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Abstract

Thin film transistors (TFTs) are used as pixel switches in active matrix liquid
crystal displays (AMLCDs). Polycrystaline TFTs may allow driver integration onto the
display substrate, reducing overall cost. High-performance poly-TFTs may alow the
vertical integration of devices for VLSI, increasing packing density and improving
performance through reduced interconnect delay.

Poly-TFT channels are conveniently formed through the solid-phase
crystallization (SPC) of amorphous silicon. Unfortunately, such films are usually of poor
quality, having small grains. The need exists for a means of forming large grains using
SPC.

SPC occurs through nucleation and subsequent grain growth. Large grains are
formed when nucleation is minimized. By manipulating the relative rates of nucleation
and grain growth, high-performance TFTs may be fabricated. In this work, the
mechanisms of deposition and crystalization have been studied experimentally and
theoretically.  This knowledge has been used to develop technologies for the
mani pulation of nucleation and grain growth.

To facilitate crystalization studies, an acoustic crystallinity sensor has been
developed. Using this, a two-step crystallization process has been demonstrated that
Improves process throughput and device performance. A high-temperature nucleation
step is used to reduce incubation time, followed by a low-temperature growth step to
maximize grain size.

Theidea TFT would have asingle grain only. This requires an ability to control
grain location. Two techniques to achieve this have been developed. In the first
technique, heating is locally increased in the TFT electrode regions by using overlying
light absorption masks during an initial rapid thermal anneal step, resulting in selective
nucleation. These nuclei are then enlarged laterally at low temperature. In the second
technique, germanium is aloyed with the film in the electrodes to induce nucleation, and

the resulting nuclel are laterally crystallized. Both techniques result in the formation of



large-grain spatially-specified polysilicon, achieved solely through the manipulation of
nucleation and grain-growth. This has enabled the fabrication of high-performance
TFTs. The techniques may even enable the fabrication of single-grain transistors, having
performance approaching that of bulk devices. The potentia therefore exists for the
integration of driver circuitry in AMLCDs and for the fabrication of vertically integrated
circuits for advanced VLSI applications.
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Chapter 1

Introduction

Polycrystalline silicon thin film transistors (TFTs) have received attention in
recent years because of thelr increasing use in active matrix liquid crystal displays
(AMLCDs). The ahility to fabricate high-performance TFTs may enable their use in a
wide range of new applications, including microelectronic circuits. Thus, there is great
interest in improving the performance of polycrystalline TFTs. The goal of this work is
to study the basic physics of various processes used in the fabrication of polycrystaline
TFTs, and to exploit these phenomena to develop elegant means of improving TFT
performance. In this chapter, a historical perspective of TFTs is provided. Then the
applications of TFTs in modern microelectronics are reviewed. Next, a generalized
methodology of study as used in thiswork is introduced, providing the motivation for this
work. Thisis used to develop the organization of subsequent chapters.

1.1: TFTs: a historical perspective

Thin film transistors were among the first semiconductor-based three-terminal
electronic devices ever described. Indeed, the first U.S. patent on thin film transistors
was issued in 1933 [fl], and the first European patent was issued one year later [P). The
conceptualization of the thin film transistor from Heil's 1934 patent is sHown below
(Figure 1.1). The materials originally proposed for use in thin film transistors were
polycrystalline films of tellurium and various II-VI compounds. With the passage of
time, however, research on thin film transistors was superseded by work on point contact
devices, culminating in the development of the bipolar junction transistor at Bel[]labs [3].
After the initial success of the bipolar junction transistor, research on field-effect devices
reemerged in the late 1950s and early 196(s [4], including MOSFETs and TFTs. The
first functional MOSFETs and TFTs were described within a short space oﬂitﬂe [5, 6],



and the two technologies were soon competing with the existing bipolar technologies. By
the late 1960s, MOSFETs had emerged as the dominant technology in microelectronics.
This was probably due to the fact that more resources had been put into the development
of MOSFETs. Also research on MOSFETs was performed on familiar semiconductor
materials, while TFT research was performed on poorly characterized polycrystaline I1-
VI compounds [[7]. Research on TFTs continued only at RCA and Westinghouse, with
RCA dropping out in 1971. RCA actually demonstrated some of the first applications of
thin film transistors, including an integrated multi-pixel image sensor [ig]. Additionally,
some of the first work on complementary circuits was performed at RCA using TFTs [.

Research on TFTs continued into the 1970s at Westinghouse, particularly using CdSe.

A

| Field Plate

Z
S %

c, N
b %
A %\

| | Thin Semiconductor Layer |

Figure 1.1: Conceptualization of TFT from Heil's 1943 patent specification

During the late 1960s and early 1970s, much of the initial work on TFT-addressed
displays was performed. In fact, Westinghouse developed a design for a TFT-driven
electroluminescent display as early as 1968 [14]. RCA also published ideas on TFT-
driven displays [[L1], but never actually attempted to fabricate them. Research on TFTs
continued into the late 1970s at Westinghouse under contract from the Armed Forces.
However, support for TFT research at Westinghouse waned, and the project was
terminated in 1979.



At this point, amorphous silicon (a-Si) emerged as a candidate material for TFTs.
Significant effort was put into this material for photovoltaic applications. With the
advent of the notebook computer, research on flat panel displays accelerated. To enable
the development of active matrix displays, effort was put into the development of a-Si
TFT-based addressing technologies. Recently, TFTs based on polycrystaline silicon
have received increased attention for use as high-density pixel switches. They may aso
be used to integrate driver circuitry onto the same glass substrate as the rest of the
display, reducing process complexity and cost [. Polycrystalline TFTs are required for
this, since a-Si TFTs do not provide sufficient drive current to operate a display at

required speeds. This has been the motivation for poly-TFT research in recent years.

1.2: Applications of thin film transistors

1.2.1: Active matrix liquid crystal displays

The driving force for TFT development has been the increased importance of
active matrix liquid crystal displays [[L3]. In generd, liquid crystal displays can be
categorized into two types. passive-matrix displays and active-matrix displays. In the

former, the liquid crystal matrix is multiplexed by orthogonal rows of transparent

conducting strips sandwiching the pixel element. Thisis shown elow|(Figure 1.2).

Active Row
Actlve
Plxel
Active ‘
Column

Substrate

Figure 1.2: Passive matrix addressing scheme.



The disadvantage of direct multiplexing is that the voltage at one pixel element
affects all other elements sharing the same conductor. Thisis known as cross-talk. Since
the optical response of the liquid crystal element is a function of the voltage applied to
the crystal, this imposes a limit on the resolution achievable using this technology [[14].
For high-resolution full-color displays, passive addressing is therefore unusable. For this

application, active matrix displays are required.

Control Signal
Supply
T TFT
\ Pixel
Substrate

Figure 1.3: Active matrix addressing scheme

In an AMLCD, an individual semiconductor device addresses each pixel. Thin
film transistors are ideal for this purpose, since they can be integrated onto transparent
substrates, enabling the use of tranmissive display schemes. The use of active addressing
schemes eliminates the cross-talk problems associated with passive addressing schemes,
and hence enables the fabrication of displays having higher resolution than available
using passive addressing. shows a typical AMLCD addressing scheme. The
liquid crystal drive signa is directly applied to the pixel electrode through the
semiconductor device, resulting in faster response times and hence in higher achievable
resolution. By independently controlling the voltage on each pixel, it is possible to

achieve high contrast displays with good gray scale response. shows the
components of atypical backlit color AMLCD [[L5].
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Figure 1.4: Structure of a color AMLCD

Currently, active matrix displays based on amorphous silicon TFTs are the
dominant technology because of their ease of fabrication and excellent glass
compatibility. Since glass warps at temperatures around 600°C [fL6], an upper limit on
peak processing temperature and thermal budget is imposed. For this reason, amorphous
TFT technologies have been more popular than polycrystalline TFTs technologies, due to
their lower processing temperatures. shows the most common amorphous
TFT structure, the inverted-staggered TFT.

| .

Gate Insulator iSiN)

Substrate

Figure 1.5: Inverted-staggered amorphous silicon TFT



Amorphous TFTs typically have low carrier mobilities, and thus have insufficient
drive current for use in high-density displays. As the number of addressed lines in the
display isincreased, the pixel charging time is decreased for a constant frame time. This
results in a higher required drive current, making the use of amorphous TFTs impractical.
Therefore, for high-resolution displays, polycrystaline TFTs are mandated.
Additionally, high-performance polycrystalline TFTs may enable the integration of driver
circuitry onto the display substrate, reducing overall cost and packaging complexity [[12].
Polycrystalline TFTs are typicaly fabricated using a top-gate self-aligned planar
structure, shown jpelow|(Figure 1.6).

Gate Oxide

Drain Channel ‘ Source ‘

Substrate

Figure 1.6: Top-gate self-aligned planar TFT

The disadvantage of polycrystalline TFTs is their high thermal budget and
processing temperature relative to amorphous TFTs. Significant research is currently in
progress to reduce the required overall therma budget requirement of polycrystalline

silicon TFTs.
1.2.2: Vertical integration of active devices

Provided it is possible to fabricate high-performance TFTs, another important
application of TFTs emerges - vertical integration of active devices for VLS
applications.  Increasing chip area and decreasing feature size have resulted in
interconnect delay becoming a significant fraction of the overall chip delay. Numerous
techniques are under consideration to decrease interconnect delay, including the use of
low resistivity interconnect materials [[L7], low-k dielectrics [18], and increased packing



density using various techniques to increase the level of achievable integration for a
given device generation. Of these, the increase of packing density using vertical
integration of devices is particularly interesting, as it offers the additional benefits of
decreasing block-level routing complexity (through the ability to layer blocks) and
dramatically decreasing the consumed silicon real-estate. Various simple verticaly
integrated cells have been demonstrated in the past, such as vertically integrated SRAM
cells[[19). A typical vertically-integrated inverter cell is shown pelow] (Figure 1.7).

e

Conventional 2-D integration: low packing TFT-based 3-D integration: high packing
density density

Figure 1.7: Sandard and vertically integrated inverter cells

Vertical integration of devices using thin film transistors is a promising means of
achieving 3-D integration. Unfortunately, TFT performance is typically substantially
worse than that of bulk devices, limiting the use of such cells to non-critical paths only.
Additionally, for deep sub-micron VLSI applications, statistical variation in device
performance is introduced by the random distribution of grains in the device [R0], since
the grain size is on the order of the device size. This variation in performance results in
unacceptably poor uniformity. Uniformity can be improved by reducing the grain size;
however, this degrades device performance substantially. These are important issues that
will be discussed in some detail in a later chapter. However, provided it is possible to
solve these problems, vertical integration of active devices using TFTs should enable a
substantial improvement in circuit performance through a reduction in interconnect delay.
Figure 1.8]illustrates this reduction in interconnect length through vertical integration.



Single lewel of active devices requires large Multiple lewel=s of active dewvices reduces
chip=, long interconnect delays chip area, interconnect delays

Figure 1.8: Conventional and vertically integrated circuit

1.3: Methodology of study

Thin film transistors are typically fabricated by depositing the channel film in the
amorphous phase and subsequently crystallizing it [R1]. This enables the formation of a
smooth, large-grain polycrystalline film. The ability to form high-quality large-grain
polycrystalline channel films is critical to the fabrication of high-performance TFTs.
Severa techniques are currently under consideration for crystallization of amorphous
films. These include excimer laser annealing (ELA) [, low temperature solid-phase
crystallization (SPC) [23], and rapid thermal annealing (RTA) [R4]. Laser crystallization,
aprocess in which lasers are used to melt afilm that then crystallizes upon solidification,
enables the production of extremely large grain polysilicon. Unfortunately, it suffers
from low throughput and poor uniformity. This has adversely affected its adoption as a
manufacturable TFT process. RTA, a process in which lamps are used to crystalize
amorphous silicon films with fast heating cycles, has a high throughput, but suffers from
poor performance due to the smaller grain sizes resulting from the excessive nucleation
occurring at high crystallization temperatures (discussed in chapter 2). Low temperature
SPC, a process in which amorphous silicon films are crystallized at low temperature in a
furnace, offers better performance than RTA at the expense of lower throughput.

Obvioudly, crystallization is a critical process in the fabrication of thin film

transistors. The deposition of the amorphous silicon film is aso of obvious importance.

8



The potential therefore exists for the manipulation of these processes to achieve high-
performance in TFTs without having to resort to non-manufacturable processes. Thisis
the fundamental motivation for thiswork. Asshall be shown in chapter 2, crystallization
occurs through two phenomena - nucleation and grain growth. Potentially, these
phenomena may be manipulated to form large grain polysilicon. In particular, they may
be manipulated spatially to achieve controlled growth of grains. This opens up a host of
possibilities, including that of the formation of single-grain devices having performance
nearing that of bulk devices. The key, therefore, is to thoroughly study solid phase
crystallization of silicon and exploit the crystalization processes to form high-

performance devices. This, infact, isthe thesis of this entire work.
1.4: Organization

Chapter 2 provides the theoretical basis for this work. The chemical vapor
deposition and solid phase crystallization of amorphous silicon are theoretically analyzed
to provide a conceptual basis for the rest of this work. In particular, the concepts of
nucleation and grain growth are discussed in some detail. The kinetics of crystallization
processes are studied using atomistic models of nucleation and growth. These models are
used to develop a complete model of solid phase crystalization. Thisis combined with a
comprehensive model of deposition to obtain a unified model of deposition and
subsequent solid-phase crystallization. Defect formation mechanisms within solid-phase
crystallized silicon are also discussed.

Having developed a theory of crystallization in chapter 2, chapter 3 proceeds to
demonstrate a novel sensor for the detection of these processes. An acoustic temperature
and crystallinity sensor is demonstrated and characterized. Potential applications for the
sensor are also discussed.

Using the sensor developed in chapter 3, a two-step crystallization process for the
Improvement of process throughput is demonstrated in chapter 4. This forms a smple
proof of concept of the possibilities for exploiting nucleation and grain growth processes
to achieve high-performance devices. A two-step crystalization anneal is used to

substantially improve process throughput while simultaneously improving device



performance. This is achieved through the control of nucleation and grain growth to
maximize grain size while minimizing the incubation time during crystallization.

The process used in chapter 4 does not control the spatial occurrence of
nucleation. Therefore, there is no possibility of achieving control of the location of
grains. In chapter 5, this next logica step is taken. Using a similar two-step
crystallization process, spatial control is achieved by a technique called lateral
crystallization using patterned light absorption masks. Selective heating is used to
gpatially control the occurrence of nucleation and hence achieve control of grain location.
This enables the fabrication of extremely high-performance devices. By this means, the
conceptual basis for lateral crystallization is introduced. The use of such processes to
tune device performance for its intended application is discussed.

Chapters 3 through 5 all demonstrate the control of nucleation and grain growth
during the crystallization process. In chapter 6, the same effect is achieved through
control of the deposition conditions for the amorphous film. The deposition conditions
are optimized to maximize grain size and fabricate high-performance devices. Atomistic
models of deposition are used to explain the experimental results and a comprehensive
model of optimization and optimization extents is developed. This is performed for the
silicon-germanium system, since it is an extremely promising system for the fabrication
of low thermal budget TFTs, and enables the demonstration of key surface attachment
concepts.

In chapter 7, some of the properties of the silicon-germanium system are
exploited to demonstrate another new type of lateral crystallization - germanium-seeded
lateral crystallization. Using this technology, nucleation is selectively induced to form
large grain spatially specified polysilicon. Devices having extremely high-performance
approaching that of bulk devices are fabricated, potentially suitable for use in the vertical
integration of active devicesfor VLSI applications.

Finally, in chapter 8, the contributions of this work are summarized and possible

further areas of investigation are discussed.
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Chapter 2

The Chemical Vapor Deposition and Solid-Phase

Crystallization of Amorphous Silicon

The deposition of silicon from a gaseous source is one of the most important
processes in modern microelectronics. Chemical vapor deposition is used in epitaxy,
deposition of polycrystalline silicon, and deposition of amorphous silicon. Epitaxial
layers are used in modern bipolar technologies to form buried doped layers [fl], and are
also gaining use in advanced isolation [B] and source / drain engineering processes [B] for
CMOS. Polycrystalline silicon has traditionally been used as a gate electrode for MOS
devices [M], and is also used as an emitter contact in some bipolar technologies [[].
Amorphous silicon is used as an active layer in thin film transistors (TFTs) for flat panel
display applications [} and in solar cells [[]. Thus, a proper physicaly based
understanding of the deposition of silicon is critical to advancement of numerous
mi croel ectronics processes.

Various techniques exist for the deposition of silicon, including low-pressure
chemical vapor deposition (LPCVD), plasma-enhanced chemical vapor deposition
(PECVD), metallo-organic chemical vapor deposition (MOCVD), and ultra-high vacuum
chemical vapor deposition (UHVCVD). Of these, low-pressure chemical vapor
deposition is the dominant technology in microelectronics, particularly for the deposition
of amorphous and polycrystalline silicon. LPCVD offers several advantages over other
deposition technologies, including simplicity of technology, easy scalability to large
volumes and batch sizes, and good film characteristics. Additionally, a large and fairly
cohesive body of work studying and modeling the LPCVD of silicon exists. In thiswork,
the deposition of silicon by LPCVD is studied exclusively.

In recent years, the crystallization of amorphous silicon films has become a

technologically important process. Crystallized amorphous silicon films are used in
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polysilicon TFTs for active matrix liquid crystal display (AMLCD) applications.
Crystallized amorphous silicon is also seeing increased use as a gate materia in
MOSFET technologies, due to its smooth surface relative to as-deposited polysilicon [§].
Various techniques to crystallize amorphous silicon exist, including low-temperature
solid phase crystallization (LT-SPC) [[L0], rapid thermal anneding (RTA) [[L1], and
excimer laser annealing (ELA) [12). Each has its own advantages and disadvantages.
ELA results in extremely large grain polysilicon with a low defect density. However, it
is an extremely slow, inherently serial process, and also has poor uniformity. RTA has a
very high throughput, but results in the formation of small-grain polysilicon. LT-SPC
offers performance between that of RTA and ELA, but is an extremely slow process.
However, it is well suited for batch processing, and this somewhat mitigates the slow
process throughput. In this work, thermal solid-phase crystallization techniques (L T-SPC
and RTA) are used exclusively. Provided certain problems are solved relating to these
processes, their long-term promise is excellent relative to ELA.

In this chapter, the physics of the low-pressure chemical vapor deposition and
solid phase crystallization of amorphous silicon are discussed. Atomistic models are
used to enable an intuitive understanding of the deposition and crystallization processes.
Models of the deposition and crystallization are developed, and these are used to identify
important phenomena affecting the characteristics of crystallized silicon films. The
implications of these phenomena on thin film transistor device technologies are
discussed, with several important conclusions being introduced. These form the basis for

the experimental work detailed in subsequent chapters.
2.1: Low-pressure chemical vapor deposition of silicon films

LPCVD of dilicon is achieved using a variety of source gases. The various
hydrides and halides of silicon are the most common, including silane (SiHg),
dichlorosilane (SiH.Cl,) and disilane (Si;Hg). Of these, silane is definitely the most
widely used. The importance of disilane is rapidly increasing for the deposition of
amorphous silicon, for reasons that will be discussed in a later chapter. However, the
silane-based deposition of silicon has the best-understood chemistry. The analysis of this
system is considerably simpler than the analysis of halide-based deposition. For this
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reason, in this work, to develop an intuitive, physically-based model of Si deposition, the
silane-based deposition of silicon is considered exclusively.

