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具有奈米線通道的矽鍺及雙閘極薄膜電晶體之特性分析 

 

研究生：洪振家             指導教授：林鴻志  博士 

                                     黃調元  博士 

國立交通大學 

電子工程學系     電子研究所  

 

摘     要 

在本篇論文中，我們製作了一種具有奈米通道的多晶矽和多晶矽

鍺薄膜電晶體，並且分析其特性。因為奈米線通道為多晶的結構，為

了更有效修補其中的缺陷及斷鍵，我們對元件使用了氨電漿的處理，

讓通道中的缺陷得到修補，使元件有更好的操作特性，例如：降低漏

電流、提升載子遷移率、增強開啟電流等。我們也分別分析並討論了

有關矽和矽鍺薄膜電晶體的漏電機制。雖然二種電晶體的結構相同，

但因為矽鍺通道中有較多的缺陷，造成主要影響漏電的區域不同，也

因此有著不同的漏電機制。 

在本實驗中，我們也製作了具有雙閘極奈米通道的多晶矽薄膜電

晶體。雖然有著雙閘極的結構，但在製作過程中，並不需要添加額外

的光罩步驟，就能在通道上額外加上副閘極。雙閘極操作為將主閘極
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和副閘極提供相同電壓，因為雙閘極對通道會有較好的操控能力，所

以雙閘極操作會有較好的元件特性。此外，我們可以藉著提供不同的

副閘極電壓，使臨界電壓隨之調變，且不論導通通道長短或是氨電漿

處理時間長短，臨界電壓的調變都是接近線性的。此外，在實驗中也

發現，副閘極可輔助主閘極使其在操作時對導通通道有更好的操作能

力，並使 DIBL的效應降低。 
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Characterizations of Silicon-Germanium and 

Double-Gated Nanowire Thin-Film Transistors 

 

Student: Jen-Jia Hung        Adviser: Dr. Horng-Chih Lin 

                                 Dr. Tiao-Yuan Huang 

 

Department of Electronics Engineering & Institute of Electronics 

National Chiao Tung University 

 

Abstract 

In this thesis, we fabricated a novel TFT with nanowire channels and analyzed 

its characteristics. In order to improve the device performance, we performed the NH3 

plasma treatment to passivate defects, reduce leakage current, enhance carrier 

mobility, increase driving current and decrease subthreshold slope. We also analyzed 

and discussed the leakage mechanisms of TFTs with Si and SiGe channels. SiGe films 

are found to contain more traps and defects which lead to worse characteristics as 

compare with their poly-Si counterparts. In addition, the major leakage paths of the 

poly-SiGe devices are found to be different from those in the poly-Si ones. 

Moreover, a new poly-Si nanowire TFT structure equipped with a sub-gate is 
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proposed and demonstrated. The fabrication of such double-gated structure does not 

require extra mask. When the main-gate and sub-gate are tied together, denoted as the 

double-gated mode, the TFT performance is improved. It is also shown that threshold 

voltage can be modulated by varying the sub-gate voltage, and the modulation in Vth 

shows linear dependence on the applied sub-gate bias regardless of channel length or 

plasma passivation time. The sub-gate can also reduce DIBL effect by assisting the 

main-gate in controlling the channel potential more efficiently. 
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Chapter 1 
Introduction 

 

1-1 Overview of the Polysilicon Thin-Film Transistors 

Polycrystalline silicon thin-film transistors (TFTs) have attracted much 

attention since its first demonstration in 1966  [1]. Over the past thirty years, poly-Si 

TFTs have been proliferated to a wide range of industrial applications including 

active-matrix liquid-crystal displays (AMLCDs)  [2], [3], thermal printer heads  [4], 

linear image sensors  [5], [6], scanners  [7] and photo-detector amplifier  [8], as well as 

VLSI memories, such as dynamic access memories (DRAMs)  [9], static random 

access memories (SRAMs)  [10], [11], electrical programming read only memories 

(EPROMs)  [12], and electrical erasable programming read only memories 

(EEPROMs)  [13], [14]. In particular, the application in AMLCDs is the major force to 

promote and advance the development of poly-Si TFT technology. 

AMLCDs are one of the most promising candidates for realizing high-quality 

large-area flat-panel display. AMLCDs initially relied predominantly on n-type α-Si 

TFTs. But the low electron field-effect mobility limits on-state current and thus 

results in unacceptable electric performance for integration of driver circuitry. The 

first poly-Si TFT LCD was demonstrated in 1983  [2]. The higher effective mobility 
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and higher drive capability of poly-Si TFTs enable the integration of driver circuitry 

on the display panel  [15], which further improves system performance and reliability 

 [16], [17]. Thus, poly-Si TFTs become the de facto choice for high performance 

AMLCD applications. Unfortunately, the high temperature process (>600℃ ) 

employed in conventional methods for the fabrication of poly-Si TFTs excludes the 

use of  cheap glass as the starting substrate. Therefore, reducing the process 

temperature or the process time is very important for poly-Si TFT technology. To this 

date, there are several useful methods proposed and applied in the fabrication of TFT 

technology to reduce thermal budget, such as solid-phase crystallization (SPC) 

 [18], [19], laser annealing  [20], [21], metal-induced lateral crystallization (MILC) 

 [22], [23], rapid thermal annealing (RTA)  [24]- [26], and so on. 

