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ABSTRACT

Part I of this thesis investigates the “seed selection through ion channeling”"
process, employed to modify the grain size and crystallographic texture of poly-
crystalline Si thin films deposited on SiO;. In each of the three experiments,
polycrystalline Si films prepared by the low-pressure chemical-vapor deposition
technique were used as the starting material. Si self-implantation, at a fixed
angle and energy (normal incidence and 200 keV, or 60° from normal incidence
and 350 keV) but with variable doses (1-20x10'* cm™?), was then used to selec-
tively amorphize the material. Ideally, the implantation step should amorphize
a major fraction of the film and preserve only those crystallites that are prop-
erly oriented for ion channeling. A low-temperature furnace anneal, at 600°C
for 48 h in an N, ambient, was then carried out to crystallize the film. Ideally,
the crystallization should proceed due entirely to the growth of the surviving
crystallites, and should exclude any effect due to spontaneous nucleation. The
overall results obtained demonstrate that, by optimizing the implant dose, one
can produce strong fiber-textured polycrystalline Si films on SiO;. The produc-
tion of restricted-fiber-textured films, on the other hand, will have to await the
availability of more sophisticated implantation and annealing equipment.

Part II of this thesis investigates the metal-oxide-semiconductor thin-film
transistors fabricated on the modified polycrystalline Si films. For transistors
fabricated with a maximum processing temperature of 600°C, with deposited
gate oxide, it was shown that the grain-size enlargement (achieved through
amorphization-crystallization) can lead to significant improvements in the device
characteristics. For transistors fabricated with a maximum processing temper-
ature of 800°C, with thermally grown gate oxide, it was shown that both the
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grain size and grain orientation can be important parameters in determining the
device performance; for grain sizes of the order of 1-2 um, a stronger {110} tex-
ture can, in fact, lead to better devices than a larger average grain size. These
results demonstrate how the surface effects, in addition to the grain-boundary
effects, can limit the performance of polycrystalline Si thin-film transistors.

Thesis Supervisor: Rafael Reif
Associate Professor
Electrical Engineering and Computer Science
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CHAPTER 1
INTRODUCTION

The development of silicon thin-film transistors (TFT’s) for large-area elec-
tronics applications has been a subject of intensive research since the late 1960’s [1].
The term “large-area electronics” refers, in general, to the many advanced input
and output devices that mediate communications between the electronic proces-
sors and the human users. A characteristic feature of these input and output
devices is the fact that they must have large dimensions in order to provide an
effective interface with the human users. Some good examples of these devices
include the flat-panel displays, image scanners, image printers, and xerographic
copiers.

The TFT’s used in these input and output devices must be fabricated on
large-area, transparent glass substrates; therefore, their development faces two
unique constraints that are not imminent in the case of conventional integrated-
circuit technology. First, the transistors must have uniform characteristics over
very large areas, in order to allow functional circuits to be fabricated over very
large areas. Second, the transistors must be fabricated at low temperatures, to
prevent any melting or warping of the underlying glass substrates. The glass
substrates that are commercially available today can withstand processing tem-
peratures of no more than 600°C. The latest Corning 1729 glass substrates
will push the temperature limit up to 800°C [2], but they are not yet available
commercially. Because of these two constraints, virtually all the large-area elec-
tronics applications assembled to date have employed hydrogenated amorphous
silicon as the TFT material.

Hydrogenated amorphous silicon works within the uniformity and temper-
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ature constraints, but it is far from being an ideal TFT material. The high
density of trap states in the material leads to a high threshold voltage. The
low charge carrier mobility, on the other hand, leads to a low current-pumping
capacity. Together, they impose a limitation on the speed performance of the
circuits. One way to improve the speed performance is to use another TFT ma-
terial with a higher crystalline order. So far, polycrystalline silicon has emerged
as the most attractive candidate to replace amorphous silicon.

The presence of grain-boundary states and surface states in the active region
of a polycrystalline silicon TFT will degrade the transistor’s performance, com-
pared to what would be expected if the transistor were fabricated in monocrys-
talline, {100}-oriented silicon. The most important degradations due to the
grain-boundary effect include a higher threshold voltage, a lower effective car-
rier mobility, and a higher leakage current. The most important degradations
due to the surface effect include a higher threshold voltage and a lower effective
carrier mobility. Most of the current research efforts on polycrystalline silicon
TFT’s have been focused on how to reduce the grain-boundary as well as the
surface effects.

There are a number of techniques by which one can reduce the grain-boundary
and/or the surface effects [1]. These techniques can be grouped into the follow-
ing three categories:

(1) Hydrogen passivation. Hydrogen atoms can be introduced into a poly-
crystalline silicon film via a number of low-temperature (< 400°) techniuges,
such as sintering with a silicon nitride capping layer, exposure in a hydrogen
plasma, and hydrogen implantation. The introduced hydrogen atoms can pas-
sivate the dangling silicon bonds at the grain boundaries and the surface, and
thereby reduce the densities of the grain-boundary and surface states present.

(2) Grain-size enhancement. The average grain size of a polycrystalline sil-
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icon film can be increased via liquid- or solid-phase recrystallization, using a
laser, a lamp, an e-beam, or a graphite strip heater as the energy source. An
increase of the average grain size can reduce the area of grain boundaries in the
film.

