Chapter 1

I ntroduction

1.1General Background

1.1.1 Schottky Barrier MOSFET

The phenomenal proliferation of integrated circuits in the past 40 years depends largely on the
continuous scaling of MOSFETSs. Reducing the gate length is essential to density increase per chip
and performance improvement. However, process-related issues in shrinking the device size and the
control of short-channel effects (SCE) have become major challenges, especially for the fabrication of
0.1 um MOSFETs and beyond. In line with the above challenges, Schottky barrier (SB) MOS
transistor is interesting and potentialy promising. It was first proposed by Lepselter and Sze in 1968
[1]. By employing SB contacts for the source'and drain;:SB-M OSFETS possess both performance and
fabrication advantages. The effective junction depth can.be reduced to nil with Schottky contact, so
SCE is minimized. SB-MOSFETs are therefore potentially stitable for nanometer technology node
[2-8]. In addition, the high conductivity"of the silicided contact also minimizes the series resistance
[7-8]. In fact, severa groups have recently proposed using Si SB-MOSFET with its superior scaling
properties and ease of fabrication as a viable approach in relaxing the aforementioned constraints
[9-10].

The Schottky-barrier structure is moe scalable because an extremely short channel can be
achieved with the abrupt silicon/silicide interface. Since such device employs a silicide source/drain
(S/D) instead of an implanted one, it features shallow junction depth, lower SD series resistance and
contact resistance, lower junction capacitance than conventional MOSFETSs. Latch-up phenomenon is
aso eliminated in CMOS-like devices [11-12], thus reducing the floating body effect in
silicon-on-insulator (SOI) devices [13], and avoiding process instabilities associated with the
low-energy implant. Formation of silicide can be done at a low temperature while no post-implant

annealing is necessary, it is thus very suitable for future low-temperature manufacturing [14-15]. The



SB devices fabricated on SOl substrates offer further improvement in performance over those
fabricated on bulk Si wafers. In addition, it also offers a smpler process, better device isolation and
lower parasitic capacitance, compared with the devices fabricated on bulk Si wafers. The reduced
parasitic capacitance with SOI devices is conducive to a higher circuit operation and lower power
consumption. For SOl CMOS inverter, the latch-up path is completely eliminated. From the viewpoint
of ULSI product, SOI technologies are thus very attractive for future-high speed operation of
CMOSEFTs[16]. Self-aligned silicide (saicide) technique has also been widely employed to improve
the device performance by reducing the parasitic resistance in the gate and source/drain regions
simultaneoudly.

Nevertheless, conventional SB MOSFETSs suffer from a high off-state leakage current and poor
on/off current ratio. Thisis manly due to the large gate-induced-drain-leakage (GIDL) in the Schottky
junctions, compared with conventiona .p/n-junction [17]. Accordingly, development of advanced
structure and improvement in the=process control are -therefore very important to redlize

high-performance SB MOSFETs for ULS| applications.

1.1.2 Overview of Poly-Si Thin Film Transistor Channel Film

Polycrystalline silicon deposited by low-pressure chemical vapor deposition (LPCVD)
technique is wildly used in modern very large scale integrated circuit (VLSI) [18-20]. The first
polycrystalline silicon thin-film transistors (poly-Si TFTs) were fabricated by Fa et a [21] in 1966.
Since then, electrical properties, conduction mechanism and fabrication process of polysilicon films
were widely and extensively studied [22-25]. The development of technology in polycrystaline
silicon thin film transistors (poly-Si TFTs) over the past decades has been stimulated by the rapid
commercia development of active matrix-addressed flat-panel liquid-crystal displays (AMLCDSs)
[26-29]. Moreover, poly-Si TFTs aso had been expending in applications to high-density static
random access memories (SRAMS) [30-31] and 3-dimensional integrated circuit [32-33], etc.

AMLCD is one of the most promising candidates for realizing high-quality large-area flat panel



displays [34]. The first-generation AMLCDs relied predominantly on hydrogenated amorphous silicon
(a-Si:H) TFTsfor the pixel switching devices. A-Si:H TFTs can reduce the leakage current because of
their high OFF-state resigtivity, and they are also compatible with large glass substrates with low
processing temperature [35]. Unfortunately, the extremely low electron field effect mobility (typically
below 1 cm?%V*sec) in a-Si:H TFTs limits their application in the switching elements ( pixel ) only. In
order to reduce the cost and improve the circuit and system reliability, integrating the pixels with the
driver circuits together on the same substrate is very desirable. Considering of this, using poly-Si
TFTs to replace aSi:H TFTs is a future and desirable trend. There are many advantages of poly-Si
TFTs, such as superior carrier mobility, CMOS capability, lower photocurrent [29] and better device
reliability [37]. These qualities enable the integration of peripheral circuits as well as the active-matrix
switching elements on the same glass substrate. With such virtues, poly-Si TFTs have been
extensively studied for applicationsto AMLCDs.

Most poly-Si TFTs with high carrier.mobility: were fabricated by processing temperature above
900 and required quartz-based substratesinthe early. days: However, for large-panel LCDs, quartz
substrates are not economically competitive because of their much higher cost. Thus, low temperature
fabrication process with the use of glass substrates and |ow-temperature high-mobility poly-TFTs
were investigated [38-39].

In addition to AMLCDs, recently poly-Si TFTs are extensively used in organic
electroluminescence (OEL) display [40-41]. Similar to LCDs, low temperature processes and high
mobility of poly-Si TFTs are essential for low cost and high performance of OEL display.

1121 Solid-Phase Crystallization of Amor phous Silicon

Because of the temperature constraint for glass substrate, low temperature process (LTP) must
be performed. Besides, grain boundaries and intragranular defects greatly deteriorate the performance
of poly-Si TFTs[42-43]. Taking into consideration of both factors, increasing the grain size of poly-Si
films in low-temperature process is the only promosing approach. Here, we will only introduce two

silicon film crystallization methods, which are adopted in this thesis. One of the common methods of



preparing poly-Si films is solid-phase crystallization (SPC) of amorphous Si filmsat 600  for 20-48
hours [44]. The grain size obtained by solid-phase crystallization (SPC) of aSi is larger by severa
times and has smoother surface morphology than those of as-deposited poly-Si films. Early works
showed that larger fine grain size resulted in a higher electron field effect maobility. TFTs fabricated by
SPC method can show better performance.

Traditionally, silicon deposition in LPCV D reactorsis performed at a temperature around 550
using SiH, gas, followed by SPC at 600 . An alternative to the silane-based LPCVD a-Si material is
the use of disilane (Si;Hs) which was recently studied [44-45]. It was reported that poly-Si films with
larger grains can be obtained at a lower deposition temperature while enjoying a higher deposition
rate. Under such conditions, the nucleation rate during annealing is low and therefore grains can grow
to alarger size [44].

The structure of crystallized silicon.film is closely related to the structural disorder of the initial
material. By increasing the initial disorder'of the silicon.network, a significant enlargement of the
grain size of the crystallized film can be achieved..The deposition rate for aSi films might also affect
aSi structural disorder. With a high deposition.rate for aSi films, the high influx density suppresses
the surface migration. Films deposited at a high deposition rate have a wide range of bond lengths and
bond angles. On the other hand, with a low deposition rate, the low influx density enhances the
surface migration. Films deposited at alow deposition rate therefore do not have such awide range of
bond lengths and bond angles. When the deposition temperature is higher, the surface migration due
to the increase in the deposition temperature is more prominent than the increase in the structura
disorder of Si network due to increased deposition rate. On the other hand, when the deposition
temperature is lower, the surface migration due to decreased deposition rate is more prominent than
the enhancement in the structural disorder of Si network due to decreased deposition temperature.
Therefore, the disorder of the underlying silicon network can be increased by using low deposition
temperature and high deposition rate. Disilane has been shown to depict high deposition rate

compared with SiH, (which is usually deposited above 530 ) even at temperature below 500



After SPC, larger grain poly-Si films can be obtained by using disilane as gas precursor compared
with silane.

1.1.2.2 Crystallization by Excimer Laser Annealing

Although SPC method can enlarge the grain size of poly-Si film, intragranular defects are till
abundant in poly-Si film. Recently, a novel technology, i.e., excimer laser annealing (ELA), was
developed. The standard gas mixtures and output wavelengths are ArF (193 nm), KrF (248nm) and
XeCl (308nm). These are al short-duration pulsed lasers (10-30ns) operating in the ultraviolet
waveband, and have been found to be well suitable to the crystallization of silicon on glass substrate.
This is because the optical absorption depth, at these wavelengths, in amorphous silicon, is about 6
nm, so the radiation is strongly absorbed in the silicon surface and can readily cause melting, whilst
the short pulse duration results in a correspondingly small heat diffusion length of ~100nm in the
silicon itself and ~200nm in films of SiQ, [46] which can be used to cap the glass substrate and
thereby protect it from excessive temperature excursions..Measurements and calculations [47] have
demonstrated that with suitable SO, film capping-the temperature of the underlying glass surface can
be kept below ~400

ELA method is a very promising technology for two reasons. Firt, it is still alow temperature
process, so glass substrate will not be damaged. Second, it can crystallize the film selectivity by
partially irradiating the film surface, so both poly-Si TFTs and amorphous TFTs can be formed on the
same substrate [48-49]. The laser beam melts the silicon thin film in avery short time (usualy tens of
nanoseconds), which makes the silicon film melt and crystallize without significantly heating the
glass substrate. Most important of al, by this melting and recrystallizing process, significantly high
filed effect mobility can be achieved. These mobility values are greater than those obtained by
solid-phase crystallization of a-Si. The obvious improvement is believed to result from the difference
in grain quality between the two processes. The laser-crystallized material has few lines or plane
defects within the grain, whereas the SPC materia consists of large dendritic grains which arerich in

integration defects such as twins, microtwins, stacking faults, etc.



1.1.3 Development of SOI FINFETs

As the complementary metal-oxide-semiconductor (CMOS) transistor’ feature size is scaled
down to below 0.1 um, the challenges to overcome the short channel effect (SCE) and dopant
fluctation effect become more and more difficult [50]. To relax these constraints, some advanced
structures, such as FinFETs [51-54], ultra-thin body SOI [55], and silicided source/drain SOI [56],
have been proposed.

Specifically, FinFETs belong to the family of double-gate (DG) silicon-on-insulator (SOI)
transistors, in which two gates are employed to control the channel carrier charges. FinFETs thus
exhibit attractive advantages in comparison with the conventional bulk MOS or single-gate SOI
counterparts. The device displays high transconductance, nearly-ideal subthreshold swing, improved
current drive capability, and lower direct-tunneling gate leakage current. Moreover, the double-gate
structure provides better controllability®of the drain ‘electrostatic field lines, thus minimizes
drain-induced barrier lowering (DIBL) and threshold:variation with channel length [57]~[61]. As a
result, DG MOSFET offers the potential for scaling-the.channel length down to 10 nm node [59][62].

Since the channd doping concentration'in. bulk MOSFETS needs to be increased to alleviate the
short channel effects when the device dimension is scaled down. For a device with gate length of less
than 0.1 um, the required channel concentration is higher than 10 cm-3 [63]. Such a high doping
concentration would degrade device performance in terms of reduced mobility and increased junction
capacitance. Because of the inherent robustness to the short channd effects, and the feasibility of
threshold voltage adjustment by using metal-gate with suitable work function [2][12], the DG
MOSFET device could be built with an un-doped channel. All of the aforementioned features
highlight the important role of the DG SOI in the nano-scale era.

Nevertheless, most approaches proposed for the DG SOI are very difficult in fabrication. From
the view point of state-of-art manufacturing, FinFET [51] is the most promising since it allows the
formation of the “front” and “backside” gates simultaneoudy, and is much simpler than the costly

wafer bonding processes.



Particular attention is caled for on the parasitic series resistance in the source/drain regions of
SOl FnFET devices, since it would increase significantly as the fin width is scaled down. A
folded-channel with non-planar raised source/drain to reduce the resistance has been demonstrated for
improving the performance of FinFETs [51], but it requires a very complex and difficult fabrication
process. Quasi-planar FInNFETs using simpler process and lower gate-to-drain capacitance was
subsequently proposed [65]. The fan-out source/drain pattern was designed to minimize the proximity
problem of lithography and shrink the source/drain space as short as possible. This improvement was
demonstrated to yield devices with excellent current drive and minimal short-channel effects down to
50-nm gate length.

