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Abstract

In this thesis, we have fabricated ‘and characterized poly-Ge TFT devices with
raised NiSi or poly-Si source/drain (S/D). The poly-Ge channel was formed with
solid-phase crystallization (SPC) method at a lower temperature (500°C). The fresh
device characteristics are not stable due to the defects presenting at or near the
channel/oxide interface. After several repeated measurements are executed, superior
device performance with smaller S.S. and lo./lof ratio of about 10° is achieved.
However, owing to the small grain size formed by SPC treatment, the threshold
voltage range is wide and varies from 7.75 V to 10.75 V.
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The poly-Si and NiSi are expected to serve as the seeding layer for
crystallization during the SPC treatment. Furthermore, we also extracted the Rgp for
raised poly-Si and NiSi S/D and found to be 0.575 MQ and 0.490 MQ, respectively.
Moreover, we also showed that the crystallinity in the channel is non-uniform and
location dependent, owing to the action of the seeding layer in crystallizing the a-Ge.

Finally, the 1p-V characteristics under different Vpg also have been investigated.
Even when the channel length is long, we also found that the DIGBL effect is likely

the main cause for the significant shift in Ip as Vps is varied.
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Chapter 1

Introduction

1-1 Overview

Early in 1947, Bardeen and Brattain in Bell lab invented the first contact point
transistor using germanium (Ge) accidentally. This important breakthrough opened
the gate to the semiconductor industry nowadays. Ge had been the main material for
the development of bipolar transistors, while its progress in field-effect devices was
less prosperous, because of the low quality of its native oxide (GeO;) [1], which
cannot provide sufficient passivation of the surface. Moreover, the thermal stability of
formed GeO; is inferior to SiO, and ‘is soluble in water, so the Ge oxide layer will
easily degrade in the process of fabrication. Owing to the relatively much cheaper
material cost of Si, as well as the intriguing properties of the silicon dioxide (SiO),
such as excellent stability in water, effective passvation of the Si surface, higher
mechanical strength, and better heat conductivity, Si-based
metal-oxide-semiconductor (MQOS) transistors succeeded bipolar transistors as the
major active device in chips in 1960s. Si has been the mainstream substrate of

choice for the microelectronics industry ever since.



In 1965 Gordon Moore predicted that the number of transistors per integrated

circuit would double every 12 months. Although the period he predicted is not so

accurate (practical period is around 18 months), the trend he recognized is still

profound and continues to this date. To maintain Moore’s Law, the semiconductor

industry keeps shrinking the dimensions of the transistors with improved performance.

Indeed, the trend in reducing feature sizes enables higher operation speed, lower

operation voltage, and reduced cost per transistor. However, at the 32 nm technology

node and beyond, the scaling methodology for conventional planar transistors

encounters technological problems and fundamental challenges [2]. Some issues arise

due to dimension scaling, like high leakage with. ultra-thin gate oxide and very

shallow source/drain (S/D) junctions, and mobility degradation due to the use of

heavy substrate doping for suppression of subthreshold leakage and short-channel

effects. Actually these issues are difficult to overcome for achieving the targets of

device performance requested by International Technology Roadmap for

Semiconductors (ITRS) roadmap [3].

To address those issues, it may need to bring new materials and structures into

the manufacturing. For examples, high-k material for replacing silicon dioxide as the

gate dielectric and new semiconductor layers with high carrier mobility for replacing

the conventional Si as the channel material [1], [4]. In the latter regard, recently, Ge



has been regarded as one of the appropriate candidates for future CMOS technology
due to its 2x higher intrinsic electron mobility and 4x higher intrinsic hole mobility
over Si [1]. Moreover, the bulk hole mobility of Ge is the highest among group 1V and
I11-V semiconductor materials as shown in Table 1.1 [1]. Because of its low melting
point (937 °C for crystal Ge), Ge-based devices are usually processed at temperatures
much lower than that for Si counterparts. For example, the source/drain dopant
activation can be done at a temperature ranging from 400 to 500 ‘C. Such low
temperature helps control the impurity profile suitable for forming shallow junctions
for better control of short-channel effects.. Therefore, Ge is highly suitable for
three-dimensional integrated ' circuits (3D-ICs) which request low-temperature
fabrication [5], [6]. For thin-film transistors (TFTs), the low temperature processing
also benefits the use of low-cost substrates.

However, to realize the advantages as mentioned above, a lot of pending issues
need to be addressed and solved. First, Ge has a smaller bandgap, Eg, as compared
with Si. Although this property allows a lower power supply voltage, Vpp, to be used
in Ge-based devices and circuits, the smaller bandgap could also result in significant
increase in junction leakage. Additionally, there exist many defects at the interface
between Ge and the gate dielectric layer which deteriorate the subthrehold swing (SS)

and may require a higher gate voltage to achieve sufficient current drive. The solid



solubility of n-type dopants in Ge is low while the dopants diffusion speed is quite

fast [7], so high-performance n-type devices are hard to fabricate. Furthermore, as

compared with Si, the natural reserve of Ge on earth is scarce. Thus, unlike the Si

wafers, the supply of bulk Ge wafers definitely can not sustain the industrial demand.