(3) Grain-orientation realignment. The grain orientations in a polycrystalline
silicon film can also be uniformly realigned via liquid- or solid-phase recrystal-
lization, using any of the above-mentioned energy sources. Such a realignment
of the grain orientations may reduce the grain-boundary effect: grain boundaries
which result from a low-angle mismatch between the adjacent crystals [3] and
grain boundaries which contain a high density of coincident lattice sites [4] have
both been shown to exhibit little or no degradation of the electrical character-
istics. It may also reduce the surfacé effect: a more favorable surface orienta-
tion can lead to more favorable surface properties at the gate dielectric-silicon
interface [5], and this is a major issue that has been explored in this thesis (in
Chapter 7).

We have investigated, in this thesis, the relationship between the material
properties of a polycrystalline silicon film and the performance of TFT’s fabri-
cated in the film. The objective is to determine how these material properties
can be modified to improve the TFT performance.

We have written this thesis in two parts. Part I describes the “seed se-
lection through ion channeling (SSIC)” process, which has been employed to
modify the grain size and crystallographic texture of polycrystalline silicon thin
films deposited on oxidized silicon substrates. Part II describes the metal-oxide-
semiconductor (MOS) thin-film transistors that have been fabricated on the
modified polycrystalline silicon films. These overall results may have a signifi-

cant impact on large-area electronics technology.
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PART I

SEED SELECTION THROUGH ION CHANNELING (SSIC)

CHAPTER 2 BACKGROUND ON SSIC RESEARCH

CHAPTER 3 IMPLANT-DOSE DEPENDENCE OF SSIC:
0° IMPLANT ANGLE

CHAPTER 4 IMPLANT-DOSE DEPENDENCE OF SSIC:
60° IMPLANT ANGLE
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CHAPTER 2

BACKGROUND ON SSIC RESEARCH

2.1 Process Description

Seed selection through ion channeling is a novel crystal-growth process that
offers the attractive potential of growing large-grain, restricted-fiber-textured
polycrystalline thin films on nonseeding substrates. The three steps of this
process are schematically illustrated in Fig. 1.

The first step consists of the deposition of a polycrysta.lling film of the de-
sired material onto the desired nonseeding substrate, as shown in Fig. 1(a). In
principle, any erosition technique that yields a polycrystalline material may
be used. In practice, however, it may be advantageous to employ a deposition
technique that can offer a certain amount of the desired crystallographic texture
in the starting material.

The second step consists of the selective amorphization of the film by ion
implantation, as shown in Fig. 1(b). This implantation step should amorphize a
major fraction of the film, and preserve only grains of a single, selected orienta-
tion due to ion channeling. This is to be achieved by using the proper implanta-
tion parameters including the ion species, energy, dose, angle, and temperature.
Figure 1 pictures implantation(s) at only one implant angle, but implantations
at more than one angle will most likely be required in order to eliminate all but
one possible orientation in the film.

The final step consists of the seeded crystallization of the film in solid phase,
as shown in Fig. 1(c). This crystallization step should proceed due entirely to

the growth of the preserved crystallites, and should be completed before the
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(c) Seeded crystallization in solid phase

Figure 1 Schematic illustration of the seed selection through ion channeling
process.
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nucleation of any additional crystallites occurs. This is to be achieved by using
the proper annealing parameters including the temperature, time, and ambient.
At the end of the final step, a large-grain, uniformly oriented polycrystalline
film should result on top of the nonseeding substrate.

The seed selection through ion channeling process offers some distinctive ad-
vantages for applications in silicon microelectronics. First, the entire process can
be carried out in the solid phase. Solid-phase processes are preferred to liquid-
phase processes because they lead to smoother film surfaces than liquid-phase
processes. Second, the entire process can be carried out at low temperatures.
The seeded crystallization in solid phase, which is presumably the process step
with the highest operating temperature, is inherently a low-temperature process
and can proceed at temperatures as low as around 500°C for silicon [6]. Third,
the process can be carried out without the requirement of external seed crystals.
The seed crystals, in this case, exist within the film and are selected via ion chan-
neling. Together, these advantages make SSIC unique as a silicon-on-insulator

technology and attractive especially for large-area electronics applications.

2.2 Overview of Previous Research

The seed selection through ion channeling process was proposed by Reif
and Knott [7] in 1981, and had been investigated continuously by Reif and
coworkers [8-13] at M.LT. prior to the inception of this thesis. These previ-
ous investigations had all been performed with the objective of experimentally
demonstrating the SSIC effect, and thereby confirming the existence of the SSIC
process. They had employed, exclusively, polycrystalline silicon films prepared
by the low-pressure chemical-vapor deposition technique at 625°C onto oxidized

silicon substrates as the starting material. Such as-deposited films had been
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shown [14,15] to possess a predominant {110} texture.

Depending on the analytical techniques employed, these previous investiga-
tions can be classified into two stages. The first stage of work [7-11] emphasized
the crystallization behavior of ion-amorphized polycrystalline silicon films, and
employed transmission electron microscopy (TEM) as the key investigative tech-
nique. They demonstrated that ion implantation followed by furnace annealing
can significantly enhance the average grain size in a polycrystalline silicon film,
from < 0.05 ym up to < 2 um if silicon ions are implanted, or up to < 7 um
if phosphorus ions are implanted. They also demonstrated, indirectly based on
evidences from the crystallization behavior, the possibility of grain preservation
via ion channeling and the possibility of crystallization seeded by the preserved
grains. A mathematical model was also proposed [11] to describe the average
grain size in an implanted and annealed film as a function of the processing
parameters. This model is summarized in Appendix A.

The second stage of work [12,13] emphasized the realignment of crystalline
orientations through implantation and annealing, and relied on the x-ray pole-
figure technique for such analysis. They demonstrated that, as a result of a
self-implant and a subsequent anneal, the <110> directions in a polycrystalline
silicon film can be lined up to within +4° of the implant direction. These were
direct observations of the SSIC effect and offered indisputable support to the
existence of the SSIC process.

