53]
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Figure 2.2.5. Relative bit cost of 3-D flash memory [53]. 
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3. Substrate-Dependent Growth Behavior of 

ALD ZnO and ALD ZTO Thin Films for TFTs 

 

3.1. Introduction 

As the minimum feature size for semiconductor devices is scaling down and 

their structures are also becoming more three-dimensional, the importance of 

nanoscale thin-film processing has increased. Among the various thin film 

deposition techniques, atomic layer deposition (ALD) is the most preferred 

method due to its supreme thickness controllability and unprecedented step 

coverage.1 While the initial applications of ALD in the semiconductor field 

started with simple oxides, such as Al2O3, ZrO2, and HfO2, [2-5] this technique 

can also be applied to more complicated multi-cation oxide films. Extensive 

researches have been conducted to grow multicomponent dielectric films, such 

as SrTiO3, and semiconductor films, such as In-Ga-Zn-O (IGZO), using the 

ALD technique [6-10]. However, a precise understanding of the behavior of 

multicomponent metal oxide ALD is generally challenging due to its 

complexity compared with the ALD of (binary) component oxides. The 

supercycle of ALD of ternary or quaternary oxides consists of several subcycles 

of the (binary) component oxides. When combining the subcycles of the 

component oxides, it is likely to show different growth behaviors compared to 

each single component oxide growth.[11–14] This is because the chemical 
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structure of the surfaces of the previously grown component oxides is most 

likely different from the component layer itself. [15–17] 

Despite the difficulty in understanding the ALD mechanism of 

multicomponent thin films, there have been notable improvements in 

controlling the growth behavior and film properties for indium tin oxide (ITO), 

zinc tin oxide (ZTO), and the quaternary IGZO thin films. [9,10,18–22] Various 

studies have reported non-ideal ALD behaviors related to the distinctive 

reactivity between the reactive functional groups on the oxide surface and 

injected precursors. Illiberi et al. reported that IGZO thin films were deposited 

by injecting the three metal precursors (In(CH3)3, Ga(C2H5)3, and Zn(C2H5)2) 

to the reaction chamber simultaneously. In contrast, film growth was not 

observed when the ALD of the indium oxide and gallium oxide was attempted 

separately. [9] It was expected that the modified surface termination after the 

adsorption of Zn-precursor effectively activates the chemisorption of the In- 

and Ga-precursors. Ott et al. reported on the ALD of indium oxide that the 

surface reactivity between surface hydroxyl groups (In-OH*) and In-precursors 

(In(CH3)3) can vary significantly with the deposition temperature. [23] No 

reaction was observed at 325 K after In(CH3)3 exposure to In-OH* surface, 

whereas ~ 60% of the In-OH* reacted at 525 K. They also proposed that 

different In-OH* surface sites may show a wide range of reactivities due to their 

inhomogeneous distribution caused by surface roughening. Baek et al. studied 

the ALD of quaternary indium zinc tin oxide (IZTO). Adsorption of Zn-
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precursor was drastically enhanced on In-O and Sn-O surfaces compared to the 

Zn-O surface. In contrast, the chemisorption of the In- and Sn-precursors on the 

Zn-O surface was slightly retarded. 

In this work, the ALD of ZnO, SnO2, and ZTO thin films were prepared using 

O3 as an oxygen source, and their growth behaviors were examined in detail. It 

is usually known that O3 is a better oxygen source than H2O concerning the 

growth rate, film density, and purity due to its higher oxidation potential. 

[4,24,25] Furthermore, the less condensation of the O3 molecule at the inner 

surface of the ALD system, including the substrate, compared to the H2O 

molecule, guarantees efficient purge, particularly in low temperature (< 300 ℃) 

processes. [4,26] It was observed that ZnO ALD with O3 on the Si substrate 

exhibited distinct incubation cycles, which was found to originate from the high 

surface-reaction-barrier property of the SiO2 substrate produced by O3. On the 

other hand, no involvement of such incubation cycles was observed on the SnO2 

thin film. The thickness growth per cycle (GPC) of the ZnO layer, excluding 

the influences of the incubation cycles, was as high as ~ 4.2 Å cycle-1 on the Si 

substrate, which required an in-depth examination of the ALD mechanism. 

Overall, a facile and homogenous ZTO ALD process could be achieved over 

the entire Zn:Sn ratio range when the SiO2 substrate was effectively covered by 

the SnO2 ALD cycles. The electrical performances of the ZTO films with 

different Sn-concentrations were also examined by fabricating thin-film 

transistors (TFTs). The optimum cation composition was found at the Sn-
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concentration of 40 at% with the highest field-effect mobility of 13.6 cm2 V-1 s-

1, the Vth of −0.12 V, and the lowest subthreshold swing (SS) of 0.33 V decade-

1. These performances, along with its excellent step coverage confirmed by 

conformal deposition on a hole structure, demonstrate the feasibility of ALD 

ZTO film as the channel material for the next-generation vertical NAND (V-

NAND) flash or cell-stacked dynamic random access memory (DRAM) with 

ultra-high-aspect-ratio structures. 

The current V-NAND flash memory adopts an amorphous-like 

polycrystalline Si channel, which shows significantly low electron mobility 

(<<0.1 cm2 V-1 s-1).[27–29] Such low electron mobility induces problems in the 

memory device operation, especially slow readout speed. Therefore, the 

amorphous oxide semiconductor, such as ZTO in this work, could be a feasible 

contender in this aspect because it could provide at least 100 times higher 

electron mobility. However, lack of holes, which are necessary for the erase 

operation, among other problems, could hinder their application. Cell-level 

stacking of the memory cells could be the next viable direction for the higher 

density DRAM, as the shrinking trend of minimum feature size in the planar-

structured device will face a significant challenge at ~ 10 nm technology 

node.[30,31] In this regard, the amorphous ZTO film could play a pivotal role 

in fabricating the stacked DRAM cells. 
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3.2. Experimental 

 

3.2.1. Film Growth 

The ternary oxide ZTO and its component oxide thin films, ZnO and SnO2, 

were grown via an ALD with a 4-inch-wafer scale traveling-wave-type reactor 

(CN-1 Co., plus-200). Diethylzinc (DEZn, (C2H5)2Zn) and 

tetrakis(dimethylamino)tin(IV) (TDMASn, Sn[N(CH3)2]4, supplied from Air 

Liquide) were used as Zn- and Sn-precursor, respectively. Concentrated O3 (0 

to 200 g Nm-3) generated by a plasma discharge of O2 gas (600 standard cubic 

centimeters per minute (sccm)) with N2 (5 sccm) was used as the oxygen source. 

Pure Ar (99.9999%) was used as a purge gas for DEZn, TDMASn, and O3 at a 

flow rate of 1200 sccm. DEZn was delivered to the chamber by the vapor draw 

method (no carrier gas) due to its high vapor pressure. DEZn canister was 

maintained at 5 °C. TDMASn was delivered to the chamber with the aid of Ar 

carrier gas at a flow rate of 50 sccm. TDMASn canister temperature was 

maintained at 40 °C to achieve a sufficient vapor pressure. The substrate 

temperature was fixed at 250 °C, which, according to previous reports, was 

within the ALD temperature region. [32,33] The base pressure of the ALD 

chamber was 30 mTorr, and the pressure during the ALD process was 

maintained at 1.0 – 1.3 Torr. Si, SiO2, and SnO2 were used as substrate materials 

in this research, where the Si wafer had ~ 2-nm-thick native oxide layer, and 

100-nm-thick SiO2 film was prepared by thermal oxidation of Si for the SiO2 

substrate. The SnO2 substrate was prepared by depositing a 5-nm-thick SnO2 
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film on Si with the developed ALD process. ALD of ZTO thin films were 

conducted using a supercycle composed of combinations of subcycles of ZnO 

and SnO2 ALD. The cation composition of ZTO thin films was controlled by 

changing the ratio of the subcycle of ZnO to that of SnO2. 

 

3.2.2. Characterization 

The thickness of films was measured with variable-angle spectroscopic 

ellipsometry (J.A. Woollam, M-2000). The areal densities (μg cm-2) of Zn and 

Sn in the films were measured through X-ray fluorescence spectroscopy (XRF; 

Thermoscientific, ARL Quant’X). The chemical status of the film and interface 

with the substrates were investigated through X-ray photoelectron spectroscopy 

(XPS; ThermoFisher Scientific, SIGMA PROBE) and angle-resolved XPS 

(ARXPS; Kratos, AXIS SUPRA). The depth profile of the elements in the film 

was examined through time-of-flight secondary ion mass spectrometry (ToF-

SIMS; IONTOF, TOF.SIMS-5), using accelerated Cs+ as a sputtering ion. The 

surface morphology and the root mean square (RMS) roughness of films were 

observed using scanning electron microscopy (SEM; Hitachi, S-4800) and 

atomic force microscopy (AFM; Park Systems, NX-10). The cross-section of 

the films was also observed using SEM. The crystallinity of the films was 

analyzed through X-ray diffraction (XRD; PANalytical, X’pert PRO) in θ-2θ 

and grazing-angle incidence XRD (GIXRD). The mass density and roughness 

of films were analyzed through X-ray reflectivity (XRR; PANalytical, X’pert 

PRO). The atomic composition of films in the thickness direction was analyzed 
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through Auger electron spectroscopy (AES; ULVAC-PHI, PHI-700) depth-

profiling. The carrier type and concentration of ZTO films were determined by 

Hall effect measurements (BIO-RAD, HL5500PC). A semiconductor parameter 

analyzer (Hewlett-Packard 4155B) was utilized to evaluate the electrical 

characteristics of the TFTs. 

 

3.2.3. Transistor Fabrication and Measurements 

For the fabrication of a bottom-gate ZTO TFT, heavily doped p-type silicon 

and thermally grown SiO2 (100 nm) were used as the gate and the GI, 

respectively. 20-nm-thick ZTO thin films with various Zn:Sn ratios were grown 

with the developed ALD as the channel layer. Channel regions were patterned 

via photolithography and inductively coupled plasma etching with the plasma 

of BCl3/Ar/N2 mixed gas. The channel width/length (W/L) of the devices was 

20 μm/5 μm. For the source/drain electrodes, 100-nm-thick ITO thin film was 

deposited via direct current sputtering and patterned through the conventional 

lift-off method. The post-fabrication (metallization) annealing was followed in 

an air atmosphere at 350 °C for one hour to improve the electrical contact 

between the source/drain and the channel. The annealing also decreased the 

carrier concentration for useful on/off switching operation. The drain current-

gate voltage (ID -VG) characteristics of fabricated ZTO TFTs were measured 

with a fixed gate voltage step of 0.2 V and an integration time of 16.7 ms. The 

drain voltage (VD) was set to 0.1 V and 5 V for the TFTs to operate in the linear 

regime and saturation regime, respectively. The Vth of TFTs was determined 
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from the VG when the induced ID was (𝑊 𝐿⁄ ) × 10 nA at VD = 5 V. The field-

effect mobility in linear regime (μFE, field-effect mobility) and saturation 

regime (μsat, saturation mobility) were calculated using the following equations; 

IDS = (CiW/L)μFE{(VGS-Vth)VDS-VDS
2/2}  (1) 

IDS = (CiW/2L)μsat(VGS-Vth)2   (2) 

, where Ci is gate capacitance per unit area. The SS value was defined as the 

minimum value of dVGS/dlog(IDS) when VG is near Vth. 