However, taking the advantage of the high mobility in Ge, some studies have

demonstrated high-mobility bulk Ge p-FETs with different gate dielectric including

HfO,, Al,O3, and GeON [8]-[11]. Experimental results showed that the fabricated

devices can exhibit about >1.5x hole-mobility enhancement as compared with

conventional Si p-MOSFETs.. In addition, -Schottky-barrier S/D Ge p-channel

MOSFETs were proposed to reduce the series resistance. The drain drivability is

improved over the Si counterpart due to the lower Schottky barrier height of holes at

the germanide-Ge contact as well as the higher mobility of Ge channel [12]. Recently,

Ge-based p-MOSFETs have been successfully formed on thin Ge layer epitaxially

grown on Si substrate. To overcome the issue of large S/D resistance in thin body

structures, Schottky barrier S/ID GOl MOSFETs were proposed and implemented

[13]-[17].

Furthermore, Ge/Si and SiGe/Si heterostructures have been used in

high-performance devices because of their higher electron and hole mobilities

compared with Si. In addition, thin-body Ge-on-insulators (GOI) is desirable for



achieving higher MOSFET performance with lower leakage current as well as
high-speed operation. However, for thin film transistor (TFT) applications, some
studies have demonstrated the fabrication of Ge thin films deposited on SiO,-covered
Si substrates at a low temperature around 350 ‘C using chemical vapor deposition
(CVD) techniques [18], yet there are rare studies about the deposition of Ge film by
physical vapor deposition (PVD) technique. By low-pressure CVD (LPCVD) using
GeH, as the reaction gas, before the growth of Ge film, an incubation time was
usually found, during which Ge nuclei were formed on Si [18]. Besides, the nucleus
size would vary depending on.some factors such as-the type of carrier gas. Using
high-density plasma CVD (HDP-CVD) system, pure and high-quality Ge film have
been deposited with nearly no.incubation time usinga mixture of GeH4/H, as process
gas at 400 °C. The cubic structure with primarily (111) orientation of the Ge films is
mainly composed of fine grains [19]. Through inductively coupled plasma CVD
(ICP-CVD) system, polycrystalline Ge (poly-Ge) films can be directly deposited onto
a SiO,-covered Si substrate at a relatively low temperature and exhibit the same cubic
structures. Although the characteristics of the low-temperature deposited Ge film are
slightly worse, subsequent annealing can improve the crystalline quality significantly
[20].

However, poly-Ge TFTs are expected to have high mobility and the suitability



for realization of advanced system-on-panel (SOP) applications. Moreover, the

process temperature of poly-Ge can be reduced and easily implemented on the glass

substrate. There are several methods for the fabrication of poly-Ge, especially from

amorphous Ge (a-Ge) to poly-Ge, including solid-phase crystallization (SPC) [21],

liquid-phase epitaxy (LPE) [22], metal-induced crystallization (MIC) [6], [23], [24],

metal-induced lateral crystallization (MILC) [25] and so on.

Similar to the fabrication of poly-Si film for TFT applications, SPC is also a

common technique to transform a-Ge to poly-Ge. The SPC mechanism is interpreted

as a bond rearrangement process at the-interface of the amorphous layer and the

crystalline layer, a-Si/poly-Si-or a-Ge/poly-Ge. In the interface, the bond breaking is

thermally activated at the ‘defect sites [21].- At first the crystalline film can

heterogeneously nucleate at the defect sites or the interfaces serving as the nucleation

centers or homogeneously nucleate within the amorphous film. The grains gradually

enlarge until the two adjoining grains merge and forms a region called the grain

boundary.

The activation energy of SPC is given by the sum of the maximum distortion

energy encountered during the migration of dangling bond and the broken energy of

the bond. However, the average grain size of poly-Ge formed by SPC is relatively

small in comparison with poly-Si [26], so the carrier transport in the poly-Ge film



would encounter serious scattering from the grain boundaries. And there are more

grain boundaries in poly-Ge, where abundant intra-grain strain bonds and dangling

bonds exist, and are more likely to trap carriers. Not only would the carrier mobility

be degraded, the performance of devices would also be significantly influenced. In

light of this, several approaches for enlarging the grain size have been proposed and

investigated, such as two-step SPC [27].

Also, with low melting point, Ge is appropriate for three dimensional integrated

circuits (3D-1Cs) which required low process temperature. Monolithic 3D-ICs employ

a bottom-up manufacturing of 3D layers-and the 3D structure provides the potential

for the shorter length (vertical) of interconnectivity [25]. In order to conserve

underlying layers, it requires low processing temperature, hence, the fabrication is

challenging. Moreover, there still exist 'some “issues for use of Ge in device-level

applications.

1-2 Motivation

Taking advantage of Ge’s higher hole and electron mobilities in low electric

fields, and lower manufacturing temperature over Si as mentioned earlier in this

chapter, Ge devices have been proposed as the candidate beyond the scaling limit of

Si-based CMOS. Up to present, there are a wide variety of researches on



Ge-MOSFETs fabricated on bulk Ge and Ge-on-insulator (GOI). For TFT
applications, some studies have discussed the deposition of a-Ge or poly-Ge film by
CVD technique which is done at a higher temperature than PVD technique. However,
the deposition of Ge film by physical vapor deposition (PVD) method is rarely
explored. Besides, in order to reduce the S/D resistance, the raised S/D (Rsp) structure
is adopted. Therefore, with low-temperature fabrication (<500 °C), the purpose of
this study is to investigate and characterize poly-Ge devices with various structures
fabricated with Ge films deposited with an ultrahigh vacuum (UHV) sputtering

system.

