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ABSTRACT

The crystallization of hydrogenated amorphous silicon (a-Si:H) deposited by
plasma-enhanced chemical vapor deposition (PECVD) by thermal annealing is of great
interest for display and silicon-on-insulator (SOI) technologies. For large area
electronics, there has been considerable interest to integrate both a-Si:H TFTs, for low
leakage in the OFF state, and poly-Si TFTs, for high drive currents, on the same
substrate, for example, to integrate polysilicon drivers in flat panel displays using a-
Si:H TFTs in pixels. There is-interest also to achieve high mobility polysilicon TFTs
fabricated at low temperatures (< 600°C). Low thermal budgets are necessary so that
glass substrates can be used in case of display applications, and damage to preexisting
devices is minimized in case of 3-D integrated circuit applications. In this thesis we will
describe the use of selective crystallization using hydrogen plasma seeding treatment of
a-Si:H layers to achieve both these aims.

We have found that a room temperature hydrogen plasma exposure in a parallel-
plate-diode-type Reactive Ion Etcher (RIE) can reduce crystallization tim¢ of a-Si:H by
a factor of five. Exposure to hydrogen plasma reduces the incubation ti£ne, while the
rate of crystallization itself is not greatly affected. This plasma-enhanced crystallization
can be spatially controlled by masking with patterned oxide, so that both amorphous
and polycrystalline areas can be realized simultaneously at desired locations on a single
substrate. The enhancement of crystallization rate is probably due to the creation of seed
nuclei at the surface and the effect is limited to the top 30-40 nm of the a-Si:H layer.

We have used these films to fabricate low-temperature (<600°C) self-aligned n-

channel polycrystalline transistors. Well-behaved characteristics were obtained in all
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cases. All the samples had mobilities in the range of 35-40 cm*Vs despite the short
crystallization time in the hydrogen-plasma treated sample.

Lateral-seeded growth from seeded regions in the source and drain regions
resulted in higher performance TFTs with the field-effect mobility increasing for
channel lengths shorter than 5 um. The Seeding was done by exposure to hydrogen
plasma after the active region and the gate was patterned. The seeded-low-temperature
TFTs had a field-effect mobility of ~75 cm?/Vs for channel length of ~2 Um, nearly
twice that of unseeded TFTs.

We have also demonstrated a method for integrating a-Si and poly-Si transistors
together starting with a single Si layer with no laser processing involved, combining
many of the fabrication steps between the two transistors, so that making both a-Si:H
and poly-Si TFTs of high performance is not much more work than making just one

type of transistor.
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Chapter 1

INTRODUCTION

1.1 MOTIVATION

The last decade has seen tremendous interest in thin silicon films on insulating
substrates, from fundamental studies on growth and material properties of the films to
actual devices, be they thin-film transistors, sensors, or other device applications.
Especially, thin-film transistors (TFTs) have received increasing attention for their use
in active matrix liquid crystal displays on glass (or fused quartz) substrates for use as
pixel-switching transistors or in the row/column circuits, and in silicon-on-insulator
(SOI) technologies for three-dimensional integration of devices on silicon substrates.
Three-dimensional (3-D) integration is useful for both packing density and system
architecture. Furthermore, thin (i. e. <100 nm) SOI layers are attractive for devices with
very small dimensions from both a technological and fundamental point of view.
Technologically, the thin SOI films make it easy to isolate devices and to avoid
parasitic short channel effects such as subsurface drain-induced barrier lowering.
Fundamentally, the thin films make it easy to have the channél gated from multiple
sides so that tight confinement of the carriers in the narrow channel can be achieved.

Historically, the realization of SOI layers has been difficult as direct deposition
of silicon on insulating films yields either amorphous or polycrystalline silicon

(polysilicon) films, depending on the growth conditions. Amorphous silicon films have
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very poor carrier mobility and are therefore unsuitable for most applications. However,
properties of polysilicon films are closer to that of crystalline Si. Various techniques
have been developed to improve the quality of the polysilicon films so that single-
crystal like behavior is realized. The two leading approaches towards SOI are the
SIMOX technique, in which a buried oxide layers is formed in a single crystal substrate
through high energy oxygen implantation and annealing at 1200 °C or higher, and the
bond-and-etch-back technique, in which a single crystal is bonded to an oxide layer
(usually at 900 °C or higher), and then chemically and mechanically polished back to a
thin layer. Neither of these techniques is suitable for fabrication of multiple thin layers
of devices due to the high temperatures involved and the difficulty in éontrolling the
thickness of the silicon films. These methods are especially not applicable in displays
where silicon films on transparent substrates are required.

The most widespread and preiralent technique to realize silicon films on
insulating substrates, for large area applications, is crystallization of precursor
amorphous silicon film to realize polysilicon films. We will discuss the various methods
that have been studied to crystallize silicon films in detail later in chaptelf 2. There is a
need to obtain large grain polycrystalline silicon films or nearly single-crystal silicon,
with smooth surfaces. For 3-D integration purposes, there is also a need.to control the
locations of grain boundaries so that device can be fabricated within a single grain
thereby achieving single-crystal like behavior. In addition to these constraints on the
material characteristics of the polysilicon films, a low thermal-budget process is
essential, especially for AMLCDs fabricated on glass substrates (to avoid degradation
of glass substrate due to thermal damage), and for three-dimensional IC technology (to

avoid thermal damage to the pre-existing devices).‘
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In addition to these requirements, for display applications there is need for
developing a process/technique to integrate amorphous silicon transistors, which are
used as pixel-switching transistors due to low leakage in the OFF state, and
polycrystalline silicon transistors, which are used in the row/column driver circuits, on
the same substrate to reduce costs. This requires that the crystallization process be a low
temperature process and be selective so that amorphous and polycrystalline regions can
be realized simultaneously on the same substrate.

In our work, we found that a hydrogen plasma treatment of thin hydrogenated
amorphous silicon (a-Si:H) films deposited by plasma-enhanced chemical vapor
deposition results in reduction of subsequent crystallization time of the films, and that
this effect can be controlled so that only certain regions of the films are seeded. We
studied this plasma-enhancement effect further to understand the mechanism and its
effect on the properties of the polysilicon films. We then fabricated n-channel
transistors in these plasma-treated films with reduced crystallizaition time of ~4 h at a
process temperature of only 600 °C. We also used this technique to control grain
boundaries locations and thereby fabricate transistors with higher mobility. This was
accomplished by selective seeding the source and drain regions of the transistor
followed by crystallization anneal so that lateral crystallization into the channel regions
occurs.

By masking the a-Si:H films during the plasma treatment, polycrystalline and
amorphous regions could be realized on the same substrate. Finally, we developed a
process to fabricate polycrystalline and amorphous silicon thin-film transistors (TFTs)
on the same substrate in the same single silicon layer, with shared process steps.

During the plasma processing, the wafer is exposed to ion, electron, photon, etc.

bombardment and these can cause damage to the device. The most severe damage
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mechanism is the current-stress through the dielectric of metal-oxide-semiconductor
devices due to plasma-induced charging. There is need to quantify the plasma-induced
charging so that the process could then be modified or the design of the plgsma chamber
changed to minimize damage. Most of the techniques used are indirect, i.e., the damage
is estimated from the degradation of actual devices exposed to the plasma, or invasive,
i.e., involve intrusive wires and probes which can alter the plasma conditions. We have
developed a non-invasive, in-situ and direct method to quantify the amount of surface
charging during plasma exposure. The method relies on the fact that a cantilever acts as
a deflectable capacitor and any charging of the cantilever surface leads to deflection of

the cantilever, which can be detected using a laser beam.

1.2 THESIS OUTLINE

Chapter 2 outlines the several techniques of crystallizing thin amorphous silicon
films with emphasis on the solid phase crystallization (SPC) and the several methods
that have been tried to enhance SPC. The focus is on SPC as it can be accomplished at
low temperatures and yields films of uniform quality with smooth surfaces.

Our work on the study of the hydrogen plasma enhancement of crystallization of
a-Si:H films is presented in Chapter 3. We also discuss the effect of the plasma
treatment on the material properties of the films and shed some light on the mechanism
of seeding (creating crystalline nuclei in the amorphous matrix) during the hydrogen
plasma exposure.

Chapter 4 discusses n-channel self-aligned polycrystalline siliéon thin-film
transistors fabricated by both high and low temperature processing. The effect of the
hydrogen plasma treatment, especially the shorter annealing time ;on the TFT
characteristics, is analyzed in some detail. We also use the hydrogen-plasma-selective-

enhancement effect to selectively seed nuclei in the source/drain regions and fabricate
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laterally seeded TFTs. The effect of the gate dielectric and grain size of the polysilicon
films on the characteristics of the TFTs is also examined.

In Chapter 5 we discuss the integration of amorphous and polycrystalline silicon
transistors on the same substrate in a single silicon layer using silared processing steps.
The key issues here is the rehydrogenation of amorphous region after the crystallization
anneal at 600 °C to form the polycrystalline regions. We discuss the optimization of this
unique process to realize best performance of both amorphous and polycrystalline
TFTs.

We then review the techniques that have been used by other researchers to
enhance the quality of solid-phase crystallized polysilicon films to achieve single-
crystal Si like behavior in Chapter 6. Emphasis is on enlarging grain sizes, controlling
the grain boundary locations and controlling the in-plane grain orientation. We will put
our work in perspective with other work and suggest some ideas for realizing SOI films.

In Chapter 7 we shift gears and review our work on using micro-electro-
mechanical charge sensing devices (cantilevers suspended over the substrate) to
determine plasma-induced charging and correlation of those results with actual device
damage.

Finally we summarize our contributions and make some. suggestions for future
work in this field in Chapter 8.

Appendix A lists the typical growth sequence of the samples used in this work.

Appendix B outlines the a-Si:H film characterization techlAiques.

Appendix C lists the publications and the presentations resulting from this work.




Chapter 2

CRYSTALLIZATION OF AMORPHOUS

SILICON

2.1 INTRODUCTION

Polycrystalline silicon (polysilicon) films have been widely used in the CMOS
IC industry as a gate material for metal-oxide-semiconductor transistors, the emitter
contacts of bipolar transistors and interconnect materials. Further, polysilipon thin-film
transistors (TFTs) have received increasing attention for their uses in active matrix
liquid crystal displays !, image sensors 2, and silicon-on-insulator (SOI) technologies 3
as discussed in chapter 1. For the SO, display and sensor technologies, there is need for
a low-temperature process to obtain large-grain polycrystalline silicon films 4 or near
single-crystal silicon, with smooth surfaces. For these applications, a large grain size of
polycrystalline Si films is desired to reduce the detrimental effects of grain boundaries
such as dopant segregation and carrier traps, resulting in poor electrical mobility of the
carriers. Rough surface morphology is detrimental to carrier transport, particularly in
field-effect devices, where inversion or accumulation layers are confined within a few
nanometers beneath the polysilicon/insulator interface. In addition to these constraints
on the material characteristics of the polysilicon films, a low thermal-budéet process is

essential, especially for AMLCDs fabricated on glass substrates (to avoid degradation
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of glass substrate due to thermal damage 5), and for three-dimensional IC technology (to
avoid thermal damage to the pre-existing devices).