 

3.3. Results and Discussions 

3.3.1 ALD of ZnO and SnO2 Films. 

 First, it was verified that both SnO2 and ZnO growth exhibit self-limiting 

behavior with respect to the metal-precursors and O3 pulse durations, and their 

purge durations, respectively, at the given substrate temperature. This was 

necessary to confirm that the films were grown according to the precise ALD 

mechanism. The variations of the thickness of SnO2 and ZnO thin films as a 

function of the metal-precursor feeding, metal-precursor purge, O3 feeding, and 

O3 purge times, respectively, were examined on Si substrate, as shown in 

Figures 3.3.1a and b. While the SnO2 ALD exhibited conventional self-limiting 

behavior, abnormal behavior was observed on ZnO ALD for O3 feeding time. 

The thickness of ZnO films first increases, then saturates when O3 feeding time 

was increased from 1 s to 2 s, and finally decreases for O3 feeding times higher 

than 2 s. 
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Figure 3.3.1 The variations in the film thickness of (a) SnO2 and (b) ZnO as a 

function of the precursor feeding, precursor purge, O3 injection, and O3 purge 

time. (30 cycles for SnO2 and 50 cycles for ZnO). 
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To further investigate the abnormal behavior in ZnO ALD, the variations of 

ZnO film thickness versus the number of ALD cycles with various O3 feeding 

times on the Si substrate were investigated, as shown in Figure 3.3.2a. The 

process times of DEZn feeding, purge, and O3 purge were fixed to 0.25 s, 10 s, 

and 10 s, respectively, which was longer than each saturation time, while the 

O3 feeding time was varied in this graph. The thickness varied linearly with the 

increasing number of cycles under the given O3 condition. Each set of data 

points were fitted by the best-linear-fitting lines (dashed lines), from which the 

bulk GPC and the number of incubation cycles could be extracted by the slope 

and x-axis intercept. The data were as presented in Figure 3.3.2c, where the 

filled and empty black square symbols show the variation in GPC and 

incubation cycles, respectively, as a function of O3 feeding time. On Si substrate, 

ZnO ALD exhibited a distinct incubation stage at the beginning of film growth, 

and the incubation cycle increased from ~ 15 cycles to ~ 30 cycles as the O3 

feeding time increased from 0.25 s to >4.5 s. The bulk GPC (Å cycle-1) after 

the incubation stage followed a similar trend; it (~ 1.4 Å cycle-1 at 0.25 s) 

increased as the O3 feeding time increased and then saturated to ~ 4.2 Å cycle-

1 when the O3 injection was longer than 4.5 s. Therefore, the abrupt decrease in 

the film thickness in Figure 3.3.1b when the O3 feeding time was > ~ 3 s was 

mainly due to the involvement of long incubation cycles. 
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Figure 3.3.2. The variations of the thickness of ZnO films (a) on Si (inset: 

Thickness of ZnO thin films versus O3 feeding time for 35 cycles) and (b) on 

SnO2 substrate as a function of deposition cycles for the different O3 feeding 

time (ALD sequence: 0.25 s – 10 s – X s – 10 s) and (c) the comparison of their 

GPC and the number of the incubation cycle.
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Note that thicknesses in Figure 3.3.2a slightly differ from those in Figure 3.3.1b 

even though the experimental conditions were identical. This is due to the 

involvement of the severe incubation cycles. The number of incubation cycle 

and consequent growth behavior of ZnO ALD was very surface- sensitive on 

Si substrate such that the thickness of ZnO films showed low reproducibility in 

this film thickness range. Figure 3.3.3 showed another aspect of the less reliable 

ALD process of ZnO on Si substrate. Due to the traveling-wave-type 

configuration of the ALD system where the O3 gas inlet is connected to the 

upper left of the chamber, the top and left positions of the loaded Si substrate 

bore more exposure to O3 than the bottom and right positions. Consequently, 

different incubation cycles and GPC were achieved at the different positions of 

Si wafer, which resulted in a lower thickness non-uniformity of ±11.0% for 

ZnO film growth, while the thickness non-uniformity of SnO2 was only ±3.4% 

(see Figure 3.3.3a). Due to the extremely sensitive growth of ZnO on the O3 

dose, ZTO film growth also had the non-uniformity issue, as shown in Figure 

3.3.3b 
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Figure 3.3.3. The thickness of (a) ZnO, SnO2, and (b) ZTO (Sn-

concentration = 48 at%) thin films deposited on Si substrate with 

respect to the position across the 4-inch wafer. The areal density 

of Zn and Sn, respectively, of ZTO films is also shown. Non-uni

formity values are shown in the legends (figures in parentheses). 
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ZnO ALD with the identical process times as those in Figure 3.3.2a was 

conducted on SnO2 substrate, and the results were as shown in Figure 3.3.2b. 

In contrast to the growth on Si substrates, ZnO ALD on SnO2 substrate 

exhibited no incubation cycles, and the thickness vs. cycle number curve of 

ZnO films was saturated after the O3 feeding time of 3 s. The bulk GPC and 

incubation cycles, which were also extracted from the best-linear-fitted data, 

are also included in Figure 3.3.2c, represented by the filled and empty red circle 

symbols, respectively. 

The saturation times of O3 feeding, GPC, and incubation cycle for the ZnO 

film on Si were ~ 4.5 s, ~ 4.5 Å cycle-1, and ~ 30 cycles, respectively, and those 

on SnO2 were ~ 3.0 s, ~ 3.0 Å cycle-1, and ~ 0 cycle, respectively. Therefore, 

the process times of O3 feeding for ZnO ALD in ZTO ALD (which will be 

further discussed in the latter part of this report) was set to 4.5 s to ensure the 

saturation condition. The almost no incubation cycle of ZnO ALD on SnO2 

implies that the DEZn is favorably chemisorbed on the SnO2 surface, which 

was not the case on Si (actually SiO2) substrate. The increased incubation cycles 

on Si substrate when the O3 feeding time was >4.5 s is due to the in-situ 

oxidation of the Si wafer during ALD. It was hypothesized that surface SiO2 

suppresses the chemisorption of DEZn compared with the Si. To confirm this 

hypothesis, XPS of the 3-nm-thick ZnO films grown on Si substrate with the 

O3 feeding times of 0.25 s, 4.5 s, and 6.0 s, respectively, were taken. The number 

of ALD cycles was controlled as 60, 45, and 45 cycles to achieve the identical 
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ZnO thickness for the three different O3 feeding time conditions, which was 

cross-checked by the identical areal density of Zn in XRF. It should be noted 

that the number of ALD cycles needed to achieve an identical ZnO film 

thickness for the different O3 feeding time must be determined by both the 

incubation cycles and GPC, which are dependent on the O3 feeding time. Figure 

3.3.4 shows the results of Si 2p and O 1s XPS spectra of the three films. The 

sample surface was cleaned by gentle Ar+ ion sputtering (1 kV), and binding 

energy of the peaks was calibrated by the C 1s peak (284.5 eV) of adventitious 

carbon. 
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Figure 3.3.4. (a) The overlapped XPS Si 2p spectra of ZnO films on Si substrate 

with varying O3 feeding times (0.25, 4.5, 6.0 s). XPS Si 2p spectra and their 

deconvolutions by sub-peaks of Si0, Si2+, Si3+, and Si4+ for ZnO films on Si 

substrates with O3 feeding time of (b) 0.25, (c) 4.5, (d) 6.0 s. (e) The overlapped 

XPS O 1s spectra of ZnO films on Si substrate with varying O3 feeding times 

(0.25, 4.5, 6.0 s). XPS O 1s spectra and their deconvolutions by sub-peaks of 

SiO2, (Zn,Si)Ox, and ZnO for ZnO films on Si substrates with O3 feeding time 

of (f) 0.25, (g) 4.5, (h) 6.0 s. (i) The areal ratio of Si4+ (SiO2) in Si 2p spectra 

(filled square symbols), and the areal ratio of ZnO and SiO2 in O 1s spectra 

(empty circle symbols), as a function of O3 feeding time in ZnO ALD. 
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Figure 3.3.4a shows the overlapped XPS Si 2p spectra of ZnO films on Si 

substrate with different O3 injection times of 0.25, 4.5, and 6.0 s. The peaks 

were slightly shifted toward the higher binding energy as the O3 feeding time 

increases, indicating that more oxidized Si was detected by XPS. For the three 

samples, the Si 2p spectra showed the broad peaks most probably due to the Si 

substrate and the amorphous SiOx (0<x≤2) layer at the interface. The peaks 

were deconvoluted to five peaks belonging to Si0 (Si, 98.20 – 98.50 eV), Si1+ 

(Si2O, 99.40 eV), Si2+ (SiO, 100.60 eV), Si3+ (Si2O3, 101.80 eV), and Si4+ (SiO2, 

102.65 eV) (Figures 3.3.4b-d) to confirm the chemical status and relative 

amount of the variously oxidized Si atoms. The Si1+ sub-peak is not shown as 

its intensity converged to zero for all samples. Note that the binding energy of 

Si0 sub-peak is slightly shifted from 98.2 (for 0.25 s sample) to 98.5 eV (for 4.5 

s and 6.0 s samples) as the x of SiOx increased. [34] From these deconvolutions, 

the areal ratio of SiO2 (Si4+) peak to the sum of the total peaks of each sample 

was shown in Figure 3.3.4i as the black square symbol. The surface of the Si 

substrate became more oxidized with the increasing O3 feeding time. A similar 

trend could be found from the O 1s. Figure 3.3.4e shows the overlapped XPS 

O 1s spectra of the same samples as in Figure 3.3.4a, and the broad peaks were 

deconvoluted into three peaks; ZnO (530.50 eV), (Zn,Si)Ox (531.35 eV), and 

SiO2 (532.05 eV) as shown in Figures 3.3.4f-h. [35,36] The variations in the 

relative ratio of the SiO2 and ZnO peak areas over the entire O 1s peak area 

were also included in Figure 3.3.4i as the open red and blue circle symbols, 
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respectively. The areal ratio of SiO2 peak was observed to increase with 

increasing O3 feeding time while that of the ZnO peak decreased. Therefore, it 

can be concluded that the Si substrate was oxidized severely by prolonged O3 

feeding time, preferably in the initial stage of ZnO ALD. This is also well 

corresponded to the saturation of the incubation cycles of ZnO ALD on Si 

substrate at sufficiently long O3 feeding time in Figure 3.3.2a. This finding 

suggests that the chemical adsorption of the DEZn is suppressed on the SiO2 

compared with the Si surface, which resulted in longer incubation cycles as the 

O3 feeding time increases. A similar trend could be observed by varying O3 

concentrations at constant O3 feeding time, as shown in Figure 3.3.5a. The GPC 

and the incubation cycle also decreased with decreasing O3 concentration, as 

the amount of O3 dose per cycle to the surface of the Si substrate is expected to 

be proportional to both the feeding time and the concentration of O3. It should 

be noted that the 0 g Nm-3 of O3 means O2 feeding, not no supply of any oxygen 

source. Therefore, the slow growth of ZnO film can occur even under the 

condition that the O3 concentration is 0 (0.53 Å cycle-1). Figure 3.3.5b showed 

that the trends in Figure 3.3.2a and Figure 3.3.5a were similar when the relative 

O3 dose effects were compared. In this plot, the reference condition of 200 g 

Nm-3/4.5 s was set to 100%. It was confirmed that the amount of O3 dose per 

cycle, whether determined by the O3 concentration or the O3 feeding time, is 

directly related to the GPC and the incubation cycle of ZnO ALD on Si, which 

supports the hypothesis that the fed O3 oxidizes the Si substrate. 
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Figure 3.3.5. The variations of the thickness of ZnO films on Si as a function 

of deposition cycles for the (a) different O3 concentration (constant O3 feeding 

time of 4.5 s), where the black square symbols represent the reference condition 

with O3 concentration of 200 g Nm-3 and O3 feeding time of 4.5 s, which is the 

saturation condition in the main text. (b) The comparison of the GPC and the 

number of the incubation cycle for the relative O3 dose per cycle, in which the 

reference condition is 200 g Nm-3/4.5 s. The amount of O3 dose per cycle was 

assumed to be linearly proportional to both the feeding time and the 

concentration of O3. 
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To further confirm the hypothesis, ZnO film was grown on three differently 

treated Si substrate under the given conditions; HF-etched Si without native 

oxide, bare Si with native oxide (~ 2 nm), and thermally grown 100-nm-thick 

SiO2 on Si substrate. 2% HF aqueous solution was used for the wet etching of 

the native oxide for 120 s to completely remove the native oxide layer. Etched 

Si substrate was then rinsed with deionized water for 2 minutes and dried with 

an N2 gun. It was observed using ellipsometry that the native oxide was rapidly 

grown and saturated to about 0.9 nm immediately after the etch process. 