Another approach for reducing the source/drain series resistance is to employ the salicide
materials. The popular self-aligned silicidation (sdicide) technique has been widely applied to
conventional bulk MOS devices since gate length falls below 0.3 um [66]. For nano-scale FinFET
device, Schottky barrier source/drain formed by low-resistivity silicide represents a promising
aternative to the heavily doped source/drain-due-to-the low S/D series resistance and simpler
fabrication process. The superior controllability.in short-channel effect, owing to the inherently sharp
silicon/silicide interface, is another merit for adopting Schottky junction in nano device applications
[67]. The advantage of using metalic Source/Drain has been explained in Section 1.1.1. This

approach will be addressed in more detail in the next section.

1.2 Motivation of This Sudy

As mentioned in the last section, Schottky Barrier MOSFET is simpler in processing and
inherently suitable for low temperature processing. When microel ectronics enters the deep sub-micron
technology node, traditiona CMOS process becomes extremely complicated. Besides, it is more and
more difficult to control the short channel effect of conventional MOSFET. If the shortcomings of
SB-MOSFET mentioned above could be improved, the ambipolar operation capability and simple

process make SB-MOSFET device a good candidate to replace sub-micron CMOS process. We can



simply assign the operation mode of SB-MOSFET by appropriate bias. The inherent ambipolar
property of SB-MOSFET makes fabrication process and circuit design more flexible. If the idea is
applied on thin film transistors, the low process temperature of metallic junction formation makes
SB-TFT compatible with middle temperature active matrix liquid crystal display (AMLCD)
manufacture. In addition, salicidation process will not only reduce the thermal budget, but also
decrease the source/drain parasitic resistance. This is quite appropriate for low temperature poly-Si
application.

In order to investigate the possibility of previousy mentioned idea, we have proposed and
successfully demonstrated a novel SBTFT structure, which overcomes the disadvantages of
conventional SB-MOSFET and reduces the thermal budget of poly-Si TFT process. This structure
features atop field plate over the passivation oxide, which is employed to induce a drain-side electron
extension, i.e,, field induced drain (FID),.and to modulate.the drain side electrica field. With proper
bias, the off-state leakage current can. be.suppressed: In this study, we will try to explain leakage
current mechanisms by different channel preparation-methods. Then we explore the application of
SBTFT to FINFET structure. Finally, we will use the “field effect conductance” method to analyze the
full band-gap density of states (DOS) distribution in poly-Si channel, which aso provides a
convenient way for defect analysis.

1.3 Thesis Organization

The dissertation is divided into seven chapters.

In Chapter 1, the backgrounds and motivations of the thesis are reviewed.

In Chapter 2, a novel Schottky-barrier metal-oxide-semiconductor thin-film transistor (SBTFT)
is successfully demonstrated and characterized. The new SBTFT device features afield-induced-drain
(FID) region, which is controlled by a metal field-plate lying on top of the passivation oxide. The FID
region is sandwiched between the silicided drain and the active channel region. Carrier types and the
conductivity of the transistor are controlled by the metal field-plate. The device is thus capable of

ambipolar operation. Excellent ambipolar performance with on/off current ratios over 10° for both p-



and n-channel operations is realized simultaneously on the same device fabricated with polysilicon
active layer. Moreover, the off-state leakage current shows very weak dependence on the gate-to-drain
voltage difference with the FID structure. Finally, the effects of FID length are also explored.

In Chapter 3, detailed conduction mechanisms in a conventional Schottky barrier thin-film
transistor (SBTFT) and the novel SBTFT with field-induced drain (FID) extension described in
Chapter 2 are studied in this chapter. The new SBTFT device with FID extension shows excellent
ambipolar performance with effective suppression of gate-induced drain leakage (GIDL)-like off-state
leakage that plagues conventional SBTFT devices. By characterizing the activation energy of the
conduction process in the off-state for conventional SBTFT devices, it is suggested that field emission
of carriers from the drain junction is the major conduction mechanism. While for the new FID SBTFT
devices, owing to the effect of Fermi level pinning in the FID region, thermionic emission rather than
field emission becomes the dominant conduction mechanism, resulting in the effective suppression of
the undesirable GIDL -like leakage current.

In Chapter 4, we investigate and-compare the characteristics of poly-Si SB TFTs with channel
layer prepared by excimer laser crystallization (ELA) and solid-phase crystallization (SPC). It is
shown that the use of ELA greatly improves the device characteristics, comparing with the SPC
counterparts. Excellent device performance, with steep subthreshold slope and on/off current ratio
higher than 10° for both p- and n-channel operations, is demonstrated on a single device with ELA
channel. The effects of sub-gate bias, channel length, and channel offset length on device
characteristics are aso explored. In addition, we also carry out further study on characterizing the
off-state current at different temperatures in order to clarify the leakage conduction mechanisms. The
thermionic emission is found to be dominating the off-state current.

In Chapter 5, we propose and demonstrate SB poly-Si TFT device with nano-scale fin-like
channel. The fin-like channel, which is consisted of as-deposited LPCVD poly-Si material, is
surrounded on three sides by the main-gate, forming the “tri-gate” configuration. The use of

nano-scale poly-Si channel allows a stronger control of the channel potential by the gate bias, and



better subthreshold characteristics over the planar SB TFTs. The fabricated devices indeed exhibit
stellar ambipolar device performance in terms of high on/off current ratio and sharp subthreshold
swing.

In Chapter 6, we propose a novel method to extract full band-gap density-of-state (DOS) in the
channel layer of a thin-film transistor (TFT). In this new approach, only a single Schottky barrier
thin-film transistor (SB-TFT) device is needed, in contrast to the conventiona methods that require
both n- and p- channel devices, for characterization. Field-effect conductance (FEC) method is
applied to analyze the ambipolar subthreshold current-voltage characteristics and acquire full
band-gap DOS. Experimentally, we have also observed that the gate voltage at the intersection point
of n- and p-channel subthreshold current-voltage characteristics coincides well with the flat-band
voltage measured using the conventional temperature method. We thus propose to exploit this new
finding, in lieu of the conventional method; to extract the flat-band voltage, which further simplify our
methodology, as only two current-voltage' measurements at- room temperature are needed for the
construction of full band-gap DOS. Our proposed-method has been demonstrated to be useful on
characterizing and understanding the impacts of different process treatments on the device
characteristics. Accompanied with its smplicity and significant saving of both analysis cost and time,
this method could be vital to TFT device modeling and circuit simulation works for both R&D and
practical manufacturing.

In Chapter 7, we conclude with summary of the experimental results. Recommendations

for future research are also given.
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Chapter 2
General Fabrication, Operation and Char acteristics of

Ambipolar Schottky-Barrier Thin-Film Transistors (SBTFT)

2.1 Introduction

Schottky barrier (SB) MOS transistor, which employs metallic source and drain [1], eliminates
the source/drain implantation and subsequent annealing steps. It is therefore simpler in processing and
inherently suitable for low temperature processing. It is also excellent in short-channel effect control,
due to the inherently shallow silicide junction [2-3]. Moreover, it is also capable of bi-channel
operation [4]. With these advantages, it thus appears to be quite attractive for applications to
nano-scale devices as well as large-area el ectronics.

Conventionally, SB MOS devices employ a self-aligned silicidation (salicide) process to form
the silicided S/D. Gate sidewall spacers are required to avoid bridging between the gate electrode and
the silicided S/D [1-7]. However, the resultant-SB-MOS transistors generaly suffer from severe
leakage current and poor on/off current ratio.-This is.dueto the much larger junction leakage current
inherent in Schottky diodes, compared with p-n junction diodes. Another shortcoming is that it is
amost impossible to fabricate SB MOS transistors with acceptable n- and p-channd characteristics
simultaneoudly for ambipolar operation [4]. Thisis due to the constraint imposed by the fixed barrier
height of the Schottky contact of a given metallic layer.

In this work, we have demonstrated a novel poly-Si Schottky barrier thin-film transistor (SBTFT)
device that can effectively improve the on/off current [8]-[11]. The new device employs a field-plate
(or sub-gate) to induce an electrical drain extension in the active poly-Si layer. The unique
field-induced drain (FID) feature reduces the off-state leakage effectively while maintaining a
reasonable on-current value, resulting in significant improvement in the device performance.
Excellent ambipolar operations are demonstrated, for the first time, on the same SBTFT with FID

structure.
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2.2 Device Fabrication and Sructures

The cross section figures of conventional and proposed FID SB-TFTs are depicted in Fig.2.1 (a)
and (b). We discuss the process in brief. First, we grew a thick thermal oxide layer (200 nm) on the
starting wafer to serve as the glass-like substrate used in AMLCDs. An amorphous silicon channel
layer (50 nm) was then deposited at 550 by LPCVD system. To enlarge the grain size, the
amorphous silicon layer was then subsequently transformed into polycrystalline phase by solid phase
crystallization (SPC) at 600 in N, ambient for 24 hours. After defining active device area,
LPTEOS gate oxide layer (20 nm) and poly-Si layer (200 nm) were deposited sequentially. The
poly-Si layer was doped by arsenic ion implantation. The n* dopant was active at 600 in N,
ambient for 24 hours. The n* poly-Si layer was then patterned as the main-gate. Next, another
LPTEOS oxide layer (200 nm) was deposited as spacer layer. Additional lithographic step was needed
to define the offset region of the novel .SB-TFTs (Fig. 2.1(b)). By anisotropic etching step, offset
region of novel SB-TFTs and sdf-aligned spacer of -conventional SB-TFTs were formed
simultaneoudly (Fig. 2.1(a)). Such spacer layers.could. prevent bridging between source/drain and
main-gate during silicidation.

The source/drain region was formed by self-aligned silicidation step instead of ion implantation.
Thin Co (15 nm) and TiN (30 nm) layers were sputtered on the entire wafer, followed by rapid
thermal annealing at 550 for 30 sec. Only the bare source/drain region was silicided. After
removing the non-reacted metal by selective wet etching (H,SO4:H,O, = 3:1 for 10 min at 120 ),
the self-aligned Schottky source/drain junction was formed. Passivation PETEOS oxide (300 nm) and
contact pad formation were subsequently performed. Finally, NH3; plasma treatment (1 hr at 250 )
was used to reduce the dangling bonds. The overall mask counts for fabricating the proposed SB-TFTs
are only five in number. The number could be reduced to four for conventional SB-TFTs.

There are a few points worthy of note. First, no extra lithographic step is required to define the
sub-gate of our novel structure since it can be formed simultaneously with regular contact pad

patterning step. Second, the implantless fabrication saves additional lithographic step, costly ion
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implantation, and the accompanying long term annealing process. Third, all the process temperatures
mentioned above are kept below 600 , making it compatible with mid-temperature AMLCD
fabrication. Fourth, the poly-Si channel layer is thin enough to reduce leakage current. Finaly, the
bottom width of spacer (either self-aligned spacer or offset spacer) is designed so that the silicided
source/drain junction will not reach the channel region under the main-gate.

2.3 Operation of SBTFT With Field-Induced Drain

The new structure (Fig. 2.1(b)) features an undoped Si active channel, a top meta field-plate
(i.e., the sub-gate), and Schottky source/drain. For device operation, a fixed bias is applied to the
sub-gate to form afield-induced drain (FID) extension under the sub-gate region. So depending on the
sub-gate bias polarity, the device can function as either an n-channel transistor with positive sub-gate
bia or a p-channel transistor with negative sub-gate bias.

The new device is structurally similar to conventional SB MOSFETs [1]~[7], except that a
field-induced drain extension is created between: the, channd and the Schottky drain. The
field-induced drain extension serves to reduce the-undesirable off-state leakage that has plagued al
previous SB MOSFETs. Concomitantly, the new device can also be viewed as MOSFETs with FID
[12][13], with the exception that the heavily-doped source/drain region is now replaced by Schottky
source/drain. The new structure thus retains all the advantages of FID such as low off-state leakage
and low junction leakage. Finaly, the use of Schottky source/drain can greatly reduce processing
steps (i.e, implant and subsequent anneding), and allows ambipolar operation, which further
simplifies CM OS process integration.

2.4 Resultsand Discussion

2.4.1 Characteristics of Ambipolar Operation

Figure 2.2 depicts the ambipolar operation of the FID SBTFT [8]. Excellent on/off current ratios
of over 10° are achieved for both n- and p-channel operations under proper bias conditions. It is
interesting to note here that the turn-on behavior is somewhat retained for n-channel operation even

when a zero sub-gate biasis applied. Meanwhile, the off-state leakage in p-channel operation is higher

20



for sub-gate bias of zero volt than that of —50 V. These phenomenawill be addressed | ater.

