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摘要 

在本篇碩士論文中，我們利用簡易的邊襯蝕刻技術製作出一種具有多閘極結

構的多晶矽奈米線薄膜電晶體。藉由小體積的奈米線通道對外在電壓敏感度高的

特性，還有倒 T 型閘極的使用，可以獲得較佳的閘極控制能力，進而增進元件的

性能。除此之外，由於強烈的閘極耦合效應，在分離的上閘極加上適當的偏壓，

便可精確地調控臨限電壓。 

基於此獨特的獨立雙閘極奈米線電晶體結構，我們也製作了具有奈米線通道

的 TFT-SONOS 記憶體元件。其中元件的兩個閘極分別作為寫入閘和臨限電壓調控

閘，提供更富彈性的寫入與讀取操作。本篇論文中，我們研究並探討了其基本電

性與寫入/抹除特性，此外，我們也發現在上閘極加入適當的偏壓，可以有效增加

寫入的效率，進而獲得較寬的感測區間。 
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Abstract 

In this thesis, a poly-Si nanowire TFT device with multiple-gated configuration 

was fabricated by utilizing a simple and low-cost spacer etching technique. With the aid 

of strong coupling effect between the inverse-T gate and the top gate due to the tiny 

body of the NW channels, the electrical characteristics are greatly enhanced. In addition, 

the threshold voltage is capable of being finely tuned with a proper gate bias. 

Based on this unique independent double-gate structure, NW TFT-SONOS 

memory devices were also fabricated and characterized. The two gates which function 

as programming gate and threshold voltage adjusting gate, respectively, provide 

flexibility for programming and reading operations. The electrical characteristics 

including program/erase properties were also studied. Additionally, adding an adequate 

top-gate bias is found to improve the programming efficiency, resulting in larger 

memory window. 
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Chapter 1 

Introduction 

1-1 Overview of Nanowire Technology 

When a stripe-structured material with a diameter or feature size smaller than 100 

nm, it is called nanowire (NW). For a stripe structure, the ratio of the surface area to 

volume increases as its cross-sectional dimensions shrink. Since NW has very small 

volume and large surface-to-volume ratio, material properties and carrier transport in 

NW would be significantly affected by the surface condition. Owning to this inherent 

property, NWs are attractive for a variety of applications, including nano CMOS [1-1], 

NW TFTs [1-2], memory devices [1-3], and biosensors [1-4]. For electronic device 

applications, NW channels exhibit enhanced gate controllability and suppressed 

short-channel effects.  For memory applications, NWs possess high programming 

efficiency and low voltage operation [1-5]. For sensor applications, its high 

surface-to-volume ratio provides high sensitivity. 

Typically, the preparation methods of NWs can be classified into two groups, one 

is “top-down” and the other is “bottom-up”. Top-down methods usually involve 

advanced lithography tools, like deep-UV, e-beam and nano-imprint [1-6], to generate 

NW patterns. With its capability of precise positioning and good reproducibility, this 

technique is suitable for mass production. Currently nano-scale lines down to or even 
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narrower than 45 nm are routinely generated in production lines to fabricate advanced 

circuitries. Nevertheless, the mature processing techniques still face certain issues. For 

example, the fabrication cost is extremely high as costly exposure apparatus or 

expensive materials like silicon-on-insulator (SOI) are used. Moreover, the process 

usually adopts cutting-edge technology. Therefore, it is hard to be employed widely in 

universities for research purpose. Finally, the selection of NW material is quite 

inflexible because of the limitation set by the substrate material. 

The bottom-up approaches include metal-catalyzed [1-7], solid-liquid-solid [1-8], 

oxide-assisted growth [1-9], and so on. The most popular one is metal-catalyzed 

vapor-liquid-solid (VLS) mechanism. It can be used to synthesize different kinds of 

materials of NWs. Although bottom-up approaches are significantly cheaper than 

top-down methods and more flexible for experimental purpose, they have their own 

shortcomings. First, length, diameter and orientation of NWs are not easy to precisely 

control. The prepared NWs are difficult to align and position accurately, especially for 

the purpose of device fabrication. For metal-catalyzed growth, metal contamination is a 

potential concern. Formation of reliable contacts represents another major issue. 

1-2 Multiple-gated Transistors 

In the challenges of device shrinking to nano-scale, one critical problem is how to 

increase the gate controllability in order to suppress short channel effects (SCEs). 

