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Abstract

In this thesis, a novel device featuring a side-gate and suspended nanowire
(NW) channels is proposed and demonstrated. The nanwire channels are formed with
sidewall spacer etching technique, and become suspended by stripping the sacrificial
oxide layer between the‘gate nitride and nanowire channels. The presence of air gap
leads to a movable channel controlled by the gate bias. Despite a much larger
equivalent oxide thickness due to the air gap, the suspended nanowire channel devices
depict a better subthreshold swing over the devices without stripping the sacrificial
oxide (i.e., no air gap). Moreover, an interesting oscillation phenomenon of suspended
nanowire during the device operation is observed. The hysteresis phenomenon in the
subthreshold characteristics due to the motion of the suspended nanowire is reported,

for the first time, in this thesis. Nevertheless, most of the suspended nanowire devices
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do not show an abrupt turn-on behavior (i.e., with S.S. < 60mV/dec). A model

considering the gradual contact of NW channel with the gate nitride is proposed to

explain the operation principles of the fabricated devices.
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Chapter 1

Introduction

1.1 Overview of Nanowire Technology

In the past three decades, the improvement on semiconductor technology has
enabled shrinkage of transistor size with a rate of approximately 0.7 fold every 18
months. This has become known-as “Moore’s law”. However, the conventional
scaling methods on planar devices have faced severe technological and fundamental
challenges [1]. The manowires (NWs), with its cross-sectional dimension smaller than
100 nm, have potential to be ideal building blocks for future nanoscale devices.
Owing to the feature of high surface-to-volume ratio, the devices built on NWs are
sensitive to the surface condition of the NW. This property makes NW suitable for a
number of applications, including nano MOS [2], memories [3], NW-TFTs [4],
biochemical sensors [5] [6], and light-emitting diodes (LEDs) [7].

The preparation of Si NWs could be categorized into two types, namely

“top-down” and “bottom-up”, as described in the following:



(1) Top-down

This approach is typically carried out by using advanced lithography tools,

such as deep UV, e-beam, and nanoimprint [8], to define the NW patterns, followed

by an etching step to define the NW structures. Because of the excellent positioning

and reproducibility of the NWs, this technique has great potential for mass production.

Nevertheless, very expensive equipments and cutting-edge techniques are required.

However, with the help of some special skills, 'such as thermal flow, chemical shrink

and spacer patterning [9], the nano-scale patterns can also be generated indirectly by

using conventional lithography tools (e.g., G-line and I-line steppers), thus reducing

the cost of manufacture.

(2) Bottom-up

Unlike the top-down. method which uses lithography tools to define NW

patterns, the bottom-up method is done via chemical reactions to synthesis NWs. The

most popular method to generate a large amount of NWs is based on

vapor-liquid-solid (VLS) mechanism [10], including laser ablation catalyst growth [11]

and chemical vapor deposition catalyst growth [12]. In VLS, a nano metal cluster or

catalyst acts as the favored site for absorption of gas-phase reactants. The cluster

supersaturates and grows into a one-dimensional (1D) NW structure. With the aid of

methods such as electric-field-directed assembly [13], microfluidic channel [14] and



Langmuir-Blodgett (LB) technique [15], the NWs are assembled and aligned on a
substrate. However, device fabrication with bottom-up NW preparation is limited by
the complex integration scheme as well as the difficulties in precise positioning and
alignment of the NWs. The formation of reliable ohmic contacts represents another

major issue.

1.2 Low Subthreshold Swing Devices

As mentioned above, size scaling of MOS transistors follows the Moore’s law.
With reduced device dimensions; the power supply voltage should also go down
accordingly to avoid dramatic increase in power density. In order to maintain a high
on-state current with an acceptable off-state leakage, reducing the subthreshold swing
(SS, define as dVg/d(log Ip)) is necessary and has emerged as one of the most
important technological issues. However, in conventional MOS transistors, the SS of
the drain current versus gate voltage is limited by the diffusion of carriers from the
source to the channel of the device. Therefore, the SS is limited by a thermodynamic
factor “kT/q” of the Fermi-Dirac distribution of the carriers in the source. In the ideal

case at room temperature, the SS of conventional MOSFETs can not be reduced to



less than 60 mV/decade. In recent studies, some novel devices have been proposed to
achieve a sub-60-mV/dec SS, such as impact-ionization MOS (I-MOS) devices [16]
[17], suspended gate MOSFET (SG-MOSFET) [18], and tunneling FET (TFET) [19]