Polycrystalline silicon is rich in grain-boundary defects as well as intragrain 

defects, and the electrical activity of these charge-trapping centers profoundly affects 

the thin film transistor characteristics. The electrical properties of polycrystalline 

semiconductor devices are strongly affected by the defects such as dangling bonds 

and strained bonds located at or near the grain boundaries  [27]. The high density of 

defect states at grain boundaries and interior of grains may lead to poor performance 

such as degraded mobility, poor subthreshold swing, large threshold voltage, and large 

leakage current, as compared with single-crystal counterparts.  To obtain 
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high-performance poly-Si TFTs, it is necessary to reduce the trap-states of the 

polysilicon films. It is now well known that hydrogenation tends to tie up the 

grain-boundary dangling bonds with hydrogen, thereby remarkably improving the 

characteristics of the poly-Si TFTs  [28]. Recently, it has been reported that the H2/N2 

mixture plasma and nitrogen ion implantation significantly improve the electrical 

characteristics of the poly-Si TFTs  [29], [30]. Tsai et al. showed that the 

nitrogen-containing hydrogen plasma treatment could further improve the 

characteristics of the TFTs as compared with pure H2 plasma treatment  [29]. It is 

found that TFTs after the NH3-plasma passivation depict better device performance 

 [31], including lower off-current, better on/off current ratio, and better hot-carrier 

reliability, compared with the H2-plasma treated counterparts. 

 

1-2 Silicon-Germanium Applications for Low-Temperature 

Polycrystalline Thin-Film Transistors 

The usage of relatively cheap glass substrates further reduces manufacturing 

cost. However, it places tighter constraints on the thermal-budget allowance for a TFT 

fabrication process, due to problems associated with glass shrinkage and warp. The 

fabrication of high-performance poly-Si TFTs typically requires high-temperature or 

long-time anneal, which make it incompatible with large area glass substrates. This 
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problem can be addressed through the use of silicon-germanium (Sil-xGex) films. The 

major advantages of Sil-xGex are low processing temperature, adjustable bandgap, and 

compatibility with Si-based processing technology. Due to lower thermal budget and 

higher carrier mobility, poly-Sil-xGex has been recently used as an alternative to 

poly-Si for TFT applications. Poly-Sil-xGex TFTs fabricated by low-temperature solid 

phase crystallization have been demonstrated. Dopants can be activated at lower 

temperature in Sil-xGex thin films than in Si  [32], [33]; therefore, a lower thermal 

budget can be used to fabricate poly-Sil-xGex, TFTs compared with poly-Si TFTs on 

glass substrates.  

Although the fabrication process of poly-Sil-xGex TFTs is almost compatible 

with that of conventional poly-Si TFTs, some unexpected issues might arise from the 

different intrinsic properties of Si and Ge. The carrier mobilities are too low for 

practical applications  [34]. The low carrier mobilities are attributed to the high 

trapping-state density at grain boundaries found in the poly-Sil-xGex films, which is 

caused by the binary nature of the SiGe system. Therefore, the process should be 

modified to avoid degrading the device performance. NH3-plasma passivation can 

also improve device performance. 

 

1-3 Overview of Nanowires 
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The semiconductor nanowire represents a particular interesting material system. 

It can be produced with precisely controlled chemical composition, physical 

dimension and electronic properties, and can function both as interconnect and critical 

device elements. It has recently been demonstrated that individual nanowire can be 

used to fabricate nanoscale field-effect transistor with electronic performance 

comparable to or even exceeding that of the highest-quality single-crystal material 

 [35], [36]. Furthermore, functional logic gates and computational circuits have also 

been assembled  [37], [38]. These nanocircuits promise to push the Moore's law to the 

ultimate limit with unprecedented performance. However, it is very difficult to 

implement production-scale nanoelectronics currently due to the complicated and 

limited scalability of the fabrication processes used. Many high-performance TFTs 

have been demonstrated on various substrates including plastics  [39], [40]. These TFTs 

have a conducting channel consisting of multiple single crystal nanowires in parallel, 

or a single crystal nanoribbon, spanning the full distance from source to drain, thus 

assuring high carrier mobility. Both p- and n-channel TFTs have been demonstrated 

with carrier mobility approaching that of single crystal materials  [41], and acceptable 

ON/OFF ratios and subthreshold swing.  

Preparation of Si nanowires could be classified mainly into two types, namely, 

top-down and bottom-up. 
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The top-down approach uses advanced lithography techniques, such as deep UV, 

e-beam or nanoimprint, to generate the nanowire patterns, followed by an etching step 

to obtain the nanowire structures. These techniques are well developed and mature for 

mass production purpose. Nevertheless, very expensive equipments and cutting-edge 

techniques are required. Conventional photolithography processes, though relatively 

cheap for manufacturing, are not capable of patterning nanowires directly. Some 

special skills such as thermal flow, chemical shrink, and spacer patterning have been 

proposed to help generate the nano-scale patterns using these conventional 

lithography tools.  

The bottom-up approach typically utilizes deposition methods to prepare the 

nanowires, and synthesize the nanowires on a substrate. Later in the process these 

nanowires were harvested and dispersed into a solution. Depositing the harvested 

nanowires onto another oxidized substrate and making electrical contacts to the 

nanowires complete the device structure. Many deposition methods have been 

developed nowadays which include laser ablation catalyst growth  [42], chemical 

deposition catalyst growth  [43] and oxide-assisted catalyst-free method  [44]. The first 

two methods are carried out with metal nanocluster catalyst as the energetically 

favored sites for absorption of gas-phase reactants, and then the cluster supersaturates 

and grows a wire-like structure of the materials. However, metal contamination is a 
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potential concern in the catalyst approaches. Oxide-assisted catalyst-free method is 

conducted without metal nanocluster catalyst, and thus is free from metal 

contamination. Nevertheless, there could be plenty of defects in the wires, and hence 

it is not applicable to electronic devices.  

