
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


Ph.D. Dissertation 
 
 
 
 

Development of III-V Compound 
Semiconductor Tunneling Field-effect 

Transistor 
 
 
 
III-V족 화합물 반도체 터널 전계 효과 트랜

지스터 개발 
 
 
 
 

August 2022 
 
 

 
Graduate School of Electrical and Computer 

Engineering 
 

Seoul National University 
 

Minwoo Kong



Development of III-V compound 
semiconductor tunneling field-effect 

transistor 
 

Adviser Prof. Woo Young Choi 
 

Submitting a Ph.D. Dissertation of Public 
Administration 

 
August 2022 

 
Graduate School of Electrical and Computer Engineering 

Seoul National University 
 

Minwoo Kong 
 

Confirming the Ph.D. Dissertation written by 
 

Minwoo Kong 
 

August 2022 
 
 

Chair                      (Seal) 

Vice Chair                     (Seal) 

Examiner                     (Seal) 

Examiner                     (Seal) 

Examiner                     (Seal)



i 

Abstract 

The remarkable development of lithography technology commercialized 

the sub-10 nm logic transistors. Gate length scaling is a large portion of the 

effort to reduce the power consumption of metal-oxide-semiconductor field-

effect transistors (MOSFETs). However, this approach faces several problems, 

such as the physical limitation of lithography and leakage current control. The 

fundamental problem of MOSFETs is that they cannot reach subthreshold-

slope (SS) below 60 mV/dec due to their current transport mechanism. 

Several researchers of Si tunneling field-effect transistors (TFETs) reported 

sub-60 mV/dec, but Si homo-junction TFETs show insufficient on-current 

due to the poor tunneling probability of indirect-band gap materials. As 

tunneling probability at the p-i junction influences the on-current of TFETs, 

III-V compound semiconductors, which have a direct small band gap and low 

effective masses, are the most promising materials to achieve high tunneling 

current with SS below 60 mV/dec. Also, the tunneling current can be 

remarkably increased by forming a staggered or broken gap by choosing 

materials with different band offsets. 

Since the tunneling at a p-i junction is the current source of TFET 

devices, many researchers have reported the performance of TFETs fabricated 

from III-V wafers with high p-type doping concentration grown by the 

molecular beam epitaxy (MBE) method. However, very few InGaAs TFET 

devices fabricated on MOCVD-grown epitaxial layers have been reported due 

to the challenging techniques for achieving p-type InGaAs with high doping 
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concentration and steep dopant profile. Accordingly, this work demonstrates 

the metal-organic chemical vapor deposition (MOCVD) growth techniques to 

grow a high-quality epitaxial layer for TFET device fabrication. Homo-

junction p-i-n InGaAs epitaxial layers were grown for conventional TFET 

devices, and hetero-junction p++-Ge/i-InGaAs/n+-InAs nanowires were 

grown to confirm the possibility of boosting the TFET device performance. 

The TFET device performance at both epitaxial layers was characterized to 

confirm the potential of TFET devices fabricated on the epitaxy layers grown 

by the MOCVD method. 

The high-quality epitaxial layers were grown using the MOCVD method. 

Compared to the MBE method, cost-effectiveness, high throughput, and 

excellent crystal quality are the significant advantages of the MOCVD 

method. The growth of InGaAs film layers on InP (001) substrate with several 

growth conditions was studied. The effects of source flow rate, temperature, 

and V/III ratio on the quality of grown InGaAs film layers were studied. As 

the high-concentration and steep dopant profile of n-type and p-type dopants 

are challenging in MOCVD InGaAs growth technique, carbon and tellurium 

doping techniques were introduced to achieve highly-doped p-type and n-type 

InGaAs layer with steep dopant profile. 

The grown epitaxial film layers were evaluated by fabricating the TFET 

device. Before the TFET device fabrication, the dimensions of the TFET 

device were selected by electrical simulation results of TFET devices with 

different structures. For TFET device fabrication, a high-quality vertical p-i-
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n epitaxial structure with a steep doping profile was successively formed by 

MOCVD. After epitaxial growth, the TFET devices were fabricated by the 

vertical top-down wet etching method. The ohmic process and air-bridge 

process were also optimized for device fabrication. The effect of p-type 

doping concentration and the dislocations formed during MOCVD growth 

was confirmed by TFET performance. The fabricated TFET devices showed 

SS of near-60 mV/dec and sound on/off current ratio, which was by far the 

first reported device comparable to TFET devices fabricated on the MBE-

grown wafers. This result represents the possible mass-production of high-

quality MOCVD-grown III-V TFET devices. 

The next part of this study is nanowire TFET fabrication. The growth of 

III-V nanowires for electronic device fabrication has several advantages. The 

significant advantage is that hetero-structures with various characteristics can 

be formed on various wafers. The nanowires grown by a sufficiently small 

diameter show a dislocation-free interface even if nanowires have a different 

lattice constant compared to the wafer. Various types of band-alignment can 

be formed, and this is a crucial factor in boosting the tunneling current of 

TFETs. Also, nanowires with a small diameter show better device density in 

a chip, improved gate controllability, and enhanced throughput by reducing 

growth time. 

The InGaAs nanowires were grown by the selective area growth (SAG) 

method. As a hard-mask layer, a SiO2 layer was deposited on InP (111)B and 

Ge (111) wafers. Growth conditions far different from InGaAs film layer 
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growth were tested due to the different growth modes. Selective growth of 

nanowires was identified by optimizing temperature, V/III ratio, and source 

flow rate. As a result, InAs and InGaAs nanowires were successfully grown 

on InP (111)B and Ge (111) wafers. For p-type material, the p++-doped Ge 

(111) wafer was used. The intrinsic InGaAs and InAs nanowires were 

selectively grown on the patterned substrate. Finally, n-type InAs nanowires 

with silicon dopant were grown subsequently. The grown nanowires were 

evaluated by fabricating the vertical nanowire TFETs. ALD HfO2 and ALD 

TiN processes were optimized for high step coverage and good interface state 

density. By applying the developed ALD processes, a successful 

demonstration of vertical nanowire Ge/InGaAs hetero-junction TFET was 

observed. 
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Chapter 1. Introduction 
1.1. Backgrounds 

Since first invention of silicon (Si) metal-oxide-semiconductor field-

effect transistor (MOSFET) in 1959 [1], the market share of semiconductors 

has continuously increased for various computing devices. The continuous 

efforts to enhance the performance of MOSFETs were made and the most 

fundamental approach was scaling down the device dimensions. Scaling 

down the gate length, gate oxide thickness, and supply voltage has led to 

densification of the device, faster operation, and low energy loss [2]. This 

scaling trend led to a continuous doubling of transistor density in integrated 

circuits (ICs) about every two years since 1970, so-called Moore’s law as 

shown in (Fig. 1.1) [3]. 
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Figure 1.1. Number of transistors in commercially available chips since 1970. 
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The leading semiconductor companies are challenging in the mass-

production of 4 nm nodes for foundry services, and they are planning to 

provide 3 nm technology in the late 2022s’ or early 2023s’. However, this 

scaling approach faces physical limitations. Since the physical gate length is 

approaching the atomic level, device gate control is a severe problem that 

electrons directly tunnel from source to drain at OFF-state [4]. Also, the dense 

devices produce immense heat, which leads to thermal excitations [5]. These 

leakage and heat problems arise in applications for limited energy supply in 

mobile, autonomous devices, and high-performance computing in Cloud data 

centers [6], [7]. After the physical gate length has reached sub-20 nm, 

semiconductor manufacturers are reducing “effective gate length” by 

changing device structure to enhance gate controllability. They are changing 

the 2-D MOSFET structure to fin-FET, multi-layer nanosheet, and eventually 

complementary FET structures, as shown in (Fig. 1.2) [8]. 
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Figure 1.2. Logic scaling roadmap in 2020 (IMEC’s perspective). 
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In 2016, researchers announced the transition from Moore to a beyond-

CMOS strategy at the International Technology Roadmap for Semiconductors 

(ITRS) [9]. New channel materials (SiGe, Ge, and III-V) and transport 

schemes (tunneling FET (TFET), junctionless FET (JFET), and negative-

capacitance MOSFET (NCMOS)) were suggested for the beyond-CMOS 

approach. These Ge and III-V materials have superior mobility compared to 

conventional Si. Although the high mobility effect on current transport 

becomes limited due to velocity saturation by scaling, further scaling makes 

ballistic transport which allows a further increase of carrier velocity (injection 

velocity) in proportion to mobility [10]. The tunability of bandgap and 

effective mass provide various advantages in designing III-V semiconductor 

devices. 

 

1.2. III-V TFETs for Low Power Device 

TFET was first reported by S.R. Hofstein and G. Warfield in 1965 [11] 

to overcome the fundamental limitation of MOSFET devices. Unlike the sub-

threshold slope (SS) limitation of 60 mV/dec in MOSFET [12], the tunneling 

transport mechanism in TFETs shows SS below 60 mV/dec. The basic 

operation principle of TFET is to control tunneling behavior by gate control. 

A typical TFET structure consists of a p-i-n structure, which corresponds to 

p-type, intrinsic, and n-type. The energy band of the intrinsic region is 

controlled by the gate to enhance or reduce tunneling, as shown in (Fig. 1.3). 

When the positive bias is applied to the gate, the conduction band of the 

intrinsic region aligns with the valence band of the p-region. The electron 

tunnels from the p-region to the intrinsic region by band-to-band tunneling 

(BTBT) transport. 
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Figure 1.3. Current transport mechanism of TFET. (a) TFET without gate 

bias showing OFF-state. (b) TFET with positive gate bias showing ON-state. 
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The direct BTBT generation rage 𝑮𝑮 per unit volume is given by [13] 

𝑮𝑮 = 𝑨𝑨�
𝑭𝑭
𝑭𝑭𝟎𝟎
�
𝟐𝟐

𝐞𝐞𝐞𝐞𝐞𝐞�−
𝑩𝑩
𝑭𝑭
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where 𝑭𝑭𝟎𝟎 = 𝟏𝟏 𝐕𝐕/𝐜𝐜𝐜𝐜 ; 𝑨𝑨  and 𝑩𝑩  are the Kane’s parameters; and 𝑭𝑭  is the 

electric field. 𝑨𝑨 and 𝑩𝑩 can be expressed by 
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where reduced tunneling mass 𝒎𝒎𝒓𝒓 = 𝒎𝒎𝒆𝒆𝒎𝒎𝒍𝒍𝒉𝒉/𝒎𝒎𝒆𝒆 + 𝒎𝒎𝒍𝒍𝒉𝒉 is determined by 

the lightest electron effective mass 𝒎𝒎𝒆𝒆  and the light hole effective mass 

𝒎𝒎𝒍𝒍𝒉𝒉 ; 𝒒𝒒  is the elementary charge; 𝒉𝒉  is Planck’s constant; 𝑬𝑬𝒈𝒈  is the 

bandgap. According to the equation above, the tunneling probability is mainly 

determined by an electric field between the valence band of the p-region and 

the conduction band of the i-region, the effective mass of electron and light 

hole, and the bandgap. From Kane’s parameter 𝑩𝑩, the tunneling probability 

increases by decreasing the effective masses and bandgap. However, from 

Kane’s parameter 𝑨𝑨 , the tunneling probability decreases by reducing the 

effective mass. Kane’s parameter 𝑨𝑨 represents the effect of the density of 

states. Since the density of state decreases at smaller effective masses [14], 

the tunneling probability decreases at lower effective masses. Typically, the 

density of states of III-V materials is known to be 1 to 2 orders lower than 

that of Si and Ge materials [15]. Therefore, the effect of small effective 

masses and small bandgap of III-V materials on tunneling probability is 

complicated. 

The tunneling probability also significantly decreases at indirect 

bandgap materials due to the wave-number conservation rule. Unusually, due 
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to the low energy difference between the direct gap energy and the indirect 

gap energy for Ge material, Ge has a high probability of direct tunneling [16]. 

The overall tunneling probability of different materials is calculated by 

Takahiro Mori and is shown in Fig. 1.4 [17]. Since the Si has a large indirect 

bandgap and large effective masses compared to Ge and III-V materials, the 

on-current of Si TFETs is significantly low compared to conventional Si 

MOSFETs. 
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Figure 1.4. Tunneling probabilities of different materials [17]. 
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The III-V materials are great candidates for TFET devices because band 

alignment, bandgap, and tunneling mass can be adjusted by adjusting the 

material composition of ternary III-V materials. InGaAs is the most 

frequently used ternary materials for high-mobility applications due to the 

superior mobility and lattice constant matching with InAlAs and InP, which 

are used for buffer layer and substrate [18]–[20]. The same lattice constant of 

InGaAs and InAlAs layers with InP substrates leads to defect-free epitaxial 

growth on InP substrates, assuring good electrical properties. The material 

properties of semiconductor materials are shown in Table 1.1. The electron, 

light hole masses, and bandgap of InGaAs are significantly low compared to 

Si. Also, the integration of different materials such as Ge/InGaAs and 

Ge/InAs heterostructure can make type-II and type-III band alignment which 

drastically enhances tunneling probability [21]. Therefore, the lack of on-

current in Si TFETs can be redeemed by the fabrication of III-V TFETs. 
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Table 1.1. Physical properties of semiconductor materials. 

 Si Ge GaAs InGaAs InAs 

Electron 

effective 

mass (me) 

[m0
-1] 

mL/mT: 

0.98/0.19 

mL/mT: 

1.59/0.082 
0.063 0.043 0.023 

Light hole 

effective 

mass 

[m0
-1] 

0.16 0.044 0.082 0.047 0.026 

Mobility 

[cm2/V·s] 

μe/μh: 

1400/450 

μe/μh: 

3900/1900 

μe/μh: 

8500/400 

μe/μh: 

12000/300 

μe/μh: 

40000/500 

Bandgap 

(Eg) [eV] 
1.12 0.66 1.42 0.74 0.35 
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1.3. Epitaxy of III-V Materials 

The widely used method to make III-V channel-based devices is growing 

III-V materials on Si, GaAs, or InP substrates [19], [22]–[24]. The typical 

growth methods are metal-organic chemical vapor deposition (MOCVD) and 

molecular beam epitaxy (MBE) [25]. The MBE growth is carried out at a 

heated substrate in an ultra-high-vacuum (UHV) chamber (base pressure ~ 

1×10-9 Torr) to ensure high material purity and directional elemental beams 

for growth. High purity metal and group-V sources are heated to high 

temperatures to generate sufficient vapor pressure for the molecular beam, 

and shutters control this beam. In contrast, the MOCVD growth is carried out 

in relatively higher chamber pressure (15 to 750 Torr) with a similar heated 

substrate. Tri-methyl metal-organic sources and hydrides are supplied for 

group-III and group-V sources. The reactants flow across the substrate with a 

typical carrier gas, hydrogen. The typical growth temperature of MOCVD is 

much higher than MBE because MOCVD utilizes thermal cracking of metal-

organic and hydride sources to make reactions. Also, the carrier gas hydrogen 

in MOCVD can bind to dopant-induced vacancies in layers, electrically de-

activating dopants. Additional thermal activation process after growth is 

needed. The comparison of MBE and MOCVD is shown in Table 1.2 [26]. 
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Table 1.2. Comparison between MOCVD and MBE method. 

 MOCVD MBE 

Technical 

Higher growth rate 
Fast switching for superior 

interfaces 

Excellent crystal quality 

Able to grow 

thermodynamically 

forbidden materials 

Able to explicitly control 

background doping 
No hydrogen passivation 

Commercial 

More flexibility for source 

and reactor configuration 

changes 

Lower material cost / wafer 

Economic to idle. Overhead 

scales with run rate 

Overhead doesn’t scale with 

run rate 
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However, the conventional epitaxy methods to grow materials having 

different lattice constants are restricted. Different materials with different 

lattice constants generate strain-induced stress, generating threading 

dislocations after critical thickness [27]. Those dislocations seriously degrade 

the electrical properties of the grown epitaxy layer by making unwanted 

leakage current path [28], [29]. Therefore, the available III-V materials for 

the TFET device are restricted to GaAs for GaAs substrates and In0.53Ga0.47As 

and GaAs0.51Sb0.49 for InP substrates [30], [31], which have the same lattice 

constants as substrates. However, the GaAs material has too high bandgap, 

and growing Sb-based materials have difficulties growing due to the 

antimonides’ fundamental properties, such as low melting points and lack of 

a stable hydride of antimony. The TFET researches with lattice-matched 

InGaAs also suffer from plasma etch-induced damages and junction steepness 

of p-i junction [31], [32]. Except for plasma-induced damage, the high boiling 

point of indium chloride created during plasma etching of InGaAs layers 

makes the top-down etching approach to fabricating TFET devices complex 

[33]. Dopant diffusion of high doping concentrations also degrades junction 

steepness of p-i junction, resulting in low tunneling probability of TFET 

devices [32]. 

Several researchers have recently reported hetero-junction formation by 

selective area growth (SAG). Reducing threading dislocations by aspect ratio 

trapping (ART) technology [34] and elimination of threading dislocations by 

vertical nanowire growth [35] are currently being reported. These hetero-

epitaxy methods have significant advantages over conventional epitaxy 

methods in that III-V materials can be integrated on Si or Ge substrates, 

leading to large-scale CMOS-compatible fabrication. Also, the growth of 

vertical nanowire heterostructure can naturally lead to a gate-all-around 
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(GAA) structure with high device density because the nanowire’s diameter 

only determines the device dimension. The vertical formation of the p-i-n 

junction during growth also eliminates the plasma-induced damage during the 

etching process. 

The two major approaches to forming vertical III-V nanowires are the 

vapor-liquid-solid (VLS) method and the vapor-solid (VS) method, as shown 

in Fig. 1.5 [36]. The VLS method utilizes metal catalysts such as In, Ga, or 

Au as a catalyst to absorb reactant vapor to supersaturation levels. The 

catalytic liquid alloy phase forms, and crystal growth occurs at the nucleated 

seeds at the liquid-solid interface. On the other hand, in the VS method, the 

growth occurs at the selectively-opened dielectric area on a substrate. The 

reaction selectively occurs at the solid substrate surface due to the different 

adatom mobility on the substrate and the dielectric surface. Most reactant 

adatoms do not react on the dielectric surface due to high adatom mobility 

compared to the substrate surface. This catalyst-free growth of VS method 

has several advantages over the VLS method. Due to the metal catalyst used 

in the VLS method, the Si or Ge substrates can be doped by unwanted metal 

catalysts. The Au catalyst degrades Si substrates by acting as a trap site [37]. 

Also, In and Ga can act as unwanted p-type dopants in Si [38], [39]. The 

catalyst-free feature of VS method leads to CMOS compatibility. The tapered 

growth by the VLS method also leads to unwanted channel thickening [40]. 