[20]. The above devices would be introduced in the following subsections

1.2.1 Impact-Ionization MOS (I-MOS)

To overcome the above-mentioned problem of the non-scalability of SS, the
I-MOS is one of the proposed concepts of novel devices. Figure 1-1 shows the
schematic views of such device and band diagrams under on/off state operations. As
shown in the figure,” there. exist some major differences between I-MOS and
conventional MOSFETs. First, doping types in source and drain regions are different.
Second, the channel is essentially intrinsic, and contains gated and non-gated regions.
The operation mechanism of I-MOS is via the gate voltage to modulate the avalanche
breakdown voltage in the P-I-N region. In the off state as the gate is biased below the
threshold voltage, the off state leakage of [-MOS is dominated by the reverse current
of the P-I-N diode. As the device is turned on with a gate bias well above the

threshold voltage, a high-field junction is developed near the source side and the



electrons injecting from the source would acquire a sufficient energy to trigger the
impact ionization process and lead to the avalanche breakdown. Since the switching
mechanism of I-MOS is not dominated by the p-n junction barrier lowering, the SS
can be reduced to below 60 mV/decade.

However, a unique issue associated with the time delay is unavoidable for
I-MOS. As shown in Fig.1-1b [21], the multiplication of initial carriers to a sufficient
number requires a certain amount.of time before the device is fully turned on. The
quantity of the initial carrier before switching on_is related to the off-state current
level. The lower off-state current implies less initial carriers, resulting in longer
carrier multiplication delay while I-MOS is switching on. Hence the waiting time to
ensure [-MOS is fully turned on would set a limit to the switching speed of IMOS
under dynamic operation. Unfortunately, under the same off-state current (0.1pA/um),
the switching-on delay time of [-MOS dose not show advantage as compared with the

conventional CMOS, as shown in Fig.1-1c [21].

1.2.2 Tunneling FET (T-FET)

Unlike the I-MOS which uses the impact ionization as the current control



mechanism, the T-FET uses the band-to-band tunneling (BTBT) in the source
junction as the current control mechanism. As shown in Fig.1-2a, the T-FET also has
a gated P-I-N structure similar to the [-MOS, but the intrinsic channel is completely
overlapped by the gate. Figures 1-2b&c show the band diagrams of the on and off
states of operation, respectively. In the off state, the reversed biased P-I-N diode
provides a large resistance between source and drain, which results in small leakage
current. In the on state, owing to the sufficiently high gate voltage applied, the
channel potential is pulled downward and a tunneling junction is formed at P-I
junction, thus turning on the T-FET (N-type). However, the insufficient on-state
current represents a major issue for T-FETs: Since the BTBT rate. is highly sensitive
to the bandgap (Eg) of the channel material used in the T-FET device, it is difficult
for Si-channel devices to acquire sufficient on-state current with its rather high Eg. In
order to have sufficient on-state current competitive to modern CMOS devices,

narrow bandgap material such as Ge is required.

1.2.3 Suspended Gate MOSFET (SG-MOSFET)

The SG-MOSFET has a structure shown in Fig. 1-3, with anchors at two ends



of the gate, while the gate is suspended over the gate oxide. Owing to the low

dielectric constant of the air gap and thus a large EOT, the SG-MOSFET has

extremely low gate leakage in the off state. By increasing the gate voltage, the

positive charges are built in the gate (while the same quantity of negative charges are

generated in the channel surface), resulting in an electrostatic force to pull the gate

downward toward the channel. When the gate voltage is less than the “pull-in

voltage” Vpi, the electrostatic force is balanced by the elastic force. Once the gate

voltage is larger than Vpi, the electrostatic force overcomes the elastic force, the gate

will connect to the gate oxide. When this happens,.the gate capacitance increases

abruptly. Hence the threshold voltage is reduced, resulting in the abrupt increase in

drain current. Owing to the abruptincrease of current, the SG-MOSFET has potential

to be used as MEMS switches [18]. Besides, under special operation mode and

measurement technique, the SG-MOSFET has applications such as memories [18] [22]

and sensors [23] [24] [25].

1.3 Motivation

As mentioned above, the non-scalability of S.S. in CMOS has emerged as a



major problem in device scaling [16]. In the above section, some concepts have been
proposed to overcome this barrier. In this thesis, a new type of NW-TFTs originally
proposed by Advanced Device Technology Laboratory (ADTL), NCTU was
fabricated and characterized [26]. With an additional sacrificial layer, the NW
channels were suspended. The operation principle is similar to the SG-MOSFET,
which uses the gate voltage to modulate the equivalent gate capacitance and switch
the operation modes. In this thesis, we will focus.on studying the switching behavior

of the suspended NW-channel TFTs.

1.4 Organization of This Thesis

In this thesis, the overview of the NWs and low S.S. devices are described in
Chapter 1. In Chapter 2, we will explain the device structure investigated in this work
and the process flow of device fabrication. In Chapter 3, we discuss the characteristics
of the suspended NW structure. The influences of thickness of the sacrificial layer to
the suspended NW are also discussed. In Chapter 4, we summarize the major findings

obtained in this work and give suggestion to future work.