2.1.1: Process chemistry

The deposition of silicon from silane is thought to occur through severa
intermediate reactions [13]. The silane molecule dissociates into several different silicon
hydrides. To simplify analysis, it is convenient to assume that one of the reactions is
dominant, and ignore all the other hydrides. In thiswork, asin other works on the subject
[14], it shall be assumed that SiH, is the primary intermediate silicon hydride involved in

the main chemical pathway. The overall process proceeds as follows:

In the gas-phase, the silane dissociates [[L5]:

o -

SH, 30 SH, +H,

Equation 2-1

where:

k; and k.; are the forward and backward reaction rate constants respectively

The SiH; then physisorbs to the substrate. Here, it may undergo surface diffusion,
evaporation, or chemisorption to an adsorption site. The chemisorption reactionis:

O -

SH, +* *
M

[SH,

Equation 2-2

where:
* isthe adsorption site

ko and k., are the forward and backward reaction rate constants respectively

The adsorbed species then releases the hydrogen to form a new adsorption site.

This process may occur after asubstantia delay, depending on the temperature, etc [[L6].
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*[§H, 0 - *[S +H, 1

Equation 2-3
where:
*[3i isanew adsorption site, one monolayer higher

ks is the forward reaction rate constant

The adsorption site may be a on growing step (true in epitaxy) or may be on a flat
surface (true in the deposition of amorphous silicon). In the deposition of polysilicon,

both site reactions are expected to occur. The process is shown schematically
Locally organized

Adsorbing Species entity formed by
diffusing species

Surface Diffusing
Species

Buried atom
(no organization)

Figure 2.1: Schematic view of silicon deposition process

In general, the silane decomposition (Equation 2-1) is expected to occur readily in
the gas phase at typical Si deposition temperatures (>500°C). Therefore, the surface
reactions are the rate-limiting steps. Prior to proceeding with a detailed analysis of the
deposition reaction rates, an atomistic understanding of the adsorption / desorption
processes is useful. As shall be shown later, these processes criticaly determine the

quality of the amorphous precursor film and therefore the quality of the crystallized
silicon film.
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2.1.2: Adsorption processes

The two-stage adsorption reaction of the reacting silicon hydrides on the growing
substrate surface is easily illustrated in an energy-position diagram [fL7], shown

>

o

Potential Energy

Dlistarllce CI:oor;JIinalte
Figure 2.2: Potential energy vs. distance from adsorption site for silicon deposition

where:
Chemisorptionis ABC
Physisorption is DEF
The precursor stateis E
Thefinal stateisB

After physisorption, several processes may occur prior to chemisorption:
1. The adsorbate may desorb off the surface.
2. The adsorbate may diffuse along the surface to a different site

3. The adsorbate may stay at the current sitetill it is chemisorbed

The diffusion along the surface is the critical reaction affecting the final
characteristics of the deposited film. This process determines the amount of organization
a the growing interface, directly determining whether the deposited film is

(poly)crystaline or amorphous.
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If the area concentration of surface sites per unit time is Ng and the deposition flux
Is J, then the lifetime on the surface prior to adsorption is (assuming the species does not
desorb):

Equation 2-4

where:
t_ isthe diffusion lifetime on the surface
Ns is the adsorption site surface density per unit time
Jisthe deposition flux

If the assumption that the lifetime of the adatom prior to desorption is much

greater than t_ is maintained, then the mean diffusion distance before being buried is:
_ 1
Xs =(4Dgt, )
Equation 2-5

where:
Ds isthe surface diffusion coefficient
t. isthediffusion lifetime
X< isthe mean diffusion distance

Now, from this equation, it is possible to predict regimes during which a
deposited film will be (poly)crystalline or amorphous. If the diffusion distance is
substantially less than the distance between adsorption sites, then there will be little
organization on the surface by adatoms prior to being buried. This will result in an
amorphous film. If, on the other hand, the adatoms have sufficient time to organize on

the surface prior to sticking, then the resulting film will be (poly)crystalline.
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Mathematicaly:

J
Amorphous Deposition: D <
P * AN 2
Equation 2-6
J
Polycrystalline Deposition: Ds >> 5
AN,
Equation 2-7

In fact, the less the organization, the more “amorphous” the film. Thus, the above
relationships can be used to establish a quality factor for amorphous films. To relate the
above equations to deposition temperature and pressure, the flux and diffusivity are
rewritten as[[1B]:

P

A 2rmKT

J=

Equation 2-8

where:
P is the partial pressure of the impinging species
m is the mass of the impinging species

K is Boltzmann’s constant
E
D. =D.@ex B_—AH
s 0 IO[ KT T

Equation 2-9

where:
Dy is a pre-exponential term
Ea is an activation energy
0 is the fraction of open surface sites
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Additionally, to incorporate the energetics of the bonding process itself, areaction
rate term must be added to account for the chemical bonding reaction and hydrogen
desorption reactions. This can be achieved by including an additional energy activation
term. Thus, a “quality factor” can be established, relating the deposition conditions to the
quality of the amorphous film.
J _ P

2
PN VamRTNzD fexpt TR
K

Q:

Equation 2-10

where:

Er is an activation energy accounting for the various reaction processes.

The quality or “amorphousness” of the film increases as Q increases. Several
conclusions can be drawn from this equation:
1. The film becomes more amorphous as the pressure increases
2. The film becomes more amorphous over large temperature decreases
3. The effect of small temperature decreases depends on the various pre-exponential and

linear parameters

The above conclusions are generally valid. However, it should be noted that the
surface conditions are not constant throughout growth. In particular, growth
characteristics are different for the first few monolayers of deposition, when the substrate
(SiO; is used exclusively in this work) has not been fully covered with a stable film. An
analysis of this growth regime is therefore important, as it will affect the growth of
subsequent layers, and will also affect solid-phase crystallization, as shall be seen later.

2.1.3: Initial nucleation on amorphous substrates

The deposition of silicon on amorphous substrates, specifically on [@iazeeds
as a net result of adsorption and desorption of silicon-containing species from the gas-
phase. To simplify analysis, the following assumptions are useful:
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1. The adsorbent surface is planar and the total number of adsorption sites is constant
under all experimental conditions.

The adsorption is restricted to a monolayer.

On impact with afree site, the adsorbate is adsorbed with zero activation energy.

An occupied site comprises one adsorbed molecule at asingle site.

Coallisions of gaseous molecules with an adsorbed site are perfectly elastic.

o o M 0D

Desorption of an adsorbed molecule occurs as soon as it has acquired sufficient

thermal energy to equal the heat of adsorption.

~N

The adsorptive properties of all surface sites are identical.

8. Thereareno lateral interactions between neighboring adsorbed molecul es.

The above assumptions in fact define a Langmuir adsorption isotherm [[L7]). The

adsorption and desorption rates are:
= p(N, -n)
odt 0
Equation 2-11

B%H = kg,
L

[ dt
Equation 2-12

where:
Ns IS the concentration of adsorbates on the surface
K4 1S the adsorption rate constant per site at unit pressure

Kq is the desorption rate constant per site

From these equations, the time dependence of adlayer build-up is established:

drls =k PN, —(k, +k_P)n,

Equation 2-13
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If the assumption is made that k,PNs and kg + kP are constant, i.e., the adsorption
and desorption are time-independent, then the solution is:
k, PN,

m{l‘ exp[- (kg +K,P)t]}

n,(t) =

Equation 2-14

In real semiconductor systems, at least some modifications to the results of the
simple assumptions above are expected, including:
1. kg/kawill be afunction of ns because of surface relaxation and reconstruction.
2. There will be additional losses from the pool of monomer adspecies due to dimer,

trimer, etc. species formation plus losses by diffusion to any nearby ledges.

Theseresult in:

dt
Equation 2-15

where the various ns terms account for higher order effects

For many semiconductor systems, it has been found that the K(ng) term is
dominant. Tiller [[L7] performed an analysis of a single-component surface species by
making the assumption that the gas atoms adsorbed on the surface behave as a two-
dimensiona gas with a spreading pressure ¢. This results in the analogue of a van der

Waals’ equation of state in two dimensions:

a OKT
+—60°[(1-6)=—
0=

Equation 2-16
where

I

6= n_;) is the surface coverage

Equation 2-17
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A isthe substrate area
n' is the number of adsorbed atoms
b isthe area per adsorbed atom

a isrelated to the molecule-molecule binding energy in the adlayer

Using the Gibbs adsorption equation
d¢ KTn' KT6

dinP A b
Equation 2-18

resultsin

P 6 6
— =K 7 Yexp(-K,6
= 2[5—1_ 67[Bex|o(1_ 2)eP(-K,6)

Equation 2-19

where
_2a
Y bkT
Equation 2-20

is the adatom-adatom binding energy
K, is proportional to the adatom-substrate binding energy

P isthe equilibrium vapor pressure of the adsorbed substance.

Based on the above equation, the following regimes of growth can be defined:
1. Kyt >>K; - desorption energy is high compared to heat of sublimation, resulting in
layer-by-layer growth
2. Ky OK!- classical nucleation regime; coverage is less than one monolayer
3. Kyt << Kj - very low desorption energy compared to heat of sublimation resulting in
very low surface coverage; very high supersaturation is required to produce

heterogeneous nucleation via very small clusters.
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The above regimes have important implications on the solid-phase crystallization
of amorphous silicon. If the initia sticking to the surface is poor, then layer-by-layer
growth may result initially. The net result of this is the formation of locally organized
entities in the first few monolayers of deposited film, which act as crystallization sites
during solid-phase crystallization processes. In fact, as shall be shown later, most SPC
experiments result in crystallization starting at the bottom interface of the film; thisis a
direct consequence of theinitial local organization.

To appreciate the physical basis for the difference in the deposition conditions
affecting the first few monolayers and those affecting all subsequent layers, it is

necessary to proceed with an analysis of the deposition process and chemistry.
2.1.4: Deposition process

The deposition of silicon, as stated earlier, occurs through a series of
decomposition, adsorption, and desorption reactions. Experimentally, the deposition of
silicon has been found to occur in two regimes:

1. Diffusion limited regime - growth is limited by reactant supply from the gas-phase

2. Surface controlled regime - growth is limited by reaction at the growing interface

In addition, the surface controlled regime has been found to be further divided
into two regimes depending on the level of surface hydrogen present:
1. Hydrogenated surface layer present - growth is strongly limited by the desorption of
hydrogen from the surface to form a new adsorption site.

2. Hydrogenated surface layer absent - growth is limited by adsorption reaction.
These regimes of deposition have been demonstrated experimentally. Depending

on the regime of deposition, the growth rate has a different activation energy. Bloem and

Giling [[L9) summarized various results to show the regimes of deposition, shown
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Figure 2.3: Growth rate of silicon as a function of temperature

The change in activation energy between the two surface-controlled regimes is
accompanied by a change in emissivity. There is a surplus emissivity for the hydrogen-
desorption limited regime. This has been explained as being caused by the presence of a
hydrogen-terminated surface [[19]. Thistermination is purely kinetic in nature; as soon as
the growth stops, the excess hydrogen “boils” off. To quantify the effect of this hydrogen
on the deposition rate, the individual components of the activation energy can be
calculated using numerical values from Bloem and Gi[ing [19]:

Activation Energies:

1. Gas-phase reaction of SEBiH,+H,  AH;= +218kJ/mole

2. Adsorption of SiH on the Si surface AH,=-216kJ/mole

3. Formation of second Si-Si bond AH3= -216kJ/mole

4. Desorption of 2H from Si-H bonds  AH4= +2 x 180kJ/mole
Total AHi= +146kJ/mole

Thus, the surplus in the activation energy, calculated from the experimentally
observed activation energ} (Figure |2.3) and identified as the component added by
hydrogen desorption, is approximately 60kJ/mole. In the figure above, this corresponds
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to the difference in slopes of the deposition rate curve above and below the dashed line.

This value of desorption activation energy is in good agreement with experimental data

[0}, validating the model of hydrogen-desorption limited deposition at low temperatures.

To deposit amorphous silicon by LPCVD, al depositions are performed in this regime,

and hence, in thiswork, all depositions are assumed to be hydrogen-desorption limited.
This assumption alows the development of a new limited model of deposition,

suitable for analysis of the effect of pressure on depositions occurring in this regime [P1].

To proceed, the following assumptions are made:

1. All depositions are limited by the availability of adsorption sites on the growing

surface.
2. Adsorption site formation is limited by the desorption of hydrogen.
3. The partial pressure of hydrogen in the gas-phase is low; all produced hydrogen is

rapidly removed from near the substrate.

Through these assumptions, it is possible to model the deposition as a surface-
catalyzed process, where the open surface sites are catalysts. Since the reaction is limited
by hydrogen desorption, and the desorption is fixed for a given temperature and pressure,
it is possible to decouple the desorption process and bury the desorption coefficient in the
silicon-hydride adsorption reaction (Equation 2-2). Then, combining the two surface
reactions (Equation 2-2] and [Equation 2-3), a standard MichaelisMenten catalyzed
reaction rate equation can be developed [22]:

R= k, [(E,,, (P
ky +P

Equation 2-21

where:
ks is the rate constant from the desorption equation (Equation 2-3]
Eiwt isthe total number of surface sites available at any given time
P isthe deposition pressure (or partial pressure, if acarrier gasis used)
kv 1S aconstant

R isthe deposition rate
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Eiwt is a function of the hydrogen desorption. If the hydrogen partial pressure is
low (true for typical LPCVD with no carrier gas, as used in this work), then this is
essentially independent of pressure and is purely afunction of temperature. Furthermore:

_k,tks

k
M K,

Equation 2-22

where:
k.2 isthe reverse rate constant from the adsorption equation (Equation 2-2)
ks is the rate constant from the desorption equation (Equation 2-3]
k, is the forward rate constant from the adsorption equation (Equation 2-2)

Since the hydrogen desorption is buried with ks, k, decreases as the amount of
hydrogen desorption decreases. This in turn makes a plot of the deposition rate vs.
pressure more linear. If the hydrogen desorption is high, then the plot develops a strong
“knee”. This phenomenon becomes important in a later chapter, when the deposition of
silicon-germanium is studied.

In the deposition of amorphous silicon, the hydrogen-desorption-limited growth
has various effects:

1. The chemisorption rate is reduced as the substrate temperature is reduced, increasing
the diffusing lifetime of the physisorbed species; merely decreasing the temperature
will not improve amorphous silicon film qualitgd infinitum, even though the
diffusivity decreases.

2. During the initial stages of deposition on a substrate, organization will be enhanced.
Deposition on the stable (through surface reconstruction and other phenomena)
substrate interface is slow compared to desorption. Therefore, physisorbed species

have an enhanced initial diffusing lifetime, resulting in increased initial organization.
2.1.5: Unified description of amorphous silicon deposition

Having described the various phenomena affecting the deposition of silicon, it is

possible to develop a unified description of the deposition of amorphous silicon on
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amorphous substrates. As shall be shown later, the effect of the amorphous silicon on the
final characteristics of the SPC polysilicon is substantial; therefore, such a unified
description of deposition is crucia to optimizing the characteristics of the fina
crystallized film.

Amorphous silicon deposition on an amorphous substrate, by definition, does not
proceed through a step-based growth mechanism such as that which occurs during silicon
homoepitaxy [[19). Therefore, the growth occurs through a process of nucleation, growth,
and coalescence. The critical process affecting the quality of the amorphous silicon is
nucleation.

Nucleation (and growth in general) occurs through a process of physisorption of a
mobile silicon-hydride species. This species then diffuses on the surface and may
subsequently desorb or stick. The extent of diffusion determines the level of organization
achieved in the growing film prior to the atom in question being buried. To achieve a
more amorphous film, the amount of organization occurring must be reduced. This can
be done in various ways:

1. The surface diffusivity may be reduced by reducing the substrate temperature.

2. The lifetime on the surface may be reduced by increasing the arriving flux, hastening
the buria of the diffusing species.

3. The chemisorption rate may be increased by increasing the concentration of

adsorption sites through increased hydrogen desorption.

The net result of any or al of these modifications is a reduction in the amount of
organization occurring a the growing film surface, increasing the amorphous quality of
the final film. As shall be shown, this is critical to obtaining large-grain solid-phase
crystallized silicon films.

Having established the various stages of deposition and the effects of the same on
the characteristics of the deposited film, it is possible to summarily describe the structure
of a typical amorphous silicon film deposited by LPCVD. Consider the deposition of
such a film onto an amorphous substrate such as silicon dioxide. During the initial stages
of growth (first few monolayers), the substrate surface is not fully covered. Since the
substrate surface is passivated due to surface reconstruction, the initial density of
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chemisorption sites is low and deposition proceeds slowly. Additionally, slower

deposition occurs for another technological reason. In atypical hot-wall reactor, when

the source gas is first turned on, its partial pressure is low as it takes a finite amount of

time for the source gas to replace the inert carrier gasinitially in the reactor. During this

time, deposition is slow, since the flux, which is proportional to the source gas partial

pressure, isreduced. For these two reasons, for the initial few monolayers, the amount of

local organization occurring is high, and the deposited film is “less” amorphous.

After the substrate surface is fully covered and the gas pressure has stabilized, the

growth proceeds normally, resulting in a “more” amorphous film. At the end of the

deposition step, the source gas flow is cut off, and again the partial pressure drops in a

finite time, resulting in slower deposition, though this is less significant than during the

initial stage of deposition, since reduced adsorption site concentration due to surface

reconstruction is not a significant issue.

Since hydrogen desorption is the deposition

limiting step anyway, gas-phase supply is less of an issue than any surface effects

anyway. The overall deposition results in the film structure shown below (Figlire 2.4).
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Figure 2.4: Sructure of deposited film

The film structure has several

important

implications

crystallization processes, as will be discussed later in this chapter.
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2.2: Solid-phase crystallization of amorphous silicon

Having discussed the deposition of amorphous silicon from a gaseous source, it is
now possible to develop a model of solid phase crystallization of this deposited film,
accounting for the variation in the “amorphousness” of the film itself. To do this, the
model shall be developed in two stages:
1. A model of crystallization shall be developed assuming basic transient nucleation
theory, ignoring the effect of pre-existing organized sites.