Although polysilicon can be obtained by direct deposition from the gas phase,
the preferred method for its synthesis is crystallization of an amorphous precursor.
Direct-deposition polysilicon films tend to exhibit rough surfaces, since crystalline
growth lends itself to faceting 6. The grain size of direct-polysilicon films tends to be
smaller than crystallized-polysilicon films 6. This results in reduced field-effect mobility
of TFTs and the best result obtained so far using only direct-polysilicon films is ~28
cm?/Vs, obtained on a p-type TFT 7. Higher mobility can be achieved when polysilicon
is obtained by crystallization of an amorphous precursor, because the surface of the
films preserves the smooth and even morphology, which is the characteristic of the
amorphous films.

Crystallization can be accomplished by several methods. Solid phase
crystallization (SPC) by furnace anneal at temperatures in the ranée of 500-600 °C is the
simplest and the most widespread technique. However, this crystallization step can be a
limiting factor in the processing due to its long duration 8, especially at low annealing
temperatures. Rapid thermal annealing, which involves heating the films to
temperatures in excess of 700 °C for a short duration, can be employed for faster
crystallization of amorphous silicon films 9 10, Lasers, either in pulsed !! or continuous
mode 12:13_ have also been employed to crystallize a-Si films 14 15 by uniformly heating
the films (similar to SPC) or by sequentially melting part of the silicon film and
allowing it to crystallize and thereby realize large grains 6. The combination of laser
annealing to selectively create nuclei followed by solid phase crystallization by either
furnace 13 or rapid thermal annealing 17 has also been tried to improve the grain size.

We will discuss the techniques that have used for grain size enlargement and reduction
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of intra-grain defects in detail in chapter 6. Other methods studied to crystallize the a-Si
precursor films include; zone-melt recrystallization 18, which involves melting the
silicon through absorption of infrared radiation of a halogen lamp and subsequently
allowing the silicon film to crystallize through cooling, microwave-induced
crystallization 19, and ion-beam-induced crystallization 20, In the following sections we
will discuss each of these techniques in some detail.

2.2 SOLID PHASE CRYSTALLIZATION

2.2.1 Introduction

Amorphous silicon is distinguished from the crystalline phase by a fairly well
defined free energy difference of approximately 0.1 eV per atom at 300 K 2!. Since the
crystalline state has a lower free energy, there is always a driving ‘force toward
rearranging the atom positions into those of the crystal. Raising the temperature gives
the atoms enough mobility so this can be accomplished in a practical time (e.g. few
hours).

The solid phase crystallization of a-Si film takes place by nucleation of
crystalline clusters with an ordered arrangement of atoms within their disordered
surrounding matrix, which grow spontaneously when a critical size is reached. This
corresponds to the situation where the free energy gained by converting a-Si to the
crystal becomes larger than the surface energy corresponding to the creation of the
interface between the crystalline cluster and the amorphous matrix. In order for
nucleation and growth to occur, bond breaking must take place in the amorphous
material, so as to allow for atom rearrangement. The critical size of the crystal clusters
has been estimated to be around 2-4 nm at temperature of 650 °C 22. Nucleation has

been shown to occur either heterogeneously at the substrate/a-Si interface 23 22, or
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homogeneously throughout the bulk of the film 24. Different values of activation energy
of nucleation have been reported, from 4.9 eV 25 26 to 9 eV 24, 25 depending on the
properties of the precursor amorphous silicon films.

Once the crystalline cluster has reached the critical size, growth proceeds by
displacement of atoms from the amorphous phase to the crystalline phase, through the
interface. The growth mechanism is very similar to that of solid phase epitaxy (SPE),
which has been extensively studied (especially for annealing of damage after
implantation). The activation energy for crystal growth velocity is determined to be
around 2.3-2.7 eV 27-2%, The crystalline clusters grow into the amorphous matrix until
they impinge on each other leading to complete crystallization of the film. The
nucleation rate (N) and the crystal growth velocity (vy) in the course of crystallization
determine the final grain size after the completion of crystallization. A theoretical
analysis for the transient nucleation of a-Si by Iverson and Reif 28 gave the final grain

size (r¢) by

1/3
1%
" oc I:Fg} 2.1),

thus, a large grain size can be obtained when the crystal growth rate is high and the
nucleation rate is low. This can be easily achieved for crystallization at low
temperatures (<700 °C) since usually nucleation has higher activation energy compared
to that of crystal growth.
Precursor amorphous silicon

The precursor a-Si films can be realized through various non-equilibrium
methods, as a-Si is not a stable equilibrium phase. The techniques that have been used
in the past include: extremely fast quenching from the melt 30, sputtering 31, rf plasma

discharge 32, chemical vapor deposition 33, vacuum evaporation 31, hot-wire chemical
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vapor deposition 34, and ion implantation 35. In addition to the above-listed methods, a
great deal of work has also been reported in literature 36 on the properties of a-Si
deposited in the presence of hydrogen in order to incorporate H into the structure for the
purpose to terminating the dangling bonds in a-Si. In fact some workers have reported
that hydrogen in hydrogenated amorphous silicon films promotes the cryftallization of
the films and aids in the nucleation process 37. This is explained in terms of reduction of
the grain boundary energy of the crystalline nuclei by hydrogenation. This reduction
facilitates the break-up of a single-crystalline growth front into small crystallites, and
the homogenous nucleation of crystals in an amorphous matrix.
Twinning of SPC films

Common feature of SPC polysilicon films is their very high twin density. These
can be generated upon nucleation of the crystalline clusters 22: 38 or during growth 39. In
a-Si, the 6-membered rings are not organized in chair or boat configurations. Hence,
upon nucleation, depending on the local bonding environment and the local bond angle
distortions of the continuous random network, some rings will go on a chair
configuration, whereas some others will adopt the boat configuration, !thus initiating
twinning. ‘However, as shown by Drosd and Washburn 39, twinning can also occur
during growth, upon ledge formation on atomically flat (111) crystallographic planes.
On such planes, a cluster of three atoms is needed to fulfil the criteria of two undistorted
bonds per atom of the crystal phase (or alternatively, to fulfil the criteria of completion
of 6-membered rings). As there are two ways of placing such clusters on the (111)
surface, corresponding to the chair-type or the boat-type, twins are easily created, again
depending on the local bonding environment and bond angle distortions‘. Also, Drosd
and Washburn have shown that the presence of twins facilitates growth by providing

favorable attachment sites for the atoms of the amorphous phase, at the boundary of the
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twin with the amorphous matrix. These results in a local growth enhancement, which
tends to favor the formation of extended twin bands. Since in poly-Si, the critical
crystalline clusters, which initiate growth are bounded by (111) planes for energetic
reasons, twinning by the above mechanism is very likely, resulting in the well known
highly twinned structure of the SPC films with grains typically oriented in the (111)
vertical direction 38,
Effect of impurities

The presence of impurities in the a-Si layer, especially at concentrations > 0.1
at. %, can have dramatic effects on the kinetics of solid phase crystallization. Csepregi
et al 40 first showed that group Il and V dopants can greatly increase the rate of SPE,
whereas non-doping impurities like O, N, and C significantly reduce the SPE rate 41.
Besides, their effects on SPE, impurities can also alter the random nucleation of
crystallites. Yamamoto et al 42 observed that high concentrations of phosphorus reduced
the nucleation rate during experiments on lateral SPE of Si over oxide layers. This
effect of phosphorus on the crystallization kinetics of @-Si films will be discussed
further in Section 3.3.6. When impurity concentrations exceed about 0.3 at. %,
processes such as impurity segregation and precipitation can alter the crystallization
kinetics to the extent that impurities which increase the SPE rate at lower concentrations
can actually retard the rate 43 44. These processes are strongly influenced by the growth
temperature and the rate at which impurities diffuse in the a-Si layer.
2.2.2 Annealing techniques |
Furnace and rapid thermal annealing

As mentioned earlier, solid phase crystallization occurs when enough energy is
provided to the atoms in the amorphous phase to rearrange themselves into an ordered

state leading to the crystalline phase. This can be achieved by various techniques, with

s S
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the simplest and the most prevalent technique being annealing the films in a furnace at
temperatures in excess of 500 °C. The annealing is usually done in the presence of inert
gases like N or argon or in vacuum. The disadvantage of this method is the long anneal
times it usually requires 8. Rapid thermal annealing, involving heating the a-Si films
with a broad-spectrum tungsten-halogen lamp has also been reported 10, In this
technique the films are heated to high temperatures (>700 °C) for few minutes to
completely crystallize the film. Glass substrates can also be used even though the anneal
temperatures are higher than the glass softening temperature 3. The short duration of the
-anneal ensures that the thermal stress to the glass substrates is minimal. The kinetics of
crystallization are reported to be different in the case of rapid-thermal vs. furnace
annealing, with the nucleation rate being significantly faster in case of the rapid-thermal
annealing 45. It is proposed that this might be due to the fact that the incident light
spectra present during the annealing in the two systems are different. The rapid thermal
annealer (RTA) uses tungsten-halogen lamps to heat the a-Si films, whereas the
conventional furnace uses a resistive coil to heat the environment. The more energetic
photons present during rapid-thermal annealing create photocarriers, which
subsequently recombine and they break weak and strained bonds in the a-Si film. These
sites then serve as recombination centers for more photocarriers leading to localized
heating, and therefore favorable sites for nucleation 45. The faster crystallization during
RTA might also be due to the uncertainty in the exact temperature of the Si films
reported in these experiments. However, the grain size of the resulting polysilicon film
is reduced due to the increase in the number of nucleation sites during rapid thermal
annealing compared to conventional furnace annealing. Solid phase crystallization also
occurs during laser annealing of the a-Si films when the laser power is below the full-

melt threshold (explained in Section 2.3).
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Microwave induced crystallization

Recently Lee at al. 19 have reported the use of microwave heating for the solid
phase crystallization of PECVD a-Si:H films at low temperatures. The microwave
heating (microwave frequency of 2.45 GHz and power of ~450 W) lowered the thermal
budget of the crystallization process to a few hours at 550 °C. The hydrogen
outdiffusion was also enhanced during microwave heating compared to conventional
furnace heating, with nearly all the hydrogen in the a-Si:H films out diffused in ~20 min
at 400 °C. The crystallization time of the films was also nearly independent of the
growth temperature of the precursor ¢-Si:H films. In contrast, during conventional
furnace heating, the crystallization time was strongly dependent on deposition
temperature (will be discussed later in Sections 3.3.4 and 6.2.1). It was speculated that
the Si diffusivity is enhanced due the microwave-Si interaction, which might explain
the low-temperature short-time crystallization. The explanation for all the microwave
effects is still unknown, though it is speculated that the microwave enhances transport
of materials 46. 47. The largest grain size reported for polysilicon films obtained by this
technique is ~0.78 pum 19. Further work is necessary to understand the microwave effect
in detail and optimize the process to realize larger grain polysilicon films.
2.2.3 Nucleation enhancement techniques

Crystallization of a-Si films on glass by furnace annealing, limited to ~600 °C,
requires long anneal times of 20-60 h, depending on the properties of the initial
precursor a-Si film 8. This is not attractive for processing due to reduced throughput.
Nucleation of the silicon crystallites with an activation energy of ~5 eV 28 is usually the
rate-limiting step. Various techniques have been tried to hasten the crystallization
process or reduce the crystallization temperature. In the following sections we will

briefly describe the enhancement methods studied.
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Metal-induced crystallization

Metallic impurities in a-Si films lead to reduction of the crystallization
temperature (T;) of the a-Si films, with T, generally decreasing with increasing metal
concentration up to ~20 at.% 43. This phenomenon is often referred to as metal-induced
crystallization (MIC). Various metallic impurities like Au, Cu, Fe, In, Ni, Rh, Sn, Pd
and W have been studied. The metal (X) is introduced in the a-Si layers by either ion
implantation 24, or during growth in the form of co-deposited Si-X alloys 48, or by
depositing a thin layer of metal on top of the a-Si layer 10. 49 and subsequently annealing
the film.