Therefore, 50 cycles of ZnO ALD was proceeded immediately after the HF 

etching process to minimize the re-growth of native oxide. The ZnO thin films 

were thickest on the HF-etched Si (7.8 nm), followed by bare Si (6.4 nm), and 

then SiO2 film (4.6 nm), as shown in Figure 3.3.6. Here, the O3 feeding time 

was fixed at 4.5 s. Therefore, it can be concluded that the growth of the ZnO 

film on the SiO2 surface was suppressed.  

Another notable finding in Figure 3.3.2c was the exceptionally high saturated 

GPC values. The observed 4.2 Å cycle-1 and 3.0 Å cycle-1 on Si and SnO2 

substrate, respectively, are much higher than the normally reported values of 

ALD ZnO using the identical Zn-precursor but H2O as the oxygen source, 

which is ~ 2.0 Å cycle-1. 37–39 In fact, the 4.2 Å cycle-1 and 3.0 Å cycle-1 of GPC 

correspond to the growth of ~ 1.5 and 1.1 monolayers of ZnO along the c-axis 

of its hexagonal crystal structure. It was confirmed that the ZnO films were 

grown with c-axis-preferred growth behavior, as shown later. A literature 
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survey showed that the ALD temperature window of ZnO film using the 

DEZn/H2O and DEZn/O3 are from 70 to 200 ℃, and from 230 to 300 ℃, 

respectively.32,40 Several studies also reported that the GPC values were varied 

depending on the oxygen source at the same temperature.32,41-44 Therefore, 

although the identical Zn-precursor is used, it can be inferred that significantly 

different surface species can be involved in the ALD reactions depending on 

the oxygen source, which could induce significantly different GPC values. In 

fact, there is a study, which reported an even higher GPC of ZnO film. 

Janocha and Pettenkofer reported a careful evaluation of the GPC of the ZnO 

film using the in-vacuo characterization technique performed in an ultra-high 

vacuum system, which may efficiently remove the adverse effect of the surface 

oxide layer on (111) Si wafer.42 A thin layer of about 1 nm ZnO had also been 

deposited on the Si substrate to exclude the nucleation effect. They found that 

the GPC was as high as ~ 4.8 Å cycle-1 and 3.1 Å cycle-1 when the pure O2 gas 

and H2O vapor were used as the oxygen source, respectively, for the given Zn-

precursor of DEZn at a substrate of ~ 210 oC. They suggested that there might 

be oxygen termination of higher density on the surface after O2 exposure than 

the –OH species, which leads to the higher GPC exceeding the one-monolayer-

thickness per cycle. The interstitial O2
2- defect was suggested as that oxygen 

species, which could have higher binding energy to the incoming DEZn 

molecules. The GPC exceeding the one-monolayer thickness per cycle 

depending on the oxygen source was also reported by Kim et al.43 They 
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observed that the GPC of ZnO ALD using O2 plasma was as high as 2.8 Å cycle-

1 while using H2O was 2.0 Å cycle-1. However, the previous work did not take 

into account the possible incubation cycles so that the precise GPC could be 

higher. 

Such an exceptionally high value of GPC exceeding the one-monolayer-

thickness per cycle needs further analysis because ALD is supposed to produce 

a maximum one monolayer thickness cycle-1 when no other adverse effects, 

such as steric hindrance effect, are involved. The authors' group had reported 

another exceptionally high GPC of 3.7 Å cycle-1 of Ru film when the RuO4 and 

H2 gas were adopted as the Ru-precursor and reducing agent, respectively, on 

the Ta2O5 thin film substrate.[45] Such a high GPC could also be identified only 

when the influence of the incubation cycles was excluded. In that case, the 

strong reducing activity of the adopted H2 gas partly reduced the Ta2O5 thin film 

substrate, and the resulting Ta atoms “floated” on the growing Ru film surface 

during the ALD cycles. The surface Ta atoms strongly react with the incoming 

RuO4 molecules compared to that of the Ru-O* species, which would have been 

the reaction sites for the RuO4 molecules if there were no Ta surface atoms. 

Such a mechanism significantly enhanced the GPC. ARXPS and ToF-SIMS 

depth-profiling were performed for the 20 nm-thick ZnO films grown on Si and 

SnO2 (5 nm) to check if the similar chemical mechanism from the Si or Sn 

atoms, which might have diffused onto the growing ZnO film surface, would 

play a role. Here, the O3 feeding time was 6 s, and the 20 nm-thick ZnO film 
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was thick enough to prevent the influence of the substrate in the ARXPS 

analysis. Figures 3.3.7 and 3.3.8 show the results, and it could be safely 

concluded that the diffusion of Si and Sn to the growing film surface could be 

disregarded. 

Therefore, the exceptionally high GPC values shown in Figure 3.3.2c were 

inherent to the ALD of ZnO under these conditions. As discussed by Janocha 

and Pettenkofer, there could be a possible ALD mechanism that more than one 

monolayer could be formed if the first ALD-half-cycle could be enhanced. 

When almost all the ligands were removed, perhaps by a combustion-like 

reaction between the surface-adsorbed oxygen and incoming Zn-precursor, the 

ALD reaction could be significantly enhanced. They claimed that the molecular 

oxygen could have an even higher activity toward such a combustion-like 

reaction than the –OH groups. O3 is known to have a high combustion-like 

reaction activity in oxide ALD by producing active O* radical on the oxide film 

surface.46–48 Therefore, perhaps the higher concentration of the O* radicals on 

the growing ZnO film surface than –OH species resulted in a highly active ALD 

reaction and such an exceptionally high GPC. The higher GPC on the Si 

substrate than that on the SnO2 substrate might be due to the difference in the 

film density, as discussed later. 
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Figure 3.3.6. The thickness of ZnO thin films (50 cycles) against substrates; 

HF-etched Si, bare Si with native oxide, and 100 nm thermal SiO2. 
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Figure 3.3.7. ARXPS Si 2p spectra of 20-nm-thick ZnO (a) on Si and (b) on 

SnO2 (5 nm) substrate, and (c) Sn 3d5/2 spectra of the same sample on SnO2 

substrate. 
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Figure 3.3.8. ToF-SIMS depth-profile of 20-nm-thick ZnO films (a) on Si 

and (b) SnO2 (5 nm) substrate. O3 feeding time of ZnO ALD was set to 6 s to 

ensure saturated growth behavior. 
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Figure 3.3.9 shows the surface morphology of ZnO films as observed by 

SEM and AFM for the different O3 feeding time. Figures 3.3.9a-d and Figures 

3.3.9f-i are from the ZnO films (~15 nm thickness) on the Si substrates and 

SnO2 substrates, respectively. The Si and SnO2 bare substrates with no film 

deposition are also shown in Figures 3.3.9e and j, respectively, for reference. 

All the prepared ZnO films exhibited uniform polycrystalline grains. The 

average grain size of ZnO films, measured from SEM images, gradually 

increased from ~ 10 to ~ 20 nm with increasing O3 feeding time on Si substrate, 

while the grain size was almost constant (~ 20 nm) irrespective of the O3 

feeding time on SnO2 substrate. The prolonged incubation stage in ALD occurs 

when the precursor has difficulty in chemisorbing onto the surface. In such a 

case, the growth mode of the initial stage must be the island growth, which is 

less optimal to grow smooth and uniform film. As the number of ALD cycles 

increases, the entire surface of the substrate becomes covered with the nuclei 

of the growing films, which then coalesce. This incurs the roughening of the 

films with the increasing film thickness, as shown in Figure 3.3.9d. For the case 

of shorter O3 feeding time, however, the incubation was less significant; hence 

the nucleation occurs more fluently, eventually resulting in a smoother film, as 

shown in Figure 3.3.9a. In contrast, the ZnO film growth on the SnO2 surface 

did not involve any incubation cycles for all the O3 feeding time; hence all the 

films have similar surface morphologies irrespective of the O3 feeding time. 

The energy barrier of the surface reaction of ZnO ALD on the SnO2 surface is 
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low enough to grow by the more preferable layer-by-layer growth mode from 

the beginning of the film growth. The difference of GPC in Figure 3.3.2b took 

no significant role in the surface morphology of the ZnO films on the SnO2. 

The RMS roughness of ZnO films, measured through AFM, showed no 

significant difference regardless of the substrate and O3 feeding time, exhibiting 

a very flat surface with a roughness of less than 0.5 nm. The grain size of such 

smooth ZnO films did not seem to have a significant effect on their roughness. 

It was difficult to detect the subtle difference in the roughness of ZnO films.  

Figures 3.3.10a and b show the θ-2θ XRD patterns of 15-nm-thick ZnO films 

on Si and SnO2 substrates, respectively. Only the ZnO (002) peak was detected 

in all samples, except for the strong peaks from the Si substrate at 2θ = 69.13o, 

65.87o and 61.68o, suggesting that the ZnO films were grown with a preferred 

orientation along the c-axis direction. The intensities of ZnO (002) peaks were 

higher on SnO2 than on Si substrate, suggesting that the ZnO films on the SnO2 

substrate had an improved crystalline quality compared with the films on the Si 

substrate. Figures 3.3.10c and d show the XRR spectra of the films shown in 

Figures 3.3.10a and b, respectively. From the fitting of the spectra, bulk density 

and surface roughness values could be achieved. The detailed fitting results 

with simulation curves are shown in Figure 3.3.11. No significant differences 

were observed among the films with different O3 feeding time on a given type 

of substrate. Their averages were ~ 5.31 g cm-3 and ~ 0.60 nm, and ~ 5.42 g cm-

3 and ~ 1.21 nm, on the Si and SnO2 substrates, respectively. The slightly higher 
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bulk density and surface roughness of the ZnO film on the SnO2 substrate could 

be ascribed to the higher crystallinity of the ZnO film and higher roughness of 

the SnO2 substrate compared to that of the Si substrate. The film densities were 

close to the theoretical value of ZnO single crystal (5.67 g cm-3),[49] which is 

typical behavior in thin films grown by ALD at relatively high substrate 

temperatures.[50-52] 

The higher saturation GPC of the ZnO film on the Si substrate compared to 

that on the SnO2 substrate, therefore, could be ascribed to its slightly lower bulk 

density. When the O3 gas was pulsed on such lower density film, more O3 or 

O* must be adsorbed on the film surface, which could further enhance the 

chemisorptions of Zn-precursor molecules during the subsequent DEZn pulse 

step.  
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Figure 3.3.9. The planar SEM (lower panel) and AFM (upper panel) images of 

the 15-nm-thick ZnO films (a, b, c, d) on Si and (f, g, h, i) on SnO2 substrate 

with different O3 feeding time. (a, f) 0.25 s (b, g) 1.5 s (c, h) 3.0 s (d, i) 4.5 s. 