There are some issues regarding terminology which we must clarify before
we go into the next section. Terms like “a fiber texture” and “a restricted fiber
texture” have been used throughout our publications to describe two particular
distributions of grain orientations that can occur in a polycrystalline film, and
they will be used continually in this thesis. These two terms as well as their

meanings here have been adopted from the general field of materials science, but
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they may have different meanings in other disciplines. To minimize the chances
for confusion, they are defined again below:

The statement that a film has “a {hk!} fiber texture” means that the <hkl>
directions in the film are lined up to within an angular spread of the surface
normal, but the in-plane directions in the film are still random.

The statement that a film has “a restricted {hkl} fiber texture” means that

the film has a {hk!} fiber texture as well as a preferential in-plane orientation.

2.3 Overview of Present Research

To develop seed selecton through ion channeling into a viable silicon-on-
insulator technology a comprehensive program is required, in which the materials
process must be optimized and the device worthiness demonstrated. Part I of
this thesis is devoted to the materials work, and Part II to the device work.

The optimization of seed selection through ion channeling requires, first, the
establishment of a systematic approach. We have proposed such an approach [16].
We have also demonstrated the effectiveness of this approach in optimizing a
basic process, which consists of a single implantation step performed at normal
incidence and a single annealing step performed at 600°C [16,17]. A detailed
discussion of these efforts is given in Chapter 3.

The growth of a restricted fiber texture via seed selection through ion chan-
neling may require multiple-angle implantations to insure that only one orien-
tation can remain in the film. We have used the same proposed approach to
optimize another basic pi'ocess, which consists of a single implantation step per-
formed at 60° from normal incidence and a single annealing step performed at
600°C, as an alternative or an addition to the basic process of Chapter 3. The

successful growth of a restricted fiber texture, as the results indicate, will have to
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await the availability of a more sophisticated implantation-annealing equipment.

A detailed discussion of these efforts is given in Chapter 4.
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CHAPTER 3

IMPLANT-DOSE DEPENDENCE OF SSIC:

0° IMPLANT ANGLE

3.1 Introduction

The goal of our research on seed selection through ion channeling is to develop
an optimized process for growing restricted-fiber-textured polycrystalline silicon
films. Such films are characterized by the fact that all the crystallites in the film
have essentially the same orientation, and all the grain .boundaries are merely
low-angle mismatches between the adjacent crystallites. Their growth via seed
selection through ion channeling requires, in general, multiple-angle implanta-
tions to insure that only one crystalline orientation will remain. One possible
way to formulate such an overall SSIC process that incorporates multiple-angle
implantations is to employ a sequence of implant-anneal treatments, each with
a different implant angle: the first treatment will fix the fiber texture, the sec-
ond treatment will restrict the fiber texture, and so forth. Optimization of the
overall process can then be achieved By optimizing each treatment in that order.

This chapter emphasizes the optimization of a single-implant, single-anneal,
seed selection through ion channeling process which, in turn, resembles each of
the implant-anneal treatments in an overall SSIC process incorporating multiple-
angle implantations. The experimental procedure will be described in detail to
emphasize the important issues requiring consideration. The results as well as
their implications will serve as a basis for the next stage of work, to be discussed

in Chapter 4.
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3.2 Experimental Procedure

Starting with 27, lightly doped, <100> and <111> silicon wafers, a 0.1 um
thick SiO, layer was thermally grown at 1100°C in dry O,. The use of two
differently oriented substrates for each polycrystalline silicon film allowed inves-
tigation of all possible crystalline orientations in the film without interference
from the substrate.

Polycrystalline silicon films of two different thicknesses, 0.35 ym and 0.44 um,
were then deposited on these oxidized wafers via the low-pressure chemical-vapor
deposition technique. The deposition was carried out at 625°C, using SiH, as
the source and N; as a dilutant. The combined partial pressure of SiH, and
H; was 0.04 Torr, and the partial pressure of N; was 0.36 Torr, as measured
at the output end of the reactor. The deposition rate was 0.020 pm/min, as
measured from both ellipsometry and the surface profilometer technique. These
as-deposited films were expected to possess a predominant but dispersed {110}
texture [14,15]. (Kamins [15] had shown that one could obtain a {100} tex-
ture, instead of a {110} texture, in the as-deposited films by raising the de-
position temperature to 725°C. Since {100} is the most preferable orientation
of silicon for the operation of metal-oxide-semiconductor field-effect transistors
MOSFET’s [5], we had tried originally to obtain a {100} texture by following his
work. However, we had observed nothing but a roughly constant {110} texture
for the entire range of deposition temperatures attempted, which ranged from
625°C to 800°C and was limited by the maximum temperature our deposition
reactor could handle. This explains why the {110}-textured films deposited at
625°C have been used consistently as the starting material in this thesis. We
had also investigated the dependence of the {110} texture on the film thickness,
for film thicknesses ranging from 0.10 to 0.50 um. We had observed no crystal-
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lographic texture for film thicknesses below 0.25 pm, and a {110} texture only
for film thicknesses beyond 0.25 pm, the {110} texture increasing roughly with
the film thickness. This explains why thicker-than-0.25 um films have been used
consistently throughout this thesis.)