Alignment of nanowires could be achieved with the aid of an applied electric 

field in the bottom-up schemes. Although electric fields enable more control over 

assembly, this method is limited by electrostatic interference between nearby 

electrodes. The requirement of extra lithography and etch steps in fabricating the 

electrodes are needed. Moreover, the control of doping concentrations in 

self-assembled semiconducting nanowire remains a challenge, and it’s difficult for 

high-density integration.  

Although most of the aforementioned issues could be avoided in the top-down 

approaches, usually expensive lithography apparatus and materials are used in this 

category of nanowire preparation that dramatically increase the fabrication cost. In 

this study, to circumvent these shortcomings, we propose to develop a new method for 

preparation and fabrication of Si and Sil-xGex nanowire TFT devices. 

 

1-4 Introduction of Double-Gated Thin-Film Transistors 

Silicon CMOS has emerged as the predominant technology in the 
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semiconductor industry. The concept of device scaling has consistently resulted in 

better device density and performance. In conventional MOSFETs, control of 

short-channel effects for scaled devices requires very thin gate dielectrics and high 

doping concentrations. After decades of devices scaling, some physical limitations of 

CMOS technology are approaching. As a consequence, the need arises for alternative 

device structures. Many novel structures have been proposed for the nanoscale 

devices. One such structure is the Double-Gate Transistor (DGT), first demonstrated 

in the 1980s  [45]. Other possible solutions include SOI devices  [46], [47], 

strained-silicon FETs  [48], [49], carbon nanotube FETs  [50], [51], etc. DGT is 

composed of a conducting channel DGT, surrounded by gate electrodes on two 

opposite sides. This ensures that no part of the channel is far away from a gate 

electrode. The voltage applied on the gate terminals effectively controls the channel 

potential, and positively enhance the controllability of gate bias on the device 

switching.  

Nowadays high-performance TFT technologies have been investigated and 

widely used in advance IC industry. However, the performance of conventional 

poly-Si TFT is far from satisfactory in terms of speed and current drive  [52]. It has 

been experimentally demonstrated that double-gated TFTs can provide a higher ON 

current, a reduced susceptibility to short channel effect and a steeper subthreshold 
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slope  [53], [54]. While double-gated structure is attractive, the fabrication of 

high-performance double-gated device is difficult. Therefore, TFT with nanowire 

channel is an alternative approach to improve device properties  [55]. Due to its small 

volume, fewer defects and grain boundaries exist in poly-Si nanowires, leading to 

lower leakage current, higher carrier mobility and better S.S. Also owing to the tiny 

body of nanowire, the gate can exhibit stronger control over the channel resulting in 

improved short channel effects  [55].  

The fabrication of the double-gated TFT is difficult, however. With the 

exception of FinFET, alignment of both gates is not easy to achieve. Misaligned gates 

result in extra capacitance and loss of current drive. Several different structures have 

been proposed to deal with fabrication issues, including planar and quasi-planar 

structures. 

 

1-5 Thesis Organization 

This thesis is divided into five chapters. In Chapter 2, we briefly describe the 

device structure, fabrication flow, and electrical characterization methods for the 

devices. Then, we present the results on characterizing the operation of the 

double-gated nanowire TFT in Chapter 3. The poly-Sil-xGex nanowire TFTs are 

explored and discussed in Chapter 4. Finally, we conclude our work and give some 
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suggestions for future work in Chapter 5. 
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Chapter 2 
Device Fabrication and Operation 

Principles 
 

2-1 Device Structure and Fabrication 

First, silicon wafers capped with a buffer silicon dioxide layer were used as the 

starting substrate. A 1000 Å n+-doped poly-Si layer was first deposited on the starting 

substrate serving as the gate electrode (Fig. 2-1), followed by the deposition of a 

chemical vapor deposition (CVD) oxide layer with a thickness of 400 Å serving as the 

gate dielectric. A 1000 Å channel layer was then deposited on the gate dielectric (Fig. 

2-2). Wafers were then split to receive either α-Si or α-Sil-xGex to serve as the channel 

layer. Next, an annealing step was performed at 600 ℃ in N2 ambient for 24 hours to 

transform the α-Si or α-Sil-xGex into polycrystalline. Subsequently, source/drain (S/D) 

implant was performed with P+ for n-type TFTs and BF2
+

 for p-Type TFTs at 10 keV 

and 1×1015cm-2 (Fig. 2-3). Note that the implant energy was kept low so that most of 

the implanted dopants were located near the top surface of the Si and Sil-xGex layers. 