Reduction of gate oxide thickness can help, but dramatic increase in tunneling current 

from gate electrode would aggravate power consumption of circuits. Two methods for 

increasing the gate controllability are feasible, one is to use high-κ materials as gate 

insulator, and the other is the adoption of multiple-gated structure. 
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A number of multiple-gated (MG) SOI device structures have been proposed so 

far [1-10]. In comparison with single-gated device, MG SOI structure can effectively 

prevent the electric field originating from drain from being penetrated into the channel, 

thus relieving the SCEs. Among the MG structures, the quasi planar FinFETs have 

drawn most attention in recent years. The FinFET structure can not only provide MG 

control over the channel, but also has good ability to shrink the channel dimension into 

nano-meter scale. Moreover, compared with other MG structures, the principal 

advantage of FinFET is its quasi-planar structure so that modern fabrication skills could 

be used. Several types of FinFET structures have been proposed and evolved, including 

double-gate (DG) (UC Berkeley) [1-11], tri-gate (Intel) [1-12], and Ω-gate (TSMC) 

[1-13]. The most ideal MG structure is gate-all-around (GAA) MOSFET [1-14], which 

exhibits best gate controllability over the channel potential. 

1-3 Overview of Nonvolatile Memory 

In recent years, nonvolatile memory (NVM) plays a more and more important 

role in the development and research of semiconductor memories. NVM device retains 

the stored data even if the power is switched off. So it is more convenient for data 

access and ideally suitable for portable electronic products. One of the most important 

inventions is FLASH memory, which possesses a number of advantages such as 

byte-selectable write operation combined with sector “flash” erase, non-volatility, good 

durability and low power. Therefore it becomes the ideal choice of data storage for 

numerous electronic systems. 

Floating-gate device is the mainstream of flash memory technology to this date. 

However, as the transistor become smaller, the floating-gate device is confronted with 
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several scaling limits. Since the storage layer is made of poly-silicon, the narrow 

spacing between two adjacent memory cells would lead to coupling interference 

between them, resulting in undesirable threshold voltage shift. Another issue is 

associated with the scaling of tunnel oxide thickness for reducing the 

programming/erasing operation voltages. For a thin dielectric, a single defect contained 

in the thin tunnel oxide would cause all stored charges contained in the conductive 

floating gate to be lost, thus degrading the reliability of memory device. This limits the 

thickness of tunneling oxide at around 7 nm. Consequently, it is difficult to further 

reduce the size of floating-gate device. In the 2005 international electronic device 

meeting (IEDM), it was pointed out that the next generation flash memory should turn 

into charge-trapping flash (CTF). 

1-3.1 SONOS Flash Memory 

Silicon-oxide-nitride-oxide-Silicon (SONOS) multi-layer structure has been 

widely used in recent charge-trapping flash to overcome difficulties presenting in 

floating-gate flash [1-15]. SONOS devices replace the poly-silicon storage layer in 

floating-gate devices with a nitride trapping layer. Since nitride is an insulator, the 

charges are discretely stored in the trap of nitride. Unlike the case of using floating 

poly-Si as the storage site, a single defect formed in the tunneling oxide would not 

cause all charges to leak out through the defect, hence improved data retention 

characteristic can be obtained. Besides, the SONOS structure has a much reduced height 

as compared with the floating-gate structure, so the SONOS memory exhibits much 

stronger immunity against coupling interference. This is extremely important in the 

progress of memory device scaling. Currently, many studies have investigated the 

feasibility of applying SONOS structure to thin-film-transistor for the purpose of 
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system-on-chip (SOC) or system-on-panel (SOP) integration [1-16]. The TFT-SONOS 

array could be stacked vertically to make 3-D configuration, allowing increased device 

density without aggressively reducing device dimensions. 

1-3.2 Nanowire Nonvolatile Memory 

Silicon NW (SiNW) has a great potential to shrink memory cells to nano-meter 

scale without suffering short channel effects (SCEs). Furthermore, due to the inherent 

large surface-to-volume ratio, electric potential in NW channel is very sensitive to the 

surface condition. By utilizing this characteristic to nonvolatile memory, a small amount 

of charge storage could change the threshold voltage of memory device to obtain 

sufficient memory window, hence program/erase time or voltage could be dramatically 

reduced. 

At present, the proposed concepts and techniques for NW NVM include SONOS 

[1-17], FRAM [1-18], nano-dot [1-19], molecule-gate [1-20], etc. The principles of 

above-mentioned techniques are to form a charge-storage layer on the surface of NW, 

and the charges stored may adjust NW’s conductance to determine the logic state of the 

device. SONOS and FRAM can build on the development experience of planar devices, 

and they could be feasible for NW NVM applications in the near future. 
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1-4 Motivation 

To address the issues met in typical top-down and bottom-up approaches for NW 

device fabrication, our laboratory (ADT Lab) has recently proposed and developed a 

new poly-Si NW field-effect transistor scheme which cleverly employed the sidewall 

spacer etching technique to define poly-Si NWs that serve as the device channels. The 

scheme offers the following advantages: 

(1) The fabrication is simple and low in cost. 