These polycrystalline silicon films were then selectively amorphized via self-
impla.nfation. The implant was performed at normal incidence, to select crystal-
lites with <110> directions normal to surface. The implant was performed, also,
at a low temperature of 77°K, to improve the selectivity of this amorphization
step: a low implant temperature would enhance the channeling phenomenon
in properly oriented crystallites by reducing thermal vibrations of the crystal
lattice [18], and would reduce the dyna.mic annealing phenomenon in the mis-
oriented crystallites [19,20]. The implant energy, 200 keV for the 0.35 pm thick
films and 210 keV for the 0.44 pm thick films, was chosen to position the peak of
the damage energy density profile to slightly beyond one half of the film’s depth.
The implant doses, in the range of 5-20x10'* cm™2 for the 0.35 um thick films
and 1-20x10' cm™? for the 0.44 pm thick films, was chosen to yield damage
energy densities in the vicinity of 6x102% eV/cm3, the amount needed for the
critical amorphization of monocrystalline silicon [19,20]. The damage energy
density profiles have been calculated using the extended Brice model [21], and
are shown in Figs. 2 and 3 for the 200 keV and 210 keV implants, respectively.
The implant dose was the only \}arying parameter in the entire seed selection
through ion channeling process; it was the parameter to be optimized in this
experiment. |

These implanted silicon films were then crystallized via annealing in a con-
ventional, atmospheric-pressure furnace. The annealing temperature, 600°C,
was chosen under the following two constraints: it should be no higher than

what is compatible with low-cost, commercial glass substrates (i.e., no higher
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Figure 2 Theoretical damage energy density profile for a 200 keV silicon self-
implant, shown for different doses. The profile has been calculated
using the extended Brice model [21].
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implant, shown for different doses. The profile has been calculated
using the extended Brice model [21].
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than about 600°C), but no lower than what is required to complete the crystal-
lization within a reasonable time frame (s.e., within no more than a few days).
The annealing time, 48 h, was chosen correspondingly to insure the complete
crystallization of the amorphized films: at 600°C, it would take approximately
24 h to crystallize a 0.5 um thick, evaporated amorphous silicon film [22]. The
annealing ambient, N}, was chosen because it was the only inert ambient avail-
able for our furnace. The same set of annealing parameters (600°C, 48 h, and
N;) has been used consistently for all the seed selection through ion channeling
processes in this thesis.

The average grain sizes of these polycrystalline silicon films were then de-
termined via TEM. The TEM specimens were prepared by chemically etching
through the backside of the silicon substrate, using mixtures of HF : HNO;3 : H,O
(1 : 3 : n). The etch rates were controlled by varying n, and ranged from about
10 ym/min at n = 0 to about 1 um/min at n = 10.

The crystallographic textures of these polycrystalline silicon films were also
determined via the x-ray pole-figure analysis. The x-ray pole-figure setup is
schematically illustrated in Fig. 4. It consists of a hole-collimated monochro-
matic x-ray source, CuKa at A = 1.541 A, and a sample rotation apparatus. It
allows the measurement of the {hkl} diffracted intensity, where the index {hkl}
is specified by the Bragg angle 20, as a function of ¢, which is the angle between
the surface normal and the diffracting {hkl} planes. This is equivalent to mea-
suring the angular distribution of the <hkl> directions within the film. We have
checked for diffractions from the {400}, {220}, {111}, {311}, and {331} planes
for each polycrystalline silicon film. Only diffractions from the {220} planes,

where present, could be discerned above the noise.
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Figure 4 Schematic illustration of the x-ray pole-figure setup.
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3.3 Results and Discussion

The TEM micrographs for the 0.35 um thick films are shown in Figs. 5,
6, and 7 for three representative cases: the as-deposited case, the implanted-
annealed case with a dose of 11x10'* cm™2, and the implanted-annealed case
with a dose of 20x10'* c¢cm™2, respectively. = For each film, the bright-field
and dark-field images were taken over the same film area, and the transmission
electron diffraction pattern was taken through a circular aperture over a film
area of about 4 um in diameter. The average grain diameters for these three
films can be measured from the bright-field and dark-field images to be 0.080,
1.0, and 2.0 pum, respectively.

The TEM micrographs for the 0.44 pm thick films are shown in Figs. 8,
9, and 10 for three representative cases: the as-deposited case, the implanted-

annealed case with a dose of 11x10!* ¢cm™2, and the implanted-annealed case
with a dose of 16x10'* cm™2, respectively. Again, for each film, the bright-field
and dark-field images were taken over the same film area, and the transmission
electron diffraction pattern was taken through a circular aperture over a film
area of about 4 yum in diameter. The average grain diameters for these three
films can be measured from the bright-field and dark-field images to be 0.080,
0.70, and 1.4 um, respectively.

The average grain diameter vs. implant dose curves for the 0.35 um and
0.44 um thick films are shown in Figs. 11 and 12, respectively. These curves
exhibit two prominant features that are important to our understanding of seed
selection through ion channeling. First, the average grain diameter increases
with the implant dose initially, but saturates once the implant dose reaches

beyond a critical value. Second, the rate at which the average grain diameter

increases with the implant dose is not uniform, and the curve consists of three
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Figure 5 TEM micrographs for the 0.35 um thick, as-deposited film. The mi-
crographs include the bright-field image (upper), the dark-field im-
age (lower), and the transmission electron diffraction pattern (upper
inset).
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Figure 6 TEM micrographs for the 0.35 um thick film, after implantation
at normal incidence with a dose of 11x10* ¢cm™? and annealing.
The micrographs include the bright-field image (upper), the dark-
field image (lower), and the transmission electron diffraction pattern
(upper inset).
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Figure 7 TEM micrographs for the 0.35 pm thick film, after implantation
at normal incidence with a dose of 20x10' ¢m™? and annealing.
The micrographs include the bright-field image (upper), the dark-

