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General Introduction

Semiconductor industry has seen an enormous development for last four decades. Along
with the boom of the whole industry, silicon played the most important role. From BJT (Bipolar
Junction Transistor), MOSFET (Metal-Oxide-Semiconductor Field Effect Transistor) to TFT
(Thin Film Transistor), silicon has been the solid foundation of these most frequently researched
and used electronic devices. Even silicon has been researched since the very beginning of
semiconductor industry, it is still the one of the most competitive semiconductor materials

which has more potential to be explored.

When the world entered into the second decade of 21st century, some new applications
such as flexible displays, wearable electronic devices and other flexible electronics have
emerged. Although silicon technology is still the prior solution in most cases, the request for
low temperature compatible with silicon technologies is more and more urgent. Conventional
silicon technologies such as thermal oxidation, APCVD (Atmospheric Pressure Chemical
Vapor Deposition) and LPCVD (Low Pressure CVD) are processed at least at 420 °C,
temperature which is not compatible with most of the low cost and low temperature flexible

substrates, like PI (polyimide) and PEN (polyethylene naphthalate) substrates.

In most cases, the highest process temperature would occur during the film deposition in
silicon involved technological processes. A deposition technique with much lower temperature
is then required. Unlike the conventional APCVD or LPCVD, plasma assisted CVD is the better
choice. In order to develop the proper silicon technology on flexible substrates, the first goal of
this thesis is to develop the silicon related technology at the temperature lower than 300°C.
Therefore, the PECVD (Plasma Enhanced-CVD) and ICP-CVD (Inductively Coupled Plasma-
CVD) technologies are introduced and explored due to their very low temperature deposition
(2200 °C), for silicon films as key part for the formation of electronic devices at low

temperature.

On the other hand, many techniques developed in nanotechnology allow us to produce
various forms of structures such as nanotubes, nanoparticles and especially nanowires, which
open the way for the manufacture of electronic devices with innovative electronic properties.
These properties specific to semiconductor nano-objects used as active elements in electronic
devices suggest their great potential for new applications in many fields (chemistry, biology,
mechanics...). However, the vast majority of nano-objects are manufactured at temperatures
that are not compatible with flexible substrates. We have undertaken research in this thesis to
find a technical way to manufacture nano-objects at temperatures compatible with flexible

substrates.
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General Introduction

Silicon nanowires (SiNWs) can be categorized into two types based on the synthesis
approach: top-down and bottom-up. These two approaches mainly focus on whether the
nanowires are implemented by performing the photolithography on stacked layers or are
synthesized from the substrate with the help of precursors. In this thesis, both approaches are

discussed. All the approaches are of course implemented at low temperature (<300 °C).
This manuscript consists of four main chapters.

In chapter 1, different deposition techniques are firstly reviewed. Unlike the deposition
techniques compatible with low temperature process, traditional techniques such as APCVD
and LPCVD are no longer suitable. Sputtering, hot-wire CVD and PECVD are all possible low
temperature alternatives. The system setup, deposition parameters and properties of deposited
films would be discussed. Unfortunately, silicon deposited by using these low temperature
techniques mentioned above usually suffers from poor electrical properties. Therefore, proper
crystallization is necessary in this case but should be performed at low temperature just as same
as deposition. Metal induced crystallization (MIC), ELA (Excimer Laser Annealing), hydrogen
plasma induced crystallization, C-beam (Carbon nanotube electron beam) crystallization and
BLA (Blue Laser Annealing) will be reviewed since they also provide interesting alternatives

to well crystallize amorphous silicon compatible with low temperature substrates.

In chapter 2, a possible path that has not yet been explored in the literature is the use of
ICP-CVD, which is the key process to research. Unlike the other deposition techniques like
LPCVD, PECVD, etc., ICP-CVD can offer several advantages such as higher density of plasma
during the deposition and good homogeneous of deposited layers and lower process
temperature. These advantages enable the possibility of depositing high quality thin film under
relatively low temperature. Although ICP-CVD has been adopted as one of the deposition
techniques in this thesis, the characteristics of these films need to be more explored and
optimized. As a good candidate for gate insulator in MOS (metal-oxide-semiconductor)
transistors, SiO> has been widely studied under different CVD techniques. Since there are
several advantages of ICP-CVD compared to the other CVD techniques, the electrical
properties of ICP-CVD deposited SiO> should also be investigated. Therefore, in this chapter,
we firstly fabricated ICP-CVD MOS capacitors based on SiO> by modifying several key
deposition parameters to evaluate and thus to optimize the SiO> deposition. Then, ICP-CVD
TFTs were accordingly fabricated to characterize electrical properties of the ICP-CVD silicon

layer and to complete the electrical characterization on ICP-CVD SiO».

12



General Introduction

In chapter 3, experiments were carried out to develop a process for manufacturing silicon
nanowires using the top-down method, at temperatures compatible with flexible substrates.
Unlike the other top-down approaches with EBL (Electron Beam Lithography) involved, spacer
method classically used in sub-micron technology could be implemented only by using
conventional photolithography and RIE (Reactive Ion Etching). The deposition of material

layer, etching of material steps and active layers are optimized and characterized by SEM.

In chapter 4, as in the frame of low temperature process research, the crystallization
should be carried out at the temperature lower than 300 °C. Under this circumstance, we decided
to investigate the metal catalyzed silicon nanowire growth by using indium thanks to its lower
eutectic temperature (~157 °C). First, the thermal evaporation of indium will be presented in
terms of morphology of evaporated indium layers. Different conditions were set up to mainly
study how different thicknesses of indium layers would look like under SEM and AFM (Atomic
Force Microscope) characterizations. The research on indium catalyzed silicon nanowire

growth will be carried out afterwards.

In the end, we will conclude on all the work done and the perspectives will provide possible

ways for improvement.

13
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Chapter 1

State of the art of low temperature deposition and

crystallization techniques
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Chapter 1: State of the art of low temperature deposition and crystallization techniques

1.1 Introduction

Low temperature semiconductor technology has been intensively researched over the last
two decades since the increasing demand of the bent displays, wearable electronics and other
flexible electronics both in our daily lives and more specific domains. To realize all these
devices and thus corresponding applications, temperature as low as 300 °C is considered the
highest process temperature because most researched plastic substrates such as PET
(Polyethylene terephthalate), PEN (Polyethylene naphthalate) and PI (Polyimide) are unlikely
to survive at 300°C (PI is generally more thermally stable when temperature is lower than 350
°O) [1].

When we consider the essential process to fabricate electronic devices like
photolithography, deposition and etching, the only process requiring the highest temperature is
deposition. Hence, we firstly review different deposition techniques. Unlike the deposition
techniques compatible with low temperature process, traditional techniques such as APCVD
(Atmospheric Pressure Chemical Vapor Deposition) and LPCVD (Low Pressure CVD) are no
longer suitable. Sputtering, hot-wire CVD and PECVD are all possible low temperature
alternatives. The system setup, deposition parameters and properties of deposited films would

be discussed in section 1.2.

It is still not the end of the story if we only talk about the deposition because silicon
deposited by using these low temperature techniques mentioned above usually suffers from
poor electrical properties. Therefore, proper crystallization is necessary in this case but should
be performed at low temperature just as same as deposition. Here we divided crystallization
roughly into two categories: 1) metal catalyst crystallization and 2) other approaches. Since
metal catalyst crystallization is more widely and frequently used than the other approaches,
here we review them in details. In the topic of metal catalyst crystallization, MIC (Metal
Induced Crystallization) and MILC (Metal Induced Lateral Crystallization) will be discussed
separately because of the different crystallization mechanisms. The other approaches like
thermal annealing, ELA (Excimer Laser Annealing), hydrogen plasma induced crystallization,
C-beam (Carbon nanotube electron beam) crystallization and BLA (Blue Laser Annealing) will
also be reviewed since they also provide interesting solutions to well crystallize amorphous
silicon. The mechanism of each crystallization technique will be illustrated in section 1.3. The

corresponding crystallinity will also be discussed.
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Chapter 1: State of the art of low temperature deposition and crystallization techniques

1.2 Low temperature deposition techniques for SINWs synthesis

and silicon thin films

As a key process involved in SiNWs synthesis, deposition almost decides the highest
temperature among all the processes because the other processes such as photolithography and
etching normally could be operated at room temperature. Hence, low temperature synthesis of

SiNWs could be included in the discussion of low temperature deposition to a large extent.

Speaking of low temperature deposition, silicon and silicon dioxide (SiO2) are the most
important materials in terms of SiNWs synthesis. Amorphous silicon (a-Si) as a semiconductor
material undertakes a very important role in fabricating a variety of devices such as
complementary metal-oxide-semiconductor (CMOS), thin film transistor (TFT) and even
microelectromechanical systems (MEMS) devices [2]. Silicon dioxide not only can act as
material layer in SINWs synthesis, more specifically, the sidewall spacer method that will be
discussed in chapter 2, but can be the gate oxide in TFT fabrication as well. Therefore, possible

low temperature deposition of SiO> will also reviewed in this section.

But with the agreement of the low temperature technology which is used to realize the
potential flexible applications, a-Si and SiO; deposition have met some confinement. In the
context of our research, the materials should be deposited under a low temperature (<300 °C)
to be compatible with many flexible substrates [3]. By this consideration, we need to review

the low temperature a-Si and SiO> deposition approaches.

Most of the low temperature deposition approaches can be divided into two categories
which are physical way and chemical way. For physical approach, a-Si and SiO> can be
deposited by sputtering [4]-[8], and for chemical approach, they can be deposited by hot-wire
chemical vapor deposition (hot-wire CVD) [9]-[13], plasma enhanced CVD (PECVD) [2],
[14]-[21], etc.

1.2.1 Reactive sputtering

Reactive sputtering of thin films has been broadly researched since 1980s because of the
possibility of making compound films such as oxides, nitrides, etc. [4]. Besides the low
temperature during the process of reactive sputtering, several limitations and difficulty on the

formation of certain combined compound films should be aware of.
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Chapter 1: State of the art of low temperature deposition and crystallization techniques

Using reactive sputtering to deposit a-Si:H is quite different from using other chemical
vapor deposition methods in terms of the working mechanism of introduced hydrogen [5]. In
general, hydrogen gas can be introduced during the deposition by different partial pressure in
order to independently change the hydrogen content of the sputtered a-Si:H film. A variety of
processes can take place at the target surface, including the formation of silicon hydrides and
the ejection of surface species by the cascade of atoms elastically scattered by the impinging
ions, i.e. chemical sputtering effects. These species, as well as neutral hydrogen atoms from the

plasma, arrive at the substrate and react to form the a-Si:H film.

M. Pinarbasi et al. prepared a-Si:H films by using dc magnetron reactive sputtering [5].
What is distinct for this approach is that the hydrogen plasma generated in the reactor is
confined by a magnetic field loop to the vicinity of the target. This greatly reduces the
bombardment of the substrate by energetic ions and electrons, which also can improve the

quality of the amorphous silicon layers.

Films were grown over a wide range of deposition conditions: 100 °C < T < 350 °C
according to table 1, deposition rate with 2-22 nm/min, hydrogen partial pressure with 0.05-1.2
mTorr and the argon partial pressure was maintained constant at 1 mTorr. The experimental
conditions and consequential film properties are shown in table 1. The sputtering used in [5] is

specifically the DC magnetron reactive sputtering.

Table 1. Range of experimental conditions and film properties of amorphous silicon [5].

Deposition temperature (°C) 100-350
Range of Hydrogen partial pressure (mTorr) 0.05-1.2
deposition Argon partial pressure (mTorr) 1.0
conditions Cathode current (A) 0.25-0.8
Deposition rate (nm/min) 2-22
Hydrogen content (at%) 2-40
Optical band gap (eV) 1.6-2.0
Range of Dark conductivity activation energy (eV) 0.7-1.0
deposited film Dark conductivity (Q cm™) 1 x1072- 1 x10°
properties Electron mobility-recombination lifetime 5x107 - 4 x107
Density of midgap states (cm™) 1 x10% - 5 x10'°

17



Chapter 1: State of the art of low temperature deposition and crystallization techniques

C. S. McCormick et al. also adopted the same approach to fabricate a-Si:H layer at 125 °C
to eventually fabricate the TFT [6]. In their work, thin film transistors were deposited by RMS
(Reactive Magnetron Sputtering) in a UHV (Ultra High Vacuum) deposition system with water
and oxygen background pressures less than 10 Torr. They deposited films at low total pressure
conditions (Ar+N> < 3 mTorr) to ensure a dense homogeneous microstructure. The best a-Si:H
layers in this paper were produced at P(Hz) equaling to 0.4 mTorr and P(Ar) equaling to 1.5
mTorr. The dark conductivity of amorphous silicon layer is 4 x107'? (Q cm)™!. The optical
bandgap is 1.81 eV. These results indicate that the sputtered a-Si:H films depositied at 125 °C

have quality comparable to PECVD films deposited at higher temperatures [6].

Deposition of SiO; film using reactive sputtering was rarely reported. In [7], amorphous
Si0; films were reactively sputtered at temperature as low as 20°C. In our lab, previous work
of A. Sabound;ji et al. presented the SiO> deposited by RF sputtering with the target consisting
of Ar/O; mixture [8]. There was no deliberate heating of substrate during sputtering, but the

temperature of film would reach 80 °C.

1.2.2 Hot-wire CVD

Hot-wire CVD (also known as catalytic CVD) is a chemical phase deposition technique
which allows a-Si to be deposited on the substrate without any help from plasma. Therefore, in
hot-wire CVD, source gases are decomposed by the catalytic cracking reaction with heated
catalyzer (for example the tungsten), usually placed near substrates. This difference of
decomposition mechanism between PECVD and hot-wire CVD causes the difference in

properties of prepared thin films [9], [10].

As shown in Fig. 1, with the aid of catalyzer, source gases are readily to decompose.
Moreover, low temperature deposition could be realized due to the noncontact between the
heated catalyzer and the substrate. Hence the temperature of substrates in hot-wire CVD can be
configured independently of the heating temperature of catalyzer, which can be the interest of

lowering down the substrate temperature.

J.P. Conde and P. Alpuim presented hot-wire CVD of a-Si:H on glass and PET substrates
at 100°C and 25°C [12], [13]. For the detail of the deposition, a single tungsten filament of 0.5
mm diameter and approximately 7 cm length was placed 5 cm from the substrate and was
resistively heated with a dc power supply. The filament temperature was measured with an

optical pyrometer (T=2500 °C) and the pressure was kept constant at 20 mTorr. The thickness
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of the deposited films was between 0.2 and 0.8 um, and the gas flow was kept at around 10
sccm. The results show a photosensitivity which is strongly dependent on substrate temperature

(decreasing from 10° at Ts,b=220 °C to 10* at Tsu=25 °C).

Ex-vacuo heater element
L ] [ ] ® L ]

Backing plate  gybstrate

Filaments Shutter  To pumps
O O 0O

Gas showerhead

1)

!

Gas supply

Fig. 1. Schematic view of a hot wire chemical vapor reactor [11].

From Fig. 2 we can conclude that the dark conductivity of hot wire chemical vapor
deposited a-Si:H with deposition temperature at 25°C shows no significant difference from that
with higher deposition temperature (lower part of Fig. 2), which is not the same for radio
frequency CVD (upper part of Fig. 2). In addition, we can consider that hot-wire CVD

amorphous silicon can have moderate electrical quality even at very low deposition temperature.
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Fig. 2. Room-temperature dark conductivity of HW samples(bottom) plotted as a function of

hydrogen dilution of different values of Tsub [12].

1.2.3 PECVD (Plasma Enhanced Chemical Vapor deposition)

Thanks to the assistance of the plasma, PECVD has the potential to reach lower
temperature during the deposition. Unlike the low temperature SiO> deposition rarely
researched by using Hot-Wire CVD, PECVD can realize SiO», SiNx and silicon film deposition

at low temperature.

f
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]
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Fig. 3. Schematic of PECVD reactor [14].
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Fig. 3 illustrates the working principle of a typical PECVD system. The gas would be
introduced into the pumped reactor and then become reactive plasma thanks to the RF (radio
frequency) power applied between anode and cathode. Normally the sample would be attached
on the chuck that is also the anode of the system. The variety of the deposited films would

depend on the gas mixture introduced into the reactor.

The most used gas mixture in PECVD to deposit SiO; is SiH4 and N>O/O», deposition
temperature which is lower than 300 °C could be found in J. Batey and E. Tierney’s work [15].
In their work, SiO> film deposited at 275 °C has been studied and confirmed having similar
properties with those deposited at higher temperature except for density of deep bulk traps.
Actually, as deposition temperature decreases, the quantity of hydrogen incorporated in SiO»

increases, which eventually degrades the quality of oxide [16].

In order to reach even lower deposition temperature but to keep comparable properties at
the same time, the gas mixture of TEOS (tetraethylorthosilicate) and oxygen has been explored
and developed. Shashank C. Deshmukh et al. deposited SiO» films at temperature of 40 °C and
260 °C by using TEOS and O> mixture as the source material. Deposition conditions are listed

in table 2 and corresponding transmission infrared spectra are shown in Fig. 4.

Table 2. Deposition conditions and wet etch rate of films A-E in P-etch solution [17].

Film Deposition T (°C) TEOS/O; ratio Etch rate (nm/s)
A 260 0.03 0.5
B 260 0.24 2.6
C 40 0.03 0.7
D 40 0.24 42.5
E 40 1.06 190
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Fig. 4. Transmission FTIR spectra of the films deposited under various conditions (that

are given in table 2) [17].

From Fig. 4, bumps in the spectra for film D and E at around 3300 cm™ are due to O-H
stretches in water trapped in film, most likely the pores in SiO2 [17], [18]. By comparing the
spectra of film D and E with that of film C, we can find inferior properties of deposited films
in higher TEOS/O> ratio compared to the films which have lower ratio. In addition, no obvious
differences could be detected among film A, B and C, which tells us SiO» deposited at 40 °C
has similar properties with the one deposited at 260 °C. Moreover, these results indicate that

deposition temperature and TEOS/O- ratio both play important roles in PECVD of SiO; [18].

A. Bousquet et al. used Oo/HMDSO (hexamethyldisiloxane) as gas mixture to deposit Si0>
at low temperature (<100 °C) [19]. The ratio of Ox/HMDSO is 95:5 for total gas flow of 16
sccm, which corresponds to pressure of 0.33 Pa. The electrical properties of SiO, were
characterized by performing C-V (Capacitance-Voltage) measurements on SiOz based MIS

(Metal-Insulator-Semiconductor) capacitors.

Table 3 listed two different plasma conditions: continuous wave and pulses. The pulsed
plasma was regulated at S0Hz with DC=0.25. DC refers to duty cycle where calculated by
Ton/(Tont+Totr). From Fig. 5 we can see the Si02 deposited by pulse mode has larger flatband
voltage than standard mode, which leads lower fixed charge densities shown in table 3. On the

other hand, the breakdown field is not sensitive to the ion flux modulation.
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Table 3. Ion flux (over a pulse period for pulse mode) and electrical characteristics of

Si0, with two different conditions [19].

300W, continuous 300W, pulsed 50Hz
Average ion flux (cm-2s™) 6.8x10' 2.0x10"
Average breakdown field (MV cm™) 7.9 8.1
Dielectric constant 4.8 4.9
Fixed charge density (cm™) 2x10"2 4x10'"
200 i 1 2 1 g (] i 1 . 1 i 1 2 1 i 1 i 1 2
E 160+
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©
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Fig. 5. C-V curves at 1 MHz (corrected by film thickness) for films deposited with 300 W
in continuous mode (line) and pulsed mode at 50 Hz, DC = 0.25 (dot) [19].

Depositing amorphous silicon (a-Si) at low temperature is also very important when we
tend to fabricate some electronic devices for low temperature purpose. This makes PECVD a
good candidate for the a-Si deposition because it can reach temperature down to 150 °C[4], [20],
[21] or even less compared to other chemical vapor deposition methods for example the low

pressure chemical vapor deposition (LPCVD) and atmospheric pressure CVD (APCVD).

In practice, PECVD a-Si would suffer a temperature limit during the process since the
structural quality of a-Si layer will degenerate when deposition temperature of the substrate
decreases below 100 °C [21]. Therefore, it is necessary to review the quality of PECVD a-Si

layer.