Figures 2.3 compares the ambipolar (i.e., both n- and p-channel) subthreshold characteristics of
the conventional and FID SBTFTs. It can be seen that SBTFT with conventional structure exhibits
very poor performance for both p- and n-channel modes of operation (Fig. 2.3(a)). On/off current
ratios are around or less than 10°. Moreover, the strong GIDL (gate-induced drain leakage)-like
leakage current results in the V-shaped current-voltage curves. In contrast, superior p- and n-channel
device performances are simultaneously realized on the SBTFT with FID structure under proper
sub-gate biases. As shown in Fig. 2.3(b), on/off current ratio as high as 10°is observed for both n- and
p-channel modes of operation. In addition, the GIDL-like leakage current is effectively suppressed. It
should be emphasized that these characteristics are obtained on the same device by simply changing
the polarity of the sub-gate bias.

Output characteristics of the two types of devicesare shown in Fig. 2.4. It is seen that the
implementation of FID in the device improves the on-state current for both p- and n-channe
operations. The improvements can be ascribed-to-the elimination of the un-gated channel region
existing under the sidewall spacer in the conventional-devices. Since the bottom width of the sidewall
spacer (~ 150 nm) is larger than the silicide thickness (~ 55 nm), the silicided source/drain portion
does not reach the channel region beneath the main-gate, leading to an increase in the parasitic
resistance along the channel in the conventional device. This feature is quite different from that of SB
MOS devices reported previoudly [4]-[7], in which the silicided source/drain region overlaps with the
gate. Although a self-aligned sidewall spacer also exists at the source side of our new device, however,
the overlying metal sub-gate effectively covers the channel region underneath the spacer, so the
parasitic resistance is reduced when a high sub-gate bias is applied.

24.2 L eakage Mechanisms

As mentioned earlier, the GIDL-like leakage current is aso effectively eliminated,
further highlighting the effectiveness of FID. A more detailed study on the conduction

mechanisms of the leakage current was reported in the next chapter. Here we briefly present
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qualitative conduction mechanisms with the band diagrams shown in Fig. 2.5 to explain the
effectiveness of FID in reducing the leakage. In the figure, we concentrate only on the
n-channel operation. Similar results could aso be deduced for p-channel operation. For the
conventional device, a high electric field is developed in the channel region near the drain
side (Fig. 2.5(a)). Such a high field would enhance the field emission as well as thermionic
emission of holes from the silicided drain. On the other hand, the formation of FID with the
band diagram shown in Fig. 2.5 (b) tends to suppress the emission of holes from the drain. As
aresult, GIDL-like leakage could be eliminated.

2.4.3 Effectsof FID Length

The n- and p-channel subthreshold characteristics for devices with afixed main-gate length (e.g.,
3 um) but different Xp ranging from 1 to 10 um are shown in Figs. 2.6 and 2.7, respectively. It can be
seen that the leakage currents in the off-state and the subthreshold regions are essentially independent
of the FID length. On the other hand, the on-state current increases as Xp becomes shorter. This trend
is reasonable, since the parasitic resistance -decreases with decreasing Xp. Nevertheless, the
dependence on Xp is much stronger for the p=channel-operation. This phenomenon will be addressed
in more detail later.

In Figs. 2.8 and 2.9, the drain currents for n- and p-channel operations are shown as a function of
the sub-gate voltage. Devices with different Xp ranging from 1 to 6 pm were characterized. Drain
voltages were 3 and -3 V for n- and p-channel operations, respectively. Two main-gate voltages
Vemain Were measured for each operation mode, i.e., 10 and 0 Volt for the n-channel and —10 and O
Volt for the p-channel, to represent the "on” and “off” states, respectively. When alarge | Vgmin | was
applied, I-V curves in Figs. 2.8 and 2.9 could be regarded as the operation of FETs with the metal
field-plate (or the sub-gate) serving as the transistor gate, while Xp became the transistor channel
length, since the channel region underneath the main-gate acted simply as a“ pseudo source”.

Vy, extracted from the “on” 1-V curves of Figs. 2.8 and 2.9 is shown in Fig. 2.10 as a function of

Xp. It is seen that the absolute value of Vy, in long-channel (i.e., large Xp) devices is larger for

22



p-channel operation mode. In addition, the short-channdl effects (i.e., Vy roll-off shown in Fig. 2.10
and subthreshold punchthrough shown in Figs. 2.8 & 2.9) are much more severe for n-channel
operation.

The asymmetrical Vy, values for long-channel p- and n-channel operations can be ascribed to the
existence of positive fixed charge normally observed at the oxide/Si channel interface [14]. However,
this alone can not explain the asymmetrical short-channel effects shown in Fig. 2.10. Since n-channel
operation shows much more severe short-channel effects, it strongly suggests that the background
doping in our channel is n-type! After carefully reviewing the process history used in the device
fabrication, we indeed found that the solid-phase crystalization (SPC) step was performed in a
furnace previously used for n* diffusion. This reasonably explains the n-type background doping
found in the channel, and illustrates the importance of carefully controlling the process environment,
asit could significantly influence the device operation.

The n-type background doping in-the channel can aso explain the results shown in Figs. 2.6 and
2.7. As mentioned above, the on-state current-for_p-channel operation shows a much stronger
dependence on the FID length, compared with the n-channel operation. This is because during the
p-channel operation, conduction of holes in the offset channel is confined in the narrow inversion
layer near the channel/oxide interface. In contrast, cross-sectional width for conduction of eectronsin
the offset channel during n-channel operation is wider due to the n-type background doping. The
former case thus shows a stronger dependence on the FID length.

Current ratios between the “on” and “off” states shown in Figs. 2.8 and 2.9 are depicted in Fig.
2.11. Owing to the severe short-channel effects and the n-type background channel doping mentioned
above, ratio much larger than unity is retained at zero sub-gate bias in n-channel operation. This is
consistent with the results shown in Fig. 2.2.

For long-channel (i.e, large Xp) devices, the drain current becomes non-sensitive to the
main-gate bias, and the ratio approaches unity as the sub-gate bias becomes negative and positive for

n- and p-channel operations, respectively. Band diagrams illustrated in Fig. 2.12 can be used to
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explain this phenomenon. In the figure, we concentrate only on the p-channel operation, although
similar results can also be deduced for n-channel operation. When the sub-gate bias becomes positive,
a strong electric field will be developed near the drain side.  As aresult, electron emission from the
drain will be the dominant |eakage mechanism, while the condition in the channel region underneath
the main-gate (or the “pseudo source") has negligible effect. This could well explain why the off-state
leakage is higher for p-channel operation with zero sub-gate bias than that with 50 V.

Finally, it should be pointed out that the drive performance of the proposed ambipolar
device is not optimized in our experiment. This is because of the high barrier height (~0.5 eV) for
both p- and n-channel operations used in our devices. Improvement could be made specificaly for
either p- or n-channel operations by adopting silicide materials with low barrier-height. For examples,
ErSi and PtS can be used for n-and p-channel operations, respectively. However, such improvement

in drivability is achieved by compromising.the capability of. bi-channel operation.

2.5 Summary

In summary, a novel implantless Schottky: barrier. thin-film transistor (SBTFT) with silicided
source/drain and field-induced drain (FID) extension capable of ambipolar operation is successfully
demonstrated and compared with conventional SBTFTs. We found that while the conventional
SBTFTs depict large GIDL-like leakage current and low on/off current ratio of less than 10 the new
devices depict GIDL-free current characteristics with on/off current ratio as high as 10°. This is
achieved for both n- and p-channel modes of operation on the same device.

The proposed structure and its fabrication possess many advantages. First of all, all dopings (i.e.,
including the channel and source/drain) and accompanying annealing steps are eliminated altogether,
resulting in a much simplified overal process flow which is very suitable for low-temperature
manufacturing. Second, the new structure is compatible with metal-gate processing, making feasible
for the first time a fully implantless CMOS process, if metallic material such as TiN is adopted as the

gate material. Third, no additional masking or processing steps is needed in the new structure. Thisis
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because the silcidation for forming Schottky source/drain can be performed simultaneoudy during the
regular salicidation step, while the metal sub-gate can be formed simultaneously with metal
interconnect. Fourth, the fully implantless process coupled with the ambipolar operation can greatly
simplify CMOS process integration, resulting in an extremely low mask-count CMOS flow that is
previoudy impossible. Finally, ambipolar modes of operation with superior characteristics are
demonstrated for the first time, due to the unique device structure. The low current required for the
sub-gate bias also alows the use of on-chip bias generator to simplify external power supply.

We also found that the channel region underneath the sub-gate has alower Vth value and depicts
much more severe short-channel effects for n-channel operation. These trends are ascribed to the
positive fixed charges at the oxide/channel interface and the n-type background channel doping, the

latter could be explained by the prior furnace history used in the SPC step of the device fabrication.
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Chapter 3
L eakage Current M echanismsin Schottky Barrier Thin-Film

Transistors

3.1 Introduction

Our experimental results in the last chapter showed that an excellent on/off current ratio higher
than 10° for both p- and n-channel operation could be realized on the same device. More importantly,
the GIDL-like off-state |leakage current encountered in a conventional SBTFT [1-6](i.e., without a
field plate, using a sidewall spacer to isolate the source/drain and the gate during silicidation, as
shown in Fig. 3.1(b)) could be completely suppressed. Though the improvement is significant and
encouraging, a detailed understanding of the leakage mechanisms for both conventional and FID
SBTFT devicesisin order. In this chapter, we pursue thisissue by characterizing the off-state |eakage
of the devices at different temperatures and' under different bias conditions for both structures. Based
on the obtained results, the conductionmechanisms for-leakage are discussed and identified.

3.2 Experiment and M easur ement

Figures 3.1(a) and 3.1(b) show the cross-sectiona view for the proposed novel structure with
FID and the conventional SBTFT, respectively. Detailed device fabrication can be found in the
previous chapter. The major difference in the fabrication of these devices occurs in the step after the
poly-Si main-gate formation. For the FID device [7-11] (Fig. 3.1(a), a chemical-vapor-deposition
(CVvD) oxide layer was deposited and a photolithographic step was used to define the offset channel
region with length Xp. During the subsequent reactive-ion etching (RIE) step, self-aligned gate
sidewall spacers were simultaneoudly formed in the device with a conventional structure (Fig. 3.1(b)).
Subsequently, a self-aligned silicidation (salicidation) treatment was performed to form the silicide
source/drain. Wafers then followed a standard back-end processing to form contact pads, and received
a plasma treatment at 250°C in NH; for 1 hr before measurement. It is worth noting that the metal

sub-gate was formed during the regular metal patterning, so no extra steps were required.
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Devices were characterized using an HP4156 parametric analyzer. Drain current was measured
by sweeping the gate voltage from 5 to -5 V. The temperature range was from 25°C to 150°C. In
order to investigate the effects of electric field near the drain side, different drain voltage values, | Vb
| =1 and 3V, were applied. For the novel structure operated under p-channel mode, the sub-gate
voltage was maintained at —-50V. While for n-channel operation, the sub-gate voltage was maintained
at 50V. For comparison, measurements with the same main-gate and drain bias conditions were also
performed on conventional SBTFT devices.

3.3 Experimental Results

Figures 3.2 and 3.3 show subthreshold characteristics of n- and p-channel operations
characterized at temperatures ranging from 25to 150  for a SBTFT with conventional structure. As
can be seen in these figures, the device depicts very poor performance with intolerable off-state
leakage current. In fact, the off-state |eakage current is very. sensitive to the voltage difference applied
between the main gate and the drain, i €., | Vep |, and resultsin the V-shaped |-V curves.

Activation energy, Ea, of the conduction process-could be extracted from the Arrhenius plots.
Typical examples for n- and p-channel operations are shown in Fig. 3.4 and Fig. 3.5, respectively. In
these cases, | Vg |=0o0or 45V, and |V, | = 1 or 3V, were applied. Basically, Ex decreases with
increasing | Vp | at a fixed Vg, or decreases with increasing | Vs | at a fixed Vp. This trend is further
highlighted in Fig. 3.6, in which the extracted E, values are plotted as a function of the gate voltage.
The results clearly indicate that E, is also very sensitiveto | Vgp | . Thisimplies that the field strength
of thedrainjunctionis crucial to the leakage.

Typical 1p-Vg characteristics for n- and p-channd operations of FID SBTFTs at different
temperatures are depicted in Figs. 3.7 and 3.8, respectively. The channel length and width of the
device are 5 and 20 um, respectively. The length of Xp is 4um unless otherwise stated. It is seen that,
regardless of the temperature, the off-state leakage current shows only a very weak dependence on Vg,
which is in strong contrast to the behavior of the SBTFTs with conventional structure (Figs. 3.4 and

3.5). However, the leakage current seems to be very sensitive to the temperature and increases
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significantly as temperature rises, implying that the conduction mechanism is most likely a thermally
activated process.