2. The effect of pre-existing organized sites on the grain density shall be analyzed.

To begin, a conventional thermodynamic model of nucleation and growth shall be

specified based on atomistic considerations.
2.2.1: Thermodynamic considerations of nucleation and growth

From classical nucleation theory, modified to include transient nucleation theory
in condensed systemE[ZS], the initiation of a phase transformation occurs through
frequent nucleation of microcrystallites. Most of these microcrystallites are energetically
unstable and therefore shrink and annihilate due to their large surface-to-volume ratio.
However, from statistical thermodynamic considerations, a few microcrystallites become
large enough to achieve stability due to the reduction in free energy associated with the
increase in size. In general, the free energy of formation of a cluster of n atoms or

molecules is given by:
AG, =nAG'+ A0
Equation 2-23

whereAG is the difference in the Gibbs free energies between the new and old
phases, per molecule (hence, it is negative)
A, is the surface area of the cluster of n atoms

o is the interfacial free energy per unit area (positive).
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Equation 2-23]indicates that the free energy of a cluster increases to a maximum
value as the size of the cluster is increased, and then reduces. This cluster size is in
unstable equilibrium; smaller clusters (or embryos) tend to shrink and larger clusters (or
nuclei) tend to grow.

Classical theory suggests that there is no back flow in reaction; that is, nuclei (as
opposed to embryos) are not annihilated. In fact, this intuitively and physically makes
little sense. Transient nucleation theory corrects for this by introducing a forward and
backward reaction rate for critical and super-critical crystalitesaswell. In general, since
the growth process occurs through atomic hops, it is possible to develop an atomic model
of the reaction process.

The unbiased atomic jump rate (in amorphous silicon, since the jump is from the

amorphous to the crystalline phase) is given by [P4):
E
v O ex B_—dB
p[ KT [

Equation 2-24

where Ey isthe activation energy of self-diffusion in amorphous silicon.

Now, in a system where the free energy of the cluster of n+1 atoms exceeds that
of a cluster of n atoms, the biased atomic jump rates for the forward and backward
reactions are [R4]:

2 E {AG,,, - AG,)O
k. ...0n3ex B_—dEex L n
n-n+l pD KT 0 p% E

2KT

Equation 2-25

2
: E, dAG, - AG, )0
kn+1an On exp%%xpa KT E

Equation 2-26

where n is the number of atomsin the cluster.
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Using these reaction rates, it is possible to determine thermodynamic
characteristics of solid-phase crystallization, including transient time, nuclesation rate, and

growth velocity.
Transient nucleation time and steady state nucleation

Transient nucleation time is the time taken for the nucleation rate to achieve its
steady-state value. Several authors have studied transient nucleation in varying degrees
of detail [23, 5. In general, numerical solutions have been found to provide the most
precise answer. However, for our purpose, an approximate answer after Kashchiev [R5
will suffice.

In genera, transient nucleation has been found to be associated with a

characteristic time, having a weak temperature dependence:

rtD%

n
Equation 2-27

where:
Tt is the characteristic time

k', isthe forward or reverse reaction rate at the critical cluster size

The transient nucleation time has been found to be proportional to T
E
r,OT expBiH
KT O

Equation 2-28

where;
Tg isthe transient nucleation time

Eq isan empirical activation energy

While this is not a true Arrhenious form, it is apparent that the transient time
increases as the temperature is decreased. Here, we make the simplifying assumption
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that the nucleation is negligible before a specific time and then rises rapidly to its steady
state value. This time is commonly described as the “incubation time”, and increases
with decreasing temperature. This will have important consequences when the concept
of lateral crystallization is introduced in chapter 5. In that chapter, crystallization is
performed at a very low temperature to maximize the incubation time within practical
limits.

Kelton [23] performed a detailed numerical simulation of transient nucleation to

obtain the theoretical temperature dependence of steady state nucleation as:

O-(E, +AG )0
r ] (1/T)exp[j(Ed—AG”)D
o K O

Equation 2-29

where f, is the steady-state nucleation rate

Based on Kelton’s simulations, various conclusions can be drawn:

1. The simple form of the transient nucleation time equation (Equation| 2-28) is

generally valid, i.e., incubation time increases with decreasing temperature in a
roughly Arrhenious manner.

2. The critical cluster size is itself a function of temperature and increases with
increasing temperature, resulting in a decrease in the nucleation rate at high
temperatures.

3. Addition of a pre-existing embryo and nucleus population increases the amount of

nucleation.

These three phenomena have important consequences:
1. To minimize nucleation and maximize the incubation time, crystallization should be
done at as low a temperature as practical.
2. Pre-existing organized entities must be minimized to minimize nucleation.
Ideally, crystallization should be done at an extremely high temperature with an
instantaneous ramp-up. This results in a low nucleation rate due to the large critical

cluster size, accompanied by a high growth rate, as will be shown below. In practice,
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however, this is impossible, since several nuclei form and grow during the ramp

Process.

shows the various regimes of nucleation as a function of crystallization

temperature.

Experimentally
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Figure 2.5: Regimes of nucleation during solid-phase crystallization

Growth rate

The growth rate is the enlargement rate for existing grains and can be calcul ated
from the net forward reaction rate for a large cluster. For such a cluster, the addition of
an atom will not substantially alter the surface energy. The free energy change is then -
AG'. From the attachment equations (Equation 2-25 and [Equation 2-26), by assuming
AG' >> 2KT, we have:

% =Ky~

k

n+l-n

Equation 2-30

2 [} 1
% On3 expEL?E; %xpBAEH— expw%

RPKT O [ 2kT

Equation 2-31
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Equation 2-32

Since n is proportional to the cube of the radius of the growing phase:

Vg:d—

0 [, 4G

DB'D—

0B

Where vy is the phase growth rate

Equation 2-33

Clearly, the growth rate exhibits an Arrhenious dependence. Prior to proceeding
with our model development, it is appropriate to survey the literature values of the
Arrhenious coefficients. The sources used are Iverson and Reif [24], Zellama et al [R6],
Koster [R7], Blum and Feldman [P8], and Csepregi [R9).

Table 2-1: Survey of crystallization activation energies.

Work Transient Time Nucleation Rate | Characteristic Growth Rate
Crystallization
Time
lverson & Reif | 2.7eV?! 5.1eV? 3.9eV 3.3eV
Zellamaet al 4.9eV? 2.4-4.9eV
Koster 4.9eV 2.9eV
Blum & Feldman 3.1eV
Csepregi 2.35eV*

! Thisresultsin a self-diffusion activation energy of 2.8eV

2 Maximum free energy of formation of acluster, AG," is 2.4eV
3 Reports a high activation energy of 9eV for films deposited at room temperature, probably caused by the fact that
transient nucleation was not considered. For room temperature depositions, density of pre-existing nuclei is
expected to be low, resulting in alonger transient time.
“ For <111> epitaxial regrowth

V arious conclusions can be drawn from the above data:
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1. The activation energy of growth is less than the activation energy of nucleation.
Therefore, nucleation can be minimized relative to growth by performing the
crystallization at the lowest practical temperature.

2. Transient time activation energy is significant compared to the nucleation activation
energy and therefore cannot be ignored.

3. In general, the agreement between the various sources is fairly good. Any
discrepancies can be explained by the theory established here.

Crystallinefraction

The rate of nucleation per unit amorphous area is [r,, where O is the film
thickness. If the nucleation and growth rates are time-independent (true after transient

time), then the crystalline fraction is:

(_ o)3

xt) =1-exp+r—+
g E

Equation 2-34

where 1. is the characteristic crystallization time:
-1
[]3
r_ =gl N2 Or
S 41

Thisisaform of the Avrami-Johnson-Mehl equation [BO] B1] B2].

Equation 2-35

Grain density

Since the nucleation rate is proportional to the amorphous fraction and to the 2-D

nucleation rate, the density of grains can be written as:
t
po(t) = [Or, [1- ()] et

Equation 2-36



po (1) =01, 7 [exp(-u"*)dur
0
Equation 2-37

Final grain size
Thefinal grain size can be calculated as:
lim a
A=, L]

Equation 2-38

-
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Equation 2-39

wherel is Euler's gamma function

This gives an extrapolated final grain diameter of:

Y

Equation 2-39 provides us with a quantitative relationship between grain size,

Equation 2-40

nucleation, and grain growth. From this equation, it is apparent that the intuitive
argument that grain growth can be maximized by minimizing nucleation relative to grain
growth is correct.

Having established the temperature dependencies of nucleation and grain-growth,
it is appropriate to compare the same to obtain an intuitive understanding of the
crystallization process. From the summary of literature data (Table 2-1), it is apparent
that the activation energy of nucleation is greater than that of grain growth. Thus, the

slopes of the two curves will be different. Additionally, at higher temperatures, the
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critical cluster size of a stable nucleus is large; this becomes the limiting factor in
nucleation, and the nucleation rate decreases at elevated temperatures.

From the stated trends, it is clear that the largest grain size, resulting from the
maximum grain-growth to nucleation ratio, would occur at high temperatures (where
grain growth would be high but nucleation would be low), assuming it were possible to
reach those high temperatures instantaneously. Obvioudly, this is not the case, and even
rapid ramp-ups will result in substantial nucleation during the ramp process. Therefore,
from apractical standpoint, the best conditions to achieve large-grain polysilicon occur at
low temperatures, when nucleation is substantially less than grain growth. The
disadvantage of this is that both processes are slow, and therefore crystallization takes a
long time. This is an issue that will be addressed in chapter 4. shows the
tradeoffs associated with using different crystallization temperatures schematically.

Crystallization Goals: Minimize
Nucleation Relative to Growth

Ideal Regime
(impossible due to finite
temperature ramp rate)

log r, (cm3sec?)
|
|

log v, (cm sec 1

Practical Regime
(disadvantage: long
anneal time)

1;T l
Figure 2.6: Variation in nucleation and growth with crystallization temperature
Having established a basic model for crystallization, it is now possible to account

for the presence of pre-existing populations of embryos and nuclei.

2.2.2: Effect of pre-existing nuclei on grain size

Equation 2-34] describes the relationship between crystalline fraction and the

characteristic crystalization time. Thistimeisitself afunction of the growth rate and the
nucleation rate (Equation 2-35). If the presence of a pre-existing nucleus population is
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assumed, then the effect of the same on crystalline fraction and grain density can be
analyzed in a similar fashion. First, if we assume no homogeneous nucleation, then the
crystalline fraction in the film purely from the pre-existing nuclei is:

O n¢ U
Xs :1—expEl—E; [
3 UsUB

where 15 is the characteristic time of crystallization in a seeded film:

1
.=

T mip,

Equation 2-41

Equation 2-42

These seeded grains compete with spontaneously nucleated grains.

O 0 tg[]
[ 1—exp[-l—% 0 t<r,
B B U-UH

X)) =0
H t-7,)d Ot 4A
—eXph-G—0 ~ g t>7,
= BOnOL O s0H
Equation 2-43
where 1, is the characteristic crystallization time due to nucleation.
The density of grainsversustimeis:
t
Py (1) = p, + [Or, L= x(®)Jat’
Equation 2-44

where:
O is the film thickness

Ih isthe nucleation rate, as per previous section.

From these equations, we can draw several conclusions:
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1. The existence of a pre-existing nucleus population will tend to increase the grain
density (decreasing the average grain size) if the crystaline fraction of the film is
small or intermediate at the end of the incubation time. The reduction in grain size
will be afunction of the density of pre-existing nuclei.

2. Pre-existing nucleus populations will have little effect on the average grain size if the
incubation time is small.

3. If the incubation time is large, then the pre-existing nuclei can actually enhance the
average grain size, since the pre-existing grains may actually fully crystallize the film,
in which case the average grain size will be purely a function of the pre-existing

nucleus density.

This third point is extremely important and forms the basis for several chaptersin
thiswork. If nucleation, or a pre-existing nucleus population, can be induced into a film
with along incubation time, then substantial grain size enhancement is possible. Thisis
the basis for seeded latera crystallization, which will be discussed in detall in later
chapters.

2.3: Unification of deposition and crystallization models

At this point, it is possible to attempt an intuitive unification of the models of
deposition and crystallization to understand the effect of deposition conditions on the
structure of the final polysilicon film. The main effect of the deposition conditions is to
change the density of pre-existing nuclei within the amorphous film. Nakazawa [
demonstrated that the growth rate is essentially independent of deposition conditions,
though the nucleation rate shows a strong dependence on deposition temperature. Thisis
in agreement with the models of deposition and crystallization developed in this chapter.
Intuitively, since growth rate is purely a diffusive mechanism, it should not show any
dependence on film conditions provided the free and interfacial energies themselves
show little dependence on the amorphous matrix conditions. Nucleation rate, on the
other hand, is strongly dependent on the population of pre-existing nuclei and embryos,

and therefore shows a strong dependence on the film deposition conditions. This is

clearly visible in Nakazawa'’s data, shown belpw (Figure 2.7)
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Figure 2.7: Temperature dependence of nucleation and growth (from Nakazawa [ )

Since the primary effect of the deposition conditions is to alter the population
distribution of pre-existing nuclei and embryos, the quality factor may be
employed in asimple test of the efficacy of the models developed here.

Various assumptions are made:

1. A sub-set of al pre-existing nuclei grow to form grainsin the final polysilicon

film (areasonable assumption based on the analysis in previous sections).

2. Homogeneously nucleated nuclel are themselves formed from pre-existing

embryos (again, a reasonable assumption based on nucleation theory).

3. Spatial variations in embryo density are consistent across the

deposition conditions considered here (a valid assumption if the same
substrate conditions and deposition equipment are used).

Then, the final grain size should be a pure function of the quality factor, scaled by
alinear function. This then provides a novel method for quantitatively relating the grain
size of the crystallized film to the deposition and crystallization conditions. To test this,
the model was fitted to data from Aoyama et al [[34], as shown Clearly, thefit is
quite good, given the simplifying assumptions made. To test the physicality of thefit, the

fitting parameters can be analyzed. The linear scaling terms are largely dependent on the
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biases introduced by the grain size estimation technique, and hence do not provide any
Insight into the physicality of the fitting function. The values of interest are the predicted
activation energies associated with the exponential terms. The fitting function provides a
numerical value for the difference in the two activation energies of approximately 0.1eV.
From the work of Bloem and Giling [19], the bonding activation energy term is found to
be approximately 2.1eV. This suggests a surface diffusion activation energy of
approximately 2.0eV. Most studies of surface diffusion of silicon deal with crystalline
silicon [[35] [36} B9 [40). Similar studies for the diffusion of Si adsorbed species on
growing amorphous silicon surfaces do not exist. However, it is possible to extrapolate
expected values of activation energies based on those experimentally determined for
single crystal silicon. Typical values for single crystal silicon are in the range 0.6eV -
2.7¢eV [[36,[39] depending on the direction of diffusion and substrate temperature. In
general, as the hopping distance between sites increases, the activation energy increases
above the lower limit [37]. Additionally, as the substrate temperature decreases, the
activation energy decreases below the upper limit [39]. This indicates that the value of
the activation energy of surface diffusion predicted by the fitting function is quite

realistic, attesting to the physicality of the same.
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Figure 2.8: Fitting of model to crystallite size data from Aoyama et al [B4]
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Aoyama’s experiments were performed using ,Sibideposit amorphous silicon
films on glass substrates by LPCVD. His depositions were performed at 300mtorr -
1000mtorr. Thus, the range of depositions considered by Aoyama were similar to those
considered in most of this work. The analysis above suggests that, in fact, the unification
of the models of deposition and crystallization based on the alteration of pre-existing

nuclei and embryo populations provides acceptable results. Therefore, the quality factor

(Equation 2-10) may indeed be used as a means of evaluating deposition condition

viability. The various scaling factors can be determined for a given deposition system
and substrate. The substrate factors will be a function of the substrate contamination,
surface roughness, termination, etc.

Having studied the effect of deposition parameters on crystalline structure, it is
appropriate to study the effect of crystallization temperature on crystalline structure to
complete our demonstration of the efficacy of the models discussed here. In appendix 1,
the effect of defects on electron transport in polysilicon are discussed. A useful test of
the models developed here would therefore be to attempt to fit the model to experimental
electrical results obtained from TFTs.

As discussed in appendix 1, the field-effect mobility of TFTs is a function of the
trap density within the TFT channel. These may be inter-grain traps (grain boundaries)
or intra-grain traps (discussfd beJow). If we assume that grain boundaries dominate, then
it is possible to relate grain size to crystallization parameters. To achieve this, however,
it is necessary to ensure that the crystallization processes do not affect all other factors
(intra-grain defects, grain boundary trapping behavior, etc.). This can be experimentally
accomplished by subjecting the crystallized films to a post-crystallization high-
temperature anneal. The anneal temperature can be chosen to anneal out any differences
in intra-grain defects resulting from the different crystallization temperatures without
altering the basic grain-size distribution. Experimentally, a short anneal t6CL0GS
been found to suffice. The device mobility can be correlated to crystallization parameters
as follows:

The mobility of a grain is a combination of the mobility of the grain itself and the

mobility of the grain boundaries:
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Equation 2-45

where:
Ug isthe mobility of the overall grain
Mco istheintra-grain mobility

Ucs is the mobility of the grain boundary

If we assume that the area of the grain boundaries parallel to the direction of
current flow is negligible (a good assumption for typical SPC films), then we can write
the overall channel film mobility as:

L L +dGB
Moy Moo  Hos

Equation 2-46
where:

Mcn 1S the mobility of the channel
L isthe channel length

des is proportional to the grain boundary density

If ug is substantially more than pggs (true due to the post-anneal discussed above),

then the device mobility can be described:

Hes
dog

Mee O

Equation 2-47

where;

Ure isthe device field-effect mobility
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The proportionality (rather than an equality) is used to due to the fact that other
mobility degrading phenomena, such as scattering by interface traps, etc., have not been
considered in the above analysis.

guation 2-47|can be written in terms of the grain area:
H U g Ay
Equation 2-48

where:

Agisthegrain area.

Equation 2-39| alows a relationship between mobility and crystallization

parameters to be established. By including the Arrhenious dependence of nucleation and

growth, we obtain:

[Q(E | E wih )D
[ ex nucl gro
Ao PUaq O

Equation 2-49

where:
Enua isthe activation energy of nucleation

Egrowth 1S the activation energy of grain-growth

The activation energy of nucleation can be determined by TEM or the acoustic
crystallization detection tool described in chapter 3. Experimentally, a value of 4.8eV
was determined using the acoustic crystallization detection tool. Then, the above model
was fitted to experimental results obtained from TFTs fabricated using high-temperature
post-crystallization processing to minimize other scattering mechanisms. A linear scaling
factor was used to account for these scattering phenomena. The best fit was obtained for
an activation energy differential of 1.3eV, which corresponds to a grain-growth activation
energy of 3.5eV, which is reasonably close to the values summarized from other sources
. The accuracy of the fit is apparent from a plot of the theoretical and



experimental variations in device field-effect mobility with crystallization temperature,
shown jpelow| (Figure 2.9).
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Figure 2.9: Theoretical and experimental variation in device mobility with crystallization
temperature

At this point, it isimportant to consider the spatial distribution of the pre-existing
nuclei and embryo populations based on experimentally observed grain-formation
kinetics. In genera, it has been observed experimentally that the majority of grains
formed in solid-phase crystallized silicon films are initiated at the bottom interface. As
mentioned previoudy, this is easily explained by considering the various stages of film
deposition. As shown previously (Figure 2.4), the density of pre-existing nuclei and
embryos is expected to be highest near the bottom interface. These grow to form grains
inthefinal polysilicon film. If the nuclei are closely spaced relative to the film thickness,
then a columnar structure results. If the spacing is larger, then three-dimensional growth
occurs initialy, followed by two-dimensional growth once the top surface is reached.
Such grains may be interspersed with grains formed homogeneously within the film
itself. The general result is that most grains will be approximately as long as the film is

thick on the short axis, and may be substantially longer on the long axis (most grainsin



solid-phase crystallized silicon films are €eliptical). This is in contrast to as-deposited
polysilicon, where the film thickness usualy represents the upper bound on grain

dimensions.
2.4: Defects in solid-phase crystallized polysilicon films.