The planar SEM and AFM images of (e) Si and (j) SnO2 substrates. The scale 

bar in (j) applied to all images of SEM and AFM. The RMS roughness from 

AFM is shown in every image. 
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Figure 3.3.10. The θ-2θ XRD patterns of 15-nm-thick ZnO films with different 

O3 feeding time (a) on Si substrate and (b) on SnO2 substrate. The standard 

XRD stick patterns of hexagonal ZnO (JCPDS card number 00-036-1451) are 

appended in the lower panel for reference. XRR patterns and the simulated 

results of 15-nm-thick ZnO films with different O3 feeding time (c) on Si 

substrate and (d) on SnO2 substrate. (The film density and roughness fitted from 

XRR patterns are shown in the legend.) 
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Figure 3.3.11. The fitted results of XRR spectra of the ZnO films (a, b, c, d) 

on Si and (e, f, g, h) on SnO2 substrate with different O3 feeding time. (a, e) 

0.25 s (b, f) 1.5 s (c, g) 3.0 s (d, h) 4.5 s. 
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Figure 3.3.12. GIXRD patterns of 15-nm-thick ZnO films with different O3 

feeding time (a) on Si and (b) on SnO2 substrate.  
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The intensities of ZnO (002) and (103) peaks of all samples in the GIXRD 

patterns (Figure 3.3.12) were almost equivalent, suggesting that the degree of 

misorientation of the c-axis oriented grains were similar in the two films. 

Although there was a big difference in the early growth stage of ZnO films 

depending on the substrate type and the O3 injection time, which caused the 

difference of incubation cycle and grain size, the degree of c-axis preferred 

orientation was not so different, suggesting that the preferential growth was 

driven by the surface energy effect of the crystalline ZnO film. (0001) surface 

of the ZnO has the lowest surface energy. Hence, c-axis-preferred growth is 

commonly observed in many of the ZnO film growth not only by the ALD but 

by other techniques such as sputtering and chemical vapor deposition.[53–56] 

 

3.3.2. ALD of (Zn,Sn)Ox films.  

ALD of ZTO ternary oxide films was carried out by combining the subcycles 

of ZnO and SnO2 ALD. The atomic composition of ZTO films was controlled 

by the ALD subcycle ratio of SnO2 to ZnO, while the Zn-precursor feeding, Sn-

precursor feeding, and the O3 feeding times were fixed at 0.25 s, 0.5 s, and 4.5 

s, respectively. Figure 3.3.13a shows the Sn-concentration ratio in ZTO films 

(NSn/(NZn+NSn)) as a function of the SnO2 subcycle ratio in ZTO supercycle 

(m/(n+m)), where a supercycle is comprised of m SnO2 subcycle and n ZnO 

subcycles (indicated by mSnZ in the figure). The Si substrate was used to 

fabricate ZTO films. The SnO2 subcycle was always performed first, followed 



 

 64 

by the ZnO subcycle in the ZTO supercycle to minimize any growth 

suppression of ZnO in the initial stage. Both the experimental results (black 

square symbol) and the calculated curve (dashed line) are shown in the figure. 

For the calculated curve, the Sn- concentration ratio in the various ZTO film 

was calculated based on the growth rates of the binary ZnO and SnO2 film 

(more precisely, the mass GPC of Zn and Sn atoms in ZnO and SnO2 film 

growth, respectively) assuming that they retain their own values in the 

component oxide layers, i.e., the mass growth rates of single ZnO film (on SnO2 

substrate) and single SnO2 film, respectively. The experimental results 

accurately agreed with the calculated curve, which is usually observed when no 

influences of the ZnO and SnO2 surfaces are exerted on each other’s growth 

rate. This is a highly promising aspect of this ZTO ALD process in that the 

cation composition varies as if it is not affected by the underlayers but only by 

the subcycle ratio. This implies that the ALD process of the ZTO film could be 

highly robust and accurate control of the concentration, and the accompanying 

electrical properties could be achieved. However, there were distinct effects of 

the growth behavior of the ZnO subcycle on the SnO2 subcycle and vice versa, 

as shown in Figure 3.3.14, suggesting that the optimal behavior in Figure 

3.3.13a is an outcome of several combined effects. To confirm that the feeding 

time of 4.5 s for O3 of ZnO ALD on SnO2 substrate is valid for the complete 

self-limited reaction in ZTO ALD (SnO2 subcycle ratio = 50%), mass GPCo of 

Zn was measured as a function of O3 feeding time in ZnO ALD, and the results 
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were as summarized in Figure 3.3.13b. Here, the mass GPCo is the areal density 

of Zn divided by the number of subcycle of ZnO ALD with the assumption of 

no incubation cycles in ZTO ALD. It was revealed that the required O3 feeding 

time to saturate the areal density of Zn was significantly reduced to ~ 0.25 s, 

whereas the GPCo of single ZnO layer on the SnO2 film substrate keeps 

increasing up to an O3 feeding time of 3.0 s. This means that the ligand 

exchange reaction between injected O3 and already chemisorbed -O-Zn(C2H5) 

species is enhanced in the ZTO ALD compared to ZnO ALD. Considering that 

the chemisorbed -O-Zn(C2H5) species have nearby Sn-O bonds, which appear 

to improve the chemical activity of O3, especially when it was pulsed with the 

sub-saturation condition for the ZnO single layer ALD. This could also be due 

to the fact that the energy barrier of the surface reaction of ZnO ALD on the 

surface is lower than on the Si (or SiO2) surface (no SnO2 incubation cycles). 

However, under a sufficiently high O3 dose condition, such an effect could be 

neglected. Therefore, 4.5 s of O3 feeding time in the ZnO subcycle in ZTO 

deposition was sufficient to achieve the ideal ALD saturation condition. The 

mass GPC of Zn could alternatively be calculated from the thickness GPC and 

the mass density of ZnO films, from Figure 3.3.2c and Figure 3.3.10, 

respectively, and was denoted by blue circle symbols in Figure 3.3.13b. They 

corroborated the GPCo of ZnO on SnO2, demonstrating the accuracy of the 

measurements and modeling in this study. The coincidence between the two 

sets of data confirmed the absence of the incubation cycles in ZTO ALD. 
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Figure 3.3.13. (a) The experimental and calculated cation composition in 

ZTO films as a function of the SnO2 subcycle ratio. The ideal curve is calculated 

from the GPC of binary ZnO film and binary SnO2 film, respectively, assuming 

no precursor interaction. m and n in mSnZ in data labels denote the number of 

SnO2 and ZnO subcycles, respectively. (b) Different saturation behavior of 

mass GPCo of Zn in ZTO ALD and ZnO ALD as a function of O3 feeding time 

in the ZnO ALD cycle. Here, mass GPCo denotes the estimated GPC calculated 

by dividing the areal density of Zn by the number of ZnO subcycles, assuming 

no incubation cycle.  
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Figure 3.3.14. The variations of the areal densities of (a) Zn and (b) Sn in ALD 

ZTO films. (c) The variations of mass GPC and incubation cycles of Zn and Sn 

as a function of Sn-concentration. (d) The GIXRD patterns of ~20-nm-thick 

ZTO films with different cation compositions. 
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To investigate the possible interaction between the Zn and Sn atoms 

incorporation behaviors in ZTO ALD, the areal densities of Zn and Sn, 

respectively, of ZTO films were measured as a function of the Zn- and Sn-

subcycle numbers, as shown in Figures 3.3.14a and b, respectively. For these 

experiments, the atomic ratio of Sn in the ZTO film was varied from 10 at% to 

75 at% by changing the sub-cycle ratio of the ZnO and SnO2 ALD steps. The 

growth behaviors of binary ZnO film and binary SnO2 film were also included 

in the same graph for reference. As expected, based on the previous discussion, 

the incubation cycle for Zn in ZTO ALD decreased as the Sn-concentration 

increased and eventually disappeared when Sn-concentration was above 24 at% 

(SnO2 subcycle ratio = 50%). The growth behavior of Sn in ZTO ALD exhibited 

no incubation cycle as also expected from the case of single SnO2 ALD on Si 

substrate. The variations in the number of incubation cycles, estimated from the 

x-axis intercept of the best-linear- fitted graphs in Figures 3.3.14a and b, are 

included as open square and circle symbols in Figure 3.3.14c. 

On the other hand, the GPC of both Zn and Sn in ZTO ALD, estimated from 

the slopes of the best-linear-fitted graphs in Figures 3.3.14a and b, decreased 

and then saturated as the Sn-concentration increased. Such a variation is more 

significant for the case of Zn GPC compared to that of the Sn. Such changes 

could be due to the fact that the saturated GPC of ZnO (or Zn atom 

incorporation rate estimated by XRF) is higher when the ZnO film was grown 

on Si (or on the ZnO film itself) compared with the ZnO growth on the SnO2 
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when the O3 feeding time was 4.5 s, as shown in Figure 3.3.2. Therefore, the 

higher mass GPC of Zn for Zn-rich films can be understood based on the results 

shown in the previous subsection. Interestingly, the mass GPC of Sn showed 

similar behavior, i.e., it showed a slightly higher value in the Zn-rich film.  

It has been reported that the ALD growth rate of the amorphous oxide thin 

film is generally slower than that of the crystalline one. [57] The crystallization 

behavior of the as-deposited ZTO films is dependent on the Sn-concentration, 

as shown in Figure 3.3.14d, which shows the collections of the GIXRD patterns 

of the 20-nm-thick ZTO films with the different Sn-concentrations. The Zn-rich 

films (up to 13% of Sn-concentration) show clear diffraction peaks close to the 

hexagonal ZnO (002) peak, where the increased Sn-concentration slightly 

shifted the peak position into the lower 2θ value. This peak disappeared as the 

Sn-concentration increases above 24 at%, suggesting that the films with higher 

Sn-concentration have an amorphous structure. It is quite notable that the 24 at% 

of Sn-concentration coincides with the Sn-concentration, where the GPC 

started to be saturated in Figure 3.3.14c. Therefore, it is also probable that the 

amorphousness of the Sn-rich films induced a decrease in the GPC of Zn and 

Sn in Figure 3.3.14c. There could be another reason for such variations in the 

GPC with the Sn-concentration variation. From the comparison between Figure 

3.3.9d (ZnO films) and 3.3.9j (SnO2 films), SnO2 films are likely to have 

smoother film surface than ZnO films. The roughened surface morphology of 

the Zn-rich film under the given O3 feeding condition might be the reason for 
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the enhanced Sn incorporation rate. The higher specific surface area of the Zn-

rich film provides the Sn-precursor molecule with a higher density of 

adsorption sites. In fact, these two factors, i.e., amorphousness and surface 

roughness, are correlated. The amorphous film had a smoother surface, so the 

specific surface area also decreased. These interrelated incorporation behaviors 

of Zn and Sn atoms, where the increase in the Zn incorporation rate is slightly 

higher than that of Sn incorporation rate at the Zn-rich film, which is 

counterbalanced by the higher incubation cycles of Zn at the same composition 

range, could result in the almost ideal composition behavior as shown in Figure 

3.3.13a. 