The slower growth rate of VS method can be overcome by increasing the 

reaction rate at high temperatures. 
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Figure 1.5. (a) Vapor-liquid-solid and (b) vapor-solid methods for nanowire 

growth [36]. 
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1.4. Research Aims 

In this research, the whole development and detailed characterization of 

III-V TFET devices are investigated for low-power electronics. The high-

quality epitaxial layers of III-V materials were grown by MOCVD to achieve 

CMOS-compatible, low defect density, and steep dopant profile. Several 

processes were developed to enhance III-V/high-k interface quality, ensure 

high gate step coverage for vertical devices, and isolate the vertical nanowire 

device electrically. By integrating the developed processes, InGaAs TFET 

fabricated by top-down wet etching method showed near-60 mV/dec and 

excellent on/off current ratio, which is not yet reported for MOCVD epitaxial 

layers by other groups. The final goal of this work is to identify the possibility 

of boosting the tunneling current by advanced CMOS-compatible Ge/InGaAs 

hetero-junction vertical nanowire TFET for low-power applications. Specific 

innovative methods are proposed toward this goal in the following chapters. 

The detailed outline of this dissertation is described below. 

Chapter 2 demonstrates the epitaxial growth of InGaAs on the InP (001) 

substrate. The growth temperature was optimized to achieve a high mobility 

layer which was analyzed by the Hall measurement system. Low growth 

temperature led to the high concentration of carbon impurities due to the lack 

of thermal cracking of metal-organic precursors. XRD measurements 

identified the Ga-rich and higher growth rates at higher temperatures. For 

doping of epitaxy layers, the n-type doping and p-type doping conditions were 

tested by introducing SiH4, DETe, DEZn, and CBr4 gases. The significant 

dopant memory effect of Te and dopant diffusion of Zn was identified by 

secondary ion mass spectroscopy (SIMS) analysis. Finally, the optimized 

vertical p-i-n structure with highly-doped carbon as p-type dopant at the 
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bottom and highly-doped tellurium as n-type dopant at the topmost layer was 

grown. A steep dopant profile of about 3 nm/dec was identified by SIMS 

analysis. 

Chapter 3 discusses the demonstration of the TFET device by epitaxial 

InGaAs layers on InP(001) substrate grown in chapter 2. The InGaAs wet 

etching process, ohmic contact process, and air-bridge formation process 

were developed to fabricate a top-down etched InGaAs TFET device. For the 

precise etch rate control of InGaAs(001) layers, citric acid/hydrogen peroxide 

solution was used. Among the Ti, Mo, and Pd contact layers, Pd showed the 

lowest contact resistivity for p-type InGaAs ohmic contact measured by the 

4-point TLM method. The air-bridge was successfully formed by etching the 

InGaAs layer under the metal bridge using phosphoric acid/hydrogen 

peroxide/water solution. Finally, the electrical characteristics of TFET 

devices fabricated on MOCVD-grown, and MBE-grown wafers were 

compared. The effect of lattice-mismatch-induced dislocations on the leakage 

current of the TFET was identified. Also, current boosting by higher p-type 

doping concentration was clearly shown. The SS of near-60 mV/dec and high 

on/off ratio of the fabricated TFET devices on MOCVD-grown wafers were 

competitive compared to MBE-grown wafers. 

Chapter 4 illustrates the selective area growth of In(Ga)As nanowires. 

The PECVD SiO2 layer was deposited on Ge(111) and InP(111B) substrates 

and selectively opened by E-beam lithography and dry/wet hybrid etching to 

define the nanowire growth area. The un-doped InAs and InGaAs nanowires 

were grown on the opened area. The growth temperature, mask open pattern 

dependency, and the total flow rate of reactants was examined to identify the 

vertical and lateral growth rate of nanowires, parasitic growth rate, and In 

composition of InGaAs nanowires. The growth of In(Ga)As nanowire on Ge 
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substrate was also tested to grow Ge/InGaAs hetero-junction. 

Chapter 5 demonstrates the fabrication of a vertical nanowire TFET 

device. The grown nanowires from chapter 4 were thinned by a digital etching 

process to maximize the gate control at the InGaAs channel. HfO2/TiN gate 

stack processes were developed for high step coverage and low interface state 

densities. The interface at HfO2/InGaAs was optimized by IPA oxidant. C-V 

characteristics of the HfO2/n-InGaAs MOSCAP device were measured to 

analyze the interface state of the HfO2/InGaAs interface. The leakage current 

of the HfO2 dielectric was minimized by using an O3 oxidant at the bulk layers. 

The growth pressure, plasma power, temperature, and feeding time were 

optimized for low-resistive ALD TiN growth. BCB deposition and plasma 

etching to planarize the surface was tested to ensure vertical isolation of 

fabricated devices. The TiN sidewall wet etching process was also tested for 

vertical isolation. As a result, Ge/InGaAs hetero-junction vertical nanowire 

TFET was successfully demonstrated with boosted on-current compared to 

conventional TFETs. 
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Chapter 2. Epitaxial Growth of 

InGaAs on InP (001) Substrate 
 

2.1. Introduction 

The material quality of epitaxially grown InGaAs layers dramatically 

influences the performance of TFET devices. Since the current of the TFET 

device is controlled by the BTBT current between the narrow p+-region and 

i-region, defect sites in this junction act as unwanted tunneling leakage paths 

[1]. Because the lattice-matched InGaAs layers on the InP substrate do not 

create stress-induced defect sites [2], In composition of grown InGaAs layers 

must be carefully regulated to avoid any defects. Unwanted doping into 

intrinsic layers also degrades mobility at the channel [3]. Since the metal-

organic metal sources contain carbons in their molecules, unwanted carbon 

dopants incorporate with grown layers [4]. The dopant concentration and 

profile are the significant factors influencing the tunneling current of TFET 

devices [5]. High dopant concentration, especially for p-type dopant, with a 

steep dopant profile at the p+/i junction is required to maximize the electric 

field at the junction [6]. Those dopant profiles are necessary to achieve high 

on-current and steep SS properties. The growth conditions such as growth 

temperature, source flow rate, and dopant flow rate must be carefully tuned 

to achieve a high-quality p-i-n InGaAs epitaxial layer. 

The InGaAs epitaxial layer for the fabrication of the TFET devices is 

shown in Fig. 2.1. Grown InGaAs layers consist of p+-InGaAs for source, i-
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InGaAs for channel, and n+-InGaAs for drain area. For p+-InGaAs layers, 

high doping concentration and steep dopant profile are essential for high 

tunneling current generation. Defect-free and low impurity concentration is 

necessary at the i-InGaAs layer to suppress unwanted trap-assisted tunneling 

(TAT) and higher on-current by high mobility. For the n+-InGaAs layer, high 

doping concentration for low contact resistance is vital to achieving high on-

current. 
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Figure 2.1. Schematic of grown InGaAs epitaxial layers (a) right after 

MOCVD growth and (b) after TFET device fabrication. 
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Growth temperature and In/Ga ratio must be considered to achieve high-

quality intrinsic InGaAs layer by MOCVD growth. Since the widely used 

metal-organic Ga source for InGaAs growth, TMGa, has a pyrolysis 

temperature of 480 °C [7], low-temperature growth leads to In-rich InGaAs 

growth. In/Ga ratio must be controlled at different temperatures to grow 

lattice-matched InGaAs layer on InP substrates. Also, the incomplete cracking 

of TMGa results in unwanted carbon incorporation to the grown InGaAs 

layers. These carbon dopants in InGaAs degrade mobility by increasing the 

impurity scattering [8]. However, too high growth temperatures also increase 

unwanted doping. The reaction rate between InGaAs layers and carbon 

impurities increases at high temperatures [9]. Also, the unwanted dopants 

from previous runs desorb from the chamber wall, acting as dopants to the 

grown InGaAs layers. Therefore, the optimal growth temperature is required 

to achieve high mobility InGaAs channel. 

Proper n-type and p-type dopants for the InGaAs layer must be chosen 

for doped InGaAs layer growth. Due to the low thermal budget of III-V 

materials, ion implantation and diffusion method for doping are limited [10]. 

Therefore, in-situ doping during epitaxial growth to form vertical doping 

stacks is widely used [9], [11]–[18]. Typical n-type dopants for the MOCVD 

InGaAs layer are known as silane (SiH4), disilane (Si2H6), tetraethyl tin 

(TMSn), hydrogen sulfide (H2S), hydrogen selenide (H2Se), and diethyl 

tellurium (DETe) [17], [19]–[22]. Due to the amphoteric behavior of silicon 

dopant, Si incorporated at the Group V site compensates donor concentration 

at high doping concentrations [19]. The typical donor concentration limit of 

Si dopant is known as 1×1019 cm-3. Although Sn shows a better donor 

concentration than Si (~3×1019 cm-3), it forms a segregation layer on the film 

surface at high doping concentrations [23]. Contrary to Si dopants, chalcogen 
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materials such as S, Se, and Te only act as donors. Among the chalcogen 

materials, Te dopant shows the lowest diffusion coefficient [20], which is 

excellent for a steep dopant profile. However, strong memory effects hinder 

the dopant profile at the junction with the subsequently grown layer. 

Therefore, the Te dopant must be used in the last stack of the epitaxial layer. 

The widely used p-type dopants for the MOCVD InGaAs layer are 

known as diethylberyllium (DEBe), bis-(cyclopentadienyl) magnesium 

(Cp2Mg), diethyl zinc (DEZn), and carbon tetrabromide (CBr4) [9], [11]–[16], 

[18], [24]–[26]. The Be dopant is now well known for its toxicity and not 

commercially available. The pyramidal defect formation and intense turn-on 

and turn-off transients caused by Mg dopant make device fabrication 

impossible [14]. For Zn dopant, high acceptor concentration is easily 

achievable, but the Zn redistribution to the indium vacancy formed during 

growth causes the collapse of a p-i junction [27], [28]. Due to the great doping 

profiles of carbon dopants, they are widely used in HBT structures [29]. 

However, the amphoteric behavior of carbon dopant lowers the acceptor 

concentration compared to actual carbon incorporation into the InGaAs layer 

[30]. The growth temperature and V/III ratio must be minimized to 

incorporate carbon into the suitable Group V sites. Hydrogen passivation is 

also a problem; grown epitaxial layers must be annealed for electrical 

activation [31]. 

The growth mode of the thin-film epitaxial layer can be classified into 

Frank-Van der Merwe (FM) mode, Volmer-Wever (VW) mode, and Stranski-

Krastanov mode [4]. Each growth mode corresponds to layer-by-layer growth 

(2-D growth), island growth (3-D growth), and layer-plus-island growth, as 

shown in Fig. 2.2. If the adatom cohesive force is more vital than the surface 
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adhesive force, 3-D growth occurs. 2-D growth occurs in the opposite 

condition. Even when the initial growth occurs in 2-D growth mode, the 

growth mode can switch to 3-D growth mode. If there is a lattice mismatch 

between the substrate and the grown layer, the strain energy accumulates at 

the layer. After the thickness of the layer exceeds critical thickness, the 

relation between adatom cohesive force and surface adhesive force inverts. 

Since the 3-D growth of the epitaxial layer induces surface roughness and 

ununiform dopant profiles, the 3-D growth mode must be avoided. Therefore, 

growing lattice-matched InGaAs layer is vital to avoid this 3-D growth. 
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Figure 2.2. Schematic diagram of three basic growth modes: (a) Frank-Van 

der Merwe (FM) mode, (b) Volmer-Wever (VW) mode, and (c) Stranski-

Krastanov (SK) mode. 
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This thesis’s epitaxial growth and analysis were done in co-work with 

Korea Advanced Nano Fab Center (KANC). The growth of InGaAs epitaxial 

layer growth and other doped InGaAs and selective nanowire growth that will 

be discussed in the latter part was grown in the AIXTRON AIX 200/4 L 

MOCVD system. The reaction occurred in a quartz reactor with substrate 

placed on graphite susceptor and planet. Continuous rotation of the planet was 

maintained at the speed of 200 rpm to ensure the uniformity of grown InGaAs 

layers on the substrate. The substrate was heated by an infrared (IR) lamp, 

capable of temperature up to 750 °C. Phosphine (PH3) and arsine (AsH3) 

gases were used as hydride gases, and trimethyl gallium (TMGa) and 

trimethyl indium (TMIn) were used as metal-organic precursors. For doping 

experiments, 2% diluted silane (SiH4) with H2, diethyl tellurium (DETe), 

diethyl zinc (DEZn), and carbon tetrabromide (CBr4) were used as dopant 

precursors. The total gas flow into the chamber was maintained at 15000 sccm 

by using H2 as a carrier gas, and the chamber pressure was varied from 80 

mbar to 160 mbar. For all growths in this chapter, semi-insulating InP (001) 

substrate (> 5×106 Ω·cm) was used for electrical isolation of the substrate and 

the grown layers. In order to analyze the properties of grown epitaxial layers, 

high-resolution x-ray diffraction (HR-XRD) system (BRUKER, D8 

DISCOVER) and hall measurement system (NANOMETRICS, HL5500PC) 

were used. The In composition and thickness of grown layers were analyzed 

by identifying the peak position and fringe intervals of the 2θ-ω scan. The 

donor and acceptor concentrations were analyzed by the Van der Pauw 

method at the Hall measurement system, measuring four contact points on the 

small area (5×5 mm2) made by In melting on the epitaxial layer. The actual 

concentration of dopants in InGaAs layers was measured by SIMS at EAG 

laboratories. 
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Figure 2.3. An image of (a) MOCVD, (b) XRD, and (c) Hall measurement 
system in KANC. 
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2.2. Temperature Dependent Properties of 
Intrinsic-InGaAs on InP (001) Substrate 

The typically reported mobility of lattice-matched InGaAs on InP (001) 

substrate is around 11400 cm2/V·s [32]. Since the MOCVD chamber we used 

was utilized for the different study subjects, complete maintenance for 

minimizing background doping was impossible. Only dummy high-

temperature InGaAs coating onto the reactor chamber and susceptor was done 

prior to each experiment set. The work aimed to get the mobility value of the 

closest possible value to the 10000 cm2/V·s in our MOCVD system. The 

chamber pressure was kept the same at 160 mbar. The flow rate of TMIn, 

TMGa, and AsH3 was maintained at 54.5 μmol/min, 43.0 μmol/min, and 8930 

μmol/min, corresponding to a V/III ratio of 91.6. This high V/III ratio was 

chosen to avoid unwanted carbon incorporation into intrinsic InGaAs layers 

[33] Total growth time was 1 min for 450 °C to avoid the exceeding critical 

thickness of the In-rich InGaAs layer, and 2 min was kept the same for other 

growth temperatures. 

The growth temperature varied from 450 °C to 660 °C with a fixed 

TMIn/TMGa ratio. The In composition of grown InGaAs layers shows XRD 

2θ peak movement from In-rich composition to Ga-rich composition as 

shown in Fig. 2.4. As discussed earlier, In-rich InGaAs grow at a low 

temperature due to the high pyrolysis temperature of TMGa. At growth 

temperatures higher than 580 °C, this effect of TMGa on thermal cracking 

weakens as the change in the In composition decreases. 
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Figure 2.4. In composition of grown InGaAs layers at different growth 

temperatures. (a) HR-XRD 2θ-ω data and (b) corresponding In composition 

of (a). 
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The growth rate of InGaAs layers grown at different temperatures is 

shown in Fig. 2.5(a). As the additional Ga supply becomes saturated after a 

growth temperature of 580 °C, the growth rate remains constant, which 

represents mass transport limited growth region. This growth rate saturation 

matches the In composition change behavior in Fig. 2.4(b). As shown in Fig. 

2.5(b), the sheet resistance of the InGaAs layer keeps decreasing as the 

growth temperature increases. The donor density measured by the Hall 

measurement system kept increasing from 2.4×1015 cm-3 at 450 °C to 

4.8×1017 cm-3 at 660 °C. Since the primary material that removes unwanted 

carbons incorporated into the grown InGaAs layer is atomic hydrogens from 

thermally cracked AsH3 [25], low growth temperature leads to unwanted 

carbon incorporation. Due to the incomplete cracking of AsH3 at temperatures 

below 500 °C, the methyl groups combined with Ga at the surface are not 

entirely removed. These remaining hydrogen-passivated dopants act as 

inactive acceptors, resulting in high resistance properties. Also, the mobility 

degrades by the dopant-site scattering effect. 

The mobility of the InGaAs layer grown at 660 °C was low compared to 

620 °C, as shown in Fig. 2.5(c). As discussed earlier, the unwanted dopant 

diffusion from the chamber wall into the substrate in our system is a 

reasonable explanation of this phenomenon because other groups did not 

report significant mobility degradation at higher growth temperatures [18]. 

Since the unwanted doping level keeps increasing as the growth temperature 

goes high, the growth temperature of the intrinsic InGaAs layer was set as 

580 °C, which shows high mobility with a reasonably low donor 

concentration. Also, the mass transport limited growth led us to control the 

precise channel thickness of the designed p-i-n structure. 
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Figure 2.5. (a) Arrhenius plot graph, showing the growth rate of InGaAs 

layers at different growth temperatures. (b) Sheet resistance and (c) mobility 

of InGaAs layers at different growth temperatures. 
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2.3. In-situ Doping Properties of InGaAs on InP 
(001) Substrate 

The chamber pressure and the flow rate of TMIn, TMGa, and AsH3 were 

maintained the same for doping experiments except for the C doping 

experiment, which was 160 mbar, 54.5 μmol/min, 43.0 μmol/min, and 8930 

μmol/min, respectively. The growth time varied from 1.5 min to 5 min. For 

each growth, 50 nm of buffer InP layer was deposited prior to the main 

InGaAs layer to achieve good surface morphology. The doping was done by 

simultaneously introducing dopant sources (diluted SiH4 and DETe for n-type 

doping and DEZn and CBr4 for p-type doping) during the growth of InGaAs 

layers. Each grown layer’s doping concentration was measured by the Van 

der Pauw method with thickness calibration by HR-XRD measurement. The 

measured 2θ-ω peak was fitted by using DIFFRAC.LEPTOS software 

provided by BRUKER company. Since the thickness of grown layers can be 

estimated from the 2θ-ω peak fringe period, as shown in Fig. 2.6 [34], The 

doping concentrations of the grown layers were achieved by dividing the 

sheet carrier concentration by the thickness measured. 
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Figure 2.6. Fitting of the fringe pattern at different samples obtained by 2θ-

ω measurement [34]. 