(2) NW channel size can be well-controlled. 

(3) The NWs can be positioned accurately. 

(4) It is easily integrated with modern CMOS manufacturing. 

NW channel is shown to be beneficial for enhancing the device performance in 

our previous works. Nevertheless, only one surface of the triangular NW channel can be 

manipulated by a single side-gate, thus the insufficient gate controllability would limit 

device performance. This drawback could be addressed with the use of multiple-gate 

(MG) structure which tends to increase gate controllability. In addition, each gate can be 

independently biased in the MG configuration. Such design allows more freedoms for 

device operation, and may increase its feasibility in NVM device applications. 

1-5 Thesis Organization 

In this thesis, several types of poly-Si nanowire thin-film-transistor (NWTFT) 

with multiple-gated (MG) configuration, including inverse-T-gate (ITG), inverse-T 

double-gate (ITDG) and tri-gate (TG), were fabricated and characterized. In addition, 

we also proposed and demonstrated a novel independent double-gated NW-SONOS 
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nonvolatile memory (NVM) by utilizing the ITDG-NWTFT structure. 

In Chapter 2, we briefly describe the device structures and process flows of 

ITG-NWTFT and ITDG-NWTFT, and then present and discuss their electrical 

characteristics. In Chapter 3, the preliminary results of program/erase characteristics and 

reliability of ITDG NW-SONOS memory are presented and analyzed. Finally, we 

summarize the conclusions and our major achievements, and also the suggested future 

works in Chapter 4. 



 

Chapter 2 

Poly-Si Nanowire Thin-Film 
Transistors with Inverse-T Gate 

2-1 Device Fabrication and Measurement 

2-1.1 Device Structure and Process Flow 

Top views and cross-sectional views of inverse-T gate NWTFT and inverse-T 

double-gate NWTFT are shown in Fig. 2-1. Schematic flow-charts of the fabrication 

process for the proposed devices are shown in Figs. 2-2 (a) to (f). Briefly, the fabrication 

started on 6-inch silicon wafers capped with a 100nm silicon dioxide layer. After 

depositing a 150nm-thick in-situ-doped n+ poly-Si, the inverse-T gate was formed by 

twice applying the standard G-line lithography and dry etching steps (Figs. 2-2 (a), (b)). 

This was followed by the deposition of a 20nm-thick low-pressure chemical vapor 

deposition (LPCVD) oxide layer serving as the dielectric of inverse-T-gate. A 

100nm-thick amorphous-Si layer was then deposited by LPCVD system. Next, an 

annealing step was performed at 600°C in N2 ambient for 24-hour to transform the 

amorphous-Si into poly-Si (Fig. 2-2 (c)). Subsequently, source/drain (S/D) implant was 

performed by P+ implantation at 15keV and 1E15cm-2 (Fig. 2-2 (d)). It should be noted 

that the implant energy was kept low so that the implanted dopants were distributed near 

the top surface of the poly-Si layer. After S/D photo-resist patterns were formed, a 
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reactive plasma etching step was employed to form the nanowire channels 

simultaneously with S/D definition (Fig. 2-2 (e)). Note that the height of upper step of 

the inverse-T gate was designed to be higher (100nm) than the lower one (50nm), so the 

etching time could be controlled to allow only two NW channels remaining on the 

upper-step corners of the inverse-T gate, and the channel size can be determined by 

tuning the over-etching time. Wafers were then split into two groups, with either top 

gate (denote as ITDG) or without top gate (denote as ITG) above the NW channels. 

Another LPCVD TEOS oxide layer with thickness of 20nm was then deposited to serve 

as top gate oxide. Then a 100nm-thick in-situ doped n+ poly-Si was deposited and 

patterned to serve as the top gate electrode (Fig. 2-2 (f)). All devices were then covered 

with 200nm-thick oxide passivation layer. The fabrication was completed after the 

formation of test pads using standard metallization steps. All fabricated devices received 

a NH3 plasma treatment at 300°C for 3-hour before characterization. 

2-1.2 Electrical Characterization and Measurement Setup 

Electrical characteristics of fabricated devices in this thesis are mainly 

characterized by an automated measurement setup constructed by HP4156 

semiconductor parameter analyzer and Interactive Characterization Software (ICS) 

program. In all measurements, the temperature was controlled at a stable value by 

temperature regulated hot-chuck. 