1-3 Thesis Organization

The organization of this thesis is divided into four chapters. A brief overview and
motivation are given in this chapter. In Chapter 2, we briefly describe the device
structures and process flow for fabricating the structures of poly-Ge devices with
raised source/drain (S/D) region. In Chapter 3, the electrical characteristics of devices
and phenomenon in these poly-Ge devices are investigated and discussed. Finally, a
summary of conclusion achieved in this thesis and suggestions for future work are

given in Chapter 4.



Table 1-1

Material characteristics of alternative channel materials [1].

Ge Si GaAs InSb InP
Bandgap,Eg (ev) 0.66 1.12 1.42 0.17 1.35
Electron affinity, y (ev) 4.05 4.0 4.07 4.59 4.38
Hole mobility, pp (cm®V's™) 1900 | 450 400 1250 150
Electron mobility, pe (cm?Vs™?) | 3900 1500 | 8500 | 80000 | 4600
Dielectric constant, k 16.0 11.9 13.1 17.7 12.4
Melting point, Tm (C) 937 1412 1240 527 1060




Chapter 2

Device Structure, Fabrication and
Measurement Setups

2-1 Device Structure and Process Flow

In this chapter, we describe the fabrication process in detail for TFTs with raised
S/D. The top and cross-sectional views of the device structure are illustrated in Fig.
2-1, while Fig. 2-2 and Fig. 2-3 depict the process flow to fabricate the two types of
raised S/D structure adopted in the study, namely, raised poly-Si S/D and
nickel-silicide (NiSi) S/D. The-incentive of employing these structures is to reduce the
parasitic S/D resistance and to study their ‘impacts on the device characteristics.

Subsequently, the measurement setups for electrical characterization are presented.

2-1-1 TFT Devices with Raised Poly-Si S/D

Figure 2-1 (a) is the top-view of the fabricated device. The cross-sectional view
of the device with raised poly-Si S/D and the process steps for the fabrication of the
devices are illustrated in Fig. 2-1 (b) and Figs. 2-2 (a)~(f), respectively. First, 6-inch

Si (100) n-type wafers capped with a 200 nm-thick thermal oxide layer and a 100 nm

10



thick-poly-Si by furnace and LPCVD systems, respectively, were used as the starting
substrates, as shown in Fig. 2-2 (a). After the poly-Si layer was formed, BF," ion
implantation was carried out at 20 keV with a dose of 5x10% cm™. Then, dopant
activation was performed at 600 °C for 12 hours in nitrogen ambient. Afterwards,
I-line lithography was used to pattern the raised S/D region on the substrates and
subsequently etching of the poly-Si film was performed.

After standard cleaning, a 100 nm-thick amorphous-Ge (a-Ge) film was
deposited on the poly-Si film by ultrahigh vacuum Ge sputtering system at 60 “C, and
then the active region was defined by I-line lithography, followed by etching of the
a-Ge, as shown in Fig. 2-2(b). Next, a TEOS SiO; capping layer of 30 nm was
deposited by plasma enhanced chemical vapor deposition (PECVD) at 350 ‘C and a
solid-phase crystallization (SPC) treatment was subsequently performed at 500 °C for
1 hour in N, ambient to transform the a-Ge to poly-Ge. The capping layer was then
removed using buffered oxide etchant (B.O.E.) solution, followed by the deposition of
a 30 nm thick PECVD TEOS SiO; layer to serve as the gate dielectric, as shown in
Fig. 2-2 (c). Afterwards, a 200 nm thick Al film was deposited by electron-beam
evaporation system operated at a base pressure of 5x 1077Torr with a deposition rate
of 5 A/s, and patterned to serve as the gate electrode, as shown in Fig. 2-2 (d). BF;
S/D implantation was then carried out with a dose of 5x10*°cm™at 40 keV with the

11



Al gate electrode serving as the self-aligned implantation mask, as shown in Fig. 2-2
(e). Then, dopant activation was performed at 400 °C for 1 hour in nitrogen ambient,
followed by the deposition of a 200 nm thick PECVD TEOS SiO, layer serving as the
passivation layer. Finally, the devices were completed after using the standard

metallization steps to form test pads, as shown in Fig. 2-2(f).

2-1-2 TFT Devices with Raised NiSi S/D

The cross-sectional view of a TFT device with raised NiSi S/D is shown in Fig.
2-1(c), while the SEM image of a device-is- shown in Fig. 2-1 (d). Process flow for
fabricating the devices is shown in Figs. 2-3 (a)~(f). The -main difference between this
device and the one described in previous sub section is the raised S/D material.
Details about the raised S/D structures are listed in Table 2.1. As can be seen in the
table, the raised NiSi S/D region is formed on p-type with the following process steps:
After the poly-Si layer was formed and patterned, a 30nm thick Ni film was deposited
to the poly-Si islands by electron-beam evaporation system operated at a base
pressure of 5x 1077 Torr with a deposition rate of 2 A /s. Then, rapid thermal annealing
was performed at 500 ‘C for 40 seconds to form NiSi, as shown in Fig. 2-3 (b). After
removing the unreacted Ni by sulfuric acid solution, a 100 nm thick a-Ge film was
deposited by ultrahigh vacuum Ge sputtering system. After the raised S/D region

12



formation, the following fabrication process from the deposition of a-Ge film to
metallization steps were the same as what had been described for fabricating the

raised poly-Si S/D TFT device, as shown in Fig. 2-3.

