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A Study on Polycrystalline-Silicon Tunnel Thin-Film Transistor with
Raised Source/Drain

Student: Po-Wei Fong Advisor: Dr. Tien-Sheng Chao
Department of Electrophysics

National Chiao Tung University
Abstract

It has been known that tunnel field-effect transistors (TFETS) exhibit higher on/off current
ratio, steep subthreshold swing, and ultralow off leakage current than conventional MOSFETSs. In
this study, we propose a tunnel TFT fabricated with nanowire structure and raised source/drain
for the first time. The polycrystalline-silicon nanowire tunnel TFT with raised source/drain
demonstrates a higher subthreshold swing, low on/off current ratio that is below our prediction.
In order to clarify the cause of poor performance, we studied the I-V characteristics of devices
with different conditions, such as, gate length, number of nanowires, diameter of nanowires and
various temperature, and the doping profile by using the TCAD simulation. By various
temperature measurements and the extracted activation energy, we found that the doping profile
and the trap assisted tunneling (TAT) mainly impact the performance of poly-Si nanowire tunnel
TFT. Additionally, devices were done with the NH3 plasma treatment, the moderate plasma
treatment time would eliminate traps in devices, and thus the off current and the subthreshold
swing were improved. From these results and analysis, we found that this kind of nanowire tunnel
TFTs would not have superior 1-V characteristics due to doping profile problem. To obtain better

performance, nanowire tunnel TFTs might be fabricated with self-aligned implantation.
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Chapter 1

Introduction

1.1 General Background

1.1.1 Polycrystalline silicon Thin Film Transistors

Since the first polycrystalline thin film transistors (Poly-Si TETs) were fabricated in 1966 [1],
enormous researches have been proposed and expanded the application of poly-Si TFTs. Initially,
amorphous silicon TFTs (a-Si TFTs) were chosen to be switch devices in the industry applications.
However, the low drive current of the o-Si TFT due to its low field effect carrier mobility uer
(about several cm?/V-s) makes the a-Si TFT gradually be replaced by poly-Si TFTs. Poly-Si TFTs
have been confirmed to have the higher carrier mobility resulting in the improvement of the drive
current, the switching speed and the subthreshold swing. Therefore, poly-Si TFTs exhibit great
potentials for the device scaling, enlarging open ratio, higher resolution, and lower power
consumption.

With the coming of the digital times and the rise of the planar liquid crystal displays (LCD),
polycrystalline silicon thin-film transistors (poly-Si TFTs) have been studied and widely used in
active-matrix liquid crystal displays (AMLCDs) [2], image sensors, photo-detector amplifiers, and
flat panels [3], due to its better performances compared to a-Si TFTs. Furthermore, poly-Si TFTs
can be fabricated with low temperature process, which is called low temperature poly-silicon
(LTPS), and make it more promising to apply to system on panel (SOP), system on chip (SOC) and
three dimensional integrated circuits in the future.

However, it is important that the grain boundaries and defects in the poly-Si result in the

1



degradation of the device performance. The defects in grain boundaries would trap carriers and
generate a potential barrier and this could degrade the on state current of poly-Si TFTs. There are
several methods which have been proposed to improve the performance of poly-Si TFTs, for

example, enlarging the grain size and reducing trap states in poly-Si films.

1.1.2 Nanowire Transistors

In recent years, for achieving the purpose of improving device characteristics and reducing
manufacturing cost, the size of devices should be scaled down continuously. According to Moore’s
Law, the number of transistors in a dense integrated circuit doubles approximately every two years
from 1964. In an effort to continue. Moore’s Law, the gate length of a transistor should be scaled
down, as illustrated in Figure 1-1 [4].

With the shrinking of the MOSFET, the device behavior will be changed compared with the
long channel devices, which is called the short channel effects (SCEs). The SCEs can be
attributed to two physical phenomena: 1) the limitation imposed on electron drift characteristics
in the channel, 2) the modification of the threshold voltage due to the shortening channel length
[5]. When the channel length is scaled down below 0.3 um, SCEs will obviously impact the
device behavior which means that the gate length is not the only parameter to be scaled down. In
order to improve the gate controllability, there are many parameters need to be accounted for, for
example, the oxide thickness and the substrate doping, but that will increase the challenges in
scaling the gate length in planar bulk MOSFETs more difficultly.