S/D photoresist patterns were then formed on the substrate by a standard lithography 

step. A reactive plasma etch step was subsequently used to remove the channel layer, 

and the sidewall channels were formed in this step in a self-aligned manner (Fig. 2-4). 
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The implanted dopants were removed in this etch step except in the S/D regions. Due 

to the low implantation energy, the channel would remain undoped. After channel 

formation, a 2000 Å tetraethylorthosilicate (TEOS) layer was formed by LPCVD 

process to serve as the passivation layer (Fig. 2-5) and also as the gate dielectric of the 

sub-gate in some samples. Standard metallization (aluminum 5000 Å) steps were next 

performed to form the sub-gate as well as test pads (Fig. 2-6). The deposition of 

TEOS is carried out at 720 ℃ in a furnace for about 2 hours and the dopants can be 

activated at this step. After sintering at 400℃ in N2/H2 ambient for 30 minutes, the 

device processing was completed. Since it is known that TFTs with poly-Si and 

poly-Sil-xGex channels depict improved electrical characteristics after NH3 plasma 

treatment  [31], some devices were subjected to several hours of NH3 plasma treatment 

before characterization. The plasma treatment condition is shown in Table 2-1. 

Top view of the nanowire TFT is shown in Fig. 2-7, while the cross-section 

view of the new device along A-B is shown in Fig. 2-6. In the proposed structure, the 

mask count is only four. Specifically, the mask count consists of the main gate mask, 

source/drain mask, contact hole mask and metal pad mask in this work. The nanowire 

channel was formed simultaneously with the source/drain regions and we could define 

the nanowire channel easily because of the self-aligned manner. Moreover, the 

thickness and width (Fig. 2-4) of the nanowire channel could be adjusted to fit our 
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electrical property by changing over-etching time. 

Fig. 2-8 shows the SEM pictures of a fabricated poly-Si TFT. In Fig. 2-8 (a), the 

cross-sectional view of the poly-Si TFT with gate width of 1 μm and two nanowire 

channels located alongside the main-gate. The enlarged views shown in Fig. 2-8 (b) (c) 

indicates that the thickness and width of the nanowire channel are around 30 nm to 40 

nm, respectively. 

 

2-2 Device Measurements and Operation of the Nanowire 

Thin-Film Transistors 

The electrical performance of TFTs strongly depends on the structural 

parameters and quality of the channel layer. Two important parameters for the 

nanowire channels, namely, the width and thickness of the channel, are defined in Fig. 

2-4. The width and thickness of the sidewall channel both depend on the gate height, 

thickness of the deposited channel layer, and etching time for our poly-Si nanowire 

TFTs. Gate height as well as the as-deposited channel thickness are reduced to shrink 

the nanowire dimensions without resorting to time-consuming over-etching technique. 

Over etching time is another major parameter for controlling the nanowire structure. 

The operation principles of our new nanowire TFTs are similar to those of the 

conventional TFTs. For n-channel nanowire TFTs, when the gate and drain are 
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positively biased with respective to the source, and the gate bias is higher than the 

threshold voltage, the device is turned on. On the other hand, when the gate bias is 

smaller than the threshold voltage, the device is turned off. In contrast to conventional 

TFTs in terms of structural arrangement, our nanowire channels are aligned along the 

sidewall of the gate.  

The parameters of the transistors and I-V characteristics, including threshold 

voltage (Vth) and subthreshold swing (SS), were measured and extracted using an 

HP4156 parameter analyzer.  

The on-current in the linear region (VG > Vth, VG-Vth > VD) can be expressed as:  

 

           ( ) 21
2D OX G th D D

WI C V V V V
L

µ ⎡ ⎤= − −⎢ ⎥⎣ ⎦
                  (2-1) 

 

where L is the channel length, W is the channel width, µ is the mobility, and Cox is the 

gate capacitance per unit area. The on-current in the saturation region (VG > Vth, 

VG-Vth < VD) can also be expressed as:  

 

( )21
2D OX G th

WI C V V
L

µ ⎡ ⎤= −⎣ ⎦                  (2-2) 

 



 15

Each nanowire TFT device has two channels that must be taken into account in 

the analysis of the I-V characteristics or mobility extraction. 

The transconductance, Gm, is extracted by the differentiation of equation 

(2-1), 

 

D

D
M V const OX D

G

I WG C V
V L

µ=

∂ ⎛ ⎞= = ⎜ ⎟∂ ⎝ ⎠
         (2-3) 

 

Subthreshold swing (SS) can be calculated from the subthreshold current, 

 

( ) ( ) ( ) ( )
10 2.3

log
G G G

D D D

I I ISS ln
I lnI lnI

∂ ∂ ∂
= = =
∂ ∂ ∂          (2-4) 

 

These electrical parameters could be extracted from the ID-VG curves under a 

constant drain voltage of 0.5 V. 
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Chapter 3 
Silicon-Germanium Nanowire 

Thin-Film Transistors 
 
3-1 Basic Device Characteristics of Nanowire TFTs 

One of the main merits associated with the fabrication of poly-Sil-xGex TFTs are 

the lower deposition temperature of Sil-xGex film than silicon film, and thus the 

requirement of lower thermal budget in the fabrication process. Lower temperature is 

needed for dopant activation in Sil-xGex thin films than in Si. However, the binary 

nature of the Si-Ge system complicates the optimization substantially. Higher 

trapping-state density and defects at grain boundaries are found in the poly-Sil-xGex 

films. Therefore the NH3-plasma passivation is often employed to achieve better 

device performance. Fig. 3-1 shows the poly- Sil-xGex nanowire TFTs with different 

NH3 plasma passivation times. The device performance such as leakage current, the 

ON-state current, subthreshold swing, and the mobility, are all improved as the 

plasma time increases. Detailed parameters are listed in Table 3-1. 