Nonetheless, the presence of the incubation stage in the incorporation of Zn 

into the Zn-rich ZTO film (Sn-concentration < 24 at%) may impose a certain 

difficulty in the composition control across the film thickness. If this film is 

adopted as the channel layer in ZTO TFTs, such non-uniform composition may 

impose a degradation in the device performance. However, the best electrical 

performance could be achieved from the Sn-concentration of ~ 40 at%, as 

shown below. Hence, such composition inhomogeneity across the thickness for 

the case of the Zn-rich film does have a significant effect in this work. Indeed, 

the Sn-concentration was uniform for the entire film in the thickness direction, 

as confirmed in the AES results of Figure 3.3.15 for the Sn-concentration of 40% 

ZTO film. The film showed a homogenous phase with no layered-structure 

formation, although the ALD ZnO and SnO2 layers were sequentially deposited. 
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The oxygen concentration was also uniform, and there was a little impurity in 

the bulk region of ZTO thin films (C < 1.2 at% and no Si was detected). To 

investigate, in detail, the possible compositional non-uniformity in the early 

growth stage of Zn-rich ZTO film (Sn 13 at%), the atomic concentrations of Zn 

and Sn, respectively, were normalized by their average atomic concentration in 

the bulk region, as shown in Figures 3.3.15c and d. The x-offset of -0.17 min 

was also applied to the data of the Sn-13-at% ZTO film to align the positions 

of the ZTO/SiO2 interface. They showed that the ZTO/SiO2 interface region had 

a slightly lower Zn concentration for the case of the Sn-13-at% ZTO film, which 

was not observed in Sn-40-at% ZTO film. This finding corroborated the fact 

that the Zn-rich composition had longer incubation cycles for the Zn-

incorporation. GIXRD confirmed that ZTO thin films (Sn-concentration of ~ 

48 at%) retain the amorphous phase after annealing until 600 °C in air. 
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Figure 3.3.15. AES depth-profiles of 20-nm-thick ZTO films on SiO2 

substrate with different Sn-concentration; (a) Sn 13 at% and (b) Sn 40 at%. The 

atomic concentration of carbon contamination in the bulk ZTO film was less 

than 1.2 at%, and no silicon was detected. For detailed observation of the 

interface, the atomic concentrations of Zn and Sn were normalized to have the 

same average atomic concentration in bulk, as shown in (c) and (d), respectively. 

The x-offset of -0.17 min was applied to the data of the Sn 13 at% condition 

based on the rising point of Sn atomic concentration at ZTO/SiO2 interface. 
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Figure 3.3.16. Cross-sectional SEM image of zinc tin oxide films grown on a 

SiO2 hole structure (opening diameter ~65 nm, depth ~400 nm, aspect ratio ~6), 

where a, b, and c denote the thickness at the top surface, the upper sidewall, and 

the bottom sidewall, respectively. 
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Figure 3.3.16 shows the cross-sectional SEM image of 17-nm-thick ZTO 

films with a Sn-concentration of 40 at% deposited on a SiO2 hole structure with 

an opening diameter of ~65 nm and depth of ~400 nm (aspect ratio of ~6). No 

additional feeding and purge times of the precursors during the ALD process 

were required to cover the entire surface of the hole structure homogeneously. 

The sidewall step coverage (c/a) and the conformality (c/b) were almost ~100%, 

where a, b, and c are the thickness at the top surface, the upper sidewall, and 

the bottom sidewall. The cation compositions of the sample with such holes, 

examined by XRF, were almost identical to the composition on the planar SiO2 

substrate, indicating that the film compositions at the top and the bottom of the 

hole structure were identical. Film conformality has crucial importance for the 

fabrication of V-NAND with an ultra-high-aspect-ratio hole structure for the 

vertical channel. The excellent step coverage of this ALD process suggests the 

feasibility of using the ALD ZTO films as a channel layer for the V-NAND 

flash memory. 

3.3.3 Electrical properties of the ZTO films evaluated from the TFTs 

Bottom-gate ZTO TFTs (gate width and length of 20 and 5 μm, respectively) 

were fabricated using the developed ZTO ALD with different cation 

compositions, and their transfer characteristics (ID vs. VG) were evaluated. 

Figure 3.3.17a shows the top-view optical microscope image (upper panel) and 

the three-dimensional schematic diagram (lower panel) of the fabricated TFT 

device. The device fabrication required careful optimization of the dry-etching 
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process of the ZTO active layer, failure to which would lead to significant 

degradation of the device performance by the damage to the ZTO and 

underlying GI layers (100-nm-thick SiO2). The transfer curves were as depicted 

in Figures 3.3.17b and c, when the VD was set to 0.1 V and 5 V, corresponding 

to the linear and saturation regime, respectively. For the Zn-rich films (Sn- 

concentration up to 24 at%), the TFT showed reasonable performance. The 

optimum performance could be achieved at the Sn-concentration of 40 at%. 

When the Sn-concentration increased to 48 at%, the turn-off of the device 

required a highly negative VG, suggesting that the carrier concentration in the 

Sn-rich ZTO channel became quite high. When the Sn-concentration increased 

above 65 at%, the TFT could not be turned off even with a VG of −20 V, 

suggesting that the carrier concentration in the Sn-rich channel became too high 

to be controlled by the application of VG. Therefore, the TFT device 

performances could not be estimated in the TFT devices with such highly Sn-

rich ZTO films. The estimated device parameters were as summarized in 

Figures 3.3.17d-f, where the variations of μFE, μsat, SS, Vth were plotted, 

respectively, as a function of the Sn-concentration. The Sn 40 at% device 

showed the best device performance among the tested devices with the μFE, μsat, 

SS, Vth, and on/off current ratio of 13.6 cm2 V-1 s-1, 6.20 cm2 V-1 s-1, 330 mV 

decade-1, −0.12 V, and ~ 108, respectively. These performances are comparable 

to that of the previously reported ZTO TFTs of which μFE ranges from 10 to 20 

cm2V-1s-1.58,59 However, the device performance of this work provides all the 
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necessary TFT parameters, such as threshold voltage, subthreshold swing, and 

on/off current ratio, which have hardly been achieved in the previous studies. 

The general shift of the Vth toward the negative VG direction could be due to 

the generation of the higher carrier density. It is known that the formation of 

oxygen vacancies, which act as electron donors, is thermodynamically more 

favorable in the vicinity of Sn atoms than Zn atoms since the electronegativity 

differences of Sn-O bonding (1.48) is smaller than that of Zn-O bonding 

(1.79).60 Therefore, the increase in the Sn-concentration of ZTO films can cause 

an increase in carrier (electron) concentration. For more quantitative estimation 

of the carrier type and concentration, Hall effect measurements of 40-nm-thick 

ZTO films with the Sn-concentrations of 48 at% and 75 at% on 100 nm SiO2 

substrates were conducted. Other films with Sn-concentration of 24 at% or 

lower than that showed a too high sheet resistance (>1 MΩ square-1) to acquire 

the Hall measurement results. The negative sign of the Hall coefficient 

confirmed that the ZTO has n-type nature. The carrier concentrations of Sn 48 

at% and 75 at% ZTO films were measured as 6.8×1017 cm-3 and 1.7×1019 cm-

3, respectively, corroborating the TFT results.  

According to Figures 3.3.17d-f, the device performance could be tailored by 

controlling the Zn:Sn ratio within the Sn-composition of 13-40 at%. While the 

Vth value is mainly controlled by the carrier concentration, SS and mobilities are 

governed by the interface trap density/GI thickness and tail states into the 

bandgap near the conduction band edge (CBE). For the intended application of 
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the ZTO layer in the microelectronic devices, a positive value of Vth is preferred. 

Hence, slight degradations in the SS and mobility are expected. Especially, as 

the channel material in the stacked DRAM cell, a smaller SS (<<100 mV 

decade-1) and high mobility are required for fast device operation and long data 

retention. Nonetheless, the present device performance (mobility >5 cm2 V-1 s-

1 and SS ~ 300-400 mV decade-1) are sufficient for the flash memory application. 

SS can be decreased by optimizing the interface between the ZTO channel and 

GI and by decreasing GI thickness. However, this was not within the scope of 

this study.  

The increasing carrier mobility with increasing carrier concentration is 

contradictory to the general semiconductor theory, which describes the 

increased carrier (electron) scattering in the conduction band at the higher 

carrier concentration. However, in an amorphous oxide semiconductor, such as 

ZTO, the carrier conduction is generally explained by the trap-limited and/or 

the percolation conduction depending on the density of tail states near the CBE. 

The mobility edge is a more precise term in this case because the amorphous 

material does not possess a precisely defined band edge; there is generally a 

distribution of trap depth near the mobility edge.  In this case, carriers 

preferably fill the deeper traps, which induces lower carrier mobility as the 

hopping barrier becomes higher. With the increasing carrier concentration, 

more carriers take shallower traps rendering the effective mobility increase 

because these carriers experience a lower hopping barrier.61 This could be the 
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reason why the carrier mobility increases with increasing carrier concentration 

(lowered Vth) up to the Sn-concentration to 40 at% as shown in Figures 3.3.17d 

and f. Furthermore, recent theoretical studies have revealed that the density of 

states (DOS) near the electron mobility edge of amorphous ZTO is mainly 

comprised of Sn 5s–O 2p hybrid orbitals with the partial contribution of Zn 4s–

O 2p hybrid orbitals.62 This DOS configuration is preferable in achieving high 

carrier mobility even in the disordered amorphous oxide structure, as has been 

well documented in the In-Ga-Zn-O system.63–65 Therefore, the Sn-rich 

composition could have higher carrier mobility in principle. The higher 

polycrystalline portion of the Zn-rich ZTO films may have induced the carrier 

scattering at grain boundaries, which could be another reason for the degraded 

mobility at this composition range. When the Sn-concentration increases to 48 

at%, the GI interface seemed to be degraded, as can be identified from the 

increased SS value (Figure 3.3.17e), which also adversely influenced the carrier 

mobility even though the carrier concentration was further increased. 
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Figure 3.3.17. (a) The planar view and the schematic diagram of the bottom-

gate ZTO TFTs with channel width/length of 20/5 μm. The transfer 

characteristics (ID–VG) of the ZTO TFTs with different cation compositions 

with drain voltage VD of (b) 0.1 V and (c) 5 V. The variations of (d) field-effect 

mobility (μFE) and saturation mobility (μsat), (e) subthreshold swing (SS), and (f) 

threshold voltage (Vth) as a function of Sn-concentration. The electrical 

parameters were extracted from the transfer characteristics. The devices of Sn-

concentration of 65 and 75 at% were not turned off. 
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3.4. Conclusion 