At this point, it is appropriate to examine deviations from the theory discussed in
this chapter. The theory developed so far considers only one type of defect in polysilicon
- the grain boundary. Electrically, grain boundaries have a substantial impact on device
performance, as discussed in appendix 1, and hence, in this chapter, theoretica
mechanisms for reducing the grain boundary density (i.e., increasing the average grain
size) have been developed. Grain boundaries act as scattering sites and hence reduce
carrier mobility, degrading device performance [41]. Additionaly, grain boundaries act
as traps, increasing device leakage [[42]. For these reasons, reduction of grain boundary
density in polysilicon TFTsis extremely important.

Besides grain boundaries, another important class of defects exist - intra-grain
defects. Particularly in large-grain polysilicon, these defects may have a substantial
effect on device performance. The most important intra-grain defect in solid-phase
crystallized silicon films is the microtwin. Haji [43] et al, actually established that the
primary growth mechanism in solid-phase crystallized polysilicon is through the
formation of twin boundaries.

The formation of (Ill) twin boundaries permits fast propagation of the vertical
{111} planes along the [112] direction because at the twin boundary, only two atoms are
needed to form ahexar ring. Therefore, growth occurs through the formation of multiple
twins. This configuration is very favorable for the free growth perpendicular to this
direction, along [110], because from the fast growing planes, only the (110) planes are

bounded in {111} planes perpendicular to them, making them the most difficult to

extinguish. The overall growth processis shown pelow|(Figure 2.10).
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Figure 2.10: Configuration of elliptical crystallites, showing formation of (11) twin
planes. Only two atoms are needed to complete | eft-hand hexaring, accelerating growth
long [112]. Theright hand side isincapable of accelerating the growth, requiring the
formation of a new twin boundary. Thus multiple twinsresults in fast growth along
[112]. Freegrowth along [110] is also allowed.

Thus, it is apparent that twins are inherent to SPC polysilicon. Fortunately,
heating such a film above 750°C anneals out numerous intra-grain defects without
changing the grain boundary structure substantially. Additionally, the first order twins
(z=3) are electricaly rather inactive [A4]. However, these twins are related to other
defects, the most common being incoherent { 112} steps perpendicular to the {111} twin
plane. This step introduces dislocations at the step edges that are strongly active; and
higher-order twins that are related to displacement vectors and are electrically active due
to segregation of dissolved impurities.

Twins are energetically favored over high-angle boundaries; hence, growth occurs
through formation of twins, resulting in a fast reduction of free energy of the system.
Many twins can be annealed out at 750°C, though the mechanism of twin migration is
unknown. It has been found that the formation of twins shows a strong dependence on
deposition conditions as well. In general, films deposited at higher pressure seem to
show alower density of higher-order defects. Additionally, films deposited from disilane

seem to have alower twin density than films deposited from silane. The reason for these
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phenomena is unclear; however, they may be exploited to reduce defect density within
SPC polysilicon, and, coupled with the theory developed in this chapter, may enable the
fabrication of high performance TFTs fabricated through control of the polysilicon

formation characteristics.

2.5: Conclusions

In this chapter, the theoretical basis for the low-pressure chemica vapor
deposition and subsequent solid-phase crystallization of silicon has been reviewed.
Theories developed by various other authors have been examined and have been used as
a basis to develop a unified theory of deposition and crystallization that provides a novel
means of quantifying the effect of crystallization and deposition conditions on final
crystalinity..  This theory has been used to explain experimentally-observed
crystallization phenomena, and has aso been extended to explain trends seen in the
electrical performance of TFTs fabricated using different crystallization conditions. The
developed theory has been found to adequately describe the effects of deposition and
crystallization parameters on the properties of solid-phase crystallized silicon films and
TFTs fabricated from the same. Using these theories, it should be possible to optimize
the deposition and subsequent solid-phase crystallization of amorphous silicon films to
enable the fabrication of high-performance TFTs.
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Chapter 3

Detection of nucleation and crystallization in

amorphous silicon

In chapter 1, solid-phase crystallization and its applications to modern
microelectronics were introduced.  As discussed in that chapter, solid-phase
crystallization is technologically important as a means of forming polycrystalline silicon
for the fabrication of high-performance thin film transistors. These may be used in next-
generation active matrix liquid crystal displays and, potentially, for the vertical
integration of active devicesin VLSI. In both these applications, the quality of the final
polycrystalline film is extremely important. Therefore, the control of crystallization is a
crucial process for the maximization of film quality, and also for the minimization of
thermal budget to enable the integration of these devices into advanced low thermal
budget processes.

In chapter 2, the theoretical basis for crystalization was developed. As was
shown, crystallization occurs through two processes -- nucleation and grain growth. The
relative rates of these processes may potentially be controlled to maximize fina film
quality. Therefore, a means of detecting nucleation and final crystallization in-situ is
highly desirable. In this chapter, a novel sensor enabling the simultaneous detection of
crystallinity and measurement of temperature during rapid therma crystallization is
demonstrated and characterized [[I]. The use of this sensor for detection of nucleation is
shown. Based on the sensor characteristics, various potential applications of the sensor to
solid-phase crystalization are discussed. These will be explored more fully in
subsequent chapters.

In this chapter, some background information on the sensor and its development
is provided. Then, the experimental methodology is explained along with details of the
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sensor construction.  Results of the sensor characterization are summarized and

implications of the same are discussed.
3.1: Background information

The sensor described in this work is an extension of a previously developed
acoustic temperature sensor [P]. This sensor has previously been used for in-situ
temperature monitoring in semiconductor processing. The sensor has been demonstrated
to function over the entire range of temperatures used in typical semiconductor
processing. It issuperior to aternative temperature-sensing methods such as pyrometers.
The acoustic technique is virtually independent of the optical parameters of the sample,
enabling isolation of emissivity and surface absorption variations from the temperature
measurements. Since optical property variations due to phase transitions determine the
heating profile, the basis for the extension of the acoustic temperature sensor to

crystallinity sensing exists in systems utilizing transparent substrates.
3.1.1: Rapid thermal crystallization

Rapid thermal crystallization is a type of solid-phase crystallization. In this
process, the light from alamp is used to heat and crystallize an amorphous silicon film on
atransparent substrate [[3]. The processis promising, since it is possible to produce high-
performance TFTs without sacrificing process throughput. There has been progress in
recent years in the development of a glass-compatible RTA-based TFT technology [@.
The ability to measure temperature accurately is critical to ensuring glass compatibility
and enabling process control and modeling. Additionaly, the ability to monitor
crystalinity in-situ may help reduce thermal budgets and, coupled with the high ramp-
rates used in RTA, may be used for sophisticated multi-step crystallization anneals.
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3.1.2: Measurement principles

Acoustic Temperature M easur ement:

The elastic constants of many common semiconductor processing materials have
linear temperature sensitivity on the order of 10%/°C, which is large enough to make
accurate measurements [[5]. The acoustic temperature sensor uses A mode Lamb waves

in the 200 KHz-1.5MHz range to monitor the changes in elastic constants with
temperature. To couple the Lamb waves to the substrate, the quartz support pins of an
RTA system were modified by bonding a PZT-5H transducer at one end and shaping the
other end in the form of atip in order to have areliable contact with the substrate.
shows the cross-section of the entire sensing system.

¢ ?
Extensional ¢
¢ Waves
Quartz
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*v\ PZT -

Transducer A Transmitter Receiver

Figure 3.1: Cross section of acoustic sensor system

The acoustic waves are generated by the PZT-5H transducer by applying an
electrical pulse at its terminals. The waves are then guided in the quartz rod. Part of the
acoustic energy is coupled to the Ag mode in the substrate at the rod-substrate contact
and the rest is reflected to form an echo signal at the transducer terminals. The Lamb
waves propagating in the substrate are detected at another contact point and converted to
an electrical signal at the receiver. The time of flight (TOF) for the Lamb wave
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propagation is determined by measuring the time difference between particular zero
crossings in the echo and the received signals. This enables isolation of velocity changes
in the quartz pins, determined from the echo signal, from velocity changes in the
substrate. The Lamb wave velocity, and therefore the TOF, is determined by the elastic
constants. By monitoring TOF, the temperature of the substrate can be monitored. Using
atheoretical model to link TOF to the elastic constants and temperature coefficients, the
average temperature along the measurement path can be estimated in-situ with +1°C
accuracy.

Since the temperature measurement depends only on the variation in elastic
properties, the measurement is independent of optical parameters including emissivity.
Also, the acoustic energy is fully confined in the sample plate eliminating interference
from external sources. At a frequency of 250 kHz, themode has a wavelength of
approximately 5 mm in a 0.5 mm thick fused silica substrate plate. This results in a
uniform acoustic power flow along the thickness of the substrate. Since the deposited
films are very thin (100 - 150nm) compared to the substrate, the measured temperature is

dominated by the bulk substrate temperature and the effect of surface films is negligible.
Crystallinity Tracking:

The isolation of optical variations from temperature measurement provides a
unique means of tracking crystallinity-situ. The optical absorption coefficient of thin
amorphous Si films is higher than the absorption of an equivalent polycrystalline film.
Hence, thin amorphous Si films are significantly more opaque than polycrystalline films
of the same thickness. As a result of this, the absorption of light from the heating lamp by
the film drops substantially during the amorphous-polycrystalline phase transition.
Quartz/glass substrates are essentially transparent to the optical frequencies used for
RTA. Therefore, heating of the quartz/glass occurs primarily through conduction from
the surface film| Figure 3.2 shows the thermodynamic cross section of the system and
the heating characteristics for bare and Si-film-coated fused silica substrates. Clearly, the
heating of the substrates occurs primarily through conduction from the Si film, making
the temperature of the substrate a strong function of film absorption. Therefore, the drop

in heat absorption by the surface film results in a decrease in temperature. This can be
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detected accurately using the acoustic sensors. The rapidly changing surface optical
characteristics make the use of emissivity for this simultaneous detection impractical. On
the other hand, the acoustic technique described here is suitable for monitoring

crystallinity and temperature for alarge variety of films.
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Figure 3.2: Thermodynamic properties of the system, showing film-dependent absorption

3.2: Experimental methodology

To develop the crystallinity sensor, experiments were performed to study its
sensing capabilities. Severa crystalization anneals were performed, and the extent of
crystallization was studied.

The samples used for this experiment were prepared on fused silica substrates.
100nm low temperature oxide (LTO) was deposited by LPCVD on the substrates. This
provided a clean and smooth surface for Si film deposition, and mimics the conventional
process used for both quartz and glass substrate AMLCDs. 150nm amorphous Si was
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deposited on the films by LPCVD at 550°C/200mtorr using SiHs. The samples were
annealed in the Stanford Rapid Thermal Multiprocessor [[g]. shows a
schematic cross-section of the same. This cold-walled RTP reactor uses 3 independently
controlled [[7] rings of tungsten halogen bulbs. Using this system, it is possible to obtain
a uniform heat flux to silicon substrates, making use of the sensing system for

independent control of the rings.
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Figure 3.3: Cross section of Stanford Rapid Thermal Multiprocessor

For 100-mm silicon and fused silica wafers, the lamp flux within the center 50-
mm of the wafer maps to around 950°C and 650°C respectively at maximum power. The
lamp powers were chosen to ensure that crystallization occurred on the time scale of 15
minutes, acceptable for crystallization monitoring. After an 8-second preheat (to prevent
the high initial current in the cold filament from burning out the lamp) and a 30-second
ramp up, the powers were held constant in all three zones to simplify the detection of the
phase change. The powers were chosen to enable sufficient temporal resolution of the
phase change process. A tradeoff exists between faster nucleation and the ability to avoid
over-annealing. shows relative TOF curves for low and high power anneals,
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illustrating the extension in temporal resolution with decreasing power. The TOF data

from the acoustic sensors was monitored in real-time at 10 Hz.
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Figure 3.4: Time of flight curves for low and high lamp powers relative to time of flight

at room temperature

The acoustic sensor isisolated from the RTA chamber by a water-cooled stainless
steel base plate. The ends of the quartz rods with the bonded piezoelectric transducer are
isolated by o-rings to prevent contamination in the chamber. The cooling is necessary to
protect the transducer from the high temperatures that cause degradation of the transducer
material. The 3-mm diameter acoustic sensor operates around 250 kHz with 40%
fractional bandwidth. Three sensing pins are placed asymmetrically around the edge of
the wafer to enable multi-path measurements for tomography [B]. The distance between
the sensor locations used in this experiment was 9.2 cm, resulting in an approximately

40 psec travel time for the Amode Lamb waves. Unlike other solid materials, the

velocity of Lamb waves increase with increasing temperature in fused
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illustrates this clearly. The relation between the TOF and the temperature is linear in the
range from room temperature to more than 700°C.

In order to infer temperature from the TOF data accurately in rea time, scaling
factors arerequired. For this purpose, the temperature coefficients for the substrates used
in the experiments were obtained experimentally. An acoustic sensor operating around
500 kHz was placed in an oven, where isothermal conditions can be obtained, and the
temperature of a fused silica substrate was varied in the 20-75°C range while recording
the TOF. Then, using a theoretical model, the coefficients were inverted from this TOF
data. Calculated coefficients have an estimated 4 % error due to temperature-dependent
behavior of the transducers and uncertainties in the oven temperature and distance
measurements. Using the parameters of the acoustic sensor in the RTA chamber and the
measured elastic temperature coefficients, the TOF to temperature conversion factor was
calculated to be -3.11 nsec/°C.

The correlation between TOF and crystallinity was studied using TEM. The films
were etched off the underlying substrate using HF and floated onto a Cu grid. These
films were anayzed at different magnifications to determine relative crystalinity.
Diffraction patterns were also obtained for comparison by using the TEM in selective
areadiffraction (SAD) mode.

3.3: Results and discussion

shows the temperature vs. time plot for the recipe used. The pesak

temperature of the fused silica wafers was measured to be 588°C with a standard
deviation of 12°C, determined over several runs, providing a repeatability of
approximately 2%. This variation was due to variations in actual ambient and chamber
temperatures, as well as sensor resolution limits and noise. Note that this temperature
was averaged over the entire acoustic path length. Since the RTP lamp was designed for
silicon substrates and not transparent substrates, uniformity is sub-optimal and local
temperatures vary substantially, as determined by tomography and visual inspection.
Clearly, the temperature drops during the amorphous-polycrystalline transition. This
temperature drop was found to be completely repeatable by annealing several films. In

all cases, the amorphous-polycrystalline transition was associated with a characteristic
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temperature drop. Films that were initially polycrystalline, on the other hand, do not
exhibit this drop in temperature and do not heat up as much initially, verifying the higher
absorbance of the amorphous films. Samples were withdrawn at points A, B, C and D
during the anneal cycle and studied using TEM. For al samples, plan-view TEMs of the
Si films were captures, along with selective area diffraction (SAD) patterns.
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Figure 3.5: Temperature vs. time curves for annealing of initially amorphous and
polycrystalline films

TEM micrographs and diffraction patterns for samples annealed to the points
indicated are shown [below| (Figure 3.6{Figure 3.9). The sample annealed to point ‘A’
along the temperature-time curve is still completely amorplous (Figjire 3.6). This is in
agreement with the theory developed in chapter 2 and elsevfihere [9] that suggests that

crystallization begins only after a specific incubation time. This is verified by the fact
that the selective area diffraction (SAD) image for the same sample is entirely diffuse,

indicative of an absence of any significant crystalline structure within the film.
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Figure 3.6: TEM and SAD for sample annealed to “A”: amorphous

The high sensitivity of the technique is apparent upon examination of the samples
annealed to point ‘B{ (Figure 3.7). Small nuclei are present within the sample. Most of
the film is amorphous. Yet, the temperature curve shows a drop immediately afterwards.

i
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Figure 3.7: TEM and SAD for sample annealed to “B”: crystallite formation

Further into the anneal, at point ‘dQ’_(Figure |3.8), samples have large grains
surrounded by patches of amorphous material, indicative of incomplete crystallization.
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Figure 3.8: TEM and SAD for sample annealed to “C”: partial crystallization

Upon re-stabilization of the temperature at point ‘D’, the samples are fully
crystallized and have no large amorphous regions visible. Additional annealing does not
increase grain size any further. The diffraction rings are well deflned (Figdre 3.9), an

indication of complete crystallization.

T B

Figure 3.9: TEM and SAD for sample annealed to “D”: complete crystallization
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To further analyze the progress of crystallization, the intensification of thelinesin
the diffraction rings was studied using a normalized quantization image enhancement
technique. [Figure 3.10, which shows the effect of this image processing algorithm on the
SAD rings inset in the TEMs shown previoudy, clearly illustrates the crystallization
progress using this quantization technique. The tightening of linesis clearly visible. The
correspondence to temperature data is excellent, suggesting that the tracking is reliable.
Repeatability of the experiments was also verified using multiple anneals. Deviations
were found to be minimal.

®@ ©® ©® ®

Figure 3.10: Progressive tightening of diffraction rings

From the results summarized above, the acoustic sensor has been shown to be an
excellent means of monitoring temperature and crystallinity in-situ. The system has a
high sensitivity to phase changes and tracks temperature independent of surface film
conditions. The temperature sensors have been extended to provide full-wafer
tomography of temperature and crystallinity using multiple sensors over different paths
across the wafer. This could also be used for closed-loop control to reduce non-
uniformities over large area display substrates. Additionally, the sensitivity of the sensor
to crystallinity may be exploited in a close-loop controlled system for multi-step anneals.
Such a capability could be useful to reduce incubation time and increase process
throughput during crystallization. Thiswill be studied extensively in the next chapter.