The transfer characteristics of poly-Sil-xGex nanowire TFTs with different 

channel lengths are shown in Fig. 3-2. The short-channel effect seems not significant 

and the shift in subthreshold region among the TFTs is slight. Such situation is 
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different from that found in the poly-Si case and is attributed to the existence of a high 

amount of defects in silicon-germanium film. Fig. 3-3 shows the output characteristics 

of poly-Sil-xGex nanowire. Well-behaved device performance is achieved in these 

devices.  

 

3-2 Characteristics for Poly-Si and Poly-Sil-xGex Nanowire 

TFTs 

Fig. 3-4 (a) shows the I-V characteristics of poly-Si nanowire TFTs with 

different gate widths. The definition of the nanowire TFT’s gate width is given in Fig. 

2-7. It has been found that primary leakage paths in the poly-Si nanowire TFTs are 

located in the top gate-to-drain overlap region. As the gate width increases, the 

leakage current increases gradually as shown in Fig. 3-4 (a). This mechanism will be 

discussed in more detail in Chapter 4. However, Fig. 3-4 (b) shows the I-V 

characteristics of poly- Sil-xGex nanowire TFTs with different gate widths. The current 

of poly-Sil-xGex nanowire TFTs shows little difference in off-region and it reveals that 

the gate width does not dominate the major mechanism for the leakage in 

poly-Sil-xGex nanowire TFTs. From Fig. 3-2, the TFTs have the same gate width but 

different channel lengths. It shows that the leakage increases as channel length 

decreases. Therefore, the major mechanism which dominates the leakage current in 
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poly-Sil-xGex nanowire TFTs is in channel region, as shown in Fig. 3-5. Although 

these two types of TFTs have the same structure but they depicts different leakage 

mechanisms because of the different amount of defect density contained. 

Fig. 3-6 shows the comparison of voltage-current characteristics between n-type 

poly-Si and poly-Sil-xGex nanowire TFTs. The poly-Si TFT exhibits better 

subthreshold swing and higher ON-state current than poly-Sil-xGex TFTs because of 

the better channel quality as mentioned above. Detail parameters such as threshold 

voltage, subthreshold swing and mobilities are shown in Table 3-2. Transfer 

characteristics for p-type nanowire TFTs are shown and compared in Fig. 3-7. The 

p-type TFTs show much worse device performance than the n-type TFTs. It is 

presumably due to the non-optimized S/D doping conditions. Note the gate electrodes 

formed in this fabrication process was in-situ-doped n+ polycrystal silicon and the 

channels remain undoped. This would result in higher threshold voltage in p-type 

TFTs. Detail results are summarized in Table 3-2 and Table 3-3. 

 

3-3 The Activation Energy 

The off-state leakage current shows a strong dependence on the voltage 

difference between the gate and drain, VGD, indicating that it is sensitive to the field 

strength. In order to gain further insights into the origin of off-state leakage current, 
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we have to understand the activation energy (Ea) in the off-state region. The activation 

energy of the off-state can be obtained from the measurements of drain current at 

different temperatures. The governing equation of off-state current, activation energy, 

and temperature is given by 

 

aE
-

k T
o ff 0I = I e                            (3-1) 

 

where I0 is a constant independent of temperature, and Ea is the activation energy of 

drain current.  

The equation also can be expressed as 

 

a
off 0

-Eln (I )=ln(I )+
kT

⎛ ⎞
⎜ ⎟
⎝ ⎠

                     (3-2) 

 

The off-state current characterized at various temperatures ranging from 25 ℃ 

to 125 ℃ in step of 25 ℃ under drain voltage of 3 V and 0.5 V are shown in Fig. 3-8. 

Fig. 3-9 shows the dependence of Ea on gate and drain voltages. It is seen that the 

activation energy decreases with increasing │VGD│, and results in larger off-state 

leakage current. 

Comparisons of off-state current characteristics between poly-Si and Poly-SiGe 
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TFT’s at various temperatures are shown in Fig. 3-9. Fig. 3-11 shows the dependence 

of the extracted activation energy as a function of the gate voltage. In the subthreshold 

region, the Ea for poly-Si nanowire TFTs shows a drastic drop with increasing gate 

voltage. On the other hand, the drop is gradual for poly--SiGe nanowire TFTs. The 

results indicate that a much higher amount of defects are contained when poly-SiGe is 

used to replace the poly-Si as the nanowire channels. This also results in higher 

threshold voltage in the poly-SiGe devices. 

 

3-4 The Band-Gap DOS Analysis 

The performance of poly-Si TFTs is strongly affected by defects contained in the 

poly-Si channel. Characterization and analysis of density of gap states (DOS) are thus 

essential for understanding the device characteristics and their dependence on the 

processing conditions. Moreover, accurate DOS extraction is required for the 

modeling of poly-Si TFT characteristics. In line with this, it has been shown that field 

effect conductance  [56],  [57]method can serve this purpose. 

FEC method was original proposed for characterizing the DOS in a-Si TFTs. When 

applied to poly-Si TFTs, the presence of grain boundaries in the channel could be of a 

great concern. Fortunately, it has been proven that, when the grain size is small 

enough, the poly-Si channel film can be modeled using the “effective-medium” 
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approach  [56], in which the existence of grain boundary defects and intragranular 

defects is assumed to be uniformly distributed throughout the material. 