Typical examples of Arrhenius plots for the FID SBTFT under n- and p-channel operations are
shown in Figs. 3.9 and 3.10, respectively. The drain and the main-gate bias conditions are the same as
those used in Fig. 3.6. The sub-gate bias is 50 V for n- and -50 V for p-channel operation. The
extracted E, results are presented in Fig. 11. In strong contrast to the trend shown in Fig. 3.8, Ea
shows only a very weak dependence on | Vgp | in the off-state for either p- or n-channel operation, as
expected from Figs. 3.9 and 3.10. In addition, E, is close to the barrier height of CoSi/Si [12].

3.4 Leakage M echanisms

Based on the above results, we propose the band diagrams shown in Figs. 3.12 and 3.13 to
explain the leakage mechanisms for conventional and FID SBTFT devices, respectively. Note that in
these figures, only n-channel operation is.considered, however, similar conclusions with opposite bias
polarity and carrier type could be deduced.for p-channel operation. For conventional SBTFT devices,
most of the voltage drop in the channel-is developed-near the drain junction, as shown in Fig. 3.12. As
a result, field emission and thermionic emission processes both contribute to off-state leakage. When
Vep increases, however, field emission of holes from the drain junction dominates the conduction
process, due to a decrease in the tunneling distance. This explains why E, decreases with increasing |
VGD | .

On the other hand, the mechanisms for FID SBTFT devices shown in Fig. 3.13 are very different
from those of the conventional SBTFTs. The highly positive bias applied to the sub-gate would pin
the Fermi level of the offset channel region close to the conduction band edge. Under this situation,
the high electric-field region would be pulled away from the drain junction. As a result, only holes
with sufficient energy could overcome the Schottky barrier. In other words, the thermionic emission
process becomes the major conduction mechanism. This explains why E, is higher than that of
conventional SBTFT devices. Moreover, since the barrier height is not significantly affected by the

main-gate bias, the GIDL -like |eakage can be suppressed.
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Note that, in Fig.3. 11, the sum of the activation energies for p- and n-channel operations in the
off-state is dightly larger than the band gap of S (~ 1.1 eV), which is the sum of Schottky barrier
heights for electrons and holes. We believe that this is due to the large bias applied on the sub-gate
that would shift the Fermi level in the offset channel region closer to the conduction band edge for
n-channel operation, and similarly closer to the valence band edge for p-channel operation. This
would result in a barrier height for thermionic emission that is dightly higher than the Schottky
barrier height (see Fig.3. 13).

3.5 Summary

In this work we have experimentaly investigated the conduction mechanisms of the off-state
leakage current for SBTFTs with FID and conventional structure. The results show that the activation
energy of the off-state leakage decreases significantly with increasing| Vgp | for conventional
SBTFTs. Thisindicates that field emission plays a major role as the field strength in the drain junction
becomes high, and results in strong GIDL-like phenomenon. 4n contrast, the activation energy of the
off-state leakage shows only a minor ‘dependence-on-—|-Vap I for SBTFT devices with FID. This is
ascribed to the fact that the high sub-gate biaswould pin the Fermi level of the offset channel near the
conduction band edge for n-channel operation, and near the valence band edge for p-channel
operation, thus pulling the high field region away from the drain junction. As aresult, the thermionic
emission process will dominate the off-state current conduction, thus eliminating the GIDL-like

leakage encountered in SBTFT with a conventiona structure.
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Chapter 4

Characteristics of SBTFTswith ELA Channd

4.1 Introduction

Our previous experimental results described in previous chapter [1-3] showed that on/off current
ratio higher than 10° for both p- and n-channel operation could be realized on the SB TFT with FID
structure. More importantly, the GIDL-like off-state leakage current that has plagued conventional
SBTFTs (i.e., without a field plate, using a sidewall spacer to isolate the source/drain and the gate
during silicidation) could be completely suppressed [4-7]. However, the poly-Si channel that was
prepared using solid-phase crystallization (SPC) technique in our previous study is known to suffer
from the small grain size and large amount of defects at the grain boundaries or inside the grains
[8-11]. These defects will no doubt degrade: the carrier, mobility and increase the off-state leakage
[12-17]. On the other hand, excimer laser annealing (ELA) has recently attracted much attention due
to the superior properties of the recrystallized thin films. The grains of the ELA poly-Si thin films can
be grown as large as several micrometers with proper laser conditions. In addition, by solidification
from the molten phase, the intra-grain defects such as stacking faults and microtwins in the ELA
poly-Si films are aso reduced [18-27]. With these attractive features, ELA has in fact become very
popular for manufacturing high-performance poly-Si TFTs.

To further enhance SB device performance, in this study we have fabricated and characterized
FID SBTFTswith poly-Si channel layer prepared by ELA. We will compare the device characteristics
and investigate the factors that will affect the device operation. Meanwhile, it should be mentioned
that, to serve as control we also fabricate SPC channdl devices described aready in previous chapter.
Thisis because for fair comparison, we have to fabricate the devices in the same lot to cancel out any
possible process variations except the channel materia preparation.
4.2 Device Sructure and Fabrication

A cross-sectional view of the proposed FID SBTFT is depicted in Fig. 4.1. All the process flow
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and the operation are essentialy the same as those mentioned in the last two chapters. Here, we will
only address some key points about the process and film characteristics in this chapter. The structure
features an un-doped poly-Si channel layer with an offset channel region, a top field-plate (i.e., the
sub-gate) lying on top of the passivation oxide and overlapping the entire offset channel region, and
silicide source/drain. Xp is the length of the offset region in the channdl. Detailed process flow for
fabricating the device can be found in previous chapters. In this study, an amorphous silicon channel
layer (50 nm) was deposited at 550 by low-pressure chemical vapor depaosition (LPCVD), which
was subsequently transformed into polycrystalline silicon by either ELA or SPC method. For the split
that received ELA treatment, ELA was performed by irradiating the amorphous Si layer with energy
density of 250 mJcm® for 100 shots and 99  overlap. While for the SPC split, wafers were
recrystallized at 600 in N, ambient for 24 hours. Gate oxide (100 nm) and passivation oxide (400
nm) were deposited using PECVD. Co silicide serving as.the metallic source/drain of SB TFTs was
formed using the self-aligned silicidation’ (salicide): method. Next, the sub-gate and metal gate
deposited and patterned simultaneoudy. It isworth-noting here that all processing steps were done at a
temperature no higher than 600 , i'e, it is compatible with mid-temperature active-matrix
liquid-crystal display (AMLCD) manufacturing. The overall process thermal budget could be further

lowered if the metal-gate processing is adopted.

4.3 Characteristics of SB-TFTswith ELA Channel

4.3.1 Transfer Characteristics of ELA and SPC Samples

Fig. 4.2 and Fig. 4.3 show the ambipolar transfer characteristics of devices with ELA and SPC
channel, respectively. These two devices have nominally the same structural parameters and bias
conditions. The extracted device parameters are given in Table 4.1. It is worthy to note that the
off-state current shown in Fig. 4.2 is comparable to the thermal noise current of the measurement
system which is about several tens of fA. This suggests that the actual off-state leakage current of the

SBTFTswith ELA channel could be even lower.
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With the use of FID, no gate induced drain leakage (GIDL)-like leakage current is observed in
both ELA and SPC channels [4-7]. It can be seen that the threshold voltages for p- and n-channel
operations are not symmetric (i.e., their absolute values are not comparable), and shift to the more
negative side. Such asymmetry can be ascribed to the existence of positive fixed oxide charges at the
oxide/channel interface and the work-function of n  doped poly-Si main-gate.

Also shown in Fig. 4.2, excellent device performance with steep subthreshold slope and higher
than 10° on/off current ratio for both p- and n-channel operations are demonstrated, for the first time,
on a poly-Si TFT device. These characteristics are much better than those of the device with SPC
poly-Si channel, as shown in Fig. 4.3. This is because the grain size of ELA poly-Si films is much
larger than that of SPC poly-Si films, and thus ELA poly-Si films have much fewer inter-grain defects.
The inter-grain defects would trap carriers when the carriers flow through the grain boundaries.
Therefore, the devices with ELA channel:have higher-channel conductivity and on-state current. In
addition, the more defects the channel |ayer has, the more applied main-gate voltage is needed to
overcome the defect sites. This resultsin the poor-subthreshold swing and larger threshold voltage for
the devices with SPC channel.

Moreover, the grain boundaries also provide leakage current paths when the devices are turned
off. Thisiswhy the devices with ELA channel depict much lower off-state current. All the advantages
mentioned above indicate that ELA is very effective in enhancing the performance of SBTFTs.

It is also noted in Fig. 4.2 that the on-state current of p-channel operation is higher than that of
n-channel operation. Since the on-state current conduction mechanism is mainly governed by
tunneling of carriers through the source-side Schottky barrier, such phenomenon could be ascribed to
alower barrier height for holes (¢ g,) than for electrons (¢ g,) at the CoSi,/ Si junction [28].

By contrast, similar trend is not observed in Fig. 4.3 for devices with SPC channels. This can be
qualitatively explained as following: Although the barrier height is important for determining the
on-current, another important factor that should be taken into account is the tunneling distance.

During the on-state operation, most of the voltage drop across the channel would occur near the
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source side and affects the tunneling distance, and thus modulates the tunneling distance [29]. For the
device having an ideal crystaline channel (i.e., no grain boundaries) and biased with a high drain
voltage, the source-side silicide/channel junction will become “transparent”, since the tunneling
distance has been reduced significantly so that the carriers could tunnel through freely [29]. Under
such condition, the barrier height is important in affecting the conduction current. This case could be
applied to the results shown in Fig. 4.2, since the ELA channel has a quality closer to the crystalline
channel. On the other hand, since more traps exist in the SPC channel than in the ELA channdl,
penetration of drain-field would become more difficult for the SPC channel. As aresult, the tunneling
distance could still be large even when a high drain bias is applied. The effect of barrier height and
thus the source-side junction would thus not be as important as for the ELA channel. Instead, the
channel resistance of the devices should aso be considered for on-state operation of devices having
SPC channel. Since it is well known that-the mobility of .electrons in poly-Si is larger than that of
holes, the channel resistance of SBTFTSs in'the on-state for n-channel operation might be lower than
that for p-channel operation. This could explain-why-the on-state current of the device with SPC
channél is higher for n-channel operation.

Note that the transfer curve for p-channel operations shown in Fig. 4.2 depicts two different
dopes in the subthreshold region. This phenomenon is not clear at this stage and may be related to the
nature of the ELA poly-Si layers used in this work.

4.3.2 Effects of Sub-Gate Bias

It has been shown that the applied sub-gate bias tends to increase the on-state current [4]. Thisis
ascribed to the fact that the sub-gate bias could induce carriers supplying from the source at the offset
channel region where the main-gate and silicide source do not overlap. As a result, the sub-gate bias
could also modulate the carrier tunneling distance of source-side Schottky barrier during on-state
operation and thus the on-state current.

Fig. 4.4 and Fig. 4.5 depict the effects of sub-gate bias on the p- and n-channel operations,

respectively, of the FID SBTFT with ELA channdl. It is found that the major improvement appears on
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the on-state current of n-channel operation. This could be explained by using the qualitative on-state
band diagram illustrated in Fig. 4.6. In this figure, we concentrate only on the n-channel operation,
though similar explanation could also be deduced for p-channel operation. The mgor on-state
conduction mechanisms include thermionic emission (path (1) in Fig. 4.6) and field emission (path (2)
in Fig. 4.6 ). The key factor affecting thermionic emission is barrier height ¢ g. On the other hand,
both barrier height and tunneling distance (d) are important for field emission. The barrier height for
electrons when the device is under n-channel operation in on-state is larger than that for holes when
the device is under p-channel operation, and thus the thermionic emission current plays a more
important role in on-state current for p-channel operation. This explains why the effect of modulating

the tunneling distance at the source-side Schottky barrier is more significant for n-channel operation.

4.3.3 Effects of Main-Channel:Length

The p- and n-channel transfer characteristics of .ELA-treated FID SBTFTs with a fixed Xp, but
with main-channel length ranging from-1 to 5. gm.are shown in Fig. 4.7 and Fig. 4.8, respectively. The
major differences appear at the subthreshold region andthe on-state region of p-channel operation. In
contrast, there is very weak dependence on main-channel length for n-channel operation. Since the
effect of Schottky junction on n-channel operation is more significant than for p-channel operation
owing to larger electron barrier height, it is reasonable that n-channel operation shows less
dependence on channel length.