3.4: Conclusions

In this chapter, a novel technique for simultaneously monitoring temperature and
crystallinity during the rapid thermal crystallization of thin silicon films on quartz/glass
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substrates has been presented. Previousy developed acoustic sensors are used to
measure the variation of sound velocity with temperature, enabling the extraction of the
variation in elastic coefficients with temperature. From measured constants, it is possible
to extract the temperature of the substrates used. This technique for measuring
temperature is independent of surface emissivity and hence enables the tracking of film
crystallinity based on variations in optical absorbance, a new application of the sensor.
The technique has been demonstrated to be highly repeatable and sensitive. Phase
changes can be tracked from the onset of nucleation to full crystallization. This should
result in optimized techniques for the production of high performance, high throughput

glass compatible TFTsfor AMLCD applications.
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Chapter 4

Improvement of process throughput in solid-

phase crystallized TFTs using two-step annealing

In chapter 3, a novel sensor for the detection of crystallinity and temperature
during rapid thermal crystallization of amorphous silicon on transparent substrates was
introduced. This sensor was shown to be sensitive to nucleation-type events, making it a
promising feedback control sensor for multi-step annealing. Since the onset of
crystallization can be detected, the potential exists for the use of independent anneal steps
to optimize initial nucleation and subsequent grain growth. In this chapter, thin film
transistors fabricated using such a control system are demonstrated as a proof of concept
[Ii]. A process is developed using multi-step annealing to substantially reduce process
time while improving device performance. The process exploits the independent control
of nucleation and grain growth achieved using the acoustic sensor.

In this chapter, a conceptual basis for multi-step annealing is introduced, along
with the experimental methodology for the fabrication of multi-step-annealed thin film
transistors. Electrical performance of the resulting devicesis reviewed, placing emphasis
on the improvement in performance accompanying the substantial improvement in
process throughput. These results provide a demonstration of the concept of multi-step

annealing using in-situ control.
4.1: Conceptual basis for multi-step annealing

Aswas shown in chapter 2, both nucleation and grain growth are energy-activated
processes with characteristic activation energies. For the SPC Si system, the nucleation
activation energy is larger than the grain-growth activation energy. Therefore, SPC is

typically done a a low temperature to maximize grain size [2]. Unfortunately, this
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results in a reduction in throughput through an increase in incubation time and a decrease
in the grain growth rate.

Rapid thermal crystallization, while offering high throughput, results in smaller
grain sizes due to the elevated temperatures used. Therefore, a method for reducing the
incubation time without sacrificing grain-growth thermodynamic conditions is highly
desirable. Multi-step annealing is well suited to this requirement [B]. A short high-
temperature step is used to nucleate the film, followed by a low-temperature step to
maximize grain size. Obvioudly, the ability to detect nucleation as the signal to initiate
the temperature quench is critical. The suitability of the acoustic sensor for use in this

role has been amply demonstrated in the previous chapter.
4.2: Experimental methodology

1000A a-Si was deposited on fused silica wafers by LPCVD at 550°C/500mtorr
from SiH,. The wafers were annealed in the Stanford Rapid Thermal Multiprocgfsor [4].
The acoustic sensor was used for temperature / crystallinity trad{ing [5]. The samples
were heated to a substrate temperature ofG@8ing tungsten halogen lamps. Note that
this temperature represents the average temperature measured along the acoustic path.
Additionally, the film temperature is expected to be somewhat different due to the
presence of vertical temperature gradients caused by the poor conductivity of fused silica.
Upon nucleation, the lamps were turned off and the wafers were placed into a furnace at
500°C for complete crystallization. Control samples were also processed. These were
either completely crystallized in the RTA or in the furnace. During the furnace anneals,
the extent of crystallization was checked every 24 hours. All crystallization was
performed in an argon ambiefit. Figurd 4.1 illustrates the thermal processes. From this
figure, the decrease in temperature resulting from the onset of crystallization during RTA
is clearly visible. This decrease is used as the control signal for initiating the temperature
gquench. The accuracy and the repeatability of this technique were established in the

previous chapter.
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Figure 4.1: Thermal cycles used during various crystallization anneals

Upon crystallization, the films were patterned and TFTs were fabricated using a
<600°C planar top-gate self-aligned process, detailed in appendix 2. LPC\Qv&O
used as a gate dielectric, along with a SiGe gate electrode. This material was chosen for
its ease of dopant activation and high deposition rate. lon implantation and furnace-based
dopant activation were used for source / drain / gate doping. Finally, the devices were
passivated in a hydrogen plasma. Electrical measurements were made. Plan-view TEMs

and selective area diffraction (SAD) measurements were also made at various stages
throughout the crystallization process.

4.3: Results and discussion

shows a plan-view TEM of the film at the point of the temperature

guench initiated by the acoustic sensor. Clearly, the film is at the onset of crystallization.

A few small crystallites (black [n Figure }.2) are present in a sea of amorphous material.
These act as growth-initiation centers during the low-temperature anneal.
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Figure 4.2: Plan-view TEM showing film at start of quench in two-step process

Quenching to a low temperature retards further nucleation, and hence, post-SPC
grain size is larger than that for a single-step SPC film, which undergoes uniform
homogeneous nucleation. Average grain size measurements from plan-view TEM
indicate an increase in grain size of approximately 15%. Thisis accompanied by a seven-
fold reduction in crystallization time. For comparison, films crystallized using RTA
alone were also analyzed. The grain size is less than that for both one-step and two-step
furnace annealed films. The grain size was estimated by measuring the average area of
100 grains and determining the diameter of acircular grain of equal area.

Electrical characteristics for typical PMOS and NMOS
TFTs are shown[below]. Devices fabricated using two-step crystallization are superior to
one-step furnace crystallized TFTs. The improvement resulting from the two-step
process is visible in both the sub-threshold and on-state characteristics, suggesting a
general improvement in film quality and supporting the results seem in TEM. This
improvement in electrical performance is seen in severa (>30) devices measured across
the wafer, indicative of good uniformity. Both the one-step and two-step annealed
devices exhibit better performance than TFTs fabricated using RTA crystallization, as is
expected from thermodynamic considerations. This is aso in agreement with grain-size

measurements made using TEM.
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Figure 4.3: Electrical transfer characteristics for PMOSTFTs
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Figure 4.4: Electrical transfer characteristics of NMOSTFTs

able 4-1] provides a summary of the parameters for the various devices. In all

cases, performance is best for devices fabricated using the two-step crystallization

Increases in field-effect mobility and sub-threshold slope accompany the

substantial improvement in process throughput. Threshold voltage isimproved in PMOS
devices and is essentially unchanged in NMOS devices. This is probably a result of an
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asymmetric distribution of grain-boundary states within the band-gap. Leakage current is
not changed substantially.

Table 4-1: Summary of device characteristics

Process | Crystallization | Grain Device Performance (W/L =20um/20um)
Time Size
PMOS NMOS
Hee sts Vr Imin Mre sts Vr Imin
(cmViS) | (Videc) | (V) | (pA/UM) | (emAViS) [ (V/deo) [ (V) | (pA/um)
RTA 15min 3500A 18 1.8 -12.4 1.1 27 0.92 5 0.47
1-step <168hr 4200A 21 2.3 -9.9 6.1 34 0.69 56 0.24
SPC
2-step <24hr 5000A 28 14 -8.9 15 41 0.54 5f 0.27
SPC
Hre is defined at |W¥s|=0.1V, |Vsg|<30V
Vris defined at |Ws|=10V, |b|=100nA
Grain size is estimated from TEM by averaging the areas of 100 grains and calculating the diameter of a circle of efjual area.

From the results shown above, the advantages of multi-step annealing are
obvious. A substantial improvement in process throughput along with an improvement in
device performance is achievable using this technology. The enhancement in
performance is a demonstration of concept of the multi-step annealing technology. The
incubation time is drastically reduced due to the initia high temperature step.
Subsequent nucleation is retarded by the temperature quench. This forms the conceptual
basis for controlled multi-step annealing.

An ultimate limit on this technology is imposed by the fact that the entire film is
heated during the initial nucleation step. Therefore, nucleation occurs randomly
throughout the film, and grain size enhancement is achieved because of probabilistic
considerations during the temperature quench. This places an ultimate limit on the
maximum possible grain-size enhancement. The next logica step, therefore, is to
develop a technology that allows selective nucleation of the film. This forms the basis of
the next chapter.
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4.4: Conclusions

In this chapter, a controlled multi-step crystallization process has been used to
fabricate high-performance TFTs. A substantial improvement in process throughput and
device performance has been achieved using this technology. This provides a
demonstration of the concept of multi-step annealing.  The two-step process allows
independent optimization of anneal steps for both nucleation and grain-growth processes.
Further optimization should enable greater improvements. Fast, high-temperature
nucleation should reduce substrate heating during RTA by increasing the temperature
gradient across the glass. This should alow the use of cheaper low-temperature glasses

to obtain a high-throughput, uniform polysilicon TFT process.
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Chapter 5

Laterally crystallized polysilicon TFTs for AMLCD
applications using patterned light absorption

masks

The two-step crystallization process used in chapter 4 results in a random
distribution of nuclei throughout the channel film as a result of the initial RTA step. In
this respect, the process is no different from a conventional low-temperature SPC
process. The nuclei formed during the high-temperature step subsequently enlarge to
enhance grain size. An ultimate limit on grain size enhancement is imposed by the fact
that the entire film has been exposed to the high-temperature step and will therefore
nucleate after the passage of some time during the low-temperature step. Hence, the
process is dtatistically limited in the maximum possible achievable grain-size
enhancement. A technique is therefore desirable to nucleate the channel films without
exposing the non-nucleated film to the same thermal cycle. This is the subject of this
chapter.

Asin the last chapter, the acoustic sensor is used to detect crystallization in-situ.
However, in this chapter, a novel technique is used to increase heating selectively in
specific regions of the wafer. These regions nucleate first and form the starting points for
large laterally-crystallized grains grown during subsequent low-temperature annealing.
The technique used to achieve this is called patterned absorption masking [flj. Using this
technique, devices having extremely high-performance have been fabricated. In this
chapter, the conceptual basis for patterned absorption masking is introduced followed by
the process flow for the fabrication of high-performance TFTs using patterned absorption
masking. Experimental results obtained from such TFTs are reviewed, demonstrating the

performance enhancement achieved using this technique. Extensions to the technology
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are discussed along with its applications to the fabrication of large area active matrix

displays.
5.1: Conceptual basis for patterned absorption masking

At tungsten-halogen wavelengths, silicon is a poor absorber of light. A large
fraction of the light is transmitted through the thin silicon film, resulting in inefficient

heating of the substrate. The absorption coefficient of silicon is shown [below| (Figure |

B.1), along with the radiant spectra for a typical tungsten-halogen and Xenon arc lamp
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Figure 5.1: Slicon absorption and radiant spectra for typical RTA lamps
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Besides the intrinsically inefficient heating due to poor heat transfer, substantial
heat is aso lost to the surroundings through convective and radiative losses. The ability
to locally increase the heating of the silicon through increased light absorption enables
the selective nucleation of the channel films. This local increase in light absorption is
facilitated using patterned thick layers of an absorbing material over the region to be
nucleated; heat is conducted to this region from the absorbing layer, resulting in a
temperature gradient in the channel film away from the heat absorbing seed point. Thisis

shown schematically pelow| (Figure 5.2). The temperature gradient, induced by the

patterned absorption masks, results in nucleation under the mask without exposing the
surrounding region to the same thermal cycle. This system can therefore be used for
controlled seeding and grain-size enhancement using lateral crystallization.
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by channel

Conduction
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Figure 5.2: Heat flow during RTA using patterned absor ption masks
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5.2: Experimental details

100nm amorphous silicon was deposited on fused silica substrates by LPCVD at
525°C/1000mtorr from SiHs. An etch stop layer of 20nm LPCVD SO, (LTO) was
deposited on top of the amorphous silicon, followed by 300nm of an amorphous silicon
masking layer. Amorphous silicon was used for simplicity; materials with higher
absorption coefficients, such as SiGe, could be used to enhance the masking effect.

The masking layer was patterned to form islands over the regions to be used as
the TFT drains. The wafers were then subjected to an RTA nucleation step in the
Stanford Rapid Thermal Multiprocessor [B]. The time required for the RTA step was
determined using the acoustic sensor. Wafers with no masking layer were found to
nucleate in 380 seconds. Wafers with a blanket masking layer were found to nucleate in
75 seconds. Interestingly, the substrate temperature was found to be essentially the same
in both cases, 750°C, indicative of a substantial vertical temperature gradient. Device
wafers with patterned masking layers were nucleated in 300 seconds. This verifies the
heat |oss to the surrounding unmasked films through a conductive process and establishes
the presence of a temperature gradient. Using a test pattern of broad (Imm) lines and
spaces, the selective nucleation was visually identifiable, with the unmasked regions
being more opaque than the masked regions upon mask removal.

After nucleation, the wafers were crystallized in a furnace at 500-550°C in argon.
The masking layers were then etched off. The etch stop SiO, was removed in HF, and
standard top-gate self-aligned planar TFTs were fabricated using a glass-compatible

(<600°C) process. The complete process flow is shown [pbelow| (Figure 5.3). For

comparison, control devices were fabricated using LT-SPC and RTA.

Electrica measurements were made on the devices to determine performance
characteristics. Plan-view TEMs were also made on test structures to verify the seeding
process (inset, [Figure 5.3). This figure shows the partially grown seeded region in an

amorphous matrix.
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Figure 5.3: Process flow for laterally crystallized TFTs (inset: TEM of seeded grain
growth)

5.3 Results and discussion

Device transfer characteristics for a 2um / 2um device are shown|below| (Figure |

B.3). From thisfigure, it is apparent that the performance of absorption-masked devices
is substantially better than that of conventional devices, both in terms of on-current and

sub-threshold performance.
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The electrical characteristics are summarized [below| (Table 5-1). Both NMOS
and PMOS field-effect mobility values show an improvement of greater than 50% for the
laterally crystallized devices. Sub-threshold slope aso shows an improvement of
approximately 25%. Leakage current stays essentially unchanged within the noise limits
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of the measurement system.
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Figure 5.4: Electrical characteristics of 2um/2um TFTs

Table 5-1: Device characteristics for 2um/2um TFTs

Parameter NMOS PMOS
Conventional Laterally Conventional Laterally
Crystallized Crystallized
Hee (cm?/V-s) 41 65 15 24
[ min (PA/pmM) 6 8 -8 -6
sts(V/dec.) 0.64 0.49 -1.0 -0.77
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Maximum performance enhancement was achieved for small devices. Device

transfer characteristics for a 20um / 20pum device are shown pelow] (Figure 5.5). From

thisfigure, it is apparent that, though there is some improvement in performance of these
larger devices, the improvement is less than that seen for smaller devices. In all cases,

however, there is clear improvement in both on-state and sub-threshold performance.

o (A)

(b) W/L=20pm/20pum

— Control
—Seeded

-10 0 10 20 30
Ve (V)

Figure 5.5: Electrical characteristics of 20m/204m NMOS TFTs.

A measure of the extent of lateral crystallization can be obtained by analyzing the

variation in performance improvement with device geometry; this is done pelow| Figure |
B.6] shows the variation in mobility vs. channel length. shows the variation in

mobility improvement vs. device geometry, relative to the control devices. This mobility

Improvement is calculated as a fraction of the field-effect mobility of the conventional
control device. From these figures, it is clear that smaller devices show greater
improvement than larger devices, and that the trend is monotonic in nature. Also, it is
evident that for devices larger than several microns, the amount of improvement is
constant, indicative of the enhanced grain structure shown in the process flow. Thisis
discussed below.
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Figure 5.6: Variation in NMOSfield effect mobility with channel length

improvement (%)

Figure 5.7: Variation in NMOS fiel d-effect mobility improvement with device size

In all cases, seeded devices have better performance than unseeded devices. The
increase in performance improvement with decreasing device size is explained by the fact

that the laterally crystallized region of the channel becomes an increasing fraction of the
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channel length and width as geometry is reduced. Therefore, this technique works best
for small devices. For larger devices, there is still some improvement achieved using the
absorption masks. This is explained by the fact that the laterally crystallized region
extends into the drain field of the TFT for devices of all sizes. This reduces scattering in
the same, improving performance in al cases. Additionally, TEM analysis indicates that
al grains are elongated dightly, including those wholly formed away from the absorption
masks. It is suspected that this phenomenon is a result of the temperature gradient
experienced by the film during RTA. This elongation of grains may also partially explain
the improvement in performance seen in larger devices.

The main advantage of this seeding technique in comparison to other techniques
Isits simplicity. Since no seeding material is in physical contact with the channel film,
this is a non-contact seeding technique, suffering from no potential contamination issues.
Additionally, since the seeding is performed using commonly available equipment and
materials and involves only one extra lithographic step, the cost of implementation of this
technique is expected to be low.

Patterned absorption masking is aso promising as a technique to tune the device
characteristics across a single substrate. Lateral crystallization as demonstrated in this
work can be used to fabricate high performance TFTs. Controlled seeding of large grains
enhances performance without causing substantial statistical variation in channel
structure. Unmasked structures can be used to fabricate standard TFTs. A fully masked
structure can be used to cause extensive nucleation throughout the TFT, resulting in a
small-grain TFT structure with low statistical variation in mobility, useful when small
TFTs are desired. To facilitate the use of lateral crystallization on larger TFTs, a matrix
of masking points can be used, resulting in a larger average grain size. These structures
are shown schematically |pbelow| (Figure 5.8).
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Figure 5.8: Plan-view of mask structuresto achieve (a) standard (b) laterally crystallized
(c) small grain (d) large-grain TFTs

To enable a proper understanding of the absorption masking process, it is useful
to perform an analysis of the heat flow within the system. This is conveniently done by
using an electrical equivaent circuit. A pattern of lines and spaces is ssimplified into a
simple line and space pattern by exploiting symmetry considerations, which dictate that
no heat will flow across the symmetry planes. This simplified system is then replaced by
an equivalent electrical circuit. shows this process schematically. In this
figure, various analogues are made, as detailed

Table 5-2: Thermal and electrical analogues

Thermal Parameter Electrical Equivalent
Temperature T Voltage \%
Heat flow H Current I
Thermal resistance AX Electrical Resistance R
k CA
. Resisivel
Conductiveloss Y = kDADdl esistive loss | :!
dx R
Heat stored Q=H [At Charge stored Q=1 At
Temperaturechange T =T, +c, [AQ Voltage change V=V 4 Q
=V, +=
C
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Figure 5.9: Extraction of electrical equivalent of heat flow

The important points to note are:

1. The generation of heat in the film and mask is essentially proportional to the film and
mask thickesses respectively, for systems with films and masks made of identical

materials.

2. Losses from the film and mask regions are essentially the same if lateral radiative and

convective losses are ignored.
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To prove that a temperature gradient is indeed induced in the film, consider the
case in which there are no losses. In this situation, after an initial transient, there will be
no temperature gradient, as the capacitors will charge up. For thin Si films, this transient
is quite small, typically on the order of milliseconds or seconds, and definitely not on the
order of hundreds of seconds as used in device fabrication. To account for this, the effect
of losses must be included.