Chapter 2

Device Fabrication

2.1 Device Structure and Process Flow

Figure 2-1 shows the stereorand the cross-sectional views of the proposed NW
device. It adopts a side-gate scheme in which two NW channels are formed floating
on the sidewall ofthe gate. Note the unique feature of the device that the NW
channels are suspended and their position could be modulated by the gate bias. The
gate is capped with-an ultra-thin nitride to prevent direct contact of the gate and the
channel. Source and drain (S/D) regions lying across the gate are defined
simultaneously with the NW channels in a self-aligned manner using a novel process
flow described below.

Fabrication of the NW devices characterized in this thesis started on 6-inch
(100)-Si wafers capped with 100nm-thick wet oxide, as shown in Fig. 2-2(a),
followed by the deposition of a 100 nm-thick in-situ n" doped poly Si film by the low
pressure chemical vapor deposition (LPCVD). Afterwards, reactive plasma etching

was applied to define the n" doped poly Si film as gate electrode [Fig. 2-2(b)]. After



RCA clean process, silicon nitride/ TEOS oxide stacked layer was deposited by
LPCVD to serve as gate dielectric layer and sacrificial layer, respectively [Fig. 2-2(c)].
Next, a 100nm-thick undoped amorphous silicon (a-Si) layer was deposited [Fig.
2-2(d)]. In order to transfer the a-Si layer into polycrystalline state, an annealing
step was performed at 600 °C in N, ambient for 24 hours. Afterwards, source / drain
(S/D) ion implant was carried out by phosphorous ion implantation with energy of 10
keV and dose of 5x10"° ecm™ [Fig.2<2(e)]. | Subsequently, S/D photoresist patterns
were generated by a lithographic step, and then a reactive ion etching step was applied
to form poly-Si spacer along the sidewall of the gate and S/D patterns simultaneously
[Fig. 2-2(f)]. The poly-Si sidewall spacer structures serves as the nanowire channels
of the device. Next; a wet etching step using diluted HF (DHF) or buffered oxide
etch (BOE) solution, was applied to remove the sacrificial TEOS layer between the
NW channels and silicon nitride layer to form the air gap. In this step, the TEOS
layer overlapped by the S/D regions was also etched. Owing to the fact that the area
of the S/D regions is much larger than that between the NW channels and gate, the
TEOS layer between the NW channels and gate can be completely removed while
most of the TEOS under the S/D patterns still remained after the wet etching step if
the wet etch time is properly controlled. Hence, the NW channels were suspended

and sustained by the S/D [fig. 2-2(g)]. The SEM image of a fabricated device with
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suspended channels is shown in Fig. 2-3.

2.2 Measurement Setup and Electrical Characterization

Before the investigation of the electrical characteristics, the measurement
setup and definition of several electrical parameters will be described in this section.
Figure 2-4 shows the  configuration of the  .measured settings.  Electrical
characteristics are .mainly characterized by the automated measurement setup
constructed by an HP 4156A semiconductor parameter analyzer, an Aglient'™ 5250A
switch, and Interactive Characterization Software (ICS). During all the
measurements, the “temperature was controlled ~at a stable value by
temperature-regulated chuck.

Based on the transfer characteristics measured at Vd=0.1V, the electrical
parameters including threshold voltage (Vi) and subthreshold swing (S.S.), were
extracted according to their definitions:

The threshold voltage (Vy,) is extracted by the constant current method. The

Vi is simply defined as Vg corresponding to a specific drain current (Id) of 1nA, i.e.,

V=V, @I, =nA,

-11 -



The subthreshold swing (S.S.) can be calculated from the subthreshold current

in the weak inversion region by
S.= —an .
o(log1,)

2.3 Operation Principle

In the fabricated device, the motion of the  suspended NW channel is
controlled by the applied gate voltage (Vg). During the electrical measurements,
there are two opposite forces to-control the motion of the NW channel. One is the
elastic force of the suspended channels. The other is the electrical force between the
charges presenting-at the gate and that at the suspended channmels. Such force is
controlled by varying Vg.

Initially the channels are suspended and the gate dielectrie consists of the air and
the nitride layer. An increase in Vg .will induce channel charges and the attractive
electrical force between the gate and the channel. Once the Vg is sufficiently large
enough, the electrical force may overcome the elastic force. Therefore, the NW
channel is pulled toward to the gate nitride. This results in a dramatic increase in the
gate capacitance. Hence the threshold voltage is reduced, leading to an abrupt
increase of drain current. When the Vg is decreased and becomes sufficiently small,
the amount of charges at the channel (and the gate) is too small to sustain the
attractive force, the channel may restore to its original suspended state by the elastic

force.
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Chapter 3

Results and Discussion

3.1 Leakage Current and Mechanisms

The major off-state currents of fabricated NW-TFTs are related to several
paths. Figure 3-1 illustrates two possible regions dominating the leakage conduction
in our novel NW-TFTs, according to-the previous study [28]. One is the drain/channel
junction (path 1) and the other is the gate-to-drain overlap region (path 2).