S. Chang and S. Sivoththaman have developed a PECVD of hydrogenated amorphous
silicon (a-Si:H) as the structural layer of MEMS devices at 150 °C [2]. During the process, in
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order to achieve a practical deposition rate, the chamber pressure and the RF power were varied

while maintaining stable plasma. Measured deposition rates are listed in table 4.

Table 4. Variation in deposition rate for PECVD a-Si:H films (SiHs gas flow = 10 sccm, Ar
gas flow = 7 sccm, substrate temperature = 150 °C). The 0.51 nm s~! deposition rate was the

maximum rate obtained (100 kHz parallel plate system with 8-inch electrode) [2].

Pressure (mTorr) RF power (mW cm™) Deposition rate (nm s™)
500 77 0.38
500 93 0.41
750 93 0.46
750 114 0.51

Seen from Fig. 6, there is a 1.5 uym a-Si:H film deposited over 2.7 um step of photoresist

on c-Si substrate forming an 80° sidewall angle, viewed at 75° tilt.

| %

<"\(‘

a-SiH 1,5um¢

8402\ resist 2514 umI

c-Si substrate

SE 31-Jan-06 SChang WD21.2mm 25.0kV x5.0k  10um

Fig. 6. SEM cross-section of a-Si:H film deposited over step of resist [2].

The electrical conductivity of deposited a-Si:H layer was measured by current-voltage
characteristics. A dark conductivity of 1x107'° S cm™ and due to the light-induced properties
of a-Si:H, a photoconductivity of 1x107% S cm™' was measured under illumination intensity of

4 mW cm™ by a halogen tungsten lamp.

C. -S. Yang et al. investigated a-Si:H deposition which was dedicated to fabricate a-Si
TFTs on glass and PET plastic substrates at 110 °C [20]. For intrinsic a-Si deposition, a H>

/SiH4 flow ratio of 20 was used at a power density of 35 mW/cm? using processing pressures

24



Chapter 1: State of the art of low temperature deposition and crystallization techniques

from 0.225 to 1.5 Torr. The deposition conditions that produced the most typical and

reproducible results for TFT fabrication were as follows:

Table 5. PECVD condition sets for various TFTs [20].

PECVD condition set No. a-Si:H
1 H> /SiH4=1000/50 sccm, 1.5 Torr, 35 mW/cm?
2 H> /SiH4=1000/50 sccm, 0.6 Torr, 35 mW/cm?
3 H> /SiH4=1000/50 sccm, 1.5 Torr, 35 mW/cm?
4 H> /SiH4=1000/50 sccm, 0.225 Torr, 35 mW/cm?
5 (glass or PET substrate) H> /SiH4=1000/50 sccm, 1.5 Torr, 35 mW/cm?

The electrical properties of deposited a-Si:H were not characterized independently in this
paper, but the authors characterized the electrons mobility and threshold voltage of the TFTs

which were fabricated using a-Si:H layers mentioned above in table 5, and reported in table 6.

Table 6. Summary of a-Si:H TFT performances. TFTs were fabricated on glass substrates
except where otherwise indicated. The range of values reported for the 250 °C devices

represent samples prepared using otherwise similar conditions as those of PECVD condition

No. 1-5 [20].
PECVD condition Threshold Effective linear mobility | Inverse subthreshold
set No. voltage (V) of electrons (cm?/V s) slope (V/decade)
1 4.2 0.54 0.8
2 8.0 0.45 0.6
3 4.5 0.36 0.7
4 7.0 0.14 2.0
5(on glass) 5.0 0.33 0.7
5(on PET) 5.0 0.12 0.9
250 °C PECVD 0.5-3.0 0.5-1.0 0.3-0.7
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One should notice that at the same condition of PECVD but on different substrates (on
glass and on PET), the threshold voltage is higher at lower pressure while the effective linear
mobility of electrons of TFT decreases with the pressure, and is nearly nearly 3 times higher on

glass substrate as that on PET substrate.

C. Koch et al. developed low temperature a-Si:H PECVD for solar cell application at
various temperature from 50 to 150 “C [21]. For the Ts=100 °C films they keep the deposition

pressure at P=0.375 mTorr and the plasma power density at p=120mW/cm?.

The growth rate rq, optical band gap E; and the mobility-lifetime product uxt of a-Si:H at

each temperature are listed in table 7.

Table 7. The growth rate, optical band gap and mobility-lifetime product of deposited a-Si:H

as a function of deposition temperature [21].

Ts (°C) ra (nm/s) E, (eV) ut (cm?/V)
50 0.382 1.92 1.5 x10!!
75 0.28 1.87 1.7 x107
100 0.242 1.85 3.0 x10®
150 0.183 1.83 4.0 x107

Which can be observed from the table is an increase in the growth rate from 0.2 to 0.4 nm/s
towards low temperatures due to an increased sticking coefficient of the precursors on the
growing surface. A remarkable deterioration of electronic properties can also be observed
through the pxt-product which drops by more than four orders of magnitude with reduced
deposition temperature while the optical band gap keeps almost the same value through
temperature variation. In addition, faster deposition would lead to more porous film which
eventually deteriorates its electrical properties. Therefore, depositing a-Si at around 150 °C is
a good compromise between thermal budget and electro properties. Obviously, the electrical
properties can be improved if the deposition temperature keeps increasing but no more than

300°C (to be considered as low temperature deposition).

In a brief summary, amorphous silicon and silicon dioxide can be deposited by using

PECVD at low temperatures but a-Si layers still present poor electrical properties.

26



Chapter 1: State of the art of low temperature deposition and crystallization techniques

1.3 Low temperature silicon crystallization methods

Since amorphous silicon suffers from very poor electrical properties compared to poly-
crystalline or crystalline silicon, the crystallization of a-Si has attracted intense research interest
around the world. On the one hand, the crystallization plays an important role in improving the
electrical performance of a-Si; on the other hand, it is confined by the thermal budget which
restricts the crystallization temperature down to 350°C at least [22]-[26] for compatibility with

low temperature substrates.

Crystallized microcrystalline silicon (pc-Si) or poly-Si has been obtained by using a variety
of techniques, such as solid phase crystallization (SPC) [23], [24], laser phase crystallization
(LPC) [23], [25], [26], flash lamp annealing (FLA) and metal induced crystallization or metal
induced lateral crystallization (MIC/MILC). To eliminate the potential ambiguity, there are
some alternative names of certain techniques, for example LPC may also be known as laser-
annealing-crystallization (LAC) or more specifically excimer laser crystallization (ELC). These

techniques work in different mechanisms thus have different working temperature limits.

With rapid development of flexible electronics such as wearable electronic devices,
flexible displays and solar cells, silicon-based technologies show great value in mass
production probability. In order to get relatively high performance of silicon layers, the thermal
budget of crystallization must be taken into account as we mentioned above. Under this
circumstance, the commonly used SPC conducted in a furnace requires a high temperature
(>600 °C) and a long-time (>10 h) thermal annealing because the formation of crystalline nuclei
in the precursor a-Si matrix has to overcome a large barrier energy of ~5 eV [26]. This makes
SPC a bad candidate when crystallization is performed on plastic substrates. FLA may also not
be a wise option since precise thickness penetration of flash lamp is difficult to control and the
heat distribution profile in the silicon layers is much wider compared to ELC technique. This
is more critical when very thin layer of silicon (sub-micrometer thick) is needed. For this reason,
we will review MIC/MILC [22], [27]-[42] as the mainstream of low temperature silicon
crystallization techniques. Besides, we will also review the other approaches such as ELC, H»
plasma induced crystallization, C-beam crystallization, blue laser annealing, etc. These

approaches are all compatible with low temperature process (<300°C).
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1.3.1 Metal Induced Crystallization (MIC)

Using a metal/a-Si bilayer structure in MIC is effective for decreasing the activation energy
of crystallization, and can easily induce transformation from a-Si to poly-Si at relative low
temperature. In practice, a metal film would be deposited on top of and in contact with the a-Si

layer in prior to crystallization [31], [37].

In comparison with SPC, crystallization temperature of MIC can be significantly reduced
if we choose the metal in a specific manner. Actually, various metal materials have been proved
to effectively crystallize the amorphous silicon, such as Ni, Pd, Pt, Cu, Ag, Au and Al. Figure
7 shows the theoretical crystallization temperature when different metals involved and

maximum operating temperatures of some typical flexible substrates.

The different metals used in MIC have generally two groups. The first group consists of
metals that form silicide phase (Ni, Pd, Pt and most researched metals) during the crystallization
process, while the second group of metals have eutectic reaction with a-Si (Au, Ag and Al).
The second group would be more interesting because the crystallization can actually be
activated even lower than the eutectic temperature between the metal and silicon, which enables
the low temperature crystallization of a-Si. Therefore, in this part, Al-IC, Au-IC and Sn-IC

would be reviewed in detail.

quartz

temperature (°C)

Tmax Teryst
(substrates) (amorphous Si)

Fig. 7. The left-hand side shows the maximum operating temperatures (Tmax) of some
technologically important substrates: quartz glass, conventional glass, polyimide (PI),
polyarylate (PAR), polyethersulfone (PES), and polycarbonate (PC). The right-hand side
shows the reduction in the crystallization temperature of a-Si (Tcryst) induced by contact with

various metals [25].
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Aluminum induced crystallization (Al-1C)

Al-IC has been widely researched thanks to the easy access to this metal and relative low
operating temperature. Fig. 8 shows the Al-IC mechanism. One should notice that there would
be a phenomenon of “layer exchange” during the Al-IC. But this phenomenon would be absent
when there is existence of aluminum oxide layer at the interface of aluminum and silicon.
Consequently, a mixed film of Al and poly-Si will form after crystallization. Therefore, a
complete crystallization by using Al as catalyst should guarantee a pure interface just between

aluminum and a-Si.

Al-Si mixed phase

(interdiffusion of Al and Si) Mixed film of Al and poly-Si
¢-Si nucllealion (inside a-Si film) (no layer exchange)
a-Si film
7 Al "
LT ])Ol_V-SI
%
( d) Al film Al Al
|
¢-Si nucleation (inside Al film)
no native Al oxide Al /poly-Si layer
(dissociative diffusion of Si) Al diffuse out (layer exchange)
l
a-Si film | a-Si film Al film
Al
(b) Al film |
| I
¢-Si nucleation of high density Poly-Si film
(inside Al film) Lateral growth of ¢-Si (small grain)

Fig. 8. (a) Schematic Al-IC models having Al-Si mixed phase and (b) no native oxide (or very
thin Al oxide film) at a-Si/Al interface [31].

R. Kishore et al. performed Al-IC for 50 nm thick a-Si:H at a temperature as low as 150 °C
[28]. The samples were transferred to a vacuum evaporation system immediately after a-Si:H
deposition, then the 50nm thick Al was deposited over the entire surface of the a-Si:H film.
After this, the crystallization was performed under vacuum (2mTorr) in a clean, optically heated

quartz tube furnace.

Fig. 9 shows the microstructure of a film annealed at 150°C for 30 min. Here, the
microstructure (recorded at 50 K magnification) and the EDP (Electron Diffraction Pattern) in
the inset shows that the a-Si:H is completely crystallized into randomly oriented polycrystalline
silicon, in which the 111, 220, and 311 silicon rings are prominent. Grains as large as 0.2-0.3

um can be seen in the micrograph and the distribution appears uniform. In addition, the
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crystallized volume is the function of the annealing time, which means bigger crystallization

volume requires longer annealing duration.

Fig. 9. Plan view TEM of a specimen annealed at 150°C for 30 min. Inset, an EDP (electron
diffraction pattern) of the selected area from which the Al film was removed after annealing.
Si<111, 220, and 311> rings are clearly observed. The material is randomly oriented poly-Si

with a grain size ranging from 0.2 to 0.5 um [28].

Gold induced crystallization (Au-IC)

As the same mechanism as Al-IC, Au-IC has layer exchange during the crystallization as
well. Ch. Kishan Singh et al. studied Au-IC of a-Si on Corning glass substrate at temperature

down to 350 °C which is lower than the eutectic temperature of Au and Si [32].

In this study, Au thin films with thickness of ~250nm were pre-deposited on cleaned
Corning soda lime glass 0215 substrates using DC sputtering. Subsequently, layer of a-Si thin
films with thickness of ~100 to 200nm were deposited onto the substrates by electron beam
evaporation to form a-Si/Au/glass thin film structure. The specimens were then isochronally

annealed at 350 °C in vacuum at ~10® mbar.

From Fig. 10, the average grain size measurements of the poly-Si were investigated using
an optical microscope. It shows the optical micrograph obtained from the bottom side of the
specimen annealed at 350 °C and it reveals that the grain sizes are in sub-micrometer range.
This indicates that the nucleation density of c-Si (which ultimately decides the grain sizes) is

very high and uniform throughout the film. The corresponding Raman spectra acquired from
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both the top and bottom-sides (through the glass substrate) of the specimen vacuum annealed
at 350 °C are shown in Fig. 11. The spectrum acquired from the bottom side exhibits a well-
defined characteristic Si peak at wave number ~ 521 cm™'. This peak originates from the
vibrational mode of Si-Si bond in the crystallized Si grains and reveals crystallization of Si

layer.

Fig. 10. Optical micrograph of the specimen annealed under vacuum at 350°C for 6h observed

from the bottom side of the glass substrate [32].

L L esi peak
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Fig. 11. Raman spectra for the as-deposited and vacuum annealed specimens (at 350°C for 6h)

[32].

Tin induced crystallization (Sn-IC)

M. Jeon et al. presented the study of a-Si crystallization on glass substrates by using a Sn

metal with low Si-Sn eutectic temperature of 232°C [33]. In this study, Sn metal film was
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evaporated at a rate of <0.7 nm/s, and the samples were continuously annealed for 1h at various

temperature (300, 350, 400 and 450°C) in an atmosphere of air.

In Fig. 12, all images have same scale bar of 1um. The grain size of surface in the poly-Si
films became larger, compared to the as deposited a-Si:H thin film surface according to this
paper. Moreover, although the annealing temperature was as low as 300 °C, the grains of

crystallised poly-Si were clearly revealed (see Fig. 12(a)).

Fig. 12. SEM images of fabricated poly-Si films annealed at (a)300 °C, (b)350 °C, (c)400 °C
and (d)450 °C [33].

By observing four images in Fig. 12, the grain sizes of samples fabricated at all annealing
temperatures were about 100-250 nm. Therefore, there is no significant influence of the
annealing temperature on the grain size. In addition, good crystallization could be obtained at

temperature as low as 300 °C.

Fig. 13 indicates that the Hall mobility increased and the resistivity decreased as the
annealing temperature increased from 300 to 450°C. The measured values of resistivity were
54, 3.1, 0.56 and 0.4 Q cm for fabricated poly-Si films annealed at 300, 350, 400 and 450°C
respectively. Furthermore, the values of Hall mobility were 3.5, 2.6, 4.2 and 6.4 cm? V! s for
fabricated poly-Si films annealed at 300, 350, 400 and 450°C respectively.
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In conclusion, Sn metal induced crystallization of the a-Si thin films as low as temperature

of 300°C gives better electrical properties than a-Si layers.
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Fig. 13. Hall mobility, carrier density and resistivity of fabricated poly-Si films induced by Sn

thin film with various annealing temperatures [33].

1.3.2 Metal Induced Lateral Crystallization (MILC)

Although MIC presents many advantages such as lower crystallization temperature and
simple manipulation of process, it still suffers from the problem of introducing contamination
into the silicon films. By considering this, MILC has been intensively researched as an

alternative approach of MIC.

Generally, the MILC is carried out by depositing and patterning a small area of metal films
instead of depositing the metal films on entire a-Si surface, and then the a-Si film right under
the metal films was crystallized to a poly-Si at the initial stage of annealing. These seeds were
then grown laterally into the metal-free area without further nucleating [38]. Therefore, by this
approach, obtained poly-Si films not only have large grains but have few metal contaminations

as well.

K. H. Lee et al. developed the gold MILC for crystallizing 100nm thick a-Si:H films on
glass substrates at various temperature (200, 300, 350 and 400°C) [34]. The 100nm thick Au
layer was locally deposited by thermal evaporation through a finger metal mask. And then the

samples were annealed at different temperatures listed above for 10-40h.
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Fig. 14. Relations between flow rate of H, and MILC length with different annealing

temperature ranges [34].

Fig. 14 shows that the higher the annealing temperature is, the longer the MILC length.
The formation of Au-Si compounds and hence the metal induced lateral crystallization of a-
Si:H film will be accelerated by the increased energy due to the higher temperature. Notice that
the MILC length of crystallization temperature of 400°C is phenomenal higher than that of other
crystallization temperatures. Since 400°C is slightly higher than the eutectic temperature
(~363°C), the Si film in this case is partially in the crystallized state or in the liquid phase which
will promote the Si atoms to diffuse towards the front edge of the MILC range and crystallized
there, thus forming longer MILC lengths. The quality of Au-MILC was examined by SEM

analysis, which indicated a homogeneous poly-Si film.

One fact is that nearly all the MILC approaches are performed at relative high temperature
(>400°C) [22], [35], [36]. This can be attributed to the metals that were used in these researches.
Those metals have quite high eutectic temperature with Si, thus increasing the crystallization
temperature. Hence, it will be interesting to carry out research on MILC using low eutectic
temperature metal. In this case, indium (eutectic temperature is 158°C) could be a very potential

candidate for the MILC process.
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1.3.3 Indium induced crystallization

Indium induced crystallization here is discussed independently as a section because it does
not strictly follow the rules of “lateral crystallization” as we mentioned above. In some cases,
the crystallization catalyzed by indium could be classified either into MIC or MILC. Since
indium has extremely low eutectic temperature compared with the other metal catalysts, the
indium induced crystallization provides a promising way to realize low temperature

crystallization.

R. Heimburger et al. reported indium induced crystallization on glass substrate below
330°C [38]. A 25nm thick indium layer was deposited after the deposition of amorphous silicon
with the thickness of 400 or 800nm, then the annealing was carried out at temperature between
266 and 328 °C. The samples were characterized by using SEM (Fig. 15) and micro-Raman
spectroscopy (Fig. 16).

Fig. 15. (a) 45° tilt SEM image of an initial pc-Si cluster near breaking edge; (b) schematic
view of the ALC (Amorphous-Liquid-Crystalline) mechanism [38].

In Fig. 15(b) the process of crystallization is illustrated schematically, the a-Si is dissoved
in the front margin of indium droplet, and pc-Si is segregated at the rare margin. The movement

of crystallization is considered in-plane, which is clearly shown in Fig. 15(a).
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Fig. 16. Raman spectrum recorded (a) outside pc-Si domain; (b) crossing of the domain

boundary and (c) inside the domain (stepwidth: 2pum) [38].

From the Raman spectra in Fig.16 we can observe a clear change in crystallinity from the
outside of pc-Si cluster to the inside of that, which indicates a good crystallinity. Full area
crystallization has been observed at 320 °C within one hour of annealing. Their further research
even took a leap after successfully crystallizing a-Si, they added a thicken layer of a-Si on top
of crystallized nc-Si layer, then they initialized SSLPE (Steady-State Liquid-Phase Epitaxy) to
form crystalline silicon. First step crystallization could be realized at temperature as low as

300°C with size of crystallized grains up to 100nm [39].

L. Yu team has developed an in-plane SLS (Solid Liquid Solid) method to grow the SINWs
and to crystallize them at the same time by using ITO (indium tin oxide) as the catalyst [40]—

[42].
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Fig. 17. Basic experimental procedure for the growth of IP (In-Plane) SLS SiNWs [40].

36



Chapter 1: State of the art of low temperature deposition and crystallization techniques

The ITO layer was first treated by using hydrogen (Hz) plasma in PECVD reactor to form
indium drops on the surface. Then the substrate was covered by a-Si:H deposited at 100-200
°C. Finally, the substrate was annealed in vacuum (~10° mbar) at a temperature range between
300 °C and 500 °C for the activation of the growth of SINWs. Two things should be cleared for
this technique: 1) the crystallization could be considered as the “indium catalyzed”
crystallization since major part in ITO is indium and therefore the drops formed by indium; 2)
the crystallization could be classified into MILC because the nanowires grow laterally instead

of globally on the surface of a-Si.