First, the temperature method  [58] is used to determine the flat band voltage (VFB), 

where the VFB is determined as the gate voltage where T(dlogG/dVG) is temperature 

independent. This method is based on the temperature dependence of dG/dVG, where 

G is the field conductance. Then the incremental method  [59] is used to find the 

relationship between Sψ  and VG. 

From the FEC method the gap-state density is given by 
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The electric field at the semiconductor surface is given, in the absence of surface 

states, 
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The VFB is determined from the transfer characteristics measured at various 

temperatures, as illustrated in Fig. 3-10. Fig. 3-12 shows the extracted DOS versus 
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energy level in poly-Si and poly-Sil-xGex nanowire TFTs. The DOS in poly-SiGe is 

higher than that in poly-Si TFT. Note that the tailed DOS is overestimated due to the 

large parasitic resistance of the nanowire channels. 
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Chapter 4 
Characterization of Double-Gated 
Nanowire Thin-Film Transistors 

 

4-1 Operation Modes of Double-Gated Nanowire TFTs  

Double-gated structure is an attractive means for producing high-performance 

and ideal silicon metal-oxide-semiconductor field-effect transistors. These devices 

have a larger current drive, a steeper subthreshold slope, and a better control over the 

short-channel effect. Such advanced structure is also applicable to poly-Si thin-film 

transistors to enhance performance, as long as suitable structural device parameters 

are implemented. 

We fabricate and characterize the double-gate devices in this work. These 

nanowire TFTs can be operated either in single-gated (SG) or double-gated (DG) 

mode. In SG mode, the sub-gate electrode is floating, whereas in DG mode, the 

main-gate and sub-gate electrodes are connected together to serve as the control gate. 

Fig. 4-1 shows the transfer characteristics for operations in SG and DG modes. It is 

clear to see that the performance is enhanced in terms of larger ON/OFF current ratio 

and better S.S. under DG mode of operation. The field-effect mobility (extracted at 

VG = 0.5 V) increases from 37.02 cm2/V-s (SG mode) to 60 cm2/V-s (DG mode). 
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Major electrical characteristics are shown in Table 4-1. 

Fig. 4-1 also shows the characteristics of operation with grounded sub-gate. 

According to the SG characteristics, the nanowire TFTs are operated like the 

depletion-type (i.e., normally ON) MOSFET devices, the channels near the sub-gate 

side would turn on as the sub-gate is grounded and thus the effective inversion width 

becomes larger. The threshold voltage of the normally ON nanowire devices shifts left 

when the sub-gate is grounded. Although these nanowire TFTs are normally ON, the 

channel of the devices are so thin that the carriers accumulate in the sub-gated channel 

could be effectively depleted and turned off by the main-gate bias. Fig. 4-2 shows the 

relationship between ON current and channel length at VD = 0.5 V, VG = 5 V. The DG 

mode has a higher ON current than SG mode and sub-gate-grounded mode, because 

of the better control of the channel potential by the gate bias. The larger effective 

inversion width in sub-gate grounded mode results in higher ON current than the SG 

mode. The ON current improvement as a function of channel length at VD = 0.5V, VG 

= 5 V is given in Fig. 4-3. The increase in ON current in DG mode is higher than that 

in SG modes with sub-gate floating or being grounded. As the channel length 

increases, the ON current improvement decreases.  

Figs. 4-4 (a), (b), (c) show the output characteristics of devices with different 

channel lengths. The influence of the short-channel effect decreases as channel length 
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increases. From Fig. 4-4 (a), the ID of DG mode with channel length of 0.8μm at VD 

= VG = 5 V is 1.97 times that of SG mode. It is 3.48 times with channel length of 

5μm shown in Fig. 4-4 (c). These improvements are mainly ascribed to a stronger 

gate control under DG mode. 

 

4-2 Device Characteristics with Various Sub-Gate Biases 

In addition to DG operation, the sub-gate bias can also be independently 

applied and be used to modulate the Vth of nanowire channels. Fig. 4-5 (a) shows the 

ID-VG curves by varying the sub-gate voltage (Vsub) from 4 V to -4 V. In the OFF 

region, all the IOFF at different Vsub coincide with each other, indicating that the 

leakage mechanism is not dependent on the sub-gate bias. It has been found that 

primary leakage paths are located in the top gate-to-drain overlap region  [55], as 

depicted in Fig. 2-7. The electric field between source and drain increases the band 

bending and may enhance the tunneling probability of electrons from the valence 

band to the conductance band via the trap states. The IOFF is mainly dependent on the 

gate width which is also defined in Fig. 2-7. However, Imin becomes higher with more 

positive Vsub, due proesumably to the higher electric field between drain and gate 

when the curve shift left and result in increase of leakage current. To examine this 

phenomenon, all curves are re-plotted by subtracting the IOFF at Vsub = -4 V, as shown 
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in Fig. 4-5 (b). The result reveals that all the curves have essentially the same Imin. The 

on-state is mainly controlled by both main-gate and sub-gate, and the off-state is 

dominated by the top gate-to-drain overlap region as mentioned above. On the other 

hand, it is also found that the Vth is linearly modulated with the applied sub-gate bias, 

as depicted in Fig. 4-6. The results indicate that the Vth modulation capability per unit 

Vsub is smaller for longer channel devices than the shorter channel ones. Such 

phenomenon is not well understood at this stage and more efforts are in progress to 

investigate the issue. In short, Vth could be tuned to a suitable range in a reliable 

manner. 