  



39 

As shown in Fig. 2.7, the total amount of dopant source is expressed as 

the ratio of dopant flow rate to the Group III flow rate. All experiments for Si 

doping were done at 580 °C. The flow rate of SiH4 varied from 0.4252 

μmol/min to 76.13 μmol/min, which corresponds to the data points at both 

ends in Fig. 2.6(a). The flow rate of SiH4 was not further increased to avoid 

chamber contamination problems. The donor concentration of 4.9×1015 cm-3 

to 5.2×1018 cm-3 was achieved at various SiH4 concentrations. At significantly 

high level of doping concentration (SiH4/(TMIn+TMGa) = 0.80), rightmost 

data point in Fig. 2.7(a), The actual Si concentration in the layer was 7.1×1018 

cm-3. Since the reactor temperature is not sufficiently high enough to crack 

SiH4 introduced [35], the concentration of Si adatoms that can bind to InGaAs 

is too small. The amphoteric behavior of Si dopant reported by other groups 

[19] was not observed with our result because of the low growth temperature.  

To achieve higher doping concentrations, DETe dopant was introduced 

into the chamber. The Te-doped InGaAs layers were grown at 580 °C and 

500 °C. The flow rate of DETe was changed from 1.001×10-3 μmol/min to 

0.1822 μmol/min, which corresponds to the data points at both ends in Fig. 

2.7(b). Unlike Si dopant, the donor concentration is very high ranging from 

5.8×1018 cm-3 to 6.1×1018 cm-3 at 500 °C growth and 4.3×1018 cm-3 to 

3.6×1019 cm-3 at 580 °C growth. The relatively high dopant concentration 

compared to Si dopant can be explained by the low pyrolysis temperature of 

the DETe source [21]. Interestingly, growth at lower temperatures resulted in 

higher dopant concentrations. This limited Te incorporation at higher 

temperatures originated from the volatile behavior of atomic Te. The volatile 

property is known to be suppressed at the growth temperature below 475 °C 

[22].  
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Figure 2.7. Dopant concentrations of (a) Si dopant and (b) Te dopant, 

measured by Hall measurement (square) and SIMS (star) method. 
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The dopant profile of grown n-type InGaAs layers is shown in Fig. 2.8. 

The different 100 nm of n-type InGaAs layers having three doping 

concentrations were grown at a single wafer. For Si dopant, SiH4 flow rates 

of 12.6880 μmol/min, 42.2932 μmol/min, and 76.1278 μmol/min were grown, 

corresponding to L, M, and H in Fig. 2.8(a). The DETe flow rate of 5.695×10-

3 μmol/min, 1.519×10-2 μmol/min, and 1.822×10-1 μmol/min was used for L, 

M, and H in Fig. 2.8(b). 100 nm of intrinsic InGaAs layers were inserted 

between each layer to confirm the dopant profile. The Si dopant concentration 

located at 1250 nm depth in Fig. 2.8(a) comes from the impurity of PH3 gas 

during the growth of the InP buffer layer in our system. 

Due to the diffusion of Si dopants, we could not achieve base dopant 

concentration at the intermediate intrinsic InGaAs layers. Since the growth 

time for 100 nm of InGaAs layer is 3 minutes, each doped layer was annealed 

at 580 °C for at least 3 minutes. This high-temperature annealing condition 

led to severe doping of Si dopants, as reported by other researchers [27]. 

For Te dopants shown in Fig. 2.8(b), the memory effect of the DETe 

reactant was identified. The left and right sides of the bottom L layer’s peak 

differ in dopant profile. Since the left side of each peak represents the doping 

concentration of the intrinsic layer right after the Te-doped InGaAs layer was 

grown, the memory effect of the Te dopant interferes with the reduction of 

doping concentration after the Te-doped layer growth [20]. Due to this 

unwanted doping after Te-doped layer growth, placing the Te-doped InGaAs 

layer at the topmost of the epitaxial layers is essential. 
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Figure 2.8. Dopant profile of InGaAs layers doped by (a) Si and (b) Te. The 

L, M, and H in the figure denotes for (a) SiH4/(TMIn+TMGa) = 0.1325, 

0.4417, and 0.7950 and (b) DETe/(TMIn+TMGa) = 0.0057, 0.01519, and 

0.1823. 



43 

For p-type InGaAs layer growth, DEZn and CBr4 were used for dopant 

precursors. The stage temperature was maintained at 580 °C for Zn doping 

experiments, and the temperature was further decreased down to 430 °C for 

C doping experiments. The flow rate of TMIn, TMGa, and AsH3 was 54.5 

μmol/min, 43.0 μmol/min, and 8930 μmol/min for the Zn doping experiment. 

For C doping experiment, TMIn, TMGa, and AsH3 was varied: 21.27 

μmol/min to 0.8509 μmol/min, 43.0 μmol/min to 294.5 μmol/min, and 8929 

μmol/min to 446 μmol/min. 

The Zn dopant’s concentration and profile are shown in Fig. 2.9. The 

corresponding dopant flow rate of DEZn is 1.019 μmol/min, 2.037 μmol/min, 

and 5.093 μmol/min for L, M, and H in Fig. 2.10(b). As shown in Fig. 2.9(a), 

it is challenging to regulate the acceptor concentration of InGaAs layers 

because of high doping concentration, even at low concentrations of DEZn. 

The acceptor concentration from 6.3×1018 cm-3 to 4.2×1019 cm-3 was achieved 

by DEZn doping. Interestingly, the Zn concentration measured by SIMS is 

lower than the acceptor concentration measured by Hall measurement. Due 

to the high diffusivity of Zn atoms in InGaAs layers [27], [28], this diffusion 

behavior, caused during the growth of the intrinsic layer, lowered the peak 

doping concentration measured by SIMS. This diffusion behavior is well 

shown in Fig. 2.9(b). Compared to other dopants discussed above, the slope 

at the edge of layers is blunt. This diffusion becomes severe at high doping 

concentrations. 



44 

 
Figure 2.9. (a) Dopant concentrations of Zn dopant measured by Hall 

measurement (square) and SIMS (star) method and (b) Dopant profile of 

InGaAs layers doped by Zn. The L, M, and H in the figure denote DEZn/AsH3 

= 0.01064, 0.02128, and 0.05319. 
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The doping concentration evaluation of carbon-doped InGaAs layers 

was quite challenging due to the amphoteric behavior of carbon dopants in 

InGaAs layers [30]. Before reaching a carbon concentration of 1×1018 cm-3, 

the Hall measurement was impossible due to the high resistivity of the 

channel. Also, the activation annealing was essential for activating doped 

carbons [31]. The activation annealing for Hall measurement was done at 

500 °C for 20 min. 

The concentration of C incorporated into InGaAs increased as the V/III 

ratio was decreased, as shown in Fig. 2.10(a). Since the high concentration of 

AsH3 hinders carbon incorporation into Group V-site [25], a low V/III ratio is 

preferable. The bromine in CBr4 also interferes with Group III materials to 

react at the surface by making InBrx and GaBrx compounds [24]. Due to the 

lack of Group III materials, the growth rate of the InGaAs layer decreases 

from 20 nm/min of intrinsic InGaAs layer to 13 nm/min of carbon-doped 

InGaAs layer at 450 °C. As shown in Fig 2.10(a), C-doped InGaAs layer 

growth at a V/III ratio of 20 showed decreased carbon incorporation at higher 

CBr4 concentrations. Since the excessive CBr4 concentration leads to V/III-

high condition by diminishing Group III materials, growth at low Group III 

concentration made carbon concentration saturate even at low CBr4 

concentrations. Further doping was enabled by reducing V/III to 2.5, as 

shown in Fig. 2.10(a). Unlike other dopants, carbon dopant showed an 

excellent dopant profile, as shown in Fig. 2.10(b). The flow rate of CBr4 in 

Fig. 2.10(b) corresponds to 0.2888 μmol/min, 0.5777 μmol/min, and 1.155 

μmol/min for L, M, and H. The carbon concentration decreased dramatically 

at the junctions. This steep dopant profile comes from the low diffusivity of 

carbon in InGaAs layers [36]. 
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Figure 2.10. (a) Carbon concentrations measured by SIMS and (b) Dopant 

profile of InGaAs layers doped by C. The L, M, and H in the figure denote 

CBr4/AsH3 = 3.24×10-5, 6.47×10-5, and 1.29×10-4. 
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The hole concentration measured by Hall measurement for lower 

temperature and lower V/III ratio is shown in Fig. 2.11(a). V/III ratio of 1.5 

was our limitation due to the limitation of the gas MFCs in our MOCVD 

chamber. The acceptor concentration shown in Fig. 2.11(a) indicates that low 

temperature and low V/III ratio are critical for achieving high carbon 

concentration. The growth rate was measured at 430 °C, and a V/III ratio of 

1.5 was 4.3 nm/min. The chamber temperature was further decreased down 

to 400 °C, but the growth rate was reduced to 1.2 nm/min, and the acceptor 

concentration remained unchanged. The highest acceptor concentration 

achieved in this experiment was 1.8×1018 cm-3, with growth conditions of 

430 °C and a V/III ratio of 1.5. 

The effect of excess CBr4 was also investigated, as shown in Fig. 2.11(b). 

The acceptor concentration increased by increasing CBr4/AsH3 ratio to 0.01, 

but after 0.02, the acceptor concentration decreased. This decrease in acceptor 

concentration is due to the amphoteric behavior of carbon dopant. The 

excessive carbon incorporation binds at Group V-sites and at Group III-sites, 

leading to carrier concentration compensation as reported by other 

researchers [30]. 
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Figure 2.11. (a) Hole concentration distribution at different temperatures and 

V/III ratios. CBr4/AsH3 was maintained at 9.24×10-3. (b) Hole concentration 

dependency at various CBr4 flow rates. V/III ratio was maintained at 1.5. 
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The final structure for fabrication of TFET is shown in Fig. 2.12(a). To 

form a p-i-n vertical structure, the C-doped InGaAs layer, intrinsic InGaAs 

layer, and Te-doped InGaAs layer were grown on a semi-insulating InP (001) 

substrate sequentially. Each layer was grown at 430 °C, 580 °C, and 500 °C 

from bottom to top to achieve high doping concentrations at the doped layers 

and high mobility at the intrinsic channel. The thickness of the p+-InGaAs 

layer was 250 nm to achieve low sheet resistance between the p-type ohmic 

contact and the device’s active area. The intrinsic InGaAs channel thickness 

was 100 nm to ensure the low p-i-n leakage current, which increases the 

leakage current of TFETs. Finally, 50 nm of highly-doped n-type InGaAs was 

deposited on top to suppress the n-type ohmic contact resistance of the 

fabricated device. 

The dopant concentration and profile were analyzed by SIMS, as shown 

in Fig. 2.12(b). The thickness of each channel was identified as intended, and 

an excellent dopant slope was achieved for both n-type and p-type InGaAs. 

This steep dopant slope led to suppressed leakage current and high on-current 

resulting in steep SS of TFET operation.  
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Figure 2.12. (a) A schematic diagram of p-i-n epitaxial layer grown for TFET 

fabrication. (b) SIMS analysis of grown p-i-n epitaxial layer. 



51 

2.4. Conclusion 
In this chapter, MOCVD epitaxial growth of intrinsic and doped InGaAs 

layers on semi-insulating InP (001) substrate was investigated. The growth 

temperature optimization for the intrinsic InGaAs layer was essential to 

achieving high mobility. The mobility measured at 580 °C growth was 9410 

cm2/V·s, which is in good agreement with the known mobility values. Also, 

the In composition of InGaAs layers at different temperatures was studied for 

low-temperature growth of highly-doped layer growth. Various 

concentrations of SiH4, DETe, DEZn, and CBr4 reactants were tested for 

doped InGaAs layer growth, SiH4 source showed insufficient doping 

concentration due to the incomplete cracking of SiH4 molecules. For the 

DETe doping experiment, the highly-doped n-type layer was achieved by 

lowering growth temperature to reduce vaporized atomic Te at the surface. 

As a result, a donor concentration of 6.1×1019 cm-3 was achieved for the n-

type InGaAs layer. Because Zn dopant showed profound diffusion 

characteristics, CBr4 was chosen for the p-type dopant. Low-temperature 

growth with sufficient Group III supply was essential for incorporating 

carbon dopants into Group V-sites. Because carbon dopants at Group III sites 

act as a donor, an amphoteric behavior, excessive CBr4 flow rate resulted in 

reduced acceptor concentration. With optimized growth conditions, an 

acceptor concentration of 1.8×1019 cm-3 was achieved for the p-type InGaAs 

layer. The p-i-n epitaxial structure of InGaAs on semi-insulating InP (001) 

substrate was successfully grown and confirmed by SIMS analysis. The 

electrical properties of this structure will be analyzed in the following chapter. 
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Chapter 3. Demonstration of 

TFET Device Fabricated on 

InGaAs-on-InP (001) Substrate 
 

3.1. Introduction 

There are three primary leakage paths in TFET operation, as shown in 

Fig. 3.1. First is the direct BTBT current due to the drain-source voltage, 

which is the p-i-n diode leakage current [1]. As the gate control only occurs 

at the edge of the device’s active areas [2], an unwanted current generates at 

the center of the active area. It was identified in our experiments that the 

current level of this diode leakage current usually ranges from 1×10-3 A/cm2 

to 1×10-2 A/cm2 for a channel length of 100 nm lattice-matched InGaAs. 

Therefore, the leakage current can be suppressed by either reducing the tch or 

reducing the electric field applied to the channel by increasing the channel 

length. The second leakage path is tunneling through dislocation trap sites 

generated during epitaxial growth. The lattice-mismatch between epitaxial 

layers and the substrate induces stress on the grown layers [3]. After critical 

thickness, misfit dislocations and threading dislocations generate to release 

this stress [4]. Those dislocations seriously degrade the SS and on/off current 

ratio by reducing the mobility of the channel and increasing leakage current 

by TAT [5], [6]. The last leakage path is leakage currents at InGaAs/high-k 
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interface. The interface states induced by impurities, dangling bonds, surface 

roughness, and unwanted native oxides at the III-V surface deteriorate the 

InGaAs/high-k MOS interface quality [7]–[10]. Any TAT currents generated 

at these trap sites increase the leakage current of both gate-source and drain-

source leakage current. 
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Figure 3.1. A schematic diagram of leakage paths of TFET. 
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In this chapter, the influence of device dimensions on the operation of 

the TFET device was analyzed by the simulation. The impact of gate control 

and the leakage current induced by the p-i-n diode was analyzed by BTBT 

current simulation using the SILVACO TCAD tool. After that, several 

fabrication processes were optimized to fabricate the TFET device. Ohmic 

contact metals and wet etching of InGaAs layers were tested to achieve high 

on-current and low leakage current of fabricated TFET devices. The impact 

of the structure of the epitaxial layer was tested by fabricating TFET devices 

on different epitaxial layers grown by MOCVD and MBE methods. 
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3.2. Simulation of Basic Operations of TFET 
Device 

A SILVACO TCAD software was used to calculate band alignment and 

BTBT current of p-i-n TFET devices. The basic structure of TFET used in 

simulations is shown in Fig. 3.2. The active area was set as 2×1 μm2, and the 

thickness of both p+-InGaAs and n+-InGaAs was 100 nm. The channel length, 

which corresponds to the thickness of the intrinsic InGaAs layer, was varied 

from 50 nm to 500 nm for BTBT analysis of the p-i-n InGaAs diode. The gate 

insulator was chosen to be 5 nm HfO2 (EOT ~ 1 nm). The ohmic contact for 

the source and drain was set to be ideal. 
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Figure 3.2. A schematic of the structure used for simulation. 
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To analyze the actual dimension of the gate control inside the active area, 

the band diagram at the p-i junction was analyzed at different positions. 

During simulations, the voltage at gate, drain, and source was kept constant 

at 1 V, 0.5 V, and 0 V. As shown in Fig. 3.3(a), The distance between the 

valence band of the p+-region and the conduction band of i-region at the p-i 

junction was increased to 28 nm at the distance of 20 nm from InGaAs/high-

k interface. This lengthened tunneling distance decreases tunneling 

probability by decreasing the electric field applied, as shown in Fig. 3.3(b). 

Interestingly, the tunneling probability decreased sharply at the distance of 1 

nm from the InGaAs/high-k interface because the band alignment of the p+-

region was affected by gate bias, also. These results identified the effective 

gate control depth as 20 nm from the InGaAs/high-k interface, which matches 

well with other groups’ results [11]. 
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Figure 3.3. (a) Band diagrams of InGaAs PIN structure at different positions. 

The red lines and green lines indicate the conduction band energy and the 

valence band energy of InGaAs. (b) A schematic diagram of nonlocal BTBT 

e- tunneling rate at the p-i junction. 
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The current of the p-i-n diode was evaluated for different thicknesses of 

the i-region. As shown in Fig. 3.4, the forward on-current of the diode remains 

the same for different channel thicknesses, but the BTBT current in the 

negative bias region changes. A thick i-region leads to suppressed BTBT 

current by reducing the electric field applied in the channel region [12]. This 

effect becomes severe with a channel thickness of 500 nm, as shown in Fig. 

3.4(b).  
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Figure 3.4. (a) Diode current of p-i-n diode structure with different channel 

thicknesses. (b) Diode current of p-i-n structure with a channel thickness of 

500 nm. 
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A vertical p-i-n diode device was fabricated to verify the result of 

simulations. The brief bird’s eye view structure of the p-i-n diode is shown in 

Fig. 3.5(a). The fabrication step began with the wet etching of the n+-region 

and intrinsic region by PR masking. The etchant was H3PO4:H2O2:H2O = 

1:1:38 solution, which etches InGaAs at 100 nm/min at room temperature. 

After the wet etches, the device was totally covered by 500 nm of PECVD 

SiO2 for isolation of the p+-region and n+-region. The SiO2 layer was 

selectively etched by BOE 7:1 solution with PR masking to form ohmic 

contacts. Finally, the ohmic contact was formed with Mo/Au = 40/500 nm 

metal layers deposited by an E-beam evaporator. 

As shown in Fig. 3.5(b and c), the BTBT generation of p-i-n diode device 

voltage matches the simulation results. The starting voltage of BTBT 

generation was about -0.2 V and -5 V for channel thicknesses of 50 nm and 

500 nm. The reverse bias voltage of the p-i-n diode corresponds to VDS in 

TFET operation. Since this unwanted BTBT current leads to the degradation 

of leakage current and SS of TFET devices, the channel thickness of TFET 

should be thicker than 80 nm to ensure low leakage current at an actual 

operating voltage (VDS < 1 V). 
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Figure 3.5. (a) A schematic diagram of fabricated p-i-n diode device and 

current-voltage graph of fabricated p-i-n diode device with a channel 

thickness of (b) 500 nm and (c) 50 nm. 
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3.3. Process Optimization of TFET Fabrication 

A few things must be considered in the fabrication process to make a 

TFET device with good performance. First, ohmic contact resistance must be 

considered. Due to the insufficient p-type doping concentration of our 

MOCVD-grown TFET epitaxial layer, ohmic contact metal was optimized to 

minimize the voltage drop at the ohmic contacts. The most widely used 

contact metals for highly-doped p-type InGaAs layers are known as Mo, Pt, 

and Pd novel metals [13]–[15]. Although those metals have high work 

functions, the effective barrier height at an ohmic junction is mostly 

influenced by interfacial oxide formed during the ohmic contact process [15]. 