4.3.4 Effects of Channel Offset Length

Fig. 4.9 and Fig. 4.10 show the transfer characteristics of ELA-treated FID SBTFTs with various
Xp for the p- and n-channel operation, respectively. For the same reason, the results are similar to the
effects of main-channel length that the p-channel operation exhibits higher dependence on Xp.

Nevertheless, in contrast to Fig. 4.7, the effects of Xp have more influence on the on-state
current than the subthreshold current in Fig. 4.9. This is because the resistance of offset channel is

higher than that of main-channel only when the devices are turned on.
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4.4 Conduction Mechanismsfor Off-Sate L eakage

All the transfer characteristics shown in section 4.4 were measured at room temperature (i.e.,
about 25 ). The off-state leakage currents of devices with ELA channel at room temperature, which
are comparable to the thermal noise current of the measurement system, are so low that prevent us
from studying the conduction mechanisms of off-state leakage currents. Therefore, we characterize
the off-state currents at higher temperature up to 150 to discuss and identify the conduction
mechanisms for off-state leakage currents of devices with ELA channel. The off-state characteristics
of devices with SPC channel are also studied to serve as the control.

4.4.1 Deviceswith Excimer-Laser-Annealed (ELA) Channel

From our previous study in chapter 3, it could be understood that the off-state current of SBTFTs
could be ascribed to the combination of. field emission and thermionic emission. If the thermionic
emission dominates the off-state current,.the extracted activation energy (E») would be close to the
barrier height of Schottky junction. In-such:case,-the activation energy should be independent of the
gate voltage. On the other hand, when the field emission dominates the conduction, the extracted
activation energy would be much lower than the barrier height of Schottky junction.

The off-state characteristics of the FID SBTFT with ELA channel measured at different
temperatures ranging from 50 to 150 under n- and p-channel operations are depicted in Fig.
4.11 and Fig. 4.12, respectively. The off-state currents are almost independent of the main-gate bias.
Thisimplies that the thermionic emission dominates the |eakage conduction mechanisms.

Fig. 4.13 shows the corresponding Arrhenius plots. It should be noted that the off-state currents
measured at 50 are still so low that the thermal noise currents could not be neglected. Thus, the
data obtained at 50 is excluded in the Arrhenius plots. The activation energies extracted from Fig.
4.13 show weak dependence on the drain bias.

The activation energies extracted at different main-gate voltages are shown in Fig. 4.14. It can

be seen that the activation energies are weakly dependent on the main-gate bias, except for V maingae =
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-3V under n-channel operation where the device is near the subthreshold region. This confirms our
deduction that the thermionic emission is the dominant mechanism responsible for the leakage.

Qualitative off-state band diagrams illustrated in Fig. 4.15 are used to explain the above results.
For n-channel operation, the high positive bias applied to the sub-gate pins the Fermi level of the
offset channel region close to the conduction band edge. Under this situation, the high electric-field
region is pulled away from the drain junction, as shown in Fig. 4.15(a). As aresult, only holes with
sufficient energy can overcome the Schottky barrier. In other words, thermionic emission process,
rather than field emission, is the major conduction mechanism. Moreover, since the barrier height is
not significantly affected by either the main-gate or drain bias, the activation energies show very weak
dependence on the main-gate or drain bias.

Similarly, the high negative bias applied to the sub-gate serves to pin the Fermi level of the
offset channel region close to the valence band edge for the p-channel operation, as shown in Fig.
4.15(b). Again, the high electric-field=region is pulled away from the drain junction. Only electrons
with sufficient energy can overcome the Schettky-barrier. and eontribute to the leakage.

4.4.2 Devices with Solid-Phase-Crystallized (SPC) Channel

Fig. 4.16 and Fig. 4.17 depict n- and p-channel off-state characteristics, respectively, of the FID
SBTFT with SPC channd at various temperatures ranging from25  to 150 . The off-state currents
are much larger than those of ELA-treated counterparts. The discussions made in Section 4.4 can be
used to explain this phenomenon. The corresponding Arrhenius plots are shown in Fig. 4.18. The
activation energies extracted at different main-gate voltages are given in Fig. 4.19. Similar to devices
with ELA channel, it can be found that thermionic emission dominates the off-state conduction
mechanisms.

It is worthy to note that the extracted activation energies shown in Fig. 4.19 are lower than those
in Fig. 4.14 for both n- and p-channel operations. This can be ascribed to the high concentration of
deep states within the band gap in SPC poly-Si channel layer. These deep states would pin the Fermi

level of the offset channel region at mid-gap, and thus the sub-gate bias could not shift the Fermi level
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close to the conduction or valence band edge. Consequently, the barrier height for thermionic
emission of devices with SPC channel would be lower than that of devices with ELA channdl, as
illustrated in Fig. 4.20.

Because @ g, is lower thang g, at the CoSi,/ Si junction, it can be seen in Fig. 4. 14 and Fig.

4.19 that the activation energies for n-channel operation islower than those for p-channel operation.

4.5 Summary

FID SBTFT devices with ELA poly-Si active channel were successfully fabricated and
characterized in this thesis. Excellent device performance in terms of steep subthreshold slope and
on/off current ratio higher than 10° for both p- and n-channel operations are demonstrated, for the first
time, on asingle poly-Si TFT device.

Source-side tunneling process is found to be important for on-state device operation, especially
for the n-channel operation that has alarger barrier height. On the other hand, it is identified that the
thermionic emission process is the mgor conduction-mechanism responsible for the off-state |eakage
current.

The stellar performance with on/off current ratio larger than 10° for both n- and p-channel modes
of operation, together with its inherent ambipolar capability, implantless process, low thermal budget,
and simplified CMOS integration scheme, make this kind of device a very promising candidate for

future AMLCDs and system-on-panel (SOP) applications.
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Fig. 3.1 (ELA sample)

Fig. 3.2 (SPC sample)

n-channel p-channel n-channel p-channel
S.S. (V/dec.) 0.193 0.132 15 11
l on 2.68 pA 26 pA 608 nA 73.8 NA
| off <10fA <10fA 2.69 pA 3.39 pA
lond ot >268x10° | >26x10° | 226x10° | 218x 10"
Table4.1 The extracted characteristic parameters of Fig. 4.2 and Fig. 4.3
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Fig. 4.1 Crosssection of FID SBTFT.
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Fig. 4.2  Ambipolar transfer characteristics of FID SBTFT with ELA channel.
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Fig. 4.3  Ambipolar transfer characteristics of FID SBTFT with SPC channel.
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Fig. 4.4  Effects of sub-gate bias on p-channel operation of FID SBTFT with
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Fig. 4.5  Effects of sub-gate bias on n-channel operation of FID SBTFT with
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Fig. 4.6 Qualitative on-state band diagram for n-channel operation.
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Fig. 4.7  Effects of main-channel length on p-channel operation of FID SBTFT
with ELA channdl.
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Fig. 4.8  Effects of main-channel length on n-channel operation of FID SBTFT
with ELA channdl.
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Fig. 4.9  Effects of offset-channel length on p-channel operation of FID
SBTFT with ELA channdl.
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Fig. 4.11 Off-state characteristics of FID SBTFT with ELA channel at different

temperatures under n-channel operation (a) Vp =1V and (b) Vp=3V.
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Fig. 4.12 Off-state characteristics of FID SBTFT with ELA channel at different

temperatures under p-channel operation (a) Vp =-1V and (b) Vp =-3 V.
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Fig. 4.17 Off-state characteristics of FID SBTFT with SPC channel at different

temperatures under p-channel operation (a) Vp =-1V and (b) Vp =-3 V.
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Chapter 5

Schottky Barrier TFTswith Nano-Scale Channel Width

5.1 Introduction

As our study demonstrated in the last three chapters, we find that the novel SB-TFTs
with field-induced-drain can successfully suppress off-state leakage current. Considering the
advantages of FINFET [1-4] mentioned in Section 1.1.3, a combination of Schottky Barrier
FnFET and FID-structure would be a promising device. This is because FinFET suffers from
insufficient current driving capability caused by the nature of the fin structure with large
series resitance which seriously impedes its application. Concomitantly, Schottky-barrier S/D
junction formed by low resistivity silicide is attractive in reducing the unwanted source/drain
series resistance with conventional MOSFET using heavily-doped S/D. The process flow is
inherently low temperature in nature, because no post-implant annealing step is required [5-7].
This feature makes it compatible with future technologies employing high-k gate dielectric
and meta gate. Moreover, the inherently abrupt and shalow silicide junction is also
conducive to the suppression of short-channel effect, which is another acclaimed feature for
its implementation in nano device applications.

Also from the perspective of AMLCD application, FInFET structure will aso increase the
aspect ratio. In addition, adopting the FinFET structure will improve SB TFT devices performance.
Thisis because the amount of defects in the channel is significantly reduced owing to the ultra-thin fin
body. Besides, the double-gate scheme is very effective in enhancing the gate control over the channel
potential, minimizing drain-induced barrier lowering and threshold voltage roll-off [8-12]. This is
very helpful for peripheral driving circuit performance. With these motivations in mind, we carried
out in this work the feasibility study of SBTFT devices with afin-like channel. So, in this chapter, we
fabricated and characterized poly-Si SBTFTs with nano-scale poly-Si channel width. As-deposited

poly-Si films were used as the channel layer. Top and cross-sectional views of the device are show in
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Fig. 5.1. It is worth noting that when the planar channel width becomes comparable to the channel
thickness, the device is similar to the double-gated FinFET reported previously [1]. In fact, the new
device actually has atriple-gated structure [13], i.e., both the top (planar) and the two sidewalls of the
Si film underneath the main gate serve as the conduction channel, since no hard mask was employed
on the Si channel (see Fig. 1(c)). As a result, the current drive can be increased due to a larger
effective channel width. Furthermore, the subthreshold characteristics of the device are expected to

improve since the controllability of gate bias over the channel potentid is greatly enhanced.

5.2 Device Fabrication

Figure 2 shows key process flow and the device structure. E-beam lithography was employed for
device patterning throughout the fabrication. The starting substrates were 6 in. Si wafers capped with
thermal oxide (400nm). The active poly-Sitlayer wasfirst deposited at 620  using SiH, low-pressure
chemical vapor deposition (LPCV D). The thickness of' poly-Si active layer was around 80 nm.
Poly-Si channel with planar channel width down-t0-50-nm was defined using e-beam lithography and
plasma etching. After the device idand (including S/D-contact regions and Si channels) was defined, a
10 nm-think sacrificial oxide was grown and wet-etched to remove the damage created by dry-etching
processes on the sidewall surfaces of the Si fins. After cleaning, a 3nm-thick gate oxide was thermally
grown in diluted oxygen ambient, followed by the deposition of a 150nm-thick, in situ
phosphorus-doped polysilicon. The polysilicon gate was then etched in a high-density plasma etcher
with an etching selectivity to the under oxide layer larger than 100. A 20nm-thick TEOS
(tetra-ethyl-ortho-silicate) oxide layer was then deposited using LPCVD, and patterned to define the
offset (i.e., source/drain extension) regions (Fig. 2(a)). After Ti (20nm)/Co (20nm) deposition by
sputtering, Co self-aligned silicidation (salicide) process was subsequently performed in the SD
regions (Fig. 2(b)). Next, a 40nm-thick TEOS oxide layer was deposited using plasma-enhanced
chemical vapor deposition (PECVD), followed by contact holes and aluminum pads/sub-gate

formation (Fig. 2(c)). Finally, wafers received an annealing in forming gas at 400 . Electrica
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characterizations were performed after the device fabrication using an HP4156A semiconductor

analyzer. Note that no plasma hydrogenation step was performed on the devices.

5.3 Results and Discussion

Figure 3 depicts typical ambipolar characterigtics of the fabricated devices for both FinFET (Fig.
3(a)) and planar (Fig. 3(b)) structures. Though no plasma hydrogenation was performed, high on/off
current ratios (~ 10°) is achieved for both p- and n-channel operations in a single device. The high
on/off current ratio is ascribed to the application of the sub-gate bias, which has been shown to be
effective in not only increasing the on-state current [2], but also suppressing the off-state leakage
current. The subthreshold swing (SS) is aso sharper for FInFET structure than the planar structure,
due to the better controllability of Tri-gate.

Figure 5.4 describes the effect of sub-gate bias (Vsub). The On-current increases as |Vsub|
increases. Figure 5.5 shows the effect of drain side extension-Xp. While the drain extension region is
necessary for leakage current reduction, a longerXp-results in significant on-current reduction, due to
the associated series resistance.