Consider the other extreme, in which the losses exceed the heat input. This
situation would result in cooling rather than heating, and is therefore incorrect. Consider
then the case in which there is substantial heat loss, but it is less than the heat input to the
system. For example, consider the case where the heat loss is greater than the heat
generated within the film, but is less than the heat generated within the mask. In this
case, the system essentially is limited by the resistive divider formed by the conductance
resistances and the loss current sources. Hence, atemperature gradient can be sustained
for infinite time in this case. In real systems, losses are not this high, and in fact, losses
will typically be less than the heat generation within the film. In this case, the gradient
will slowly decrease, but may be substantial for tens or even hundreds of seconds,
depending on the ratio of heat loss to heat generation. Since the heat loss is essentialy
proportiona to the surface area, and the heat generation is essentially proportional to the
volume, the net gradient is a function of the surface to volume ratios of the mask and
film. Since the mask is much thicker than the film and therefore has a smaller area to
volume ratio, a temperature gradient can be sustained from the mask to the film for long
periods of time, depending on the precise loss and heating parameters. These may be
optimized to enhance the gradient. The heating profiles may also be optimized to exploit
the transient nature of the gradient. In genera, performing such an analysis provides a
clear guideline for optimization of the absorption masking technology in general.

The experiments detailed in this chapter can be quantitatively analyzed using a
technique similar to that discussed above. The resistive / capacitive network shown

pbove (Figure 5.9) can be simplified to a lumped model for convenience, to enable an

intuitive appreciation of the process. The parameters for the system were conveniently
determined using a test structure of lines and spaces implemented on the wafers in
question. enables the determination of the RC time constant representing the
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time before the unmasked regions in the lines and spaces array heat up, based on known
values of sdlicon conductivity (approximately 150W/mIK) and heat capacity
(approximately 700J/kglK). If we ignore the effect of heat losses, thistime is found to be
only 0.4 seconds, in agreement with results determined by other authors for transient
rapid thermal annealing using highly efficient arc lamps [J]. However, if we account for
losses due to the inefficient heating of thin Si films by tungsten-halogen lamps (Figure |
B.1), this time constant increases substantially. For example, by considering only
radiative losses to the chamber, the calculated RC time constant increases substantially,
to 140 seconds, as shown below.
R [C = Const

Lossless
Equation 5-1

H rogaion =0 @ CACAT#)

Equation 5-2

where:
O isthe emissivity of Si (approximately 0.6)
o is Boltzmann’s constant
A is the surface area

AT is the temperature difference relative to the ambient

An equivalent resistance may be conveniently substituted for the current source

used aboVe (Figure 5.9), by taking the derivative of the temperature (voltage) relative to

the loss (current). This may then be inserted into the equivalent circuit. By
approximating the heat as a Thevenin’s equivalent circuit, the relationship between the

time constants is established.

R+R

RCL0$y = RC\ osgess R = E
Loss

Equation 5-3
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Clearly, as the loss increases relative to the intrinsic heat flow, the lossy time
constant will increase relative to the ideal time constant (Equation 5-1), as is evident
from the calculated results. Experimentally, the lines and spaces array provides an
estimated time to wide-spread nucleation of approximately 400 seconds, which is
reasonably close to the predicted value, given the fact that the above analysis ignores
convective losses entirely.

This analysis can be extended further to predict the probability of nucleation by
using the activation energy discussed in chapter 2. By integrating the nucleation rates
over the entire thermal cycle (ignoring the ramp-time), after the passage of RC time the
probability of nucleation away from the mask is approximately 2% of that under the
mask. This, in fact, is the reason absorption masking-based seeding is possible, and thus,
the theoretical basis for this techniqueis established.

5.4: Conclusions

In this chapter, a novel lateral crystallization technique has been described which
utilizes a two-step crystallization process. Patterned light absorption masks are used
during an initial rapid thermal annealing step to initiate nucleation in the drain region of
TFT channel films through increased heating of the amorphous silicon under the masks.
Upon detection of nucleation, the films are annealed at low temperature, resulting in
lateral crystallization into the channel region of the transistors. This results in a
substantial improvement in device performance.

The effect of device geometry on the amount of improvement has been analyzed,
and novel mask structures have been proposed to enable fabrication of widely differing
TFTs on a single substrate. The non-contact nature of this seeding technique, coupled
with its simplicity, makes it a promising technique for the fabrication of high
performance TFTsfor AMLCD applications. The technique also demonstrates the use of
sophisticated anneal techniques to independently control the nucleation of a crystallizing

silicon film relative to the grain-growth.



Chapter 6

Optimization of amorphous precursor

characteristics of silicon-germanium alloys

At this point, it is appropriate to digress somewhat and discuss the effect of the
quality of the amorphous film on the electrical characteristics of the finished TFT. In
previous chapters, various techniques to enhance grain size have been discussed.
Intuitively, and from the theory described in chapter 2, the quality of the amorphous film
Is expected to affect the quality of the crystallized film. Asidentified in that chapter, the
quality of an amorphous silicon film is a strong function of the deposition conditions.
The effect of deposition conditions on the quality of amorphous silicon has been studied
extensively [[i]. Therefore, in this chapter, a similar study will be performed on the
deposition of silicon-germanium for three reasons. Firstly, silicon-germanium (Si;«Ge,
hereafter referred to as SiGe) is a promising candidate for use as a TFT channel film [EI.
Secondly, in chapter 7, silicon-germanium will be used to demonstrate a new type of
lateral crystallization, germanium-seeded lateral crystalization. Thirdly, as a deposition
system, SiGe is affected by several interesting phenomena, making it a useful test vehicle
for the deposition / crystallization theories developed in chapter 2.

SiGe TFTs fabricated using low-temperature solid-phase crystallization (LT-SPC)
have aready been demonstrated [B]. For LT-SPC applications, SiGe is particularly
advantageous, as it requires substantially shorter annealing cycles than required for the
crystallization of Si. SiGe TFTs fabricated using scanned rapid thermal annealing (RTA)
have also been demonstrated [El. SiGe is advantageous for scanned RTA processes, as it
requires lower crystallization temperatures, reducing glass warpage. To date, using
conventional SPC processing with no pre-amorphization implant, SiGe TFT performance
has generally been worse than poly-Si TFT performance [3]. SiGe TFT performance has

been improved substantialy through the use of athin Si interlayer to improve the gate
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oxide interface [[§]. However, little has been done to improve the intrinsic quality of the
SiGe channdl film itself; the binary nature of the SiGe system complicates optimization
and modeling substantially.

In this chapter, the results of response surface characterization studies performed
on the low-pressure chemical vapor deposition (LPCVD) of SiGe for the fabrication of
TFTs are described. First, background information on the deposition of silicon-
germanium and on the use of statistical design of experiments is provided. Experiments
performed using such a design are described, and the results of these experiments are
used to develop a qualitative atomistic model of the deposition, explaining the noted
variation in electrical results with changes in the deposition conditions. Optimization
strategies for the fabrication of high-performance SiGe TFTs are developed and the
limitations of such strategies are discussed and quantitatively analyzed.

6.1: Background information

6.1.1: Silicon-germanium deposition

Silicon-germanium is easily deposited by LPCVD from silane (SiH;) and
germane (GeHy). To obtain amorphous films, deposition temperatures are usually lower
than those required for the LPCVD of amorphous silicon [3]. This has been explained as
a catalysis effect of germane [§]. Germanium species on the growing surface result in
increased hydrogen desorption at any given temperature. Since this desorption is the rate
limiting process in the deposition of silicon, this results in the observed increase in
deposition rate.

The transition temperature for deposition in the amorphous phase to deposition in
the polycrystalline phase is also lowered for SiGe. Therefore, SiGe depositions for the
formation of TFT channel films are typically done at lower temperatures than those used
for Si films. This ensures the formation of high-quality amorphous silicon-germanium
films. Upon crystallization, these films form large grain poly-SiGe, suitable for the
fabrication of polycrystaline TFTs.

Severa factors affect the quality of the deposited amorphous SiGe. The

deposition rate is a function of the temperature, pressure, and germanium fraction in the
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film. The germanium fraction in the film isitself a function of temperature and germane
partial pressure relative to silane partial pressure. Therefore, the deposition of SiGe is a
complex function of temperature, pressure and germane and silane partial pressures, and
has been studied extensively [[f]. The quality of the amorphous film is a function of the
deposition parameters, as per the theory developed in chapter 2. Additionaly, for the
deposition of SiGe on SIO,, it is necessary to deposit a thin seed layer of silicon on the
oxide surface. This ensures the formation of a smooth channel film. Germanium
deposition on oxide is not energetically favorable; therefore, failure to use a seed layer
results in the deposition of rough films due to the initia clustering of germanium species
on the growing surface. The use of a silicon seed layer solves this problem, but increases
the complexity of the analysis.

Given the numerous factors affecting the deposition and quality of amorphous
silicon-germanium films, a systematic analysis of the same using standard factorial
experimental design schemes is tedious and impractical; the problem is suitable for
preliminary analysis using a multifactorial design of experiments

6.1.2: Design of experiments

To enable the analysis of the deposition of SiGe, several process parameters of
importance were identified using a Plackett-Burman screening experiment [. In this
design, two discrete experimental conditions are chosen for a variety of experimental
variables. The conditions are placed at the extrema of the expected experimental space,
and certain sets of conditions are eliminated based on the assumption that they will
exhibit themselves in combinations of other sets of conditions. This therefore provides a
convenient means of identification of parameters of potential importance from a reduced
set of experiments. The quantitative accuracy of this technique is low, but it provides the
ability to detect important trends, since it is highly unlikely that the variables will
completely reflect back on themselves at the two chosen conditions. Based on the results
of this experiment, detailed in [[§, various parameters in need of further study were
identified. These are the deposition pressure, temperature, and seed layer thickness. For
reduced design complexity and size, germanium fraction was eliminated as a variable.
All TFTs were fabricated with a 17% Ge fraction. This fraction was chosen based on its
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high hall mobility [10], compatibility with conventional cleaning solutions, and ease of
deposition. An experimental design space was selected for the three variables. The
temperature range was chosen based on the requirements of amorphous film deposition
(defined the upper limit) and reasonable deposition rates (defined the lower limit). The
pressure range was selected based on the technological restrictions imposed by the
deposition system. The seed layer thickness range was chosen based on the thickness
ensuring full surface coverage (defined the lower limit). The upper limit of seed layer
thickness was chosen to be small, based on the results of the screening experiment.

Upon definition of the experimental design space, a design was developed using
standard design techniques. Provided certain assumptions are made about the nature of
variations (e.g., second order, logarithmic, or exponential dependencies), several
experimental conditions can be eiminated from standard multifactoria designs by
carefully choosing the positions of the experimental conditions. For example, by
assuming first and second order trends and interactions, a design space can be completely
deconvolved from a design that has experimental conditions set at the vertices of a cube
(for a three variables design), with additional conditions at a specific ratio along the
individual axes. The precise number of points used determines the accuracy of the
model. The design chosen here enables detection of first and second order trends. More
sophisticated models could also be applied to the design results to enable detection of

various non-linear effects. The design space is shown schematically joelow| (Figure 6.1).
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Figure 6.1: Definition of experimental design space
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6.2: Experimental details

All devices were fabricated on fused silica wafers. 100nm LPCVD (LTO) SiO;

was deposited on the substrates, for use as a barrier / smoothing layer. On this,

amorphous channel films were deposited based on the conditions described [above (Figure |
B.1). The equipment used for deposition was a hot-wall tubular LPCVD system. The Si

seed layer deposition was followed by the SiGe deposition without breaking vacuum.
Subsequently, the films were crystallized in a furnace at 550°C in an argon ambient.
After crystallization, the active regions were patterned. 100nm LPCVD (SIO,) was
deposited as the gate dielectric and annealed in Ar at 550°C for 6 hours. This was
followed by 250nm SigsGep4, Which was used as the gate electrode. This film was
chosen based on its high deposition rate at low temperatures (500°C) and its ease of
dopant activation (<2 hours at 550°C). Gates were defined, and doping was performed
using ion-implantation. Dopants were activated at 550°C. All dopants were activated
within 4 hours. After dopant activation, devices were passivated with LTO, contacts
were formed, and metallization was performed using Al. The maximum process
temperature was therefore 550°C, ensuring compatibility with low-cost glass substrates.
The wafers were plasma hydrogenated in a paralel plate system for 8 hours, and
electrical measurements were made. A cross-section of the device structure is shown

below|(Figure 6.2). Plan-view TEM analysis was also performed on selected samples to

determine the average grain size.
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Figure 6.2: Cross-section of SGe TFT
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To test the accuracy of the model results, further devices were also fabricated as
test devices. Deposition condition points were chosen away from the model vertices,
near the edges of the experimental space, and near the center point. Results were
compared to model predictions to determine model accuracy.

To accompany the device fabrication experiments, several experiments were also
performed to analyze the properties of the deposition process. Films of both amorphous
silicon and silicon-germanium were deposited on oxidized silicon substrates at various
temperatures and pressures, and the deposition rates under these conditions was
monitored. The deposition equipment was also monitored for the onset of gas-phase
nucleation (discussed later). This was done by examining the substrates and the
deposition equipment itself for the presence of particul ates of deposited Si and SiGe.

6.3: Results and discussion

Various electrical parameters were extracted from the measured current-voltage
curves, including field-effect mobility, leakage current, sub-threshold slope, and
threshold voltage. Response surfaces were generated for the various parameters using
first and second order effects and interactions. Over the ranges of temperature, pressure
and seed thickness used, it was expected that such models would provide good predictive
ability. In general, it was found that all parameters demonstrated similar trends versus
temperature and pressure, i.e., conditions that resulted in high mobility also resulted in
steep sub-threshold slope. It was also found that seed thickness generally has little effect
on device performance over the ranges studied. Temperature and pressure, on the other
hand, greatly affect device performance. The effect of temperature and pressure on

device performance is shown|below (Figure 6.3 and|Figure 6.4). These figures show the
variation in NMOS and PMOS field-effect mobility with changes in deposition

temperature and pressure. The plots are the theoretical response surfaces generated from
the experimental data gathered at the specified deposition conditions. aso

shows the location of some of the data points used in analsis.
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Figure 6.3 Response surface of NMOS mobility

To test the accuracy of the model, predicted values of field-effect mobility can be

compared to experimentally determined values of the same.

Table 6-1: Comparison of theoretical and experimental mobility values.

Deposition Conditions NMOS Field-effect mobility
(cm?/V-s)
Temperature Pressure Seed Thickness Theory Experiment
(°C) (mtorr) A
485 625 50 18 19
485 1000 50 27 26
485 250 50 16 13
510 625 50 4.8 58
460 625 50 22 18
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Figure 6.4: Response surface of PMOS mobility

From the response surfaces, it is apparent that performance improves with
increasing pressure and decreasing temperature. At the lowest ranges of temperature and
pressure, there is a saturation in improvement; indeed, some degradation is evident under
some conditions. At intermediate temperatures and high pressures, performance is
maximum, and importantly, performance improvement is not saturated, suggesting that
further improvement can be achieved by increasing the ranges of pressure studied.
Confirmation experiments verify these trends, suggesting that the predictive capabilities
of the response surfaces are good. Within the ranges of temperature, pressure, and seed
thickness used, SiGe TFTs having higher performance than previously achieved using
any similar technology have been demonstrated. The transfer characteristics for sample
NMOS and PMOS TFTs are shown pelow] (Figure 6.5 and [Figure 6.6). Electrical
parameters are summarized as well ([Table 6-2).
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Table 6-2: Summary of device characteristics

Parameter Range of results
NMOS PMOS
Worst | Best | Worst | Best
Field-effect mobility, pee (cm?/V-9) 5 38 6 44
Threshold Voltage, V1 (V) 12 55 -15 -85
Sub-threshold slope, sts (V/decade) 24 15 2.3 11
leakage current, I (PA/HUM) 12 7 3 0.8

Field-effect mobility is defined as the maximum mobility achieved for Vps=|0.1V|, Vcs<40V
Threshold Voltage is defined at 1p=100nAWI/L), Vps=|10V|
Sub-threshold slope and leakage current are defined at V ps=10V

For any given deposition condition, the uniformity of device electrica
performance was found to be good. In general, since the test devices used for electrical
parameter extraction were large (W/L=20um/20um), variations in electrical behavior due
to statistical variations in grain distributions were averaged out. Standard deviation was
typically less than 10% for a sample size of approximately 20 devices. Based on
confirmation experiments, the accuracy of the response surfaces has been found to be
excellent over the ranges of temperature and pressure studied. Some deviation in actual
and predicted values is evident near the boundaries of the experimental space. Predictive
accuracy is better than 10% near the center of the experimental space, and is better than
20% near the edges. In al cases, the trend prediction has been found to be accurate, with
only a slight quantitative discrepancy. Indeed, the trend prediction has been found to be
satisfactory beyond the experimental space as well. In particular, the effects of pressure
are predicted with less than 20% deviation to ranges nearing 2 Torr. The model's
predictive ability for the effects of temperature is less accurate, with deviations exceeding
25% at temperatures Z5 beyond the experimental ranges studied here.

The trends determined experimentally are easily explained using conventional Si-
based atomistic models of LPCVI J11], as developed in chapter 2. With decreasing

temperature, the surface diffusivity of physisorbed Si species is reduced. This reduces
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the amount of surface organization that occurs before chemical bonding, thereby reducing
the number of locally organized entities formed within the amorphous film. During
crystallization, this corresponds to a reduction in nucleation sites present within the film,
resulting in TFTs having larger average grain size, and hence, better performance.
Increased deposition pressure results in an increased flux to the surface, and hence
reduces the physisorbed lifetime on the surface prior to chemical bonding. Therefore,
this also decreases the concentration of locally organized entities. The process is shown

schematically oelow| (Figure 6.7). At the lowest temperatures and highest pressures, the

concentration of locally organized entities within the amorphous film is low enough that
homogeneous nucleation within the amorphous matrix starts to dominate, resulting in the
saturation and rebound observed in the electrical characteristics of the TFTs. This is
easily explained using the model of pre-existing nucleus formation described in chapter 2
in section 2.2.2. At low temperatures and high pressures, the concentration of nuclel
within the amorphous film is extremely low and nucleation occurs primarily through
homogeneous means. As the pressure is reduced, some nuclei are introduced into the
amorphous matrix. These grow during the incubation time to increase the average grain
size within the film, and hence, at low temperatures, going from an intermediate to a high

pressure actually degrades the device performance.
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Figure 6.7: Schematic view of atomistic deposition model
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This model is supported by a qualitative analysis of grain size obtained via TEM.
In all cases, grains are typicaly éliptical in nature. Grain size was estimated by
averaging the area of 100 grains and determining the diameter of a circle of equal area.
Average grain size for the best channel films was found to be approximately 6500A,
while the average grain size for the worst channel films was found to be somewhat lower,
approximately 4000A. In general, while the largest grains in all films appear to be
roughly the same size, the density of smaller grains is higher for the poor quality films,
resulting in the decrease in average grain size. Additionally, all grains show evidence of
intra-grain defects, seen by other authors for SPC f@s [12]; the concentration of these
defects is visually higher in the poor quality films deposited at higher temperatures and
lower pressures. Both of these observations are expected results of the locally organized
entity incorporation discussed above and in chapter 2, since the presence of sub-critical
organized entities in the amorphous film increases nucleation and dendritic growth.