Due to the low thermal reactivity of Mo and Pt metals, those ohmic contacts 

leave interfacial oxide at the junction. However, Pd is known to have the 

smallest contact resistance because Pd forms Pd-InGaAs compounds at the 

junction [15]. 

The ohmic contact resistance was analyzed by depositing different 

contact metals on the p+-type InGaAs layer. The structure of the epitaxial 

layer is shown in Fig. 3.6, which was grown by MBE in the Intelli-EPI 

company. The concentration of p-type dopant, Be, was 1×1019 cm-3. The 

circular-TLM pattern was formed by PR patterning, and the samples were 

translated into an E-beam evaporator chamber right after dipping in the 

HCl:H2O = 1:3 solution for 1 minute to remove interfacial oxides. After the 

evacuation of the chamber, contact metal/Au = 20/100 nm stack was 

deposited and dipped in the acetone solvent to lift off. 
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Figure 3.6. A schematic cross-section view diagram of the ohmic contact 

experiment. 
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The calculated specific contact resistance of different contact metals is 

shown in Fig. 3.7. As reported by other groups [13]–[15], the Pd contact layer 

showed the best specific contact resistance. Even though the doping 

concentration of the p+-layer was only 1×1019 cm3, we were able to achieve 

specific contact resistance of 4.7×10-7 Ω·cm using Pd as contact metal in our 

system. Since the on-current of TFET is usually known to be 1×10-4 to 1×10-

5 A/μm and the ohmic contact area in this chapter was 20 μm2, the voltage 

drop at the ohmic junction is expected to be less than 1 %. 
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Figure 3.7. (a) A graph of specific contact resistances of different contact 

metals and (b) corresponding data shown in the table.   
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The overall structure of the TFET device is shown in Fig. 3.8(a), the 

same as the TFET device reported by the Intel group [16]. Since the p-i-n 

areas induce leakage current in TFET device operation, every n+-InGaAs and 

i-InGaAs layers outside the active device area was etched by a wet etchant. 

The citric acid-based InGaAs etchants typically show good surface quality 

compared to phosphoric acid-based InGaAs etchants [17], [18]. Also, the etch 

rate of citric acid:H2O2 solutions can be easily regulated by changing the ratio 

between citric acid and H2O2. Therefore, the 20:1 of citric acid:H2O2 solution, 

which has an In0.53Ga0.47As etch rate of 67 nm/min, was used in this chapter 

to etch the InGaAs layer until the bottom p+- or n+-InGaAs layer appears. 

The air-bridge was formed using phosphoric acid:H2O2:H2O = 1:1:38 

solution. This etchant showed a fast etch rate (~ 100 nm/min), and the sample 

was dipped in the etchant for enough time in the last process to etch the 

InGaAs layers under the bridge metals thoroughly. The etched InGaAs at the 

cross-section of the metal bridge are shown in Fig. 3.8(b). 
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Figure 3.8. (a) A schematic diagram of TFET device reported by Intel group. 

(b) A cross-section SEM image of the gate air bridge. 
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3.4. Process Flow 

The TFET device was fabricated using various epitaxial structures 

grown by MOCVD and MBE. For MBE-grown wafers, intrinsic InAlAs, n+-

InGaAs, i-InGaAs, and p+-InGaAs layers were deposited from bottom to top. 

The layers were grown by Intelli-EPI company located in Texas, U.S. The 

InAlAs layer was deposited for the buffer layer, and 5 nm of the In0.7Ga0.3As 

pocket was inserted at the p-i junction. For MOCVD-grown wafers, semi-

insulating InP substrate was used as a buffer layer, and p+-InGaAs, i-InGaAs, 

and n+-InGaAs layers were deposited in order, which is in reverse order 

compared to MBE-grown wafer. Epitaxial layers with different p-type dopant 

concentrations and In composition of p+-InGaAs were used for TFET 

fabrication. The detailed epitaxial structures of wafers are shown in Table 3.1. 
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Table 3.1. Detailed structure of (a) MBE-grown and (b) MOCVD-grown 

epitaxial layers. 
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The fabrication of TFET devices by the top-down etching method is 

shown in Fig. 3.9. First, the device active area and PAD region for measuring 

the device were isolated by wet etching of InGaAs layers. 200 nm of InGaAs 

layers were etched using citric acid:H2O2 = 20:1 solution for 3 minutes. The 

whole layers were cleaned by cyclic digital etching. Each cycle consists of an 

oxidation step in 2 minutes of 50 W O2 plasma in the microwave asher and 

an etching step in HCl:H2O = 1:3 solution for 1 minute. The etch rate is about 

1 nm/cycle, and five cycles were performed. Subsequently, the samples were 

dipped in NH4OH (29 %) for 3 minutes and (NH4)2S (10 %) for 10 minutes 

to optimize the surface state right before high-k deposition [19], [20]. The 4 

nm of HfOxNy gate insulator was deposited in the atomic layer deposition 

(ALD) chamber [19], [20], and 100 nm of TiN was deposited by the reactive 

sputtering method in sequential order. The gate stack was annealed in RTA 

for 10 minutes with N2 ambient, 100 Torr, 400 °C, and ramping time of 20 

seconds. The gate overhang at the drain region was 50 nm for MOCVD-TFET 

and about 1 μm for MBE-TFET due to the epitaxial structure. Then the TiN 

metal was etched by a hardmask of Pt/Au = 40/200 nm gate stack deposited 

by PR patterning and E-beam evaporation. The reactive ion etching (RIE) in 

SF6/Ar = 50/5 sccm, 50 mTorr, and 50 W conditions were used for TiN dry 

etching. The HfOxNy gate insulator layer was used as an etch-stop layer. The 

ohmic metal stack composed of Pd/Au = 40/300 nm was deposited in the E-

beam evaporator chamber after deoxidation in diluted HCl (3:1) solution for 

1 minute. The lift-off process was done in acetone solvent to remove 

negatively patterned PR. Finally, mesa isolation was performed using 

phosphoric acid:H2O2:H2O = 1:1:38 solution for 10 minutes to etch the 

existing InGaAs layers under air-bridge metals completely. 
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Figure 3.9. A schematic diagram of the MOCVD-grown TFET device 

fabrication process. The position of n+-InGaAs and p+-InGaAs are in reverse 

order for MBE-grown wafer. 
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3.5. Characterization of TFETs Fabricated on 
MBE-grown and MOCVD-grown Wafers 

A cross-section SEM image of fabricated TFET is shown in Fig. 3.10. 

The step-coverage of high-k, TiN gate metal, and Pt/Au metal pad looks nice 

that the entire sidewall is covered with gate stack. The wet etching of InGaAs 

was well-performed with precise thickness control. 
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Figure 3.10. A cross-section view SEM image of fabricated TFET. 
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The TFET devices with three different epitaxial wafers were fabricated 

to evaluate the effect of epitaxial structure on the performance of the TFET 

device, as shown in Table 3.2. The In compositions of carbon-doped InGaAs 

layers shown in Table 3.2 was analyzed by peak difference measured between 

InP (001) substrate and grown InGaAs layer using a 2θ-ω scan of HR-XRD. 

The effect of acceptor concentration and In composition was noticeable. 
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Table 3.2. Epitaxial structures used for MOCVD-grown TFET fabrication. 
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The J-V characteristics of a fabricated p-i-n diode are shown in Fig. 3.11. 

Compared to sample #3, samples #1 and #2 showed relatively high leakage 

current. As shown in Fig. 3.11(d), the leakage current of the p-i-n diode was 

varied at different wafer positions, even creating negative differential 

resistance (NDR) region at particular wafer positions. All samples showed 

similar leakage current variance, which is expected to be originated from 

wafer non-uniformity. As reported by [21], [22], the critical thickness of 

samples #1 and #2 is less than 200 nm. Since we grew the 250 nm of p+-

InGaAs, the p+-InGaAs layers generated dislocations at the p-i junction, 

leading to the unwanted tunneling paths as discussed in previous parts. Those 

dislocations made trap sites, assisting TAT between the cathode and anode of 

the p-i-n diode. 
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Figure 3.11. p-i-n diode J-V curve of samples (a) #1, (b) #2, and (c) #3. Three 

J-V curves at different wafer positions are plotted in (d). 
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The ideality factor of samples #1, #2, and #3 are shown in Fig. 3.12. The 

effect of unwanted TAT is clearly shown in the voltage bias range of 0 to 0.2 

V. Although the ideality factor of the p-i-n diode should be around 2 due to 

the recombination at the depletion region (at the intrinsic region) [23], the 

fabricated diodes showed ideality factors around 1.5. This low ideality factor 

indicates the SRH recombination at the p-i junction due to the significant band 

discontinuity at the p-i junction [24]. Since the band discontinuity leads to 

higher tunneling probabilities, the low values of the ideality factor are 

preferred for p-i-n epitaxial structures for TFET fabrication. 
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Figure 3.12. The graph of ideality factor of samples #1, #2, and #3 at different 

voltages. The ideality factors are extracted from Fig. 3.11(a, b, and c). 

  



86 

The transfer characteristics and corresponding SS of different TFETs are 

shown in Fig. 3.13(a and b). For samples #1 and #2, the leakage current seems 

high compared to sample #3. This high off-current comes from the In 

compositions of samples #1 and #2. The leakage currents, as shown in Fig. 

3.13, also affected the leakage current of the fabricated TFET devices. Not 

only the leakage current is affected, but the on-current is also affected, as 

shown in Fig. 3.13(a). The on-current level difference between samples #2 

and #3 comes from the degraded mobility of the intrinsic layer by the 

deterioration of crystallinity [4]. By comparing the on-current of samples #1 

and #2, the effect of acceptor concentration is also proved that higher acceptor 

concentration enhances the on-current and SS of the TFET device, as shown 

in Fig. 3.13(c). 
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Figure 3.13. (a) Transfer characteristics and (b) corresponding SS of TFETs 

measured at VDS = 0.3 V. (c) summarizes the critical values of TFET 

performance. The Ioff was measured at the lowest point, and Ion was measured 

at V = Voff + 0.5 V. 
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The device performance of MOCVD-grown TFET and MBE-grown 

TFET is also compared, as shown in Fig. 3.14. The MOCVD-TFET 

corresponds to sample #3 in Table 3.2. As shown in Fig. 3.14, the on-current 

of the p-i-n diode current was higher at MBE-TFET due to the higher p-

dopant concentration. Both epitaxial layers showed high on-current with 

suppressed leakage current. From the ideality factor, as shown in Fig. 3.14(c), 

the ideality factor in the low bias region (0 to 0.2 V) was lower at MBE-TFET. 

Since the ideality factor at this low bias range is related to the band 

discontinuity at the p-i junction [24], the effect of the higher p-type dopant 

concentration and In0.7Ga0.3As pocket is identified. 
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Figure 3.14. p-i-n diode J-V curve of TFET devices fabricated on (a) 

MOCVD-grown and (b) MBE-grown InGaAs epitaxial layers. The 

corresponding ideality factor is shown in (c). 
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The output characteristics of the MOCVD-grown TFET and MBE-

grown TFET are shown in Fig. 3.15. As shown in Fig. 3.15, the gate leakage 

was high at the low bias of gate voltages. For MOCVD-grown TFETs, 4 nm 

of HfO2 was not enough for gate isolation, and thicker HfO2 was needed to 

suppress the gate leakage current completely. This high leakage current is 

thought to be caused by the interface state density from the nonuniformity of 

MOCVD-TFET, as shown in Fig. 3.11(d). The gate voltage-dependent drain 

current is successfully demonstrated for both devices, and the on-current of 

the MOCVD-grown TFET was about 1-order lower than that of the MBE-

grown TFET due to the missing In-rich pocket layer and lower acceptor 

concentration at p-type InGaAs. Interestingly, the gate control to the device 

was maximized at around 0.4 V, and none of the further increases of the on-

current was observed at higher drain voltages. Since the steep dopant profile 

is observed for MOCVD-TFET and is well known for MBE-TFET, the short 

tunneling distance led to this early saturation of the tunneling current [25]. 
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Figure 3.15. Output characteristics of (a) MOCVD-grown TFET and (b) 

MBE-grown TFET. 
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As shown in Fig. 3.16, the VDS of MOCVD-grown TFET could not be 

lowered below 0.2 V due to the gate leakage current of the device. The SSmin 

of MOCVD-grown TFET was measured as 61.6 mV/dec at VDS = 0.2 V. Also, 

the SSmin value at VDS = 0.3 V is comparable to that of MBE-grown TFET. 

The SSmin value is expected to be further lowered below 60 mV/dec by 

inserting an In-rich pocket layer in the p-i junction. By far, our result seems 

to be the best TFET performance fabricated by in-situ doped MOCVD-grown 

InGaAs epitaxial layer. 
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Figure 3.16. Transfer characteristics of (a) MOCVD-grown TFET and (c) 

MBE-grown TFET. (b) and (d) denotes the corresponding SS of (a) and (c). 

(e) summarizes the critical values of TFET performance. The Ioff was 

measured at the lowest point, and Ion was measured at Von = Voff + 0.5 V. 
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The benchmark of our results from other conventional TFET devices 

[26]–[34] is shown in Fig. 3.17. The advanced structures such as nanowire 

with diameters less than 50 nm [35] and line tunneling with pockets [36] were 

excluded to compare the performance in terms of the epitaxial layer. The Ioff 

of devices was chosen from the lowest value and Von = Voff + 0.5, the same 

as values in Fig. 3.16, to compare the actual sub-threshold region operation. 

The VDS of devices was chosen around 0.2 to 0.5 V (as close as possible to 

0.3 V to compare with our results). For both graphs, the higher left is the 

preferred position of data. For the Ion-SS characteristic, a higher value of the 

y-axis means a high operating current at actual device operation. The higher 

on-current means less device area needed to meet the on-current requirements 

for electrical circuits, which leads to great scalability. Our MBE-TFET device 

shows the highest on-current among other conventional TFET devices. Also, 

the on-current of the MOCVD-TFET device was comparable to other TFET 

devices reported. For the on/off ratio-SS characteristic in Fig. 3.17(b), the 

higher y-axis means the lower SS for a given operating voltage, V = Von - Voff 

= 0.5 V. Also, the higher on/off ratio leads to less operating power. Although 

the on/off ratio of Zn-diffused InGaAs TFET was the best, this high on/off 

ratio comes from the long channel length (> 5 μm) [28], [32]. This planar 

structure is vast in area, which is very disadvantageous in actual scaled-circuit 

production. The high on/off ratio of Si TFET [31] results from the high 

density of states, as discussed in chapter 1, which is the effect of the steep 

gate capacitance [37]. Except for these two results, our results show 

competitive performance similar to other MBE-TFET results. 
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Figure 3.17. Benchmark of our results with other TFET devices reported for 

(a) Ion-SS and (b) On/off ratio-SS characteristics. The square, diamond, circle, 

and triangle symbols correspond to hetero-junction of InGaAs/GaAsSb, 

InGaAs Zn diffusion, homo-junction InGaAs, and Si structures. 
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3.6. Conclusion 
In this chapter, simulation, development, and integration of fabrication 

processes in InGaAs TFET by top-down etching method were addressed. For 

BTBT current simulations, we figured out that the actual gate control area 

under the gate stack is about 10 nm. BTBT simulations also determined the 

intrinsic channel length was also determined by BTBT simulations. A more 

extended channel length resulted in a lower BTBT generation rate by 

reducing the electric field applied to the channel layer. It was identified that 

at least 100 nm of channel length is required to fabricate low-leakage-current 

TFET without extreme thinning of channel width to deplete the channel. The 

simple ohmic and air-bridge formation process was optimized to fabricate the 

TFET device by the top-down etching method. 

Moreover, we have figured out the effect of acceptor concentration and 

In composition of epitaxially grown InGaAs layer on the performance of 

TFET operation. The most important thing to suppress SS was maintaining 

the In composition of grown InGaAs layer to 53%. The thick p+-InGaAs layer 

exceeded the critical thickness and generated defects. Those defects made 

unwanted tunneling paths, increasing the leakage current. The p-i junction’s 

steepness and dislocation density were identified by the J-V curve of the p-i-

n diode. We achieved good device performance of in-situ doped MOCVD 

grown TFET, which is by far the first reported device. The performance of 

the fabricated TFET was comparable to the MBE-grown TFET. There is 

expected to be further improvement by adding an In-rich pocket layer at the 

p-i junction to enhance BTBT probability. 
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Chapter 4. Selective Area 

Growth of In(Ga)As Nanowires 
 

4.1. Introduction 

The top-down etching approach we discussed in the earlier chapters is 

known to have advantages in managing the yield and less challenging to 

achieve controlled epitaxial growth with precise thickness and doping 

controls. However, it is hard to control the etching profile of III-V materials. 

Since the wet etching technique is isotropic [1], [2], it is impossible to achieve 

a sub-100 nm scaled device with wet the etching technique. For the dry 

etching technique, as the Cl2 and BCl3 gases are mainly used for dry etching 

of InGaAs [3]–[5], the high boiling points of by-products cause problems. 

The boiling points of InCl, InCl3, GaCl3, AsCl3, and PCl3, which are main by-

products produced in the etching of InP substrate-based devices, are 608 °C, 

586 °C, 210 °C, 130 °C, and 76 °C, respectively [3]. Because the InClx by-

products remain at the surface due to the low volatility at room temperature, 

redeposition of InClx occurs. Those redeposited InClx form clusters that 

prevent further etching, leading to the surface roughening. Therefore, high 

temperature and power are necessary to achieve a good profile of etched 

InGaAs layers [6]. The etching-induced by-products at the surface and direct 

plasma damage induced by high power also affect the interface quality 

seriously. The lattice mismatch between the substrate and the epitaxial layers 
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is another limiting factor. Since thick layers are grown with different lattice 

constant causes dislocations [7], there are limited material choices. Only 

In0.53Ga0.47As, InP, and In0.52Al0.48As are allowed to grow thick on the InP 

substrate, and only a few modulations of In compositions are allowed to avoid 

dislocation generation due to lattice-mismatch. Moreover, the brittle 

characteristic of InP and GaAs substrate limits the largest substrate available, 

3-inch for InP and 6-inch for GaAs substrate. This difference in wafer size 

leads to terribly low productivity of III-V compound semiconductors 

compared to Si CMOS. 

The bottom-up approach for defining the device area, is quite 

challenging but has obvious advantages compared to the top-down approach. 