From the ID-VG curve at VD = 0.5V, performance parameters of the NW devices 

including subthreshold swing (SS), threshold voltage (VTH) and field-effect mobility 

(µFE) can be extracted according to their definition. Subthreshold swing (SS) can be 

calculated from the subthreshold current in the weak inversion region by 
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∂

=       (2-1) 

The threshold voltage (VTH) here, calculated by constant current method, is 

defined as the gate voltage (VG) to achieve a drain current (ID) of (W/L) × 10nA, i.e., 

10nA
L

WI @ VV DGTH ×==      (2-2) 

where W and L are the channel width and length, respectively. 

Finally, the field-effect mobility (µFE) is determined by 

DOX

m
FE VWC

Lgµ =       (2-3) 

where gm is the maximum trans-conductance and COX is the gate capacitance per unit 

area. 

2-2 Fundamental Electrical Characteristics 

The cross-sectional transmission electron microscopic (TEM) image of NW 

channels with inverse-T gate is shown in Fig. 2-3. Two NW channels are precisely 

positioned on the upper-step corners of the inverse-T Gate, and the edge lengths of the 

triangular NW channel cross-section are 40nm, 50nm, and 80nm, respectively. The 

transfer characteristics of ITG-NWTFT are shown in Fig. 2-4, together with that of the 

single-side gated structure for comparison. Owing to NW channels, 

drain-induced-barrier-lowering (DIBL) in both devices is essentially eliminated. The 

subthreshold swing (SS) of single side-gate device is 220mV/dec, and for ITG device it 

is 150mV/dec. So it is apparent that the ITG NW device shows much better 

performance, such as higher ION and steeper SS. We believe that these phenomena are 
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due to better gate-controllability of ITG device. Two sides of NW channel can be 

directly manipulated by inverse-T gate, while single side-gate can only manipulate one 

side.  

NWTFT with ITDG configuration can be operated in several different modes. Fig. 

2-5 shows and compares the transfer characteristics of ITDG-NWTFT operated in two 

single-gated (SG) modes and double-gated (DG) mode. In SG modes, varying bias is 

applied to one of inverse-T gate and top gate electrodes with the other one grounded, 

whereas in DG mode, both the inverse-T gate and top gate electrodes are connected 

together to serve as a driving gate. Because of larger conducting area and better gate 

controllability over the NW channels, ITDG device operated in DG mode apparently 

exhibits higher ON current and steeper subthreshold swing (SS) as low as 128mV/dec. 

(@VD = 0.5V) is obtained. The transfer and output characteristics of ITG versus ITDG 

NWTFTs are depicted in Figs. 2-6 (a) and (b) respectively, and reveal that the 

ITDG-NWTFT (in DG mode) exhibits better device performance. 

2-2.1 Gate Fringing-field Effect 

Although the ON current of ITDG NWTFT is reasonably larger than that of ITG 

one, we observe that, with a increase in gate voltage, the drain current ratio of ITDG to 

ITG device becomes lower, as shown in Fig. 2-7. Note that the current ratio was 

measured at drain voltage ranging from 0.1V to VG - VTH for each VG - VTH, and the 

bars in the figure indicate the deviation of measured data. The trend shown in the figure 

is postulated to be caused by the gate fringing-field effect. Such effect is schematically 

shown in Fig. 2-8 and is employed to explain this phenomenon. As VG increases, the 

NW channel surface conductive area of the ITG device is enlarged by the gate fringing 

field around the corner regions of the NW channel, therefore the ID would be larger than 
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expectation. For ITDG device, since the NW channels are surrounded by inverse-T gate 

and top gate, so no such bonus exists with increasing VG. 

2-2.2 ITDG-NWTFT with Thinner NW Body 

Since the poly-Si NW channel size can be controlled by tuning the over-etching 

time in the fabrication process, we have also fabricated an ITDG-NWTFT which has 

thinner and smaller NW body in comparison with previous ITG and ITDG devices by 

increasing the over-etching time. The cross-sectional TEM images of the device 

structure and NW channel profile are shown in Fig. 2-9. Both inverse-T gate and top 

gate oxide are 20nm-thick, and the dimensions of the NW cross-section are down to 

20nm, 30nm and 45nm. Fig. 2-10 shows the transfer characteristics operated in SG 

modes and DG mode. The enhancement of gate controllability over the NW channel 

under the DG mode resulting in steeper subthreshold swings of 90mV/dec is ascribed to 

its thinner body. Note that such SS performance is comparable to that of modern CMOS 

devices, despite the use of polycrystalline channels for the device characterized in this 

study. 