The ALD behaviors of ZnO, SnO2, and ZTO thin films using DEZn, 

TDMASn as Zn- and Sn-precursors, respectively, and O3 as an oxygen source, 

were investigated on Si, SiO2, and SnO2 substrates. While SnO2 ALD exhibited 

the typical self-limiting behavior of the ALD process, ZnO ALD on Si substrate 

showed a significant incubation at the early stage of the deposition. This 

incubation cycle was increased with increasing O3 feeding time and saturated 

to 30 cycles after the O3 feeding time of 4.5 s. On the other hand, ZnO ALD on 

the SnO2 substrate showed no incubation cycle. This abnormal behavior of 

substrate dependence was due to the high surface-reaction-barrier property of 

the SiO2 surface. Due to its strong oxidizing power, the injected O3 oxidized not 

only the -O-Zn(C2H5) ligands but also the surface of the bare Si substrate to 

SiO2. XPS and the experimental result on the ALD of ZnO thin films on the 

HF-etched Si, and SiO2 supported such a phenomenon. The grain size of ZnO 

thin films increased with increasing O3 feeding time due to the sparse nuclei 

formation with increasing surface-reaction-barrier. The saturated bulk GPC of 

ZnO film under a sufficiently long O3 pulse time (>4.5 s) was identified to be 

4.2 and 3.0 Å cycle-1 on the Si, and SnO2 substrate, respectively. These values 

are more than double the previously reported GPC of the ZnO film using H2O 

as the oxygen source, which might be due to the higher concentration of O* 

radicals on the growing ZnO film surface than –OH species in the case of the 

H2O process.  
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Based on the understanding of the ALD behavior of the ZnO and SnO2 

films, the ALD results of the ternary ZTO films were examined. The cation 

composition of ZTO films was well-controlled by the subcycle ratio of ZnO 

and SnO2 ALD. The required O3 feeding time to saturate the areal density of Zn 

was decreased to ~ 0.25 s from the 4.5 s in the case of ZnO ALD on Si substrate. 

As the ratio of Sn in ZTO films increased, the incubation cycle for Zn in ZTO 

ALD decreased and consequently disappeared when the Sn-concentration was 

above 24 at%. The GPC of both Zn and Sn in ZTO ALD decreased as the Sn-

concentration increased, which could be due to the decreased specific surface 

area (enhanced smoothness), being related to the amorphousness of Sn-rich 

ZTO films. Such a correlation in the incorporation of the Zn and Sn atoms into 

the film allowed the precise control of the film composition based on the growth 

rate of the component binary oxides. The electrical performances of the TFTs 

fabricated using the developed ALD ZTO thin film as a channel layer were 

evaluated. Among the test devices, the device with the Sn-concentration of 40 

at% exhibited the best performance with the Vth, μFE, μsat, on/off current ratio, 

and SS of −0.12 V, 13.6 cm2 V-1 s-1, 6.20 cm2 V-1 s-1, ~ 108, and 330 mV decade-

1, respectively. The amorphous nature of ZTO films and such superior transfer 

characteristics of ZTO TFTs are promising merits to substitute the present 

polycrystalline-Si channel of vertical-NAND, which is limited by its low carrier 

mobility and non-uniformity. The advanced ZTO films would also be suitable 

for the next-generation cell-stacked dynamic random access memory 
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application. 
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4. Erase operation of the CTF memory device 

with AOS thin-film channel 

 

4.1. Introduction 

 

The vertically stacked NAND (V-NAND) flash memory in which the 

memory cell strings are arranged in a three-dimensional vertical structure 

was first commercially manufactured in 2013.[1,2] Since then, V-NAND 

flash memory has increased its bit density by increasing the number of 

stacked layers.[3–5] However, due to the insufficient cell current of a 

poorly crystallized poly-Si channel with low mobility, the strategy of 

simply increasing the number of vertical layers is expected to reach its 

limit soon.[6,7] Under the circumstance, the sensing current becomes too 

small to read the cell data at a reasonable speed. Therefore, amorphous 

oxide semiconductor (AOS), which exhibits high mobility of >10 cm2/Vs, 

is regarded as the potential candidate for the next-generation channel 

material.[8,9] Atomic layer deposition (ALD) with excellent step 

coverage is an essential process for the deposition of the vertical channel 

layer in V-NAND flash memory using a high-aspect-ratio hole structure. 

The ternary ALD zinc tin oxide (ZTO) thin film is an appealing contender 

as the channel material because its electrical properties are comparable to 
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the quaternary indium gallium zinc oxide (IGZO) thin film, and the 

process is less complicated. 

To replace the poly-Si channel of the existing V-NAND flash memory 

with the AOS channel, an AOS-based charge-trap flash (CTF) must 

guarantee program/erase characteristics comparable to that of the poly-Si 

channel. However, according to previous reports, the AOS CTF device 

exhibited a very inefficient erase operation, of which origin is not well 

understood yet.[10–13] As the erase operation is mostly related to the 

hole injection into the charge trap layer (CTL), the lack of holes in AOS 

could be one of the major reasons.[14] However, the undoped poly-Si 

channel in the current V-NAND also does not provide the device with a 

sufficient density of holes; the holes are injected from p-type Si substrate 

or generated by the gate-induced drain leakage (GIDL) current in the 

string-select transistors.[1,15] However, both methods are barely 

available for the AOS-based CTF due to its large bandgap.  

Therefore, understanding the origin of the inefficient erase problem and 

improving the erase speed will be one of the critical tasks for the AOS-

based CTF devices. In this study, we fabricated an ALD ZTO-based 

planar CTF device and evaluated the program/erase characteristics. The 

relationship between the inversion layer formation of the AOS channel 

and the erase operation of the ZTO CTF device was investigated through 

technology computer-aided design (TCAD) simulation. It revealed that 
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the injection of holes from the source and drain to invert the AOS channel 

is a prerequisite to ensure sufficient erase. A probable method to achieve 

the hole injection was also suggested. 
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4.2. Experimental 

 

ZTO CTF devices with a bottom-gated staggered structure were 

fabricated with the following procedure: The heavily B-doped Si 

substrate (resistivity < 0.005 Ω cm) was used as the gate electrode. 

Thermally grown 20-nm-thick SiO2, low-pressure chemical vapor 

deposited 5-nm-thick SiNx, and 3-nm-thick ALD Al2O3 layers were 

deposited in sequence as the BO, CTL, and TO, respectively. The ALD 

Al2O3 process used trimethyl aluminum and H2O as the Al-precursor and 

O source, respectively, and the substrate temperature was 250 oC. Rapid 

thermal annealing at 1000 oC for 1 min was carried out under an N2 

atmosphere to enhance the dielectric (tunneling) properties of the Al2O3 

TO. The 20-nm-thick ZTO channel layer was then deposited by ALD 

with diethylzinc and tetrakis-dimethylamino tin as the Zn- and Sn-

precursors, respectively, at a deposition temperature of 250 oC. The 

atomic composition of the ZTO channel was controlled to Zn:Sn = 

60at%:40at%, which exhibited the best ID-VG transfer characteristics.[25] 

The ZTO channel layer was patterned by photolithography and 

inductively coupled plasma etching with the plasma of BCl3/Ar/N2 mixed 

gas. The width and length of the channels were 20μm were 5μm. 100-nm-

thick ITO film was deposited via direct current sputtering and patterned 

through the conventional lift-off method. The post-metallization 

annealing was followed in an air atmosphere at 350 oC for an hour to 
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improve the electrical contact between the S/D and the channel. The 

electrical characteristics of the ZTO CTFs were evaluated at room 

temperature using a HP4155 semiconductor parameter analyzer. The 

illuminance of the white light for the erase operation was 5 × 105
 lux, 

which is measured under the condition that the distance between the 

measurement point and the light projection part was 15 mm. The TCAD 

simulations using a commercial software package (ATLAS) was utilized 

to model the ZTO CTF devices.  
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4.3. Results and Discussions 

 

Figures 4.3.1a-c shows the schematic diagram, top-view optical 

micrograph, and cross-sectional transmission electron microscopy (TEM) 

image of the fabricated ZTO CTF device. On the heavily B-doped Si 

substrate (resistivity < 0.005 Ω cm), working as the bottom gate, 20-nm-

thick SiO2 blocking oxide (BO), 5-nm-thick SiNx CTL, and 3-nm-thick 

Al2O3 tunneling oxide (TO), respectively, were deposited. According to 

the previous study, these thicknesses were optimized so that the electric 

potential and electric field applied to each layer were properly distributed 

during program/erase operation and hence, ensure efficient operation.[16] 

The channel layer was 20-nm-thick ZTO film, and the source/drain (S/D) 

electrode was 100 nm indium tin oxide (ITO), which is expected to form 

quasi-Ohmic contact for electrons.  

Figures 4.3.1d-f shows the program/erase characteristics of the 

fabricated ZTO CTF device. First, for the program operation, the gate 

voltage (VG) of 20 V and the S/D voltage (VS and VD, or VS/D) of 0 V were 

applied for various cumulative times (1 ms – 10 s). Figure 4.3.1d shows 

the drain current-gate voltage (ID-VG) result at VD = 5 V after the program 

operation. On increasing the programming time, Vth shifted into a positive 

direction and reached +3.7 V at a program time of 10 s. The Vth was 

defined as the VG value when ID is equal to 10 nA. This Vth shift was 

ascribed to the trapping of electrons at the CTL through tunneling from 
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the accumulation layer formed at the channel layer/TO interface. 

Although the programming speed is far lower than the desirable level, this 

data elucidated that it is possible. Figure 4.3.1e shows the ID-VG result 

after applying the erase bias (VG = –20 V, VS/D = 0 V) to the device 

programmed for 10 s, for the various cumulative time. In contrast to the 

programming performance, the Vth shift hardly appeared even after an 

erase time of 10 s, implying that the detrapping of trapped electrons did 

not occur effectively under the given erase bias. This means that the 

applied erase bias was not effectively applied to the CTL. 

To detrap the electrons from the CTL, white-light of high intensity (5 × 

105
 lux) was irradiated to the channel layer, and the resulting ID-VG 

characteristic is shown in Fig. 4.3.1f. The Vth is recovered to the initial 

state with 10 s of irradiation. The same Vth shift behavior was reproduced 

when the program, erase by –20V (no erase), and light-erase operations 

were repeatedly performed for the same device. 

To investigate the difference between the observed program/erase 

behavior (by voltage application) of ZTO CTF devices, electrostatics of 

ZTO CTF during program/erase operation were studied through TCAD 

simulation. The subgap density of states (DOS) of amorphous ZTO was 

modeled with acceptor- and donor-like trap states expressed as 

exponential or Gaussian functions.[17,18] The parameters used in the 

modeling of ZTO were as presented in Table 4.3.1 of Supporting 
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Information (SI). The simulated device structure was constructed with the 

same dimensions as the structure of the fabricated ZTO CTF. 

Figures 4.3.2a and b show the simulated electric potential contour when 

the program and erase bias, respectively, were applied to the pristine ZTO 

CTF device in which the charges are not trapped in CTL. Figures 4.3.2c 

and d show the vertical cross-section profiles of Figs. 4.3.2a and b, 

respectively, in the channel region (black line) and S/D overlapped region 

(red line). Here, the channel region refers to the region beneath the floated 

backchannel, and the S/D overlapped region refers to the region beneath 

the S/D electrode. When the programming voltage (+20V) was applied to 

the gate, it gradually dropped across the BO/CTL/TO, as shown in Figs. 