Since we can build vertical devices without any etching technique, damage-

free vertical layers with a high aspect ratio can be obtained. Also, as reported 

by [8]–[12], we can achieve strain-free, fully relaxed InGaAs layers using the 

selective area growth (SAG) method. This stress relaxation enables us to grow 

heterostructures with totally different lattice constants. There are actual 

InAs/Si and InAs/Ge heterostructures showing no threading dislocations 

reported by [12], [13]. The misfit dislocations generate at the hetero-junction 

interface, but these dislocations do not seem to affect the leakage current of 

TFET because the traps located next to the depletion boundary toward the 

drain only affect the leakage current of TFET [14]. These heterostructures 

enable III-V TFET to be integrated into the CMOS process. Because the Ge 

can be epitaxially grown on Si [15] and InGaAs can be selectively grown on 

Ge, high-speed pMOS fabricated by p-Ge and high-speed nTFET fabricated 

by p+-Ge/u-InGaAs hetero-junction can be made at the same time. However, 

it is hard to raise the yield of nanowires, and controlling the growth rate and 

diameter of the nanowires are very challenging.  
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Table 4.1. Pros and cons of top-down approach and bottom-up approach. 
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To grow selectively grown InGaAs nanowires, (111)B-oriented 

substrates are mainly used because III-V nanowires tend to grow toward 

(111)B orientation. For nanowire growth, there are two approaches, as shown 

in Fig. 4.1 [16]. The first one is the catalyst-assisted growth by vapor-liquid-

solid (VLS) method. The Au metals are selectively deposited on the substrate, 

and these gold metals act as catalysts. Metal reactants in a vapor state dissolve 

into the liquid gold and form the liquid Au-In-Ga catalyst. The over-saturated 

reactants react at the surface of the substrate, growing nanowires. The main 

advantage of this method is that it is easy to grow nanowires. The reaction 

can occur at a relatively low temperature, and the reaction rate is fast. 

However, the Au catalyst can incorporate into substrates, degrading Si CMOS 

devices by acting as a deep-level trap and incorporating into the InGaAs 

nanowires. The tapering of the nanowire [17] is also an issue that constant 

growth of InGaAs occurs at the sidewall of nanowires. Since the growth 

temperature is not sufficiently high, The In composition of InGaAs grown at 

the sidewalls is much higher than the top surface [17]. The high solubility of 

Si into the Au droplet also leads to a high unintentional doping level of grown 

InGaAs nanowires. The second method, catalyst-free growth by vapor-solid 

(VS), uses dielectric (usually SiO2 and SiNx) patterning on the substrate. The 

primary mechanism of this method is the mobility difference of adatoms on 

different surfaces. At high growth temperature, the adatom mobility at the 

dielectric surface is sufficiently long enough for adatoms to move without any 

reactions. The reaction occurs on the opened substrate and continues to grow 

at a constant radius until the nanowire height reaches the diffusion length of 

the sidewall of the nanowire. The main advantage of this method is the 

absence of Au catalyst. The absence of a metal catalyst can suppress the 

unwanted doping of the substrate and the nanowires. Also, due to the high 
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growth temperature, the adatoms at the nanowire sidewalls have sufficient 

diffusion length to migrate to the (111)B surface at the top. Therefore, the 

lateral growth of the nanowire is suppressed, and a tapering-free structure can 

be obtained. The lower unintentional doping level of grown nanowires is also 

a good advantage. However, the optimum temperature and reactant supply are 

hard to find, leading to difficulties in VS growth. 
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Table 4.2. Pros and cons of catalyst-assisted growth and catalyst-free growth. 
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Figure 4.1. A schematic comparison of catalyst-assisted growth and catalyst-

free growth [16]. 
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4.2. Process Flow for Nanowire Growth 

InP (111)B and Ge (111) substrates were used for nanowire growth of 

InGaAs. We used 30 nm of PECVD SiO2 dielectric to mask the substrate. The 

growth parameters were stage temperature 350 °C, chamber pressure 2000 

mbar, SiH4/N2O = 27/540 sccm, and ICP power 100 W. The patterning of 

small diameters was carried out using an E-beam lithography system (JBX-

9300FS, JEOL) with 1 nA, 340 μC/cm2, and step size = 4. Several diameters 

of holes were patterned (30 nm to 100 nm). The pitch of the holes was also 

changed from 200 nm to 8 μm. After patterning, The SiO2 was first etched by 

dry etching with an ICP etcher at room temperature, 10 mTorr, CF4/N2/Ar = 

15/15/100 sccm, source RF power 100 W, and bias RF power 100 W. A total 

of 20 nm of SiO2 was etched by dry etching, and the PR was removed, 

subsequently. After PR removal, the sample was dipped in BOE 30:1 solution 

to remove the remaining SiO2 at the holes. The diameters of holes widened 

about 20 nm during the wet etching process. The samples were translated into 

the MOCVD chamber right after BOE etching. 
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Figure 4.2. (a) A schematic of sample preparation for nanowire growth. (b) 

SEM image of the identified hole after the SiO2 etching process. (c) Top-view 

and tilted-view SEM image of grown nanowires. 



110 

The growth sequence for MOCVD is shown in Fig. 4.3. First, the sample 

was heated until reaching 400 °C with H2 carrier gas. From 400 °C to growth 

temperature, PH3 gas was introduced to prevent decomposition of InP (111)B 

surface and conduct surface treatment at Ge (111) surface. After reaching the 

growth temperature, the PH3 gas was changed to AsH3 gas for InGaAs growth, 

and TMIn and TMGa gases were also introduced into the chamber for metal 

supply. After the termination of growth, AsH3 gas was continued to be 

introduced into the chamber until the temperature reached 380 °C to prevent 

the surface decomposition of grown nanowires. The 160 mbar and 80 mbar 

of chamber pressure were used for different nanowire growth experiments. 
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Figure 4.3. A brief schematic of growth temperature and reactant gas during 

MOCVD growth. 
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There were two types of substrates used in this chapter: InP (111)B and 

Ge (111) substrates. Semi-insulating InP (111)B, p+-InP (111)B (3×1018 cm-

3), p+-Ge (111) (3×1018 cm-3), and p++-Ge (111) (1×1021 cm-3) were used to 

verify the hetero-junctions formed by InGaAs nanowire growth. The p++-Ge 

(111) (1×1021 cm-3) substrate was epitaxially grown by Chunghee Jo, a Ph.D. 

candidate student at Yonsei University. Every growth condition of InGaAs 

nanowires was tested for InP (111)B substrate and translated into Ge (111) 

substrate.  
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4.3. Impact of Different Growth Variables on the 
Growth of InAs Nanowires 

Since starting with InGaAs nanowire growth was challenging due to the 

more complex growth parameters induced by TMGa, InAs nanowire growth 

was performed first. All InAs nanowires in this section were grown on semi-

insulating InP (111)B. 

The first and the most crucial parameter that influences nanowire growth 

is temperature. We changed the growth temperature from 530 °C to 690 °C to 

identify the effect on the nanowire growth. The flow rate of TMIn and AsH3 

was maintained at 9.87 μmol/min and 5360 μmol/min for the total growth 

time of 15 minutes. The chamber pressure was 160 mbar. As shown in Fig. 

4.4, parasitic growth of nanowires is severe at low-temperature growth. Since 

parasitic island growth occurs when the adatoms generated at the dielectric 

mask cannot travel to the opening sites [18], the probability of parasitic island 

generation was suppressed at temperatures above 580 °C by increasing the 

diffusion length of adatoms on the SiO2 surface. 
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Figure 4.4. SEM images of parasitic island growth occurred during nanowire 

growth at different temperatures. The value at the center denotes the parasitic 

island densities counted by the SEM image and summarized in the graph at 

the bottom right. 
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The grown height and the diameter are summarized in Fig. 4.5(a). The 

lateral growth was effectively suppressed by increasing the growth 

temperature. Since the adatom diffusion length increases at higher 

temperatures, In adatoms can reach the top of the nanowire without reaction 

at sidewalls during high-temperature growth [19], [20]. As the adatom supply 

increases by increased diffusion length on the SiO2 surface, the growth rate 

also increases, as shown in Fig. 4.5(b). Fig. 4.5(c) shows the relationship 

between diameter and the height for different diameter patterns. For each data 

point, the largest DNW - Dhole value indicates the smallest hole size (80 nm), 

and the smallest DNW - Dhole value indicates the largest hole size (200 nm). 

Interestingly, nanowires grown at high temperatures showed almost zero 

lateral growth rate for a diameter size of 200 nm. This decrease in nanowire 

diameter is caused by an increased As desorption rate on the nanowire’s 

sidewall surface at higher temperatures [21]. The critical height, which is the 

height of the nanowire where the vertical growth rate significantly reduces 

and lateral growth rate increases, is measured as 6, 10, and 14 μm for 630, 

660, and 690 °C. 
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Figure 4.5. (a) Height and diameter of nanowires grown at different 

temperatures (diameter 80 nm pattern). (b) The corresponding volume of a 

nanowire shown in (a). (c) Diameter of nanowires grown at different diameter 

patterns (80, 120, 160, 200 nm). 
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After the decision on growth temperature, the effects of reactant flow 

rates were studied. Every nanowire growth for Fig. 4.6 was performed at 

temperatures 630 °C, 160 mbar, and TMIn 9.87 μmol/min. It was shown that 

excessive AsH3 flow rate leads to the lateral overgrowth of nanowires 

suppressing the vertical growth rate. Since the V/III ratio of nanowire growth 

is larger than 100, which is a pretty As-rich condition, the growth rate is not 

limited by the supply of As adatoms. Since As trimers on the growing 

nanowire (111)B surface increase with a high flow rate of AsH3 [21]–[23], 

those As trimers interrupt the growth on the (111)B surface [21]. Also, as the 

As-rich surfaces decrease the diffusion length of In adatoms by reactions, the 

lateral growth rate at the sidewall (110) facets increases. The clear critical 

height difference at different AsH3 flow rates is shown in Fig. 4.6(b). The 

excessive AsH3 flow leads to decreased diffusion length, as shown by the 

lowest critical height at the AsH3 flow rate of 5.36 mmol/min.  
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Figure 4.6. (a) Height and diameter of nanowires grown at different AsH3 

flow rates (diameter 80 nm pattern). (b) Diameter of nanowires grown at 

different diameter patterns (80, 120, 160, 200 nm). 
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The effects of metal reactant sources were also studied subsequently. The 

growth was performed at 630 °C, 160 mbar, and AsH3 1.38 mmol/min. As 

shown in Fig. 4.7, the low flow rate of TMIn only decreased the growth rate. 

From Fig. 4.7(a), it seems that lowering the TMIn flow rate resulted in 

simultaneously decreasing vertical growth rate and lateral growth rate. 

However, the diameters of nanowires grown at different diameter patterns in 

Fig. 4.7(b) shows that the critical height of three conditions remains the same. 

Since the density of As trimer is fixed, because the flow rate of AsH3 did not 

change, the growth rate difference between sidewall and top (111)B surface 

did not change. Due to the high V/III ratio, the reaction is mainly limited by 

In adatom supply, and the low TMIn flow rate in this experiment led to a 

lower growth rate. 
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Figure 4.7. (a) Height and diameter of nanowires grown at different TMIn 

flow rates (diameter 80 nm pattern). (b) Diameter of nanowires grown at 

different diameter patterns (80, 120, 160, 200 nm). 
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The effect of the pitch on the growth of nanowires was also studied. The 

pitch distance varied from 0.2 μm to 8.0 μm, as shown in Fig. 4.8. The growth 

was performed at 630 °C, 160 mbar, TMIn 0.851 μmol/min, and AsH3 0.446 

mmol/min. The total growth time was 5 minutes, and the diameter was 

defined as 80 nm, which was widened to 100 nm during the wet etching 

process. 

  



122 

 

 

 

 

 
Figure 4.8. A bird’s eye view SEM image of pitch variation pattern. 
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As shown in Fig. 4.9(a), nanowires grown at a short pitch pattern showed 

a considerable difference in height at the center and the edge of the pattern. 

The growth rate difference converged to the same values when the pitch 

distance was more significant than 0.7 μm. This tendency is clearly shown in 

Fig. 4.9(b). This result represents that at least 1 μm of distance is needed 

between nanowires to grow multiple uniform nanowires at once. The pitch 

distance for other experiments in this chapter was fixed to 1 μm to grow 

uniform nanowires. 
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Figure 4.9. (a) Growth rate change at different pitch patterns. The black 

squares and the red circles in the graph denote the nanowires grown at the 

center and edge of the pattern. (b) 20° tilted SEM image of nanowire grown 

at different pitch patterns. 
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From the optimized InAs nanowire growth condition, we propose a 

growth model for selective area nanowire growth, as shown in Fig. 4.10. The 

nanowires barely grow at the seeding step, as shown in Fig. 4.10(b). After 

filling the opened mask area, the adatoms are supplied to nanowires by 

sidewall diffusion, as shown in Fig. 4.10(c). When the height of the nanowires 

reaches the critical length, the adatoms react at the sidewall of the nanowire. 

In this growth mode, the vertical growth rate of the nanowire dramatically 

decreases, and the lateral growth rate increases. 
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Figure 4.10. Schematic for nanowire growth model. (a) Height of nanowires 

at different growth times. A schematic and a 20° tilted SEM image of 

nanowire at (b) seeding step, (c) vertical growth step, and (d) after critical 

length. 
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4.4. Impact of Different Growth Variables on the 
Growth of InGaAs Nanowires 

After optimizing InAs nanowire growth, the growth of InGaAs 

nanowires was studied for actual implementation into device fabrication. First, 

the influence of growth temperature on the InGaAs nanowires was studied. 

The pressure and flow rate of TMIn, TMGa, and AsH3 were 160 mbar, 2.89 

μmol/min, 2.95 μmol/min, and 0.893 mmol/min. The corresponding V/III 

ratio was 153. A total of 15 minutes of growth was performed with a defined 

diameter of 80 nm, which was widened to 100 nm during the wet etching 

process. The growth temperature varied from 630 °C to 750 °C. 

The growth rate of InGaAs nanowires was maximized and reduced after 

660 °C. This decrease in growth rate comes from the decomposition of 

InGaAs at high temperatures, shown in chapter 2. Since the growth time was 

long, significant lateral growth was observed for all samples. 
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Figure 4.11. Diameter and height of InGaAs nanowires grown at different 

temperatures. 
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The effect of thermal decomposition is clearly shown in Fig. 4.12. The 

InGaAs nanowires grown at 750 °C showed blunt facets. Also, the 

misoriented InGaAs growth was observed. However, this surface 

deterioration at high growth temperature was not reported by other groups 

[24]. The main reason for this abnormal growth at high temperature is 

expected to be the thermal desorption at the chamber wall, which was 

deposited at previous growths, as discussed in Chapter 2. Since the Te dopants 

deteriorate the formation of nanowires, higher Te dopant diffusion from the 

chamber wall may have caused abnormal growth at high temperatures. 
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Figure 4.12. Brid’s eye view SEM image of nanowire located at the center of 

the pattern grown at different temperatures. 
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The temperature effect on In composition is shown in Fig. 4.13 and Fig. 

4.14. Although the In composition of vapor was 0.5, the In composition of 

grown InGaAs nanowires showed In-rich compositions. Since the diffusion 

length of Ga adatoms is much shorter than In adatoms [20], [25], the In 

composition between vapor reactants and grown InGaAs nanowires differs. 

This diffusion length difference was reduced at higher growth temperatures 

because of the increased Ga adatom diffusion length. Although the rate of Ga 

incorporation was increased at higher growth temperatures, we decided to 

choose the growth temperature of InGaAs nanowires to be 660 °C, which was 

the growth temperature with the highest nanowire height. The main reason 

for this decision is the unwanted impurities diffusion from the MOCVD 

chamber wall. Those impurities not only hinder the growth but also affects 

the unintentional doping concentration of grown nanowires. The insufficient 

Ga supply was supplemented through additional injection of TMGa to 

modulate the In composition of grown InGaAs nanowires 
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Figure 4.13. Measured HR-XRD peaks of InGaAs nanowire grown at 

different temperatures. 
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Figure 4.14. In compositions of InGaAs nanowire grown at different 

temperatures measured by HR-XRD. 
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InGaAs nanowires with different TMGa/TMIn ratios were grown to 

regulate the In composition. The growth temperature, pressure, and flow rate 

of TMIn and AsH3 were fixed as 660 °C, 80 mbar, 0.170 μmol/min, and 2.23 

mmol/min, respectively. The flow rate of TMGa varied from 3.76 μmol/min 

to 16.9 μmol/min to achieve different In compositions. The growth time was 

5 minutes 30 seconds, and the In compositions of nanowires were measured 

by the electron dispersive spectroscopy (EDS) method, as shown in Fig. 

4.15(a and b). 

From the EDS analysis, we achieved InGaAs nanowire showing In 

compositions from 0.4 to 0.6, as shown in Fig. 4.15(c). InGaAs nanowires 

with In composition of 0.62 and 0.51 were grown with TMGa flow rate of 

3.76 μmol/min and 5.64 μmol/min.  