2-3 Device Characteristics with Independent 

Double-gated Operation 

Due to the small volume and thin body of poly-Si NW, the channel potential is 

sensitive to both gates, and thus strong gate-to-gate coupling phenomenon can be 

significant and would allow threshold voltage when operating one of the two gates to be 

tunable by bias applied to the other gate. An example is shown in Fig. 2-11, in which the 
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transfer characteristics of ITDG devices by sweeping inverse-T gate voltage are shown 

as a function of top gate voltage. The NW body of NWTFT is thicker in Fig. 2-11 (a) 

(see Fig. 3), and thinner in Fig. 2-11 (b) (see Fig. 9). It is apparent to that the threshold 

voltage can be effectively modulated by the top gate bias. Moreover, Fig. 2-11 (b) also 

depicts that the VTH of ITDG device can be adjusted more linearly with thinner NW 

channel. This property could be applied for low standby power circuits. For example, in 

standby circuit operation, a lower subthreshold leakage can be obtained by raising the 

VTH of the devices. By adjusting a moderate VTH for active mode, a sufficient driving 

current can also be provided. Nevertheless, the driving gate (or the inverse-T gate in the 

present case) has to overcome the impact of the other gate (top gate) on NW channel 

potential according to the back-gate-effect [2-1]. As a consequence, the subthreshold 

swing of ITDG device driven only by inverse-T gate with fixed top gate bias (solid lines 

in Fig. 2-11), is reasonably larger than that of device operated in DG mode (dashed line 

in Fig. 2-11). 

The extracted VTH and SS from Figs. 2-11 (a) and (b) as a function of top gate 

voltage are depicted in Fig. 2-12 and Fig. 2-13, respectively. The plots are divided into 

two regions by VTHDG, which is the VTH measured in DG mode of each device. From 

Fig. 2-12, it can be seen that the VTH shift rate at high VTG (-1V/V) is two times that at 

low VTG (-0.5V/V). For the device with thinner NW body, Fig. 2-13 shows that the VTH 

is almost linearly modulated by VTG. The average VTH shift rate is -0.7V/V when VTG is 

lower than VTHDG and turns into -0.8V/V when VTG is higher than VTHDG. On the other 

hand, the SS is smaller when VTG is smaller than VTHDG, while larger when VTG is larger 

than VTHDG in both Fig. 2-12 and Fig. 2-13. It could be explained that, when VTG is 

smaller than VTHDG, the channel surface near the top gate side is depleted and an 

inversion layer would form on the inverse-T gate side surface. In this situation the VTH 
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modulation ability is relatively weak owing to the longer distance between top gate and 

the inversion layer (the total distance is probably the thickness of top-gate oxide plus 

the fully-depleted NW body). But when VTG is larger than VTHDG, the inversion layer 

would form on channel surface along the top gate side first, and the shorter distance 

between the top gate and inversion layer results in stronger VTH modulation ability, and 

furthermore the longer distance between inverse-T gate and inversion layer causes the 

weaker driving-gate controllability leading to higher SS. 

To further realize this phenomenon, the simple model with schematic potential 

distributions described in Fig. 2-14 could be used [2-2]. The G2 is defined as the VTH 

adjusting gate and G1 as the driving gate. The silicon channel is assumed to be fully 

depleted, and both the effective TOX1 and TOX2 are multiplied by 3 according to εSi/εSiO2 

= 11.9/3.9. Consequently, both Si and SiO2 can be treated as identical dielectrics and the 

potential distributions can be illustrated as straight lines. According to this simple 

distribution lines, the VTH(G1) shift rate by VG2 can be easily obtained by using the 

similarity of ∆ABC and ∆DEC in Fig. 2-14. As a result, the back-gate-effect factor γ = 

dVTH(G1)/dVG2, which can represent VTH shift rate, becomes smaller as VG2 < VTHDG (γ = 

3TOX(G1)/(3TOX(G2) + TSi)) and larger as VG2 > VTHDG (γ = (3TOX(G1) + TSi)/3TOX(G2)). 

Since the SS is proportional to (1 + γ) analytically, the SS is smaller when VG2 < VTHDG, 

but lager when VG2 > VTHDG. This model is qualitatively suitable for any device 

structure with ultra thin body and independent double-gate, and our findings in ITDG 

device characteristics are essentially consistent with the model. 