The atomistic model discussed above suggests a clear optimization strategy for
SiGe TFTs, i.e., an increase in the deposition pressure and a decrease in the deposition
temperature. Clearly, such a strategy has practical limitations. In particular, at higher
deposition pressures, gas-phase nucleation occurs, resulting in rough, defective, and poor
quality films. In this regime, however, results suggest that SiGe may offer some
advantages over Si. As mentioned above, Ge is a catalyst for the deposition of Si. It
causes increased hydrogen desorption, increasing the deposition rate. This effect is
therefore a surface effect. The effect of Ge on gas-phase reactions between Si atoms is
not expected to be the same, since the process would require a greater germane partial
pressure than present, resulting in reduced probability based on simple atomistic models.

For a given deposition rate at a low pressure of say, 100mtorr, SiGe can be
deposited at a lower temperature than Si. As the pressure is increased, the deposition
rates of both SiGe and Si increase. However, at high pressures, the onset of gas-phase
nucleation occurs in the Si deposition system. This point is offset to higher pressures in
SiGe deposition, based on the lower deposition temperature, and hence lower gas-phase
reactivity. This essentially amounts to an increase in the optimization space for SiGe
deposition over that available for Si deposition. Based on the response surfaces described

previously, this corresponds to an increased maximum device performance.
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Figure 6.8|shows the relative deposition rates and onset of gas-phase nucleation of
Si and SiGe versus pressure for asimilar deposition rate at low pressure.
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Figure 6.8: Characterization of onset of gas-phase nucleation in S and S sGey 2

shows a schematic of the atomistic processes of catalysis. The
differences in the shape of the deposition rate vs. pressure curves shown [above (Figure |
are strongly indicative of the catalysis process. The SiGe deposition curve shows a
typical catalyzed reaction behavior [.
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Figure 6.9: Schematic view of (a) gas-phase nucleation and (b) the effect of Ge catalysis
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The deposition is well described by a Michaelis-Menten equation as described in
chapter 2, except surface sites are now provided by Ge-mediated H-desorption:

R: k2 |:Etot EP
K, +P

Equation 6-1

where:
k. and ky are constants
Eit isthe total amount of catalysis sites available
P is the deposition pressure
R isthe deposition rate

Here, as in chapter 2, we make the simplifying assumption that the main rate-
limiting reaction occurs in two stages:
| o -
SH, +* *[9H,
[l

«—
-1

Equation 6-2
*GH, O - *[EB +xH 1

Equation 6-3

where:
* isabonding surface site
SiH isasilicon hydride species physisorbed to the surface
ki, k.1, ko are rate constants
We assume that the first reaction includes the formation of the bonding site, *,
within the rate constant k;. As shown in chapter 2, for typical Si and SiGe reactions, this
Is hydrogen desorption limited. Assuming concentration-dependent reactions:

k
M K,

Equation 6-4
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For the case where hydrogen desorption is restricted, k; is small, and ky becomes
large. As ky becomes larger, the reaction rate equation (Equation 6-1) results in more
linear behavior with pressure. [Figure 6.8 shows that this is indeed the case for Si.

The total number of Ge-catalysis sites available is a function of the equilibrium
surface coverage by germanium, the H-desorption from these sites (assuming that H-
desorption from these sites is much faster than desorption from Si-sites) and the total
number of surface sites. Thus, at a constant germanium fraction, this number is
essentially constant, resulting in the characteristic curve shown previously (Figure 6.8).
The Si deposition curve, on the other hand, exhibits a much more linear variation with
pressure at the temperature used. Higher temperatures are required to deposit Si than
those required to deposit SiGe at the same deposition rate and pressure. This results in
increased gas-phase reactivity and hence an increased probability of gas-phase
nucleation. Again, the catalyst effect of Ge is not evident in the gas-phase for low
germane partial pressures, since the effect is a surface effect. For Ge to catalyze the gas-
phase reaction, a substantially higher germane partial pressure is required. At typical
deposition temperatures, the gas-fraction of Ge-species is substantially less than the film-
fraction of Ge. For example, to deposit SipsGep, at 500°C, a germane flow fraction of
approximately 5% is required. Thus, there is a reduced probability of gas-phase
nucleation for a given deposition rate and deposition pressure. The ability to sustain
higher deposition rates in SiGe LPCVD without suffering from gas-phase nucleation
suggests that it should be possible to extend the reaction window and improve TFT
performance beyond the ranges of temperature and pressure available for the
optimization of Si deposition.

From the summarized experimental data (Table 6-2), it is evident that the field-
effect mobility achieved within the range of optimization studied here is higher than
achieved in previous works on glass-compatible SiGe TFTs. Additionally, the field-
effect mobility falls within the range of results seen for standard silicon SPC processes.
This has been achieved with a substantially lower therma budget. Control silicon
devices fabricated using the same process had typical mobilities in the range 35-40
cm?V-s. Thus, on-state performance for SiGe devices is comparable to that of Si

devices. Sub-threshold slope, on the other hand, is quite high for SiGe devices
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(>1V/decade) compared to that achieved for Si devices (NMOS ~0.5V/decade, PMOS
~0.9V/decade). Thisis probably related to the distribution of trap states within the band
gap. The SiO,-SiGe interface is worse than the SiO»-Si interface [3]. Improving this
interface through the use of a silicon interlayer has been found to affect the sub-threshold
performance of SiGe devices more that it affects the on-state performance [[14). This
suggests that the interface traps are probably closer to the mid-gap. A solution to the
poor off-state performance of SiGe TFTs is therefore to improve the gate dielectric
interface using a silicon interlayer. Coupling this with the channel optimization studied
in this work should enable the fabrication of SiGe TFTs with good on-state and sub-
threshold performance at a reduced thermal budget when comparedto Si TFTs.

6.4: Conclusions

Silicon-germanium is a promising material for use as a channel in polycrystalline
TFTs due to its low temperature and thermal budget requirements when compared to
polysilicon. Little has been done to characterize and optimize the deposition condition of
the amorphous channel due to the complicated binary nature of the SiGe deposition
system. The effect of channel deposition conditions on the performance of
polycrystalline SiGe TFTs has been studied in this chapter using a multifactorial design
of experiments. It has been found that performance improves substantially with
increasing temperature and decreasing pressure. This has been explained using an
atomistic model of deposition. This model suggests simple optimization strategies for
TFT performance enhancement through in increase in deposition pressure and a decrease
In deposition temperature.

The effect of Ge catalysis on the atomistic behavior of the deposition system has
been analyzed. Results suggest that gas-phase nucleation may be offset through the
surface catalysis behavior of germanium. This will enable an extension of the
optimization windows for SiGe TFT fabrication, and should enable the fabrication of
high performance SiGe TFTs for use in large-area glass-substrate active matrix
technologies with integrated drivers. Summarily, the control of deposition conditions
provides a means of controlling nucleation and grain growth at a fundamental level, a
necessity for the fabrication of truly high performance poly-TFTs.
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Chapter 7

Germanium-seeded laterally crystallized TFTs for

vertical integration of MOSFETSs

In chapter 5, the concept of lateral crystallization was introduced. Lateral
crystallization using patterned light absorption masks was demonstrated. This technique
demonstrates the power and flexibility of lateral crystallization as a means of fabricating
high-performance TFTs. Unfortunately, it is only usable for films deposited on
transparent substrates and hence cannot be used to achieve lateral crystallization of films
deposited on standard silicon substrates for such applications as vertical integration of
active devices. In this chapter, a technique to achieve lateral crystallization independent
of the substrate transparency isintroduced. The technique utilizes the concept of seeding.

Seeded lateral solid-phase crystallization is not a new concept. Metal-induced
crystallization has been studied in the past, using such metals as nickel [f].
Unfortunately, the integration of such a process into a CMOS technology is problematic
due to the deleterious effect of nickel on device perfformance [2]. A metal-
contamination-free technique to achieve lateral crystallization could be integrated into a
standard CMOS process with significantly less difficulty. In this chapter, lateral
crystallization is demonstrated through the use of germanium seeding [. The technique
is free of metalic seeding agents, and therefore is easily integrated into a CMOS
technology. Additionally, the technique performs extremely well for small devices,
making it very promising for next generation VLSI applications. The actua process is
remarkably ssmple and is a batch process, and can therefore be used with a relatively
small increase in cost. The process has been used to fabricate high-performance TFTs
suitable for vertical integration applications. In this chapter, the conceptual basis for
germanium seeding is introduced. Then, the process for the fabrication of germanium-

seeded TFTs is detailed. Electrical results of device performance are presented and
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anayzed. The applicability of germanium-seeded TFTs to vertica integration
applications is discussed.

7.1: Conceptual basis for germanium-seeding

The long incubation time associated with the amorphous to (poly)crystaline
transition is generally considered a disadvantage associated with low temperature SPC.
However, it can be exploited to achieve lateral crystallization. Nucleation can be
artificially induced in selected regions of the amorphous films using seeding agents.
These nuclel can then be enlarged while the rest of the film is still in the incubation stage,
making it possible to form abnormally large grains with controlled location. The laterally
crystallized grains cannot grow infinitely; after the passage of the incubation time,
homogenous nucleation will be induced in the rest of the film.

As introduced in chapter 6, silicon-germanium (SiGe) alloys exhibit a variation in
thermodynamic properties from those of silicon to those of germanium. This applies to
crystallization as well; silicon-germanium alloys crystallize much more rapidly than pure
silicon at a given temperature [[4]. This fact has been used to reduce the incubation time
of amorphous silicon films for thin film transistors by replacing the amorphous silicon
with a bi-layer of SiGe and Si [[f]. This same fact can also be used to enable the use of
germanium as a seeding agent for the lateral crystallization of amorphous silicon; the
germanium reacts with the Si to form a SiGe layer at the Ge-Si interface, which in turn
nucleates the lateral crystallization.

Volumetrically, the germanium needed to induce nucleation in silicon is quite
small. Given the exponential dependencies involved in nucleation and growth (as
discussed in chapter 2) and the reduction in thermal budget requirements caused by the
addition of germanium to silicon (as discussed in chapter 6), the formation of a small
amount of high Ge-fraction alloy at the interface is sufficient to cause nucleation.
Furthermore, Ge is not an excessively fast diffuser in Si, unlike typical metallic seeding
agents. Therefore, any effect of Ge is essentially confined to the Ge-Si interfacial region
and its surroundings.

These phenomena can be utilized to enable the germanium-seeded lateral
crystallization of amorphous silicon, used to fabricate high-performance TFTs.
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7.2: Experimental details

To simulate the intended application of the devices, all devices in this study were

fabricated on oxidized silicon wafers. The overall process flow is shown pelow| (Figure |

1.

Deposit amorphous channel film Crystallize at low temperature
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Figure 7.1: Process flow for Ge-seeded laterally crystallized TFT fabrication

100nm amorphous silicon was deposited by LPCVD at 500°C / 1000mtorr from
SiH4. These deposition conditions were chosen as they were previoudly identified as
resulting in films having a long nucleation incubation time. On these silicon films, 50nm
LPCVD (LTO) SiO,was deposited for use as a sacrificial layer. Square seeding windows
of 1um side were opened in this layer. The windows were positioned either over the
drain of the TFT structure or over both the source and drain of the same. Then, Ge was
deposited by LPCVD at 500°C/100mtorr from GeH,. Under these conditions, the Ge was
deposited as a polycrystalline material. The deposition of Ge from GeH, is inherently
selective on Si vs. SIO,. Therefore, the Ge deposited only within the previously opened
seeding windows. Immediately after Ge deposition, the wafers were annealed in argon at
500°C-550°C to fully crystallize the channel films. For comparison, wafers without any

Ge seeding were crystallized simultaneously. After crystallization, the remaining Ge was
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removed in HySO4:H,0,, and the sacrificial oxide was removed in HF. Standard planar
top-gate self-aligned TFTs were then fabricated. 30nm thermal SiO, was used as the gate
dielectric, and 250nm in-situ doped polysilicon was used as the gate electrode. Note the
high temperatures used in this process compared to those used in previous chapters.
These were used since the devices discussed here are intended for use in vertically
integrated circuits rather than displays, and hence do not have the glass-warpage
constraints of devices intended for AMLCD applications. Junctions were formed using
implantation of boron and phosphorus. No LDD or spacer technology was used. The
peak process temperature was 900°C. After device fabrication, electrical performance of
the TFTs was evaluated. Plan-view TEMs of the channel films were also made to

determine the seeding efficiency.
7.3: Results and discussion

To determine the extent of crystallization into the channel films, AFM images
were taken of defect-etched seeded films after a partial crystallization. As is evident
from the AFM image shown [below| (Figure 7.2), polycrystalline silicon is formed at the

seed point and is not etched as rapidly as the surrounding amorphous film, resulting in a
height differential. Focused EDAX of the same film indicates the presence of less than
1% Ge within the seeded regions and its total absence in the remaining Si.

Figure 7.2: AFM image showing polycrystalline seed points after defect etcha
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A plan-view TEM of a further-annealed seeded region is shown|below (Figure|
[7.3). Itisevident from this figure that grains are formed in the seeded region and extend
into the still-amorphous matrix. Note that numerous grains may grow out of each seed
point, depending on the size of the point. These grains have numerous defects within
them. Some of these defects are annealed out during the subsequent high temperature
processing.

LM

Figure 7.3: Plan-view TEM showing growth of seeded grains with seed structure
boundary overlaid in white

Electrical characteristics of 0.9um/0.7um NMOS and PMOS devices are shown

below| (Figure 7.4 and [Figure 7.5). It is evident that there is substantial improvement in
device performance. The seeded devices shown in these plots were seeded in both the
source and drain regions. To compare the performance of the seeded devices with the
unseeded devices, various device parameters were calculated and are summarized (fTable |
[7-1). Clearly, the seeded devices are superior to the unseeded ones.
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Figure 7.4: Electrical characteristics of NMOSTFTs (W/L=0.9£m/0.7m)
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Figure 7.5: Electrical characteristics of PMOS TFTs (W/L=0.9m/0.7m)
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Table 7-1: Summary of device characteristics (W/L=0.94m/0.7mm)

Parameter NMOS PMOS

Unseeded Dual-seeded Unseeded Dual-seeded
Field-effect mobility 100 254 70 101
(cm?/IV-s)
Sub-threshold slope 0.22 0.22 0.25 0.22
(V/dec.)
Leakage current 5 7 1 1
(PA/um)

To determine the extent of lateral crystalization, the variation in mobility with
device dimensions was analyzed. The variation in NMOS mobility vs. channel length for
both dual-seeded (seeded in both the source and the drain) and single-seeded (seeded in
only the drain) devices vs. control devicesis shown|below| (Figure 7.6). From this figure,

it is apparent that seeded devices perform better than unseeded devicesin all cases. The
extent of improvement increases dramatically for smaller devices. For larger devices,
dual-seeded structures are superior. However, a crossover occurs, and single-seeded

devices are better at shorter channel lengths, for reasons discussed later.
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Figure 7.6: Variation in NMOS field-effect mobility with channel length
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The effect of overall device geometry on seeding efficiency was also analyzed.

The variation in NMOS mobility improvement is shown below| (Figure 7.7) as a function
of both channel length and width. Note that the smallest devices show the most

improvement, as noted above. A crucial factor affecting the implementation of any
lateral crystallization technology isthat of uniformity. The mobility distribution achieved
using the two seeding structures is contrasted to unseeded devices el ow|([Table 7-2).

Improvement in
Hre (%)

Channel Width
(um)

Figure 7.7: Variation in NMOS mobility improvement with device size

Table 7-2: Summary of intra-wafer mobility uniformity (W/L=0.9£m/0.7m)

Process Mobility Variation Notes
(cm?/V-9) (09

Unseeded 100 40% Typica distribution

Dual-Seeded 254 20% Slightly lopsided

Single-Seeded 303 40% Extremely long tall

The efficiency of seeding is apparent (Figure 7.2); every seed point exhibits the
existence of polycrystalline material. These nucleated regions result in the formation of
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laterally crystallized grains away from the seed point into the device channel. Different
orientations have different growth rates, and therefore, high growth rate orientations tend
to dominate. This leads to the prevalence of a magjority of devices with essentially one
laterally crystallized grain extending into the channel from each seed point, resulting in
the relatively good uniformity seen for dual-seeded devices. shows the
distributions of field-effect mobility for unseeded and seeded NMOS devices.
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Figure 7.8: NMOSmobility distributions for seeded and unseeded devices

The difference in performance and uniformity obtained from dual-seeded and
single-seeded devices is explained upon consideration of the effect of device geometry
upon performance. For large devices, the laterally crystallized region is arelatively small
fraction of the overall channel; typical laterally crystalized grains are approximately 1um
long. Therefore, the resulting improvement in performance is marginal for larger
devices. Since the dual-seeded devices have two lateradly crystallized regions, they
exhibit better performance than the single-seeded devices, which have only one lateraly
crystallized region. As the channel length and width are reduced, the laterally
crystallized region becomes a larger fraction of the overall device. This is shown
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schematically [oelow] (Figure 7.9). For extremely small devices, the channel becomes

amost a single grain (for the single-seeded devices) or two grains (for the dual-seeded

structures). Thisresultsin the crossover in performance noted in previoudly.

Laterally

crystallized grain

Large Device is large fraction of
channel
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Point crystallized grain
is small fraction of
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Seeded device show great
improvement

Seeded devices show little improvement

Figure 7.9: Schematic view of lateral crystallization in the device channel

The uniformity of dual-seeded small devices is better than unseeded devices
because the two seeded grains impinge to form a two-grain structure in the majority of
devices. This is because the overall laterally crystallized region can extend as much as
2um, due to the summation of the two grains, and is therefore much larger than the
channel dimensions. In single-seeded devices, on the other hand, the grain size is the
same or less than the device size (upon inclusion of the separation of the seed point from
the channel, approximately 1um). Therefore, though performance is improved in many
devices, uniformity is poor due to the statistical variations in the extent of lateral
crystallization. This also explains the one-sided population distribution noted previously.

Based on the results and analysis detailed above, it is apparent that excellent
performance can be obtained using this technology, through the elimination of grain
boundaries from within the channel of the devices. However, as is apparent from the
TEM image (Figure 7.3), several intra-grain defects are still in existence. These degrade
the device performance to below that of bulk devices and result in the poor sub-threshold
slope noted.

To develop this technology to its full potential, it will be necessary to reduce the
number of intra-grain defects within the channel. One way of achieving this is through
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the replacement of silane with disilane, allowing for more optimized low temperature,
high deposition rate (and therefore more amorphous) films. This will result in a lower
density of defects through a reduction in the nucleation rate, and also in an increased
average grain size [B]. The increase in average grain size will result in improved
uniformity for smaller devices. Furthermore, the use of this technology in deep-
submicron devices, as mandated by VLSI, should enable the fabrication of extremely
high performance devices offering good uniformity.

The overall therma budget used in the crystalization process is low. The
maximum temperature excursion is 550°C, excluding the gate oxidation step.
Replacement of this thermal oxide dielectric with a high quality deposited dielectric will
further reduce the thermal budget, making the process fully compatible with the bulk
devices existing on lower levels in a vertically integrated circuit. The use of advanced
plug technologies should enable the interconnection of these devices, resulting in the
development of a vertically integrated, high performance CMOS technology for next-
generation giga-scale integration applications.