 

  



135 

 

 

 

 
Figure 4.15. (a) A cross-section TEM image of grown InGaAs nanowire for 

In composition analysis. (b) Measured EDS line-scan data of grown InGaAs 

nanowire. (c) In compositions of grown nanowires estimated from EDS 

analysis. 
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The growth rate of these InGaAs nanowires with different In 

compositions showed no significant difference, and the height of grown 

InGaAs nanowires is shown in Fig. 4.16. The nucleation time for InGaAs 

nanowire growth is measured to be around 4 minutes for our growing 

conditions. The linear dependency between nanowire height and growth time 

was observed because when short nanowires grow, the surface area hardly 

changes compared to the long pitch distance, so the supply amount of adatoms 

does not change. In practice, other literature reports that as nanowires grow, 

the growth rate grows superlinearly [26]. 
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Figure 4.16. Height of InGaAs nanowires with different growth times. 
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To integrate the InGaAs nanowire on Ge (111) substrates, making the 

(111)B-oriented surface is essential to avoid any tripod and disk-shaped 

growth [27]. For this reason, the high flux of AsH3 is preferred for InGaAs 

nanowire growth. However, using AsH3 gas for Ge (111) substrate surface 

treatment creates unwanted ridges and craters due to the etching behavior of 

AsH3 [28]. Any slight miscuts toward different crystal orientations can lead 

to surface roughening. In contrast, the PH3 gas does not etch the Ge surface, 

and the surface can remain flat with the P-terminated surface [28]. The Ge 

(111) surface after InGaAs nanowire growth with different treatment gases 

before growth is shown in Fig. 4.17. As shown in Fig. 4.17 (b, c, and d), the 

different impacts of different surface treatment steps are shown clearly. For 

H2 ambient surface treatment, the insufficient surface passivation with Group 

V materials led to the invasion of In and Ga metals into the Ge substrate, 

leading to the shaded triangular shape of the SEM image. As discussed, AsH3 

gas made unwanted surface roughening, and misoriented crystals grew on the 

opened Ge (111) surface. For PH3 surface treatment, a 70% yield of clear 

nanowire growth was observed for device fabrication. Since the misoriented 

crystals can be electrically isolated due to their short length, we agreed with 

this yield, and further experiments were conducted. A better yield is expected 

to be obtained by controlling the surface treatment time and temperature. 
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Figure 4.17. (a) Growth sequence of InGaAs nanowires on Ge substrate. At 

the surface treatment step, H2 ambient, AsH3 ambient, and PH3 ambient were 

tested. SEM images of Ge (111) surface after InGaAs nanowire growth for (a) 

H2 ambient, (b) AsH3 ambient, and (c) PH3 ambient are shown. 
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Interestingly, the InGaAs nanowire yield was different at different Ge 

(111) substrates, as shown in Fig. 4.18. We used the wafers from the same 

provider for u-Ge and p+-Ge substrates, and p++-Ge substrates were 

epitaxially grown by UHV-CVD (provided by Chunghee Jo, the Ph.D. 

candidate at Yonsei University). There was no doping concentration or dopant 

type dependency on the yield of InGaAs nanowires. For 2-inch p+-Ge and u-

Ge substrates, introducing the PH3 gas before the nanowire growth was 

enough to achieve about 100% yield. However, the yield of other substrates 

was bad, especially for 4-inch p+-Ge substrates. We believe that further 

surface treatment before PH3 gas treatment by wet or dry chemistry is needed 

to achieve a yield of 100% for all samples 
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Figure 4.18. InGaAs nanowire yields at different Ge (111) substrates. 
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The p++-Ge (111) substrate, epitaxially grown by UHV-CVD, was used 

to create the p-i-n structure. The p++-Ge (111) substrate was doped by B with 

a concentration of 1×1021 cm-3. The intrinsic InGaAs nanowires were grown 

on the p++-substrate, and the n+-InAs nanowire doped by SiH4 was grown 

subsequently to make the p-i-n structure. The p-i hetero-junction was made 

by growing intrinsic InGaAs nanowire on the p++-substrate. The reason for 

growing n+-InAs nanowire on intrinsic InGaAs nanowire was to reduce ohmic 

contact resistance at the drain. Interestingly, additional nucleation time was 

required for InAs nanowire growth on InGaAs nanowire. As shown in Fig. 

4.19(a), the nucleation occurred at the (111)B surface of the InGaAs nanowire 

during the 20 seconds of InAs nanowire growth. After nucleation, the InAs 

nanowire grew normally on top of the InGaAs (111)B surface. The 

misoriented crystal structure at the upper left side of the SEM image of Fig. 

4.19(b) came from the unoptimized InGaAs nanowire growth condition on 

Ge (111) substrate. 

 

  



143 

 

 
Figure 4.19. 20° tilted SEM image of InGaAs and InAs nanowire grown 

successively (a) right after nucleation of InAs and (b) after entire nanowire i-

n structure grown. 
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4.5. Conclusion 
In this chapter, InAs and InGaAs nanowire growth by the SAG method 

was investigated. Increasing the InAs nanowire growth temperature led to 

effectively suppressing parasitic island growth. Also, the critical height that 

which lateral growth occurs was explored. Higher growth temperature 

increased the diffusion length of In adatoms at the (110) sidewall facets, 

resulting in a significant aspect ratio of grown nanowires. By changing the 

flow rate of TMIn and AsH3, it was identified that excessive As-trimers on 

the (111)B top surface hinder the vertical growth of nanowires. On the 

contrary, the excessive In adatoms only affected the growth rate of nanowires. 

For nanowire growth pattern dependency, short pitch distance caused a 

significant difference in growth rate at the center and the edge of the pattern. 

Nanowire with pitch distance less than 1 μm caused insufficient In adatom 

diffusion and led to a dramatically suppressed growth rate at the center of the 

pattern. 

The temperature-dependent InGaAs nanowire growth was also studied. 

The growth rate of InGaAs nanowires was maximized at 660 °C but decreased 

at higher temperatures due to the thermal decomposition of grown nanowires. 

The In composition of grown nanowires measured by HR-XRD supported the 

evidence of shorter diffusion length of Ga adatoms. Much more TMGa than 

TMIn was injected into the MOCVD chamber to match the In composition of 

the grown nanowires. In composition from 0.4 to 0.6 was measured by EDS 

analysis, and the growth rate of InGaAs with nucleation time was identified.  

For hetero-junction p-i-n structure fabrication, surface treatment for 

InGaAs nanowire growth on Ge (111) substrate was identified. The PH3 gas 

passivated Ge (111) surface well, and about 70% of yield was achieved. 

Typically, nanowires grown on InP (111)B substrate showed perfect yield 
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without a tripod or misoriented structure formation. However, on the Ge (111) 

substrate, the yield differed greatly depending on wafers provided by different 

manufacturers, even though they were grown simultaneously. We are not 

clear about which variable affects this yield because even with same dopant 

type, concentration, and miscut orientation in a single wafer manufacturer 

resulted in a different yield. The only difference was the size of the Ge 

substrate. The difference seems to come from the surface treatment performed 

by the wafer manufacturer. Therefore, careful study of Ge (111) substrate 

surface treatment before MOCVD growth must be studied for further research 

of III-V integration on Ge substrate. 

Finally, the seeding behavior of InAs on InGaAs nanowire was 

identified by SEM image. We have successfully implemented the p-i-n 

heterostructure composed of p++-Ge (111) substrate, i-InGaAs nanowire, and 

n+-InAs nanowire. The grown structure was utilized in the next chapter to 

fabricate a vertical nanowire TFET device. 
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Chapter 5. Demonstration of 

Vertical Nanowire TFET 
 

5.1. Introduction 

The vertical nanowire TFET structure we fabricated is shown in Fig. 5.1. 

First, the intrinsic InGaAs nanowires were grown on the p++-Ge (111) 

epitaxial layer, with a doping concentration of 1×1021 cm-3. The n+-InAs 

nanowire was grown on the intrinsic InGaAs nanowire sequentially. From this 

structure, there are two main advantages to TFET device performance. 
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Figure 5.1. A schematic of fabricated vertical nanowire TFET device and 

corresponding band alignment at the p-i junction. 
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First, hetero-junction can be formed between p++-Ge (111) substrate and 

intrinsic InGaAs nanowires. Since the lattice mismatch between substrate and 

grown epitaxial layers generates threading dislocation greatly by strain 

relaxations [1], hetero-epitaxy of lattice-mismatched materials on (001) 

substrates is impossible due to lots of dislocation-generated leakage paths. 

The epitaxial layers on the substrate cannot be grown over the limit of the 

critical thickness for planar growth [2], [3]. However, the selective area 

growth in a small diameter can prevent these threading dislocations [4]. The 

lattice-mismatch-induced strains only generate misfit dislocations at the 

junction, and those misfit dislocations can be further suppressed by reducing 

the diameter of the grown nanowires [5]. It has been reported that no misfit 

dislocations were observed for 20 nm of the diameter of GaAs nanowire/Si 

substrate hetero-junction [6]. Since the lattice-mismatch of our material 

system, In0.51Ga0.49As nanowire/Ge substrate, is 3.6 %, the fabrication for 

misfit-dislocation-free nanowires is less complicated. The higher tunneling 

current due to type-II staggered bandgap alignment and low effective mass 

and low bandgap of InGaAs and Ge materials is also a great advantage. 

Unlike conventional homo-junction p-i-n structures, abrupt band alignment 

formation at InGaAs/Ge junction also minimizes the tunneling. The low-

bandgap n+-InAs on top of the nanowire dramatically reduce the drain contact 

resistance greatly. 

Second, the sidewall of grown nanowires, (-110) plane, shows good 

crystallinity without any etching-induced damage. The formation of In-based 

etching byproducts during the dry etching process leads to the unwanted 

tapered shape of InGaAs nanowire and even leaves plasma damage and etch 

byproducts at the sidewall surface [7]–[9]. Those damages cannot be easily 

removed due to the low thermal budget of InGaAs material compared to Si. 
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The InGaAs/high-k interface can be optimized by damage-free growth 

technique, and this low defect density at the interface is essential for leakage 

current reduction and enhancing the SS of the TFET device [10]. 

However, excellent gate stack deposition with high step coverage is 

essential for fabricating this vertical nanowire device. Any high-k and gate 

metals with poor step coverage lead to gate failure of the device. Also, 

compared to vertical top-down TFET fabricated in chapter 3, the drain and 

gate metals cannot be isolated by horizontal patterning. The precise control 

of planarization must be done to isolate drain and gate metals. 

In this chapter, the detailed fabrication processes for high-step coverage 

and precise vertical control of the BCB planarization technique will be 

explained first. After those process optimizations, the fabricated InGaAs 

vertical nanowire TFET will be demonstrated and analyzed for its 

performance. 

 

5.2. Optimization of ALD HfO2 High-k Stack 

The optimization of ALD HfO2 deposition was carried out first. Since 

the ALD HfOxNy [11], [12] dielectric we used in chapter 3 was optimized by 

capacitively coupled plasma (CCP), we used optimized thermal ALD HfO2 

dielectric in this chapter for better step-coverage. Feeding and purging times 

for reactant and oxidant were maintained the same from previous works [11], 

[12]. The working pressure was kept constant at 450 mTorr. Figure 5.4 shows 

the ALD instrument we used in the Inter-Semiconductor Research Center 

(ISRC). The approach for interlayer dielectric (ILD) between HfO2 and 

InGaAs is the same as [12]. IPA oxidant was used to minimize InGaAs surface 
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oxidation and better interface state density. The oxidant for the bulk HfO2 

layer was O3.  
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Figure 5.2. MEMS ALD instrument in ISRC. 
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The deposition rate and refractive index were measured by depositing 

HfO2 on n-type Si (001, n = 1×1017 cm-3), and C-V measurement was 

performed at both HfO2/Si and HfO2/InGaAs. For HfO2/InGaAs deposition, 

we used n-InGaAs (n = 1×1017 cm-3) grown on n+-InP (001, n = 3×1018 cm-3). 

HfO2 dielectric was deposited right after pre-treatment with 1 minute dipping 

in the diluted HCl (1:3), 3 minutes dipping in NH4OH (29%), and 10 minutes 

dipping in (NH4)2S (10%). Also, surface treatment with TMAl for 5 cycles 

without oxidant was done to remove surface oxide before the growth of HfO2. 

After deposition of HfO2, the sample was translated into the ALD TiN 

chamber to deposit 20 nm of TiN, which will be explained in chapter 5.4. 

Then, the sample was annealed in RTA for 10 minutes with N2 ambient, 100 

Torr, 400 °C, and ramping time of 20 seconds. The TiN metal was etched by 

a hard mask of Ti/Au = 20/100 nm pattern deposited by PR patterning and E-

beam evaporation. The RIE in SF6/Ar = 50/5 sccm, 50 mTorr, and 50 W 

conditions were used for TiN dry etching. The back gate was evaporated 

without any patterning to finish the fabrication process. The summarized 

process flow of HfO2/InGaAs MOSCAP is shown in Fig. 5.5. 
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Figure 5.3. Process flow of InGaAs/HfO2 MOSCAP. 
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To determine the optimum temperature of IPA-HfO2 dielectric, 

HfO2/InGaAs MOSCAPs were fabricated with 100 cycles of ALD IPA-HfO2 

deposition. As shown in Figure 5.6, HfO2 dielectric with IPA oxidant showed 

an increased deposition rate at higher growth temperatures. Since the growth 

rate of O3-HfO2 was 1.1 Å/cycle and feeding/purging time was maintained 

for IPA-HfO2 deposition, the growth rate degradation comes from incomplete 

thermal decomposition of IPA oxidant [13]. A continuous deposition rate 

increase at higher growth temperature was maintained even at 345 °C. 

However, the interface state density for IPA-HfO2 grown at growth 

temperatures of over 300 °C was bad, as shown in Fig. 5.6. Also, the refractive 

index was decreased at the growth temperature of 315 °C. The degradation of 

interface state density and refractive index originated from excessive carbon 

incorporation into HfO2. Excessive pyrolysis of IPA and higher reaction rate 

at higher temperatures leads to thicker interface oxide thickness and higher 

carbon byproducts at HfO2/InGaAs interface, degrading the interface state 

density [14]. The deposition of IPA-HfO2 in the later part of the experiments 

was carefully conducted by pre-checking the deposition rate and refractive 

index before the main deposition because it was not in the ALD condition. 
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Figure 5.4. Temperature-dependent deposition rate and refractive index of 

grown IPA-HfO2 dielectric. 
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The C-V data of HfO2/InGaAs MOSCAP grown at 285, 300, and 315 °C 

are shown in Fig. 5.7. As shown in Fig. 5.6, the deposition rate variation is 

shown as the difference in capacitance of the HfO2/InGaAs MOSCAPs in Fig. 

5.7. The permittivity of HfO2/InGaAs MOSCAPs was extracted from C-V 

data of 1 MHz, and it was measured as 16.4 for 285 °C, 16.8 for 300 °C, and 

16.5 for 315 °C. Since the frequency dispersion at flat-band and fake-

inversion induced by a hump at the negative bias region indicates the bad 

interface state of the HfO2/InGaAs interface [15], HfO2 grown at 285 °C 

shows the best interface state density, and HfO2 grown at 315 °C shows the 

worst interface state density.  
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Figure 5.5. C-V measurements of fabricated HfO2/InGaAs MOSCAPs. (a) 

C-V data of different HfO2, measured at 1 MHz. The C-V dispersion of (b) 

285 °C, (c) 300 °C, and (d) 315 °C HfO2/InGaAs MOSCAPs are plotted. 
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Further analysis of leakage current and extracted interface state density 

is shown in Fig. 5.8. Although the interface state density was best at 285 °C, 

the leakage current of grown HfO2 was worst. Although the surface oxidation 

was suppressed by low-temperature growth, the oxidation of HfO2 was not 

enough to reduce the leakage current. The Dit value extracted from the 

conductance method is shown in Fig. 5.8(b). We were able to obtain the Dit 

value of 8×1012 cm-2 at the mid-gap region. 
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Figure 5.6. (a) Leakage current of grown HfO2 dielectrics and (b) Extracted 

Dit of HfO2 grown at 285 °C by conductance C-V method. 
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For the O3 oxidant, only 63 cycles of ALD O3-HfO2 were deposited for 

a target thickness of 7 nm. Only pretreatment at BOE 7:1 for native oxide 

removal was done before loading into the ALD chamber. The growth rate and 

refractive index at temperatures ranging from 255 to 300 °C were constant. A 

slight refractive index drop was observed at 255 °C and was stable at different 

temperatures. The leakage current of O3-HfO2 is shown in Fig. 5.9(b). Only 

O3-HfO2 deposited at 255 °C showed a slight increase of leakage current due 

to the insufficient oxidation of the deposited dielectric. To minimize the 

surface oxidation issue from high reactivity at higher temperatures, a growth 

temperature of 270 °C was chosen. 
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Figure 5.7. (a) Temperature dependent deposition rate and refractive index of 

grown O3-HfO2 dielectric. (b) The corresponding leakage current at different 

growth temperatures. 
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The C-V data of HfO2/Si MOSCAPs are shown in Fig. 5.10. The 

inversion behavior in the negative bias region is observed for all samples. 

Frequency dispersion of 1 MHz and 1 kHz for all samples are measured as < 

50 mV at 1 V bias. Interestingly, the positive shift of about 0.7 V was observed 

compared to IPA-HfO2. It seems to be there are fixed charges at HfO2/Si 

interface. The permittivity measured at C-V data of 1 MHz was 12.3, 12.7, 

11.8, and 11.6 for 255 °C, 270 °C, 285 °C, and 300 °C. The positive shift and 

low permittivity measured compared to IPA oxidant seem to originate from 

the fixed charge at HfO2/Si interface. Since we used O3-HfO2 just for bulk 

dielectric on interface IPA-HfO2 dielectric, we ignored the interface charge of 

O3-HfO2/Si. Further research is needed to remove this interface issue for O3-

HfO2/Si devices. 
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Figure 5.8. C-V measurements of fabricated HfO2/Si MOSCAPs at stage 

temperatures of (a) 255 °C, (b) 270 °C, (c) 285 °C, and (d) 300 °C. 
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After the optimization of the growth temperature of interfacial and bulk 

HfO2 dielectrics, the thickness of ILD was optimized. Since the ILD IPA-

HfO2 showed a significant leakage current compared to O3-HfO2, dual-layer 

suppression is essential for low effective oxide thickness (EOT) for high on-

current and low SS. The total thickness of HfO2 was set as 7 nm, and the 

thickness of IPA-HfO2 varied from 0 to 7 nm. As shown in Fig. 5.11, IPA-

HfO2 dielectric acted well as ILD for the high-quality interface. Since the Dit 

is proportional to the conductance peak value at negative bias [15], it is well 

shown in Fig. 5.11(a) that the 2 nm thickness of IPA-HfO2 successfully 

suppressed the Dit value. Also, there was no visible leakage current 

degradation issue by depositing 2 nm of IPA-HfO2 dielectric, as shown in Fig. 

5.11(b). The permittivity was measured as 16.7, 17.0, 18.1, 18.8, and 18.8 for 

the ILD thickness of 0, 0.5, 1, 1.5, and 2, respectively. Since the interfacial 

oxide layers of InGaAs are the main degradation factor of deposited HfO2 

dielectric [16], it can be inferred that the formation of those interfacial oxide 

layers was successfully suppressed by depositing 1.5 nm of IPA-HfO2 layer. 