 

Chapter 3 

Nanowire TFT-SONOS Memory 
with Inverse-T Double Gate 

Memories featuring thin-film-transistor with SONOS structure (TFT-SONOS) are 

feasible for flat panel display to achieve system-on-panel (SOP) integration and could 

be stacked vertically to form 3D configuration for multiplying device density. However, 

some challenging issues such as poor subthreshold swing and large leakage current 

existing in conventional TFTs raise the power dissipation concern. By utilizing 

nanowire (NW) channel in TFT structure, the subthreshold swing and the leakage 

current can be reduced owing to better gate controllability and much reduced 

cross-sectional area of leakage path. Furthermore, since the NW channel is sensitive to 

its surface condition, a small amount of charge storage could shift the threshold voltage 

and therefore sufficient memory window, leading to shorter program/erase time. In this 

chapter, we utilize the inverse-T double-gated structure (presented and discussed in 

Chapter 2) to fabricate TFT-SONOS device configured with poly-Si NW channel and 

independent double-gate. The electrical characteristics including program/erase 

properties are studied. Additionally, adding an adequate top-gate bias is found to 

improve the programming efficiency, resulting in larger memory window. 

 

 - 15 -



3-1 Device Fabrication and Operation Principles 

3-1.1 Device Structure and Process Flow 

Schematic structure of the proposed inverse-T gate NW SONOS device is shown 

in Fig. 3-1. In this configuration, the inverse-T gate dielectric is replaced by an ONO 

stacked layer serving as the storage site. Modulation of charge storage in the ONO layer 

is expected to change the threshold voltage of memory device, and the top gate can be 

used as an assistant gate for programming and reading by exploiting the 

gate-to-gate-coupling effect. The fabrication process sequence is similar to that 

described in Chapter 2. The inverse-T gate dielectric is an ONO multilayer stack 

consisting of 10nm blocking oxide, 6nm silicon nitride, and 5nm tunneling oxide, all 

deposited by LPCVD. The top gate dielectric is 20nm-thick LPCVD TEOS oxide. The 

dry etching condition and parameters of the NW channel are identical to those described 

in Chapter 2, hence the NW channel profile is similar to the cross-sectional TEM image 

shown in Fig. 2-3. 

3-1.2 Program/Erase Operation Principles 

The program/erase mechanisms in SONOS device operation generally include 

channel hot electron injection (CHEI), Fowler-Nordhiem tunneling (FN tunneling), and 

band-to-band tunneling (BTBT). Since the existence of potential barrier caused by grain 

boundaries in poly-Si NW channel would hinder the acceleration of the electrons from 

source to drain, the CHEI method is not appropriate for programming operation of 

poly-Si NW-SONOS device. In this chapter, the NW-SONOS device is programmed 

and erased by FN tunneling mechanism. For programming operation, both source and 
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drain are grounded, and a highly positive voltage is applied to the control gate to induce 

strong electric field, and a number of electrons in the channel may tunnel through the 

thin oxide layer and be trapped by the trapping centers in the nitride layer. For erasing 

operation, both source and drain are also grounded, and a highly negative voltage is 

applied to the control gate to detrap electrons in the nitride layer. Fig. 3-2 illustrates the 

energy band diagram of SONOS structure in flat-band condition (Fig. 3-2 (a)) and FN 

tunneling under high electric field (Fig. 3-2 (b)) [3-1]. 

3-2 Program/Erase Characteristics 

Owing to the small volume of NW, the channel potential is sensitive to both 

inverse-T gate and top gate. Therefore the independently applied top gate bias can be 

used to tune the VTH of NW channels. Fig. 3-3 shows transfer characteristics by 

sweeping inverse-T gate voltage with a fixed bias ranging from 1V to -2V applied to the 

top gate. It can be seen that the transfer characteristics are clearly shifted by varying the 

top gate voltage. Fig. 3-4 shows the transfer I-V curves of programming and erasing 

states. Two programming and erasing conditions are used (P1: VITG/VTG = 15V/0V, tP = 

1ms; P2: VITG/VTG = 15V/5V, tP = 1ms; E1: VITG/VTG = -13V/0V, tE = 10ms; E2: 

VITG/VTG = -13V/5V, tE = 10ms), and memory windows of more than 2V are achieved. 

Detailed programming and erasing characteristics as a function of time are depicted in 

Figs. 3-5 (a) and (b), respectively. It can be seen that both Program and Erase operations 

exhibit no saturation phenomenon with tP and tE up to 10ms and 1sec, respectively. Fig. 

3-5 (a) also shows that programming speed is enhanced by applying 5V to the top gate. 

This is because by applying a positive top-gate voltage during programming, more 

electrons could be generated in NW channel, resulting in higher programming efficiency. 
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However, the erasing characteristics are basically independent of the top gate bias, as 

shown in Fig. 3-5 (b). 

3-3 Reliability Characteristics 

For practical application, the nonvolatile memories need to meet some reliability 

requirements. Data retention capability and program/erase cycling endurance are two 

main characteristics to evaluate the practicability and reliability of memory cells in 

practical use. 