The crystallinity was examined by Raman analysis and the result is shown in Fig. 18. A
SiNW segment was visualized by AFM in Fig. 18(a) and corresponding Raman signal intensity
was targeting at the same region of SINW in Fig. 18(b). From the inset in Fig. 18(a), a clear
peak centered at 521 cm! confirms good crystallinity of the SINW, which therefore implies the

feasibility of this crystallization technique.
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Fig. 18. (a) AFM image of a single SINW with vertical scale from black to white of 160 nm,
and (b) its corresponding crystalline Si Raman peak signal mapping (integrated in the spectral
window 521 x5 cm-1). The inset in (a) shows the Raman spectrum recorded from the

position marked with an x in (b) [40].

The mechanism of crystallization of a-Si as well as growth of SiINWs is well explained in
[40], [41]. At the early phase of crystallization, when temperature exceeds the eutectic
temperature of indium (~157 °C), the indium drops turn into liquid state and begin to absorb a-

Si. When concentration of silicon absorbed in indium increases until saturation occurs, the
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silicon seeds would happen in In drops. Since there is a difference of Gibbs energy between a-
Si and c-Si, the crystallization would continue under the driving force generated from the

difference.

a-SillTO  Gap with

?))1 SiINW_C 180nm
o Joum

Fig. 19. Three SiNWs (A, B, and C) obtained on the same sample but with different
morphologies [40].

The in-plane SLS grown SiNWs normally have three forms which are shown in Fig. 19
noted as SINW_A, B and C. SINW_A and B could be easily distinguished by the real thickness
of a-Si absorbed into In drops during crystallization. When all thickness of a-Si is absorbed, the
SiNWs tend to grow as zig-zag wires, whereas the SiINWs grow straighter when the real
absorbed thickness of a-Si is less than total thickness of a-Si. Specifically, when speed of
precipitation of crystallized silicon is faster than the absorption of a-Si, the In drops could be
stretched when they move, thus produce even straighter nanowires than the case of SINW_B.
This is the exact case of SINW_C shown in the inset of Fig. 19. An irregular growth type of
SiNWs called suspended growth is discussed in detail in [42], which could help researcher
understand better on the growth mechanism of In Plane-SLS (IPSLS) SiNWs. In addition, the

size of SINW is proportional to the diameter of In drop.

In conclusion, crystallization of a-Si could be accomplished by using indium as catalyst.
The low eutectic temperature of indium enables lower temperature crystallization compared to

the other metal materials.
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1.3.4 Other approaches

Beside the low temperature compatible crystallization techniques we reviewed above, there
are some other approaches of a-Si low temperature crystallization techniques. They all show a
good compromise between the thermal budget and the electrical properties. Here we review
four approaches of crystallization such as excimer laser annealing (ELA) [23], [43]-[45],
hydrogen induced crystallization [26], [46], carbon nanotube electron beam crystallization (C-

beam crystallization) [47] and blue laser annealing (BLA) [48]-[50].

Excimer Laser Annealing (ELA)

Excimer laser annealing is another mature technology to crystallize amorphous silicon by
injecting excimer laser shots onto the surface of amorphous silicon. This technology has been

broadly researched and has improved and matured over the past 30 years [23].

Typical excimer lasers operate in pulse mode, at frequencies around 300 Hz, with pulse
duration in the range of 10-50 ns. The energy output of excimer lasers for fabricating TFTs is
in the order of 0.6-2 J. In prior to all the parameters in ELA, pulse-to-pulse repeatability of the
excimer laser is the most important manner of the process, and followed by the discharge

frequency, output energy and pulse duration.

In general, the energy of one shot of excimer laser is enough to melt silicon at the surface,
but the most extreme heating is confined to the near region of the amorphous layer due to the
short duration of the laser pulse. As a result, the total integrated energy is generally small since
only a small depth of material is processed. Therefore, although the laser pulse can melt a-Si,
temperature into the underlying layer that risen by laser is no more than a few hundred degrees

[43].

Previously in our lab, T. Pier et al. developed excimer laser crystallization on pc-Si to
improve its crystallinity [44]. 200 nm thick pc-Si film was deposited by PECVD on PEN
substrate with highest temperature of 165 °C. After that, the pc-Si was laser annealed by a
pulsed KrF excimer laser emitting at 248 nm. To prevent abrupt hydrogen evolution from the
silicon layer leading to uc -Si film destruction, the annealing energy started from 80 mJ/cm?

and increased with a step of 5 mJ/cm?.

From Fig. 20 we can see grain size of silicon has increasingly enlarged after performing

ELC with energy of 180 mJ/cm?. Highest grain size is around 100 nm. According to T. Pier’s
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work, energy larger than 180 mJ/cm? would destroy the PEN substrate. The TFTs based on
annealed and non-annealed pc -Si have been fabricated. The transfer characteristics have been
extracted for both cases and are shown in Fig. 21. From this figure we can see the field effect
mobility has been seeing a huge improvement from 1 to 46 cm?/V.s after crystallization. In

addition, the off current also increased as expected.

WEPEN i

Fig. 20. SEM observation of (a) starting pc -Si film deposited on PEN and (b) after laser

annealing at a maximum laser energy of 180 mJ/cm? [44].
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Fig. 21. Transfer characteristics of two same size TFTs (W/L = 40/60) on the same PEN
plate produced from starting lc-Si (full line) and lc-Si annealed at a maximum laser energy of

180 mJ/cm2 (dashed line) [44].
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P. M. Smith et al. set an extreme case by using a laser energy fluence of 450 mJ/cm? [43].
This results in a simulated melt depth of 100nm thick in the Si film. But in practical cases, the
energy as high as 450 mJ/cm? is not tend to applied. From the Fig. 22 we can observe that
temperature at the depth of 1um into the plastic substrate reaches a maximum of 250°C 30us

after the laser pulse is initiated, which could be accepted by various plastic substrates.

1500 _I o T o AR l .I ) ”:
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Fig. 22. Transient thermal calculations for an incident XeCl laser pulse of approximately 35ns
full width at half maximum (FWHM) (dotted line-actual temporal profile used in the
calculation) on a thin film stack consisting of 100 nm Si, 500 nm SiO2 and 175 um polyester.
The calculated temperatures at the Si/SiO» interface (solid line), in the SiO» just before the
SiOo/plastic interface (dashed line), and 1 um into the plastic (dot-dashed line) are shown vs.

time. The laser fluence was 450 mJ/cm?[43].

Therefore, in order to prevent plastic substrates from melting, the laser pulse energy and
the pulse duration should be carefully configured. Otherwise, a barrier layer like SiO> should

be used to prevent the substrate from melting by high energy laser [44].

From the same group, they subsequently crystallized the a-Si by using a 35ns excimer laser
pulse (XeCl: 308 nm) in a vacuum (~1mTorr) for crystallization. Beam intensity uniformity
within the 8x8 mm beam spot is measured at +3%. They started with 30 pulses of 130 mJ/cm?,
followed by another 30 pulses at 160 mJ/cm?. And subsequent irradiations at fluences of 20

mJ/cm? were then used to repeatedly melt and crystallize the film. Cross-sectional transmission
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electron microscopy (TEM) confirms the complete crystallization of the a-Si film, as shown in
Fig. 23. Sheet resistances for the crystallized films measured down to 450 /0, a value more

than adequate for poly-Si TFT devices.

PECVD Si

Explosive Poly

(b)

Fig. 23. Cross-sectional TEM micrograph of the Si/SiOz/plastic stack; (a) as-deposited (100
°C), and (b)after 30 laser pulses at fluences of 130, 160 and 200 mJ/cm?[43].
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Fig. 24. TFT mobility as a function of poly-Si grain size [23].

As a comparison, we can observe from the Fig. 24, the typical ELA can induce the

crystallized poly-Si grain size between 0.3-0.6um, thus have the TFT mobility from 50 cm*/V
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s up to 200 cm?/V s, which is 2 to 4 times higher than that of SPC poly-Si. The advanced ELC
appears in Fig. 24 is a lateral crystallization technique. It was developed from the conventional
ELC by precisely controlling the melt silicon and solid silicon interface into a certain thickness
and using the solid silicon as seed for lateral crystallization. In this case field effect mobility

can reach 350 cm?/V.s.

Nevertheless, ELA still suffers from bad morphology of silicon layer, which can cause
more states density on the surface of and into silicon. Besides, ELA would obviously increase
the complexity of crystallization process with which the repeatability of crystallization would

be difficult to control.

Hydrogen plasma induced crystallization

Plasma-induced-crystallization (PIC) has been proposed as an evidenced crystallization
approach, it has been proved that this technique can effectively lower down the crystallization
temperature [26]. Hydrogen plasma as one of the most commonly used plasma was introduced
to the PIC category by S. Sriaman et al. in 2002 [46]. The highest temperature for this

crystallization method is 300 °C.

In general, Hz-induced crystallization is mediated by insertion of H atoms into strained Si-
Si bonds through the formation of intermediate bond-centered Si-H-Si configurations as the H
atoms diffuse through the a-Si:H film. And subsequent structural relaxation of these Si-Si bonds
results in the transformation of film’s structure from amorphous to nanocrystalline. The film

would keep transforming to crystalline silicon with increasing H exposure.

H. P. Zhou et al. proposed a relative rapid H>-induced crystallization of ~2um thick a-Si:H
films at temperature of 300 °C [26]. In this work, they introduced high-density inductively
coupled plasma (ICP) of H> (up to ~10'*/cm?) into reactor at low pressure to process the
crystallization, the input RF power density and the sample-holder temperature for this stage are
42 mW/cm? and 300°C respectively. The treatment duration was varied from 0 to 30 minutes

in order to investigate the time evolution of hydrogen in-diffusion in a-Si:H films.
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Fig. 25. HRTEM images and corresponding electron diffraction patterns (inset) of the middle
crystallized layer in (a) a-Si:H films treated by hydrogen plasma for durations of 7(b) 15(c)
and 30 minutes(d) [26].

Fig. 25 shows high-resolution TEM images of crystallized layer in the samples treated for
7, 15 and 30 minutes, respectively. Plus, the scale bars for Fig. 25(a) and Fig. 25(b-d) are 20nm
and 10nm, respectively. The case of as-deposited film is included in Fig. 25(a), the diffraction
pattern of it demonstrates the amorphous structure of the as-deposited film. The inset of Fig.
25(b) represents a variety of diffraction rings, indicative of poly-Si structure without a preferred
orientation in the 7-min case. The inset of Fig. 25(d) shows 3 clear diffraction rings
corresponding to the (111), (220) and (311) orientations respectively. It indicates that there is

an increasing crystallinity of the crystallized layer.

Micro-Raman analysis in Fig. 26(a) demonstrates a gradual phase transition from
completely amorphous to highly crystal phase. Considering the TEM experiments, the
crystallinity is improved from 3% (as-deposited) up to 100% (30-min). A linear fitting is

included in Fig. 26(b) giving an approximate crystallization ratio of ~0.033/minute.

For the possible etching of silicon layer during the crystallization due to the existence of
H> plasma, researchers have reached an agreement that the competition between hydrogen
insertion into the amorphous network and silicon etching by hydrogen exposure results in the
occurrence of a hydrogen-rich surface layer with an ultimately steady thickness [26]. In addition,
atomic hydrogen plays an important role in the transition of amorphous to microcrystalline
silicon. When the growth surface is exposed to atomic hydrogen, there can be abstraction of

hydrogen bonded to silicon which consequently creates dangling bonds. After the breakage of
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weak silicon—silicon bonds, the Si—H bonds combine with the surface dangling bonds and

diffuse into the film.
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Fig. 26. Micro-Raman scattering spectra of the samples plasma-exposed for different
durations (a) and the exposure duration dependent average crystallinity (b) (denoted as open
squares) estimated from the Raman scattering spectra shown in (a) as well as the linear fitting

(solid line) of the average crystallinity [26].

C-beam (Carbon nanotube electron beam) crystallization

Carbon nanotubes (CNTs) have superior properties such as high aspect ratio, chemical
stability, long term stability and high current emission in electrical, thermal and mechanical
parts. Thus, CNTs are strong and practical electron emitters for vacuum nano-electronic device
applications. What should be noticed is that the property of emitting electrons can be used to

crystallize the amorphous silicon layers.

S. W. Lee et al. presented a novel technique for crystallizing amorphous silicon at 300°C
by using CNT emitter that emits electrons from a structure based on the field emission principle
[47]. They firstly fabricated CNTs vertically on silicon wafer with 60 pm in length. Then a
triode beam exposure system with CNT emitters on the wafer was attached at the cathode and
placed under the gate mesh. The distance between the cathode and the gate mesh was 150 pm.
The CNT emitters are aligned with gate mesh electrode, and the gate mesh had a pattern
structure. The bare silicon thin film on glass substrate was affixed at the anode by copper tape.

(See Fig. 27.)
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Fig. 27. Schematic diagram of C-beam exposure using a CNT emitter as a cathode [47].

After the set-up process, the chamber was set at a vacuum pressure of 107 Torr. Then the
bias was applied to the triode system. Therefore, a locally-enhanced electric field near the CNT
emitter was established, through the electric field, C-beam was generated and then crystallize
the amorphous silicon. In addition, the substrate coated with a-Si is not necessary to heated up

in C-beam crystallization, which makes it a low temperature crystallization technique.

Fig. 28 shows that after crystallization, the silicon film had a surface consisting of nano-
sized grain boundaries. The grains of the nano-crystallized silicon thin film had a size

distribution in the range of 10-30 nm.

KHU 10.0kV 6.2mm x100k SE(V)

Fig. 28. High-resolution SEM images of silicon thin films: (a) before C-beam exposure and

(b) after C-beam exposure [47].
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Fig. 29. Raman spectra from silicon thin films before and after C-beam exposure [47].

Fig. 29 presents Raman spectra to compare a a-Si:H film before (red line) and after (black
line) C-beam exposure. The peak after exposure is at 518.4 cm™!, this confirms that the C-beam-

exposed area was transformed to crystalline structure.

The TFTs which were fabricated by C-beam crystallized silicon show max current of 10
A and on/off ratio of more than 107. And the linear mobility of the TFTs is of 20 cm?*/ Vs when

the gate voltage is of -34.0 V.

Blue Laser Annealing (BLA)

Although excimer laser annealing shows very good feasibility in crystallizing amorphous
silicon, with good mobility and stability, it suffers from poor uniformity caused by
unreproducible pulse energy [49]. For this reason, blue laser annealing (BLA) is promising as
a new alternative approach. BLA works in the continuous wave (CW) mode at wavelength of

445 nm generally, the laser power can vary from several watts to several tens watts [48]-[50].

Fig. 30 shows the schematic of BLA system. From this figure we can notice the laser beam
would scan the amorphous silicon surface column by column since the laser beam has a specific

area and works under CW mode.
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Fig. 30. The scheme of blue laser annealing equipment [50].

BLA has a penetration depth longer than that of UV excimer lasers (248-308 nm) due to
the shorter wavelength of blue laser. This means the laser power must be chosen carefully to
prevent the layers under amorphous silicon from melting, otherwise the possible flexible

substrates will be exposed to danger of melting for the flexible electronics fabrication.
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Fig. 31. (a) Laser energy as a function of scan speed of blue laser annealing system with
laser diode (LD) power of 30 W. (b) The schematic laser energy profile for crystallization of
the a-Si film [50].
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From Fig. 31 we can see, at the same power of photo diode, the laser energy irradiated on
the silicon is in function of scan speed. Fig. 31(b) shows the temperature profile into the a-Si
layer with different scan speeds. Three different modes can be defined by the nature of the

transition of crystals (full melting, partial melting and SPC, respectively).
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Fig. 32. Raman spectra as a function of laser scan speed for crystallization of blue laser

annealed poly-Si film. The inset table shows the parameter of Raman scattering [50].

Subsequent Raman analysis illustrates more specifically the quality of crystallinity
accomplished by three different scan speeds but at same power. From the table in Fig. 32 we
can see under different scan speeds they all show clear peak centers at close to 521 cm™. Since
smaller FWHM indicates better crystallinity, partial melting and full melting modes are better
choices if we do not take thermal budget into account. Therefore, in order to crystallize a-Si at
arelatively low temperature, we have to do trade-off between scan speed of laser diode and the

crystallinity.

1.4 Conclusion

In this chapter, we reviewed two most important low temperature techniques that dedicated
to deposition and crystallization of a-Si layer compatible for flexible substrates. These two
technological processes usually define the highest process temperature among all the steps to

build the devices that meet our requirements. Therefore, it is essential to have a general idea
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about the advantages and disadvantages of these techniques when we try to develop an entire

low temperature process for our devices.

First, the low temperature deposition techniques were reviewed. Reactive sputtering, hot-
wire CVD and PECVD could all work at temperature as low as 300 °C. PECVD is more

frequently adopted due to its good film uniformity and electrical properties of deposited films.

Second, different crystallization methods have been discussed. Mainstream methods like
MIC and MILC were reviewed at first, some other approaches such as ELC, H; plasma induced
crystallization, C-beam crystallization and BLA were presented afterwards. They all meet the
limitation of temperature and show promising quality of crystallinity at the same time.
Nevertheless, metal induced crystallization features more because of the easy realization.
Especially indium induced crystallization could provide even lower crystallization temperature

compared to the other metal materials.

Our work is to adopt proper techniques dedicated to low temperature electronics fabrication.
For this case, many investigation and research would be carried out on whole process build and
electrical characterization. All the techniques we reviewed could help us to better understand
the context of low temperature process and improve the electrical properties of the devices we

are about to fabricate.
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2.1 Introduction of ICP-CVD (Inductively Coupled Plasma

Chemical Vapor Deposition) technique

Unlike the other deposition techniques like LPCVD, PECVD, etc., inductively coupled
plasma chemical vapor deposition (ICP-CVD) can offer several advantages such as higher
density of plasma during the deposition and good homogeneous of deposited layers and lower
process temperature [S51], [52]. These advantages enable the possibility of depositing high

quality thin film under relatively low temperature.

The ICP-CVD is operated by introducing inductively coupled plasma which is driven by a
magnetic potential set up by induction coil located outside the chamber. The typical design of
ICP-CVD system is shown in Fig. 33, in which the ICP coil controls the dissociation of plasma
and density of incident ions in the chamber. The ICP coil is connected to LF generator whereas
the lower electrode is connected to 13.56 MHz RF generator, which allows independent control

of the bias voltage on the substrate.

ICP power

Fig. 33. Schematic of ICP-CVD system [53].

The equipment used in this work is Corial 210D ICP-CVD system. The composition of this
system is illustrated in Fig. 34:
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Fig. 34. Detailed view of Corial 210D ICP-CVD system [53].

Besides the reactor we mentioned before, the ICP generator and RF generator provide the
bias during the deposition, chiller regulates the temperature of the chuck and EPD

(electrophoretic deposition) allows us to monitor the deposited thickness of the films.

Although ICP-CVD has been adopted as one of the new deposition techniques in our lab

and used in this thesis, the characteristics of these films need to be more explored and optimized.

As a good candidate for gate insulator in MOS (metal-oxide-semiconductor) transistors,
Si02 has been widely researched under different CVD techniques. Since there are several
advantages of ICP-CVD compared to the other CVD techniques, the electrical properties of
ICP-CVD deposited SiO2 should also be investigated. Few publications have reported the gap
filling capability [51], C-V characteristics and breakdown field [54], [55] on SiO; films
deposited by ICP-CVD. For instance, previous works reported -1.8V of flatband voltage [55]
and 8.6 MV/cm of breakdown field [54] on ICP-CVD SiO:».

Silicon layer is also an essential material for building either SINWs based electronics or
thin film electronics. Several structural researches on silicon deposited by ICP-CVD have been
reported. These researches covered a complete silicon crystallinity: from amorphous silicon,
nanocrystalline silicon [56], microcrystalline silicon [57] until polycrystalline silicon [58]. Due
to the higher density of plasma in ICP-CVD, the deposition temperatures were all below 300
°C.
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Si0: films were deposited with a fixed set of parameters during process, it is therefore not
clear to see how different parameters can influence the electrical properties of deposited films.
In addition, the bibliography on the electrical properties of deposited silicon layers is rarely
found. Therefore, in this chapter, we firstly fabricated ICP-CVD MOS capacitors based on SiO»
by modifying several key deposition parameters to evaluate and thus to optimize the SiO:
deposition. Then, ICP-CVD TFTs were accordingly fabricated to characterize electrical
properties of the ICP-CVD silicon layer and to complete the electrical characterization on ICP-

CVD SiOs..