4.3.2a and 2c for both regions. This potential drop ended at the TO/ZTO-

channel interface, suggesting that the potential drop across the channel 

layer thickness was negligible. This is understandable because an 

(electron) accumulation layer is uniformly formed at AOS/TO interface. 

In this case, VS/D = 0 V was fluently transferred to the low-resistance 

accumulation layer inducing negligible partake of the VG by the bulk 

channel region. The program voltage is, therefore, distributed to the 

dielectrics layer between the ZTO channel layer and the gate electrode in 

inverse proportion to the dielectric constant of each layer. Under this 

circumstance, the electric field strength across the TO layer was as high 
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as 3.2 – 3.3 MV/cm, which is high enough to induce the electron tunneling 

from the accumulated channel to SiNx CTL (black line in Fig. 4.3.2e). 

In the case of the erase operation, a non-uniform potential distribution 

was observed along the lateral direction with different profiles in the 

channel, and the S/D overlapped regions, as shown in Figs. 4.3.2b and d. 

According to these figures, inversion did not occur in the ZTO channel 

and remained in the depleted state even under the gate bias of VG = –20 

V. The reason why inversion did not occur could be explained as follows. 

Compared to the Si channel, the n-type AOS with a wide bandgap of >3 

eV rendered the minority carrier concentration negligible. Also, GIDL 

could not be induced because it requires an application of a much higher 

voltage to the channel. The possibility of hole injection from the grounded 

S/D is also very low because the ITO has a very high hole barrier (~2.7 

eV) at the interface with the ZTO. Therefore, when the erase bias is 

applied, the channel will remain in the depletion state. Accordingly, VS/D 

= 0 V could not be transferred to the depleted channel region, which 

remained highly electrically resistive. Therefore, the applied potential of 

−20 V between the gate and S/D was partaken by not only the dielectric 

layers but also by the AOS layer in the S/D overlapped region. On the 

other hand, since the backchannel is floating, the gate potential hardly 

dropped along the vertical direction in the channel region away from the 

S/D electrode (black line in Fig. 4.3.2d). The electric field across the TO 
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layer in the channel region is, thus, almost zero (~ 0.15 MV/cm, red line 

in Fig. 4.3.2e). Therefore, the detrapping of trapped electrons and the 

resulting Vth shift hardly occurred in the erase operation of the ZTO CTF 

device since the vertical electric field was not effectively applied to the 

CTL/TO of the channel region.  

Nonetheless, the S/D overlap region can have a substantial vertical field 

under the S/D overlap region (~2.8 MV/cm), as shown by the red line in 

Fig. 4.3.2e. Therefore, this finding implies that there could be a possible 

method to induce the erase if the CTL is metal (or doped poly-Si or even 

oxide semiconductor), where the S/D overlapped region works as the 

drain port of the electrons from the CTL. The electrons in the channel 

region can also move back to the channel (or grounded S/D) through this 

drain port. Recent studies that reported the negative Vth shift in the erase 

operation using oxide semiconductors such as ZnO and IGZO as the CTL 

presumed that the lateral diffusion of injected charges occurred in such 

CTLs.[13,19–22] However, this is not applicable to the V-NAND type device, 

where the adoption of the conducting CTL is much more tricky than the 

insulating CTL. 

As a next approach, S/D electrodes with high work function could be 

taken to decrease the hole barrier at the S/D contact region, which may 

induce the inversion in the ZTO channel layer. To examine this 

hypothesis, ITO, Mo, Ni, and Pt electrodes with work functions of 4.55 
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eV, 4.60 eV, 5.15 eV, and 5.65 eV, respectively, were assumed for the 

same ZTO CTF device, and TCAD simulations were performed. [23,24] 

Metal-semiconductor contact was assumed to be determined by only the 

work function of contact metal and electron affinity of the AOS, without 

Fermi-level pinning from any interface defects. This may differ from the 

practical case but can provide insights on the effects of the contact 

property on the erase performance. The electron affinity and bandgap of 

amorphous ZTO were assumed as 4.15 eV and 3.3 eV, respectively. [17] 

The hole injection barriers, according to the S/D electrodes, were shown 

in the upper panel figure of Figure 4.3.3a. As expected, the hole injection 

barrier decreased with increasing work function of the S/D electrode, and, 

accordingly, the inversion hole density of the ZTO channel gradually 

increased, as shown in Fig. 4.3.3b. When the hole injection barrier was 

reduced to 2.1 eV or less using Ni or Pt electrodes, the inversion hole 

density was ~1013 cm-2. The formation of the inversion layer with the 

increased work function of the S/D electrode can also be confirmed 

through the hole concentration contours for ITO, Mo, Ni, and Pt as S/D 

electrodes, as shown in Figures 4.3.4a-d. The electrical potential contours 

when ITO, Mo, Ni, and Pt were used as S/D electrodes were shown in 

Figures 4.3.4e-h. The electric potential of the channel region was much 

lower than the S/D overlapped region for the ITO S/D electrodes case, as 

already shown in Figs. 4.3.2b and d, since the backchannel was floating 
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and the whole channel was depleted. Therefore, when the holes were 

injected into the ZTO channel, they were captured to the potential well of 

the channel region for the devices with ITO, Mo, and Ni S/D electrodes. 

The laterally nonuniform potential contours were shown in Figs. 4.3.41e-

g. The smaller hole injection barrier structure caused the piling up of holes 

inside the potential well. Accordingly, the electric potential of the channel 

region was boosted, and the depth of the potential well decreased. When 

the holes were sufficiently injected to the channel region, the potential 

well was almost neglectable, and an almost laterally uniform potential 

profile was appeared for the Pt S/D electrodes case, as shown in Fig. 

4.3.4h. When the inversion layer was formed in the channel using Ni or 

Pt as the S/D electrode, similar electric potential contours to the program 

operation were observed. A uniform vertical electric field across the 

entire TO layer was thus expected. Figure 4.3.3c shows the lateral cross-

section of the vertical electric field at the TO layer for the different S/D 

electrodes. As the hole injection barrier decreased, and the inversion hole 

density increased, the magnitude of the vertical electric field at the TO in 

the channel region gradually increased. When Pt was used as the S/D 

electrode, which is expected to form a hole injection barrier of 1.6 eV, a 

uniform vertical field (~ 3.2 MV/cm) was applied to the entire TO layer 

regardless of the lateral position. Its magnitude was almost the same as in 

the program operation, suggesting that the hole injection is highly 
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probable. Therefore, it is necessary to form a hole injection barrier smaller 

than 2.1 eV to expect a stable erase operation through sufficient hole 

injection and the formation of a uniform inversion layer. 

However, the electron injection barrier and the hole injection barrier are 

in a trade-off relationship since the sum of their height equals the bandgap 

of the semiconductor (ZTO). Therefore, if the hole injection barrier is 

reduced using an electrode with a high work function, then the cell current 

in the read operation may decrease with increasing electron injection 

barrier. Figure 4.3.3d shows the simulated ID-VG characteristics for the 

various S/D electrode when VD is 5 V. The difference in transfer curves 

between the simulated data and the measured data (Fig. 4.3.1d) was 

caused by the imperfect simulation model such as no interface defects, no 

Fermi level pinning at the interface, and the adoption of 2-dimensional 

structure. As the work function of the S/D electrode increases and the 

electron injection barrier increases, the on-current in reading operation 

decreased substantially. In particular, the on-current when using Ni and 

Pt as the S/D electrode was only 10–18 A and 10–19 A, respectively, 

indicating that the device has failed to be turned on. These results are 

summarized in the lower panel figure of Fig. 4.3.3a, and it can be 

understood that an electron injection barrier of < 0.6 eV is required to 

guarantee a sufficient cell current for a stable read operation. To make 

both the erase and reading fluent, therefore, an AOS with a bandgap of < 
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~2.7 eV (2.1 eV for hole barrier and 0.6 eV for electron barrier) is 

necessary, which is currently unavailable.  

To further pursue the possible method of ensuring both the fluent erase 

and reading, channel length scaling was examined based on the idea that 

the fringing field effect from the S/D to the channel may induce a 

sufficient erase field over the channel region. Figure 4.3.5a shows the 

simulated lateral cross-section of the vertical electric field at the TO layer 

under the application of the erase voltage. From the results in Fig. 4.3.2e, 

the extent of the fringing field from the S/D to channel was ~250 nm. 

Therefore, the devices with a channel length below 500 nm were 

simulated to observe the overlap of fringing fields in the vicinity of the 

S/D electrodes. The vertical electric field profile (~0.15 MV/cm) for the 

device of 5 μm channel length from Fig. 4.3.2e is also shown as a 

reference (black dashed line). When the channel length is decreased to 

500 nm or less, the magnitude of the vertical electric field at the center of 

the channel region gradually increased due to the fringing field effect. 

When the channel length was 20 nm, the uniform vertical electric field 

was applied to the entire TO layer. Figure 4.3.5b shows the electric 

potential contour when the channel length was 20 nm, and it was 

confirmed that the fringing field was effectively overlapped in the center 

of the channel region. In this case, the magnitude of the vertical electric 

field at the TO layer in the center of the channel region was 2.86 MV/cm, 



 

 108 

which was ~87% of the 3.27 MV/cm in the program operation. This was 

a significant improvement compared to the ~4% for a channel length of 5 

μm. However, if a short channel is used, various adverse effects such as 

increased leakage current due to drain induced barrier lowering and 

operation instability due to cell-to-cell interference may occur. The 

channel length of 20 nm is shorter than ~30 nm, which is the current 

channel length of commercial V-NAND flash memory devices. 
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Figure 4.3.1. (a) Schematic illustration, (b) top view optical microscope 

image, and (c) cross-sectional TEM images of the fabricated ZTO CTF 

device. The thin TO/CTL layers were magnified for clarity. (d) The 

program, (e) erase, and (f) light-erase characteristics of ZTO CTF device. 

The drain voltage for read operation was 5 V. Erase operation was 

performed after the 10 s of programming from the initial state. 
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Figure 4.3.2. Electric potential contour map of simulated ZTO CTF at (a) 

program and (b) erase operations. Vertical cross-section profiles of 

electric potential at the channel region (at the center of the channel) and 

the S/D overlapped region at (c) program and (d) erase operations. (e) The 

lateral cross-section profile of vertical electric field (absolute value) 

inside the TO layer for the program and erase operations. 
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Figure 4.3.3. (a) (upper panel) The height of the charge injection barrier 

from S/D electrode to ZTO channel layer with different S/D electrodes. 

(lower panel) The vertical electric field at TO layer for erase operation 

and the on-current for read operation of VD=5 V with different S/D 

electrodes. The work functions of Pt, Ni, Mo, and ITO were 5.65, 5.15, 

4.6, 4.55 eV, respectively. (b) The vertical cross-section profiles of the 

inversion hole density at the channel region with different S/D electrodes. 