The conduction mechanism in-the drain/channel junction is via trap-assisted
conduction, which is strongly. dependent on the magnitude of the drain bias. Figures
3.2(a)-(c) illustrate three cases” according to the strength of electric field at the
drain/channel junction.

Under low electric field, electrons are thermally excited from the valence band
into the midgap states. Then the trapped electrons are emitted to the conduction band
(Fig. 3-2(a)). This is called “pure thermal emission” or “thermal generation”.

Under medium electric field, the drain bias pulls the energy band downward at

drain side. Electrons via thermal excitation from the valence band to the trap states

-13 -



can tunnel to the conduction band through the reduced barrier width (Fig. 3-2(b)).

This is called “thermionic field emission”.

Under high electric field, the energy band is pulled further downward at the

drain side. The electrons can tunnel from the valence band to the conduction band

with the aid of the trap states. This is called “field emission” or “tunneling”.

The conduction mechanism in the gate-to-drain overlap region is strongly

dependent on the strength of local field which is determined by the gate and drain

biases. This is known asthe gate-induced drain leakage (GIDL). Figure 3-3 shows the

mechanism in different local field strength.

When the voltage difference between the drain and gate (|Vgp|) is high, the

strong electric field would lead to trap-assisted tunneling (Fig. 3-3(b)) or

band-to-band tunneling (Fig. 3-3(¢)).

The major conduction path can be identified by investigating the dependence

of device leakage current with the same channels on the gate-to-drain overlap area.

For the leakage mechanism through path 2, the dependence is linearly proportional to

the gate-to-drain overlap area. For the leakage mechanism through path 1, the

leakage current is independent of the gate-to-drain overlap area.

To identify the leakage path, the normalized leakage currents of the fabricated

NW-TFTs measured at Vo= -8V and Vp= 3V are expressed as a function of “gate
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width”, as shown in Fig. 3-4. The “gate width” refers to the planar width of the gate
pattern and the main gate-to-drain overlap area is proportional to the “gate width”, as
shown in Fig. 3-4(b). From Fig. 3-4, we can see that the off-state current is
proportional to the gate-to-drain overlap area. This suggests that the major conduction

of off-current is through the gate-to-drain overlap area (path 2).

3.2 Basic Transfer Characteristics

The operation principles of the suspended NW-TFTs are similar to the suspended
gate (SG)-MOSFETs. In this. work n’ poly-Si side-gate is used to modulate the
channel potential. Thus the electrical force between the charges present at the gate and
the suspended channels pulls the suspended channels toward the gate dielectric and
turns on the device. Figs. 3-5 & 3-6 show the transfer characteristics of two suspended
NW devices with different air-gap thickness (comparisons of the transistors’ major
parameters are given in Table 3-1) but same nitride thickness of 19.8 nm. In Fig. 3-5,
the device with 4.5 nm air gap thickness shows on/off current ratio of 4.64x10° and
minimum S.S. of 185 mV/dec at the low-current subthreshold regime. In Fig. 3-6, the

device with 25.5nm air gap thickness shows on/off current ratio of 4.7x10° on/off
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ratio and minimum S.S. of 142 mV/dec. In the figures the extracted S.S. values are
unusually small based on the previous experience of the related studies carried out in
our group. To make this clear, Fig. 3-7 shows the transfer characteristics of a device
without stripping the TEOS oxide (i.e., non-suspended channel). The device thus has
gate dielectric consisting of 35nm oxide/1 Inm nitride. Although, due to the air gap,
the nominal equivalent oxide thickness (EOT) of the device shown in Fig. 3-6 (110.4
nm) are much thicker than the device characterized in Fig. 3-7 (40.7 nm), the S.S. is
not reduced accordingly.{Such phenomenon is postulated to be related to the action of
the suspended channels during operations.