2-2 Measurement Setup for Electrical Characterization

In this section, we describe the measurement setup used for investigating the
electrical characteristics of the devices that will be presented in Chap. 3. The

Interactive Characterization Software (ICS) software and automated measurement

™
setup constructed by an Aglient” 4156Arsemiconductor parameter analyzer were

mainly used to characterize the electrical characteristics of fabricated devices. During
the measurements a dehumidifier was used to keep the humidity at the same level,
while the temperature was also accurately ‘controlled by a temperature regulated
heater. For most measurements, the temperature was kept at room temperature (R.T.)
by temperature-regulated hot chuck. Additionally, in order to explore the relationship
between leakage current mechanism and temperature, the temperature was adjustable
by temperature regulated heater.

Based on the transfer characteristics measured at Vsg= 1 V, the parameters of the
TFTs including field-effect mobility («rg), threshold voltage (Vi), subthreshold swing
(S.S.), were extracted according to their definitions.

13



Here, the field-effect mobility (ueg) is determined by

__Lg,
Hre “we v

ox ' sd

(Eq. 2-1)

where L is the channel length, W is the channel width, g, is the maximum
transconductance, and C is the gate oxide capacitance per unit area.
The Vi, is defined as the gate voltage (V) needed to achieve a drain current (Id)
of (W/L)x 10nA, where L and W are the channel length and width, respectively, i.e.,
W
Vi =V, @ Iy = % 10nA. (Eq. 2-2) [28]
The S.S. can be calculated from the subthreshold current in the weak inversion region

by
N

SS.= “loars)’ (Eq. 2-3) [29]

14



Table 2-1
Split conditions of the raised S/D structures.

Split 01 02

Raised S/D region | Poly-Si with BF, | NiSi  with BF;
formation implantation implantation

*BF, dose: 5E15 cm™, energy: 20 keV
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Chapter 3

Electrical Characteristics of Raised
S/D Poly-Ge TFTs

3-1 Basic Electrical Characteristics of Raised S/D Poly-Ge

TFTs

According to one of our previous publications [30], the grain size of poly-Ge
achieved by solid phase crystallization (SPC) .method was very small (< 5 nm), and
the grains were surrounded by a-Ge. This would dramatically affect the device
performance. Generally, factors including grain size, interface states, defects at grain
boundaries, band-gap of channel, and “S/D materials will affect the transfer
characteristics of the devices. With decreasing grain size, grain boundaries and the
amount of defects increase, resulting in degradation of performance such as smaller
drain current, larger leakage current, reduced mobility and subthreshold swing
degradation. For Ge film, its small band-gap will amplify the effects arising from the
small grain size and further increase the leakage current in comparison with Si film.
Figure 3-1 shows the transfer curves of two types of poly-Ge TFTs [30]. We found the

conventional planar TFT device which has only one Ge channel layer cannot operate
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as a functional transistor. This indicates the existence of a huge amount of defects
which would pin the Fermi level and hinder the action of field effect operation.
Another TFT device fabricated on top of a poly-Si layer displays decent
characteristics. Improved poly-Ge crystallinity by the underneath poly-Si is likely the
major factor accounting for the dramatic driving current enhancement, but there is a
concern about the actual current flowing path, namely, conduction in the underlying
poly-Si cannot be neglected. To mitigate the influence from parasitic S/D resistance
and the above concern on the conduction path, we take advantage of the lower
resistance offered by a raised S/D structure consisted of different conductive materials

to improve the characteristics of the Ge-channel TFT devices.

3-1-1 Transfer Characteristics

Figures 3-2 and 3-3 show the transfer curves (I4—Vgy) of poly-Ge TFT devices of
different channel lengths (L) with raised S/D materials of poly-Si and NiSi,
respectively. Typically, after several repeated measurements, it can be seen that the
characteristics become stable. Overall, the stabilized transfer curves shift leftwards
with off-state current decreased by 1 ~ 2 orders of magnitude and the subthreshold
swing (S.S.) decreased as compared with the fresh curve. This indicates that there
exist many defects or trapping centers probably located near the channel/gate oxide
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interface in the device. During the first few measurements, some of the carriers will
be trapped by the defects. In addition, charging of these defects results in a transient
current that makes profound contribution to leakage current. In this study, all process
steps were done at low temperature (less than 500°C), including the gate oxide
deposition which was performed by PECVD instead of LPCVD. It is expected that the
quality of oxide/channel interface and the gate oxide are not as good as those in bulk
CMOS devices. Moreover, because the grain size is really small (<5 nm) as shown in
Fig. 3-4 [30], a lot of defects may exist in or near the grain boundaries and the
interface between channel and gate oxide [31], [32].