(c) The lateral cross-section profiles of the vertical electric field at TO 

layer with different S/D electrodes. (d) The simulated ID-VG transfer 

characteristics of ZTO CTFs with different S/D electrodes. The drain 

voltage for read operation was 5 V. The curve for the Pt electrode was not 

shown due to the low current level. 
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Figure 4.3.4. (a-d) Hole concentration and (e-h) potential contour maps 

of ZTO CTF devices at erase operation with various source/drain 

electrode materials. (a,e) ITO, (b,f) Mo, (c,g) Ni, (d,h) Pt. 
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Figure 4.3.5 (a) The lateral cross-section profile of vertical electric field 

at the TO layer for different channel lengths. (b) The potential contour 

map of simulated ZTO CTF for the erase operation with the channel 

length of 20 nm.  
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Table 4.3.1. Simulation model parameters for ZTO CTF device 
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4.4. Conclusion 

 

In summary, based on the program/erase operation behavior of the ALD 

ZTO channel-based CTF device in which no Vth shift was observed in the 

erase operation, AOS CTF was modeled through TCAD simulation, and 

its erasability was discussed. Compared to the Si with a bandgap of 1.1 

eV, the oxide semiconductors have wider band gaps of >3 eV and higher 

ionization potential. Therefore, it is challenging to inject minority carrier 

holes to the channel for inversion due to the high hole injection barrier 

formed at S/D contacts. As expected, in the simulated AOS CTF device 

using ITO as the S/D electrode, the inversion layer could not be formed, 

and the vertical electric field applied to the TO layer in the channel region 

was negligible due to the depletion of the channel, resulting in the 

inefficient erase operation. As the work function of the S/D electrode 

increased and the hole injection barrier was sufficiently lowered, an 

inversion layer was formed by the sufficient hole injection, and a uniform 

electric field can be applied to the entire TO layer as in the program 

operation. However, the electron injection barrier increased with a 

decrease in the hole injection barrier, and the cell current required for the 

normal read operation was not achieved. To achieve the condition where 

both the hole and the electron injection barriers are sufficiently low for 

efficient erase and stable read operation, the bandgap of the oxide 

semiconductor should be narrower than ~2.7 eV. Alternatively, the 
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fringing field effect in a short channel device was considered. It was 

confirmed that a uniform vertical electric field with sufficient magnitude 

could be induced across the entire TO layer when the channel length is 

reduced to 20 nm. 
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5. Conclusion 

 

In this dissertation, the overall process of fabrication of the AOS TFTs 

and CTF memory devices based on the ALD ZTO thin films were investigated 

and evaluated. Especially, the reasons for the difficult erase operation of the 

CTF memory device with AOS thin-film channel layer was studied with TCAD 

simulation, and some of the solutions were proposed. 

First, the growth behaviors and electrical performances of 

semiconducting ZnO, SnO2, and ZTO thin films, grown ALD using O3 as the 

oxygen source, were studied. A significant incubation stage was observed for 

ZnO ALD on Si substrate, but not for SnO2 thin film substrate. The incubation 

cycles, along with the grain size, were increased with O3 feeding time, implying 

that the reactivity of Zn-precursor varied with the degree of oxidation of the Si 

surface. The adsorption of Zn-precursor in the early stage of ZTO ALD was 

facilitated with an increasing concentration ratio of Sn to Zn. The electrical 

performance of ZTO film as a channel layer was estimated by fabricating 

bottom-gated TFTs. The best electrical performance of the oxide TFTs was 

observed when the Sn-concentration was 40 at% with a threshold voltage of 

−0.12 V, subthreshold swing of 0.33 V decade-1, field-effect mobility of 13.6 

cm2 V-1 s-1, and saturation mobility of 6.20 cm2 V-1 s-1. The amorphous structure 

of the films could be retained up to 600 °C of post-annealing. These 

performances are promising for the next generation TFT for a vertical NAND 
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flash or cell-stacked dynamic random access memory. 

Finally, a CTF device using ALD ZTO as an n-type AOS channel layer 

was fabricated and its program/erase characteristics were examined. When a 

positive voltage of 20 V was applied to the gate electrode, electrons were 

fluently injected into the adopted SiNx charge trap layer, resulting in a program 

operation showing a threshold voltage (Vth) shift of 3.7 V. However, even when 

-20V was applied for up to 10 s, the trapped electrons were not detrapped. 

Instead, it was possible to recover Vth to its initial value only by the irradiation 

of the white light. To understand this phenomenon, the ZTO CTF device was 

modeled by the TCAD simulation package. The high hole injection barrier 

between the source/drain and the ZTO channel prohibited the hole injection, 

which is the cause of the inefficient erase. It was also confirmed that the AOS 

CTF with sufficient program and erase speed would be limited by the inherent 

energy band structure of AOS with its wide bandgap of over 3 eV. An alternative 

method of using the fringing field effect according to channel length scaling is 

proposed. 

This thesis presents a new pathway for the next-generation V-NAND 

memory devices by exploring the new channel material and by suggesting the 

design strategy for the not only the channel material but also the device 

structure. Even though the AOS channel for the V-NAND memory is still far 

from the adoption as a commercial production, the results in this thesis could 

shed light on this field by guiding the direction of technology development with 
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regard to the aspect of the material science.  
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Abstract (in Korean) 

메모리 셀 스트링이 3 차원 수직 구조로 배열 된 수직 적층형 

NAND (V-NAND) 플래시 메모리는 2013 년에 처음 상용화되었다. 그 

이후 V-NAND 플래시 메모리의 bit는 꾸준히 증가하였으나, 낮은 

이동성을 가진 poly-Si 채널의 셀 전류 부족으로 인해 단순히 수직 

레이어의 수를 늘리는 전략은 한계에 도달 할 것으로 예상된다. 

이에 따라 sensing 전류가 너무 작아져 적절한 속도로 셀의 

데이터를 읽는 것이 불가능해진다. 따라서 10 cm2/Vs 이상의 높은 

이동도를 보이는 비정질 산화물 반도체 (AOS)는 차세대 채널 

재료의 잠재적 인 후보로 평가된다. 단차피복성이 우수한 원자층 

증착법(ALD)은 높은 종횡비의 홀 구조를 사용하는 V-NAND 플래시 

메모리에서 수직 구조의 채널 레이어를 증착하는데 필수적인 

공정이다. 삼성분계 ALD 아연 주석 산화물 (ZTO) 박막은 전기적 

특성이 사성분계 인듐 갈륨 아연 산화물 (IGZO) 박막과 

비슷하면서도, 공정이 덜 복잡하기 때문에 채널 재료로서 매력적인 

후보이다. 그러나 다성분계 금속 산화물 ALD의 거동에 대한 정확한 

이해는 일반적으로 이성분계 산화물 ALD에 비해 복잡하고 

난이도가 높다. 반도체 분야에서 ALD의 초기 연구는 Al2O3, ZrO2 및 

HfO2와 같은 단순한 이성분계 산화물로 시작되었지만, 이 기술은 더 

복잡한 다성분계 산화물 박막의 증착에도 적용될 수 있다. ALD 

기술을 사용하여 SrTiO3와 같은 다성분계 유전체 박막 및 IGZO와 



 

 134 

같은 반도체 박막을 성장시키기 위한 광범위한 연구가 수행되고 

있다. 다성분계 산화물의 ALD 슈퍼 사이클은 이성분계 산화물의 

여러 서브사이클로 구성된다. 구성되는 각 산화물의 서브 사이클을 

결합할 때, 각 구성 산화물의 단일막 성장 거동과 비교하여 다른 

성장 거동을 보일 가능성이 있다. 이는 이전에 성장된 산화물 

표면의 화학 구조가 전구체 흡착에 영향을 줄 가능성이 높기 

때문이다. 

또한 기존 V-NAND 플래시 메모리의 poly-Si 채널을 AOS 채널로 

대체하려면 AOS 기반 CTF (Charge-Trap Flash)가 poly-Si 채널과 

유사한 프로그램/이레이즈 특성을 보장해야한다. 그러나 이전의 

보고들에 따르면 AOS CTF 소자는 매우 비효율적인 이레이즈 

동작을 보였으나, 그 원인은 아직 잘 알려져 있지 않다. 이레이즈 

동작은 대부분 전하 트랩층(CTL)으로의 정공 주입과 관련이 있기 

때문에, AOS에 정공이 없다는 특징이 이레이즈가 되지 않는 주요 

원인 일 수 있다. 그러나 현재 V-NAND의 도핑되지 않은 poly-Si 

채널 또한 충분한 농도의 정공을 갖지 않으며, 대신 정공은 p-타입 

Si 기판에서 주입되거나 스트링 선택 트랜지스터의 GIDL 전류에 

의해 생성된다. 그러나 두 방법 모두 AOS 기반 CTF에서는 큰 

밴드갭으로 인해 사실상 사용할 수 없다. 

첫번째로, 이 연구에서는 O3를 산소원으로 사용하여 ZnO, SnO2, 

ZTO 박막의 ALD를 각각 개발하고, 그 성장 거동을 자세히 
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조사하였다. Si 기판에서 성장시킨, O3을 사용한 ALD ZnO는 O3에 

의해 생성된 SiO2 기판의 높은 표면 반응 장벽 특성에서 비롯된 

것으로 확인된 뚜렷한 배양 cycle을 나타냈다. 반면, ALD SnO2 

박막에서는 이러한 배양 cycle이 관찰되지 않았다. 배양 cycle의 

영향을 제외한 ZnO 층의 성장 속도(GPC)는 Si 기판에서 ~ 4.2Å/cycle 

로 매우 높았다. 또한 ZTO ALD에서, SiO2 기판이 SnO2 ALD 

사이클에 의해 효과적으로 덮일 수 있는 Zn:Sn 비율 범위에서 

균일한 ZTO ALD 공정을 달성 할 수 있었다. Sn 농도에 따른 ZTO 

박막의 전기적 성능이 박막 트랜지스터 (TFT)를 제작하여 

조사되었다. 최적의 양이온 조성은 40at %의 Sn 농도였고, 이때 13.6 

cm2/Vs 의 가장 높은 전계 효과 이동도, -0.12 V의 Vth 및 0.33 V/dec의 

가장 낮은 SS가 확인되었다. 이러한 성능은 홀 구조에의 증착에서 

확인된 매우 우수한 단차피복성과 함께 V-NAND 플래시용 채널 

재료로서 ALD ZTO 박막의 실현 가능성을 보여준다.  

두번째로, AOS 기반 CTF 소자에서의 비효율적인 이레이즈 문제의 

원인에 대한 연구 및 이를 바탕으로 이레이즈 속도를 개선을 위한 

방법이 제시되었다. ALD ZTO 기반 평면 CTF 소자를 제작하고 

프로그램/이레이즈 특성을 평가하였다. AOS 채널의 반전층 형성과 

이레이즈 동작 사이의 관계가 TCAD 시뮬레이션을 통해 조사되었다. 

이를 통해, AOS 채널을 반전시키기 위해서는 소스 및 드레인에서 
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홀을 주입하는 것이 이레이즈 동작의 전제 조건임을 밝혔다. 정공 

주입을 달성 할 수 있는 가능한 방법 또한 제안되었다. 

종합하여, 이 논문에서는 다성분계 ALD ZTO 필름의 기판 의존적 

성장 거동을 조사하고, 그 특성에 대한 이해를 바탕으로 ALD ZTO 

채널 기반의 TFT 및 CTF 장치를 제작하고 평가했다. TCAD 

시뮬레이션을 통해 ZTO CTF의 프로그램/이레이즈 동작 특성을 분석 

한 결과, 충분한 프로그램 및 이레이즈 속도는 3 eV 이상의 넓은 

밴드 갭을 가진 AOS 고유의 에너지 밴드 구조에 의해 제한 될 수 

있음을 확인하였다. 
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