Non-planar devices, such as Double-gate FETSs, Tri-gate FETs, FinFETs and Q-gate FETS [6]

have been developed as shown in Figure 1-2 [7], and FInFETs have been applied to the central

processing unit (CPU) and produced by Intel in 2011 as illustrated in Figure 1-3. These multi-gate
2



devices have more directions of the gate field that provide better gate controllability, therefore,
SCEs can be suppressed and they show a steep subthreshold swing and lower leakage current.
Additionally, Nanowire transistors are considered to be one of the most promising device structures
that can extend the scaling roadmap of the CMOS devices [8]. With the less dimensions of the

channel and the limited body, the nanowire devices exhibit the best control of the channel potential.

1.1.3 Tunnel Field-Effect-Transistors

During the last several decades, semiconductor devices have been developed and improved
noticeably due to achieving higher density, better performance and lower power consumption.
With the scaling down of the transistor gate length, the supply voltage and the threshold voltage
should be reduced to improve the performance and keep the overdrive factor [9], as shown in
Figure 1-4. This results in the exponentially increasing of the off current for the subthreshold swing
limit, which is 60 mV per decade at room temperature.

The Tunnel Field-Effect-Transistor (TFET) is one of the most promising candidate for the
current CMOS technology node. Figure 1-5 illustrates the n-channel conventional MOSFET and
the n-channel TFET and their operation band structure. The TFET operates by band-to-band
tunneling (BTBT), which is different from the conventional transistor operating by thermal
emission, so the TFET does not suffer from the subthreshold swing limit. This permits low standby
leakage current and the scaling of the supply voltage, and thus it can achieve ultralow swing, lower
off current, and higher on/off current ratio. Even though TFETs have been studied and
experimented with superior performance, the low on current is the major issue that should be dealt
with.

The on current of the TFET depends critically on the transmission probability, Twks, which is

3



calculated using the Wentzel-Kramer-Brillouin (WKB) approximation:

42/2m* [E 8
Toks = eXp[_—g]

3h(E, + AD)

Where m* is the effective mass, Eg is the bandgap, A is the screening tunneling length which
depends on the device geometry, and A® is the energy difference between the valence band of the
source (or channel) and the conduction band of the channel (or source). Observing from the
approximation, m*, Eg and A should be reduced to increase the barrier transparency (i.e., improve
the tunneling rate). There are many approaches, such as using the heterostructure at the source side
including the silicide source [10], strained:silicon [11], using lower bandgap material (I11-V
compounds [12], Si-Ge [13, 14]), and the multi-gate structure, including the double gate [15] and

the gate-all-around nanowire [16].

1.2 Motivation

LTPS TFTs have been widely used in consumer electronics in this era and are promising for
future three dimensional integrated circuit (3D-1C) application. Compared with current planar
circuits design, the device density of 3D-IC can be increased by vertical integration, which is a
feasible way to extent the Moore’s Law. Furthermore, the devices on second layer and more can
be solely realized by LTPS TFTs because of the thermal budget issue and the lack of single
crystalline silicon seed layer.

Considering the trend of the low power consumption and the low standby power, the
importance and urgency of the steep swing device is revealed day by day. The tunnel FETs which

operated by the band-to-band tunneling (BTBT) are the most promising devices that could lead to



ICs operating at a very low supply voltage, Vpp < 0.5 V. Here is an expression of the

subthreshold swing of a tunnel FET [17]:

-1
av
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There are two terms in the denominator which should be maximized to obtain a low subthreshold
swing. The first term suggests that a transistor geometry with a high-k and an ultrathin body
could obtain better electrostatic control, and the second term suggests that the swing would be
improved if the applied gate field could align with the internal field of the tunnel junction.
Therefore, we use propose the -nanowire TFET with raised source/drain, whose process can
fabricate silicon nanowires and-raised source/drain simultaneously without the use of advanced
lithography tools [18], for the first time. With the nanowire structure with the superior gate
electrostatic control and the raised source/drain which could reduce the resistance, we hope to
achieve the desirable TFET performance, such as the steep subthreshold swing and the high

on/off current ratio.