field image (lower), and the transmission electron diffraction pattern
(upper inset).
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Figure 8 TEM micrographs for the 0.44 um thick, as-deposited film. The mi-
crographs include the bright-field image (upper), the dark-field im-
age (lower), and the transmission electron diffraction pattern (upper
inset).
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Figure 9 TEM micrographs for the 0.44 pm thick film, after implantation
at normal incidence with a dose of 11x10'" c¢cm™? and annealing.
The micrographs include the bright-field image (upper), the dark-
field image (lower), and the transmission electron diffraction pattern
(upper inset).
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Figure 10 TEM micrographs for the 0.44 pm thick film, after implantation
at normal incidence with a dose of 16x10' ¢cm™? and annealing.
The micrographs include the bright-field image (upper), the dark-
field image (lower), and the transmission electron diffraction pattern
(upper inset).
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Figure 11 Average grain diameter vs. implant dose for the 0.35 ym thick films,
after implantation at normal incidence and annealing.
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near-plateau regions that have been labeled as I, II, and III in the figure. Both of
these features have been reported in a previous study by Iverson and Reif [11],
and can be interpreted on the basis of seed selection through ion channeling.
Their interpretation will be presented below, together with that of the x-ray
pole-figure results.

The {220} diffracted x-ray intensity vs. ¢ plots for the 0.35 ym and 0.44 pm
thick films are shown in Figs. 13 and 14, respectively. For the as-deposited films,
Figs. 13(a) and 14(a), the {220} diffracted intensity is weak and is visible only
in the range of ¢ = 90° £ 20°. This means that the as-deposited films are char-
acterized by a weak {110} texture, with the <110> directions confined to within
+20° of the surface normal. For the implanted-annealed films, Figs. 13(b)-(j) .
and 14(b)—(1), the {220} diffracted intensity increases initially with the implant
dose but falls off rapidly to nil after reaching a maximum. The strongest {110}
texture occurs at an implant dose of 11x10'* cm™2%, Figs. 13(h) and 14(h), for
both film thicknesses. This strongest {110} texture is characterized by a peak
{220} intensity that is almost two orders of magnitude greater than in the as-
deposited case, and by an alignment of the <110> directions to within £4° of
the surface normal.

The correlations between the grain size and grain orientation are shown in
Fig. 15 for the 0.35 um thick films and Fig. 16 for the 0.44 pm thick films. The
upper portion of each figure shows the average grain diameter as a function of
the implant dose, i.e., a repeat of Fig. 11 or 12. The lower portion shows the
peak value of the {220} diffracted intensity as a function of the implant dose,
t.e., a more condensed version of Fig. 13 or 14. Both the upper curve and the
lower curve can be divided into three clearly distinguishable regions, as labeled
I, II, and III on the curves, at approximately the same dose intervals. -

The dependence of the average grain diameter on the implant dose as shown
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Figure 13 {220} diffracted x-ray intensity vs. ¢ for the 0.35 ym thick films,
after implantation at normal incidence and annealing. The implant
dose is labeled on each plot.
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after implantation at normal incidence and annealing. The implant
dose is labeled on each plot.
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in Figs. 11 and 12, the dependence of the {110} fiber texture on the implant dose
as shown in Figs. 13 and 14, and the correlation between these two dependences
as shown in Figs. 15 and 16, can be interpreted collectively on the basis of seed
selection through ion channeling:

(1) At a low implant dose, < 7x10' cm™2 for a 0.35 pm and < 8x10 cm~?
for a the 0.44 pm thick film, a majority of the crystallites in the film survived
the implantation, and seeded the subsequent crystallization. Neither the grain
size nor the {110} texture could be changed significantly from the as-deposited
case because the original structure of the film was essentially preserved.

(2) At a medium implant dose, 8-12x10'* ¢cm™? for a 0.35 pm and 9-13x10™* cm™?
for a 0.44 pum thick film, only a few crystallites in the film, which had <110>
directions parallel to the ion beam, survived the implantation due to <110> ax-
ial channeling, and seeded the subsequent crystallization. An increased average
grain diameter resulted because the film now contained a reduced number of
crystallites. This increased average grain diameter was approximately invariant
under an increasing implant dose, because the number of remaining crystallites
equalled the number of properly oriented crystallites, which was a constant. An
enhanced {110} texture also resulted because the film now contained mostly
crystallites with <110> directions normal t‘o the substrate.

(3) At a high implant dose, > 13x10' cm™? for a 0.35 ym and > 14x10' cm™?
for a 0.44 um thick film, almost no crystallites survived the implantation, and
the crystallization was dominated by the nucleation-induced growth rather than
the seeded growth. The average grain diameter became independent of the
implant dose because every implanted film now had the same, completely amor-
phized structure. Also, no crystallographic texture could be observed because
every crystallized film contained only nucleated crystallites, which had random

orientations.
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The ion implantation step was the crux of the seed selection through ion chan-
neling process: it would have been difficult, if not impossible, to alter the struc-
ture of an as-deposited polycrystalline silicon film using the low-temperature
annealing step alone [14]. To confirm this, we have annealed some of the as-
deposited films together with the as-implanted films, and have then investigated
their structures via TEM and x-ray pole-figure analyses. As the results showed,
the average grain sizes and crystallographic textures of these annealed (but
unimplanted) films were indeed identical to those of the as-deposited films.