However, the switching behaviors of the two devices shown.in Figs. 3-5 and 3-6
are not as abrupt as that of the suspended gate (SG) MOSFET (i.e. S.S. almost 0) [18].
As can be seen in the figutres, the fabricated devices show lower S.S. at the low
subthreshold current regime. Figure 3-8 shows the S.S. as a function of Ip for the
devices characterized in Figs. 3-6 and 3-7. Throughout the I range we can see the S.S.
of the suspended channel device is always lower than that of the device with
oxide/nitride gate dielectric. For the suspended channel device, the lowest S.S. point
(142 mV/dec) in Fig. 3-7 occurs when the suspended NW channels contact the gate
nitride, and then the S.S. increases with Ip when Ip is below 1x10"'° A, similar to that

reported on T-FET [29]. The increase in S.S. with Ip implies the suspended NW
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channels are further attracted toward the gate nitride and the portion of the NW
channels in contact with the gate nitride increases gradually. One interesting point
worth noting is that the S.S. seems to “oscillate” when Ip is larger than 1x10"° A for
the suspended channel device, a phenomenon not clearly exhibited for the other
device shown in Fig. 3-8. This is attributed to the oscillation of the NW channels due
to the interaction of elastic force and electrostatic force as Vg is sweeping, as shown
in Fig. 3-9. This can be regarded as another indication of the action of the suspended
channel.

Figs. 3-10 and 3-11 illustratethe transfer characteristics of NW devices with air
gap of 4.5 nm and 22.5 nm, respectively. In the two figures the NW channels of the
devices are formed.with two different over-etch time. As mentioned in last chapter,
the over-etch time during the NW-channel formation controls the dimension of the
NW channel. Longer over-etch time implies smaller NW dimensions which may
provide different elastic constant. Both Fig.3-10 and Fig. 3-11 show slightly lower
pull-in voltage and lower S.S. for the devices with longer over-time (see Tables 3-2
and 3-3). Here the pull-in voltage is defined as the gate voltage with the smallest S.S.
in the measurements. Moreover, in Fig. 3-11 significant difference in on-current
between the two devices is also observed: despite the slimmer NW channels, the one

shows an order of magnitude higher in on-current (Vg = 7V) than the other. This is
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suspected to be caused by the fact that a larger portion of the slimmer NW channels is
connected with the gate nitride as the gate voltage is high due to their higher
flexibility, hence the drive current is larger. Such difference is not obvious in Fig. 3-10
owing to the much smaller air gap. The above discussion implies that the suspended
NW channels are not entirely in contact with the gate nitride even when the device is
turned on. The higher EOT in the channel regions near the drain side and source side
may limit the on-current.

Figure 3-12 shows the transfer characteristics of the suspended-channel devices
with different channel length. As can be scen in the figure, the pull-in voltage
decreases as the channel length increases. This is owing to the presence of the air gap
and therefore the large EOT (110.4 nm) which results in the severe short-channel

effects.

3.3 Hysteresis Phenomenon

3.3.1 Characteristics of Hysteresis

In this section, we discuss the hysteresis phenomenon of the suspended-channel
device under consecutive forward sweep and reverse sweep measurements. An

example is shown in Fig. 3-13, in which the forward sweep measurement refers to the
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Vi sweeping from -2 V to 7 V as those addressed in previous section. The reverse

sweep measurement refers to the Vg sweeping from 7 V to -2 V. It can be seen that the

transfer characteristics of the reverse sweep do not coincide with the trace of forward

sweep, resulting in the hysteresis phenomenon. In the example shown in Fig. 3-13, a

Vth hysteresis window larger than 2 V is obtained.

Fig. 3-14 illustrates the transfer characteristics of a device with different

sweeping range of V. Again, each set of transfer characteristics consists of the

forward and reverse sweeping curves. As can be seen in the figure, the three forward

sweep curves with a narrower sweeping range are basically overlapping with the one

with the widest sweeping range. For the reverse sweeping, the curves are separate and

dependent on the largest Vi of the sweeping range (i.e., the starting point). As can be

seen in the figure, at a fixed Vg the drain current is higher for the curve swept from a

higher Vg value, implying a larger portion of the NW channels contacting with the

gate nitride. Starting from a higher Vg implies a stronger electrostatic force exerted on

the suspended NW channels due to a higher amount of charges induced in the NW

channels. To release those charges (and thus the NW channels), a higher amount of

shift in Vg would be needed to release the suspended NW channels.

To test the reproducibility, Fig. 3-15 illustrates the characteristics of three

consecutive operations performed on a device. Highly reproducible results are
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demonstrated in the figure. It also shows that the suspended channel would not stick
to the gate nitride in the reverse sweeping.

The characteristics of hysteresis window with different air gap thickness (4.5 nm
and 22.5 nm) are compared in Fig. 3-16. The hysteresis window is defined by the Vg
difference at I4 = 1x10” A, and the extracted data are listed in Table 3-4. The device
with 22.5 nm air gap thickness shows larger hysteresis window owing to the
requirement for a larger Vg to pull.in the suspended NW channel. The initial current
of the reverse sweep is reduced and not equal to the on-current of the forward sweep.
This is due to internal program setting that does not start the reverse sweep
immediately after the forward sweep. This problem can be eliminated by setting a
consecutive "dual sweep" option by which reverse sweep is executed immediately
after forward sweep (as evidenced in Fig. 3-14).