1.3 Organization of the Thesis

There are four chapters in this thesis. Chapter 1 depicts the background of the use of the
polysilicon and the evolution of the multi-gate technique from planar device to gate all around
nanowire. It also briefly describes advantages and the current situation of the tunnel field-effect
transistor.

In chapter 2, we describe the operation principle of TFET and then present the process of the

poly-Si nanowire tunnel TFTs with raised source/drain with different gate conditions: underlap or



overlap. Besides, the measurement tools and methods are also introduced and defined in this
chapter.

In chapter 3, the device characteristics and measurement results are analyzed and discussed in
detail, such as, the on/off current and subthreshold swing in relation to the length and numbers of

nanowires. In order to confirm the hanism of our devices, the activation was

2atmen S done and discu
study is presented. Fina > future work and the

extracted. And the plasma

In chapter 4 (
suggestion of devi r/
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Figure 1-4 Transfer characteristics of a MOSFET shows that lorr increases exponentially because
of the invariant subthreshold swing, S = 60 mV/dec. [9]
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Figure 1-5 The n-channel conventional MOSFET and the n-channel TFET. The left side is in the
off state and the right side is in the on state. [19]



Chapter 2

Device Fabrication and Experimental Setup

2.1 The Principle of Tunnel Field-Effect Transistors

The Tunnel Field-Effect Transistor consists of a gated p-i-n diode which is reverse biased to
get an ultra-low leakage current. Figure 2-1a shows a typical planar p-type TFETSs, which has an
n+ source, a p+ drain and the intrinsic substrate. Figure 2-1b shows the energy band diagram of
operation of a p-type TFET including the off state (dashed blue lines) and the on state (red lines).
In the off state, the valence band edge of the channel is below the conduction band edge of the
source, so there is no current flowing through the channel due to no empty states allowing holes
tunneling into the channel which is the reason that the off current is quite low. In the on state, the
energy band of the channel is pulled up, the valence band edge of the channel is higher than the
conduction band edge of the source, so holes can tunnel from the source to the channel.

Only carriers in energy window, A® (green shading), can tunnel into the channel, because
the high and low energy part of the source Fermi distribution are cut off, as illustrated in Figure
2-1b, which is like the conventional MOSFET that is cooled down to a low temperature.
Therefore, the subthreshold swing, S, could be below 60 mV/dec, as shown in Figure 2-1c.
However, the channel valence band would be lifted up by the gate voltage, and the tunneling
length would be reduced by the gate voltage simultaneously, so the subthreshold swing of a TFET

IS not a constant (Figure 2-1c).

10



2.2 Experimental Procedure

The process flow of the poly-Si thin-film tunnel field-effect transistors is shown in Figure 2-2
(@)-(j). First, we utilized a 6 inch (100) silicon wafer as a substrate and deposited wet oxidation.
The dummy sandwich structure SisNs (30 nm) / SiO2 (20 nm) / SisN4 (30 nm) was deposited by
low-pressure chemical vapor. deposition (LPCVD). After the patterning and etching of the
nanowire definition, the cavities of the oxide layer is etched laterally by the selective wet etching.
The 100 nm amarphous Si (a-Si) layer was then deposited by LPCVD, which formed the Si
nanowire channel and the raised S/D at the same time. The raised source region was implanted with
BF.*, at 40 keV, at 5 x 10*® cm™ and the drain was implanted with P*, at 26 keV, at 5 x 10%° cm?,
then the a-Si layer was crystallized by solid-phase crystallization (SPC) at 600°C for 24 h in N>
ambient. Then the raised source/drain and the nanowire region were patterned and dry etched. The
dummy sandwich structure was removed by wet etching by using HsPOsand diluted HF, and Si
nanowires were suspended. Next, 7 nm oxide as the gate dielectric and 250 nm in-situ n*
polysilicon as the gate electrode was deposited. Finally, we completed the fabrication after the
lithography and the dry etching. The poly-Si gate was designed in two conditions: underlap gate
and overlap gate shown in Figure 2-2 (j) and (k).