The outcome of this experiment is an optimized seed selection through ion
channeling process for growing {110}-fiber-textured polycrystalline silicon films.
The focus of the next experiment should be on how to restrict the {110} fiber
texture. This can be achieved through further implant-anneal treatments, with
the implantations directed at different channeling angles. Listed below are some
alternative approaches deserving consideration:

(1) A second implant at 45° from normal incidence to select the <100> axis
or the equivalent <010> axis of a {110} grain, and a subsequent anneal; or

(2) A second implant at 35.26° from normal incidence to select the <111>
axis or the equivalent <111> axis of a {110} grain, and a subsequent anneal; or

(3) A second implant at 60° from normal incidence plus a third implant at
the same angle but after rotating the sample by 60°, to select the <101> and
<011> axes or the equivalent <10I> and <011> axes of a {110} grain, with an
anneal following each implant.

The same optimization scheme, by optimizing the implant dose, can be em-
ployed. The power of this optimization scheme has been well demonstrated in

this experiment.
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3.4 Conclusion

We have proposed a systematic approach to optimize the seed selection
through ion channeling process for growing restricted-fiber-textured polycrys-
talline silicon films. We have also demonstrated the effectiveness of this approach
by optimizing a basic process for growing {110}-fiber-textured polycrystalline
silicon films. This basic process consists of a single implantation step followed
by a single a.nnea.liﬁg step. Its optimization is important, because it resembles
each of the implant-anneal treatments of an overall process that incorporates
multiple-angle implantations.

The optimization of this basic process was achieved by optimizing the implant
dose while keeping all other process parameters constant. The average grain
diameter increased initially with the implant dose, but saturated at a maximum
of 2 um once the implant dose increased beyond the critical-amorphization value.
The {110} fiber texture increased initially with the implant dose, but fell off
rapidly to nil after reaching a maximum at a dose of 11x10™ cm™. At this
“optimal” implant dose, the peak value of the {220} diffracted x-ray intensity
was almost two orders of magnitude greater than in the as-deposited case, and
the <110> directions were confined to within +4° of the surface normal. The
overall results lend strong support to the potential of seed selection through ion

channeling in growing restricted-fiber-textured polycrystalline silicon films.
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CHAPTER 4

IMPLANT-DOSE DEPENDENCE OF SSIC:

60° IMPLANT ANGLE

4.1 Introduction

This chapter describes our attempt at growing restricted-fiber-textured poly-
crystalline silicon films via seed selection through ion channeling. We have
demonstrated in Chapter 3 the feasibility of growing {110}-fiber-textured poly-
crystalline silicon films. We have also suggested the potential of restricting
the {110} fiber texture through further implant-anneal treatment(s) at different
channeling angle(s). We now try to verify this potential by optimizing a single-
implant, single-anneal seed selection through ion channeling process in which the
implantation is directed at 60° from normal incidence. The same optimization
scheme, that is, by optimizing the implant dose, will be used. The power of this

optimization scheme has been well demonstrated in the previous experiment.

4.2 Experimental Procedure

Starting with 27, lightly doped, <100> silicon wafers, a 0.1 um thick SiO,
layer was thermally grown at 1100°C in dry O,.

Polycrystalline silicon films, 0.35 pum thick, were then deposited onto these
oxidized wafers via the low-pressure chemical-vapor deposition technique, using
the same deposition parameters as in Chapter 3. These films were subsequently

divided into two batches: the “as-deposited” batch and the “11x10 cm~?”
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batch. Before any further processing, the 11x10'* cm™2 batch of films were self-
implanted at normal incidence, at a temperature of 77°K, with an accelerating
voltage of 200 keV, and with a dose of 11x10' cm™2, and were subsequently
annealed at 600°C for 48 h in N;. Based on the results of Chapter 3, the as-
deposited batch of films are characterized by a weak and dispersed {110} fiber
texture, and the 11x10* cm™* batch of films by a strong and focused {110}
fiber texture.

Both batches of polycrystalline silicon films were then selectively amor-
phized via self-implantation. The implantation parameters have been chosen
through the same procedure as outlined in Chapter 3. The implant was per-
formed at 60° from normal incidence, to select the equivalent <101>, <011>,
< 10T >, or < 01T > axis of a {110} grain. The implant was performed, also,
at a low temperature of 77°K, to ’improve the selectivity of this amorphization
step: a low implant temperature would enhance the channeling phenomenon
in properly oriented crystallites by reducing thermal vibrations of the crystal
lattice [18], and would reduce the dynamic annealing phenoinenon in the mis-
oriented crystallites [19,20]. For the purpose of calculating the damage energy
density profile, implanting a 0.35 gm thick film at 60° from normal incidence
is equivalent to implanting a 0.70 pm thick film at normal incidence. Since the
latter case is much easier to visualize, we have chosen the energy and doses using
terminologies assuming that the implantation were to be performed, instead, on
a 0.70 pm thick film at normal incidence. The implant energy, 320 keV, was
chosen to position the peak of the damage energy density profile to slightly be-
yond one half of the film’s depth. The implant doses, 9-25x10'* cm™2, were
chosen to yield damage energy densities in the vicinity of 6x10? eV/cm?, the
amount needed for the critical amorphization of monocrystalline silicon [19,20].

The damage energy density profile has been calculated using the extended Brice
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model [21], and is shown in Fig. 17. The implant dose was the only varying
parameter in the entire seed selection through ion channeling process; it was the
parameter to be optimized in this experiment.

The implanted silicon films were then crystallized via annealing in a conven-
tional, atmospheric-pressure furnace. The annealing parameters (600°C, 48 h,
N;) were the same as in Chapter 3.

The crystallographic texture of the polycrystalline silicon film was deter-
mined via the x-ray pole-figure analysis. The analysis was performed using
the same equipment as in Chapter 3. We have checked for diffractions from the
{220}, {111}, {311}, and {331} planes for each polycrystalline silicon film. Only
diffractions from the {220} planes, where present, could be discerned above the

noise.