The explanation offered for the enhanced crystallization is that for those metals
forming eutectics with Si like Al, Au, Sn, Sb, and In, dissolution of metal atoms in a-Si
may weaken the Si-Si bonds and enhance the nucleation and growth of crystalline Si 48.
Tan et al 50 further suggested that the breaking of metastable metal-Si bonds facilitates
the local rearrangement of atoms required for crystallization. On the other hand, for
those metals forming silicides (or reactive metal alloys) like Ni, Pd, Ti, W and Cu, it has
been suggested that the formation of silicides with lattice constants close fo that of Si is
a necessary prerequisite for MIC 51, A-Si films can also be selectively crystallized to
realize both amorphous and polycrystalline regions on the same substrate by selectively
depositing thin layer of metal on the a-Si film and annealing them 10. Selective
deposition of palladium 42 or nickel 53. 54 on g-Si thin films was also found to induce
crystallization outside of the regions covered with metal. This phenomenon has been
called metal-induced lateral crystallization (MILC). We will discuss this further in
Section 6.3.3. Transistors made in MILC films (seeded through source/drain regions)
had higher field-effect mobilities of ~120 cm?Vs compared to 30 cm?/Vs for

transistors in unseeded films 53.
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Recently Kuo and Kozlowski 55 have shown that using either nickel or
palladium and pulsed rapid thermal annealing (3 pulses of 1-s 800 °C heating/5-s
cooling), the crystallization time of formation of polysilicon from a-Si can be as small
as a few seconds. However, MIC or MILC can lead to residual metal contamination of
the Si films due to the metal silicides 3657 or metallic alloys 58.

Germanium-induced crystallization

Germanium, introduced in amorphous Si layers either by ion implantation 59 or
during growth of the film in the form of a-SiyGe,.x alloys 0,.is known to reduce the
crystallization time of the films and also lead to improvement of the field-effect
mobility of the TFTs made in such films ¢!. By using Sip47Geoss alloy the
crystallization temperature can be lowered to temperature as low as 500 °C with an
annealing time of ~10 h 60, This is therefore attractive for use as active layers for
fabrication of TFTs for AMLCDs. Ion implantation of Ge* instead of Si* to drive the
as-grown polysilicon films amorphous, resulted in decrease of activation energy for
nucleation during the subsequent anneal from 5.9 eV for the pure a-Si films to 4.6 eV
for the Ge" implanted films 59. The crystal growth velocities were also significantly
larger for the Ge* implanted films 5%. The final grain size of the completely crystallized
films was also larger in the case of Ge* implanted films, with undoped Ge* implanted
films achieving grains about 2-3 times larger that Si* implanted films, depending on the
annealing temperature 59,

Germanium has also been used to achieve lateral crystallization through
localized seeding similar to MILC. Transistors made in such laterally seeded polysilicon
films have field-effect mobilities as high as 300 cm*/Vs compared to ~100 cm*/Vs for

the conventional unseeded polysilicon TFTs 62,
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Ion-beam-induced crystallization

Amorphous Si layers on Si substrates are epitaxially crystallized by ion-beam-
induced epitaxial crystallization (IBIEC) at temperatures as low as 150 °C, far below the
500-600 °C temperature of ordinary solid-phase epitaxial growth (SPEG) during furnace
annealing. The rates of IBIEC are increased by the amount of inelastic scattering for the
incident mega-electron-volt heavy-ion beam 63. Typically 1-MeV Xe ions are implanted
into the a-Si layer at a temperature of ~300 °C ¢4, Jon-beam induced crystallization
(IBIC) can be used in the formation of SOI structures, as it is a low-temperature
nonequilibrium process. Because IBIEC/IBIC occurs at temperatures far below ordinary
SPEG temperatures, using irradiation at temperatures below 300 °C can prevent the
crystallization of a Si layer on the SiO; film in non-irradiated areas.

The crystallization rate in IBIEC is controlled by defects in the aniorphous layer
like dangling bonds 65, kinks 66, or vacant spaces 67 produced at the
amorphous/crystalline (a/c) interface by the nuclear scattering of the incident ions. The
random-network structure a-Si does not reconstruct to the crystal structure until it is
annealed at 500-600 °C, but the “vacant spaces” in the a-Si layer near the a/c interface
might induce crystallization at temperatures below 450 °C. The vacant spaces make the
Si atoms vibrate more freely. When dangling bonds are formed by the desorption of
hydrogen atoms in the a-Si films during the furnace annealing at low temperatures,
reconstruction of Si atoms occurs, inducing the movement of interstitial Si atoms to the
vacant spaces, hence resulting in the low-temperature crystallization 64. Jackson 65
reported that the crystallization could also occur through dangling bonds without the
help of vacant spaces. The formation of dangling bonds (after hydrogen desorption or
after the ion implantaion) may directly result in the reconstruction of Si atoms to the

crystal structure at low temperature. This technique is still being actively studied to




Chapter 2: Crystallization of Amorphous Silicon 17

optimize the conditions so as to achieve large grain silicon, on insulating layers.
However, the heavy ion implantation process in IBIC/IBIEC can lead to damage to the
pre-existing devices if used for 3D ICs.
Plasma-induced crystallization

In addition to the above-mentioned techniques to enhance the nucleation rate
and thereby the crystallization kinetics of a-Si films, recently it was shown that, plasma
treatment of hydrogenated amorphous silicon films (a-Si:H) deposited by plasma
enhanced chemical vapor deposition resulted in enhancement of the crystallization rate
of the film during subsequent anneal. The plasma treatment using either oxygen 68-71,
helium 68 72 or hydrogen ¢ was conducted in an electron cylcotron resonance (ECR)
plasma system at a substrate temperature of ~400 °C for 1 h. During the subsequent
anneal of the films in a furnace, it was found that films exposed to the plasma prior to
the anneal crystallized faster compared to the untreated films. It was found that
hydrogen and helium plasmas had the most drastic effect on the crystallization rates of
a-Si:H films with crystallization time of only 6 h at 600 °C compared to 32 h for the
untreated film. Oxygen plasma treatment resulted in reducing the crystallization time to
~17 h 72. We found that room-temperature radio frequency (RF) hydrogen plasma
treatment resulted in reduction of crystallization time of a-Si:H films from ~20 hto ~4 h
at 600 °C 73. 74, In addition, it was also found that the plasma effect could be masked
using a hard mask like SiO,, and hence be used to create both polycrystalline and
amorphous regions in the same single silicon layer %8 71. 72, However, others gave no
clear explanation for this enhancement effect.

Conde et al 12 have found that rf or ECR hydrogen plasma treatment at substrate
temperature of 300 °C of hot-wire deposited a-Si:H films resulted in reduction in the

threshold power of the laser needed to induce crystallization. ECR hydrogen plasma
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treatment resulted in the least threshold laser power. In fact ECR hydrogen plasma
treatment with -200 V DC bias applied to the sample during the treatment had the most
drastic effect, indicating that the plasma effect is strongly dependent on the hydrogen
ion energy during treatment. It was proposed that the hydrogen plasma treatment at 300
°C resulted in structural changes in the hot-wire a-Si:H resulting in reduction of the
laser power required to induce crystallization. These structural changes, however, did
not change the transport properties of the films 12,

Plasma-enhanced crystallization of «-Si:H might be the téchnique that
introduces the least contamination in the films compared to either metal-induced or
germanium-induced crystallization of a-Si. The radiation damage is also minimal in this
technique compared to ion-beam-induced crystallization. In our work, we studied the
plasma-enhancement effect further, especially the effect of hydrogen plasma treatment

on the crystallization of hydrogenated amorphous silicon films.

2.3 LASER CRYSTALLIZATION

Techniques of laser annealing of amorphous silicon, especially by using an
excimer laser, have been widely reported over the past decade, with commercial interest
focused on producing high-speed, low-temperature, TFTs for large electronics and for
3-D ICs. Laser annealing was first used to activate ion-implanted dopants in crystalline-
Si and remove the corresponding lattice damage 75. During irradiation of semiconductor
materials with photons of energy hv > Eg,, (where Eg, is the energy gap of the
semiconductor), absorption of the laser energy takes place by the excitation of electron-
hole pairs across the gap. After a rapid thermal equilibration of the photoexcited carrier

system (~107* ), the energy is transferred to the lattice by phonon emission, on a

picosecond time scale 11,
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For the particular case of a-Si irradiation by UV wavelength lasers (e.g. excimer

laser pulse duration of T ~30 ns), the absorption depth of the laser is of the order of 10"
cm and the heat diffusion length in a-Si over the pulse duration, (D1)"? (D is the

thermal diffusivity in a-Si), amounts to ~10” cm at elevated temperature 76. In these
conditions, most of the energy deposited during the laser pulse will be localized within
the first 100 nm of the irradiated film, whereas the underlying substrate will remain
nearly unheated.

Fig. 2.1 38 schematically shows the various transformatioﬁs that can occur upon
pulsed-laser irradiation of a-Si films with pulse duration of 30-50 ns. The melting
temperature of a-Si is about 225 °C below that of c¢-Si 77, therefore under normal
heating conditions a-Si crystallizes before its melts. However, under pulsed-laser
heating, the heat supply is too fast and the crystallization is bypassed, so a-Si is directly
melted by a first order phase transformation. As a consequence the liquid-Si (I-Si) can
be severely undercooled relative to the equilibrium melting temperature of c-Si. If the
undercooling is maintained long enough, nucleation can occur Vin the 1-Si, which can
trigger explosive crystallization of the underlying a-Si 77 (Fig. 2.1(b)). The liquid layer
propagates downward due to the latent heat of crystallization melting the adjoining a-Si,
leaving behind fine grain polysilicon (Fig. 2.1(c)) 78. Later in the laser pulse, the buried
liquid layer has permeated throughout the film, and the primary melt front penetrates
the fine grain region remelting it (Fig. 2.1(e)). However, if the laser energy density is
not high enough, this remelting will not occur and the film solidifies leading to fine
grain polysilicon (Fig. 2.1(d)). If, on the other hand, the fine grain regiori is completely
melted and the liquid allowed to cool down after the ené of the laser pulse,
undercooling again occurs and homogenous nucleation takes plaée in the melt, leading

to small grain polysilicon (Fig. 2.1(e)) 38. When the laser energy density is such that the
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Figure 2.1. Schematic illustration of the various phase transformations occurring upon
pulsed-laser irradiation of an a-Si film 38.
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fine grain polysilicon obtained after the explosive crystallization is not totally melted
and some seeds survive, large grains are obtained due to crystal growth from the
surviving seeds (Figs. 2.1(f) and (g)). This regime of grain growth is referred to as
super-lateral growth (SLG) 7.