The underlap gate devices had additional processes to improve the device performance. After
underlap gate devices was deposited TEOS oxide of 30 nm as the liner oxide, the source and drain

was implanted and then annealed by microwave with 300 W for 600 sec.
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2.3 Method of Device Parameter Extraction

2.3.1 Measurement Tool Setup

The measurement tool setup for the 1-V characteristics of nanowire TFETS are presented in
Figure 2-3, including the SCS Parameter Analyzer (Keithley 4200), the pulse pattern generator
(Agilent 81110A), the low leakage current switch mainframe (Keithley 708A) and the probe
station.

Keithley 4200 is equipped with programmable source-monitor units (SMU) and provides a
high resolution to measure DC 1-V and pulse characterization of semiconductor devices.

Agilent 81110A with two pulse channels supplies high timing resolution pulse. When a
device is measured in the probe station, KEITHLEY 708A, which is configured a 10-input x

12-output switching matrix, switches the signal from KEITHLEY 4200 and Agilent 81110A.

2.3.2 Threshold Voltage

There are two physical definitions for the threshold voltage of a TFET: gate threshold
voltage and drain threshold voltage, which are based on the saturation of the tunneling barrier
length shortening with respect to Ve and Vp [20]. These two values can be extracted by
(trans)conductance derivative. In this thesis, we will use the constant current method and the
onset voltage to extract the threshold voltage. The constant current is defined as the gate voltage
that yields a drain current of 10 nA which is widely used in industry because of its simplicity [21]
and also utilized in most of the studies of TFTs. The onset voltage is defined as the gate voltage

when the tunneling behavior begins which is also used in tunnel FETs [22].

12



2.3.3 Subthreshold Swing

The subthreshold swing (S.S.) is a widely used value to judge the gate controllability of a
transistor. The typical transfer characteristics of a MOSFET, which is Ip-V¢ curve, includes three
regions: the subthreshold region, the linear region and the saturation. The subthreshold swing is

defined as the inverse slope of the drai rrent (Ip) over the gate voltage (Vg) in the

subthreshold region:

13
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Figure 2-1 Principle of operation of a TEET. (a) Typical structure of planar p-type TFET (b)
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characteristics of @ TFET compare with the limit of 60 mV/dec [9].

14



(b) nanowire region definition by lithography and dry etching
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Wet Oxide

(f) n-type implantation
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(h) solid phase crystallization (SPC) 600°C 24 hr
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Figure 2-2 (a)-(k) The process flow of the poly-Si nanowire thin-film TFET with raised
source/drain
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Figure 2-3 The experimental setup for the transfer characteristics of the poly-Si nanowire
thin-film TFET with raised source/drain
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Chapter 3

Poly-Si Nanowire Tunnel Thin-Film Transistors

3.1 Introduction

In this chapter, we will discuss the characteristics of the poly-Si thin-film transistors with
underlap gate and overlap gate, respectively. With different conditions such as, length, numbers
of nanowires and different diameter, the on/off current ratio, the subthreshold swing and the

threshold voltage will be demonstrated.

3.2 Characteristics of Poly-Si Nanowire Tunnel Thin-Film

Transistors with Underlap Gate

Figure 3-1 is the cross-sectional TEM image of a nanowire channel. The dummy sandwich
NON stack was soaked in diluted HF to obtain a cavity of 20 nm height and of 25 nm / 35 nm /
45 nm depth. The diameter of NWs would be further reduced after the dry etching (Figure 2-2 (h))
and the HsPO4 wet etching (Figure 2-2 (i)). The final shape of a NW is elliptic cylindrical.

The Ip-Ve characteristics of a poly-Si nanowire tunnel TFT with underlap gate is shown in
Figure 3-2. The behavior performs low ON current (lon ~ 8x10'2 A) and poor subthreshold
swing (S > 1000 mV/dec). The low ON current can be attributed to large parasitic resistance and
low doping concentration at source region. The S.S. degradation is due to the low doping
concentration and the trap assisted tunneling (TAT). The low doping concentration makes the
tunneling field lower and thus the tunneling distance is larger which results in poor S.S. Because
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of additional implantation of underlap gate devices, there are traps appearing in the tunneling
junction which enhances the TAT.