7.4: Conclusions

In this chapter, a novel technique to fabricate high-performance laterally
crystallized thin film transistors has been described. Germanium seeding is used to
nucleate the lateral crystallization of amorphous silicon films using alow thermal budget,
CMOS-compatible process. The resulting film is used as the channel film for the
fabrication of high-performance TFTs. The seeding technique excels at short channel
lengths, making it extremely promising as a means of fabricating devices offering near-
single-crystal performance on insulating layers. Therefore, the technique can be used to
enable the vertical integration of CMOS devices for 3-D VLSI applications.

Experimental results show that the technique can be used in the fabrication of
essentially single-grain transistors.  Extension of the technology using advanced
deposition processes and deep-submicron devices should enable the development of a
technology for the manufacture of high performance TFTsfor vertically integrated circuit
applications, enabling higher chip speeds through reduced interconnect delays and
substantially increased packing densities.

111



112



Chapter 8

Conclusions

In this work, the control of nucleation and grain growth has been studied as a
means of forming high-quality polycrystalline silicon. Various techniques to achieve this
control have been investigated and demonstrated. Using these techniques, high-
performance TFTs have been fabricated with applications in flat panel displays and the
vertical integration of active devices for VLS| applications. Two techniques to fabricate
spatialy-specified large grain polysilicon have been demonstrated for the first time.
Additionally, a novel acoustic crystalinity and temperature sensor has been demonstrated

and characterized as part of thiswork.
8.1: Summary

Amorphous silicon can be deposited by LPCVD and subsequently crystallized in
the solid phase to form large grain polysilicon for use in the fabrication of thin film
transistors. Crystalization occurs through a process of nucleation and subsequent grain
growth. Both these processes have characteristic activation energies which can be
explained upon consideration of atomistic attachment phenomena. The precise values of
these activation energies are functions of the crystallization conditions and the deposition
conditions of the amorphous film.

Since nucleation and grain growth are essentially independent and competitive
processes, the potential exists for the modification of their relative rates to alter the
quality of the final polysilicon film. This may be done thermally by altering the
annealing temperature conditions over time to change the relative rates of nucleation and
grain growth. The thermal exposure may be varied spatially as well, by using selective
heating techniques. The rate modification may aso be achieved artificially by changing

the activation energies through a material interaction.
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In this work, the theory and implementation of such crystalization control
processes have been studied extensively. These processes have been used to fabricate
high-performance thin film devices for display and vertical integration applications. The

results of these investigations are summarized below.
8.1.1: Theory of deposition and solid phase crystallization

The deposition of silicon has been studied extensively in the past. Most of this
work has concentrated on epitaxy and the deposition of polycrystalline silicon. Some
analysis of the deposition of amorphous silicon has also been performed, though less
detail. Using an analysis of atomistic attachment processes, the kinetics of the deposition
of amorphous silicon have been analyzed. Combining gas phase and surface processes, a
methodology for estimating the quality of an amorphous film based on its deposition
conditions has been developed. The effect of the initial stages of deposition has been
studied in particular. These results have been used to explain the various experimental
results reported in the literature.

The solid-phase crystallization of amorphous silicon has also been studied.
Performing an analysis of the attachment kinetics at the crystalline-amorphous interface,
the kinetics of solid-phase crystallization have been analyzed. These results have been
combined with the aforementioned deposition analysis to develop a unified model of the
low-pressure chemica vapor deposition and subsequent solid-phase crystallization of
amorphous silicon.  The mechanisms of defect formation during solid-phase

crystallization have also been reviewed.
8.1.2: Detection of nucleation and crystallization in amorphous silicon

To ad in the experimental demonstration of the theory developed above, an
acoustic crystallinity and temperature sensor has been developed. An existing acoustic
temperature sensor has been utilized to detect crystalinity by exploiting the heat
absorption changes induced in films deposited on transparent substrates during the
amorphous to crystalline transition. The sensor has been extensively characterized. It

has been found that the sensor is sensitive enough to detect nucleation-type events.
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Therefore, the sensor may be used in experiments to demonstrate the concepts devel oped

above.

8.1.3: Experimental demonstration of controlled nucleation and growth

The bulk of this work has been dedicated to the development of various

technologies that exploit the control of nucleation and grain growth to enable the

fabrication of high-performance thin film transistors. These technologies, besides being

useful in themselves, act as demonstrations of the theoretical concepts developed in the

initial sections of this work.

Two-step annealing for process throughput improvement - the first
experimental demonstration of concept was a logical extension to the
experiments performed to characterize the acoustic crystallinity sensor. Since
the sensor enables the detection of nucleation, it was possible to improve
throughput by rapidly nucleating a film at elevated temperature, using the
sensor for end-point detection. Since a large fraction of the overal
crystallization time consists of the incubation time prior to nucleation, this
resulted in a substantial improvement in process throughput. Thus, using the
two-step annealing process, nucleation was initially enhanced (at high
temperature) to short-circuit the incubation stage and subsequently retarded
(at low temperature) to ensure formation of large grains. Indeed, the rapid
temperature-quench actually resulted in an enhancement in average grain size.
Lateral crystallization using patterned light absorption masks - since the
above experiment was inherently limited in scope by the fact that nucleation
occurred randomly throughout the film, the next logical step was to attempt to
gpatially control nucleation. This was achieved thermally using light
absorption masks to increase heating in specific regions of the film. These
regions nucleated first, and were subsequently grown laterally to form large-
grain spatially-specified polysilicon. By placing the nucleation regions at the
electrodes of a TFT and crystallizing into the channel, it was possible to
fabricate TFTs having extremely high-performance. This technique thus
explored the concept of lateral crystallization achieved through spatial control
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of nucleation. The technique also allows for the tuning of device performance
on asingle substrate by changing the structure of the absorption mask.
Optimization of amorphous precursor characteristics of SGe alloys - al the
experiments summarized above attempt to enhance performance by
controlling the crystallization processes. From the theory developed in this
work, such control should also be possible by changing the deposition
conditions of the amorphous film. Experiments were performed using silicon-
germanium films. These were chosen since they are extremely promising for
flat panel display applications due to their low thermal budget requirements.
Additionally, they provide a demonstration vehicle for various surface
attachment phenomena. Experiments were performed to determine the effect
of deposition temperature and pressure on fina device performance. It was
determined that the experimental results matched theoretical expectations
extremely well. These results indicate that the theory developed in this work
may be used to optimize the characteristics of silicon-germanium TFTs for
display applications.  Additionally, gas-phase and surface reactivity
phenomena were used to explore and model the optimization boundaries
during deposition. These results were also found to agree with theoretical
expectations.

Germanium-seeded laterally crystallized TFTs - since silicon-germanium
aloys have lower thermal budget requirements than silicon during
crystallization, it is possible to spatially alter nucleation rates using selectively
located germanium islands. The silicon-germanium alloy forms at the
interface of the silicon and germanium. This nucleates first and can then be
grown out laterally to form large-grain spatially-specified polysilicon. Again,
by placing these islands at the terminals of TFTs, it is possible to achieve
lateral crystalization into the channel. In fact, using this technique, the
potential exists for the fabrication of single-grain TFTs. Devices having on-

state performance approaching that of bulk devices have been demonstrated.
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This last experiment is a fitting final demonstration of the concepts developed in

thiswork. With further optimization, it may be possible to fabricate single-grain devices,

making the possibility of high-performance displays with integrated drivers and vertically

integrated VLSI circuits a redlity. All this is possible through the control of nucleation

and grain growth during solid-phase crystallization of silicon.

8.2: Recommendations for future work

This work explores and demonstrates concepts in solid phase crystallization and

its control. To enable the realization of the full potential of the technologies explored

here, further research is needed in the following aress:

Unification of the models of deposition crystallization -- a complete
quantitative unification of the models of deposition and crystallization is
required to enable proper optimization of deposition and crystalization
conditions. In particular, further experimental and theoretical work is required
to study the effects of the initial stages of deposition. As identified in this
work, this stage of growth has a critical effect on fina film quality and
therefore, the study of this stage is vital. Further research on the electrical
behavior of the various defects in polysilicon is aso highly desirable.

The acoustic crystalinity sensor and throughput reduction -- the
characterization of the sensor is fairly complete; however, further work is
required on the sensor implementation. Integration of the sensor into a
closed-loop control systemiscrucia if it isto be used for nucleation detection
during two-step annealing. Further research is required into the two-step
anneal process itself to determine the optimal time point for the quench. This
should enable further improvements in both process throughput and device
performance.

Patterned light absorption masking -- this technique, as currently
implemented, is not truly glass-compatible. To achieve glass compatibility,
implementation of this technigue must be performed using scanned rapid
therma annealing. The use of more absorbent materials as the absorption
masks is also in need of investigation. Quantitative theoretical and
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experimental work is required to model the absorption masking process,
enabling proper optimization of the technology.

Germanium seeding -- the current limits of this technique are imposed by
homogenous nucleation within the silicon film itself. Therefore, substantial
work is required to minimize the required grain size relative to the incubation
time. The use of disilane as a silicon source is in need of investigation to
enable an increase in average homogenous grain size, indicative of an
increased grain growth to nucleation ratio. This will alow the use of faster
crystallization anneals. Additionally, the devices must be scaled to sub-

micron dimensions to exploit the full capabilities of this technology.
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Appendix 1

The Effect of Defects on Electron Transport in

Polycrystalline Silicon-based Devices

In chapter 2, the theoretical basis for the formation of polycrystaline silicon was
discussed. Theory was developed that explained the formation and spatial distribution of
grain boundaries. In several subsequent chapters, the implications of the control of grain
boundary distribution on device performance were experimentaly demonstrated.
Intuitively, a reduction in grain boundary population density would be expected to
improve device performance. However, some physical explanation of this is aso
desirable. Therefore, in this appendix, the effect of grain boundary defects on electron
transport in polycrystalline silicon semiconductor devices is briefly reviewed. The basic
theoretical explanations of electron transport across grain boundaries are first introduced.
Then, the extension of these models to explain conduction in thin film transistors is
briefly developed. Thus, a physical explanation of the phenomenon exploited throughout
thiswork is provided.

Al.1: A model of electron trapping in grain boundaries

Several authors have studied the trapping of carriers in grain boundaries [[l] 21 [].
In general, for simplicity of analysis, polysilicon is assumed to be composed of a linear
chain of identical crystalites having a grain size, L. The grain boundary thickness is
assumed to be negligible compared to L. The grain boundaries are assumed to contain a
concentration of traps N;, located at energy E; with respect to the intrinsic Fermi level.
The traps are assumed to be initially neutral and become charged by trapping a carrier.
Using an abrupt depletion approximation, a simplified band structure of polycrystalline

silicon can be developed. Thisis shown pelow|(Figure Al. 1).
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Figure Al. 1. Grain structure, charge distribution and band diagram assumed in grain
boundary trapping model

Transport properties are calculated in one dimension by assuming that the current
is governed by thermionic emission above the grain boundary barrier. The current

density across the barrier is therefore [[1]:

J= qznog\%—@d expﬁ_ E%Tﬁ

Equation A1-5

where:
Jisthe current density
No is the concentration of free carriersin the grain
Eg isthe barrier height
V4 isthe voltage drop across the grain

V¢ isathermal collection velocity defined by:
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Equation A1-6

withm’ being the effective mass of the carriers.

The conductivity described by thermionic emission above the grain boundary
barrier is therefore [1]:

E
O =dnyly expE%@

Equation A1-7
where:
Mo isamobility term describing barrier scattering:

_gLv
KT

Hy

Equation A1-8

Some carrier scattering isintroduced by the grain boundary barrier itself, resulting
in the mobility term in the above equation. If additional scattering mechanisms are

allowed at the grain boundaries, then the mobility term can be modified as:

1 1 1
- = 4+
)ub luo :us
Equation A1-9
where:

s accounts for additional scattering terms.

The mobility in asingle grain is therefore given by [EI :
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Equation A1-10

Using this information, it is possible to postulate the electrical behavior of

polycrystalline channelsin thin film transistors.
Al.2: Electron conduction in polycrystalline thin film transistors

In general, the electrical operation of polycrystalline thin film transistors can be
explained by considering two regimes of operation -- the off-state and the on-state. In the
former, any current flow is referred to as leakage current. The mechanism of this current
and the implications of grain boundary traps on the same is graphically illustrated

(Fiqure A1. 2) [B].

Electron
from
contact
<o
Recombination
Process
>
—Source
p+
Emission
- process

Figure Al. 2: Mechanism of leakage in polycrystalline TFTs

Traps in the drain depletion field capture el ectrons emitted from the valence band
in the drain. The holes generated in this process are swept to the drain and result in
leakage current. For the traps to remain active, they must emit the captured electrons to
the conduction band via a similar process. These electrons accumulate in the channdl,
making it more negative with respect to the source. As a result, accumulated channel

electrons are attracted to the source where they recombine with holes supplied by the
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ground. This process continues, resulting in experimentally observable device leakage.
The actual emission process may involve thermionic emission, thermionic field emission,
tunneling, or some combination of the three. By using the simple thermionic emission
theory developed in the previous section, the leakage current can be written as [[4]:
I = qNDﬂbWtﬁ/D/ %ng%g
where:
Vp isthe drain-source voltage
w is the channel width

| isthe channel length

The assumption inherent in this equation is that the mobility within the grain is
substantially greater than the grain boundary mobility, hence the use of p,. Using a
similar analysis, the on-state performance can be analyzed. Application of a gate voltage
of the appropriate polarity will cause a charge influencing both the barrier height and the

source-drain current. For an intrinsic channel device, the source-drain current can be

written as [4):
V q°N/L
| , =waqu, — N, ex L
D QHbI c €XP DkTNGE
where:

N isthe gate-induced charge concentration per unit area

The implications of these equations are as follows:

1. Anincrease in the density of grain boundaries will tend to increase leakage
current through an increase in trapping sites.

2. Anincrease in the density of grain boundaries will tend to decrease on-state
current through areduction in channel mobility.

3. In particular, grain boundaries in the drain field will have a substantial impact
on off-state performance. The same will be true for any other trapping sites

present in the drain field.
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4. Any other types of scattering sites will also tend to degrade on-state
performance.

Thus, through this analysis, the physical nature of conduction in polycrystalline
devicesis apparent. Clearly, the key to performance improvement is a reduction in grain
boundary and other trap densities. In fact, this is the goa of this work and hence, the
physical justification for this work has been obtained.
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Appendix 2

Thin Film Transistor Fabrication Processes

Throughout this work, polycrystalline thin film transistors are used as the
demonstration vehicle for various crystallization concepts. Electrical behavior of TFTsis
used as a measure of the efficacy of the crystallization technique in question. To ensure
true comparison, a baseline TFT process was first developed. Two variations of this
process have been used in this work - alow temperature process for devices intended for
display applications, and a high temperature process for devices intended for vertically-
integrated VLSI applications. In this appendix, the process for the low temperature
fabrication of TFTs is explained in some detail. Then, the low-temperature and high-
temperature processes are contrasted. Thus, a comprehensive explanation of the device

fabrication processes used throughout thiswork is provided.
A2.1: Low-temperature TFT fabrication process

The low-temperature process used in this work was developed to enable the
fabrication of glass-compatible TFTs for AMLCD applications. Thus, to prevent glass
warpage, the maximum process temperature was limited to 600°C. The process begins
with the deposition of the channel film on an oxidized silicon or fused silica substrate.
This channel film is then crystallized using one of the techniques described in this work.
At this point, the sample consists of a blanket polycrystalline film on the insulating
substrate. provides a cross-section of the sample at this point in the process.

Channel Film

Substrate

Figure A2. 1. Cross-section of wafer after channel deposition and crystallization
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Next, the channel film is patterned and etched using an anisotropic polysilicon
etch, performed using SFs and C,HsCl. shows the device cross-section at
this point.

Channel Island

Substrate

Figure A2. 2: Cross-section of device after active island patterning

Next, a gate oxide is deposited at 450°C by LPCVD from SiH; and O, and
annealed at 550-600°C. shows the device cross-section at this point.

( Gate Qxide \
Channel

Substrate

Figure A2. 3: Cross-section of device after gate oxide deposition

Next, the gate electrode is deposited by LPCVD. Typically, SipsGep4 is used due
to its high deposition rate at low temperature (500°C). shows the device

cross-section at this point in the process.

d Gate Qxide -
Channel

Substrate

Figure A2. 4. Cross-section of device after gate electrode deposition

After gate deposition, the gate electrode is patterned using an anisotropic silicon

etch (Figure A2. 5).
Channel

Substrate

Figure A2. 5: Cross-section of device after gate patterning
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After gate patterning, implantation is performed to dope the gate, source and
drain. Separate masking and implantation steps are used to form both NMOS and PMOS
devices on the same wafer. Typicdly, a dose of 1E15 cm™ boron (for PMOS) or
phosphorus (for NMOS) is used. Dopants are subsequently activated at 550-600°C.

shows the resultant device cross-section.

Source [ ERhER Drain

Substrate

Figure A2. 6: Cross-section of device after terminal implantation

The next step is the deposition of the passivation oxide. 400nm SiO, is deposited
by LPCVD at 400°C, resulting in the device structure shown pelow| (Figure A2. 7).

Passivation Oxide

ate Qxide
Source [oQEMLER Drain

Substrate

Figure A2. 7: Cross-section of device after deposition of passivation oxide

Next, contacts are defined and etched. shows the resulting device

cross-section.

Source [ohENLER Drain

Substrate

Figure A2. 8: Cross-section of device after contact hole formation
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After contact hole formation, 1um Al is deposited by sputtering, resulting in the
structure[pel ow|(Figure A2. 9).

Aluminum

el el Channel [IB)ElR

Substrate

Figure A2. 9: Cross-section of device after metal deposition

The fina lithographic step is the patterning of the metal. The patterned metal is
typically wet-etched to form the finished device structure (Figure A2. 10).

Slellige=t Channel IRl

Substrate

Figure A2. 10: Cross-section of finished device

At this point, the wafers are subjected to a forming gas anneal to 400°C, followed
by plasma hydrogenation at 300°C in a paralel plate hydrogen plasma. Thisis the fina

step in the low-temperature TFT process.
A2.2: Differences between low- and high- temperature processes

The low-temperature process described in the previous section is intended for use
In applications requiring compatibility with glass substrates. To achieve this, severa

design compromises were made. These result in a degradation in electrical performance
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of the finished devices. If glass compatibility is not required, then some of these

compromises can be avoided, resulting in an improvement in baseline device

performance. The stepsthat are different in the high-temperature process are:

1. Gate dielectric - High temperature devices have a 30nm thermal oxide gate dielectric
with a high temperature (900°C) oxide anneal

2. Dopant activation - High temperature devices undergo dopant activation at 800°C,

resulting on more compl ete dopant activation
Through the use of these steps, high-temperature devices achieve a higher gate

oxide quality and lower series resistance. The high temperature steps also result in some
annealing of the polycrystalline channel film itself.
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