Fig. 4-7 (a) shows the ID-VG curves by varying sub-gate voltage for devices 

with different NH3 plasma treatment times. It is found that the TFTs after the NH3 

plasma passivation achieve better device performance, suggesting that less active 

defects remain in TFTs with longer passivation time. The Vth is linearly modulated by 

the applied sub-gate bias with different NH3 plasma treatment times, as depicted in 

Fig. 4-7 (b). The shift in Vth with varying sub-gate biases decreases for devices 

receiving longer passivation treatment, owing to the reduction in the amount of the 

active defect density. 

It has been experimentally demonstrated that double-gated structure is capable 

of providing a significant improvement on device performance, and it can also 
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improve the drain-induced barrier lowering (DIBL) effect, as shown in Fig. 4-8. 

Detail improvement values are shown in Table 4-2. 
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Chapter 5 
Conclusions and Future Work 

 

5-1 Conclusion 

In this work, we have fabricated and characterized the performance of TFTs 

configured with a nanowire structure. The nanowire channels in the TFT devices were 

formed by using a sidewall spacer etching technique. The fabrication is simple, fast, 

and low cost. Moreover, the device performance could be dramatically improved 

using NH3 plasma treatment.  

The devices were fabricated with poly-Si and poly-SiGe channels formed with 

SPC method. Although the poly-SiGe nanowire TFTs depict poorer performance in 

this work, such as poor on-current, subthreshold swing and mobility, than the poly-Si 

nanowire TFTs, surveying the information on the material properties of 

silicon-germanium could still be useful for finding possible applications. Based on 

this work, further improvement on the silicon-germanium quality is possible by 

modifying the channel layer formation and process conditions. 

A novel double-gated structure has also been demonstrated and shown to be 

beneficial for significantly improving the on-current, subthreshold swing, mobility 

and the control over the short-channel effects. It can also be employed to adjust 
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threshold voltage by varying sub-gate voltage to fit the circuit requirement.  

The nanowire TFTs are not only useful for biosensors but also for investigating 

nano-scale semiconductor physics. It is thus potentially suitable for future practical 

manufacturing such as the low-temperature poly-Si technologies on flexible substrates, 

and the fabrication of system-on-panel for biologic sensing. 

 

5-2 Future Work 

In this work, channel material quality and the device structure are not optimized, 

and the leakage current is rather high. It has been found that polycrystalline 

silicon-germanium film has much more defects than polycrystalline silicon film. To 

further improve the device performance, it is important to reduce the defects and 

trap-states in silicon-germanium film for the nanowire TFTs. It could be achieved by 

using laser annealing, MILC, SPE or other new technologies replacing the SPC step 

to enlarge the grain size of the silicon-germanium film, or we can use other plasma 

treatment technology to aid NH3 plasma treatment. 

Although double-gated nanowire TFTs have been demonstrated to show better 

device performance, further improvement in the electrical performance is possible by 

adding a back-gate to form a tri-gated nanowire TFTs, or by modifying the structure 

to form a surrounding-gate nanowire TFTs. As long as decent performance is achieved, 
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the new nanowire device can be readily applied to a variety of novel applications in 

the future. 
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Table 2-1 NH3 plasma treatment conditions. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Plasma 

 
RF power 
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Pressure  
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Temperature 
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Table 3-1 Key parameters of the silicon-germanium nanowire TFTs with 

different NH3 plasma passivation times. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NH3 plasma 
passivaiton 

time 

Threshold 
Voltage (V) Vth

Subthreshold 
swing 

(V/decade) 
S.S. 

mobility 

As-fabricated 12.96 1.36 0.87 

30 mins 7.00 0.705 5.62 

1 hour 5.75 0.572 11.87 
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Table 3-2 Summary of key parameters for n-type poly-Si and 

poly-Sil-xGex nanowire TFTs at VD = 0.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-3 Summary of key parameters for p-type poly-Si and 

poly-Sil-xGex nanowire TFTs at VD = 0.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

N-Channel 
length 

Threshold 
Voltage (V) 

Vth 

Subthreshold 
swing 

(V/decade) 
S.S. 

mobility 

Si-channel 1.78 0.34 43.18 
SiGe-channel 3.74 0.77 12.03 

P-Channel 
length 

Threshold 
Voltage (V) 

Vth 

Subthreshold 
swing 

(V/decade) 
S.S. 

mobility 

Si-channel -11.99 0.61 7.26 
SiGe-channel -12.3081 0.87 4.40 
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Table 4-1 Characteristics of nanowire TFT with DG and SG operations.  
 
 
 

 
 
 
 
 
 

Table 4-2 Improving DIBL effect by varying sub-gate voltage.＼ 

 
 
 
 
 
 
 
 
 
 
 
 

 
Threshold voltage 

(Vth) 
@VD = 0.5 V 

Subthreshold 
swing (S.S.) 