3-3.1 Retention 

The retention of a nonvolatile memory cell refers to the ability of the memory cell 

to keep the trapped charges from loss for a long duration to retain the stored information. 

The charge escaping path from trapping-layer could be thermionic emission with 

Frenkel-Poole mechanism, or tunneling mechanisms through either blocking oxide or 

tunneling oxide. Fig. 3-6 illustrates the band diagram with charge loss paths in SONOS 

device [3-2]. The combination of Frenkel-Poole emission (FP) and field-enhanced 

thermal excitation (TE) can excite the trapped charges, causing them to flow into Si 

conduction band. For tunneling mechanisms, the trapped electrons in the nitride could 

tunnel back to the conduction band of Si substrate (trap-to-band tunneling (TB)), or to 

the interface traps of Si channel (trap-to-trap tunneling (TT)). Besides, holes from Si 

valence band may tunnel into the nitride traps under the influence of the internal electric 

field (band-to-trap tunneling (BT)). 

Fig. 3-7 depicts the retention characteristics of ITDG NW-SONOS device. All 
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electrodes are grounded during the duration of retention measurement. It can be seen 

that memory window of about 1V can be retained after 10 years. For this NW-SONOS 

device, thicker tunneling oxide (50Å) is adopted to avoid charge loss by direct tunneling. 

Nevertheless, the tunneling oxide was fabricated by LPCVD TEOS, and a larger 

number of defects may form in the TEOS oxide and the interface, compared with the 

oxide fabricated by thermal dry oxidation. Consequently, field-enhanced trap-assisted 

tunneling and Frenkel-Poole emission through oxide-trap are considered to be the two 

major charge loss mechanisms in this NW-SONOS device. 

3-3.2 Endurance 

Endurance characteristics refer to the reliability of a memory device in terms of 

the number of program/erase (P/E) operations that can be performed on it without 

failure. Since high voltage is applied during each program/erase operation, the energetic 

carriers would degrade the tunneling oxide, more and more oxide-trap and interface-trap 

states would be generated, resulting in the degeneration of the device performance. 

Today, most commercially available nonvolatile memory products are guaranteed to 

endure at least 104 P/E cycles. 

The endurance characteristics with ID-VG curves and VTH variation are shown in 

Figs. 3-8 (a) and (b), respectively. The bias condition for programming is VITG/VTG = 

15V/5V, tP = 1ms, and for erasing is VITG/VTG = -13V/0V, tE = 10ms. As cycle number 

increases, the threshold voltage for both the program-state and erase-state move upward 

and the memory window narrows. The subthreshold swing worsening is ascribed to the 

degradation of tunneling oxide, and the memory window closure is attributed to the 

degradation of the nitride layer. The device is near the state of failure only after 100 

program/erase cycles. The poor endurance characteristics may be due to the weaker 
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bonding strength of TEOS tunneling oxide. Moreover, the tips of the triangular NW 

channel would induce higher electric field to accelerate the degradation of tunneling 

oxide. 

3-4 Brief Summary 

Preliminary results of NW TFT-SONOS we obtained so far are satisfactory. 

Although the program/erase speed is acceptable, the poor endurance characteristics 

would hinder its practical application. In addition to the non-optimized structural 

parameters, such as ONO thickness and NW channel size, the irregular profile of NW 

and poor quality of TEOS tunneling oxide are postulated to be the main reasons 

responsible for the outcome. 



 

Chapter 4 

Conclusions and Future Works 

4-1 Conclusions 

In this thesis, a novel multiple-gated (MG) poly-Si NW-TFT featuring inverse-T 

gate was fabricated and characterized. In the proposed structure, poly-Si NW channels 

are formed with sidewall spacer etching technique. By further adding a top gate to wrap 

the NW channels together with the inverse-T gate, enhanced gate controllability over 

NW channel is achieved, resulting in a higher ON-current, reduced short channel effects 

and steeper sub-threshold swing (SS). Moreover, since the dimensions of the NW 

channels are small and the body is thin enough to cause strong coupling between the 

inverse-T gate and the top gate, the threshold voltage can be finely adjusted with 

suitable gate bias control. 

In addition, we also utilize the inverse-T double-gated (ITDG) structure to 

fabricate TFT-SONOS devices. The independent double-gate structure consisting of 

programming gate (inverse-T-gate, ITG) and threshold voltage adjusting gate (top-gate) 

provides flexibility for programming and reading operations. The experimental results 

show decent electrical characteristics, large memory window, and better gate 

controllability over NW channel utilizing only inverse-T gate structure. Furthermore, by 

applying an adequate top-gate bias, programming efficiency can also be improved. 
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However, the endurance characteristics are undesirable. The irregular profile of NW and 

poor quality of TEOS tunneling oxide are believed to be the main reasons responsible 

for the observed phenomena. 