4.3 Results and Discussion

The {220} diffracted x-ray intensity vs. ¢ plots for the as-deposited batch
of polycrystalline silicon films are shown in Fig. 18. The {220} diffracted inten-
sity at ¢ = 90° increased initially with the implant dose, but decreased grad-
ually to the “randomly oriented” level as the implant dose increased beyond
14x10' cm™2. The {220} diffracted intensity at ¢ = 30°, however, remained at
the “randomly oriented” level for the entire range of implant doses used. Both
the intensity at ¢ = 90° and the intensity at ¢ = 30° remained constant as the
sample was rotated by 360° with respect to the surface normal. These observa-
tions indicate that the 60° implant-anneal treatment has generated a somewhat
enhanced {110} fiber texture at low implant doses, but has not generated the
anticipated, preferential in-plane orientation.

The {220} diffracted x-ray intensity vs. ¢ plots for the 11x10'* cm~? batch
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of polycrystalline silicon films are shown in Fig. 19. Both the {220} diffracted
intensity at ¢ = 90° and the {220} diffracted intensity at ¢ = 30° increased
initially with the implant dose, but decreased gradually to the “randomly ori-
ented” level as the implant dose increased beyond 19x10 cm™%. Both of them
reamined constant as the sample was rotated by 360° with respect to the surface
normal. These observations, again, indicate that the 60° implant-anneal treat-
ment has generated a somewhat enhanced {110} fiber texture at low implant
doses, but has not generated the expected, restricted {110} fiber texture.

The results as shown in Figs. 18 and 19 indicate the presence of the seed
selection through ion channeling process, despite its failure to restrict the {110}
fiber texture. As shown in both figures, the {220} diffracted intensity at ¢ = 90°
increased initially with the implant dose, and this was due clearly to the seed se-
lection through ion channeling process. On the other hand, the {220} diffracted
intensity at ¢ = 30° remained constant with the azimuthal angle of rotation,
and this simply indicated the insufficiency of a single implant-anneal treat-
ment in restricting the {110} fiber texture. The simple optimization scheme
we have employed so far, which centers on fine-tuning the implant dose of a sin-
gle implant-anneal treatment, works well in optimizing the {110} fiber texture.
To restrict the {110} fiber texture a more sophisticated optimization scheme
will be required.

One possible approach is to employ, instead, a sequence of implant-anneal
treatments to achieve what we have intended via oniy one implant-anneal treat-
ment. Each treatment in the sequence will have the same implantation and
annealing schedules; that is, each treatment will have the same implant angle
(i.e., at 60° from normal incidence), the same optimal implant dose (i.e., at
about 10x 10 cm~2 as shown in Figs. 18 and 19), and so forth. The fiber tex-

ture will be restricted step by step through each treatment, and the restricted
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Figure 19 {220} diffracted x-ray intensity vs. ¢ for the 0.35 pm thick films,
after a second implantation at 60° from normal incidence and an-
nealing. The implant dose is labeled on each plot.
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fiber texture will be realized at the end of the sequence.

This new approach, however, requires a more sophisticated implantation-
annealing equipment which is not yet available in our facility. This new equip-
ment should allow the entire sequence of implant-anneal treatments to be per-
formed without ever unloading the sample from the target holder. Our existing
equipment requires that the sample be unloaded from the target holder after
each implantation for annealing in a separate furnace. The sample then must be
remounted onto the target holder for the second implantation, and an error is
introduced into the implant angle since it is impossible to remount the sample
onto exactly the same position and orientation as before. This error is inevitable
and is much greater than what the seed selection through ion channeling process
can tolerate [13]. Consequently, we have never tried to use this approa.th for the
growth of restricted-fiber-textured films, and we will not do so until the new

implantation-annealing equipment becomes available.

4.4 Conclusion

We have attempted the growth of restricted-fiber-textured polycrystalline
silicon films via the seed selection through ion channeling process, using the
same optimization scheme as proposed and demonstrated in Chapter 3. The
as-deposited batch and the 11x10' cm™? batch of polycrystalline silicon films
were self-implanted at 60° from normal incidence, with varying doses, and were
subsequently crystallized at 600°C. The results obtained through the x-ray pole-
figure analysis indicate the presence of the seed selection through ion channeling
process, despite its failure to restrict the {110} fiber texture.

We have subsequently proposed a modified optimizing scheme for growing

the restricted-fiber-textured polycrystalline silicon films. This new approach will
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employ, instead, a sequence of implant-anneal treatments to achieve what we
have intended with only one implant-anneal treatment. This new approach will
require a more sophisticated equipment, one that will allow the entire sequence
of implant-anneal treatments to be performed without ever unloading the sample
from the target holder. The success of our research in seed selection through

ion channeling will depend critically on the availability of this equipment.
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CHAPTER 5

BACKGROUND ON TFT RESEARCH

5.1 Applications in Large-Area Electronics

Large-area electronic systems are sometimes referred to as image information
systems, because they serve the primary purpose of handling image information.
The system may consist of an image sensor, which converts analog images into
digital information, and/or an image displayer, which converts electronic infor-
mation into analog images.

Each image sensor or displayer, in turn, is composed of a driver circuit and
a logic circuit:

(1) The driver circuit consists of the individual sensing or displaying elements
spatially arranged in an array or matrix. The fabrication of a driver circuit faces
the uniformity and temperature constraints discussed in Chapter 1: it must be
fabricated with uniform characteristics over the entire system area, and it must
be fabricated at low temperatures to prevent any deformation of the transparent
glass substrate.