The further suppression of conductance peak at 2 nm and 7 nm of IPA-HfO2 

dielectric shown in Fig. 5.11(a) seems to originate from other effects such as 

dangling bond formation of HfO2 near the interface [17]. 
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Figure 5.9. (a) Conductance-voltage graph and (b) leakage current-electric 

field graph of deposited HfO2 dielectrics with different ILD thicknesses. 
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5.3. Optimization of ALD TiN Gate Metal 

The gate metal also affects the interface state density of the deposited 

gate stack [18]. Since the e-beam evaporation method is impossible to deposit 

gate metal at the sidewalls of nanowires, sputter and ALD are the only options 

for the vertical nanowire device process. However, the high bombardment 

energy of the sputter damages the deposited high-k [18], which is a significant 

factor in the deterioration of the quality of the gate stack. Also, the step 

coverage is not perfect for the sputtering method due to the screening effect 

and fundamental limitations of the incident angle of metal deposition [19], 

[20]. Therefore, developing ALD gate metal is essential for vertical nanowire 

device fabrication. For ALD gate metal, TiN was chosen due to the easy 

accessibility of deposition sources. Tetrakis(dimethylamido)titanium 

(TDMATi), and NH3 were used for sources of Ti and N supply, and Ar gas 

was used for carrier gas. MEMS ALD in ISRC, the same instrument used for 

HfO2 dielectric, was used for deposition of the ALD TiN layer. The deposition 

chamber was separated to maintain the oxygen level in the chamber. In this 

instrument, the hollow cathode plasma (HCP) module was used to generate 

high-density plasma. The NH3 plasma is generated at the HCP module, as 

shown in Fig. 5.12(b). Since the conventional capacitively coupled plasma 

(CCP) source generates the DC potential, the plasma damage to the surface 

becomes high when achieving sufficient plasma density [21]. Therefore, 

inductively coupled plasma (ICP) enhances the plasma density [22]. However, 

the ICP source causes severe oxygen contamination problems due to the 

etching of dielectric liners used to contain the plasma. Since the Ti atom is 

extremely sensitive to oxygen atoms, oxygen contamination must be avoided 

to deposit TiN layers with low resistance. In this experiment, we used an HCP 
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source to avoid oxygen contamination by replacing quartz-based ICP source 

with a titanium-based HCP source [23]. 
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Figure 5.10. (a) MEMS ALD instrument in ISRC and (b) an image of the 

HCP module. 
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The critical feature of HCP is that the plasma density can be boosted in 

the shallow hollow cathode region, as shown in Fig. 5.12 (b). Inside the 

circular holes, high-energy electrons oscillate between the wall by repelling 

the potentials of the sheaths [24]. The electrons emitted from the cathode wall 

cause enhanced ionization of source material by enhanced inelastic collisions, 

as shown in Fig. 5.13. As a result, high-density plasma can be supplied into 

the chamber through hollow cathode holes. 
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Figure 5.11. A simplified diagram of the HCP module. 
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The TiN layers were deposited on the bare Si (001) substrate and SiO2/Si 

substrate simultaneously, as shown in Fig. 5.14. The purge time of TDMATi, 

NH3 plasma time, and purge time of NH3 were kept constant at 10 sec, 20 sec, 

and 20 sec, respectively. The sheet resistance of TiN on the SiO2/Si sample 

was measured, and the thickness was measured from the TiN/Si sample. The 

resistivity was calculated from the sheet resistance and the thickness. 
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Figure 5.12. Simple description of TiN deposition method and evaluation of 

deposited TiN layers. 
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As shown in Fig. 5.15(a), the deposition rate of TiN increased as 

TDMATi feeding time increased. At the feeding time of 0.1 sec, the resistivity 

was high due to the insufficient supply of TDMATi. The further increase of 

deposition rate at a feeding time of 0.3 sec comes from the thermal 

decomposition of TDMATi at a growth temperature of 300 °C [25]. A 

decrease in deposition rate and resistivity was observed at different plasma 

powers. The atomic hydrogen from NH3 plasma etches remaining carbons, 

which originated from the TDMATi source. Since we could not increase the 

plasma power over 300 W due to the limitation of our instrument, we 

managed to increase the flux of plasma by increasing the mean free distance. 
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Figure 5.13. The deposition rate and resistivity of TiN at (a) different 

TDMATi feeding times and (b) different plasma powers. 
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The chamber pressure during the plasma step was lowered by decreasing 

the flow rate of NH3 or Ar gas. As shown in Fig. 5.16, a constant decrease in 

deposition rate and resistivity was identified until the chamber pressure of 57 

mTorr. The mixture of NH3 and Ar gas did not significantly decrease the 

resistivity of grown TiN layers. Interestingly, the resistivity of the grown TiN 

layer increased at the chamber pressure of 50 mTorr, as shown in Fig. 5.16(b). 

The increase in resistivity appears to be originated from the damaged TiN 

surface due to the high-energy collisions [26]. 
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Figure 5.14. (a) The deposition rate and resistivity at different plasma 

pressure and (b) magnified graph of red dashed region in (a). 
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Finally, the deposition rate and resistivities at different growth 

temperatures were identified, as shown in Fig. 5.17. The resistivity was 

reduced to 196 μΩ∙cm at a growth temperature of 400 °C. However, the 

thermal budget of the HfO2/InAs surface is poor [27]. Therefore, we used 

ALD TiN with a growth temperature of 250 °C, which has a deposition rate 

of 1.3 and resistivity of 350 μΩ∙cm, to avoid surface deterioration due to high 

temperature. 
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Figure 5.15. Deposition rate and resistivity of ALD TiN layers at different 

growth temperatures. 
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5.4. Detailed Demonstration of Vertical 
Nanowire TFET Fabrication Processes 

The whole process flow is shown in Fig. 5.16. Briefly, the ALD gate 

stack of HfO2/TiN was deposited after the growth nanowire growth. With the 

first planarization with BCB, sidewall TiN was etched by the wet etchant, and 

the second planarization was done with BCB again. The device was vertically 

isolated by a second BCB, and the BCB was selectively etched for ohmic and 

gate contact. The fabrication process was ended by depositing the gate, drain, 

and source metal at once. 
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Figure 5.16. Total process flow for vertical nanowire TFET fabrication. 
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The nanowires with 100 nm of intrinsic InGaAs and 600 nm of n+-InAs 

were grown on the p++-Ge (111) substrate, as shown in Fig. 5.17. We could 

not to suppress the diameter of grown InGaAs nanowires enough due to the 

substrate issues as discussed in chapter 4. The diameter of grown u-InGaAs 

nanowires was measured as 180 nm. Interestingly, the InAs nanowire growth 

on InGaAs nanowire also needed seeding time. This additional seeding time 

comes from the lattice constant difference between InGaAs and InAs. 25 

seconds of u-InAs seeding was done before the growth of n+-InAs nanowires. 

After the complete growth of u-InGaAs and n+-InAs nanowires, the channel 

length could be determined by the SEM image, as shown in Fig. 5.17(d). The 

channel length was identified by the difference of contrast between InGaAs 

and InAs surface and matched well with the target thickness, 100 nm. 
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Figure 5.17. The 20° tilted SEM images of nanowires after (a) channel u-

InGaAs nanowire growth, (b) seeding of InAs on u-InGaAs nanowires, and 

(c) complete growth of n+-InAs nanowires on u-InGaAs nanowires. The 

magnified SEM image of (c) is shown in (d). 
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After the complete intrinsic InGaAs and n+-InAs nanowire growth, the 

substrate was annealed in RTA first. The hydrogen attached to the p++-Ge (111) 

substrate was removed in RTA with 400 °C, 100 Torr, and N2 ambient for 10 

minutes to electrically activate. The hard mask for nanowire growth was 

peeled off in BOE 7:1 solution (etch rate ~ 2 nm/sec) for 2 minutes, and 15 

times of digital etching was conducted to reduce the diameter. Each step 

consisted of oxidation in microwave O2 asher for 150 Pa, O2 ambient, and 50 

W for 2 minutes and de-oxidation in diluted HCl (3:1) solution for 1 minute. 

About 1 nm of InGaAs surface was etched for each step, regardless of the 

surface orientation. After thinning the diameter, ALD HfO2 and ALD TiN 

were deposited. 2 nm of HfO2 with IPA oxidant was deposited first for better 

interface quality, and 4 nm of HfO2 with O3 oxidant was sequentially 

deposited for suppressed gate leakage current. The EOT of deposited HfO2 

was 1.24. Then, 20 nm of ALD TiN with TDMATi source and NH3 reactant 

was deposited for gate metal. The BCB 3022-35 was spin-coated at 4000 rpm 

after gate stack deposition. AP3000 adhesion promoter was used for better 

adhesion between TiN and BCB. After that, BCB was soft-cured in a vacuum 

furnace with N2 ambient, 210 °C, and 100 Torr for 40 minutes. The thickness 

of cured BCB was measured as 1100 nm by alpha-step. The soft-cured BCB 

was then dry-etched in RIE chamber by SF6/O2 = 6/24 sccm, 100 mTorr, 30 

W (etch rate ~ 50 nm/min) for about 20 minutes. The remaining target 

thickness of BCB was 100 nm. The exact thickness was measured by alpha-

step. The 30° tilted SEM image of nanowires after BCB planarization is 

shown in Fig. 5.18. The remaining TiN with a tapered shape is shown in Fig. 

5.18. This tapered shape was made because TiN was etched simultaneously 

by SF6/O2 plasma while etching BCB in the RIE chamber. 
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Figure 5.18. 30° tilted SEM image of nanowires after first BCB planarization. 

  



188 

After removing the BCB at the nanowire sidewalls, the remaining TiN 

was etched by SC-1 solution (NH4OH : H2O2 : H2O = 1 : 2 : 5) at 50 °C. The 

etch rate of ALD TiN was about 20 nm/min and 50 % over-etched for uniform 

etching. As shown in Fig. 5.19, it was identified that almost none of the TiN 

at sidewalls was etched. A possible explanation of this phenomenon can be 

the fluorocarbon residue from the etching of BCB by SF6/O2 gas chemistry 

[28], [29]. During etching of the BCB, carbon from BCB and fluorine from 

SF6 can react due to the high reactivity of SF6 plasma. The thin fluorocarbon 

layer at the TiN surface acted as etch mask for TiN wet etchant, which 

hindered the solution’s access to the TiN surface. The height of the TiN 

remaining above the first BCB surface was about 300 nm, meaning the gate-

drain overlap of 300 nm. 
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Figure 5.19. 30° tilted SEM image of nanowires after TiN wet etching. 
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All area except nanowire and a small opening for gate pad contact was 

etched in RIE by SF6/O2 = 6/24 sccm, 100 mTorr, 30 W for about 3 minutes 

to remove remaining BCB. The TiN underneath the BCB was sequentially 

etched in RIE by SF6/Ar = 50/5 sccm, 50 mTorr, and 50 W (etch rate ~ 13 

nm/min) for 3 minutes to electrically isolate individual devices. The second 

BCB was spin-coated at 4000 rpm for electrical isolation between gate and 

drain metals. This second BCB was hard-cured in a vacuum furnace with N2 

ambient, 250 °C, and 100 Torr for 1 hour. The measured thickness was 1100 

nm and etched in RIE by SF6/O2 = 6/24 sccm, 100 mTorr, 30 W for about 11 

minutes to leave 550 nm of BCB. The thick thickness of the second BCB 

remained to definitely isolate the drain metal and gate metal. The SEM image 

of nanowires after the second BCB planarization is shown in Fig. 5.20. The 

revealed nanowires with the intended length are well shown in the SEM 

image. 
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Figure 5.20. 30° tilted SEM image of nanowires after second BCB 

planarization. 
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After that, the source area was etched in RIE by the same condition for 

13 minutes to reveal the HfO2 surface. The HfO2 at the drain and source 

regions was etched simultaneously in BOE 7:1 solution (etch rate ~ 5 nm/min) 

for 2 minutes. Finally, the gate pad region was opened in RIE by SF6/O2 = 

6/24 sccm, 100 mTorr, 30 W. The etching time was carefully controlled by 

measuring the remaining BCB thickness by alpha-step because SF6/O2 

chemistry also etched TiN with etch rate of 5 nm/min. Only 30 nm of BCB 

was over-etched for uniform opening. Finally, the gate, drain, and source 

region were negatively patterned at the same time for metal deposition. Total 

Ti/Au = 40/600 nm was deposited by an e-beam evaporator and lifted off in 

acetone solvent. The SEM image of the TFET device after the metal 

deposition is shown in Fig. 5.21. In the drain pad region, nanowires were 

easily distinguishable from the bright part of the pad. Due to the random 

nanowire yield, the number of nanowires at devices was counted by SEM 

images. The floating metal pad was deposited to measure the leakage current 

of the deposited BCB. It was identified that the vertical leakage through BCB 

was negligible because the leakage current between the floating pad and the 

source pas was less than the measurement limit. 
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Figure 5.21. (a) Bird’s eye view SEM image of fabricated TFET device. The 

TFET devices with (a) single and (b) double nanowires with magnified SEM 

images (c) and (e), respectively. 
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In this process flow, the abnormal misoriented growth caused no 

problems. As shown in Fig. 5.22(a), nanowires grown with good yield were 

shown as bright dots after the fabrication. However, nanowires grown with 

bad yield were shown as plain surfaces. This difference comes from the height 

difference between nanowires and misoriented structures, as shown in Fig. 

5.22(b and c). The typical height of nanowires was around 500 nm, and the 

height of misoriented structures was less than 100 nm. Although the 

misoriented structures are connected with nanowires by gate metal, they are 

not connected to drain metal due to the low height. They act as a gate to source 

leakage current path and do not influence transfer and output characteristics. 

The devices in the latter part of this chapter were normalized by the number 

and diameter of nanowires after drain pad deposition measured by SEM 

image, as shown in Fig. 5.21(c and e). 
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Figure 5.22. The effect of misoriented growth at Ge (111) substrate. (a) Top-

view SEM image of nanowires after finishing the fabrication process. (b) 20° 

tilted-view SEM image of grown nanowire for vertical nanowire TFET 

fabrication. (c) A cross-section view schematic of misoriented structures after 

finishing the fabrication process. 
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5.5. Characterization of Fabricated Vertical 
Nanowire TFETs 

First, the p-i-n diode characteristic was identified, as shown in Fig. 5.23. 

The high on-current of the p-i-n diode was identified at the forward bias 

region. As shown in the graph, the high leakage current of the p-i-n diode at 

negative bias was observed. The high leakage current at Ge/InGaAs junction 

is recently reported by [30]. The unwanted diffusion of Ge into the InGaAs 

nanowire and the diffusion of In and Ga into the Ge substrate causes a highly-

doped region at the junction. From the forward bias region, the ideality factor 

of 1.57 was measured at a bias range of 0.05-0.5 V. It is well known for 

crystalline diodes that the recombination in the depletion region leads to the 

ideality factor of 2, and diffusion through the depletion region leads to 1 [31]. 

Any traps in the junction increase the ideality factor [31]. The value of the 

ideality factor in the range between 1 to 2 indicates that no significant TAT 

has occurred at the junction. From the high leakage current and the ideality 

factor, it can be inferred that the shallow n+-InGaAs region formed near the 

InGaAs/Ge interface increased the leakage current of the p-i-n diode. 
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Figure 5.23. J-V curve of fabricated vertical nanowire TFET by applying a 

voltage between drain and source. 
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The electrical characteristics of fabricated vertical nanowire TFET are 

shown in Fig. 5.24. SEM analysis identified a single nanowire with a diameter 

of 180 nm. The measured current was normalized by the circumference of the 

grown nanowire. The gate leakage current was sufficiently low to be 

neglected. As shown in Fig. 5.24(a), the operation of TFET was identified, 

but gate modulation was not fairly good. It is clearly shown in Fig. 5.24(b) 

that leakage current at zero-bias increases as the drain bias increases. The 

minimum SS measured was 195 mV/dec at VDS = 0.1 V (VGS = 0.3 to 0.4 V) 

and 184 mV/dec at VDS = 0.3 V (VGS = 0.5 to 0.6 V). The on/off ratio was 

measured as 58.3, 27.2, 10.9, and 6.16 at VDS of 0.1, 0.3, 0.5, and 0.7 V, 

respectively. The highest current value measured at VDS = 0.7 V, and VGS = 1 

V was 1.74×10-7 A/μm.  
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Figure 5.24. (a) Output characteristic and (b) transfer characteristic of 

fabricated vertical single nanowire TFET. 
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The benchmark of our results from other bottom-up hetero-junction 

nanowire TFET devices [32]–[35] is shown in Fig. 5.25. The Ioff of devices 

was chosen from the lowest value and Von = Voff + 0.5, the same as values in 

Fig. 3.16, to compare the actual sub-threshold region operation. The VDS of 

devices was chosen around 0.25 to 0.35 V (as close as possible to 0.3 V to 

compare with our results). For both graphs, the higher left is the preferred 

position of data. For the Ion-SS characteristic, a higher value of the y-axis 

means a high operating current at actual device operation. The higher on-

current means fewer nanowires are needed to meet the on-current 

requirements for electrical circuits, which leads to great scalability. Both on-

current and SS are poor compared to other reported bottom-up hetero-junction 

nanowire TFET devices. The poor on-current originated from the poor gate 

modulation of our device, as shown in the output characteristics of Fig. 

5.24(a). Unlike Si devices, III-V devices suffer from a low density of states. 

The fast border traps above the conduction band also affect the channel 

electrons by excluding them from transport, which can be neglected at Si [36]. 

The low density of states also leads to suppressed gate capacitance, drastically 

reducing the on-current. Unlike the conventional TFET devices shown in 

chapter 3, we skipped the post-metal annealing (PMA) process for the 

nanowire TFET device to avoid surface deterioration at HfO2/InAs surface, 

and it appears that the increased Dit significantly lowered the on-current, 

omitting the PMA process. Since the Dit reduction from the PMA process is 

significant [37], the tapered TiN structure of Fig 5.19 must be removed to 

eliminate the HfO2/InAs surface and conduct the PMA process. It seems that 

the tapered TiN can be removed through an organic solvent surface cleaning 

before SC-1 wet etching [38]. The bad SS and on/off ratio are shown in Fig. 

5.25. The diameter of nanowires is around 30 nm for [32]–[35], which is a 
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pretty small value compared to our nanowire’s diameter of 180 nm. Due to 

the large diameter, the core part of the nanowire was unaffected by the gate 

bias, and the leakage current through this region lowered the on/off ratio and 

increased the SS. We believe that the bad SS and on/off ratio could be 

dramatically enhanced by reducing the diameter of the nanowires through 

growth techniques or thinning of nanowires by the digital etching process. 
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Figure 5.25. Benchmark of our results with other bottom-up hetero-junction 

nanowire TFET devices reported for (a) Ion-SS and (b) on/off ratio-SS 

characteristics. 
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5.6. Conclusion 

This chapter addresses the development and integration of fabrication 

processes in vertical nanowire InGaAs TFET by the bottom-up growth 

method. ALD process optimization for HfO2 dielectric was conducted first. 

From temperature-dependent analysis with thickness, refractive index, and C-

V curves, the growth temperature of 285 °C for IPA-HfO2 and 270 °C for O3-

HfO2 showed suppressed interface state density and acceptable leakage 

current respectively. After that, dual-layer HfO2 dielectric with ILD of IPA-

HfO2 and a bulk layer of O3-HfO2 was tested. The 2 nm of IPA-HfO2 appears 

to be optimum for suppressed interface state density and significant leakage 

current. The process condition for ALD TiN was also optimized. The feeding 

time of TDMATi and plasma power was selected as 0.3 sec and 300 W. By 

increasing the mean free path of NH3 plasma by reducing the chamber 

pressure, we were able to find optimum pressure of 57 mTorr. The minimum 

resistivity of the TiN was 196 μΩ∙cm at 400 °C. We used the deposition 

temperature of 250 °C, which showed a deposition rate of 1.3 and resistivity 

of 350 μΩ∙cm, to avoid thermal degradation issues at InAs surface. 