The SLG regime corresponds to a narrow processing window requiring very
good beam uniformity and pulse to pulse reproducibility. For large area processing,
sophisticated beam homogenizers that can cost more than the laser, are required. Beam
overlap region during scanning is another source of nonuniformity, since at the edges
there is always an energy gradient. Pulsed laser crystallization also leads to surface
roughness with a high density of protuberances, especially where the grains meet 80,

In spite of all these drawbacks, there is active interest nowadays to develop this
technology further. Kim and Im 8! have obtained large elongated grains with almost
parallel grain boundaries using lateral thermal gradients established through the use of
patterned antireflective strips (of SiO, or Si3N4), which modulate the absorption of the
laser energy. Im and Sposili 82 have recently obtained high quality Si films by
sequential lateral solidification. Im and Song 16 have used artificially controlled super
lateral growth and used the high-substrate temperature liquid-to-solid transformation
characteristics, in order to realize patterned single-crystal islands (~50x50 pm?) on
oxidized Si wafer. TFTs have been made in laser annealed films with field-effect
mobilites, close to that of single-crystal silicon, of 640 cm?*/Vs for n-channel TFTs and
400 cm?/Vs for p-channel TFTs 83, Several groups are actively working to optimize the
laser annealing process and improve material properties of the crystalline Si films and

thereby improve device characteristics.
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2.4 ZONE-MELTING RECRYSTALLIZATION

The predominant method of crystallization of a-Si being studied involve either
furnace or rapid thermal or laser annealing to achieve the objectives stated in the
introduction of this chapter. Each technique has its unique advantage and on the flip
side there are still many drawbacks yet to be overcome. In addition (to the above-
mentioned crystallization methods, zone-melting crystallization has long been studied to
obtain SOI structures.

Zone-melting recrystallization (ZMR) involves heating the SOI wafer by a
moving (graphite strip) heat source. Oxidized Si substrates are used typically with the
polysilicon film to be recrystallized capped with SiO, during ZMR. In the typical ZMR
process the sample is placed in a water-cooled chamber that surround)s the heating
elements (bottom heater and graphite strips). The chamber is filled with inert gas such
as helium or argon. In some cases there is continuous flow of the inert gases. All three
heat transfer modes (conduction, convection, and radiation) play roles of varying
significance. The film structure to be recrystallized is generally placed on the lower
heater that raises the temperature of the wafer to just below the melting point of silicon.
The graphite strip heats the topside of the wafer and establishes a narrow molten zone in
the silicon film to be recrystallized. The graphite strip is then slowly moved across the
surface of the material. As the silicon film freezes behind the strip, a single crystal
forms 18, |

The crystal growth strongly depends on the control of the temperature profile
within the silicon 84. Depending on the width of the melt-zone, varying qualities of
films are developed !8. The most common imperfections found in films processed by
ZMR are low-angle-sub-grain boundaries (subboundaries). Dislocation trails or clusters

are also common. Subboundaries are defined as defects that exhibit a crystallographic
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angular misalignment on the order of 1° from the growth axis 85. Various combinations
of low scan speeds with low thermal gradients produced subboundary free SOI
structures 84. TFTs made in such films had excellent characteristics with mobilities of
~420 c¢m®/Vs for n-channel transistors on quartz substrates 86, However, the ZMR is a
high-temperature process. The surface of the substrate heats up to a few degrees lower
than Si melting temperature (~1400 °C) for several seconds 87, and is not suitable for

glass substrates and for 3-D ICs fabrication.

2.5 SUMMARY

Polycrystalline silicon films obtained from crystallization of precursor
amorphous silicon films are sho§vn to have superior material properties compared to as-
grown polysilicon. We have discussed the several methods tl}at have been used to
crystallize amorphous silicon films and reviewed the techniques used to enhance the
crystallizatioh process. The more widely used techniques of solid phase crystallization
and pulsed-laser crystallization have been discussed in greater detail with the
advantages and drawbacks of each technique highlighted.

In the next chapter, we will explicate the solid phase crystallization of
hydrogenated amorphous silicon films deposited by plasma—enhanced chemical vapor
deposition, with emphasis on the hydrogen-plasma-enhancemelit effect. We will then
report on the use of this effect to improve the performance of polysilicon transistors
(chapter 4) and on the integration of polysilicon and amorphous silicon transistors on
- the substrate (chapter 5). The final goal is to realize close to single crystal silicon films
on insulating substrates at low temperature. In chapter 6 we will discuss the methods
that have been tried by others to achieve this and cover issues such as grain

enlargement, control of grain orientation, and reduction of defects within the grains.
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Chapter 3

ENHANCEMENT OF CRYSTALLIZATION
OF HYDROGENATED AMORPHOUS
SILICON BY A HYDROGEN PLASMA

TREATMENT

3.1 INTRODUCTION

Polycrystalline silicon (polysilicon) formed by the solid phase crystallization of
amorphous silicon (a-Si), as discussed in chapter 2, has far superior material and
electronic properties than as-deposited polysilicon due to the larger grains and smooth
surfaces. Crystallization done by furnace annealing at 600 °C usually requires long
anneal times of the order of 20-60 h 1. In chapter 2, we discussed the various techniques
that have been used to reduce the annealing time, including metal-induced
crystallization (MIC) 2-4, germanium-induced crystallization 5-7, and plasma-enhanced
crystallization. The plasma treatment involved exposure of hydrogenated amorphous
silicon (a-Si:H) to either electron cyclotron resonance (ECR) oxygen, hydrogen, and
helium plasmas at 400 °C 8-13, or room-temperature radio frequency (RF) hydrogen
plasma 14-16_ It has also been shown that RF or ECR hydrogen plasma treatment at a

substrate temperature of 300 °C of hot-wire deposited a-Si:H films reduces the
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threshold laser power for the subsequent crystallization of the films !7. We will further
study the plasma enhancement technique in this chapter as it introducés the least
potential contamination in the films, while the other crystallization enhancement
techniques can lead to metal or germanium contamination of the films respectively.

As discussed in chapter 2, solid phase crystallization (SPC) of amorphous
silicon (a-Si) involves two distinct processes, namely the nucleation of seeds (formation
of clusters of crystalline silicon) and their growth to polycrystalline films. The rate-
limiting step of the crystallization process is the rate of nucleation of seeds (r,), which
has an activation energy of about 5 eV 18, while the rate of crystal growth (v,) has an
activation energy of about 2.7 eV 18, 19, In this chapter we will show that the plasma
treatment hastens the crystallization, and we suggest that this is due to the creation of
seed nuclei. Hence the crystallization comprises only the growth of crystal from these
seeds. Section 3.2 details the experimental procedures followed in this work. The effect
of the precursor a-Si:H film growth and subsequent anneal conditions, and the material
characteristics of the resulting polycrystalline films will be discussed in éection 33. In
Section 3.4, the mechanism of seeding by the hydrogen plasma will be analyzed.
Section 3.5 discusses the oxygen-plasma-enhancement effect and finally a summary is

presented in the last section, Section 3.6.

3.2 EXPERIMENTAL PROCEDURE

3.2.1 Substrate preparation, a-Si:H film growth, and characterization methods
Undoped hydrogenated amorphous silicon (a-Si:H) films of thickness from 75 to
400 nm were deposited on pre-annealed Corning 7059/1737 glass substrates or oxidized
silicon substrates by plasma-enhanced chemical-vapor deposition (PECVD) in a multi-
chamber system (S900) designed by Solarex and Innovative Systems. A schematic

layout of the deposition is illustrated in Fig. 3.1. The system consists of four vacuum
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chambers: the i-chamber, the load-lock, the p-chamber and the n-chamber. The load-

lock is used to transfer all the samples in and out of the system. The i-chamber is used
to deposit intrinsic (undoped) a-Si:H only, while the p-chamber is for doped layer
deposition (n*). The n-chamber is exclusively used to deposit silicon nitride films.
While all the layers can be grown in the same chamber, a multi-chamber system as this
one avoids atmospheric contamination and cross-contamination between doped,
undoped and insulating films.

Each of the growth chambers has three independently controlled heaters, an
electrode/showerhead assembly on the bottom, a gas inlet and a gas outlet. The load-
lock chamber does not have the bottom electrode and the showerhead assembly as no
growth is carried out in the chamber, otherwise it is identical to the growth chambers.
The heaters on the top and the bottom of the growth chambers uniformly heat the
sample to the set-point temperature. The gas flow into the chamber is controlled via
mass flow controllers. The plasma is created by applying either RF power at 13.56 MHz
or DC power between the electrode plates while process gases flow into the chamber.
See Eugene Ma’s Ph. D. thesis for more detailed description of the multi-chamber
deposition system 20. The substrate preparation done before the a-Si:H film deposition
is discussed in the next section.

Glass substrates

The strain-point temperatures of Corning 7059 and 1737 glass are about 600 and
660 °C, respectively. Annealing the glass substrates close to the strain-point temperature
leads to significant shrinkage 2!. The glass samples were hence annealed at 600 °C in N,
for about 24 h prior to the a-Si:H film deposition, to reduce the shrinkage of glass

during subsequent crystallization anneal of a-Si:H 22. The reduction in shrinkage of the.
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Figure 3.1. Schematic layout of the S900 multi-chamber PECVD system. During
processing, source gases flow from gas cylinders through mass flow controllers and into
the growth chamber. Processed gas is then pumped out through roots blower and
process pump, diluted with nitrogen, and cleaned by passing through a cracking oven
and scrubber before it is released to the atmosphere. When no process gases are flowing
(standby-by mode), the chambers are pumped by turbo-pumps and backed by
mechanical pumps to achieve low base pressure (~7x10” Torr) 29.
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glass substrates due to the pre-anneal also helps in reduction of stress in the a-Si:H film
during the crystallization anneal
Oxidized silicon substrates

Significant peeling of the film was observed when a-Si:H film deposited on
thermally oxidized silicon was heated to temperatures above 400 °C. A-Si:H films
deposited by PECVD have high hydrogen content (2-20 at. % !4) and have high thermal
expansion coefficient (~40x107 °C™! 23), Hence a thermal expansion mismatch exists
between the silicon substrate (silicon thermal expansion coefficient is ~26x107 °Ch
and the ¢-Si:H film and this can lead to peeling of the film during the anneal. Also,
during the high-temperature crystallization anneal the hydrogen outdiffuses and the
films will be under tensile strain. In case of the high-temperature oxide, the compressive
stress in the oxide is relieved due to glass flow at high temperature 24 (~1000 °C).
However, if low-temperature oxide is used, the stress relaxation does not occur, and this
would allow for stress compensation between the tensile-strained a-Si:H film and the
compressively strained low-temperature oxide with minimal constraints from the Si
substrate, during the crystallization anneal, and hence prevent the film from peelirig 25,
Therefore, oxide deposited by PECVD in Plasma Therm plaSma deposition system
directly on the Si substrates at 250 °C using 28 sccm of SiH, and 128 sccm of N,O, at
pressure of 400 mtorr, and RF power density of 0.1 W/cm?, was used. Even with the
PECVD oxide significant peeling of the a-Si:H was observed when the thickness of the
oxide was below 200 nm.
Hydrogen plasma pre-cleaning

In addition, the glass and oxidized silicon substrates were also treated to a DC
hydrogen plasma in the deposition chamber at the growth temperature of the a-Si:H,

prior to the actual deposition of the a-Si:H film. During the hydrogen plasma pre-clean,
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the pressure was 650 mtorr, flow rate of H, was 50 sccm, the DC power density was
~0.15 W/cm?, and the exposure time was 2 min. The hydrogen plasma treatment leads
to removal of oxygen, carbon and other surface impurities due to the chemical etching
effect of atomic hydrogen 26. The plasma treatment also results in surface roughening
due to inhomogeneous etching. This aids the subsequent growth of the a-Si:H, as the
silicon atoms are easily trapped by the roughened surface 26. The roughened substrate
surface also leads to better adhesion between the substrate and the thin film, and
therefore prevents peeling of the film during the crystallization anneal.