2.2 Fabrication and characterization of ICP-CVD SiO: MOS

capacitors

In this work, SiO» is not only used as material layer but also as an insulator for electronic
devices. For this reason, electrical properties of ICP-CVD SiO; layers will be analyzed and

optimized in this chapter.

In order to characterize ICP-CVD SiO; electrically, we fabricated MOS capacitors on
silicon substrates. HFCV (High Frequency Capacitance Voltage) and I-V measurements were
performed and several parameters such as flatband voltage and field breakdown were
subsequently extracted. As mentioned, the research was carried out on the comparison of the
results corresponding to different deposition parameters (LF and RF powers, pressure and
temperature). In this way, the deposition parameters of SiO2 would be optimized and be more
adapted to serve as insulator in low temperature (<300 °C) electronic devices compatible with

flexible substrates.

Research in this section is a two-step optimization. Several deposition parameters are tested
for the first batch of capacitors and the optimized ones are set for the second batch of capacitors.

For second batch, some other deposition parameters are tested to finish the optimization.

2.2.1 Principles of C-V curves of MOS capacitors in brief

The C-V measurements are carried out by applying the DC bias between gate (the metal)
and the substrate (the semiconductor) (see Fig. 35). During the measurement the DC voltage
will sweep from negative to positive and at the same time a small AC voltage with certain
frequency is also applied on the gate. The capacitance is recorded through the measurement and

then is plotted in function of the DC sweep voltage.
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Fig. 35. Schematic of capacitance measurement setup.
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Fig. 36. Low-frequency (If), high-frequency (hf), and deep-depletion (dd) normalized
Si0»-Si capacitance-voltage curves of a MOS capacitor with N-type substrate [59].

While the gate voltage sweeps from positive to negative (for N-type substrate case), the
charges appearing at the SiO»/Si interface at first are electrons which are majority carriers for
N-type silicon. This refers to accumulation region shown in Fig. 36. When voltage keeps
decreasing, the charges at the interface will be depleted, known as the depletion region. Until
now, no deviation of the curves can be seen either for low frequency of high frequency C-V
measurements, where low or high frequency refers to the frequency of the small AC voltage

applied on gate. When entering into inversion region, if the frequency of the AC voltage is low
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enough to allow the formed holes to respond to the AC voltage, then LFCV (low frequency
capacitance voltage) curve is obtained. If the frequency is too high (normally up to 900 kHz)
for the formed holes to follow, HFCV (Cus) is obtained. The deep depletion curve (Cqgq) would
be obtained when DC voltage sweeps too fast, no matter how high or slow is the frequency of

AC voltage.

The flatband voltage can be determined from HFCV curves. Since the capacitance increase
for n-type substrate case is strongly related to transition from minority carriers to majority
carriers, the approximate flatband voltage can be determined following the flatband capacitance

method described in [60]:

CoxCsrB
Cpp = ——™ 1
FB Cox+CsrB (D
V2Asgseg
Cspp = —/—— ()
D

Where Crs, Cox and Csrg are capacitance in HFCV when applied voltage equals flatband
voltage, oxide capacitance and substrate capacitance when MOS capacitor is in flatband state,
respectively. A, €s, & and Lp are area of gate, relative permittivity of silicon, vacuum
permittivity and extrinsic Debye length, respectively. Debye length can be calculated following

the equation (3):

_ ’ZkTssso
LD N a?Ngyup (3)

Where k, T, q and Nsub are Boltzmann constant, temperature in Kelvin, elementary charge
and doping level of substrate, repectively. Finally, flatband voltage can be determined from the
corresponding Cgg in HFCV characteristics.

The occurrence of breakdown generally refers to the intrinsic breakdown of SiO- layer,
more specifically, Fowler-Nordheim tunneling. When high field imposed across the oxide layer,
which is necessary for tunneling (approximately in range of 7.5-10 MV/cm [62]), it results in a

large density of electrons injected from silicon to SiO». This is illustrated in Fig. 37.
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Fig. 37. Energy band diagram of the MOS system, during electron (e) injection from the
silicon [63].

In Fig. 37, Ec and Ey represent the bottom of conduction band and top of valence band,
respectively, Er is the Fermi level. The electrons are injected from conduction band of silicon
into Si0> conduction band as indicated by the arrows in the figure. This phenomenon will give
arise to the measured current and lead to a breakdown eventually.

The breakdown field is determined by: Egr=Va/tsio2. Where Vg and tsio2 are breakdown
voltage and thickness of SiO, respectively. The breakdown voltage is extracted from the I-V

curve where corresponding measured current instantly rises up to 1uA in our case (seen as the

breakdown happens).

2.2.2 First batch of MOS capacitors

The first batch of MOS capacitors was fabricated through one-mask process. Highest

process temperature occurred during ICP-CVD of SiO,. The cross-sectional schematic of

capacitor is shown in Fig. 38.

Al Al Al
ICP-CVD SiO2

mono-Si sub

Fig. 38. Cross-sectional schematic of ICP-CVD SiO> MOS capacitor.
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Fabrication process

First, the N-type mono-crystalline silicon wafers were RCA cleaned to remove
contaminations and native oxide on the surface of the wafers. Second, SiO2 layers with different
thickness were deposited by ICP-CVD. Third, 300nm thick aluminum layers were thermally
evaporated on SiO; layers. After photolithography, the samples were wet etched in aluminum
etchant under 40 °C. At last, the forming gas (FG) annealing was implemented at 390 °C for 30
minutes. Each pad of aluminum electrodes has area of 0.81 umz, which can be considered as
the area of the conducting plate of capacitors. Different combinations of deposition parameters

of SiO, were selected and listed in following table.

From table 8 we can compare the electrical properties of SiO: in terms of LF power, RF
power, deposition temperature and pressure. HFCV and breakdown test were performed on

each sample by using Agilent semiconductor analyser-B1500A.

Table 8. Deposition parameters of ICP-CVD SiO; layers.

No. of LF Power (W) | RE Power (W) Deposition Pressure | Thickness of
sample temperature (°C) | (mTorr) Si02 (nm)
A 200 - 20 5 300
B 500 - 20 5 300
C 500 50 20 5 300
E 500 - 120 5 300
F 500 - 120 10 300
H 500 - 120 2.5 300
I 500 50 5 2.5 150
J 500 50 8 2.5 150
K 500 50 10 2.5 150
L 500 50 15 2.5 150
M 500 50 20 2.5 150

LF power comparison

In order to compare the different LF powers (200W and 500W in this batch), HFCV and

breakdown field of sample A and B were compared and the results are shown in Fig. 39.
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Fig. 39. (a) HFCV of sample A and B (with LF power of 200W and 500W, respectively); (b)

breakdown test on sample A and B.

From Fig. 39(a) we can observe that HFCV for both sample A and B shows deep depletion
when applied voltage decreases down to -10V. This is due to the fast sweep of the DC voltage.

When we calculated the flatband voltage for both samples by using equation (1)-(3), we have

-1.75V for sample A and -4V for sample B, respectively. It seems that sample A with LF power
of 200W outweighs sample B due to its smaller flatband voltage because smaller flatband
voltage indicates the easier reach of the voltage boundary of the strong inversion for MOS
capacitors [60], [61]. Unfortunately, we observe a capacitance drop after 7V of the applied
voltage on sample A, which implies higher trapped charges into the SiO; layer. This is also
confirmed by the breakdown test in Fig. 39(b). Sample A sees a breakdown just at 20V of
applied voltage, which shows the breakdown field (Egr) is 0.67 MV/cm. In contrast to sample
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A, sample B does not have a breakdown even the applied voltage reaches 100V (measured
current is 3.19nA), which means sample B with LF power of S00W has the Ege>3.3 MV/cm.
Therefore, combining the HFCV and breakdown test for both samples, when RF power is

absent, capacitor with larger LF power as S00W provides better insulating property.

With/without RF power
Since the RF power is also an adjustable parameter in ICP-CVD system, it is important to
evaluate the impact of the presence and the absence of RF power source. Therefore, sample B

and C were compared in Fig. 40.
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Fig. 40. (a) HFCV of sample B and C (B without RF power while C with RF power); (b)

breakdown test on sample B and C.
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The flatband voltage for both samples is -4V and the breakdown behavior of these two
samples is coincidently similar since no breakdown occurred until the applied voltage reached
100V (the highest current for both samples is around 4nA in Fig. 40(b)). Even like this, the
HFCV characteristics show big difference between these two samples in Fig. 40(a). HFCV of
sample B in Fig. 40(a) shows a deep depletion region at the negative applied voltage whereas
the HFCV of sample C shows the typical inversion region. This means under the same DC
voltage sweep rate, the minority carriers of capacitor without RF power added (sample B)
during deposition of SiO» could not respond in time to prevent the capacitance from decreasing
when applied voltage decreases. Therefore, in order to have a faster transition from depletion

region to inversion region, introducing RF power during SiO> deposition is necessary.

Pressure comparison

Pressure of deposition into the chamber is regulated at a certain value in the ICP-CVD
reactor during the deposition process. It is also interesting to investigate how pressure would
influence the electrical properties of SiO». For this purpose, different chamber pressures of 2.5
mTorr (sample H), 5 mTorr (sample E) and 10mTorr (sample F) were compared, for a higher

deposition temperature chosen at 120 °C. Fig. 41 presents the results:
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Fig. 41. (a) HFCV of sample E, F and H, with pressure of 5, 10 and 2.5mTorr, respectively
(500W of LF power and 120°C of temperature); (b) breakdown test on sample E, F and H.

Calculated flatband voltage for sample E, F and H is -12.25V, -3.5V and -4.9V,
respectively. From Fig. 41(a) we can see although sample F (with deposition pressure of 10
mTorr) does not have depletion region as the other two samples and yields the smallest flatband
voltage, only 0.1 of the relative capacitance (C/Cox) drop indicates the massive defects existing
into SiOy layer. This is confirmed by the breakdown test in Fig. 41(b) that the sample F broke
down at the applied voltage of 70V (Epr=2.3 MV/cm). In the contrary, sample E and H do not
breakdown until 100V of voltage applied, which means the breakdown fields of these two
samples are at least 3.3 MV/cm. By comparing sample E and H, sample H with deposition
pressure of 2.5 mTorr is the best compromise since sample H has smaller flatband voltage than

sample E. Therefore, 2.5 mTorr would be the optimized deposition pressure.
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Deposition temperature comparison

Temperature in I[CP-CVD system is substantially the temperature of the chuck on which
the samples are put in the reactor during deposition. The deposition temperature was roughly
compared between 20 °C and 120 °C in prior to smaller range of temperatures because it could
reveal more obvious effect on larger temperature gap, which could be a good start for

optimizing the deposition temperature.
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Fig. 42. (a) HFCV of sample B and E (with temperature of 20 and 120 °C, respectively); (b)

breakdown test on sample B and E.

From Fig. 42(a) we can easily notice the flatband voltage difference, the flatband voltage
for sample B and E has been calculated before, which is -4V and -12.25V, respectively. By

observing Fig. 42(b), even the measured current for sample B is almost 10 times than that of
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sample E when applied voltage reaches 100V, the highest current is around 3.5nA, which is
still in a low level. In other words, both samples do not show breakdown until the applied
voltage is 100V, which indicates Egr>3.3 MV/cm. Therefore, sample B with lower flatband
voltage holds better electrical properties, which also shows that 20 °C as the deposition

temperature is better compared to 120 °C.

From the results above, the optimized parameters that we have decided to use for the rest
of the process are LF power of 500W, RF power of S0W and pressure of 2.5mTorr. Sample I
to N were thus fabricated by playing temperature in a narrower range between 5°C and 20 °C.

The results were shown in Fig. 43.

From Fig. 43(a), the HFCV characteristics of these capacitors overlap to a large extent,
which could be explained by the small variation of the temperatures. Nevertheless, some
deviations can still be observed when the capacitances increase from inversion to accumulation
region. Flatband voltage for sample I to M is -1.59V, -2.6V, -2.3V, -2.25V and -3.25V,
respectively. Interestingly, the flatband voltage increases from -1.59V to -3.25V when
deposition temperature increases from 5 °C to 20 °C, while the flatband voltage for 8-15°C case
has a reverse trend. Since the flatband voltage difference for 8-15 °C case is so subtle, we can
still consider that the flatband voltage would decrease with the deposition temperature
decreasing. When we take a look at the breakdown test in Fig. 43(b), measured current start to
increase from applied voltage of 60V, stop at around 35nA for all samples. This means no
significant breakdown occurs when voltage reaches 60V, indicating Ege>4 MV/cm (consider
the thickness of SiO> of these samples is 100nm). When we take these results into account,
depositions developed at 5 °C perform best. One should be noticed that although 20 °C of the
temperature has higher flatband voltage, the difference of flatband voltages under different
temperatures is not significant. Since the capacitor fabricated at 20 °C can already yield good
electrical property, 20 °C can be an optimized temperature. In addition, 20 °C is closer to room

temperature, which is easier to regulate and maintain compared to the other lower temperatures.
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Fig. 43. (a) HFCV of sample I to M (with temperature of 5, 8, 10, 15 and 20 °C,

respectively); (b) breakdown test on sample I to M.

After comparing the first batch of capacitors, we can obtain the optimized parameters of

fabricating ICP-CVD SiO; capacitors, which are 500W of LF power, SOW of RF power,

2.5mTorr of pressure and 20 °C of temperature. Further research on optimizing the deposition

of SiO; continued more in detail and the results will be presented in the following part.

2.2.3 Second batch of SiO> MOS capacitors-detailed comparison

RF power was only investigated by adding or not into the deposition process before, so it

will be interesting if we dig more on RF power in second batch of capacitors. LF power will

also be investigated again by trying more possibilities on new batch of capacitors. In addition,

forming gas (FG) annealing effect will be discussed as well in this section.
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The fabrication of the new batch of capacitors followed the same structure depicted in Fig.
38 and the fabrication process except for FG annealing remained same. This time the
temperature of FG annealing was adjusted to 200°C from 390°C because lower FG annealing
temperature would be compatible with flexible electronics fabrication. The details of each
important parameter involved in the fabrication process are listed in table 9. To eliminate any
ambiguity, the samples in second batch were re-ordered from A to R. Therefore, in this section,

the number of the samples mentioned will be for the new samples.

Table 9. Deposition parameters of 2" batch of ICP-CVD SiO; layers.

No. of LF Power (W) RE Power (W) Temperature (°C)

sample
A 200 - 20
B 500 - 20
C 700 - 20
D 900 - 20
K 500 80 20
L 500 80, ramp-up 20
M 500 50, ramp-up 20
0) 500 40, ramp-up 20
R 500 30, ramp-up 20

Since the pressure has been well optimized, all the samples in second batch used 2.5mTorr
as the pressure. In addition, all deposited SiO> have the same thickness of 100nm.

The capacitors were characterized by performing HFCV measurements and breakdown
tests as we have done on the first batch of capacitors. We first present the results on samples

without annealing, while at last we will show the FG annealing effect on optimized samples.
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LF power comparison
LF power has been compared in last section but with only two different powers. In this
section, larger LF powers (>500W) were compared to have detailed information on

optimization. Fig. 44 shows the results of HFCV and breakdown tests.
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Fig. 44. (a) HFCV of sample A, B, C and D at 20 "C (with LF power of 200W, 500W, 700W,
and 900W, respectively); (b) breakdown test on the same samples.

From Fig. 44(a) we can see that the HFCV curves of sample C and D are almost flat (close
to Cox), which means the silicon near the SiO»/Si could not be inverted. This accordingly shows
that the insulation of SiO> layers in these samples is really inferior. Although both sample A
and B have clear transition from accumulation region to inversion region, the transition of
sample A is much slower than that of sample B. Even the flatband voltage of sample A (-4.3V)

is smaller than sample B (-5V), the slow transition would not be tolerated when the
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corresponding SiO; is used as the insulating layer in TFT fabrication. In addition, sample A
tends to breakdown more easily, yielding breakdown field of 4 MV/cm, which is only half of
sample B (Fig. 44(b)). The breakdown curves of sample C and D are invisible since they
coincide with the curve of sample B until 50V of applied voltage (which is the end voltage of
breakdown test for sample C and D). Therefore, sample B is the best compromise among these

samples, which means 500W is still the optimized LF power even larger powers were tested.

Constant RF power comparison

In order to optimize the properties of SiOz layers, different RF powers are thus researched
in details. Since higher RF power would lead to higher energy of the plasma which could
introduce potential damage to the deposited layer, the RF powers were confined under 80W.
Moreover, the way to apply RF power during the deposition process is also an interesting
variable which could cause different qualities of deposited layers. For example, the normal way
to apply RF power is to increase the power to set value instantly and hold the power constantly
during the whole deposition process. The other way is the “ramp-up” of RF power which means
increasing the RF power gradually to the target value. All these ways would be discussed in

this section.

First of all, same RF power (80W) but applied in different manners were researched. The

results are shown in Fig. 45:
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Fig. 45. (a) HFCV of sample K and L at 20 “C (with the RF power held constantly and

increased gradually, respectively); (b) breakdown test on the same samples.

By comparing the flatband voltage for both samples in Fig. 45(a), the capacitor with the
ramped RF power (sample L) shows smaller flatband voltage of -6.85V compared to that of -
8.9V of the capacitor with constant RF power. Furthermore, larger breakdown field of 7.5
MV/cm can be obtained for the ramped RF power case, which is 1.5 MV/cm larger than that of
constant RF power case (see Fig. 45(b)). These results indicate that the better way to apply RF

power during the deposition is to increase the power gradually rather than keeping it constantly.

Ramp-up RF power comparison
After the comparison between constant and ramped RF power, samples with different

ramped RF powers were tested and compared. The results are presented in Fig. 46.
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Fig. 46. (a) HFCV of sample L, M, O and R at 20 °C (with ramp-up RF power of 80W, 50W,
40W and 30W, respectively); (b) breakdown test on the same samples.

From Fig. 46(a), no consistent tendency of HFCV can be summed up with increase of
ramped RF powers in terms of flatband voltage. The flatband voltage for sample L, M, O and
R are -6.85V, -7.8V, -7.85V and -6.6V, respectively. The lowest RF power of 30W (sample R)
shows almost the same flatband voltage as the highest RF power which is 80W (sample L). The
performance in terms of flatband voltage slightly decreases when ramped RF power is within
the range between 30W and 80W. Nevertheless, the flatband voltage differences are less than
1.3V according to the HFCV curves. When we consider the breakdown field in Fig. 46(b), they
are extracted from the curves and listed together with the flatband voltage of each sample in

table 10. Since the breakdown field of the capacitor for S0W case (sample M) is at least 1.5
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MV/cm larger than the other capacitors as we can observe from Fig. 45(b), the best compromise
is SOW of the ramped RF power. Nevertheless, we have to admit that the differences among

these samples are subtle.

Table 10. Flatband voltages and breakdown fields for sample L, M, O and R (ramped RF
powers for these samples are 80W, 50W, 40W and 30W, respectively).

Sample L Sample M Sample O Sample R
Flatband voltage (V) -6.85 -7.8 -7.85 -6.6
Breakdown field (MV/cm) ~7.6 ~9.5 ~8 ~8

The forming gas annealing effect

The new batch of -capacitors were fabricated and annealed in forming gas
(N2/H2=90%/10%) at 200 °C for 30 minutes, with the objective to fabricate high quality TFTs

at low temperature and build electronic devices on flexible substrates.

Therefore, the effect of relatively low temperature forming gas annealing should be
validated. Sample B (LF power of S00W) was chosen to compare the HFCV characteristics and

the breakdown field before and after FG annealing. The results are shown in Fig. 47.

From Fig. 47(a) we can see after FG annealing, the HFCV curves shifts towards positive
applied voltage, indicating better performance on flatband voltages. Here the calculated
flatband voltage decreased from -5V to -2.05V. Such FG annealing is commonly used in
classical silicon technology to reduce the contact resistances between aluminum pads and
silicon layers, this annealing might probably also cure some defects at the SiO»/Si interface
leading to better flatband voltage of the capacitors. On the other hand, the breakdown field of
annealed capacitor is inferior to the same capacitor just before the FG annealing, which is ~8.1
MV/cm and ~7.5 MV/cm, respectively (see Fig. 47(b)). Since the degradation of the breakdown
field is less than 7.5%, it could be neglected.
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Fig. 47. (a) HFCV of sample B before and after forming gas annealing (with LF power of
500W and temperature of 20 °C, respectively); (b) breakdown test on the same samples.