Fig. 3-17 shows the transfer characteristics of devices with different channel
length under consecutive forward and reverse sweeping measurements. The
differences in transfer characteristics of forward sweeping among the devices are
owing to Vth roll-off due the large EOT of gate dielectric. During the reverse
sweeping, the long channel device (e.g., I um) shows gradual transition in transfer
characteristics, while the two devices with shorter channel exhibit an abrupt pull-out

behavior, as indicated by the arrows. This is presumably to be caused by a stronger
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elastic (restorative) force in the shorter-channel devices, and the NW channels are
pulled away from the gate nitride more easily as Vg is swept to a sufficiently low
value. Also can be seen in the figure is that the off-state current of reverse sweep is
higher than that of forward sweep. A postulation about this observation is the flowing

out of the remaining charges stored in the NW channels.

3.3.2 Hysteresis Mechanism

In the previous sections, the hysteresis characteristics of suspended-channel
devices have been'discussed. The origin of hysteresis in the poly-Si channel devices
has been proposed recently [30]. The hysteresis phenomenon in poly-Si channel
devices is owing to the electron trapping and de-trapping process in the traps of the
poly-Si channel. However, the Vth difference between the forward and reverse
sweeping is small (~ 0.4 V) [31] and cannot explain our observation in this study. As
mentioned in the previous section, the fabricated devices show a much larger
hysteresis window (at least 1.46 V). This is clearly related to the motion of the
suspended channels during forward and reverse sweeping measurements. Based on
the results presented in previous sections, the mechanism of the suspended NW

channels devices during operation is discussed below.
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Figure 3-18 shows again the transfer curves illustrated in Fig. 3-13 to help

illustrate the operation of the device described below. Figures 3-19(a)~(c) illustrate

the pull-in mechanism of the suspended-channel device operated under forward

sweeping. In the beginning, the device is in the off-state with a low Vg (i.e. Vg = 0V).

Hence the suspended NW channels and gate nitride are separated by the air gap (Fig.

3-19(a)). As the Vg increases, the electrons are induced in the suspended NW

channels and leads to the attractive electrostatic. force between the suspended NW

channels and gate. As such force is sufficiently large it.could pull the suspended NW

channels to contact the gate nitride. However, the contact with. gate nitride occurs

initially at the central region of the suspended NW channels (Fig..3-19(b)). This leads

to a sudden increase-in drain current, as indicated by the point Avin Fig. 3-18. As Vg

increases further (region B .in Fig. 3-18), the portion of NW. channels contacted with

the gate nitride increases gradually (Fig. 3-19(c)), further increasing the drain current.

In the beginning of the reverse sweep (region C in Fig. 3-17), the device is still in

on-state and most of the NW channels remain in contact with the gate nitride. A

lowering in Vg tends to repel the charges stored in the channel and thus the attractive

electrostatic force between the NW channels and the gate nitride is reduced. As Vg is

swept to a sufficiently low value (region D in Fig. 3-17), the device starts to turn off

and release the electrons induced in the NW channels. The NW channels would then
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be released from the gate nitride and returned to the suspended state. As the channel is
shorter (see, for example, the devices with channel length of 0.4 and 0.7 micron meter
in Fig. 3-17), such pull-out action may occur suddenly and lead to an abrupt decrease

in drain current.

3.4 The Suspended NW _Channel TET with Larger Air Gap

From the results shown in the previous discussions, we can see that the thickness
of the air gap plays.an important role in the hysteresis window. In.general, the transfer
characteristic of the device with a thicker air gap shows a larger hysteresis window. In
a pervious work [27]the results of simulation on analyzing the characteristics of
SG-MOSETs also confirm this trend (Fig. 3-20). Here, we further discuss the
characteristics of suspended NW channel device with a larger air gap. Figure 3-21(a)
shows the transfer characteristics of a fabricated device with gate dielectric consisting
of 11 nm gate nitride and 35 nm air gap. Owing to the large gap, the pull-in action of
the suspended NW channel does not occur until Vg = 13.6 V. Although the transfer
characteristics show abrupt switching, the high Vg requirement becomes a

shortcoming. Another issue accompanied with the high Vg is the high gate leakage
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current (about 1x10™ A), as shown in the figure. Figure 3-21(b) shows the results of
the second measurement performed on the device. The overlap of the forward and
reverse sweeping curves implies that the suspended NW channels are stuck to the gate
nitride. This would be ascribed to the large surface adhesion force that the elastic
force of the NW channels cannot overcome to return to the suspended state. The high
Vg during forward sweep leads to the existence of such high surface adhesion force,

hence the channels cannot pull out.
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Chapter 4
Conclusion and Future Work

4.1 Conclusion

In this thesis, a new TET structure featuring suspended NW channels was

proposed and successfully demonstrated. The device . features a side-gate

configuration and the formation-of NW channels is realized by a simple and low cost

sidewall spacer etching technique. The suspension of the NW channels is achieved by

stripping off the sacrificial oxide between the NW channels and the gate nitride layer.