Figures 3-5 (a) and (b) show the stabilized transfer characteristics of the devices
with poly-Si and NiSi S/D, respectively, and channel lengths of 2 um, 5 pm and 10
um. The threshold voltage (Vi), calculated by the constant current method, is defined
as the gate voltage needed to achieve a drain current (Ig) of (W/L) x 10 nA. The
devices have a threshold voltage of around 8 V, and an lqn/losf maximum ratio of 10* to
~10°.

In general, the device with shorter channel length usually has a larger off-state
leakage current, which may be caused by the inferior S.S.. However, we don’t observe
the trend in our case, as shown in Fig. 3-6, in which we can see the S.S. values of the
devices are comparable and only weakly dependent on the channel length. Figures 3-7
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(@) and (b) show the threshold voltage distribution of a poly-Ge TFT device with
poly-Si and NiSi S/D, respectively. Here, the threshold voltage range is widely
distributed from 7.75 V to 10.75 V. The small grain size results in the large Vy, and
S.S.

As shown in Fig. 3-8, the mean threshold voltage in poly-Ge TFTs with raised
NiSi S/D is lower than that with raised poly-Si S/D. Both devices are implanted with
BF," (see Chapter 2 for detail) at the raised S/D regions to form p* regions prior to
poly-Ge deposition [33]. The major difference between the two devices is the S/D
materials, namely, poly-Si and-NiGe. The smaller Vg in the devices with NiSi S/D
implies the channel crystallinity of the devices is superior to that with poly-Si S/D.
During the SPC treatment, the poly-Si and NiSi are expected to serve as seeding layer
for crystallization. The above results indicate the use of NiSi is better in promoting in
the channel crystallinity.

Figures 3-9 (a) and (b) show the mobility of the two types of TFTs. Based on the
transfer characteristics measured at Vg = 1 V, the field-effect mobility (ure) is
determined by Eq. 2-1. Both devices reveal similar and low mobility value. It is noted
that the intrinsic property of poly-Ge is not affected by the S/D structure. Generally,
the hole mobility in bulk Ge reaches 1900 cm?\V-s [34]. And the effective hole
mobility of p-FET on bulk-Ge wafer and on GOI wafer is 500 and 200 cm?/V-s,
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respectively [34]-[36]. So the inferior mobility of less than 1 cm?/V-s also reflects the
poor crystalline quality of the Ge layer and interface between the oxide and the
channel. The high series resistance in the S/D is another factor that will lead to the
underestimation of the mobility, which will be discussed in Section 3-2. The
characteristics of poly-Ge TFTs with different raised S/D are summarized and listed in

Table 3-1, including lon/lof ratio, threshold voltage, S.S., and mobility.

3-1-2 Output Characteristics

Effects of the large parasitic resistance.in the raised S/D poly-Ge TFTs are more
significant on the output performance. Besides the resistance in the poly-Ge channel
caused by granular structure .and 'defects at the interface between gate oxide and
channel, there are many components of parasitic resistance at the S/D side [37], [38].
The structure in the vicinity of channel end of raised S/D of the device is depicted in
Fig. 3-10 (a). Fig. 3-10 (a) also illustrates the paths at S/D side where the current
passes by. When applying negative biases to the drain and the gate, the current flows
from source to channel and channel to drain.

There are many different resistance components which tend to decrease the on
current, as shown in Fig. 3-10 (b). Impacts of these resistances are reflected on the
output characteristics shown in Fig. 3-11. Here, we point out three basic resistance
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components. Firstly, R, is the component of contact resistance. In our devices, there
are at least two such resistance components, one exists at the interface between the
channel and raised S/D region, and the other is in the S/D between Ge and raised S/D
material. It is dependent on the step coverage of the deposited Ge thin film during
fabrication process. Secondly, Ry is the component of accumulation resistance caused
by the doping gradient. Finally, Ry, is the sheet resistance in the S/D, which is
attributed to the poly-Ge crystallinity and raised S/D material quality. Fig. 3-11 also

shows that current is pinched at low-drain bias with the high series resistance.

3-2 Series Resistance-and Effective Channel Length

The overall resistance between source and drain consists of the following
components: source resistance, drain ‘resistance, and channel resistance. The source
resistance Rs and drain resistance Rp are shown in Fig. 3-12 (a). Rs and Rp are
composed of the source and drain contact resistance, the sheet resistance of the source
and drain, the spreading resistance at the transition from the source diffusion to the
channel and any additional resistance.

Methods proposed in [39]-[42] are taken to extract the Rsp and Leg. 1-V
characteristics of the device operating in the linear region can be expressed as the
following equations,
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T VeV )2V s [V (Eq.3-1)

where Ip is the drain current, u is the carrier mobility, Cox iS the gate oxide
capacitance, Wes is the effective channel width, Le is the effective channel length,
V'ps, V'gs and V't are the intrinsic drain bias, gate bias and threshold voltage,
respectively.