In order to have a perspective on the breakdown field of optimized ICP-CVD MOS
capacitors, we compare breakdown field of ICP-CVD MOS capacitors with the MOS capacitors

which Si0O; layers were deposited by the other techniques and show in table 11:
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Table 11. The breakdown field comparison of SiO> MOS capacitors with its SiO> layers

deposited by different techniques.

Deposition techniques Breakdown field (MV/cm) Process temperature (°C)
Thermal oxidation [64], [65] 10-30 900-1100
APCVD [66] 4.7-5.9 300-450
LPCVD [67], [68] 5-10 650-950
PECVD [69]-[71] 3-9 250-440
Sputtering [72], [73] 2-8 80-200
Our results 2.3-9.5 5-120

Through table 11 we can conclude, at much lower process temperature (5-120 °C), ICP-
CVD MOS capacitors can yield comparable breakdown fields to the other deposition

techniques.

2.2.4 Conclusion

ICP-CVD SiO> MOS capacitors have been fabricated for two batches with several
parameters changed and each sample with capacitors has been characterized by performing
HFCV and breakdown test. After comparing these samples, the parameters which lead to better
electrical properties of the ICP-CVD SiO» based capacitors are determined. LF power of S00W,
RF power of 5S0W, pressure of 2.5mTorr and temperature of 20 °C have been validated as the
best combination of the deposition parameters. In addition, the ramp-up of RF power will also
improve the performance of capacitor in terms of flatband voltage. At last, forming gas
annealing with lower temperature (200 °C) has been confirmed as an effective way to

continuously improve the electrical quality of SiO; layers.

2.3 ICP-CVD Thin Film Transistors (TFTs)

ICP-CVD has been proved an appropriate technique to deposit good SiO> insulating layers
at low temperature (<220 °C). Besides SiO which can act as insulating layer in TFT, ICP-CVD
can also be used to deposit active layer like microcrystalline silicon. Therefore, to fully
implement the ICP-CVD and to take advantage of this deposition technique, TFTs with both

active layer and insulating layer deposited by ICP-CVD have been fabricated and characterized.
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Glass-sub

Fig. 48. (a) 2-D cross section schematic of ICP-CVD top gate TFT; (b) related 3-D schematic
of the same TFT.

Fig. 48(a) shows the cross-sectional schematic view of the fabricated N-channel top gate
silicon TFT on glass substrate. The active layer, source/drain and gate oxide were all deposited
by ICP-CVD during the fabrication of TFT. Fig. 48(b) shows the corresponding 3-D schematic
of the TFT.

2.3.1 Fabrication process

Fabrication followed a classical three-mask process. First, a 100 nm thick undoped pc-Si
layer and a 100 nm thick n-type in-situ doped pc-Si (the characterization of crystallinity is
shown afterwards in Fig.49) layer were deposited consecutively in ICP reactor, using silane
(SiH4) as precursor gas and phosphine (PH4) as doping gas. During deposition of in-situ doped
pc-Si film, substrate temperature reached 180 °C. Then, the source/drain areas were patterned
by first photolithography and following RIE (Reactive Ion Etching) etched the n-doped layer
by using SFe plasma. Second, a 100 nm thick SiO» as the insulating layer was deposited in ICP
reactor following parameters optimized in 3.2. In order to pattern the gate insulator, the second
photolithography was performed after the deposition, followed by the RIE of SiO; under CF4
plasma. At last, a 300 nm thick aluminium layer which acts as the electrode material was
evaporated onto the patterned SiO; layer. Following the third photolithography and wet etching

of aluminium, the TFTs underwent both the forming gas annealing and the thermal annealing.

Forming gas annealing was performed first at 200 °C in hydrogen and nitrogen ambience with
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the H2/N> ratio of 10%/90%. A second thermal annealing was performed afterwards at around
220 °C expected to yield better electrical properties. The parameters of both forming gas

annealing and thermal annealing are summarized in table 12.

Fabricated TFTs were electrically characterized by collecting I-V curves using an Agilent

B1500A semiconductor analyser.

Table 12. Parameters of performed forming gas annealing and thermal annealing.

Forming gas annealing Thermal annealing
Temperature 200 °C ~220 °C
Gas flow N> 1800 sccm, Hz 200 scecm N2 70 sccm
Pressure atmospheric 0.9 mbar
Duration 30 mins 120 mins

Raman analysis was carried out to characterize the crystallinity of deposited silicon layer.

Specirum - ICP-CVD avec recut_01

= CP-CVD sans rectit 01
= ICP-CVD avec recuit 01

Fig. 49. Raman spectrum of ICP-CVD silicon

From the Raman spectrum we can see a clear peak located at ~520 cm™!, which indicates a

good crystallinity. The crystalline fraction according to this measurement is 75%.
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2.3.2 Electrical properties of fabricated TFT

The transfer characteristics of TFT before undergoing any annealing process are presented
in black curve in Fig. 50, Electrical parameters of the TFT as threshold voltage (Vtn), field
effect mobility (u) and subthreshold slope (S) were then extracted. Threshold voltage and field
effect mobility are determined following the simplified electrical conduction model of the
MOSEFET [61]. In this way, Vtn is deduced by the intersection with the gate axis of the linear
interpolation of the drain current with gate voltage curve, and field effect mobility is estimated
from the maximum value of the transconductance, plotted in the linear mode. The subthreshold
slope is checked from the reverse slope in the switching region of the transfer characteristics
plotted in a semi-log-scale. Values of electrical parameters reported in table 13 reveals poor
electrical properties of TFT related to bad quality of both active layer and SiOz-active layer
interface. In this way, in order to improve the electrical properties of fabricated TFT, device
was thermally annealed in forming gas to improve quality of SiO> gate insulator and the contact
resistances, and followed by a thermal annealing in nitrogen ambience at 220 °C during 2 hours
(parameters see table 12) to improve interface and active layer qualities.

Compared to the black counterpart, the red transfer characteristics curve which represents
the same device after performing annealing shows two decades higher in drain current level.
This result can be attributed to two phenomena: the decrease of contact resistances at source

and drain electrodes, and also to the improvement of active layer and interface qualities.

Table 13. Electrical parameters of ICP-CVD TFT under different stage of annealing

process
TFT with FG and thermal
Parameters TFT without annealing
annealing
Threshold voltage (V) 5.6 3.7
TondoFr 8.1x10? 6.4x10?
Field effect mobility (cm?/Vs) 0.02 1.2
Subthreshold slope (V/dec) 4.4 3.9
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Fig. 50. The transfer characteristics of the same TFT with W/L=450um/80um and
Vps=1V, at different stage of annealing: black curve represents for TFT without any
annealing and red one is with FG annealing at 200°C and thermal annealing at 220 °C

consecutively.

More specifically, the contact resistance is strongly related to the existence of the defects
at the interface between aluminum layer and doped silicon layer (source/drain regions).
Assuming that contact resistances (Rc) at source (Rs) and drain (Rp) regions are identical (see
(Fig. 51)) in the linear mode, and neglecting the field effect mobility degradation, thus Rc is

determined from the channel resistance (Rps) following: [74]

Vps 1 L 1
Rps =—== 2R+ — 4
DS ™ Ips ¢ (HCOX W) Ves—VTH “

where Cox is the oxide capacitance per unit area of the transistor, W and L the width and
the length of the channel respectively. Then, extrapolated values of RC from the linear
interpolation of the Rps= f(1/Vgs — VTn)) plot with the Rps axis (see. Fig. 52) are 222.5kQ and
17.8kQ for non-annealed and annealed TFT respectively. This lower value of the contact
resistance for the annealed device (more than one decade) explains the significant increase with
the same ratio from Off- to On-state of the drain current of the transfer characteristics plotted
in Fig. 50 of the device submitted to FG annealing. Indeed, in case of TFT, FG annealing is
generally believed to heal the defects existing at the interface of aluminum layer and undoped

silicon layer to minimize contact resistance effect and thus to increase the drain current level.
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Fig. 51. Equivalent electrical model of the transistor taking into account the contact

resistances.
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Fig. 52. Plots of the channel resistance in function of the reverse of the effective gate

voltage (Vg* =Vas' - Vrn) for: (a) no annealed TFT, (b) FG annealed TFT.

Electrical parameters deduced from the transfer characteristics of the same TFT after going
through the two thermal annealing are reported in table 13. By comparing threshold voltage and
subthreshold slope before and after performing two annealing processes, they both see decrease.
In addition, the calculated field effect mobility (1.2 cm?/Vs) is almost 60 times higher after two
thermal annealing. Such relatively low value is comparable for TFT's fabricated using other low
temperature thin films deposition technologies [75]-[77], but still reveals poorer crystal quality

of the silicon thin layer compared to higher temperature fabrication process.
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Fig. 53. (a) Transfer characteristics and gate current characteristics of TFT with
W/L=450um/80um after two annealing processes (Vps=1V); (b) Output characteristics of the
same TFT measured under VGS set from 1 to 10V for 1V as the step.

The transfer characteristics and gate current of the TFT undergoing two annealing
processes are plotted in Fig. 53(a). For applied gate voltage exceeding Vrn, the gate current that
can also be noted as leakage current is at least 3 decades lower than On-state drain current. In
addition, the gate current does not exceed 1nA when gate voltage is up to 20V, which reveals
quite good gate insulation. Furthermore, the corresponding output characteristics plotted in Fig.
53(b) show distinguishable linear region and quasi-saturated region. This indicates a good
ohmic contact between the electrodes and the drain/source regions and good field effect. One
can conclude is that the TFTs processed under low temperature (<220 °C) ICP-CVD technology
yield promising electrical properties, following a lower cost process flow in comparison to other

work, in particular in terms of dopant activation for source and drain regions [78].

As mentioned earlier, electrical properties of these TFTs are strongly related to the active
layer and interface qualities. In this way, energy distribution of defects into the bandgap at the

interface and into active layer will be discussed in the following section.

2.3.3 Energy distributions of defects into the bandgap

Theoretical model of Suzuki

Two main complementary approaches were previously established to determine the energy
distribution of states in amorphous or polycrystalline silicon TFTs. Methods are based on the

analysis of the field-effect conductance using analytical methods [79] or temperature
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measurements of the current [80], or others combining both [81]. In our case, energy
distribution of defects is determined from the transconductance ( G = dlpg/dVis )
characteristics of the transistors by using the incremental method of Suzuki [79].

The model classically used to determine the desity of states (DOS) into the bandgap related

to defects density into the active layer follows:

i 02 [d¥(x) 2
Npos(Er + q¥s) = %6‘?52 [d—xx |x=0] &)

aw e . ..
Where % |x=o stands for the electric field at the Si02/Si interface and
av(x) _ _ €oxVes—Vrp—Y¥s
—lx=0 =~ (©6)
X esi dox

Here Er refers to the Fermi level, Ws to the potential at the Si0/Si interface, &g; the
dielectric constant of the silicon, &,, the dielectric constant of the oxide, dox the thickness of
the gate oxide, Vrp the flatband voltage (taken at the minimum current of the transfer

characteristics, i.e. W5 = 0), Vgs the gate bias, and q the elementary electrical charge.

This approach is based on the use of the experimental variations of the conductance G with
the gate voltage Vgs, and the knowledge of the dependence of the surface potential W with
Vas. To calculate the surface potential, two approaches are usually adopted. The first method,
iterative process with Ws(i) = Ws(i — 1) + d¥s is used to numerically approximate the
relation between W5 and Vgs: Ws = f(Vgs). In the second method [80], the experimental
measurements of the drain current with temperature are exploited: the deduced activation

energy, Ea, makes it possible to state W5 dependence on Vgs following (see Fig. 54):

q¥s = Erg — Eq(Vgs) @)
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Fig. 54. Energy band diagram of TFT [82].

Where Er is the activation energy for Vgs=Vrs (corresponding to the minimum of the

drain current of the transfer characteristics).

This Suzuki model is basically used for the DOS calculation in the active layer, and thus
refers to the active layer morphology. Otherwise, the theory of Suzuki also predicts calculation
of the energy distribution of surface states density using C-V characteristics of MOS capacitors.
In this model, the induced surface charge density, Qss, at localized interface traps is given by

[79]:
Go Esi q¥s Eox
Qss(W5) = dWs 2% lexp s —1] - o Ves=Vip—¥) (8)

Where ds; the active layer thickness, k the Boltzman constant, T the Kelvin temperature.

The induced charge trapped at the interface is given by:
Epo+q¥
Qss(Ws) = —q fEFFOO ! * Ngs(E)dE )

Where Nss stands for the energy distribution of surface state density. Therefore, the surface

state density is deduced from [79]:

10Qss(Ws)
Ngs(Epo + q¥s) = —Eﬁ (10)
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A calculation of Qss given by (8) is firstly needed for the determination of Nss. In this case
the increment of Ws is obtained from iterative process. Moreover, variation of the conductance
is obtained by dG=dVss(gm/Vps) for TFTs operating in the linear mode.

According to (8), the negative values, due to electrons trapping at defects, were admitted

for calculations of Qss.

DOS and Nss calculation for ICP-CVD TFT

We will first present the DOS distribution comparison of ICP-CVD TFT before and after
performing thermal annealing. After this, Nss distribution comparison is accordingly calculated
and presented. Surface potential in both defect density distributions is deduced from the
iterative process we mentioned in the section above.

In Fig. 55, we first present the DOS before and after thermal annealing on the ICP-CVD
TFT by applying Suzuki model. The first discrete value of the surface potential is approximated

by Taylor Theorem and following values are obtained by iterative calculation.

o No annealing
> Thermal annealing
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Fig. 55. Comparison of DOS for the same ICP-CVD TFT before and after performing FG

annealing (Full lines: fitted curves).

From Fig. 55, we can observe the DOS related to deep states into the bandgap shows one
decade higher than before performing annealing. This is explained by a lowering of defect

density into the active layer and at the gate insulator interface after thermal annealing.
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For the determination of Nss on the same ICP-CVD TFT, we adopted also the iterative
process to calculate surface potential and applying surface potential to finally calculate the Nss

before and after thermal annealing. The distribution is shown in Fig. 56.
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Fig. 56. Surface states density comparison of TFT before and after performing thermal

annealing calculated by using iterative method.

From Fig.56 we can observe that after thermal annealing, Nss is lower and almost one
decade decrease for deep states, which indicates the healing of the defects locating at the
interface of Si0»/Si by the thermal annealing process. This decrease results in better electrical

properties of TFT after thermal annealing.

2.4 Conclusion

ICP-CVD was introduced to deposit SiO» and Si layers in this chapter. Following the novel
technique of deposition, the optimization of SiO> deposition and electrical properties of SiO>
are presented. Besides, the properties of ICP-CVD silicon layer have been presented by
fabricating the ICP-CVD TFTs.

First, as a promising approach of depositing thin films at low temperature, ICP-CVD was
researched in detail on SiO2 deposition and S102 MOS capacitors characterization. Two batches
of capacitors were fabricated under various parameters, and optimized parameters were
obtained after characterizing these capacitors in terms of HFCV and breakdown field. LF power

of 500W, RF power of 50W, pressure of 2.5mTorr and temperature of 20 “C have been validated
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as the best combination of the deposition parameters. In conclusion, SiO; layers deposited by

ICP-CVD can yield good electrical properties and act as the insulating layers in TFTs.

Second, the ICP-CVD TFTs with gate oxide and microcrystalline silicon active layers
deposited without deliberately heating the substrate is demonstrated. After thermal annealing
at temperature no higher than 220°C, TFTs yield promising electrical properties. Thanks to the
low temperature process of ICP-CVD, it offers the opportunity to explore the applications on

flexible substrates.

At last the temperature measurements were also carried out to determine the distribution
of surface potential which helped validate the Nss calculation through Suzuki’s model

experimentally. In addition, the Nss of ICP-CVD TFT was also calculated.

Later in next chapter, the ICP-CVD would be used to explore the possibility of silicon

nanowires fabrication. The corresponding details and results will be discussed in chapter 3.
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3.1 Introduction

As an interesting research topic in semiconductor research community, SiNWs has seen a
remarkable progress not only in various synthesis methods, but also in large scale integration
and better electrical properties in the past two decades [83]. SINWs may not have a strict
definition but generally mentioned “silicon nanowires” in publications could refer to the silicon
wires with diameter rather down to one hundred nanometers. Therefore, SINWs present high
aspect ratio, feasibility of large-scale integration and low cost compared to the other
conventional silicon materials for integration at nanometric scale. In addition, process
fabrication compatibility with mass production CMOS silicon technology makes SiNWs as

good candidate for nanoelectronics devices.

The synthesis methods of SINWs generally could be divided into two categories: bottom-

up and top-down.

When we talk about bottom-up approach, VLS (Vapor-Liquid-Solid) method almost
dominates this category since it is the most researched nanowires synthesis approach started
from work of R. S. Wagner and W. C. Ellis back to 1960s [84]. VLS implements the growth of
nanowires by introducing the precursor gas into the reactor to form liquid droplets of certain
metal catalyst in which silicon coming from precursor is incorporated and to initiate the growth
of nanowires at the interface between liquid droplets and substrate due to the silicon
supersaturation in droplets. Gold (Au) is the most frequently used catalyst [85], [86] because
Au is nontoxic, reachable and has high solubility in silicon. Other metals like silver (Ag) and
aluminum (Al) were also reported to fabricate silicon nanowires successfully [87]-[89]. SLS
as we mentioned in chapter 1 can also be considered as bottom-up approach since nanowires

precipitate with the help of catalyst but when precursor gas is absent.

Fig. 57 illustrates the principle of VLS method of nanowires growth. A small Au particle
is placed on the surface of Si wafer and heated to a certain temperature to form a droplet of Au-
Si alloy as shown in Fig. 57(a). Then a mixture of hydrogen and SiCly is introduced. The liquid
alloy acts as a catalyst for the nanowire formation. The Si enters the liquid and freezes out, with
a very small concentration of Au in solid solution, at the interface between solid Si and the
liquid alloy. By a continuation of this process the nanowire keeps growing and the alloy droplet

still places on top of the nanowire as shown in Fig. 57(b).

87



Chapter 3: Spacer approach of SiNWs fabricated at low temperature

VAPOR

\l/

SILICON
VAPOR CRYSTAL "]

\1/ Au-SL LIQUID
ALLOY

1)

SILICON SUBSTRATE

a b

Fig. 57. Schematic illustration of silicon nanowires growth by VLS [84].

Top-down on the other hand is the reverse synthesis direction to bottom-up. Top-down
approach often refers to a sequence of processes like film deposition,
photolithography/nanolithography and reactive ion etching. A direct way to fabricate nanowires
is to use electron beam lithography (EBL) to pattern the nanowires and to perform Reactive Ion
Etching (RIE) to realize nanowires with sub-micrometer scale. Z. Li et al. [90] and H. D. Tong

et al. [91] both presented SINWs fabrication by using EBL.
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Fig. 58. Fabrication process of EBL and NIL (Nanoimprint Lithography) [92].
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Fig. 58 illustrates EBL fabrication of nanowires. EBL works in same manner as
conventional photolithography but in much smaller scale. Nanoimprint lithography (NIL)
enables another approach of fabricating nanowires in more or less the same scale as EBL
method. In NIL approach, a mold which consists of the nanowire patterns is generally used to
compress onto imprint resist (PMMA in Fig. 58). When the nanowire patterns are transferred
on the resist, the resist can work as the mask of following etching process to finally form the

nanowires with the expected materials.

Besides EBL, conventional photolithography is also qualified for SINWs synthesis but in
less direct manner using SOI (Silicon on Insulator) substrate. S. Chen et al. [93] provided a
solution based on combination of photolithography and plane dependent wet etching (PDE).
The sidewall of nanowire was defined by (100) crystal orientation of silicon layer. Therefore,
the size of nanowires could be well controlled by adjusting the thickness of top silicon layer.
M. Lee et al. [94] used the same idea to fabricate SiNWs arrays and M. D. Marchi et al. [95]

fabricated stacked nanowires.
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Fig. 59. Top-down SiNW microfabrication procedure from [93] (not to scale).