The fabricated devices show hysteresis phenomenon in the transfer characteristics due

to the action of the suspended NW channels. The hysteresis characteristics are

strongly dependent on the NW dimensions, channel length, as well as the thickness of

the air gap. For the device with smaller NW’s cross sectional dimensions, better

performance is obtained. This is attributed to the higher flexibility of the smaller NW

channel so that a larger portion of the slimmer NW channels is connected with the

gate nitride as the gate voltage is high. With a reasonable air gap thickness (25.5 nm),

the devices show a large hysteresis window (2.4 V) in the transfer characteristics.
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Also, a better S.S. is presented despite the higher EOT of gate dielectric. Oscillation

phenomenon of S.S. due to the motion of the NW channels is also observed. A model

taking into account the gradual contact procedure of suspended NW channels with

gate nitride owing to the electrostatic force is proposed to explain the experimental

observations.

4.2 Future Work

The development and characterization of a novel suspended-channel device

have been carried out in this thesis. To improve the performance of the device, a new

layout of the devices is. proposed. As shown in Fig./4<1, the new layout of the

suspended NW channels devices have S/D extensions existing at the two sides and an

intrinsic channel at the central part of the NW channels. With the addition of the S/D

extensions, the suspended NW channels would contact the gate nitride more

intimately. This scheme would allow a significant increase in the portion of the

intrinsic channels in contact with the gate nitride during device operation (Fig. 4-1(b)),

further lowering in the threshold voltage and S.S. is expected. Moreover, the parasitic

resistance of the device can be reduced to achieve a larger current drive.
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Table 3-1Comparisons of suspended NW channel devices with different air gap

thickness.
Device with Device with
4.5 nm air gap 25.5 nm air gap
Vi (V) 2.41 2.51
S.S. (mV/dec) 185 142

Table 3-2 Comparisons of suspended NW devices with different over etch time (with

4.5 nm air gap thickness and 0.4 pm channel length).

0.E. 17S 0.E.27S
Vi (V) 2.8 2.58
S.S. (mV/dec) 243 216
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Table 3-3 Comparisons of suspended NW devices with different over etch time (with

S.S. (mV/déc
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Table 3-4 Comparisons of suspended NW channel devices with different air gap

thickness.

Device with

Device with

4.5 nm air gap | 25.5 nm air gap
Vi (V) 2.41 2.51
Vo (V) 0:95 0.11
pull-in S.S. (mV/dec) 185 142
pull-out S.S. (mV/dec) 299 269
Window of hysteresis (V) 1.46 2.4
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Fig.1-1(a) Schematic views of basic device structure of n-channel I-MOS and the
band diagrams of the ON \ OFF state. [17]
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Fig.1-1(b) a) An electron arrives at the edge of the strong field region at random time
7;. b) The carrier starts impact ionization and avalanche, thereby generating more
carriers. However, the multiplication process with fewer carriers is strongly
fluctuating and random, until the number of carrier reaches a reasonable amount
(about 50) and overcome the randomness in multiplication process. c) The

multiplication process continues until the device is fully turned on. [21]
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Fig. 1-1(c) In order to achieve a reliable circuit operation, failure rate less than 1ppm
while the device is on is essential (which means only one failure every million
operations). For conventional CMOS, the intrinsic delay of 1ppm operation is just a
few picosenconds (or less than one). However, with off-state level of 1 pA/um,
I-MOS needs 10 picoseconds for a 1ppm operation. In the trade off between on/off
current ratio and dynamic operation delay, I-MOS does not show advantage over
conventional CMOS. [21]
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Fig.1-2(a) Schematic view of T-FET device structure.
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C

Ey

Fig. 1-2(b) Band diagram under the on-state, the band diagram in the channel is pulled
downward when a proper positive-voltage is applied to the gate, hence the barrier is

small enough to generate tunneling current.

off state E;