Finally the films were grown in the i-chamber of the S900 plasma deposition
system, using pure silane with flow rate of 50 sccm, pressure of 500 mtorr, substrate set
point temperatures of 150 °C, 250 °C and 350 °C, and at RF power of ~0.02 W/cm?.
Henceforth, all growth temperatures refer to the set point temperatures of the heaters in
the plasma deposition system. See Appendix A for actual growth recipes. For infrared
transmission experiments, a-Si:H films were deposited on p-type lightly doped (<10
cm™) silicon wafers polished on both sides.

3.2.2 Plasma treatment and anneal

The subsequent RF plasma exposure was done in Plasma Therm parallel-plate
reactive ion etcher (RIE) at room temperature with hydrogen, oxygen or argon, with
varying RF power and exposure times. The RF frequency was 13.56 MHz and the RIE
electrode area was 250 cm?. All samples were subsequently annealed in a furnace at 600
°C in N; for times ranging from 3 h to 20 h. The ultraviolet (UV) reflectance spectrum
of all samples was measured to monitor the crystallization process.

Ultraviolet surface reflectance
In single-crystal silicon two pronounced maxima appear in the reflectance

spectra at 276 nm and 365 nm (Fig. 3.2(a)). These maxima rise due to the optical
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transitions at the X point and along the I'-L axis of the Brillouin zone (Fig. 3.2(b)),
respectively, and are strongly affected by distortions in the crystal structure. They are
less intense in polycrystalline silicon films than in single-crystal silicon 27. The peak
héight at 276 nm, as measured by the difference in the maximum reflectance at 276 nm
and the baseline for the amorphous films (Fig. 3.2(a)), is ~7 % for polycrystalline
silicon film, and is ~10 % for single-crystal film. In amorphous silicon films, however,
the long-range order, which gives rise to the detailed band structure, is absent and no
maxima appear (Fig. 3.2(a)). This dependence of the optical properties of silicon on the
structure of silicon allows one to distinguish between amorphous and polycrystalline
silicon and obtain a measure of crysfallinity of the film rapidly and nondestructively by
measuring the reflectance of the films. In our work a Nanospec Automated Film
Thickness Measurement System (Model No. 4100) was used to measure the normal UV
reflectance of the films. As surface roughness can lead to scatt:ering and hence lower
values of reflectance, the samples were cleaned with dilute HF prior to the
measurement. Based on earlier work 9, the saturation of growth of the reflectance peak
at 276 nm is used as an indication of complete crystallization of the sample. This was
later confirmed by X-ray diffraction (XRD) and plan-view | transmission electron
microscopy (TEM). The UV reflectance also provides a quantitative measure of the
surface roughness, as short-wavelength (A < 400 nm) light cannot penetrate the silicon
films. The rms value of the surface roughness (G,) can be calculated from the

reflectance in the short wavelength range (A < 400 nm) from the formula 28

g, = 0124 loglo(&] (3.1)

where, A is the wavelength, ¢ is the angle of incidence (measured from the normal to the
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sample surface), R is the reflectance of the sample, and R, is the reflectance of an
ideally smooth surface of the same material. The surface roughness of the a-Si:H film
after the hydrogen plasma treatment was ~5 nm as determined from equation (3.1).
3.2.3. Other sample preparation and analysis techniques
Film thickness and optical constants by Swanepoel technique

Estimate of the thickness of the a-Si:H or polysilicon films can be obtained by
etching patterns in the film using a very selective (Si vs. SiO,) dry etch (SFg plasma: RF
power 30 W, pressure 150 mtorr, flow rate 15 sccm), and then measuring the surface
profile with a Dektak Surface Profilometer. For accurate measurement of the thickness
of films deposited on glass substrates, the Swanepoel technique is used 29. It involves
measuring the optical transmission (A: 300-2500 nm) of the film with a Hitachi H-3410
spectrophotometer, and determining the thickness of the film based on the interference
fringes of the transmission data (see Appendix B for details).
Infrared transmission measurement

To determine the net hydrogen content in the a-Si:H films and to determine the
type of hydrogen bonding in the films, the infrared transmission of the films was
measured. The infrared transmission of the samples with a-Si:H films deposited on bare
p-type lightly doped (~10-50 Q-cm) Si wafers which were polished on both surfaces,
was measured on a Nicolet FTIR setup. Si wafers were used as substrates, as glass is not
transparent in the IR range. The net hydrogen content in atomic % in the a-Si:H films
can be then easily determined from the integrated absorption coefficient (ct) at 630 cm™
which arises due to wagging modes of Si-H and Si-H, bonds 30 (See Appendix B for

details).

Pesmagiopancs 7
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TEM sample preparation

The sample preparation involved chemically etching a hole in the substrate to
realize an electron-transparent film (polysilicon layer) at the edge of the hole. First the
1.5-mm thick glass substrates or 500-um thick Si substrates were mechanically polished
to a thickness of ~100 um. Then the sample was cleaved into small square pieces (2 mm
X 2 mm) with a blade. The small piece was mounted with silver paste face down, on a 3
mm diameter copper disc with a lattice of holes of ~50 um in size. The sample was then
heated to 150 °C for 10 min to cure the silver paste. The Cu grid was then placed on a
teflon rod with the glass surface facing up. Molten beeswax was used to cover the
whole sample. A small hole was then punched through the soft wax using a pointed
stick to expose the glass. The rod, with the sample was immersed in an etchant.

The chemical etchant used was pure HF for glass substrates, and a mixture of
HF, HNO; and CH3COOH for Si substrates. We had much better success with TEM
samples prepared in films deposited on glass substrates, as HF etches only the glass
substrate and does not etch the polysilicon film. On the other hand, the silicon etchant
also etches the oxide between the oxide and the substrate and then the polysilicon thin
film during the overetch time, hence damaging the film. Further work’is needed to
prepare TEM samples in polysilicon films on SiO,/Si substrates using a dimpler and an
ion-milling machine to avoid etching of the polysilicon film, so that'grain size of
polysilicon films after a high-temperature anneal can be measured.

The etch rate of glass in HF is about 5 pm/min. Etching is compfeted when the
glass is completely etched and polysilicon film is visible. As mentioned earlier HF
etches ohly glass and does not etch the polysilicon film, hence over etch can be

tolerated, though care has to be taken not to damage the polysilicon film. Finally the
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beeswax is removed by rinsing the sample in TCE at 60 °C 31, No ion milling was
required. The plan view transmission electron microscopy was done on a Philips CM
200 FEG-TEM with a 200 keV electron gun, courtesy of Nan Yao at the Princeton

Materials Institute.
3.3 CRYSTALLIZATION OF PLASMA-TREATED FILMS

3.3.1 Introduction

In our work, we studied the effect of hydrogen, oxygen and argon plasma
treatments before the thermal crystallization of a-Si:H (Fig. 3.3). In this example, the a-
Si:H film was 150 nm thick and deposited at 150 °C on Corning 7059 glass substrates.
The RF power was 200 W, pressure was 50 mtorr and flow rate 50 sccm. As discussed
in the previous section, the change in reflectance at 276 nm is used to monitor the
degree of crystallization. As can be seen in Fig. 3.3, crystallization of the a-Si:H films
as a function of annealing time, plasma-treated or untreated, involves two distinct
phases. During the first part, there is no crystallization and the UV reflectance peak at
276 nm is 0%, and this is the incubation period (7,). This is followed by the crystal
growth period (tc), during which crystal growth occurs from the seed nuclei, and is
characterized by growth of the UV reflectance peak at 276‘ nm and its ultimate
saturation when the crystallization is complete. Fig. 3.3 also shows that the plasma
treatment reduces the incubation time with the crystal growth time being nearly
constant. A hydrogen plasma has the- largest effect, with the total crystallization time,
defined as the time taken to completely crystallize a-Si:H film, at 600 °C in N,
ambient, reduced by a factor of five. Argon plasma had the smallest effect and oxygen

plasma resulted in reduction of crystallization time by about two.
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Figure 3.3. Change in UV reflectance at 276 nm as a function of annealing time for
samples exposed to different plasmas at RF power of 200 W for 90 min.

In the subsequent sections, the effect of annealing temperature, the effects of RF
power and length of exposure, effect of growth temperature of the precursor film, the
effect of film thickness, and the effect of dopants in the film on the crystallization
behavior of untreated and hydrogen-plasma-treated films will be examined. The
material properties of the resulting polysilicon films and the masking effect of hard
masks like SiO, during the plasma treatment will also be discussed.

3.3.2 Effect of annealing temperature

The total crystallization time of 150 nm a-Si:H films deposited at 250 °C on
oxidized silicon substrates, either untreated or treated with hydrogen plasma at RF
power of 200 W for 90 min, and annealed at different temperatures, is plotted in Fig.
3.4. As is expected, both curves exhibit similar characteristics, ahd the total
crystallization time decreases as the annealing temperature is raised. A linear fit of the

data yields an apparent activation energy (Ea) of 3.7 eV for the untreated control
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Figure 3.4. Total crystallization time of a-Si:H films annealed as deposited or after
hydrogen plasma treatment, as function of annealing temperature.

sample, and 2.7 eV for the hydrogen-plasma-treated sample. These are not the actual
activation energy of a single process as the total crystallization time includes incubation
time and crystal growth time. The two processes of nucleation and crystal growth occur
at the same time once a few seeds have formed.