In Fig. 59, S. Chen et al. presented the fabrication procedure by using conventional

photolithography and wet etching. First a silicon nitride (SiN) layer was patterned and etched
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as shown in Fig. 59(a). Since the (100) planes of silicon etch 5-10 time faster than the (111)
planes in alkaline etchant, resulting in a trapezoid-shaped profile of silicon (Fig. 59(b)). After
removing the SiN layer and performed second wet etching, the triangle-shaped nanowires in

sectional view were fabricated (Fig. 59(c)).

When we compare two top-down approaches, conventional photolithography is generally
a lower cost and more easily accessible approach. The important point is to well combine
photolithography with other process to break the size limit of photolithography itself (at least

lower than one hundred nanometers) and to finally fabricate qualified nanowires.

In our work, we will focus on top-down approach since we can have well-organized SINWs
at lower cost. More specifically, spacer method presented in this work would be the solution

for fabricating nanowires at low temperature.

3.2 Basics of low temperature spacer method

Unlike the other top-down approaches with EBL involved, spacer method classically used
in sub-micron technology could be implemented only by using conventional photolithography
and RIE. Spacer method was adopted as the nanowires synthesis approach first found in the
work of H. C. Lin. et al [96]. The spacers were realized by RIE etching on LPCVD poly-Si

layer.

Our laboratory started research of spacer method from F. Demami [97], [98], followed by
B. Le Borgne [99]. The nanowires were successfully fabricated by using LPCVD poly-Si as

well.

3.2.1 Principle of spacer method

Spacer method offers the opportunity to form the spacers after performing RIE etching on
the silicon layer, these spacers locate at the sidewalls of the material steps and could be
considered as SINWs. The formation of SINWs is illustrated in Fig. 60, as showed in this figure,
structural layer (Si0») is firstly deposited on the substrate, then is etched to form the material
steps. After this, the deposition of materials that are used to make nanowires and subsequent
etching are performed. Finally, the spacers are made thanks to the height difference of coated
layer at the sidewalls of material steps. More specifically, the formation of SiNWs is based on

the anisotropic effect of RIE etching, which etches silicon more laterally than vertically.
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Fig. 60. Schematic of nanowires formation by top-down approach [98].

3.2.2 Low temperature spacer method

Previous works [97]-[100] were conducted in our laboratory and the SINWs fabricated by
spacer method are polycrystalline silicon which originally deposited by using LPCVD. This
deposition process always requires temperature as high as 550 °C which exceeds the
temperature limit for flexible applications. Therefore, we will need to investigate a low
temperature spacer method in which whole process flow runs at temperature below 300 °C, in

relation with different qualities of materials (Si1O2 and silicon layers) used.

When we go through the technological process of spacer method: 1) photolithography to
pattern the material steps, 2) first RIE etching to form the steps, 3) deposition of silicon
dedicated to nanowires, 4) second etching to form spacers, we realize that only the deposition
of steps raises the thermal problem. LPCVD is certainly not appropriate for flexible substrates,
so adopting lower temperature deposition technique is the only way to realize low temperature
spacer method.

PECVD is a good candidate for its good film quality and relatively lower deposition
temperature as we discussed in section 1.2. Therefore, in this work, the investigation of PECVD
based spacer method was first investigated for fabricating SINWs at low temperature (<300 °C).
Secondly, the investigation on ICP-CVD was also conducted to fabricate SiINWs by using

spacer method.
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3.2.3 Fabrication process of low temperature spacer method

The fabrication process of low temperature spacer method requires one mask only. First as
illustrated in Fig. 61(a), a 100/200 nm thick SiO, layer was deposited on cleaned silicon wafer
at 250 °C by using PECVD. Then photolithography was performed with mask patterned to
define the material steps. First RIE was carried out subsequently to form the steps (Fig. 61(b)).
Ideal steps would have quite vertical and smooth sidewalls. After remaining photoresist was
removed, a 400nm thick a-Si/uc-Si layer was deposited by using PECVD (Fig. 61(c)). At last,
second RIE was performed on the sample (Fig. 61(d)). Spacers are expected to form thanks to

the thickness difference at the sidewalls of these SiO: steps.

(a

) (b) : ‘
(c) (d)
SiNWs

Fig. 61. Technological process flow of spacer method.

a-Si/
pe-Si

3.2.4 Parameters of deposition process

In prior to optimizing the parameters of RIE, the parameters of other processes would be
provided. The parameters of photolithography, SiO; deposition and silicon deposition are
generally standard in terms of making material steps and layer deposition. The parameters of

photolithography could be found in annex of this thesis.
The parameters of PECVD SiO», a-Si and pc-Si are listed in table 14, 15 and 16,

respectively.
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SiO2 deposition
Table 14. Parameters of PECVD SiO, deposition.
Gas mixture and mass flow SiH4 (4 sccm) + N2O (17 sccm)
Temperature (°C) 300
Pressure (mbar) 0.9
RF power (W) 15

a-Si deposition

Table 15. Parameters of PECVD a-Si deposition.

Gas mixture and mass flow SiH4 10 sccm
Temperature (°C) 240
Pressure (mbar) 0.16
RF power (W) 6

uc-Si (microcrystalline silicon) deposition

Table 16. Parameters of PECVD pc-Si deposition.

Gas mixture and mass flow SiH4 (1.5 sccm) + Ar (75 scem) + Ha (75 scem)
Temperature (°C) 185
Pressure (mbar) 0.9
RF power (W) 15

3.3 Optimization of SiO: step etching

Since the etching is the most important process among all these processes for making
spacers, we firstly optimized the SiO step etching on Microsys 400 RIE system. The
requirements for SiOz steps are vertical and smooth sidewalls because it will contribute to the
formation of spacers. Therefore, the optimization would focus on the verticality and good

morphology of sidewalls of SiO> steps.

93



Chapter 3: Spacer approach of SiNWs fabricated at low temperature

13.56 MHz
RF power supply

Plasma
2 & b .

—_— 0y . 9,
Gas inlet T —— Reaction BBy e Gas exhaust

I i Sy >
Adsorption Desorption

4

Fig. 62. Schematic of RIE [101].

Fig. 62 shows the working principle of RIE. The injected gas (CF4 for SiO: etching and
SFs for silicon etching) is ionized by the RF power applied between the anode and the cathode

and the ionized gas species would react with the material on the sample and finally etch them.

There are several parameters that should be well studied: RF power, gas flow, pressure and
chuck temperature. The chuck temperature is always set at 20 °C since the plasma etching is
mostly working near room temperature (to avoid the adsorption of etching species). The
pressure is set at 1 mTorr because low pressure would lead to more directional etching of Si02
to promote verticality of the sidewalls [97]. RF power is very important due to its direct control
of the intensity of bias, so we focus on the RF power adjustment for the optimization of SiO>
material step etching.

First, the etching of the SiO, steps was carried out following the parameters in table 17.
Two samples coated with SiO; layer (PECVD SiO», parameters see table 14) were etched
during 330s. The step height was measured by using profilometer and then averaged. Etch rate

is also shown in this table.

Table 17. Parameters of first SiO; step etching on Microsys 400.

Etched step | Etching
RF power Gas flow Pressure ‘ ‘ Etch rate
height duration
100W CF4, 30sccm ImTorr ~120 nm 5’30 ~21.8nm/min
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Fig. 63. SEM images of etched SiO; step (SiO> layer was deposited by PECVD) following the

parameters in table 17.

Fig. 63 shows the SEM images of SiO> step after etching. Rough side wall of the SiO, step
is nearly perpendicular to the surface of the samples and a trench can be detected at the bottom

of step mainly due to the over etch during RIE.

In order to get better morphology of the sidewalls of SiO; steps, lower RF power was
adopted since lower RF power is believed to have less bombardment effect. In addition, the
plasma was not stable with pressure of I1mTorr during the RIE process, therefore the pressure
was increased slightly up to 4mTorr to ensure stable plasma. The new parameters are compared

with the previous ones in table 18.

Table 18. Comparison of etching parameters before and after optimization.

Before After
RF power 100W S50W
Gas flow CF4, 30sccm CF4, 30sccm
Pressure ImTorr 4mTorr
Step height of SiO» ~140nm ~172nm
Etch rate ~24.7 nm/min ~17.6 nm/min
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_— 100nm JEOL 10/25/2017 — 100nm JEOL 10/25/2017
x70,000 5.0V LED SEM WD 7.1lmm 08:25:46 %x90,000 10.0kV LED SEM WD 3.5mm 08:49:23

Fig. 64. (a) SEM images of SiO; steps which were etched during 5 minutes; (b) SEM images

of the same conditioned SiO; steps which were etched during 10 minutes.

Following new parameters, two samples were etched after 5 and 10 minutes, respectively.
Fig. 64 present the SEM images after performing RIE etching. As the only difference during
the etching process is the duration, these two samples show almost the same etching profile if
we neglect the difference on step height. Compared with the samples etched by parameters
mentioned in table 17, the morphology of the sidewalls of SiO steps has been improved with
new parameters. Moreover, the nearly smooth sidewalls are as vertical as those realized before,

which indicates good capability of spacers forming.

3.4 Optimization of silicon etching

After we managed to get the vertical SiO steps, the research on optimization of silicon
etching started. The formation of silicon nanowires takes place when the deposited silicon layer
is anisotropically etched by SFs plasma due to the different etch rate between the direction in
parallel and in perpendicular to substrate, and more importantly, due to the thickness difference

at the sidewall of SiO; step (see Fig. 60).

3.4.1 PECVD:silicon etching optimization

In order to promote the formation of spacers, the RF power and the pressure are the most
important parameters to study during the silicon optimization. Pressure of 10 mTorr was our
first approach since it was confirmed in thesis of G. Wenga [102] for the formation of poly-Si

nanowires. Although 10 mTorr as the pressure is less anisotropic than 1 mTorr, it is expected
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to have more rounded profile of the formed nanowires. RF power of 50 W and gas flow of 30
sccm were tested and then were lowered down to 30 W and 20 sccm, respectively. It was
expected to have a lower etching kinetics to easily detect the etching endpoint.

RIE etching was tested both on a-Si (table 15) and uc-Si (table 16) because either a-Si or
pc-Si could be deposited at low temperature. More importantly, it is also convenient to know
the kinetics of silicon etching with different crystal lattice orders. Furthermore, if pc-Si based

spacers could be successfully fabricated, they could be exempt from subsequent annealing.

The etching was carried out first on several pieces of silicon coated samples following the

parameters in table 19:

Table 19. The etching parameters and etch rate of samples with different silicon layers.

No. of
Silicon layer Etching parameters Etch rate
samples
RF power: 5S0W
1 and 2 Gas flow: SFs, 30sccm 169 £ 15 nm/min
a-i Pressure: 10mTorr
3 and 4 RF power: 30W 169 * 3 nm/min
Gas flow: SFs, 20sccm

5 and 6 uc-Si Pressure: 10mTorr 201 £ 17 nm/min

The etching parameters used on sample 1 and 2 changed to the other set of parameters used
on sample 3-6 because it was expected to lower down the etch rate thus to have a better control
of the end-point detection. But unfortunately, etch rate did not decrease after decreasing RF
power and gas flow, indicating that the change in these parameters has a negligible effect in
terms of etch rate. The etch rate of the pc-Si is faster than that of the a-Si. This could be
attributed to an organization of crystalline lattice in the layers. Therefore, in the following, a-Si

layer will used in our study.
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— 100nm JEOL 1/15/2018 _— 100nm JEOL 1/15/2018
x60,000 5.0kV LED SEM WD 6.4mm 09:55:51 x65,000 15.0kV LED SEM WD 6.7mm 09:34:37

Fig. 65. SEM image of SiO; step after silicon etching: (a) a-Si etching; (b) uc-Si etching.

From Fig. 65 we can observe that after etching of silicon layers, no nanowires can be seen
either for a-Si or pc-Si. The possible reason of failure could be less vertical etching compared
to lateral etching during the silicon etching due to higher pressure adopted compared to SiO2
etching, especially compared to the parameters adopted to etch poly-Si by G. Wenga in our
laboratory several years ago [102].

In prior to studying the pressure during the etching process, it is also important to have an
idea about the coverage of silicon layer on SiO: step, since non-conformal silicon coverage
would lead to failure of formation of spacer as well. Fig. 66 makes it possible to verify the

conformal appearance of the deposition of a-Si coating the SiO> steps on Si substrate.

:0.614p

1pm JEOL 3/14/2018 1pm JEOL 3/14/2018
x23,000 5.0kV LED SEM WD 7.8mm 16:19:15 %x20,000 5.0kV LED SEM WD 7.7mm  16:25:56

Fig. 66. (a) a-Si layer coverage on left end SiO step; (b) a-Si layer coverage on whole SiO>

step.
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In order to verify the speculation on high pressure during silicon etching, 3 different
pressures were used while the other parameters were remained same. The parameters of a-Si

etching on different samples are summarized in table 20.

Table 20. Parameters of silicon etching with only pressure altered.

No. of samples RF power Gas flow Pressure
1 10mTorr
2 30W SFe, 20sccm 8mTorr
3 SmTorr

Lower pressures such as 8mTorr and SmTorr were tested on sample 2 and 3 because we
suspect the pressure as high as 10mTorr would reduce the anisotropic effect (Fig. 65(a)). In
addition, according to a previous study in our laboratory based on elaboration of nanowires
made of a-Si layer deposited by LPCVD at 550 °C [97], it has been shown that a low pressure
during plasma etching promotes the formation of spacers. Sample 1 with pressure of 10mTorr

is the reference in this process.

From Fig. 67 (a)-(d) we cannot observe any residues at the sidewalls of SiO; steps, whereas
from Fig. 67 (e)(f) there are some possible residues can be seen at the edges between the bottom
surfaces of sample and the sidewalls of SiO; steps. This could partially support our speculation
on the pressure. By regarding the rough morphology along the sidewalls of SiO; steps which
can be detected at all pressures, these residues observed with lower pressure of SmTorr could
come from SiO; itself. However, at this stage of study we can conclude that high reliable
elaboration of nanowire offering a conformal shape using PECVD technique is not possible. In

this way, the use of ICP-CVD technique was investigated.
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— 100nm JEOL 3/14/2018 — 100nm JEOL 3/14/2018
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Fig.67. SEM images with different pressures during the silicon etching (RF power of 50W
and gas flow of SFs, 20sccm): (a)(b) 10mTorr; (c)(d) 8mTorr; (e)(f) SmTorr.

3.4.2 ICP (Inductively Coupled Plasma) -CVD Si etching optimization

The issues could lead to the failure of making spacers after RIE on silicon are the uniformity,
density and texture of deposited SiO> and even silicon layer. We decided to introduce ICP-CVD

technique. Compared with the other low temperature deposition techniques we reviewed in
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chapter 1, this technique roughly introduced from 1990s [103] is gaining a massive research
interest from last decade.

Since ICP-CVD technology has better uniformity of the deposited layers compared to those
deposited by other CVD technologies [51], [52] and has been researched for Si0; and Si layers
deposition in last chapter, the research on etching of ICP deposited layers (both SiO> and Si
layers) was carried out following the optimized etching parameters used in the section above.

The details of ICP-CVD technology have been discussed in chapter 2. Therefore, in this

section, only the results of RIE etching will be presented.

First, 100nm of SiO> layer was deposited by ICP-CVD on silicon substrate and etched by
the set of parameters listed in the right column of table 18. Then 400nm silicon layer was
deposited on SiO; steps and etched. The deposition parameters of ICP-CVD SiO, and silicon
are listed in table 21 and 22.

Table 21. Parameters of ICP-CVD SiO:.

Gas mixture SiH4/O; diluted in Ar
Temperature ("C) No substrate annealing
Pressure (mTorr) 2.5

LF power (W) 500

Table 22. Parameters of ICP-CVD Si.

Gas mixture and mass flow SiH4/PH4
Temperature ("C) 70 (sample reaches 180 during deposition)
Pressure (mTorr) 10
LF power (W) 500

The SiO» steps are found very vertical in Fig. 68. It means that the optimized etching
parameters on PECVD SiO; also work perfectly on ICP-CVD SiOs. It is not surprised since

ICP-CVD’s working principle is based on assisted plasma as well.
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- 100nm JEOL 11/12/2018
x37,000 15.0kV LED SEM WD B.4mm 15:52:09

Fig. 68. SEM image of ICP-CVD SiO: step.

Since we previously observed nanowire-like residues under the chamber pressure of 5
mTorr using PECVD technology, the same pressure was tried again on ICP-CVD silicon.

Beside the pressure, the other parameters were kept the same as listed in table 20.

Fig. 69 shows the SEM images after performing RIE etching on SiO: steps. As we can see,
residues can be detected. A clear boundary exists between the residue (brighter part) and the
SiO> step (darker part) in Fig. 69(b). This could be attributed to ICP-CVD which has
outstanding uniformity during deposition. The uniform deposition can be considered to benefit
the etching process, and accordingly to yield residues after the etching of Si layer. Since the
endpoint of etching of Si is controlled by the period change of the reflective oscillation of
interferometry laser system, when the endpoint has been reached on one spot on the sample, the
Si on whole sample is just equally etched thanks to the uniform deposition. Therefore, residues

can be more easily detected.
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- 100nm JEOL 11/12/2018 — 100nm JEOL 11/12/2018
x40,000 15.0kV LED SEM WD 9.3mm 15:24:20 x170,000 15.0kV LED SEM WD 9.3mm 15:25:15

Fig. 69. SEM images after ICP-CVD Si etching under RF 30W, SFs 20sccm and 5 mTorr.

Nevertheless, further experiment should be performed to know better about the residues
after Si etching. In this case, wet etching of the SiO; vertical material step was carried out.
Ideally, the residues at the side walls of SiO» steps would form rings surrounding the areas in
which the SiO; steps existed and thus after SiO» etching nanowires would be revealed. In this
way, all samples were immersed in 5% HF solution for 1min to etch 100nm height of the SiO>

steps. SEM observation was taken after wet etching.

Fig. 70 shows the SEM images after SiO2 wet etching. Continuous line-structured residues
can be observed with plasma etching at 5 mTorr, which implies the existence of the silicon
nanowires. The rough surface inside the silicon nanowire ring could be attributed to the

incomplete wet etching of SiO; step, thus some SiO: still remains on the sample after etching.

_— 100nm JEOL 12/7/2018 — 100nm JEOL 12/7/2018
15.0kV LED SEM WD 8.6mm 10:42:22 x70,000 15.0kV LED SEM WD 8.7mm 10:44:04

Fig. 70. SEM images after SiO; wet etching.
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The nanowires were also confirmed by the AFM (Atomic Force Microscope)

measurements. The AFM images are shown in Fig. 71.

Fig. 71. AFM images of sample with residues after SiO2 wet etching (SmTorr as chamber

pressure during RIE etching of silicon): (a) Top-view, (b) 3D view.

From Fig. 71 we can see the clear existence of the silicon nanowires. It means 30W of RF
power, 20sccm of SF¢ gas and SmTorr of pressure are the best combination of etching
parameters to get nanowires as the SiO2 and Si are deposited by using ICP-CVD.

After making the first successful nanowires, same process was performed again to validate

the reproducibility. Unfortunately, the “optimized process” could not be reproduced on the
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whole surface of the 2-inch substrate. This time, no residues were observed in SEM images.
Therefore, as what we tried on PECVD a-Si, we observed the step coverage of ICP-CVD pc-Si
under SEM.

100nm JEOL 3/27/2019

x60,000 SEM WD 5.7mm 15:11:56

Fig. 72. ICP-CVD silicon layer coverage on ICP-CVD SiO; step.

SEM was performed after 400nm thick pc-Si deposition on 100nm SiO> step. Both SiO>
and pc-Si layers were deposited by using ICP-CVD. From Fig. 72, we can see even pc-Si layer
fully covers the SiO> step, the profile does not present a conformal step coverage. Two flaws
could be seen clearly: 1) the sidewall of the silicon layer deforms inwards instead of outwards,
2) a trench occurs at the seam of upper surface and lower surface of silicon. These flaws could
lead to a severe problem when RIE is performed to make the spacers.

RIE on puc-Si layer of this sample was carried out following the optimized parameters. The

SEM images are shown in Fig. 73.
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Fig. 73. SEM images after Si etching performed on the same sample in Fig. 72.