Figure 5.6 illustrates the short channel controllahility, i.e., SS as a function of channel length, for
FinFET and planar devices. We can see that FinFETs depict smaller SS. Moreover, and the SS
degradation at shorter channel length is also reduced for FinFETS. The dependence of SS on fin width
is depicted in Figure 5.7. For devices with channel length of 470nm, reducing fin width resultsin a
smaller SS, again confirming the improved SCE control for nano-scale channel width. This could be
explained using the schematic drawings shown in Fig. 5.8. When the channel width is smaller than
two times the depletion width (Wdep) in the channel, the channel becomes fully depleted and thus the
subthreshold swing could be lowered. Effective trap densities per unit area, Nt, in the poly-Si channel
extracted from the subthreshould swing, SS = In[10x(kT/q) x (1 +Cd/Cs)], where Cd = gxNt,
with channel width larger than 120 nm are found to be around 8.8 x 10% cm? and 11.4 x

10" cm™ for n- and p- channel operations, respectively. From the results shown in Fig. 5.7,
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Wdep is around 50 ~ 60 nm. The effective trap concentration, Dt = Nt / Wdep, in the channel is thus
estimated to be 1.48 x 10 cm™ for dectrons and 1.9 x 10 cm™ for holes. Significant lowering
in subthreshold swing as channel width is smaller than 120 nm is due to the reduction of effective trap
densities in the channel. This phenomenon is more significant for p-mode operation, which well
explains why p-mode operation exhibits larger improvement in on-state current as channel width is
scaled into the nanometer regime shown in Fig. 5.3.

Figure 5.9 shows the threshold voltage as a function of fin width (channel width). The channel

length is fixed a 470nm, and V+y is defined as the |VGmam| at which a | 10| nA/um drain current

flows at \VD \ =0.1Volt. Interestingly, VTH\ decreases as the fin width decreases, which is contrary
to the SS trend. The explanation is that when the fin width is thin enough, a smaller amount of defects,
which influence V 1y, exists in the active region, so it is easier to turn on the nano-scale poly-silicon
film device. This, together with the tri-gate. control, accounts for the observed sharp SS.

Figure 5.10 shows the sub-gate bias effect on threshold voltage roll-off characteristics. It can be
seen that V 1y roll-off is more pronounced with higher | V Gaib 1 . The aggravation in V1 roll-off curves
is believed to be due to the sub-gate induced barrier-lowering. This is similar to the drain-induced
barrier lowering (DIBL phenomenon), except that the penetration of electric field now originates from
the sub-gate bias. A small amount of potential edges toward the channel and can modulate the channel
length when a high | Vgsw lis applied [10]. To further illustrate the influence of FID, we compare the
short channel effect for devices with different offset channd lengths, for example Xp= 0.1 um and
self-aligned spacer, in Fig.5.11. Apparently, the short channel effect is more severe for the device with
self-aligned spacer, due to the stronger drain-side electric field. Figure 5.12 shows the subthreshold
slope as a function of fin width, for FiNFET devices with either 0.1um offset length or self-aligned

spacer. It can be found that the swing degrades more serioudly for self-aligned device, because of

drain-side electric field mentioned above.

5.4 Summary
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In thiswork, a novel nano-scale SB poly-Si TFT device which features metallic silicide Schottky
barrier source/drain and field-induced S/D extension was fabricated and characterized. The fabrication
of the new device is simple, and does not require implantation and associated annealing steps. Low
overall processing temperature makes the new device suitable for applications using large-area glass
substrates. With the unique field-induced S/D extension scheme, extremely low off-state |eakage
current and high on/off current ratio (>10°%) could be achieved. Besides, excellent p- and n-channel
device performances could be realized on asingle device.

The fabricated devices exhibit higher current drive for n-channel operation mode, which is
different from that observed on SOI FinFET, and can not be explained by the relatively lower barrier
height for holes at the Schottky junction. Nevertheless, our results also indicate that, despite the high
trap density in poly-Si films, high on/off current ratio and small subthreshold swing can be achieved.
It appears therefore possible to achieve SOI-like device characteristics if poly-Si film improvement

methods, such as excimer laser annealing and metal-induced crystallization scheme, are adopted.
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Fig. 5.1 (a) Top view of the SB poly-Si TFT, (b) Cross-sectional view of the SB

poly-Si TFT along A - A’ direction in (a), and (c) Cross-sectional view of the
SB poly-Si TFT along B - B’ direction in (a). Note that the sub-gate is not
shown in (c).
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Chapter 6
A Novel Method to Analyze Full Band-Gap Density of Sates
Distribution in Thin Film Transistors

6.1 Introduction

The electrical properties of polycrystalline semiconductor devices are strongly affected by
defects such as dangling bonds and strained bonds located at the grain boundaries [1-3] as mentioned
in the previous chapters. An understanding of the nature, energy distribution, density, and behavior of
these defects is important for the development of polycrystalline TFTs. Severa approaches have been
developed to determine the density of gap states (DOS) in polycrystalline devices, such as
capacitance-voltage method [4], the doping dependence of conductivity [5], and the field effect
conductance (FEC) method [6-7]. Among them; only the field effect conductance method is
compatible with modern poly-Si TET ‘samples. A theoretical interpretation of the field effect
conductance method was given by Suziki. et al. [8]-to-cal culate the DOS of amorphous Si TFTs [9].
The technique has been extensively applied to &Si:H"devices and provides adequate information on
the DOS in spite of some interpretation difficulties, such as the differentiation between bulk and
interface states. In the case of poly-Si TFTs, the method has also been proven to be sensitive enough
to account for the effect of film morphology and differences in device processing [10]-[11], thereby
providing an essential tool for the analysis of poly-Si thin film transistors.

However, there are also severa issues associated with the field-effect conductance method. In
particular, the distributions of gap states in upper (Ei ~ Ec) and lower (Ei ~ Ev) half of band-gap are
obtained using n- and p- channel devices, respectively. This limitation necessitates the use of at least
two separate devices with different channd types to obtain full band-gap density of state analysis.
Moreover, measurements need to be performed at various temperatures in order to determine the

flat-band voltage (for details, please refer to the method description session later in this chapter).
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In this work, we propose a novel method to determine the full band-gap density of states of
poly-Si channel using only a single device. The new method is successfully demonstrated on the
novel Schottky barrier (SB) TFT device with field-induced drain (FID) described in previous chapters
[12]-[16]. The SB-TFT device exhibits an ambipolar operation capahility, i.e., both n- and p- channel
operation modes could be achieved in a single device. By exploiting this unique characteristic, we can
perform the field effect conductance method to acquire the full-band gap state density distribution
using only a single device. Experimentally, we also found that the flat-band voltage could be acquired
by simply characterizing the ambipolar current-voltage (I-V) characteristics, without resorting to
various temperature measurements. The extracted value is very close to that obtained by the

temperature method, while the measurement scheme is greatly simplified.

6.2 Realization of Full Band-Gap DOSAnalysis Using a Single Device
6.2.1 Field Effect Conductance M ethod

As mentioned in the last chapter, the performance.of poly-Si TFTsis strongly affected by defects
in the poly-Si channel. Characterization and analysis-of DOS is thus essentia for understanding the
device characteristics and their dependence on the processing conditions. Moreover, accurate DOS is
required for the modeling of poly-Si TFT characteritics. It has been shown that field effect
conductance (FEC) method can serve this purpose. In this chapter, we will first briefly review its
theoretical background.

FEC method was original proposed for characterizing the DOS in &S TFTs. When applied to
poly-Si TFTs, the presence of grain boundaries in the channel could be of great concern. Fortunately,
it has been proven that, when the grain size is small enough (compared to the channel length), the
poly-Si channel film can be modeled using the® effective-medium” approach [6], in which the
existence of grain boundary defects and intragranular defects are assumed to be uniformly distributed
throughout the material. Under this assumption, the band bending is a solution of the one-dimensional

Poisson’s equation.
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d?y p(x)
7 = 6-1
dX2 |X70 ES ( )
The meanings of the symbols could be found in the List of Symbols (page [xxi]).
p (x), charge density per unit volume, can be expressed by
Ec Ec
py)=—a] Ng(E)f (E - E- —ay)dE +q[ Ng(E) f (E - E; )dE (6-2)
Ev Ev

Thefirst term denotes acceptor-like states, which are neutral when empty and negatively charged
when filled with electrons. The second term denotes donor-like states, which are positively charged
when empty and neutral when filled with electrons. For sufficiently low temperatures, all states below
the Fermi level are filled and all states above the Fermi level are empty. Egn. (6-2) can be written
(zero-temperature approximation)

Egtqy
p(#) =g [Ng(E)dE (6-3)
Ee
where Ng(E) is the gap-state“density. (per-unit volume). Multiplying by 2-0y /0x and
integrating from x=0 (oxide-semiconductor interface) to x=Xo (un-modulated bulk, see Fig. 6.1)
Er+ay

(d_'m T:@Td(p [ Ng(E)dE (6-4)
dx *° £s o &

where U sisthe band bending at x=0 (surface potential), and (?j—w |X=Oj isthe electric field
X

at the surface. The gap-state density is then given by

&g 0° (dy ?
Ng(Eq + === - 6-5
g( F V/s) 2q 81/132 [ dX x_Oj ( )

The electric field at the semiconductor surface is given, in the absence of surface states,

d Eox Vox Eox Vo —Veg —
V| = fo Yoo fo Yo TVee Vs (6-6)
dx eq t £q t

0ox 0ox

From Egns. (6-5) and (6-6), the gap-state density can be determined if the relationship between

Vg and Y sand bulk Fermi energy is known. The relationship between Vg and s can be determined
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by the following two methods.

Theincremental method

By assuming that the transport is by electrons, the field conductance is defined as [ 8]

exp(qy / KT) —1d

6-7
dy / dx D

GzGo—%T
0

where d is the poly-Si film thickness and G, is the conductance for the flat band condition. The
conductance is defined as the derivative of drain current with respect to the gate voltage at a fixed

drain voltage. Differentiating Eqn. (6-7) with respect to the surface potential gives

dG :_&.exp(qy//KT)—l 69)

dWS d dW/dxlx:O

By substituting Eqgn. (6-6) into Eqgn. (6-8), the following approximation expression is obtained:

dy, 1 &, d Vo-Vesw, (6-9)
exp(qy /KTy -1

Actualy, Egn. (6-9) can be expressed by the differential form:

G V.~V <
Vein =Wsi +— R, TR i (6-10)
’ Y eg exp(dys; /KT)-1

which can be used to construct the s ¢ against V¢ relationship.

The temperature method
This method is based on the temperature dependence of dG/dVs. From Egns. (6-8) and (2-6),

and dG/dV s=(dG/dy ¢ )(dy 5 /dV ), one can obtain the following expression:

dcydv _G, Eox _exp[(EF - E; +qy)/KT] = k. @-AE/KT) (6-11)
G dS .tOX p(l//s)

Both Er andy s in the above eguation are expected to be temperature dependent. This
dependence is due to the variation of Eg with T and to the so-called statistical shift. The latter is dueto
the fact that the total density of electrons (trapped plus free electrons) is a constant, so Eg must shift

with T in order to compensate for the temperature dependence of the Fermi function. Since al terms
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on the right-hand side, with the exception of exp(qy #/kT), have a weak temperature dependence, U
can be determined from log(dG/dVg) versus /T plot. The temperature analysis aso allows the
determination of an important parameter, namely, the flat band voltage. Following the method

proposed by Weisfield and Anderson [17], the following expression is obtained for smally ¢

2
dlogG _ &y 1 1+1(%j+o(%j (6.12)
dv, t, OKTN,| 2\ KT KT

where N, is the DOS at the Fermi level under flat band condition. Vg is then determined as the

gate voltage where T(dlogG/dVg) is temperature independent. Fig. 6.2 summarizes the flow chart
using conventional FEC scheme to determine the DOS. It should be noted here that both p- and

n-channel devices are needed for full band-gap DOS characterization.

6.2.2 Operation of Ambipolar TFT

In this study we propose a new approach that utilizes only a single FID SB-TFT to achieve the
full band-gap DOS characterization. The device-operation and fabrication are described in previous
chapters. In this work, most samples use CoSi, asthe source and drain material to exploit its
near-mid-gap work function. With near-mid-gap work function, the barrier height between e ectrons
and holes is comparable (Note: barrier height for electron is dightly higher than for hole in this case),
resulting in near symmetrical I-V characteristics. Issues regarding the barrier height of silicde on the
DOS measurement will be addressed in next section.