Fig. 1-2(c) Under the off state, the reverse-biased P-I-N diode provides a large barrier

between source and drain, result in a small off current.
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Fig. 1-3(a) Bird’s view of a SG-MOSFET. The gate is suspended with anchors at both
ends. (b) The mobile gate is controlled by two forces; one is the electrostatic force,
and the other is elastic force. (c)Before the Vg reaches Vpi, the electrostatic force is
balanced by the elastic force. (d)Once the Vg reaches Vpi, the electrostatic force

overcomes the elastic force, and the gate is pulled down toward the gate oxide.[27]
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Fig. 2-1(a) Schematic view of the NW device. (b) Cross-sectional view of the NW
channels and the gate.
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Fig. 2-2(a) Si substrate capped wit d oxide in Bird’s view and cross-sectional

view, respectively.
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(b)
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Fig. 2-2(b) Gate deposition and definition in Bird’s view and cross-sectional view,

respectively.
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Fig. 2-2(c) Gate dielectric and sacrificial layer depositions in Bird’s view and

cross-sectional view, respectively.
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Fig. 2-2(d) Amorphous Si deposition and SPC.
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Fig. 2-2(e) S/D implantation with an energy of 10 keV and a dose of 5x10'° cm™.
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Fig. 2-2(f) S/D and NW channels defined by a dry etch step.
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Fig. 2-2(g) Using a wet etch step to remove the sacrificial layer to achieve the NW

channels suspension.
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Fig. 2-3 SEM image of‘a fabricated devi 1 ed channels.

Fig. 2-4 The configuration of the measurement setting, which including a HP 4156A

semiconductor parameter analyzer and an Aglient™ 5250A switch.
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Fig. 3-1 Schematic of possible paths for off-state leakage currents.
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Fig. 3-2 Leakage mechanisms in drain/channel junction. (a) Thermal emission.

(b) Thermionic field emission. (c) Band-to-band tunneling.
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Fig. 3-3 Leakage mechanisms in gate-to-drain overlap region. (a)Thermal emission.
(b) Thermionic field emission. (c) Band-to-band tunneling.
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Fig. 3-4 (a) Leakage current as a function of gate width. (b) Schematic of the

definitions of gate width and main gate-to-drain overlap region.
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Fig. 3-5 Transfer characteristics of a suspended-channel device with 4.5 nm air gap.
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Fig. 3-6 Transfer characteristics of a suspended-channel device with 25.5 nm air gap.
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Fig. 3-7 Transfer characteristics of an NW device with gate dielectric consisting of
35nm-oxide /11nm-nitride. The S.S. is around 988 mV/dec.
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Fig. 3-8 The S.S. as a function of I, for the devices characterized in Figs.3-6 and 3-7.
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Fig. 3-9 Schematic illustration of the oscillation of the suspended NW channels

resulted form the interaction of elastic force and electrostatic force.
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omparisons of transfer characteristics between two devices with different

NW dimensions due to different over-etching time.
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Fig. 3-11 Comparisons of transfer characteristics between two devices with different

NW dimensions due to different over-etching time.
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Fig. 3-12 Transfer characteristics of suspended-channel devices with different channel

length.
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Fig. 3-13 Transfer characteristics of a suspended NW device under forward and

reverse sweeping.
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Fig. 3-14 Transfer characteristics of a device characterized with different sweeping Vg

range. The channel length is 0.4 pum.
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Fig. 3-15 Transfer characteristics of a device with three consecutive forward and

reverse sweeping measurements.
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Fig. 3-16 Hysteresis window of suspended NW channel TFTs with (a) 4.5 nm air gap,
and (b) 25.5 nm air gap.
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Fig. 3-17 Hysteresis characteristics of devices with different channel length.
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Fig. 3-18 Typical hysteresis characteristics of a suspended NW device. In point A, the
contact occurs firstly between the central region of NW channels and gate nitride,
leading to a sudden increase in drain current. As Vg increases, the contact region of
the channels would be wider and the device turns on gradually (region B). In the
reverse sweep, the NW channels remain in contact with the gate nitride (region C)
until Vg is low enough to turn off the device and release the electrons induced in the

NW channels gradually (region D).
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Fig. 3-19 Pull-in procedure of the suspended NW channel device. (a) The initial state
at Vg= 0V (b) The device turns on partially at V= Vpuirin.
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Fig. 3-19 (¢) With a further increase1n Vg, the contact region of the channels with the

gate nitride would be widened and more electrons are induced in the channel.
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Fig. 3-20 Simulation results of the Vpi and Vpo as function of the air gap thickness
for SG-MOSFETs [27]. Vpi denotes the pull-in voltage in the forward sweeping (i.e.
the suspended gate is contact with gate oxide) and Vpo denotes the pull-out voltage in

the forward sweeping (i.e. the gate is released and back to suspended state).
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Fig. 3-21 Transfer characteristics of a device with air gap thickness of 35 nm obtained
from (a) the first measurement and (b) the second measurement. In (b), the channels
should have been stuck to the gate nitride, so that the forward and reverse sweeping

show almost identical characteristics.
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Fig. 4-1(a) Proposed new layout of suspended-channel device with S/D extensions. (b)
The S/D extension regions reduce the parasitic resistance and thus a large on-current

is expected.
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