When operating the devices in the linear region, e.g., Vp = -1V (relatively low
compared with V1), with (Vgs-V1) >> 0.5Vps and Rs = Rp = Rsp/2. Eq. 3-1 becomes

Weff Hett Cox (VGS _VT )VDS

I, = . (Eq. 3-2)
(L= AL) +Wege e Coy Vgs — Vi )R

The device resistance (Rpy), including intrinsic channel resistance (R¢n) and Rsp,
can be defined by the following equation,
R, =R, 4R = os (Eq. 3-3)
m ch sD — |D ) '
According to Fig. 3-12 (b), we can derive an analytical form of the R, by Egs. 3-1,

3-2, and 3-3, which is convenient for us to extract Les and Rsp [42].

R, = AxL, + Ry =B+ AxL, (Eq. 3-4)
with
A=[ 4CW,s (Vos —Vy —0.5Vpe )| (Eq. 3-5)
and
B=R,, —AxAL, (Eq. 3-6)
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where A L = L-Les.

In this method, a set of devices with same channel width and different gate

lengths are required. Here, we would like to extract the Rsp values of devices with

different raised S/D material. With Eqgs. 3-4 and 3-5, Ry, can be plotted as a function

of L, as shown in Figs. 3-13 (a) and 3-14 (a). Then, we use the linear least square

regression method to fit the data, draw the plot of B versus A, with Eq. 3-6. According

to the regression result, we can obtain the Rsp, as shown in Fig. 3-13 (b) and 3-14 (b).

As shown in Figs. 3-13 (b) and 3-14 (b), the extracted Rsp of raised poly-Si and

NiSi S/D regions are 0.575 MQ and 0.490.MQ, tespectively. The AL of raised

poly-Si and NiSi S/D region are 1.45 um 1.90 pum, trespectively. A large series

resistance is consistent with our observation-in previous chapter. Therefore, the large

S/D resistance restrains the device performance.

Hence, after taking into account the Rgp effect of our device, with Eq. 3-2 and

Fig 3-12 (b), Vps should be replaced by V'ps (Vbs= V'bs+ Ip * Rsp). The mobility

becomes 1.96 times and 2.33 times larger than previous calculations. The corrected

mobility values are also shown in Table 3-2.

Furthermore, one thing should be noted in Figs. 3-13 (a) and 3-14 (a) is that the

data points are actually not lying on the fitting straight lines. To explain this, we

assume that the crystallinity in the channel is non-uniform and location dependent. As
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shown in Fig. 3-15, we consider the raised S/D regions as a seeding layer for
crystallization and enhancing the crystallinity of the Ge-channel. So, the channel can
be roughly divided into two regions, one is neighboring to the S/D seeding region
called “Section 1” with length of L;, the other is located at the channel center called
“Section 2” with the length of L,. In Section 2, crystallization of the poly-Ge is
independent of the S/D seeding layer and thus has a poorer crystallinity and therefore
higher resistance.

During the fabrication, the L; maximum length should be a constant due to same
crystallization process conditions. In Figs.-3-13(a) and 3-14 (a) for the devices with
shorter channel (e.g, =5 um), Section 1 region would dominate the channel and thus
the total resistance is relatively low. When the channel length increases to 10 pm,

Section 2 becomes dominant and results in.an'anomalously high measured resistance.

3-3 Drain Induced Grain Barrier Lowering Effect

In polycrystalline semiconductor films, some electrical conduction models
considering the carrier transport across the grain boundaries (GBs) and the effects of
grain sizes have been developed. In the literatures, Lin et al. [43] had developed a
model to calculate the barrier height at grain boundary. This model takes into account
the charge coupling between the gate and the grain boundary as well as drain-induced
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grain barrier lowering (DIGBL). Moreover, this model illustrates that the drain bias
will generate asymmetric grain barrier height and result in more carrier injection from
the lowered barrier side. Besides, Lin et al. also clarified the dependence of threshold
voltage on the grain size, that is, the smaller the grain is, the larger the threshold
voltage will be.

Figs. 3-16 and 3-17 show the Ip-Vg characteristics under different Vps. As we
can see, when the applied |Vps| increases, the drain current increases and shifts
upward. Though likely, we are not sure that this phenomenon is caused by the DIGBL
effect. To verify our postulation, we take,the methods proposed in [44]-[45] to extract

the potential barrier, @ at grain boundaries. For-a device operated in the

B 1
subthreshold region, when applying a lateral voltage Vps to the polycrystalline film,
the voltage drop across a grain-boundary’is AV'= Vps /Ng, where Ng is the number of
grain boundaries in the polycrystalline film across the channel, as shown in Figs. 3-18
[44] and 3-19 [45].

Note that @, is modulated by the gate bias and is thus a function of the

surface potential, V;. When we consider the thermionic emission process over the
energy barrier, the current density can be expressed with the following equation [44],

3, = A, (-0 V)it 5 (Eq. 3-7)

g

where f is inverse of thermal voltage (=q/k,T), Lg Is the average grain size, U,is
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the electron mobility in the surface channel, and 0N;,, is the inversion carrier
concentration (=Coy (V isVio —Vi)/QY,,,, where Vi is the threshold voltage for
bulk material). We also can obtain that CDB(Vi) is equal to (@, —AV,), where,
AV = AV, + AV, as shown in Fig. 3-19, and ¢, is the potential barrier without the
applied drain bias. Furthermore, the voltage drop at the lower barrier side can be

expressed with the following equation [3],

AV AV
AV. ~ —|1— . Eg. 3-8
: 2[ 8¢boj (Eq. 3-8)