The on resistance of a poly-Si nanowire tunnel TFT with underlap gate is up to 50 MQ as
shown in Figure 3-3 (a), which confirms the very large resistance. Therefore, in order to improve
the current drive of an underlap NW TFET, an overlap NW TFET was proposed. With a
gate-to-source/drain-pad overlap structure, the on resistance could be successfully reduced from

50 MQ to 150 kQ as shown in Figure 3-3.

3.3 Characteristics of Poly-Si Nanowire Tunnel Thin-Film

Transistors with Overlap Gate

The Ip-Ve characteristics of a poly-Si NW tunnel TFT with overlap gate in n-type and p-type
are shown in Figure 3-5 (a) and (b). The curves exhibit higher ON current and better S.S which
benefit from the overlap structure. However, the S.S. is still unacceptably large due to an
occurrence of TAT and a less steep source-channel doping profile owing to long term annealing.
We will discuss the TAT by using the temperature measurement and extracted activation energy
later.

The source-gate-channel doping profile can be seen in Figure 3-6 (b) which is the
cross-section image of the source pad in the simulation. Due to long term annealing, phosphorous
diffused from the drain pad into nanowires and source pad as shown in Figure 3-7, and BF. was
not implanted deep avoiding damage nanowires, there is an n” region between the source and
nanowires. When an n-type TFET is on (the applied gate voltage is positive), the distance

between the inversed nanowire channel and p* region is so long that the tunneling length is large
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as illustrated in Figure 3-8.

Figure 3-9 presents the on and off current versus the gate length of poly-Si nanowire TFET
with diameter ~ 12 nm. The drive current and off-leakage current for single crystal are nearly
independent of the gate length [23]. The invariant drive current is also found in tunnel TFTs
because tunneling current dominates at on=state. On the other hand, the off current gets higher as
the gate length is shorter due to the larger diffusion coefficient of phosphorus. When the gate
length is short, phosphorus distribution would be near the p* source region, and it leads more
current of the Schottky-Read-Hall (SRH) recombination. Thus, the leakage current is larger.

The threshold voltage by constant current versus gate length of n-type and p-type devices is
presented in Figure 3-10. With the excellent gate control of nanowire structure, the threshold
voltage roll-off is not seen, which means the immunity of SCE is good. The shift of the threshold
voltage at different drain voltages is observed due to the trapped charges at gate dielectrics.
Figure 3-11 illustrates the dual sweep Ip-Vg curve for n-type device. For n-type device, the
reverse sweep shifts toward the left, that is, gate dielectrics would trap holes because of gate
injection. Figure 3-12 shows the threshold voltage by onset voltage versus gate length of n-type
and p-type devices. The onset voltage is defined as the gate voltage that charges start tunneling
into channel. The onset voltages at larger drain voltage are higher than ones at lower drain
voltage which is different from the trend illustrated in Figure 3-10, because the onset voltage is
defined at the lowest drain current that strongly depends on the leakage current. When the drain
voltage is larger, the bias of tunnel junction is larger, too, and thus reverse tunneling occurs
easier.

Figure 3-13 illustrates the subthreshold swing as a function of the gate length of n-type and

p-type devices. Because of the tunneling junction located in the sidewall of nanowires in the
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source pad, the subthreshold swing is independent of the gate length.

Figure 3-14 shows the dependence of pairs of nanowires and the drain current for (a) n-type
and (b) p-type. With number of nanowires increases, the effective width of channel increases. It is
important to note that the SRH recombination current rises, too. As a consequence, the on and off
current both increases.

Figure 3-15 illustrates the drain current versus the nanowire diameter for (a) n-type and (b)
p-type. The on current is independent of the nanowire diameter because the tunneling junction is
mainly at the sidewall of nanowires, and in this case, the oxide thickness of NON stack is all the
same even in different diameter conditions.

The ‘mechanism of tunnel FETs.is illustrated in Figure 3-16. The first one is band-to-band
tunneling, BTBT. The second one Iis trap assisted tunneling, TAT. The third one is field emission
from traps which is also classified as TAT. Electrons from the valence bhand in the p* source
region might tunnel through the bandgap into traps and then tunnel or thermally emit out of traps
into the conduction band of n* region. In order to confirm operation of devices, the I-V
measurement was carried out with various temperature and the extracted Arrhenius plot is shown
in Figure 3-17. By using values of In (Ip) at different gate voltage and different temperature, the
slope was calculated which is known as the activation energy. The corresponding activation
energy as a function of gate voltage is presented in Figure 3-18. At the off state (Vs ~ 0.5 V), the
activation energy is about 0.5 eV, around half of the band gap of silicon, which means the SRH
recombination dominates [24]. With the increase of the gate voltage, the activation energy
decreases and is still larger than 0.1 eV until 3V which means that TAT occurs [25]. Because
band-to-band tunneling (BTBT) shows weak dependence on temperature, an activation energy of

BTBT should be below 0.1 eV. Therefore, poly-Si nanowire tunnel TFTs are mainly operated by
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TAT.