Separation of the crystallization time data of the various a-Si:H films into the
basic processes of nucleation (Eax ~5.0 eV) and crystal growth (E5 ~2.7 €V), is difficult
and requires grain size and nucleation density data for different anneal times 18, which
were not measured in this case. Not surprisingly, for the untreated control an E,
between the values of 2.7 eV and 5.0 eV is measured. In the hydrogen-plasma-treated
case, Ex of 2.7 eV suggests fully created seeds, and that subsequent anneal leads to

growth. This is consistent with the near immediate rise in UV reflectance in Fig. 3.3.
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Figure 3.5. Crystallization time of a-Si:H plasma-treated samples as a function of (a)
RF power and (b) exposure time, during exposure with chamber pressure of 50 mtorr
and flow-rate of 50 sccm.
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3.3.3 Effect of RF power and exposure time

The total crystallization time of the plasma-treated a-Si:H films on 7059 glass
substrates, falls as the RF power of the H, or O; plasma is increased as shown in Fig.
3.5(a). This indicates that the reduction in crystallization time of the films depends
strongly on the ion energy during the plasma exposure. In either case, when the RF
power density is greater than 1.08 W/cm?, the plasma exposure leads to sputter etching
of the film that produces pits and craters as observed by optical microscopy and Dektak
surface profile measurement. The total crystallization time also becomes shorter as the
plasma exposure time is increased and saturates after 60 min exposure in the case of H;
and 180 min in the case of O, plasma exposure, respectively, as illustrated in Fig.
3.5(b).
3.3.4 Effect of deposition temperature

The total crystallization time also depends on the growth temperature of the a-
Si:H films. The incubation time of crystallization of untreated samples increases as the
growth temperature is reduced with the characteristic crystallization time being nearly
constant. The total crystallization time falls linearly from ~17 h to ~5 h for the untreated
control sample as the growth temperature increases from 150 to 350 °C (Fig. 3.6(c)).
This correlates well with the total hydrogen content (as measured by IR absorption at
630 cm™) of the film, which also drops linearly from ~16.9 to ~8.5 at. % as the growth
temperature increases from 150 to 350 °C (Figs. 3.6(a) and 3.7(a)). Also, as the
deposition temperature is lowered the IR absorption at 2000 cm™ corresponding to Si-H
bonds 32 remains fairly constant, while the IR absorption at 2090 cm™ by Si-H, bonds 32
increases as can be seen in Figs. 3.6(b) and 3.7(b). Therefore thé increase in hydrogen
content with decreasing growth temperature is predominantly due to the increase in

silicon-dihydride bonds 30. The structural disorder in the film also increases with
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Figure 3.6. (a) Hydrogen content in the a-Si:H film as a function of growth temperature,
(b) IR absorbance at 2000 cm™ and at 2100 cm™ for a-Si:H films grown at different

temperatures and, (c) Crystallization time for plasma-treated and untreated samples as a
function of growth temperature.
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Figure 3.7. Infrared absorption of a-Si:H films deposited on bare Si wafers at various
temperatures. (a) Absorption coefficient at 630 and 2000 cm™, with hydrogen content
determined from the 630 cm’ peak, and (b) absorption coefficient around 2000 cm’),
shows the increase in Si-H; at lower growth temperatures.
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increasing hydrogen content in the film and increasing silicon-dihydride bonds. Others
have shown that, structural disorder in PECVD a-Si:H films, as measured by the Raman
intensity ratio of the longitudinal acoustic mode (320 cm™) and the transverse optical
mode (480 cm'l), was found to increase as the growth temperature was reduced 33. The
more ordered arrangement of silicon tetrahedra, which are favorable sites for nucleation
for annealing, is possible at higher deposition temperatures, as the silicon species
(participating in growth of the film) have higher surface diffusivity 34. This increase in
structural disorder in amorphous films deposited at lower temperature leads to slower
nucleation and therefore leads to increased incubation time during the crystallization
anneal. The effect of structural disorder in the precursor a-Si:H films on the
crystallization kinetics will be discussed in further detail in Section 6.2.1. The total
crystallization time of oxygen-plasma-treated samples (Fig. 3.6(c)) also drops as the
deposition temperature increases, as does the crystallization time of the control samples.
But the hydrogen-plasma-treated samples show no important change in total
crystallization time with growth temperature (Fig. 3.6(c)), and in fact the total
crystallization time increases slightly from ~4 h to ~5 h when the deposition
temperature is raised from 150 to 250 °C, unlike the control samples.

From this we infer that the number of incipient nucleation sites in untreated or
oxygen-plasma-treated films is increased as the PECVD growth temperature is raised.
The relative constancy of the total crystallization time of the hydrogen-plasma-treated
sample irrespective of the growth conditions suggests that, the seeding layer produced
by the plasma treatment is the same regardless of starting conditions. ¢The effect of
deposition temperature on the crystallization time of the hydrogen-plasma-treated films

will be discussed in detail in Section 3.4.3.

FrTna




Chapter 3: Enhancement of crystallization of hydrogenated amorphous silicon by a 47
hydrogen plasma treatment

LENNS N B S e MM NS e SRS NSt S M S SN Sun BN BN S Same Su N EEN M M e |

o0k a-Si:H deposited at 150 °C
[ Annealed at 600 °C -]

15} T— %

10r B untreated control ]
O H, plasma treated

o o g ]

Crystallization time (h)

600

1 1 1| 1

PIR S N T T S 1 1 L n I 1 "
100 200 300 400 500
Precursor a-Si:H thickness (nm)

Figure 3.8. Crystallization time of a-Si:H films, both untreated and hydrogen-plasma-
treated, deposited at 150 °C on Corning 7059 pre-annealed glass substrates, as a
function of film thickness. Data shows the drop of crystallization time on the film
thickness for the untreated case.
3.3.5 Effect of film thickness

The crystallization time of untreated a-Si:H films also depends on the thickness
of the films, with thinner films taking longer time to crystallize. The crystallization time
remained constant when the film thickness was above ~300 nm (Fig. 3.8). This
dependence was seen for films deposited at either 150 °C or 250 °C on 7059 glass
substrates. The crystallization time of the hydrogen-plasma-treated samples, however,
did not show such a strong dependence on the film thickness. This effect of film
thickness on the crystallization time of the amorphous films might be due to the in-built
stress concentrated at the a-Si:H/substrate interface, which if tensile might inhibit
nucleation during the anneal 35-37, as tensile stress makes it difficult for the silicon

atoms to come together and bond with each other (necessary to form seed crystallites).

Earlier work has shown that a-Si:H films deposited at 230 °C by RF PECVD on 7059

PRSIy o g
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glass substrates have large compressive stress (~400 MPa) accumulated in the films
during deposition. This stress was found to be constant in the first S00 nm closest to the

substrate and decayed to zero at ~3 pwm from the interface 38. On the other hand,

Szekeres et al 3 have determined that the in-built stress of the RF PECVD a-Si:H is
tensile and the value is ~400 MPa. In our work, however, the films were ’much thinner,
and the crystallization time was independent of film thickness for films thicker than 300
nm. This dependence of crystallization time on the film thickness could also arise if the
nucleation of crystallites predominantly occurs in the bulk of the a-Si:H film rather than
at the a-Si:H/substrate interface, so that the number of incipient nucleation sites
increases as the film thickness increases. The thicker films then crystallize faster even
though the crystal growth time might be longer, as the rate-limitiné step is the
nucleation of seed nuclei. The relative constancy of the crystallization time of the
hydrogen-plasma-treated samples with various thickness, suggests that the plasma
treatment leads to creation of seed nuclei and during the subsequent anneal the nuclei

grow, with the nucleation step bypassed.

3.3.6 Effect of dopant in the film

The crystal growth velocity is enhanced in heavily phosphorus-doped films 40.
However, the presence of non-metallic impurities like phosphorus, boron, etc. reduces
the nucleation rate thereby increasing the crystallization temperature of tile amorphous
films 41. But hydrogen plasma treatment reduced the crystallization time of doped films
too. 280 nm thick in situ phosphorus-doped samples were deposited by PECVD on
7059 glass with a PHj flow of 6 sccm and a SiH4 flow of 44 sccm, at chamber pressure
of 500 mtorr, at substrate temperature of ~240 °C and RF power of ~0.02 W/cm?. The

phosphorus concentration in the film is ~10%° cm™. These samples show the same
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Figure 3.9. Dopant activation and UV reflectance during annealing of a hydrogen-
plasma-treated, and an untreated a-Si:H film doped with phosphorus at ~10%° cm™ and
grown at ~240°C on glass.

crystallization trend as the intrinsic a-Si:H films with the hydrogen plasma treatment
reducing the crystallization time from ~24 to <4 h (Fig. 3.9). In fact the crystallization
time is slightly smaller than that for the undoped hydrogen-plasma-treated sample due
to the enhanced crystal growth velocity of phosphorus doped films. The ultimate sheet

resistance (~25 C/square) after annealing at 600 °C in N, of the H,-plasma-treated

sample is the same as the untreated control sample.

3.3.7 Selective Crystallization

Selective crystallization can be accomplished by using a patterned hard mask
like SiO; or SiN, during the plasma treatment and subsequent anneal of the sample 13,
14, To demonstrate selective crystallization, ~100 nm of silicon dioxide (SiO;) was
deposited by e-beam evaporation on top of 150 nm of a-Si:H film deposited at 150 °C.

The SiO, was then patterned and the samples were exposed to hydrogen plasma. Then
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Figure 3.10. (a) Optical micrograph showing selective crystallization with the dark
areas (~4 um diameter) being polycrystalline and the light areas being amorphous after

3 h of anneal, and (b) and (c) showing crystal growth around the seeded regions as
samples were annealed at 600 °C for 4 and 5 h respectively.
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all the remaining SiO, was stripped and the samples were annealed in the furnace. The
exposed areas crystallized completely as expected, while the unexposed areas remain
amorphous as can be seen in Fig. 3.10(a), and this was also confirmed by UV
reflectance measurements. This shows that SiO, can mask against the effect of the
plasma. Lateral crystallization does occur, however, with the crystal front growing out
of the seeded (exposed) areas to the unexposed areas as can be seen in Figs. 3.10(b) and
3.10(c) and in Fig. 3.12(b) with the lateral growth rate being ~0.5 pm/h at 600 °C. This
is one of the most important advantages of the plasma-enhancement effect and its use in
fabricating better pérformance polysilicon TFTs and in integrating a-Si:H and poly-Si
TFTs on the same substrate will be discussed in detail in chapters 4 and 5, respectively.
Other hard masks and their effect on crystallization of a-Si:H

When ~100 nm thick SiO, deposited on the a-Si:H ﬁlm'by PECVD at 280 °C
with N,O flow of 475 sccm and SiHy flow of 200 scem, pressur;: of 900 mtorr and RF
power density of ~0.08 W/cm? was used to mask the effect of plasma, it led to
significant peeling of the film. Subsequent anneal of the samples after the oxide was
stripped showed that crystallization time of the a-Si:H with prior oxide deposition was
lower compared to the film with no oxide deposition step. In addition, it was found that
the SiO, layer was quite porous and did not effectively mask the effect of the plasma.
The peeling of the film was eliminated;and the reduction in the crystallization time due
the oxide deposition step was minimized) by changing the growth temperature of the
SiO, to 250 °C and using lower flow rates of SiH4 (35 sccm) ‘and N>O (160 sccm).
However, ~100 nm of SiO, deposited by electron beam evaporation was found to the
least intrusive with no change in the crystallization time of the a-Si:H films due to the
SiO, deposition step, and also effectively masked the effect of the plasma as discussed

above. SiN, deposited by PECVD was also tried as a hard mask. As in the case of the

o il
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Si0,, high-temperature (~300 °C) growth led to significant reduction in the
crystallization time of the a-Si:H films. The growth temperature was therefore lowered
to ~200 °C and hydrogen dilution was added to the plasma to improve the structural
rigidity of the SiNy layer 42. In this case the SiNy, which is a good diffusion barrier, was
left on during the anneal to minimize the hydrogen effusion from the a-Si:H regions
during the high-temperature crystallization anneal. This helps somewhat to preserve the
quality of the amorphous regions (discussed in Section 5.3). The gate oxide/n™ a-Si:H
stack was also used successfully to mask the plasma effect (Section 4.5).
3.3.8 Material characteristics of the films

The grains of completely crystallized (annealing at 600 °C) either 300 or 150 nm
thick a-Si:H films deposited at 150, 250 or 350 °C, were predominantly oriented in the
[111] vertical direction (Fig. 3.11) regardless of plasma treatment prior to SPC. Other
work has shown that grains with (111) oriented surfaces predominate as the (111) plane
has the least surface energy 43. It was also speculated that in SPC (111) planes for
- energetic reasons bound the initial critical crystalline clusters (nuclei) which initiate
growth. This results in the grains with (111) orientation and also results in twinning
defects within the grain 44. Others have speculated that the (111) texture (vertical) of the
SPC films is due to the different growth rates of the crystalline fronts with different
orientation, and surface oriented in [111] vertical direction has the slowest growth rate
45. We will discuss this in more detail later in Section 6.5.