Substituting Eq. 3-8 into Eq. 3-7 gives

‘Ji = qn;,, Xp {_ IB|:¢bO 1 %(]‘_ %}}}Un ?__V : (Eq 3'9)
b0

]

Then, we set the Av =Av,, under [Vps| = 1V, AV = AV,, =2AV,, under
Vps| = 2 V, and AV =AV,=0.5AV,, under {Vps| = 0.5 V. Combining these
conditions, Eq. 3-9 can be rewritten in terms of AVp,. After calculation, we can
express the relation between the ratios of current density under various Vps with the

following form:

‘](|VDS |=2V) -B. ‘](|VDS |=1V)

= (Eq. 3-10)
J (lVDS |: 1\/) J (lVDS |: 0-5\/) ’
with
5o A.exp{_ﬁ[%_%ﬂ
4 6oy )| (Eq. 3-11)
and
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(VGs _VTO _Vi(VDs=—2V))(\/GS _VTO _Vi(VDs=*0-5V))

A= 5
(VGS _VTO _Vi(VDS:—lv))

(Eg. 3-12)

When Vps is not large, parameter A is less than but very close to 1. Parameter B
can be figured out by substituting the experimental data into Eq. 3-10. Range of the
extracted B values is from 0.7 to 1.4, and most of them are also close to 1. Though
more efforts are still needed to uncover the nature of conduction barriers at the grain
boundaries, the DIGBL effect is still likely the main cause for the significant shift in

Ip as the Vps is varied, even as the channel length is long.

3-4 Comparisons among Different Poly-Ge TFT Devices

Through literature survey, there are several groups dedicated to the research of
poly-Ge TFT. Here, we choose some of them published in recent years as references
for comparison with the results obtained 'in “this study. First, Sadoh et al. have
fabricated poly-Ge TFT with NiGe Schottky S/D on glass by low-temperature (<
500°C) processing [46], [47]. Another study was proposed by W. Hsu et al., where
single-crystalline Ge p-channel TFTs with Schottky S/D on flexible polyimide
substrates were fabricated by a simple low-temperature process (= 250 °C) [48].
Based on their respective results, relatively high hole mobility (about 100 cm?/V « s
[46] and 170 cm?/V - s [48]) was reported. In this section, we will benchmark the
fabricated devices in this thesis against those reported in the aforementioned studies.
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The process flow and schematic cross sections of NiGe Schottky S/D TFTs are
shown in Fig. 3-20 (a) [46], [47]. The lo/lo is ~10° by applying an SOI (silicon on
insulator) structure with an Iy, of ~10 uA/um at V4 = -5V, as shown in Fig. 3-20 (b).
The superior on characteristics of the devices is owing to the much better film
crystalinity with grain size of about 80 nm, which is larger than 5 nm in ours.
Moreover, lq is much worse, rendering a poor on/off current ratio. , Such high
leakage is presumably related to the ambipolar conduction of the Schottky NiGe S/D
structures.

In Fig. 3-21 (a), it shows the process flow- of forming single-crystalline Ge
p-channel TFTs with Schottky-barrier S/D on flexible polyimide substrates [48]. In
this study, the device has a very small lon/lof ratio of ~22, and an Iy, 0of ~1.6 pA/um at
V4 =-1.5V, as shown in Fig. 3-21 (b). The large I is suspected to be related to the
underlying indium tinoxide (ITO) layer which would provide additional leakage
current path. It should be noted that the NiGe S/D is not raised.

According to the work of our group carried out last year [30], whose process
flow and schematic cross sections are shown in Fig. 3-22, the device has an lon/loft
ratio of ~10°. The relatively low lo, as compared to the poly-Ge raised S/D TFT
device is mainly ascribed to a large parasitic S/D resistance, as shown in Fig. 3-1. The
large lofr, Which decreases the lo/los ratio, is also due to the small bandgap of Ge.
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Moreover, the poly-Si layer under the Ge thin film may also contribute parasitic

current route between the S/D and is also responsible for the large 1.

The comparison of characteristics of these poly-Ge TFTs are summarized and

listed in Table 3-3, including lon/lof ratio, threshold voltage, S.S., and mobility. As we

can see, the mobility of our device is inferior to other structures. More efforts in

promoting the film crystallinity are needed. However, the high Ion/lo ratio is greatly

improved in this work, thanks to the use of thin Ge layer and the raised S/D structure.
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Table 3-1

Major characteristics of poly-Ge TFT devices.