After optimizing the ALD gate stack deposition process, the Ge/InGaAs 

vertical nanowire TFET was fabricated. The shape of InGaAs nanowires was 

carefully observed at each step of the fabrication process. The sidewall TiN 

with a tapered shape was observed due to the etching of TiN during the BCB 

planarization process. Since this tapered TiN was barely etched by the wet 

etchant, the second BCB remained thick to isolate the drain and gate metal 

vertically. After finishing the fabrication process, the number of nanowires 

was identified by SEM analysis, and the electrical characteristics of a single 

nanowire device were characterized. The p-i-n diode characteristic showed a 
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large leakage current than expected values. It appears to be the shallow n-type 

doping of u-InGaAs nanowire due to the diffusion of Ge atoms from Ge (111) 

substrate that raised the unwanted tunneling at the p/i junction. The on-current 

of the fabricated TFET device was poor due to the bad interface state of the 

HfO2/In(Ga)As interface. It is expected to have a higher on-current value by 

removing the tapered TiN structure and applying the PMA process. Also, we 

believe that the on/off ratio and SS can be improved sufficiently by reducing 

the diameter of nanowires. 
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Chapter 6. Conclusions and 

Outlook 
6.1. Conclusions 

The main goal throughout this thesis was to develop high-quality 

InGaAs epitaxial layers for TFET fabrication by planar growth on InP (001) 

and nanowire growth on (111) substrates. In the effort to find steep switching 

devices, TFET devices did not receive much attention due to their low on-

current. Many researchers are trying to boost the on-current of TFET by using 

III-V materials to increase the tunneling probability. Because high p-type 

dopant concentration with a steep dopant profile is challenging, most TFET 

researchers used MBE-grown wafers to evaluate TFET devices. This thesis 

proposed a high-quality p-i-n epitaxial layer by MOCVD growth. The lattice-

matched InGaAs channel with high mobility of 9410 cm2/V∙s was 

successfully grown. For n+-InGaAs, a donor concentration of 6.1×1019 cm-3 

and a dopant profile of 3.3 nm/dec were achieved. For p+-InGaAs, an 

acceptor concentration of 1.8×1019 cm-3 and a dopant profile of 2.8 nm/dec 

were accomplished. 

Then, the TFET devices were fabricated by the top-down wet etching 

method on the grown epitaxial layers. Before device fabrication, the 

dimensions of the TFET device were chosen from TCAD simulations. The 

intrinsic channel length of 100 nm was fixed for suppressed leakage current. 

After that, ohmic and air-bridge formation processes were optimized for 

TFET fabrication. From different MOCVD epitaxial layers, we identified the 

effect of acceptor concentration and lattice-mismatch of grown layers on the 
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performance of TFET operation. Compared to the MBE-TFET fabricated at 

the same time, we were able to achieve similar values of SS and on/off ratio 

with a 1-order smaller on-current. Those good device performances are by far 

the first reported. Since the high throughput of MOCVD is an excellent 

advantage for commercializing the III-V devices, demonstrating our 

MOCVD-TFET device will be a good reference point for future III-V TFET 

device researchers. 

The current boosting by hetero-junction was also studied. InGaAs 

nanowires on Ge (111) substrates were grown by the method for hetero-

junction in this thesis. Since the nanowires are free of threading dislocations, 

the material selection can be varied. The current at the p-i junction can be 

drastically increased by forming a type-II staggered or type-III broken gap 

band structure. The effect of growth temperature, source flow rate, and pattern 

dependency on the grown In(Ga)As nanowires were identified. From 

optimized conditions, we could grow 180 nm of diameter In0.51Ga0.49As. For 

TFET device integration, InGaAs nanowire growth on Ge substrate was 

optimized. The yield of nanowire growth was drastically increased by PH3 

treatment. 

The vertical hetero-junction Ge/InGaAs nanowire TFET was finally 

fabricated by the bottom-up method. ALD HfO2 and ALD TiN layers were 

developed for excellent step coverage. The dual-layer HfO2 with IPA and O3 

oxidants were optimized in growth temperature and ILD thickness. Also, the 

optimized ALD TiN at a growth temperature of 250 °C showed resistivity of 

350 μΩ∙cm. From the optimized fabrication processes, a vertical nanowire 

TFET was fabricated. The potential of Ge/InGaAs nanowire TFET was 

shown from electrical measurements. However, the low on-current was 
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identified due to the tapered TiN structure and omitted PMA process. Also, 

the large diameter increased the off-current and SS. High-performance TFET 

can be fabricated by solving the above problems through more optimized 

processes. 

 

6.2. Outlook 

We believe that the MOCVD growth technology developed in this thesis 

has excellent potential for III-V technologies. As the dopant concentration 

and profile are both essential for any electronic device applications such as 

MOSFET, HEMT, TFET, and HBT, the developed i-InGaAs, n+-InGaAs, and 

p+-InGaAs can be used according to the circumstances. For p+-InGaAs, the 

high acceptor concentration with the steep profile is preferable for TFET and 

HBT device structures. High-mobility i-InGaAs channel is essential for all 

kinds of electronic devices. The high doping concentration and low steep 

profile of n+-InGaAs are also crucial for reducing the drain contact resistivity 

for all device structures. We have already reported several reports about 

MOSFET and HEMT by the developed InGaAs growth conditions. 

For nanowire growth technology, various applications can be made. 

Because there is no restriction on the selection of materials due to the 

threading dislocations, various hetero-junctions can be made by nanowire 

growth. Also, the integration into CMOS is possible. Due to the large surface 

area, III-V nanowires are being utilized as photo devices such as 

photodetectors or photodiodes. The direct bandgap of III-V nanowires has a 

significant advantage in light efficiency. Since there are commercially 

available n+-InP and p+-InP substrates, the p-i-n structure can be easily formed 
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by doping the nanowires once. For electronic devices, the precise control of 

doping concentration and suppressed dopant diffusion inside the nanowire are 

essential. The exact doping concentration of n+-InAs has not yet been 

identified in this thesis. Doping concentration extraction from C-V 

measurement or gated FET measurement can give us a further understanding 

of the nanowire growth mechanism. Also, the InGaAs nanowire growth yield 

on different is still questionable. It is presumed to be that surface roughness 

affects the InGaAs nanowire growth yield. Further research about surface 

nucleation by thin InGaAs layer by atomic layer epitaxy method is required 

to grow the InGaAs nanowires on Ge substrates steadily. Although there is 

room for further study about nanowire growth, this thesis will provide 

fundamentals to such studies. 

Furthermore, the possibility of Ge/InGaAs hetero-junction vertical 

nanowire TFET was studied. In spite of the high tunneling current predicted 

at Ge/InGaAs p-i junction, the on-current was poor compared to the other 

reported hetero-junction vertical nanowire TFETs. However, the measured SS 

value indicates that the diameter scaling can improve the on/off ratio and SS 

sufficiently. We believe the poor on-current can also be improved by proper 

ALD high-k technology or core-shell passivation by large band-gap materials. 
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Appendix 
 

A. n+-InAs Nanowire Doping Concentration 
Evaluation by TLM Method 
 

We used transmission line measurement (TLM) method to evaluate the 

electrical properties of grown n+-InAs nanowires. The growth of n+-InAs 

nanowires was performed at 630 °C, 160 mbar, TMIn 0.851 μmol/min, and 

AsH3 0.446 mmol/min. The total growth time was 10 minutes for all samples, 

and 0.01, 0.025, and 0.05 sccm of SiH4 were introduced into the chamber for 

n-type dopant. 
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Figure A.1. A schematic diagram of n+-InAs nanowire TLM measurement.  
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4-point TLM patterns were formed by e-beam evaporation with Ti/Au = 

20/100 nm thicknesses to exclude the influence of contact resistance. The 

voltage across the 1 μm of the nanowire was measured by two contact pads, 

and the other two pads were used for applying voltage and measuring current 

to the nanowires. 

 



216 

 
Figure A.2. (a, c, e) Measured V-I graph and (b, d, f) corresponding top-view 

SEM image of single nanowire TLM pattern.  
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The sheet resistivity of n+-InAs nanowires extracted from the measured 

4-point TLM method is shown in Fig. A.3. We achieved low sheet resistivity 

of 17 Ω∙μm with a SiH4 flow rate of 0.05 sccm. This sheet resistivity of n+-

InAs nanowires corresponds to the n = 1×1019 cm-3 reported by [1]. 
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Figure A.3. (a) Extracted sheet resistivity from V-I data and (b) comparison 

with reported doping concentration from [1]. 

  



219 

B. n+-InAs Nanowire Doping Concentration 
Evaluation by C-V Method 
 

To quantitatively evaluate the doping concentration of the grown n+-

InAs nanowires, sidewall MOSCAP was fabricated. The n+-InAs nanowires 

were grown on n-InAs (111)B substrate (n = 3×1018 cm-3). The growth of n+-

InAs nanowires was performed at 630 °C, 160 mbar, TMIn 0.851 μmol/min, 

and AsH3 0.446 mmol/min. The growth time was maintained at 2 minutes, 

and the flow rate of SiH4 was changed from 0 to 0.5 sccm. After the selective 

area growth of n+-InAs nanowires, 10 nm of HfO2 with 2 nm of IPA-HfO2 

ILD and 8 nm of O3-HfO2 bulk layer was grown. The HfO2 surface at the 

substrate was isolated by BCB planarization. The 20 nm of ALD TiN was 

deposited at 250 °C to avoid any thermal degradation of the BCB layer. 

Finally, the TiN layer outside the active area was etched by dry etching, and 

the gate and the back contact was formed by an e-beam evaporator with Ti/Au 

= 20/100 nm stack. 
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Figure B.1. Process flow of the n+-InAs nanowire sidewall MOSCAP. 
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Unlike the InAs nanowire grown on InP (111)B substrates, the InAs 

nanowires grown on InAs (111)B substrate showed huge pattern dependency. 

The InAs nanowires grown at the outermost part were the longest and shortest 

at the center. Since the growth condition was the same for InP (111)B 

substrates, we believe this difference comes from the different nucleation 

times at the different substrate surfaces. Further research must be conducted 

to find the nucleation time tendency at the InAs (111)B substrate surface. 
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Figure B.2. 30° tilted SEM image of grown 37 u-InAs nanowire array. 
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The measured C-V data and extracted donor concentration are shown in 

Fig. B.3. The donor concentration was extracted from the equation: 

𝒏𝒏 = − 𝟐𝟐
𝒒𝒒𝒒𝒒𝑨𝑨

�𝒅𝒅𝑪𝑪
−𝟐𝟐

𝒅𝒅𝒅𝒅
�
−𝟏𝟏

 (1) 

Where 𝒏𝒏 is the donor concentration, 𝒒𝒒 is the elementary charge, 𝒒𝒒 is the 

dielectric permittivity, and 𝑨𝑨 is the surface area of the nanowire sidewall. 

Due to the poor InAs/HfO2 interface, the hump at the negative bias was 

measured for all samples. The depletion did not occur at the negative bias, 

leading to inaccurate donor concentration extraction, as shown in Fig. B.3(b). 

Since the hump from the defect states can be suppressed by measuring C-V 

at low temperatures or very high frequency, further experiments are needed 

to precisely calculate the donor concentration of the grown n+-InAs nanowires. 
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Figure B.3. (a) Measured 5MHz C-V graph of different n+-InAs nanowires 

and (b) extracted donor concentration using the well-known formula (1). 

 



225 

C. References 

[1] S. Wirths et al., “Effect of Si-doping on InAs nanowire transport and 
morphology,” J Appl Phys, vol. 110, no. 5, p. 053709, 2011. 

 

 

  



226 

Abstract in Korean 
리소그래피 기술의 놀라운 발전은 10 nm 이하의 논리 

트랜지스터를 상용화했다. 게이트 길이 스케일링은 모스펫 

(MOSFET)의 전력 소비를 줄이기 위한 노력의 큰 부분을 차지한다. 

그러나 이러한 접근 방식은 리소그래피의 물리적 한계와 누설 

전류 제어와 같은 몇 가지 문제에 직면했다. 모스펫의 근본적인 

문제는 현재 전송 메커니즘의 한계로 인해 60 mV/dec 미만의 

임계값 기울기 (SS)에 도달할 수 없다는 것이다. Si 터널링 

전계효과 트랜지스터 (TFET)의 여러 연구자들이 60 mV/dec 미만의 

결과를 보고했지만, Si 동종 접합 터널링 전계효과 트랜지스터는 

간접 대역 갭 물질의 터널링 확률이 낮아 전류상으로 불충분하다. 

P-I 접합부에서의 터널링 확률은 터널링 전계효과 트랜지스터의 

동작전류에 영향을 미치기 때문에 작은 직접 밴드갭을 가지고 

유효질량이 낮은 III-V 화합물 반도체는 임계값 기울기가 60 

mV/dec 미만인 높은 터널링 전류를 달성할 수 있는 가장 유망한 

재료이다. 또한 밴드 오프셋이 다른 재료를 선택함으로써, 

스태거드 또는 브로큰 갭을 형성함으로써 터널링 전류를 현저하게 

증가시킬 수 있다. 

P-I 접합부의 터널링이 터널 전계효과 트랜지스터 소자의 

전류 공급원이기 때문에 많은 연구자들이 분자빔 에피택시 (MBE) 
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방식으로 성장한 p형 도핑 농도가 높은 III-V 웨이퍼로 제조된 

터널 전계효과 트랜지스터의 성능을 보고해왔다. 그러나 높은 

도핑 농도와 가파른 도펀트 프로파일을 갖는 p형 InGaAs를 

성장하기가 까다롭기 때문에 금속-유기 화학 기상 증착 (MOCVD) 

성장 에피택셜 층에서 제조된 InGaAs TFET 소자는 거의 보고되지 

않았다. 이에 따라 본 연구는 TFET 소자 제작을 위한 고품질 

에피택셜 층을 성장시키기 위한 MOCVD 성장 기술을 선보인다. 

종래의 TFET 소자에 대해서는 동종 접합 p-i-n InGaAs 

에피택셜층을 성장시키고, p++-Ge/i-InGaAs/n+-InAs 나노선을 

성장시켜 TFET 소자 성능 향상 가능성을 확인하였다. MOCVD에 

의해 성장한 에피택시 층에서 제조된 TFET 소자의 잠재성을 

확인하기 위해 평판과 나노선 에피택셜 층에서 제작된 TFET 

소자의 성능이 확인되었다. 

MOCVD 방법을 이용하여 고품질의 에피택셜 층이 

성장되었다. MBE에 비해 가성비, 높은 처리량, 우수한 결정 품질이 

MOCVD의 가장 큰 장점이다. 이에 여러 성장 조건을 

변화시키면서 InP (001) 기판 위로 InGaAs 필름층의 성장이 

연구되었다. 소스 유량, 온도 및 V/III 비율이 성장된 InGaAs 

필름층의 품질에 끼치는 영향이 연구되었다. 또한 MOCVD InGaAs 

성장 기술에서 n형 및 p형 도펀트의 농도를 높이는 것과 도펀트 

프로파일을 가파르게 하는 것이 도전적이므로 탄소 및 텔루륨 
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도핑을 통해 가파른 도펀트 프로파일을 보이는 고농도의 p형 및 

n형 InGaAs층을 성장하였다. 

성장된 에피택셜 필름층은 TFET 소자를 제작하여 평가하였다. 

TFET 소자 제작 전에 우선 TFET 소자의 채널 길이가 전기적 

시뮬레이션 결과에 의해 선택되었다. MOCVD를 이용하여 도핑 

프로파일이 가파른 고품질의 수직 p-i-n 에피텍셜 구조가 한번에 

성장되었다. 에피택셜 성장 후에 TFET 소자는 수직 방향의 습식 

식각을 통해 제작되었다. 옴 (Ohmic) 공정과 에어브릿지 공정도 

소자 제작을 위해 최적화되었다. P형 도핑 농도에 대한 영향과 

MOCVD 성장 중에 생긴 전위에 대한 영향이 TFET 성능을 통하여 

확인되었다. 제조된 TFET 소자는 60 mV/dec에 가까운 SS와 괜찮은 

온/오프 전류 비율을 보여주었는데, 이는 최초로 보고되는 

MBE에서 성장된 웨이퍼에서 만들어진 TFET 소자와 비교할 수 

있는 소자이다. 이 결과는 고품질의 MOCVD로 성장한 III-V TFET 

소자의 양산 가능성을 보여준다. 

이 연구의 다음 부분은 나노선 TFET 제작이다. 전자소자 

제작을 위한 III-V 나노선 성장에는 몇 가지 장점이 있다. 다양한 

종류의 웨이퍼에 다양한 특성을 가지는 헤테로 구조를 형성할 수 

있다는 것이 큰 장점이다. 충분히 작은 직경으로 성장된 나노선은 

웨이퍼와 다른 격자 상수를 가지더라도 전위 없는 계면을 가진다. 

다양한 유형의 밴드 정렬이 만들어질 수 있으며, 이는 TFET의 
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터널링 정류를 증가시키는 데에 있어 중요한 요소이다. 또한 

직경이 작은 나노선은 칩으로 제작되었을 때 더 나은 소자 밀도, 

향상된 게이트 제어성, 성장 시간 단축을 통한 처리량 향상이 

가능하다. 

InGaAs 나노선은 선택적 영역 성장법 (SAG) 성장되었다. 

하드마스크 층으로서 InP (111)B 및 Ge (111) 웨이퍼에 SiO2 층이 

증착 되었다. 성장 모드가 다르기 때문에 InGaAs 평판 필름층 

성장과는 크게 다른 성장 조건을 테스트하였다. 나노선의 선택적 

성장은 온도, V/III 비율 및 소스 유량을 최적화하여 확인하였다. 그 

결과 InP (111)B와 Ge (111) 웨이퍼에서 InAs와 InGaAs 나노선을 

성공적으로 성장시켰다. P형 물질로는 p++도핑된 Ge (111) 웨이퍼를 

사용하였다. 인트린식 InGaAs와 InAs 나노선이 그 위에 

선택적으로 성장되었다. 마지막으로 실리콘 도펀트를 가진 n형 

InAs 나노선이 후속적으로 성장되었다. 성장된 나노선은 수직 

나노선 TFET을 제작하여 평가되었다. 높은 단계 커버리지와 

양호한 인터페이스 상태 밀도를 위하여 ALD HfO2 및 ALD TiN 

공정과정이 최적화되었다. 개발된 ALD 공정을 적용함으로써 

수직형 나노선 Ge/InGaAs 헤테로 접합 TFET의 동작이 성공적으로 

확인되었다. 
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