During device operation, a proper fixed voltage is applied to the field-plate to form an electrical
drain extension under the field-plate region. The device can be set for n- and p-channel operations
with positive and negative biases, respectively. With appropriate bias and polarity applied on other
electrodes (i.e., main gate, source, and drain), excellent ambipolar transfer characteristics could be
achieved. The unique ambipolar characteristics are exploited in our approach to extract full band gap

DOS using only asingle device.
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6.3 Analysisof Full Band-Gap DOSin FID-SB TFT Sructure
6.3.1 Determination of DOS Using Temperature and |ncremental

Methods
Figure 6.2 shows the flow chart for the determination of DOS used in field effect conduction
method. First of al, we have to obtain the flat-band voltage of the device. The flat band voltage can be

determined by the temperature (i.e., activation energy) method with Equation (6-12)

2
dlogG ~ fox L{1+1(%j+0(%j } (6-12)

dv, t, okTN,| 2( KT KT

From the above equation, the flat-band voltage can be determined by the V¢ when the product T
x (dlogG/dV ) is temperature independent (because surface potential is zero). Figures 6.3 (a) and (b)
show the characteristics of T x (dlogG/dV ) against 1000/T performed on a FID SBTFT under n- and
p-channel operation modes, respectively. Frem the tworfigures, the flat-band voltage is determined to
be around -2.1V that is almost independent of thetemperature.in either p- or n-channel operation.

Once the flat-band voltage is obtained, the relationship between the gate voltage V¢ and surface
potential @ s could be established by either.incremental method or the temperature method mentioned

in Section 6.2. Next, we first use the incremental method to obtain this relationship, as shown below:

-G Ve, =V — v,
Vsin =VWsi T G|+1 Gl i ‘9& = re Vs, (6-10)
’ Y eg exp(qys; /KT)-1

Here we use the Visual Basic Language to obtain the solution of this equation. After the
flat-band voltage and the relationship between gate voltage and the surface potential are determined,
Matlab language is adopted to obtain the gap-state density.  Fig. 6.4 shows an example of the DOS
versus energy level in the gap. In this case the channel is made up of solid phase crystallization (SPC)
poly-Si film. The channel width is 20um, and the channel length is 2um. The upper- and lower-half
gap density is obtained by biasing the device into n- and p-channel operation modes, respectively.

Next, we show how the temperature method is performed to obtain the relationship between the

gate voltage and surface potential. This method is based on the temperature dependence of
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conductance at different gate voltages. Figure 6.5 shows the characteristics of drain current versus
gate voltage measured at different temperatures. It can be seen that the on-current becomes larger as
the temperature gets higher, smply due to a higher thermionic emission. Figure 6.6 shows the
Arrhenius plot of dG/dV s against 1000/T at different applied gate voltages. The slope of each straight
line defines the activation energy, Ea. Figure 6.7 shows the characteristics of activation energy against
gate voltage. As the gate voltage is increased, activation energy falls due to increasing carrier density
(and thus lower barrier height). From the equation Ea= E-Erp-qU s Stated in Section 6.2 and the
results obtained in Fig. 6.7, we can obtain the relationship between the gate voltage and surface
potential. As a result, the gap-state density distribution could be obtained. Figure 6.8 shows and
compares the DOS versus energy level in the gap obtained by the temperature method and
incremental method. The results are in reasonable agreement with each other. Nevertheless, in most
cases it is observed that the data obtained from the temperature method show more fluctuation in the
mid-gap region. This is ascribed to the dramatically. lowering in measured current as temperature is
reduced. In some instances the currentss closeto-or-even below the limit of the measurement system.
Thus, it is preferable to use the incremental method, rather than the temperature method, to determine
the relationship between the surface potential and gate voltage.

6.3.2 Effectsof Applied Drain Bias

Here we address the effect of drain bias on the measurement results. The measurements were
carried out for n-channel operation by sweeping gate voltages from —3 to +6V, and for p-channel
operation by sweeping gate voltages from —1 to —10 V, with drain voltages |[Vps|= 0.1V or 5V, and
sub-gate voltage [V sub|=50V. Figure 6.9 shows Ip-V g characteristics for the FID SB-TFT with CoSi,
S/D material. The channel film is SPC poly-Si film. As can be seen in the figure, the on-current in
n-channel operation is more sensitive to Vps than p-channel operation, owing to the higher barrier
height of electrons than holes at the CoSi,/Si contact. The extracted DOS results are shown in Fig.
6.10. It is observed that the DOS remains unaffected in the mid-gap regime, but increases significantly

near the band edge when |V gl is set at 0.1V, especidly for the conduction band edge. It was shown in
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previous chapters that the increase in |Vpg| could decrease the source-side carrier tunneling distance
[12]-[14], and thus the parasitic resistance. As the Fermi level moves toward the band edge, the
operation is near threshold and becomes more sensitive to the contact resistance. As aresult, the DOS
is overestimated when |V pg| is not sufficiently high.
6.3.3 Effectsof Channd Length

Figures 6.11~6.14 show the ambipolar transfer characteristics and corresponding extracted DOS
for four devices with sdlf-aligned spacer and channel length ranging from 0.8 to 5 um. The on-current
measured at |[Vpg| = 0.1 V as afunction of channel length for these devicesis shown in Fig. 6.15. The
on-current becomes larger as the channel length becomes shorter due to reduced channel resistance.
However, the n-mode current is almost independent of channel length when channel length is lager
than 1y m, indicating the significance of contact resistance due to larger electron barrier height. In
these measurements, the mid-gap DOS is'amost the same (about 1.2x10™ eV™*cm™®), while the tail
DOS is strongly dependent of the applied.bias conditions. Figures 6.16 (a) & (b) compare the DOS
results among devices with different channel lengths.and [Vps| of 5 V. It can be seen that reasonable
agreement is achieved among these devices indicating.that |Vps| of 5 V is sufficiently large so the
effects of parasitic resistance isinsignificant.

6.34 Effectsof Drain-side Extension Length

Figure 6.17 (a) shows ambipolar transfer characteristics of devices with either self-aligned or
non-self-aligned (Xp = 3 um) FID length under Vg of 0.1V. The extracted DOS results are shown in
Fig.6.17 (b). It can be seen that the on-state current is significantly lower for the device with Xy of 3
M m. This is apparently due to the larger parasitic resistance in the FID region and thus leads to an
overestimation of tail DOS, as shown in Fig.6.17 (b). Such disparity can, again, be removed by
increasing |V pg| to 5V, as shown in Fig. 6.18.

6.3.5 Effectsof Measurement Temperature

Figure 6.19 shows the ambipolar transfer characteristics of a device characterized at 25°C and

55°C. The on-state current is larger at 55°C than 25°C, owing to the enhanced conduction of
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thermionic emission at higher temperature. The extracted DOS results are shown in Fig. 6.20. We can
see that the results are in reasonable agreement with each other, indicating that the zero-temperature
approximation mentioned in Section 6.2 holds in the characterized temperature range.

6.3.6 Results Comparison with Conventional Approach

Figure 6.21 shows and compares the DOS results extracted by performing the characterization
process on a FID SB-TFT and two conventional TFTs (i.e., p- and n-channel TFTs with degenerately
doped S/D) with same channel material, which is as-deposited poly-Si films. It can be seen that the
results are similar which validates the DOS data deduced from the FID SB-TFT structure, even
though only a single deviceis used in our proposed methodol ogy.

6.3.7 Effects of Channel Crystallization Treatment

The electrical performance of poly-Si TFTs strongly depends on the quality of the polysilicon
film. Methods such as direct deposition of ‘polysilicon film by |ow-pressure chemical vapor deposition
(as-deposited poly-Si), low-temperature solid phase erystallization (SPC) of amorphous silicon, and
excimer laser annealing (ELA) crystallization-methods,-have been carried out in this work to examine
their crystallinity and its consequence on the DOS characteristics. Fig. 6.22 shows the DOS extracted
from samples with SPC and as-deposited poly-Si channels. Both samples received 1-hour NH; plasma
treatment. It is seen that the SPC channel shows less DOS than the as-deposited poly-Si counterparts.
This is primary due to the larger grain size of SPC sample than that of as-deposited poly-Si, as
characterized by the transmission electron microscopy (TEM) results shown in Fig. 6.23. Both
electrical and physical characterizations confirm that the SPC film indeed has larger grain size and
better quality than the as-deposited poly-Si film.

Figure 6.24 shows the DOS comparison between the ELA and SPC samples The results
indicate that the ELA treatment could further reduce the DOS. Figures 6.25(a) and (b) show the TEM
micrographs of the SPC and ELA samples, respectively. We can clearly see that the grain size of ELA
film is much larger than that of SPC film, and resulting in the reduced DOS shown in Fig. 6.25.

6.3.8 Effectsof Plasma Hydrogenation
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It was shown previoudy that deep trap states located near the mid gap mainly arise from
dangling bond defects (predominantly located in grain boundary regions) whereastail states may arise
from distorted bond defects (predominantly existed inside the grains) [18]. These traps could be
effectively reduced after performing hydrogenation treatment on the fabricated devices. Moreover, the
relative passivation efficiencies on different types of defects can be determined and compared by
comparing the DOS before and after hydrogenation. Fig. 6.26 shows and compares the ambipolar
transfer characteristics of the SPC samples before and after 1 hour NH3; plasma treatment. After
plasma trestment, the on-current and the subthreshold swing are improved. The corresponding DOS
results are shown in Fig. 6.27. As can be seen in the figure, a hump appears near mid-gap before
hydrogenation, presumably caused by the dangling bonds situated in grain boundaries. Hydrogenation
reduces the mid-gap state density by one order of magnitude (from 10" to 10" eV cm®). This results
in improved subthreshold swing and on-current. It can-also be seen that, although the mid-gap state
density is reduced dramatically after plasma hydrogenation, the tail state density near both valence
and conduction band edges are only affected-slightly. This indicates that the plasma treatment
passivates the dangling bond more effectively. 1t may-need more time to reduce the tail state density,
as pointed out in Ref. 18.

Figure 6.28 shows and compares the DOS of devices with as-deposited poly-Si channel before
and after plasma hydrogenation. Similarly, the DOS is reduced, though the improvement on tail states
seems to be more significant, as comparing to the SPC case shown in Fig. 6.27. This phenomenon is
not fully understood at this stage and may presumably be related to the column grain texture with the
smaller grain size. Table 6.1 lists DOS of the devices before and after plasma hydrogenation.

6.3.9 Effectsof Slicide Material

Figure 6.29 shows the ambipolar transfer characteristics of FID SB-TFT device with PtSi
Source/Drain. We can see that the on-current is larger in p-channel operation than in n-channel
operation. This is due to the lower barrier height for holes (~0.24€V) than for electrons (~0.88eV) in

the case of PtSI/Si contact. As a result the contact resistance will be significant for n-channel
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operation. The extracted DOS is shown in Fig. 6.30, together with that obtained from the device with
CoSi; SID. We can see that the upper-band DOS is obviously overestimated for the device with PtSi
S/D, owing to the high parasitic resistance presenting at the silicide junction. Thus, for full-band gap
DOS analysis, it is essential to choose a proper mid-gap silicide material to obtain accurate gap state
density distribution.

6.3.10 Analysisof Full band-gap DOSin SB Poly-S FInFET

In the previously chapter, we proposed poly-Si SB-TFT with nano-scale channel width featuring
silicided Schottky barrier source/drain with field-induced source/drain extension. This device is also
called poly-Si SB FinFET. The process flow of fabricating these nano-scale devices is similar to that
of fabricating conventional structures with three notable differences: First, e-beam lithography is
employed for device patterning throughout the fabrication. Second, the etching selectivity of poly-Si
to SiO, must be high enough to ensure that the poly-Si' channel is not damaged during the process.
The etching selectivity in both main etch and over'etch steps are larger than 100, which is suitable for
nano-scale gate patterning with ultra-thin gate dielectric layer. Third, 10nm-thick sacrificial oxide is
needed to remove the damage created by dry=etching processes on the sidewall surface of the poly-Si
fin.

In this section we characterize and examine the DOS of the poly-Si SB FinFET. Two splits of
samples, denoted as SA- and NSA-series, are characterized. The top view of the SA-series devices
with 15nm offset length is shown in Fig. 6.31(a). This device employs a self-aligned sidewall spacer
to define the offset region. The top and side views of the NSA-series devices with 1 um offset length
in both drain and source sides (Xp and Xs) are shown in Figs. 6.31(b) ~ (d). An extra mask is
employed to define the 1 um offset channel region. It is worth noting that these devices actually have
a triple-gate structure, as can be seen in Fig. 6.31(d) which shows the cross-sectiona view aong the
B---B’ direction in Fig 6.31(b). As aresult, the effective channel width should be the sum of the S Fin
width (50nm) plus twice of the S thickness (50nm).