Fig. 73 just better revealed the problem caused by non-conformal ICP-CVD deposition.
The silicon remaining on upper and lower surfaces is not continuous, which confirms the
imperfect profile of the sidewall of silicon layer (Fig. 72). As the sidewall of silicon deformed
inward, as we have indicated, the silicon would lose more than its conformal shape laterally
during etching.

Therefore, we can speculate that nanowires could be successfully made as long as we can
ensure the silicon conformal step coverage using ICP-CVD. Unfortunately, it is hard to realize
because ICP-CVD deposition process has already been optimized. Further efforts can still be

made to improve silicon layer conformality if the time cost is not taken into account.

3.5 Conclusion

In order to fabricate silicon nanowires at low temperature, the spacer method has been
introduced in our research. Unlike the spacer method successfully developed on poly-Si
deposited at 550 °C, the low temperature deposition methods as PECVD and ICP-CVD

techniques working at temperature lower than 300 °C have been investigated.

First, SiO> steps have been optimized on Microsys 400 RIE system, and the relatively
vertical sidewalls of SiO> steps can be achieved under RF power of S0W, CFs gas flow of
30sccm and pressure of 4mTorr. This set of etching parameters are perfectly suitable for SiO>

deposited by using ICP-CVD.

Second, etching of silicon that is deposited by PECVD leads to the formation of silicon

nanowires has not been perfectly optimized even some efforts were made. Some residues can
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be obtained when RF power, SFes gas flow and pressure are set at 30W, 20sccm and SmTorr,
respectively. Fortunately, silicon nanowires are finally obtained when the deposition method of
SiO» and silicon changed from PECVD to ICP-CVD. Thanks to better uniformity ICP-CVD
provides, silicon nanowires can be detected after RIE of pc-Si layer. RF power of 30W, SF¢ gas

flow of 20sccm and pressure of SmTorr are the optimized parameters for pc-Si etching.

Same process has been performed after the first successful result about nanowires, it was
found that the process could not be reproduced. By evaluating the step coverage of ICP-CVD
Si layer under SEM, we can tell that poor step coverage of Si layer leads to failure of fabricating
nanowires. It is reasonable to speculate that the nanowires could be stably reproduced when

ICP-CVD Si coverage will be improved.
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Chapter 4

Indium catalyzed SLS SiNWs at low temperature
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4.1 Introduction

Although the ICP-CVD TFTs have been successfully fabricated, the devices still suffer
from poor electrical properties due to the crystallinity of the silicon layer. The most likely
approach to improve the performance of silicon layers is crystallization which requires a higher
temperature treatment. As in the frame of our low temperature process research, the
crystallization should be carried out at the temperature lower than 300 °C. In addition, and as
mentioned previously PECVD and ICP-CVD technologies cannot provide reproducible
fabrication of SiNWs using sidewall spacer method. Under this circumstance, we decided to
investigate the metal catalyzed silicon nanowire growth by using indium thanks to its lower
eutectic temperature (~157 °C).

Most of the time, the indium catalyzed silicon nanowire growth follows VLS growth
method. In this method, the indium is firstly deposited and is treated by hydrogen plasma. After

this, in same reactor, the silane would be introduced as the gas precursor to trigger the growth

of nanowires.
i Indium particles
Indium deposition Indium Annealing
Substrate > Substrate _!_‘_\_’ Substrate
Thermal evaporation RTP  Conventional
process
He o SiH, .
. * " S
. ®

> Substrate | .| Substrate |~ Substrate ——> Substrate

H, Introduction to  Precursor gas (SiHy) Saturaion and SiNWs growth

eliminate indium oxide Lnfroduction: dissociation njoation
on indium droplets surface

Fig. 74. Schematic illustration of indium catalyzed SINW growth by using VLS method[104].

Fig. 74 illustrates the synthesis process of indium catalyzed SINW from the work of R.
Benabderrahmane Zaghouani’s group [104]. The other groups also used the VLS method to

synthesize indium catalyzed SiNWs, but unfortunately the synthesis temperature locates
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between 400 and 600 °C [105]-[107], which is not compatible with the low temperature flexible

substrates.

As we reviewed in chapter 1, R. Heimburger’s group introduced the indium induced
crystallization of a-Si to poly-Si [38]. This approach is more like Solid-Liquid-Solid (SLS)
process. In Plane-SLS (IPSLS) SiNWs have been successfully synthesized by L. Yu’s group at
low temperature [40]—[42]. Here in our research we will adopt three dimensional (3D) SLS
approach to investigate the possibility of SINWs synthesis.

First, the thermal evaporation of indium will be presented in terms of morphology of
evaporated indium layers. Different conditions were set up to mainly study how different
thicknesses of indium layers would look like under SEM and AFM (Atomic Force Microscope)

characterizations.

Second, the research on indium catalyzed silicon nanowire growth will be carried out. The
essence of nanowire growth is hydrogen plasma treatment. Temperature was chosen at 250 °C
because this temperature was adopted in previous work in our laboratory on VLS SiNWs also
catalyzed by indium [108]. The effect of H> plasma treatment and thermal annealing was
revealed in our study and different durations of H» plasma treatment were tried on different

thickness of indium layers.

4.2 Indium thermal evaporation

Indium is thermally evaporated on the N-type silicon wafer or a-Si coated silicon wafer in
our study. The evaporation is low temperature compatible. Morphological observation through
SEM and AFM will be the priority in this section and the comparison of different thicknesses

of indium layers will also be presented.

4.2.1 Layer stack and fabrication process

The layer stack adopted in the experiments of indium deposition is illustrated in Fig. 75:

(a) (b)
indium T Various thickness
a-Si :k 50 nm indium I Various thickness
N-type Silicon sub N-type Silicon sub

Fig. 75. Schematic of layer stack of samples dedicated to indium induced crystallization.
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Deposition of a-Si is an option in the experiments of indium deposition. Therefore, the
sample without a-Si layer (see Fig. 75(b)) is more like the reference to the samples coated with
a-Si. The samples with a-Si have the thickness of 50nm and various thicknesses of indium (see
table 23) deposited by PECVD following the parameters listed in table 15. At last, indium layers
with various thicknesses were thermally evaporated.

For the fabrication process, first, the N-type silicon wafers were prepared and went through

RCA cleaning.

The conditions for different types of samples are listed below:

Table 23. Conditions of layer stack for research on indium deposition.

Name of sample Layer stack Thickness of indium
Test mono-Si/In 20 nm
No. 2 mono-Si/a-Si/In 10 nm
No. 3 mono-Si/a-Si/In 20 nm
No. 4 mono-Si/a-Si/In 50 nm

4.2.2 SEM and AFM characterization of evaporated indium

SEM and AFM were used to characterize the indium deposition. The morphology of the

indium and the indium layer roughness would be revealed.

SEM characterizations are presented with the scale bars representing 100 nm in each image.
AFM images show information of height and peak force error and the scan area for sample test,
no.2, 3 and 4 are lpmxluym, 0.5umx0.5um, IpmxIlum and 2umx2um, respectively. AFM
images were obtained by implementing AM-AFM (amplitude-AFM) mode which refers to a
collection of oscillation coming from the cantilever when it scans over the surface of samples.
Peak force error is the feedback signal we can get during the scan, which reveals more clearly
the boundaries of each grain of indium. Along with the height image, we can have a vivid
impression on the morphology and size of the grains and also on the roughness of deposited

indium. These results are shown from Fig. 76 to Fig. §83.
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Sample Test

— 100nm JEOL 4/26/2019
x140,000 15.0kV LED SEM WD 4.5mm  08:32:55

Fig. 76. SEM image of deposited indium of sample Test (mono-Si/20nm In).

=3 = (B3

Fig. 77. AFM images of deposited indium of sample Test (mono-Si/20nm In): (a) height; (b)

peak force error (scan area lumx1um).

Sample No. 2

— 100nm JEOL 4/26/2019
x160,000 15.0kV LED SEM WD 3.9mm 09:12:45

Fig. 78. SEM image of deposited indium of sample No. 2 (mono-Si/50nm a-Si/10nm In).
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Fig. 79. AFM images of deposited indium of sample No.2 (mono-Si/50nm a-Si/10nm In): (a)
height; (b) peak force error (scan area 0.5umx0.5um).

Sample No.3

4/26/2019
X150,000 15.0kV LED S| WD 4.1mm 10:17:03

Fig. 81. AFM images of deposited indium of sample No.3 (mono-Si/50nm a-Si/20nm In): (a)

height; (b) peak force error (scan area lpymx1lum).
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Sample No. 4

100nm JEOL 4/26/2019
SEM WD 3.3mm  10:36:00

Fig. 83. AFM images of deposited indium of sample No.4 (mono-Si/50nm a-Si/50nm In): (a)

height; (b) peak force error (scan area 2umx2um).

The deposited indium layers under AFM show polygonal shaped grains, which are
consistent with the results presented in corresponding SEM images. From these SEM images,
we can see the upper surface of indium grains is quasi flat. In addition, a clear trend shows that
the indium grain sizes are proportional to the thickness of deposited indium, which are roughly
50nm, 100nm and 200nm (statistically averaged most of the indium grains in each AFM image)

for 10nm thick, 20nm thick and 50nm thick indium layer, respectively.

The roughness of deposited indium layers is characterized by using parameter Ra

(arithmetic average) which is calculated following:
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1
Ra ==, |Z] (11)

Where N is the number of data points and Z; is the distance from the mean surface level.

The calculated Ra for each thickness of indium layer is listed in table 24:

Table 24. Average roughness for each thickness of deposited indium.

Thickness of In 10 nm 20 nm (sample Test) | 20 nm (sample No. 3) 50 nm

Ra (nm) 4.75 10.2 10.1 24

From table 24, as expected, we can easily see that the roughness of indium layers is
proportional to its thickness. Plus, one should notice is that, even the indium grains on sample
Test (mono-Si/20nm In) are more dispersed with larger size than those on sample No. 3 (mono-

Si/50nm a-Si/20nm In), they have almost the same roughness.

4.2.3 Relation between the real indium thickness and the thickness shown

on indicator

During the thermal evaporation of indium, there is always a mismatch between the real
thickness and the thickness shown on indicator of the machine. Because of this, several indium
evaporations were performed and the real thickness was measured by profilometer. After
plotting the data points on the graph shown in Fig. 84, a fitting was made. From the red line in
this figure, we can see it has a linear relationship between the real thickness and the thickness

shown on indicator.
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Fig. 84. Relation between real indium thickness and thickness shown on indicator.

The relationship can be described in following equation:

Threal(nm) = 0'16Thindi +7.22 (12)

Where Thyea 18 the real thickness while Thing; is the thickness shown on indicator. Thus, the

real thickness of deposited indium could be easily controlled.

4.3 Indium catalyzed SLS silicon nanowires

Based on the layer stack illustrated in Fig. 75 (a), a 50 nm a-Si layer was deposited by
PECVD and an indium layer was thermal evaporated onto a-Si. After these processes, hydrogen
plasma is performed on the samples by which the indium layer is believed to be deoxidized and
to form indium droplets and accordingly to promote silicon nanowire growth. Along with the
samples heated up to and then above the eutectic temperature of indium, the crystallization of
silicon will be triggered.

Since there is no gas acted as precursor of silicon nanowire growth, the nanowire growth
by the help of indium is considered as solid-liquid-solid (SLS) mode. In this mode, indium
forms dissolved droplets by the help of H» plasma treatment and absorb a-Si beneath and finally

the silicon nanowires growth from the catalyst droplets.
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The mechanism of SLS silicon nanowire growth is well studied in Linwei Yu and Pere

Roca i Cabarrocas’ work [42].

) Absorption

: JSi c” L
Foo . C ™ i X
oy Diffusion | 2-Si:H (E )
- | . -
Deposition | |ndium (E;) I
|

(S>1) —
SiNW (E,) : I_Ei =Au=kT - In(Cy /C;j

Fig. 85. Schematic illustration for the absorption, diffusion, and deposition steps involved
in the growth of lateral SINW via IPSLS (In-Plane SLS) mechanism. E,, Ec, and E; denote the
Gibbs energy of Si atoms in the amorphous, crystalline, and dissolved (in In catalyst drop)
states, respectively; Cs; is the dissolved Si atom concentration in the catalyst drop; Jin, Jout, and

Jsi are the absorption, deposition, and mass transport (diffusion) flux rates of Si atoms [42].

The growth of silicon nanowires in SLS mode can also be seen as a solid-state
crystallization process which is driven by the Gibbs energy difference between a-Si (E.) and
silicon nanowires (Ec). From Fig. 85 we can see the synthesis process: Si atoms from a-Si:H
firstly is absorbed into In droplet and a-Si/In interface forms; the absorbed Si atoms diffuse
across the In droplet and finally the deposition of nanowires occurs at the rare SINW/In
interface. The Gibbs energy into the In droplet (Ei) could be described as following if we

consider the Gibbs energy of Si atoms in SINW (E.) as zero:

Ap = E; — E. = KT InS = kT In(Cs;/CSq) (13)
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Where S = Cg;/C¢q is the supersaturation state in the In droplet, the Cg; is the Si
concentration at the SINW/In interface and Cgq is the equilibrium Si concentration at the same

interface, respectively.

4.3.1 The effect of H> plasma treatment

H> plasma treatment plays a dominant role in indium induced crystallization of silicon thus
the growth of silicon nanowires. An experiment was firstly carried out on samples with 20 nm
thick indium layers. The layer stack followed the experiments of indium deposition, which is
In/a-Si on monocrystalline silicon substrates.

The same layer stacked samples underwent different conditions of treatment which are

listed in table 25:

Table 25. Different durations of H> plasma treatment and annealing.

No. of Duration of H» Duration of Temperature of H»
Layer stack . .
samples plasma annealing plasma/annealing
1 20 nm In/50 No 30 min
2 nm a- 1 min 30 min 250 °C
3 Si/mono-Si 1 min 60 min

Both H» plasma treatment and annealing were carried out in same reactor that performed

PECVD, the conditions of these treatments are listed in table 26:

Table 26. Parameters of H» plasma treatment and annealing.

H; plasma treatment Annealing
Gas mixture and mass flow H> N>
Temperature (°C) 250 250
Pressure (mbar) 0.9 0.9
RF power (W) 6 6
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Fig. 86. SEM images of 20 nm In/50 nm a-Si samples tested under the conditions listed in
table 23: (a) no H> plasma+30min annealing; (b) Imin H plasma+30min annealing; (c) 1min

H> plasma+60min annealing.

SEM observations were performed on each sample mentioned in table 23. From Fig. 86(a)
we can see, only 30 minutes of annealing performed on indium layer did not significantly
change the morphology of indium grains since they still maintain the polygonal shape as we
saw in Fig. 80 (same layer stack with 20 nm thick of deposited indium). By comparing Fig.
86(a) and (b) we can realize that for same duration of annealing, only 1 minute of H> plasma
treatment can transform indium grains into round shaped droplets which could initialize the

crystallization thus the growth of possible silicon nanowires.

Once the indium layer was treated by H> plasma, annealing could continuously contribute
to the growth of silicon nanowires. In Fig. 86(c), nearly half of the In droplets have been
elongated into cone-like wires with the length of 100-200 nm for an annealing of 60 minutes
after H> plasma treatment. This confirms that the annealing is only effective to the indium layers

that underwent H> plasma treatment.
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The H» plasma treatment is believed to deoxidize the indium oxide that covers the indium
grains and change the indium into dissolved droplets. This treatment creates the interface
between In drops and a-Si and therefore the Gibbs energy difference at the interface triggers
the crystallization of a-Si. After plasma treatment, longer annealing (60 minutes) caused the
growth of short nanowires because the temperature as high as 250 °C maintains In droplets in

dissolving state to ensure the transition continues.

4.3.2 Different durations of plasma treatment

Since we have confirmed the effect of H plasma treatment in the formation of nanowires,
here in this section, we will focus on the different duration of H> plasma treatment (thermal
annealing is not performed) to explore how different durations of plasma treatment could

influence the synthesis of nanowires.

The tests were carried out on two different thicknesses of indium layer, one is 20 nm kept
the same as the samples tested before, the other one is 50 nm, which is still the thickness that
we tested in the experiment of indium evaporation. The parameters of H> plasma treatment are

listed in table 27:

Table 27. Different durations of H> plasma treatment on 20nm and 50nm thick indium.

Durati f Hs pl T t fH
No. of samples Layer stack uration of H plasma emperature of Hz
treatment plasma
! 20 nm In/50 nm a-Si/Si- 30 min
2 mono 60 min
3 90 min 550 °C
4 50 nm In/50 nm a-Si/Si- 30 min
5 mono 60 min
6 90 min

From 30 to 90 minutes of H; plasma treatment were performed on the samples. The results

for 20 nm-thick-indium samples would be presented first.
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By observing the four images (Fig. 87), we can clearly see the tendency of nanowires
growing from the In droplets by increasing the duration of H> plasma treatment. The scale bar
for Fig. 87 (a)(b)(d) and Fig. 87(c) is 100 nm and 1pum, respectively. The dramatic change took
place between 30 and 60 minutes of plasma treatment. Only In droplets could be observed for
30 mins of H» plasma treatment, whereas nanowires are more 100 nm long after 60 minutes of

the same plasma treatment process.

One interesting point of our results is that, the SLS nanowires grew off the substrate, which
is considerably different from the IPSLS nanowires synthesized by L. Yu’s group. It is also the
first time to realize such off-plane SLS nanowires by using indium as the catalyst. Although the
quasi-vertical nanowires have been synthesized by using nickel following SLS mode [109],
nanowires in our study were fabricated at much lower temperature (250 “C compared to 950 °C

in [109]).

— 100nm JEOL 5/28/2019 — 100nm JEOL 5/29/2019
x150,000 15.0kV LED SEM WD 3.1mm 17:06:04 %150,000 15.0kV LED SEM WD 3.2mm 14:27:34

—— ipm  JEOL 5/29/2019
x25,000 12.0kV LED SEM WD 3.3mm 14:58:25

Fig. 87. SEM images of 20 nm In/50 nm a-Si samples tested under the conditions listed in
table 25: (a) 30 min H> plasma; (b) 60 min H> plasma; (c)(d) 90 min H> plasma.
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Fig. 88. Schematic of indium catalyzed SLS SiNWs growth.

Fig. 88 illustrates the SLS SiNWs growth catalyzed by indium. First, indium is evaporated
onto a-Si, under SEM the indium layer is shown as indium grains (see Fig. 88(a)(b)). Then after
H> plasma treatment is performed, the grains turn into indium droplets (Fig. 88(c)). When H>
plasma treatment continues on these droplets, the dissolved silicon atoms will precipitate at the

SiNW/In interface and form the SINWs eventually (as shown in Fig. 88(d)).

In Fig. 87(b) we can observe the tips occur at the top of the nanowires since the diameter
of these tips is larger than that of their corresponding nanowires. These tips are speculated as
In droplets, which tells the nanowire growth in our study might be considered as the float
growth process mentioned in Kurt W. Kolasinski’s publication [110]. In contrast of float growth,
the so called “root growth” mentioned in same publication defined as the droplets ending up at
the bottom of the nanowires. The schematic illustrating the difference between float growth and
root growth is shown in Fig. 89. In S. H. Yun et al’s work [111], they found their VLS boron
nanowires could switch between float growth and root growth. The key for realizing different
growth modes is to control the synthesis temperature. A high temperature close to B-Au eutectic

temperature would have the float growth mode whereas a much lower temperature would have
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the root growth mode. Although here in our study the nanowires were fabricated following SLS
mechanism, the synthesis mechanism is analogous in terms of eutectic droplets formation and
atoms absorption and diffusion into the droplets. Therefore, the reason that we have indium tips
on top of our nanowires is that the synthesis temperature (250 °C) is higher than indium eutectic

temperature (157 °C).

root growth float growth

Fig. 89. The schematic of different growth mode of nanowires: (a) root growth, the particle
stays at the bottom of the nanowire; (b) float growth, the particle remains at the top of the

nanowire [110].

Another thing should be noticed is that, the nanowires we fabricated are not
morphologically smooth, some wrinkles can be seen, especially for longer duration of H>
plasma treatment (60 mins or more). When these “wrinkles” are observed on the nanowires, the
corresponding nanowires are usually distorted which means less straight. This is probably
related to the absorption rate (Va) and deposition rate (Vd) which happen at the a-Si/In interface
and SiNW/In interface, respectively. One possible explanation for this is, when the synthesis is
proceeding, the mismatch between absorption rate at the a-Si/In interface and deposition rate at
the SINW/In interface distorts the nanowires. Since Va and Vd would change all the time during
the synthesis, the In droplets would be frequently pushed (Va<Vd) or pulled (Va>Vd), which
changes the growth direction of the nanowires thus eventually causes the wrinkled and distorted

nanowires.