In an effort to reduce traps that would cause TAT, overlap gate devices were done with the
NH3 plasma treatment. The on/off current and S.S. as a function of the plasma treatment time is
shown in Figure 3-19 and 3-20. When the plasma treatment time is from 0 min to 3 min, the
on/off current and S.S. all reduced due to the elimination of traps which also reduce the both TAT
and SRH recombination. However, as the plasma treatment time is up to 5 min, the off current
and S.S. all increased because overlong treatment time would lead to damage in devices. The

degradation of the off current and S.S. are observed.

3-3 Summary

We demonstrated the poly-Si nanowire tunnel TFTs for the first time. Poly-Si nanowire
tunnel TETs with underlap gate performed high subthreshold swing and low on/off current ratio.
Thus, we proposed overlap gate structure, but the characteristics is still poor. By the TCAD
simulation of the doping profile, we found that phosphorus would diffuse into nanowires and
even p+ pad. The gate could not control the tunneling junction leading to low tunneling efficiency.
Thus, the drive current and subthreshold swing are degraded. Temperature-dependent I-V
measurements and the extracted activation energy show that the tunneling current is mainly due
to trap assisted tunneling rather than band-to-band tunneling, which is also the cause of poor
performance. In addition, some overlap gate devices were exposed to NH3 plasma. Consequently,
traps would be eliminated in short plasma treatment time (~ 3 min), but nanowires would be

damaged in overlong plasma treatment time (> 5 min) that degrade the performance.
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Figure 3-1 Cross-sectional transmission electron microscope (TEM)'iméges of the poly-Si
nanowire thin-film TEET
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Chapter 4

Conclusions and Future Work

4.1 Conclusions

In this study, we demonstrate poly-Si nanowire tunnel TFTs with raised source/drain which
was fabricated by dummy NON stack without using advanced lithography tools. Underlap gate
devices have bad performance, such as, high subthreshold swing, low on current and low on/off
current ratio. Thus, Overlap gate devices were fabricated and exhibit better subthreshold swing
and on/off current ratio, but the result are still below our prediction. Even though the immunity of
SCE is good which is observed from the invariance of threshold voltage and subthreshold swing
with different gate length.

By the TCAD simulation of the doping profile, we found that phosphorus would diffuse into
nanowires and even p+ pad. BF2 didn’t distribute well in the raised structure and was even far
from nanowires. Poor doping profile and the gate which could not control the tunneling junction
lead to large on resistance and tunneling distance which also degrades the behavior of TFETSs.
Temperature-dependent 1-V measurements and the extracted activation energy show that the
tunneling current is mainly due to trap assisted tunneling rather than band-to-band tunneling.
Finally, some overlap gate devices was exposed to NHs plasma to reduce traps. The result show
that the plasma treatment in short time (~ 3 min) is good to eliminate traps but the plasma

treatment in long time (> 5 min) would damage devices and exhibit worse performance.
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4.2 Future Work

In this work, we had clarified the cause of the poor performance for poly-Si nanowire tunnel
TFTs with underlap and overlap gate. With different dopant diffusivity, we could not obtain the
sharp doping profile which is important for TFETs. In addition, there are grain boundaries in
poly-Si that would generate defect and degrade the performance of TFETSs.

Future research is obviously required, but this is an exciting step. We still believe that
nanowire structure with excellent gate control combined with TFET has large potential in the
scaling of CMOS technology. There are-many ways to fabricate nanowires in better ways such as
sidewall spacer wire [26] and vertical nanowire [27]. Spacer wires should be fabricated with
self-aligned implantation that could make the source/drain doped region align with gate edge to
obtain the optimistic tunneling junction profile. In order to improve the doping profile, the
diffusivity of dopants cannot differ large. Additionally, the plasma treatment is required to

eliminate traps.
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