Ge TFT with raised poly-Si S/ID | Ge TFT with raised NiSi S/D
L=2pm L=5pum | L=10pm | L=2pm L=5pum | L=10um
lon/loft Ratio ~10* ~10°
S.S. (mV/dec) 1954 1809 2272 718 685 829
Vin (V) 8.59 9.37 9.82 7.92 8.57 9.18
M (cm?/V-s) 0.66 0.64 0.73 0.57 0.73 0.38
Table 3-2
Corrected mobility by taking into account Rgp effect.
Ge TFT with raised poly-Si S/D | Ge TFT with raised NiSi S/D
L=2pum L=5um | L=10pm | L=2pm | L=5pum | L=10um
M (cm?/V-s) 0.66 0.64 0.73 0.57 0.73 0.38
M fix (cm?/V-s) | 1.75 1.04 0.8 1.33 0.91 0.41
M fix: mobility corrected with the series S/D resistance taken into account.
Table 3-3
Major characteristics of different poly-Ge-channel TFT devices.
lon/losf Ratio | Vi, (V) (m\S/./Sd.ec) (cmg/V-s)
Ge TFT with raised S/D 10~ 10° ~-85 ~ 800 ~1
NiGe Schottky S/D TFTs )
10 ~-10 ~ 4000 ~ 100
[46],[47]
Ge p-channel TFT on
o 22 ~-3 ~ 1200 ~ 120
polyimide substrate [48]
poly-Ge on poly-Si film 102 5 1000 03
p-channel TFT [30]
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Chapter 4

Conclusion and Future Work

4-1 Summary and Conclusion

In this thesis, we have fabricated and characterize poly-Ge TFT devices with
raised NiSi or poly-Si S/D. The poly-Ge channel was formed with SPC method at a
lower temperature (<500°C). Due to the existence of defects at or near the
channel/oxide interface, the device characteristics are not stable until several repeated
measurements are executed. The transfer curve is stabilized because during the first
few measurements the traps-are filled by the carriers and become inactive. The
stabilized transfer curves shift leftwards with off-state current decreased by 1 ~ 2
orders of magnitude and the S.S. decreased as compared with the fresh curve.

After stabilization, superior device performance with smaller S.S. and lon/loft
ratio of about 10° is achieved. However, due to the small grain size (5 nm), the
threshold voltage range is wide and varies from 7.75 V to 10.75 V. The mean
threshold voltage in poly-Ge TFTs with raised NiSi S/D is lower than that with raised
poly-Si S/D. During the SPC treatment, the poly-Si and NiSi are expected to serve as

the seeding layer for crystallization. The above results indicate the use of NiSi is

31



better in promoting the channel crystallinity.

Besides, there are many different resistance components which tend to decrease

the on-current and are reflected on the output characteristics. The Rgp extracted for

raised poly-Si and NiSi S/D are 0.575 MQ and 0.490 MQ, respectively. The AL

extracted for raised poly-Si and NiSi S/D region are 1.45 um and 1.90 um,

respectively. Furthermore, in our devices, it is shown that the crystallinity in the

channel is non-uniform and location dependent, owing to the action of the seeding

layer in crystallizing the a-Ge.

Finally, we have also investigated the lp-V characteristics under different Vps.

We found that the DIGBL effect is likely the main cause for the significant shift in Ip

as Vps is varied, even when the channel lengthis long.

4-2 Future Work

Using poly-Ge film as the channel material of TFT devices has been

implemented and the characteristics also have been demonstrated. To further enhance

the device performance, some suggestions for future work are listed below.

1. Because of the fine grain size formed by SPC method, the merits of the Ge film

are hard to stand out. In the future we suggest to replace SPC by MIC, MILC or

ELA method. By replacing the crystallization method, the process temperature
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could even be reduced.

The conditions of forming raised S/D region in our study have not been optimized

yet. More efforts are needed to understand the impacts and influences of the S/D

materials on device characteristics in terms of junction properties, parasitic

resistance, as well as re-crystallization performance.
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Fig. 2-1. (a) Top view layout of a raised S/D TFT device. (b) Cross-section view of a
TFT device with raised poly-Si S/D. (c) Cross-section view of a TFT device with
raised NiSi S/D. (d) SEM picture of a TFT device with raised NiSi S/D.
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Fig. 2-2. Process flow of the TFT device with raised poly-Si S/D.
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Fig. 2-3. Process flow of the TFT device with raised NiSi S/D.
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Fig. 3-4. TEM cross-sectional view of poly-Ge film annealed at 500°C for 1 hour
[30].
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Fig. 3-10. (a) Schematic picture indicating the route of current flow at the
source/drain side. (b) Components of parasitic source/drain series resistance.
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Fig. 3-15. Schematic view of crystallized Ge channel with raised S/D as seeding layer.
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Fig. 3-18. Cross-sectional view of an n-type polycrystalline TFT and the potential
distribution around the grain-boundary [44].

Fig. 3-19. Energy-level diagram for a grain boundary under a lateral bias AV in an
n-type polycrystalline film [45].

64



¢ Solid phase crystallization quartz

temp.: 500°C
time: 3h NiGe
SN

¢ Schottky S/D formation T quartz |

formation temp.: 250°C

annealing time: 30min

Si0,

¢ Gate oxide formation L

TEOS CVD temp.: 250°C g

SiO, thickness: 90nm

Al
¢ Electrode formation i
quartz

<
= s
© 107 Improvement of B
p NiGe/poly-Ge
107 interface i
107 vD:.-SV 1 -' ----------
-30 -20 -10 0
Vs (V)
(b)

Fig. 3-20. (a) Process flow and schematic cross section [46] and (b) transfer
characteristics of NiGe Schottky S/D poly-Ge TFT [47].
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Fig. 3-21. (a) Process flow and schematic cross section and (b) transfer characteristics
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