In very thin films (<100 nm), the interface energy at the top or bottom of the
film can also provide significant driving force for grain-size enhancement termed as
secondary grain growth, so that grains substantially larger than the film thickness can be

obtained. {111}-oriented grains are often found after this secondary recrystallization
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Figure 3.11. X-ray diffraction of completely crystallized samples, as deposited or with
prior hydrogen or oxygen plasma treatment, showing that the grains are predominantly
oriented in the (111) direction.

of a bare polysilicon surface because the energy of a free silicon surface with this
orientation is minimum 43,

On the other hand, the interface energy of an Si/SiO; interface favors formation
of {100}-oriented grains 43. In the case of direct deposition of polysilicon films by
various CVD techniques, the <110> orientation is widely seen, though other
orientations are found depending on the growth conditions 46. In the case of low-

pressure CVD using silane for example, the <110> orientation occurs mainly around a
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Figure 3.12. Plan-view transmission electron micrograph of (a) blanket-hydrogen
plasma-treated sample after complete crystallization anneal (~4h) at 600 °C, and (b)
laterally-seeded sample with hydrogen plasma seeding in ~4 pwm holes and annealed
subsequently at 600 °C for ~7 h. The grain size is 0.4-0.5 pm in case of the blanket
plasma-treated sample and about 3 um for the laterally-seeded sample.
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temperature of 625 °C, while the <100> and <111> orientation occur at higher
temperatures than about 650 °C 47. The <110> orientation occurs due to the higher
growth rate in that direction, which is twice that of in the <111> direction, is explained
by the difference in surface energy by some 48. We will discuss the factors determining
grain orientation in SPC films and methods to control it further in Section 6.5.

The grain size of the 150 nm thick polysilicon film as measured by TEM
-annealed without plasma treatment was ~0.6 pum, while the plasma-treated and annealed
samples had grains of about 0.4 — 0.5 um (Fig. 3.12(a)). The grains show the well-
known highly twinned structure of SPC films 44. In both cases, the grain size was
substantially larger than the film thickness, unlike the as-deposited polysilicon with
much smaller grains. Selective area diffraction of the films during TEM also confirmed
that most of the grains had (111) vertical orientation, consistent with the XRD results.
Fig. 3.12 (b) shows the lateral grain growth from the hydrogen plasma-seeded regions
with larger grains (up to 3 um) in the lateral growth region. This illustrates how the
plasma-enhancement effect can be used to engineer larger grains in specified regions. In
Section 4.5 we will discuss the use of this technique to enhance transistor performance.

3.4 MECHANISM OF SEEDING BY HYDROGEN PLASMA

In this section we propose a model to explain the hydrogen plasma enhancement
of crystallization of the a-Si:H films. The main idea is that the fairly high energy
hydrogen ions in the hydrogen plasma bombard the surface (up to a few hundred
angstroms below the surface) of a-Si:H film and insert themselves in Si-H bonds and
abstract hydrogen from the unit leading to Si dangling bonds. The formation of the Si
dangling bonds promotes the formation of Si-Si bonds, which leads to growth of silicon

crystalline clusters. During the subsequent crystallization anneal, these clusters grow
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thereby enhancing the crystallization process. This model is controversial, as there is
only indirect evidence of such crystallite formation due to hydrogen plasma exposure.
Typical hydrogen-plasma-induced crystallinity was directly observed only during the
growth of micro/poly-crystalline silicon using layer-by-layer growth 49’ 50 or high
hydrogen dilution during growth 31,

3.4.1 Location of seed nuclei

In the preceding section we suggested that the hydrogen plasma created seed
nuclei which resulted in reducing the total crystallization time. In this section we
determine the location of the seed layer and its composition. To test if the effect of the
hydrogen plasma treatment on the crystallization occurred through a modification of
only the surface of the amorphous silicon film, we dry-etched the hydrogen-plasma-
treated sample to various depths in an SF¢ plasma in Plasma Technology RIE chamber
(RF power of 10 W, SF¢ flow rate of 15 sccm and chamber pressure of 150 mtorr)
before annealing. The resulting thickness of the films was measured by the Swanepoel
technique 29 from the optical transmission data, for accuracy (see Appendix B for
details).

We then observed‘the effect of such etching on the crystallization time. To
ensure that the SFs plasma itself did not affect the crystallization times, control a-Si:H
samples unexposed to any Hj plasma are etched simultaneously and the crystallization
times of these samples were also measured. All these control samples had the same
crystallization time of ~15 h, irrespective of the thickness of a-Si:H etched in the SFg
plasma, hence demonstrating that the dry-etch process itself does not affect the
crystailization time. As can be seen in Fig. 3.13(a), a hydrogen-plasma-treated sample
with the top ~40 nm thick layer removed crystallizes in the same time as an untreated

sample. This proves that the surface region is responsible for rapid crystallization and
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Figure 3.14. Thickness of the plasma-modified layer as a function of exposure time to
hydrogen plasma.
that any seed nuclei are created in the top 30-40 nm layer. Fig. 3.14 shows how the
thickness of this seed layer varies with hydrogen plasma exposure time and saturating at
about 40 nm after 200 min of exposure. The RF power was held constant at 200 W.
Note also that in addition to the SF etch after the hydrogen plasma treatment, the depth
of which is reported in the abscissa in Fig. 3.14, the hydrogen plasma etches the film at
arate of ~0.1 nm/min at 200 W.
3.4.2 Possible structure of seed nuclei
Si-H; formation

Infrared absorption measurements of the untreated control samples and oxygen-
plasma-treated samples of a-Si:H deposited at 250 °C on silicon substrates show an
absorption peak at 2000 cm’, but the hydrogen-plasma-exposed sample shows an
additional peak at ~2100 cm™, corresponding to the vibrational frequency of the Si-H,

stretch mode 32 as can be seen in Fig. 3.15. The appearance of the 2100 cm™ peak
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Figure 3.15. The infrared spectra of a-Si:H films deposited at 250 °C, as deposited or
hydrogen or oxygen plasma-treated. The hydrogen-plasma-treated sample shows a
shoulder at 2100 cm™ corresponding to Si-H, stretching mode and the 2000 cm’! peak
corresponding to Si-H bonds reduces slightly. This is made clearer in Fig. 3.16.

shows that the hydrogen plasma treatment changes the microstructure of the a-Si:H
film, producing Si-H, bonds. On the other hand, the oxygen-plasma-treated samples
show no such shoulder formation and the infrared absorbance is similar to that of the
control untreated samples. We will discuss the effect of oxygen élasma treatment on the
a-Si:H film in further detail later in Section 3.5. Fig. 3.16 shows the integrated
absorption at 2000 cm™ and 2100 cm™ as a function of the hydrogen exposure time,
with the 2100 cm™ absorption increasing with hydrogen plasma exposure, indicating an
increase in hydrogen bonded as Si-H,. This effect, however, saturates after ~60 min of
hydrogen plasma exposure. On the other hand the absorption at 2000 cm™ decreases

with hydrogen plasma treatment indicating a decrease in hydrogen bonded as Si-H with

hydrogen plasma exposure. The net hydrogen content in the film, calculated from
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Figure 3.16. Integrated absorption at 2000 cm™ and 2100 cm™! as a function of the
hydrogen exposure time of a-Si:H samples deposited on bare Si substrates. Clear
evidence of formation of Si-H; after hydrogen plasma treatment.

integrated absorption at 630 cm™ dropped slightly from ~10.5 at. % to ~9.6 at. % after
150 min of hydrogen plasma treatment. As the samples were progressively etched in the
SFs plasma to increasing depths, the absorption peak at 2100 cm™, as described in the
previous section was reduced correspondingly. Fig. 3.13(b) shows that this observation
correlates well with the increase of the total crystallization time.
Hydrogen depletion at surface

The hydrogen plasma treatment leads to formation of Si-H, at the surface and
the net hydrogen content, as measured by the net IR absorption, in the film drops.
Secondary ion mass spectroscopy (SIMS) analysis of the films corroborated these
results and showed that the hydrogen plasma treatment depletes hydrogen from the

surface. This depletion effect is limited to a surface layer (Fig. 3.17(a)) whose thickness
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Figure 3.17. (a) Hydrogen and oxygen concentration of a-Si:H films deposited at 150°C
before and after hydrogen plasma exposure, showing hydrogen depletion from the
surface of the film, and (b) the same for film grown at 250°C, showing less hydrogen
depletion. The reduction of hydrogen concentration at the surface is a fairly reliable
indicator of conversion from a-Si:H to micro or nano-crystalline silicon.
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agrees well with the seed nuclei layer thickness as determined by progressive etching of
the.ﬁlm, which we just discussed. The hydrogen depletion effect is not as pronounced in
a-Si:H films deposited at higher temperatures (Fig. 3.17(b)). After a hydrogen plasma
treatment at RF power of 200 W for 90 min the surface hydrogen concentration

increased from 1x10° cm?

to 8x10"° cm?® for films whose growth temperature
increased from 150 to 250 °C. This depletion effect is consistent with earlier infrared
absorption measurement as the IR data measures the total hydrogen concentration in the
ﬁlrrb while SIMS measures the hydrogen concentration throughout the film. It is
interesting to note that, even though the hydrogen concentration at the surface of the

film is reduced to ~10%° c¢cm™

after the hydrogen plasma treatment, the integrated
infrared absorption at 2100 cm™ increases by nearly four after the plasma treatment
(Fig. 3.16). This illustrates the sensitivity of the infrared measurement to changes in the
hydrogen-bonding configuration even in thin layers of the a-Si:H film.