V/dec 

Mobility 
cm2/V-s 

Single-Gate 
mode 

-0.4120 0.54 37.02 

Double-Gate 
mode 

-1.4148 0.36 60 

Single-Gate 
mode with 

sub-gate GND 
-2.1027 0.64 46.49 

Sub-gate 
voltage 

 
-3 

 
0 

 
3 

 
ΔVTH/VD 

@ID= 10-8 A 
 

 
0.0938 

 
0.1256 

 
0.1876 
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Figure 2-1 Definition of the main gate. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-2 Deposition of LPCVD TEOS and channel layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-3 Ion implantation. 
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Figure 2-4 Self-aligned formation of nanowire channel. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-5 Deposition of passivation oxide layer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-6 Definition of sub-gate. 
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Figure 2-7 Top view of nanowire TFT with double-gated structure. 
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Figure 2-8(a) Cross sectional picture of sidewall spacer nanowire channel 

of poly-Si TFT. 
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Figure 2-8(b) Cross sectional picture of sidewall spacer nanowire channel 

of poly-Si TFT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-8(c) Cross sectional picture of sidewall spacer nanowire channel 

of poly-SiGe TFT. 
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VD = 0.5 V,  L = 1 µm

Gate Voltage (V)
-5 0 5 10 15

D
ra

in
 C

ur
re

nt
 (A

)

10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6

No NH3 plasma
NH3 plasma 30 mins
NH3 plasma 1 hour

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-1 Transfer characteristics of silicon-germanium nanowire TFTs 

with different NH3 plasma passivation times. 
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SiGe-channel , VD= 3, 0.5 V
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Figure 3-2 Transfer characteristics of poly-Sil-xGex nanowire TFT with 

different channel lengths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3 (a) Output characteristics of a typical poly-Sil-xGex nanowire 

TFT with channel length of 1 μm. 

(a) 
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SiGe-channel, L = 2 µm
VG = 5 ~ 9 V with step 1 V
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Figure 3-3 Output characteristics of poly-Sil-xGex nanowire TFTs with 

channel length of (b) 2 μm and (c) 5 μm. 

(b) 

(c) 
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Si-channel , VD= 3 V

Gate Voltage (V)
-4 -2 0 2

D
ra

in
 C

ur
re

nt
 (A

)

10-13

10-12

10-11

10-10

10-9

10-8

GW= 0.8 µm
GW= 1 µm
GW= 2 µm
GW= 5 µm

SiGe-channel, VD= 5 V

Gate Voltage (V)
-4 -2 0 2 4

D
ra

in
 C

ur
re

nt
 (A

)

10-13

10-12

10-11

10-10

10-9

10-8

10-7

GW = 0.8 µm
GW = 1 µm
GW = 2 µm
GW = 5 µm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-4 Off-state current with various gate widths in (a) poly-Si and (b) 

poly-Sil-xGex nanowire TFTs. 
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Figure 3-5 Top view of nanowire TFT with double-gated structure and the 

location of major leakage current induced region. 
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L =1 µm, VD = 3, 0.5 V
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Figure 3-6 Typical transfer characteristics of n-type poly-Si and 

poly-Sil-xGex nanowire TFTs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7 Typical transfer characteristics of p-type poly-Si and 

poly-Sil-xGex nanowire TFTs. 
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SiGe-channel, L= 1 µm, VD = 3 V
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Figure 3-8 Off-state leakage of poly-Sil-xGex nanowire TFT at drain 

voltage (a) 0.5V and (b) 3 V at various temperatures. 
 

(a) 

(b) 
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SiGe-channel, L= 1 µm
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Figure 3-9 Dependency of activation energy for poly-Sil-xGex nanowire 

TFT on gate and drain voltage. 
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SiGe-channel, L = 1 µm, VD = 3 V
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Figure 3-10 Off-state leakage characteristics of n-type (a) poly-Si and (b) 

poly-Sil-xGex nanowire TFTs characterized at various 
temperatures. 

(a) 

(b) 
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Figure 3-11 Dependency of activation energy on gate voltage for poly-Si 

and poly-Sil-xGex nanowire TFTs. 
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Figure 3-12 Extracted DOS results in poly-Si and poly-Sil-xGex nanowire 

TFTs with channel length of 1 µm. 
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VD= 3, 0.5 V
L= 1 µm
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Figure 4-1 Transfer characteristics of a typical nanowire TFT under 

single- and double-gated operations. 
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Figure 4-2 On-state drain current as a function of channel length under 

different modes of operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3 The ON current improvement as a function of the channel 

length. 
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L = 0.8 µm
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Figure 4-4(a) Output characteristics of a typical nanowire TFT under 

single- and double-gated operations with L= 0.8μm. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4(b) Output characteristics of a typical nanowire TFT under 

single- and double-gated operations with L= 1μm 



 64

L = 5 µm
VG = 1 ~ 5 V
with step 1 V

Drain Voltage (V)
0 2 4 6 8 10

D
ra

in
 C

ur
re

nt
 (A

)

0.0

2.0e-7

4.0e-7

6.0e-7

8.0e-7

1.0e-6

1.2e-6

1.4e-6
Single-Gate mode
Double-Gate mode

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4(c) Output characteristics of a typical nanowire TFT under 

single- and double-gated operations with L= 5 μm.
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NH3 Plasma 3 hours, 
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Figure 4-5 (a) ID-VG characteristics with various sub-gate biases, (b) the 

modified curves obtained by subtracting IOFF @ Vsub = -4 V. 
 

 (b)
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Figure 4-6 Vth modulation with Vsub varying from 4 to -4 V in steps of 1 V 

for different channel lengths. 
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Figure 4-7 (a) Vth modulation with Vsub varying from 4 to -4 V in steps of 

1 V with different NH3 plasma times, (b) the dependence of 
average Vth shift per Vsub. 
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Figure 4-8 Improved DIBL effect by varying sub-gate voltage. 
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