The same set of H» plasma treatment (30, 60 and 90 min as the duration) was also tested
on the 50 nm thick indium samples as shown in table 27. Since we have already performed 50
nm thick indium evaporation before, the larger In droplets are expected to bring some new

results.
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Fig. 90. SEM images of 50 nm In/50 nm a-Si samples tested under the conditions listed in
table 25: (a) 30 min H» plasma; (b) 60 min H> plasma; (c)(d) 90 min H» plasma where (d)

presents the top view.

Except for Fig 90(c) the scale bar is 1um, the other three images have same 100 nm as the
scale bar. Fig 90(a) shows the In droplets, which means 30 minutes are not enough to grow

nanowires.

In Fig. 90(b), for 60 min of H> plasma treatment, nanowires are already very obvious. The
length of these nanowires locates between 300 and 400 nm, which is 3-4 times longer than the
20 nm counterpart treated by the same condition of hydrogen plasma. It shows the length of

nanowires fabricated under our process is higher with thicker indium layer.

The nanowires in Fig. 90(b) are generally vertical and they are found to be distorted and to

have wrinkled shell as its 20 nm counterparts. Besides these, the “bumps” locating at the shell
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of the nanowires in Fig. 90(b) are newly found. Since there are no such “bumps” can be seen
on the In droplet tips, we suspect they are the indium residues left in the near surface of grown
nanowires during the process. The indium residues inside the nanowires would be secondarily
deoxidized by the hydrogen plasma into small droplets and eventually form the bumps which
we observed on the surface of these nanowires. This could be confirmed by the texture of the
tips onto the nanowires, no small bumps were observed just because the tips were already
transferred into In droplets at the early phase of the whole process. In addition, one can observe
the bigger size of top In droplets than for 20 nm In/a-Si sample because of the higher indium

layer thickness.

We can see the same bumps in Fig. 90(c) and (d) for 90 min of H» plasma treatment. Fig.
90(c) presents the cross-sectional view while Fig. 90(d) presents the top view of nanowires.
The nanowires tend to be more zigzag shape after 90 min of H> plasma treatment. In addition,
the longest length is up to ~1pum which implies longer plasma treatment will further elongate
the nanowire. This is also confirmed by the decreased average size of the left In droplets in Fig.
90(d) compared with the In droplets only after 60 min of same plasma treatment process.
Longer plasma treatment would persistently consume the In droplets, which leads to smaller
size of In droplets. In addition, as observed in Fig. 87(d), the size of bumps on the surface of
nanowires is bigger, which could result in a higher apparent indium bump density on the surface
of the nanowires. In fact, this apparent density should be probably related to an incipient
secondary growth of nanowire on the surface because of the long duration of the H> plasma

treatment.

4.3.3 Various thickness of indium layer

Based on the results presented in 4.3.1, 1 minute of H> plasma treatment has been
confirmed enough to trigger the silicon nanowire growth. Here in this section, 10 min and 30
min of H> plasma treatment were carried out on 20 nm thick indium to see what the difference

it would offer.

The parameters are listed below:
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Table. 28. 10 min and 30 min as the duration of H> plasma treatment on 20nm thick indium.

Durati f H pl T t fH
No. of samples Layer stack uration of H> plasma emperature of H»
treatment plasma
1 20 nm In/50 nm a-Si/Si- 10 min 250 °C
2 mono 30 min

. >
> A 50 E DL 2
— 100nm JEOL 4/1/2019 100nm JEOL 4/3/2019
x160,000 25.0kV LED SEM WD 4.5mm 16:56:43 , SEM WD 3.5mm 15:40:35

Fig. 91. SEM images of 20 nm In/50 nm a-Si samples underwent H> plasma treatment for

different durations: (a) 10 min; (b) 30 min.

The scale bar for both figures in Fig. 91 is 100 nm. From Fig. 91 we can see nanowires in
both durations of plasma treatment (10 min and 30 min). In Fig. 91(a) nanowires are in length
of ~100-150 nm where in Fig. 91(b) the nanowires are in length of ~100-400 nm. One thing
which is clear is that the length of most nanowires with 30 min H> plasma treatment is longer
than that of nanowires with only 10 min H> plasma treatment. It reveals that the longer H»
plasma treatment will dramatically promote the length of the nanowires. This is consistent with

the results of the 50 nm thick indium samples but with longer H> plasma treatment in 4.3.2.

One interesting thing is that, as we can see in Fig. 91(b), the nanowires have tapered shape
which means the diameter of the nanowires decreases gradually from its bottom to its top. The
possible explanation of this phenomenon is that the absorbed Si atoms into the In droplets
decrease when the length of nanowire keeps increasing. The process is not obvious for shorter

nanowires (see Fig. 91(a)), but becomes dominant when nanowires’ length reaches a limit.
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According to S. K. Chong et al’s work [112], the existence of the tips on the fabricated
nanowires is simply related to the size of In droplets before the growth of nanowires. Bigger In
droplets would tend to have tips after nanowire growth whereas smaller droplets would have
unobvious tips. This is partially right because they did not take the duration of plasma treatment
into account. For same indium thickness, In tips are obvious in Fig. 91(a) for 10 min of H>
plasma treatment whereas the nanowires show unnoticeable tips and tapered shape. This means
the existence of In tips on top of nanowires not only depends on the initial size of In droplets
but also depends on the duration of H> plasma treatment. Moreover, bumps on the SINWs’
surface inducing possible secondary growth of nanowires is not observed, this is probably

explained by the fact of too short H> plasma treatment.

On the other hand, what is not consistent with the 20 nm thick indium samples undergone
exact same H» plasma treatment in 4.3.2 (30 min of H> plasma treatment) is no wrinkles could
be found on the nanowires fabricated in this section. In addition, in the new round of test,
nanowires are widely observed just after 10 min of H» plasma treatment whereas no nanowires
detected even after 30 min of same plasma treatment for previous test in 4.3.2. This could be

attributed to undesirable indium oxide formed at the interface of In droplet and a-Si layer.

Fig. 92. Schematic of indium oxide barriers locating at the In droplet/a-Si interface.

As shown in Fig. 92, the indium oxide existing at the In droplet/a-Si interface would act as
the barrier of Si atoms absorption from a-Si to In droplet. Therefore, it would require much
longer duration of H> plasma treatment to absorb enough Si atoms into In droplet to finally
trigger the SINW deposition. This could explain why in previous test, it took us 60 minutes to
have nanowires having length just comparable with the nanowires in the new test but undergone

only 10 minutes of the same plasma treatment.
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How did the indium oxide form at the interface? It is likely due to the indium thermal
evaporation. The presence of a residual indium oxide at the base of the indium droplets is
probably related to our modus operandi. Indeed, the deposition of the amorphous silicon layer
and/or the evaporation of indium takes place in two different reactors. Although hydrogen
plasma allows indium to be deoxidized at first when placed in the PECVD reactor, the oxide at
the base of the indium droplets may remain. To avoid the persistence of such oxide, it would
be ideal to perform hydrogen plasma before and after indium deposition, which would require
the use of a single reactor. In addition, our operating conditions regarding the thermal
evaporation of indium do not guarantee the absence of indium oxide at the base of the droplets.
Indeed, during the melting of indium, a thin layer of indium oxide is observed on the surface
which must be evaporated before exposing the samples to indium in vapor form. This tricky
operation is very difficult to reproduce in our case according to very slow evaporation kinetics
specifically to indium. This means that the indium oxide evaporation at the beginning phase of

deposition is possible, and therefore of indium oxide at the base of indium droplets.

Since we deposited 10 nm, 20 nm and 50 nm thick indium layers in previous test, we
performed nanowire synthesis also on 10 nm and 50 nm thick indium layer samples which are
coming from the same batch as the samples tested just before in this section. This time, the
duration of H» plasma treatment was fixed at 30 minutes and the temperature was still kept at

250 °C. The parameters are listed below:

Table. 29. H> plasma treatment on 10 nm and 50 nm thick indium.

Durati fH T t f
No. of samples Layer stack Hraton ot cmperatire o
plasma treatment H; plasma
1 10 nm In/50 nm a-Si/Si-mono 30 min 250 °C
2 50 nm In/50 nm a-Si/Si-mono
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Fig. 93. SEM images of samples underwent 30 min of H> plasma treatment with different

thickness of indium layer: (a) 10 nm In/50 nm a-Si; (b) 50 nm In/50 nm a-Si.

The scale bar is 100 nm in both figures. The proximate length range of nanowires for 10
nm and 50 nm of indium layer is ~50-100 nm and ~200-500 nm, respectively. If we put Fig.
91(b) and Fig. 93 together to compare (since the only difference on these three samples is
thickness of indium layer), we can find that the nanowires are more vertical after H, plasma
treatment as thickness of indium layer increases. In other words, the verticality of synthesized
nanowires is related to the indium layer thickness. This could be attributed to the volume of In
droplets at the early stage of plasma treatment since the bigger In droplets would absorb more
Si atoms at the same time compared to smaller counterparts. The larger flux of Si atoms

diffusing in In droplets would benefit the vertical growth of the nanowires.

Some nanowires in Fig. 93(b) do not show tapered shape as we observed in Fig. 91(b) and
Fig. 93(a). This could also be explained by the bigger In droplets for 50 nm thick indium layer
and relatively short duration of plasma treatment. The SINWs grown from different diameter
of In droplets are found having different growth rates while the other growing parameters were
kept the same in [44]. According to their work, the flux of absorbed Si atoms is inversely
proportional to the diameter of the In droplet, which could be applied for the nanowires in our

study since the mechanisms of synthesis resemble to a large extent.

4.4 Conclusion

In this chapter, we focused on the investigation of indium induced nanowire fabrication.

The idea was originally to explore the possibility of silicon nanowires fabrication by the help
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of metal catalyst at low temperature since we use the indium as catalyst which has the low

eutectic temperature.

We first tested the indium evaporation and characterized the indium layers by SEM and
AFM. These images both show polygonal shapes of indium grains and the size of these grains

is proportional to the thickness of deposited indium.

Secondly, the investigation of silicon nanowire growth was carried out. We adopted the
“indium-amorphous silicon-silicon substrate” stack to perform the nanowire synthesis. Several
different conditions of H> plasma treatment and different thickness of indium (10, 20 and 50
nm) have been tested and characterized by SEM. The fabricated nanowires are firstly found to

be the SLS growth mode with the help of indium at low temperature (250 °C).

The fabricated nanowires tend to show tapered shape with the indium tip on top of them,
and more importantly, the nanowires are quasi vertical. The length of the nanowires strongly
depends on the duration of H plasma treatment and the thickness of indium layer, where the
longer duration of plasma treatment and thicker indium lead to longer nanowires in general.
The mechanism of the nanowires was also briefly discussed since we are still at the early phase

of the study.
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The subject of this thesis was to investigate low temperature SINWs synthesis approaches.
All the process researched in this thesis was implemented at the temperature lower than 300 °C,

which is well serving the purpose of low-cost flexible substrates compatibility.

First, we reviewed two most important low temperature techniques that dedicated to
deposition and crystallization of a-Si or pc-Si layer compatible for flexible substrates. Reactive
sputtering, hot-wire CVD and PECVD could all work at temperature as low as 300 °C. PECVD
is more frequently adopted for thin film devices application flexible substrates. Different
crystallization methods have also been discussed. Mainstream methods like MIC and MILC
were reviewed at first, some other approaches such as ELC, H> plasma induced crystallization,
C-beam crystallization and BLA were presented afterwards. They all meet the limitation of
temperature and show promising quality of crystallinity at the same time. Nevertheless, metal
induced crystallization features more because of the easy realization. Especially indium induced
crystallization could provide even lower crystallization temperature compared to the other

metal materials.

ICP-CVD has accordingly researched in chapter 2 on the optimization of SiO> deposition
and electrical properties of SiO». Besides, the properties of ICP-CVD silicon layer have been
presented by fabricating the ICP-CVD TFTs. Two batches of capacitors were fabricated under
various parameters, and optimized parameters were obtained after characterizing these
capacitors in terms of HFCV and breakdown field. LF power of 500W, RF power of 50W,
pressure of 2.5mTorr and temperature of 20°C have been validated. In conclusion, SiO; layers
deposited by ICP-CVD can yield good electrical properties and act as the insulating layers in
TFTs. Besides, the ICP-CVD TFTs with gate oxide and microcrystalline silicon active layer
deposited without deliberately heating the substrate is demonstrated. After thermal annealing
at temperature no higher than 220 °C, TFTs yield competitive electrical properties: Vru of 3.7V,
TIon/Torr of 6.4x10?, field effect mobility of 1.2 cm?/Vs and subthreshold slope of 3.9 V/dec.
Thanks to the low temperature process of ICP-CVD, it offers the opportunity to explore the

applications on flexible substrates.

Following the optimized silicon and SiO> deposition by ICP-CVD, the synthesis of SINWs
has been investigated by coupling ICP-CVD and spacer method. First of all, SiO» steps have
been optimized on Microsys 400 RIE system, and the relatively vertical sidewalls of SiO; steps
can be achieved under RF power of 50W, CF;4 gas flow of 30sccm and pressure of 4mTorr. This
set of etching parameters are perfectly suitable for Si0O; deposited by using ICP-CVD. Etching

of silicon that is deposited by PECVD leads to the formation of silicon nanowires has not been
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perfectly optimized even some efforts were made. Some residues can be obtained when RF
power, SF¢ gas flow and pressure are set at 30W, 20sccm and SmTorr, respectively. Fortunately,
silicon nanowires are finally obtained when the deposition method of SiO and silicon changed
from PECVD to ICP-CVD. Thanks to better uniformity ICP-CVD provides, silicon nanowires
can be detected after RIE of pc-Si layer. RF power of 30W, SFs gas flow of 20sccm and pressure

of SmTorr are the optimized parameters for pc-Si etching.

Same process has been performed after the first successful result about nanowires, it was
found that the process could not be reproduced. By evaluating the step coverage of ICP-CVD
Si layer under SEM, we can tell that poor step coverage of Si layer leads to failure of fabricating
nanowires. It is reasonable to speculate that the nanowires could be stably reproduced when

ICP-CVD Si coverage is improved.

In last chapter, still with the objective of providing for SINWs synthesis at temperatures
lower than 300 °C, we have investigated indium as catalyst. We observed polygonal shapes of
indium grains after thermal evaporation and the size of these grains is proportional to the
thickness of deposited indium. In addition, the investigation of silicon nanowire growth was
carried out. The fabricated nanowires are firstly found to be the 3D SLS growth mode with the
help of indium at low temperature (250 °C). The fabricated nanowires tend to show tapered
shape with the indium tip on top of them, and more importantly, the nanowires are quasi vertical.
The length of the nanowires strongly depends on the duration of H plasma treatment and the
thickness of indium layer, where the longer duration of plasma treatment and thicker indium

lead to longer nanowires in general.

Unfortunately, the technique of indium induced SLS SiNWs is not very stable currently.
We suspect that this is because the indium oxide formed at the interface between indium
droplets and a-Si layer. The indium oxide forms during the thermal evaporation of indium since
there is always oxidized indium drops which are unexpected to evaporate onto the a-Si layer.

To solve this problem, we propose two ways.

First, using the same reactor to perform indium deposition and following H> plasma
treatment. In this way, the indium would not expose to the air between two process (indium
evaporation and H; plasma treatment), which could reduce the risk of re-oxidation of the indium.
In this case, the well-controlled 3D growth of indium catalyzed SLS SiNWs would offer

possibilities for flexible electronics and sensors applications.
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Second, using inverted layer stack to perform SLS SiNWs growth. In this thesis, we used
In/a-Si/Si-sub layer stack where the indium layer is deposited onto a-Si. If the stack of a-
Si/In/Si-sub is used, the indium oxide on the upper surface of indium droplets will be surely
deoxidized by priorly performing H> plasma treatment. Then comes the a-Si deposition, this
will ensure no existence of the indium oxide at the a-Si/In interface. In this case, in plane SLS
crystallization of the a-Si layer is expected. Such indium-induced crystallization process would
benefit for silicon layer functional layer used for the synthesis of silicon nanowires by spacer
method. In addition, it could also benefit for the fabrication of TFTs with expected better

electrical performances.

The first results on ICP-CVD TFTs enable the possibility of flexible applications. Since
the process temperature of ICP-CVD can be controlled under 220 °C, it will work well on the
series of flexible substrates. In addition, the TFTs have been successfully fabricated, which

indicates some more complex electronic devices could be realized on these flexible substrates.

Following research on the nano spacer fabrication is facing a problem of reproducibility.
The nano spacers could be obtained occasionally by using ICP-CVD. The reason is presumably
the poor step coverage of silicon that ICP-CVD delivers. The future work could continue to
focus on the ICP-CVD to optimize the silicon step coverage. Another reason could be related

to the crystallinity of deposited silicon layer by ICP-CVD.

To improve the silicon crystallinity, indium induced crystallization is a good candidate
thanks to its low eutectic temperature. In fact, in this thesis, we have investigated the indium
catalyzed SiNWs growth which we believe could yield crystallized silicon and silicon

nanowires at the same time.
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Titre : Fabrication et caractérisation de nanofils de silicium pour des applications électronigues sur substrats

flexibles basse température (=300 °C)

Mots clés : Nanofils de silicium, basse température, procédé SLS, méthode des espaceurs, ICP-CVD

Résume : La fabrication et la caractérisation de
nanofils de silicium a basse température (=300 °C) a
eté menée suivant deux approches: par 1a méthode
des espaceurs et par la methode de croissance
Solide Liguide Solide (SLS). La synthése des nanafils
de silicium a été étudiée a l'aide de deux technologies
de dépots : le depdt CVD assisté par plasma
(PECVD) et le dépdt par plasma a couplage inductif
(ICP CVD). Les études ont démontré |a faisabilité des
nanofils. de silicium par le procade ICP-CVD. De plus,
les propriétés disolation électrigue des couches de

Par ailleurs, des panofils de silicium ont &té
synthetises par le procede SLS a 250 *C utilisant
Iindium comme catalyseur. La croissance 3D de ces
nanofils a partir de substrats de silicium (film mince
de silicium monocristallin ou amorphe) a été
démontrée. Les nanofils sont obtenus sous plasma
d'hydrogéne. Des études ont &té menées en fonction
de I'gpaisseur de lindium deposé, de la durée et de
la température du plasma d'hydrogene. Les résultats
originaux  obtenus permettent d'envisager la
possibilité de fabriquer des dispositifs &lectroniques

Si02 et |a fabrication de transistors a effet de champ
a4 couche mince ont &té démontrées a l'aide de la
technologie de dépdt plasma ICP.

a base de ces panofils de silicium sur des substrats
flexibles basse température.

Title : Fabrication and characterization of silicon nanowires for device applications compatible with low

temperature (=300 *C) flexible subsirates

Keywords : Silicon nanowires, low temperature, SLS process, spacer method, ICP-CVD,

Absiract ; The fabrication and characterization of silicon
nanowires (SIS} at low temperature (=300 *C) has
been focused for two mainstream approaches: spacer
method and Solid Liquid Solid method. The feasibility of
such silicon manowires has been explored using two
depaosition technologies: conventional plasma enhanced
deposition (PECVD), and inductively coupled plasma
deposition (ICP CWVD). The studies demonstirated the
feasibility of silicon nanowires using the ICPF CWVD
process. In addition, the electrical insulation properiies of
5102 layers and the fabrication of thin-film field effect
transistors were demonstrated wusing |CP  plasma
deposition technology.
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Furthermore, indium catalyzed SLS SiNVWWs were
fabricated for the first ime at 250 *C. Synthesis of
30 S5iMVWs by SLS process from silicon subsirates
rmonocrystalline or amarphous silicon thin film) has
been demonstrated. The growth of nanowires is
obtained under hydrogen plasma. Studies were
conducted based on the thickness of indium
deposited, duration and temperature of the
hydrogen plasma. All these results were concluded
oniginally and they enable the possibility of
fabrication of SiNVW/s based electronic devices onto
loww temperaiure flexible subsirates.