Figure 6.32 shows the ambipolar transfer characteristics of FinFET structure at sub-gate
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voltage Vsub=2V and 5V. The on-state current increases as the sub-gate voltage increases. To explain
this trend, Fig. 6.33 shows the band diagram near source side, which was aso illustrated in Section
4.3. Asthe sub-gate bias increases, the source-side field emission current is enhanced by the narrowed
tunneling width and therefore higher on-current. Fig.6.34 and Fig.6.35 show the ambipolar transfer
characterigtics of different channel widths. The device with a wide (i.e., 54 m) channel width serves
as the “de facto” planar structure. While the other nanoscale device with three fins, each fin having a
width of 50 nm and height of 50 nm, represents an effective channel width of 450 nm. We can see that
the poly-S SB FinFET exhibits much steeper subthreshold swing comparing with the device with
planar with. Fig. 6.36 shows the ambipolar transfer characteristics and Tx(d(logG)/dV ) against
1000/T, from which we can deduce that the flat band is around —0.4V. Fig. 6.37 shows the extracted
DOS of the planar structure (W=5um) and FinFET (W=0.45um) structure. It can be seen the DOS is
smaller in the FinFET structure than in the planar structure. This is because the FinFET has a channel
thickness that is narrower than the depletion length and thus the effective DOS within the channel is
lowered. In other words, the controllability of -gate bias-on adjusting the channel potential is promoted
when a nano-scale fin channel is employed; and.thus the subthreshold swing isimproved.

6.3.11 A New & Simpler Methodology to Deter mine Flat-band Voltage

Precise determination of the flat-band voltage is essentia for building the relationship between
DOS and the energy level inside the gap. As mentioned above, in order to achieve this purpose, a
number of conductance measurements needs to be performed at various temperatures. Moreover, in
conventional approach, the process needs to be conducted separately on p- and n-channel devices. Itis
thus very tedious and time-consuming. In this work, we experimentaly found that the flat-band
voltage obtained using the above method is actually in close proximity with the gate voltage at the
intersection point of p- and n-mode |-V curves measured a room temperature. An example is
provided by the results shown in Figs. 6.3 and 6.5. We can see that the p- and n-mode |-V curves at 25
°C intersected at V¢ ~ -2V, which is very close to the result obtained in Fig. 6.3 (Vg ~ -2.1 V). We

thus propose a simpler methodology to determine the flat-band voltage by simply measuring the gate
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voltage at the intersection point of p- and n-mode I-V curves measured at room temperature using a
single SB TFT. To validate this method, a number of samples were characterized and the results are
summarized in Fig. 6.38. We can see that the difference between the conventional method and our
method isindeed quite small. To take advantage of this smpler method, we modify the flow chart for
analysis of full band-gap DOS using the SB TFT in Fig. 6.39. This scheme greatly simplify the
process of conventiona approach shown in Fig. 6.2, since only two |-V measurements performed on a

single device at room temperature is required for the analysis.

6.4 Summary

In this chapter, we have proposed and successfully demonstrated a novel approach to extract the
full band-gap DOS of the TFT channel. In this approach, the field-effect conductance method is
performed on an SB poly-Si TFT which hasthe capability. of ambipolar operation. Both incremental
and temperature methods are adopted on the SB and-cenventional devices to construct the relationship
between DOS and the energy level in the gap. For.devices with the same channel material, the results
are in good agreement among the different:measurement 'schemes, indicating that the novel approach
isvery reliable.

We have also characterized the dependence of both electrical and structural parameters on the
measurement results in order to set suitable test conditions. Our results indicate that the parasitic
resistance presenting in the channel would result in an overestimation of tail state density. Accurate
DOS extraction can be obtained by employing sufficiently high drain and sub-gate biases and short
electrical junction. In addition, near-mid-gap silicide material such as CoSi, is desirable for reliable
full band-gap DOS analysis.

We have dso characterized the effect of process treatments including re-crystalization and
plasma hydrogenation steps on the DOS characteristics. Their impacts could be clearly identified
using the new approach. Benefits of usihg a nano-scale fin channel for promotion of the

controllability of gate voltage over the channel potential is aso clearly demonstrated.
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Finaly, we show that the flat-band voltage can be approximated by simply measuring the gate
voltage at the intersection point of p- and n-mode I-V curves. The overall process is thus greatly
simplified with cost-s aving compared with the conventional approach, since only two [-V
measurements performed on a single device at room temperature are all that needed. We strongly

believe that the novel method is extremely useful for practical applications.
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DOSresultsin a device with channel length of 0.8um.
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Fig. 6.19 Ambipolar transfer characteristics measured at 25 and 55 °C.
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Chapter 7

Conclusions and FutureWorks

7.1 Conclusions

In this dissertation, we have fabricated and systematically studied Schottky Barrier
poly-Si Thin-Film Transistors with FID. Device fabrication and ambipolar operation were
first demonstrated. Then leakage conduction mechanisms were analyzed and identified. Our
study was then extended to ELA channel preparation and nano width FinFET. Finaly, we
exploited the ambipolar characteristics of our FID SBTFT to analyze full band-gap density of
states distribution in poly-channel films. Several important results were obtained and

summarized as follows:

1. A novel Schottky barrier thin-film transistor (SBTFT) with silicided source/drain and
field-induced drain (FID) extension was proposed ‘and’demonstrated. In the new device
configuration, a meta field-plate (or.sub-gate) lying on‘the passivation oxide is employed to
induce a sheet of carriersin achannel offset region located between the silicided drain and the
active channel region undernesth the main-gate. The new device thus allows ambipolar device
operation by simply switching the polarity of the bias applied to the field plate. In contrast to
the conventional SBTFT that suffers from high GIDL (gate-induced drain leakage)-like
off-state leakage current, the new SBTFT with FID is essentially free from the GIDL-like
leakage current. In addition, unlike the conventional SBTFT that suffers from the low on/off
current ratio, the new device exhibits high on/off current ratio of up to 10°for both n- and
p-channel modes of operation. Moreover, the implantless feature and the ambipolar capability
of the new device aso result in extra low mask count for CMOS processes integration.
These excellent device characteristics, coupled with its simple processing, make the new

device very promising for future large-area electronic applications. We also found that the
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channel region underneath the sub-gate has a lower Vth value and depicts much more severe
short-channel effects for n-channel operation. These trends are ascribed to the positive fixed
charges at the oxide/channel interface and the n-type background channel doping, the latter

could be explained by the prior furnace history used in the SPC step of the device fabrication.

2. We have experimentally investigated the conduction mechanisms of the off-state |eakage
current for Schottky Barrier TFTs with FID and conventional structure. The results show that
the activation energy of the off-state leakage decreases significantly with increasing [V gp! for
SBTFT with conventional structure. This indicates that field-emission conduction plays a
major role as the field strength in the drain junction becomes high, and results in the strong
GIDL-like phenomenon. In contrast, the activation energy of the off-state |eakage shows only
minor dependence on Vgp for SBTFT with FID. This,is ascribed to the fact that the high-field
region could be pulled away from:the silicided drain for. the FID structure. As a result, the
field-emission conduction will beieliminated; and thus the GIDL -like leakage current can be

effectively suppressed.

3. SBTFT devices with ELA poly-Si active channel were successfully fabricated in this
work. Excellent device performance in terms of steep subthreshold slope and high on/off
current higher than 10° for both p- and n-channel operations are demonstrated, for the first
time, on asingle poly-Si TFT device. Source-side tunneling process is found to be important
for device operation, especialy for the n-channel operation that has a larger barrier height.
The stellar performance with on/off current ratio larger than 108 for both n- and p-channel
modes of operation, together with its inherent ambipolar capability, implantless process,
silicided source/drain, low thermal budget, and simplified CMOS integration scheme, makes

this kind of device a promising candidate for future AMLCDs and SOP applications.
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4.  We have shown that the ambipolar performance of SB poly-Si TFTs can be improved by
scaling the channel width into the nano-scale regime. Our results indicate that, despite the
high trap density in poly-Si films, high on/off current ratio and small subthrehold swing can
be achieved. It appears therefore possible to achieve SOI-like device characteristics if poly-Si
film improvement methods, such as excimer laser annealing and metal -induced crystallization

scheme, are adopted.

5. We have proposed and successfully demonstrated a novel approach to obtain the full
band-gap DOS in the channel of TFT devices. In this approach, the field-effect conductance
method is performed on an SB poily-Si TFT which has the capability of ambipolar operation.
Both incremental and temperature methods are adopted on the SB and conventional devices to
construct the relationship between DOS and the energy. level in the gap. For devices with the
same channel material, the results are in good.agreement among the different extraction

schemes, indicating the novel approach isvery reliable.

We have also characterized the dependence of both electrical and structural parameters
on the measurement results in order to set suitable test conditions. Our results indicate that the
parasitic resistance presenting in the channel would result in overestimation of tail state
density. A sufficiently high drain and sub-gate biases and short electrical junction length are
thus needed. In addition, for reliable full band-gap DOS analysis, near-mid-gap silicide

materia like CoSi, is desirable.

We have also characterized the effect of process treatment like the re-crystallization and
plasma hydrogenation steps on the DOS characteristics. Their impacts could be clearly
identified using the new approach. Benefits of using a nano-scale fin channel for promotion of

the controllability of gate voltage over the channel potential is also clearly demonstrated.
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Finally, we show that the flat-band voltage could be obtained by simply measuring the
gate voltage at the intersection point of p- and n-mode I-V curves. The overall process is thus
greatly simplified and cost-saving comparing to conventional approach, since only one device
and two |-V measurements performed at room temperature are needed. We strongly believe

that the novel method is extremely useful for practical applications.

7.2 FutureWorks

There are some interesting and important topics that are valuable for the future research

about the Schottky Barrier Thin Film Transistors:

1. In Chapter 2, future research is suggested on building a current transport model of
Schottky Barrier Thin Film Transistor with FID. It is also suggested to study other metal
siliside materials with low barrier=(e.g. ErSi and.PtSi.used for n- and p-channel operations,
respectively) to improve the output perfermance.-The optimization of fabrication should also

be studied.

2. In Chapter 3, we should further investigate the leakage current model, and computer

simulation is need.

3. The on-state and off-state conduction mechanisms for FID SBTFT with ELA poly-Si
channel have been identified in this thesis, future research is suggested on study of the
interface defects distribution between channel and metallic silicide.

The results shown in Sec. 4.3 indicated that the devices with shorter offset channel
exhibit better performance. Nevertheless, the shortest offset channel explored in thiswork is 1
pum. More investigation on devices with offset length shorter than 1 um is thus needed in

ordre to optimize the device performance.
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It isaso possibleto realize fully implantless CMOSFET circuits by employing the metal
gate process in the fabrication of the FID SBTFT. The use of metal gate process would further
reduce the processing temperature. By choosing gate material with appropriate metal work
function, symmetric threshold voltages for p- and n-channel operations could be obtained, and

thus makes the devices more suitable for CM OS applications

4. In Chapter 5, it is important to focus on the topics of improved FinFET layout and
material change. Continuous scaling of the fin width and gate oxide thickness is essential to
enhance the SCE immunity, and should be an interesting future research topic. However, the
integrity of thin gate oxide is an important issue of reliability. Special care must be taken
when the under layer is poly-silicon, for the surface roughness may degrade the long time
reliability. In addition, decreasing the S/D series resistance by shortening the S/D contact
distance is helpful to increase the on-current, .and should be investigated. Findly, it is
interesting to fabricate SiGe channel FinFET-with Pt-silicided S/D to further reduce the
Schottky barrier of the p-channel device; to see if the output performance of such Schottky

FinFET could match that of the conventional implanted S/D poly-Si devices.

5. In Chapter 6, since our method provides a simple and efficient way to map the full
band-gap density of states of the channel materid, it will be a very powerful tool in the
development and production of thin film transistors. We believe our method could be applied
to TFT technologies using poly-SiGe or organic channe materials. The method would
provide an efficient and powerful tool in understanding the impact of process trestment on the
device characteristics and on addressing some material issues such as the impurity
contamination and segregation in the channel. With specially designed test structures, the
method may also be useful to characterizing the reliability issues of TFT devices such as the

hot-carrier induced damage effect.
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