In addition to hydrogen depletion, the hydrogen plasma treatment also leads to
an increase in oxygen concentration at the surface of the a-Si:H as seen in Fig. 3.17(a).
The anomalously high oxygen levels at the surface might be due to SIMS artifact, as the
samples had a thin native oxide at the surface and the sputter etching of the film during
the SIMS measurement resulted in the oxygen at the surface being pushed in deeper into
the sample.
Aluminum sputter effect

High metal contamination levels are also known to lead to an increased
crystallization rate of amorphous silicon 2 52, SIMS showed that the plasma treatment
produced aluminum contamination (Fig. 3.18), whose source is the aluminum oxide

electrode plate that is getting sputtered onto the sample. (The ~4 cm?’ samples were

placed directly on an aluminum oxide coated electrode.) It is thought, however, that the
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Figure 3.18. Aluminum concentration at the surface of the a-Si:H films after H, plasma
exposure with sample placed directly on the electrode vs. on a Si wafer.

concentration of aluminum (~5x10'® cm’) at the surface of the sample is insufficient to
cause any significant change in crystallization times 52. Typically the crystallization
temperature for Al-Si alloys drops significantly for Al concentration of 4 at. % or
higher. This was confirmed by placing the a-Si:H samples on a~100 mm silicon wafer
(itself placed on the Al,O; electrode) during exposure to plas;rla. This reduced the
aluminum contamination to below 10'” cm™, which is the same as the untreated sample
(Fig. 3.18), so we conclude that the electrode was the source of the aluminum
contamination. These samples crystallized within the same time as the sample that was
placed directly on the aluminum electrode, so aluminum contamination is not

responsible for the enhanced crystallization effect.
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3.4.3 Discussion

We are not aware of any work showing similar hydrogen depletion at the surface
of a-Si:H film by a hydrogen plasma treatment in another chamber after growth.
However, there has been a series of work involving so-called chemical annealing in the
PECVD growth chamber, whereby a thin a-Si:H layer is exposed to a hydrogen plasma
or hydrogen radicals after the growth of the thin layer 53. This has been shown to cause
depletion of hydrogen from the surface of a-Si:H film. Exposure of a-Si:H films to
atomic hydrogen during a hydrogen plasma treatment leads to hydrogen abstraction
from SiH or SiH; units, hydrogen insertion and/or etching of the film. The reactions are
54.
(a) Hydrogen abstraction from SiH unit:
(8i); = Si—H+H — (Si),—Sie+H,(g), (3.2)
(b) Hydrogen abstraction from SiH; unit:
(1), —.S"i—H+H - (Si)z—.S“io +H,(g), (3.3)

H H

(c) Etching through multiple hydrogen insertion:

(Si), — Si— H + H — (Si), — Si— H, + Sie, (3.4)
(Si), - Si— H,+H — (Si)— Si— H, + Sie, (3.5)
(Si), — Si— Si— H, + H — (i), — Si e +SiH,(g), (3.6)
(Si), — i — Si — H, + SiH, — (Si), — Si e +Si,H(g), (3.7)

Of these reactions, abstraction reaction (3.2) and (3.3), insertion reactions (3.4), (3.5)
and (3.6) might occur in our experiments of exposure of a-Si:H films to atomic
hydrogen. The etch reaction (3.7) is expected to be more important during the

deposition of a-Si:H where SiHj radicals are predominant 54. The energy of the
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hydrogen ions during the plasma treatment would also determine which reaction among
(3.2) to (3.3) would be dominant. In our work, the DC self-bias during the hydrogen
plasma treatment was ~500 V (as measured by the voltmeter on ;he Plasma Therm RIE
system), indicating that the ion energies are ~500 eV. The SIMS data discussed in
Section 3.4.2 shows that hydrogen plasma treatment leads to substantial hydrogen
depletion from the surface of the film. This indicates that hydrogen abstraction reactions
(3.2) and (3.3) are dominant during the typical hydrogen plasma treatment. When the
hydrogen plasma power was increased above 1.08 W/cm?® or ~600 V DC self-bias, the
etching reactions (3.4), (3.5) and (3.6) were dominant leading to considerable etching of
the film.

Hydrogen abstraction is thought to lead to the formation of crystallites in the
layer-by-layer growth of microcrystalline silicon (lc-Si:H), whicf; involves alternating a
SiH, plasma to deposit the a-Si:H film with a pure H; plasma to cfeate microcrystallites
of silicon in the surface layer 49 50, 54, As can be seen from reaction (3.2) and (3.3),
hydrogen abstraction leads to the formation of silicon dangling bonds. This promotes
crystallization where two adjacent silicon dangling bonds join to form crystal-like bond.
Similarly, the growth of uc-Si:H by hydrogen dilution involves adding H; to SiHy
during growth and here the hydrogen abstraction occurs during the growth phase itself
and promotes crystallinity in the film 51. The hydrogen depletion will be more efficient
if the silicon dihydride content in the film is higher, and in fact the formation of a
porous SiH, phase is an important step towards hydrogen induced crystallization 50. As
mentioned earlier, the films deposited at low temperatures (150 °C) have a higher
dihydride content than films deposited at 250 °C, leading to higﬁer hydrogen depletion
from the surface of low-temperature films (Figs. 3.17(a) and (b)). This could in turn

lead to a higher number of seed nuclei which explains why the crystallization time
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decreased from ~5 h to ~4 h for the hydrogen-plasma-treated samples wh;cn the growth
temperature was lowered from 250 °C to 150 °C.

The infrared absorption spectra of pc-Si:H films also show a peak at 2100 cm’
35, because Si-H, bonds predominantly terminate the microcrystallites of silicon
embedded in an amorphous matrix >4 53, This could explain why the hydrogen plasma
treatment of the a-Si:H film results in a peak at 2100 cm'l, and why this microstructural
change is limited to the top surface layer of the a-Si:H film. Figs. 3.17 (a) and (b) show
that the concentration of hydrogen at the surface of the a-Si:H film after the hydrogen
plasma treatment is very low, suggesting that the top layer is nearly pure silicon in the
form of a layer of silicon microcrystallites. The high concentration of 6xygen in the
films could be from post H, plasma exposure to oxygen in the atmosphere, because
hydrogen removal from the surface makes it extremely reactive and oxygen passivates
the dangling bonds at the surface 56. The enhancement of crystallization is not due to
the high oxygen concentration as it is known that oxygen inhibits crystallization 57. The
high oxygen levels at the surface could be a SIMS artifact due to a surface oxide as
discussed in Section 3.4.2. This native oxide can be etched by rinsing the film in dilute
HF before transistor fabrication.

The infrared absorption spectra, the crystallization time data, and the SIMS
analysis of our samples are consistent with the fact that the hydrogen pla:sma treatment
leads to the creation of small amounts of microcrystallites of silicon in the surface layer,
which could then act as seeds during the subsequent crystallization procéss. While we
have these indirect proofs for such an effect, we do not have direct evidence of the
formation of microcrystallites of silicon such as Raman spectra with a peak at 522 cm™,
or lattice plane imaging with high resolution TEM (HRTEM). This might be because

the number and size of crystallites formed after the plasma treatment is too small to be
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Figure 3.19. Raman shift of the a-Si:H films on Corning 7059 glass substrates at 150
°C, (a) untreated control, and (b) hydrogen plasma treated at 200 W for 90 min, with no

peak at 522 cm’ (courtesy of Prof. P. M. Fauchet).
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detected by these methods. We measured the Raman spectrum for these samples in
collaboration with Prof. P. M. Fauchet of University of Rochester. The Raman spectrum
of the untreated and hydrogen-plasma-treated samples is shown in Fig‘. 3.19, which
indicates that a large broad peak at ~460 cm™ after the hydrogen plasma treatment, but
no peak at ~520 cm™. Due to significant charging problem during TEM analysis, lattice
imaging of the samples could not be done.

The nucleation of crystallites is also thought to be accelerated by both a rough
surface and a porous a-Si:H with voids 4%, both of which in theory might be caused by
the hydrogen plasma treatment. However, in our case the surface roughness, as
measured by intensity of reflection of normal incidence UV light, equation (3.1),
induced by the hydrogen plasma (~5 nm) was far less than that induced by SFs plasma
(~20 nm), which was used to etch the a-Si:H film. However, the SFs plasma-treated
film did not crystallize faster. It is possible, however, that any voids induced by the
hydrogen abstraction, if any, and not microcrystallites of silicon, led tolthe enhanced
crystallization rate through faster nucleation of seeds.

To summarize the discussion (Fig. 3.20), we believe that during the hydrogen
plasma treatment, the energetic hydrogen ions insert themselves in Si-H bonds (or Si-
H,) creating Si dangling bonds. The creation of Si dangling bonds promotes silicon
crystallite formation. Although the atomic hydrogen diffuses throughout the film, the
crystallites are formed only at the top 30-40 nm of the a-Si:H film, indicating that
hydrogen ion energies are crucial for the crystallite formation. The exces; hydrogen in
the plasma and also in the hydrogenated amorphous films then passivate the crystalline
nuclei formed to create Si-H, bonds at the surface of these nuclei. The crystallites
formed are bounded by {111} planes (not necessarily in the vertical direction) as these

are energetically favorable. Also, the crystallites formed near the surface of the films
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Figure 3.20. Schematic illustrations of the reactions at the surface of the a-Si:H during
the hydrogen plasma treatment leading to formation of crystallites embedded in the

amorphous matrix.
have either [111] vertical orientation to minimize the surface energy or they are formed
in all orientations and (111)-textured nuclei finally crystallize. These surface crystallites
then grow at the expense of others during the crystallization step, resulting in the final
grains having a [111] vertical orientation and also fairly large grains (~0.4 - 0.5 um).
We will discuss the reason for the preferred orientation in these SPC polysilicon films
in further detail in Section 6.5. The reason for formation of intra-grain defects and
techniques to minimize them will also be discussed later in Section 6.4.
3.5 OXYGEN-PLASMA-ENHANCED CRYSTALLIZATION

The oxygen plasma treatment also results in hydrogen abstraction from the

surface of the a-Si:H films (Fig. 3.21), but the effect is not as pronounced as for the

hydrogen plasma treatment and not as consistent, i.e., not all films exposed to oxygen
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Figure 3.21. Hydrogen and oxygen concentration of the a-Si:H film before and after
oxygen plasma exposure, showing hydrogen abstraction from the surface of the film
and the oxygen spike at the surface.

plasma show this effect. The plasma exposure also leads to an increase in oxygen
concentration at the surface as can be seen in Fig. 3.21. But this cannot be the reason for
enhancement of crystallization, as it is known that oxygen inhibits crystallization 57.
(This property is used to grow large grain polysilicon by incorporating oxygen during
growth at the a-Si/SiO; interface and thereby inhibiting nucleation -at that interface 36.)
Also, FTIR measurements of the oxygen-plasma-treated samples show no shoulder at
2100 cm™ unlike the hydrogen-plasma-treated samples. In case of oxygen plasma
treatment the reason for enhancement of crystallization is not yet clear. Possibly trace
amounts of hydrogen in the chamber (from water vapor) play a significant role by
leading to hydrogen abstraction from the surface, which would explain the inconsistent

resultg,as this hydrogen amount might vary from run to run.