4-2 Future Works 

The development and characterization of MG poly-Si NW-TFTs and the 

preliminary investigation of NW TFT-SONOS with independent DG have been studied 

in this thesis. For the purpose of further improving device performance, some valuable 

researches for the future work are suggested as follows: 

1. In general, the fine-grain structure of poly-Si TFT is considered to affect the carrier 

transport and device performance. We have already discussed the MG poly-Si 

NWTFT prepared by solid-phase crystallization (SPC) in this thesis, but still 

various methods are known to increase the grain size of the poly-Si thin film, 

including excimer laser annealing (ELA) and metal-induced lateral crystallization 

(MILC). Recently, MILC method has been successfully adopted in single side-gated 

NWTFT [4-1], it will be interesting to apply the method to the MG NWTFT to 

further improve the device performance. 

2. Since the poor endurance characteristics of NW-SONOS devices are attributed to 

the irregular NW profile and poor quality of TEOS oxide, how to eliminate the tips 

of the NW channels and fabricate high quality tunneling oxide are important issues 

that need to be addressed. 
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Fig. 2-1 Top view and cross-sectional view of inverse-T gate NWTFT (a) and

inverse-T double-gate NWTFT (b). 
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Fig. 2-2 (a) Deposition of in-situ-doped n+ poly-Si. 
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 Fig. 2-2 (b) Definition and formation of inverse-T gate. 
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 Fig. 2-2 (c) Deposition of inverse-T gate oxide and poly-Si active layer. 
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Fig. 2-2 (d) Source/Drain ion implantation. 
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 Fig. 2-2 (e) Definition of source/drain and formation of NW channel (ITG structure). 
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Fig. 2-2 (f) Deposition of top gate oxide and formation of top gate (ITDG structure). 
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 Fig. 2-3 Cross-sectional TEM image of NW channels with inverse-T gate. 
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Fig. 2-4 Transfer characteristic of ITG-NWTFT and compared with single side-gate
structure. 
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Fig. 2-5 Transfer characteristics of ITDG-NWTFT operated in single-gated (SG)
modes and double-gated (DG) mode. 
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Fig. 2-6 (a) Transfer and (b) output characteristics of ITG NWTFT versus ITDG

NWTFT. 
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Fig. 2-7 Current ratio of ITDG-NWTFT to ITG-NWTFT at different VG – VTH values.
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Fig. 2-8 Schematic illustration of fringing-field effect caused by inverse-T gate. 
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 Fig. 2-9 Cross-sectional TEM images of the ITDG structure and NW channel profile. 
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Fig. 2-10 Transfer characteristics of ITDG-NWTFT operated in SG modes and DG

mode with thinner NW channel. 
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Fig. 2-11 Transfer characteristics of ITDG devices by sweeping inverse-T gate voltage

as top gate biased at various constant values. 
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Fig. 2-12 Extracted VTH and SS from Fig. 2-11 (a) as functions of top gate voltage. 

(Thicker NW channel) 
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Fig. 2-13 Extracted VTH and SS from Fig. 2-11 (b) as functions of top gate voltage. 

(Thinner NW channel) 
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Fig. 2-14 [Ref. 2-2] Schematic potential distributions across the channel and simple 

model for independent double-gated structure with ultra thin body. 
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 Fig. 3-1 Cross-sectional view of the inverse-T gate poly-Si NW SONOS structure. 
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Fig. 3-2 [Ref. 3-1] Energy band diagram of SONOS structure in (a) flat-band condition
and (b) FN tunneling under high electric field. 
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Fig. 3-3 Transfer characteristics by sweeping inverse-T gate voltage with a fixed bias

ranging from 1V to -2V applied to the top gate. 
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Fig. 3-4 Transfer I-V curves of programming and erasing states in two different bias
conditions. 
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Fig. 3-5 (a) Programming and (b) erasing characteristics of ITDG NW-SONOS device

with different top gate biases. 
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Fig. 3-6 [Ref. 3-2] Band diagram of charge loss path in SONOS: thermal excitation
(TE), Frenkel-Poole emission (FP), trap-to-band tunneling (TB), trap-to-trap
tunneling (T-T), and band-to-trap tunneling. 
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 Fig. 3-7 Retention characteristics with (a) ID-VG curves and (b) VTH variation. 
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Fig. 3-8 (a) Transfer characteristics and (b) VTH variation with increasing

program/erase cycles. 
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