(2) The logic circuit consists of a raster scanner and other resolution-enhancement
functions. Present technology requires that the logic circuit be formed separately
from the driver matrix and then interfaced to the matrix through a large num-
ber of column and row connections. The future technology should allow the
monolithic integration of the logic and driver circuits to minimize the number
of connections coming in and out of the glass plate. The design and fabrication

of such a logic circuit will face the speed and temperature constraints: it must
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be able to operate at a sufficiently high speed, and it must be fabricated at low
temperatures to prevent any deformation of the transparent glass substrate.
The fabrication of quality thin-film transistors on transparent glass sub-
strates has been one of the greatest technical challenges facing the field of large-
area electronics. Since the late 1960’s, thin-film transistors have been investi-
gated using a variety of semiconductor materials and fabrication techniques [23].
The most promising results have been obtained on three semiconductor ma-
terials, including cadmium selenide (CdSe), hydrogenated amorphous silicon

(a-Si:H), and polycrystalline silicon. The next section summarizes these results.

5.2 Overview of Previous Reseérch

Cadmium selenide thin-film transistors have been the focus of TFT research
during the late 1960’s and early 1970’s. The reports of Weimer et al. [24] and
Brody et al. [25] are the most representative of these efforts. Most of the CdSe
TFT’s reported to date have structures similar to those shown in Fig. 20. Such
structures are generally formed via successive, masked depositions, and each can
be inverted by reversing the deposition sequence. The major advantage of CdSe
TFT’s is the high value of their field-effect charge-carrier mobilities, typically
around 100 cm?/ V.s. The major disadvantage, however, is the non-uniformity
of their leakage currents over large areas. At present, CdSe TFT’s account for
approximately 10% of the total number used in commercial systems.

Hydrogenated amorphous silicon thin-film transistors have been the focus of
TFT research since the early 1970’s. The reports of Neudeck and Malhotra [26],
Snell et al. [27], Matsumura and Hayama (28], and Thompson and Tuan [29] are
the most representative of these efforts. Most of the a-Si:H TFT’s reported to

date have structures similar to those shown in Fig. 20. Such structures are gen-
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Figure 20 Schematic illustration of the two conventional TF T structures. Each
structure can be inverted by deposition in the reverse sequence.

(From ref. 24.)
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erally formed via successive depositions and photolithography, and each can be
inverted by reversing the deposition sequence. The advantage of a-Si:H TFT’s
is the uniformity of their leakage currents over large areas. The disadvantage,
however, is the low value of their field-effect charge-carrier mobilities, typically
around 1 cm?/V's. At present, a-Si:H TFT’s account for approximately 90% of
the total number used in commercial systems.

Polycrystalline silicon thin-film transistors have attracted considerable atten-
tion since the late 1970’s [1]. Most of the polycrystalline silicon TFT’s reported
to date have structures similar to either those shown in Fig. 20 or that of a
standard MOSFET [5]|. Such structures are generally formed by successive de-
positions/growths and photolithography, and each can be inverted by reversing
the deposition/growth sequence. The characteristics of polycrystalline silicon
TFT’s fall in-between those of the CdSe TFT’s and those of the a-Si:H TFT’s:
they have reasonably high field-effect charge-carrier mobilities, ranging from 10
to 100 cm?/V's, and reasonably uniform leakage currents over large areas. At
present, polycrystalline silicon TFT’s account for no more than a small frac-
tion of the total number used in commercial systems, but their importance is
expected to grow rapidly in the future.

So far, regardless of the market share, none of these three existing technolo-
gies has emerged as the clear technological leader, and each offers advantages
as well as disadvantages. In the short run, a hybrid of these technologies may
be required to overcome the various constraints in building a large-area system.
For instance, a flat-panel liquid-crystal display may have to employ an a-Si:H
driver matrix to satisfy the uniformity constraint and a polycrystalline silicon
logic circuit to satisfy the speed constraint. In the long run, polycrystalline
silicon thin-film transistors will most likely dominate.

Finally, in addition to the experimental work, the modeling of thin-film tran-
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sistors have also received considerable attention during the last decade. Most of
the models published during this time period have been developed to describe
the operations of polycrystalline silicon MOS TFT’s. Some of these models, as

well as their relations to our work, are summarized in Appendix B.

5.3 Overview of Present Research

To develop seed selection through ion channeling into a viable silicon-on-
insulator technology a comprehensive program is required, in which the materials
process must be optimized and the device worthiness demonstrated. Part I of
this thesis is devoted to the materials work, and Part II to the device work.

We have fabricated MOS thin-film transistors on the as-deposited film and
an amorphized-crystallized film to investigate the effects of an enhanced average
grain size on TFT performance [30]. The fabrication has been carried out using
a non-self-aligned, aluminum-gate process, which has a maximum temperature
of 600°C and is compatible with the current generation of ’commercial glass
substrates. The results demonstrate that an enhanced average grain size can
improve both the threshold voltages and field-effect mobilities of these polycrys-
talline silicon TFT’s. A detailed discussion of this work is given in Chapter 6.

We have also fabricated MOS thin-film transistors on the as-deposited film
and two implanted-annealed films to investigate the effects of an enhanced aver-
age grain size and/or an enhanced {110} texture on TFT performance [31]. The
fabrication has been carried out using a self-aligned, silicon-gate process, which
has a maximum temperature of 800°C and is compatible with the next genera-
tion of commercial glass substrates [2|. The results demonstrate the importance
of both the grain size and grain orientation in determining the performance

of polycrystalline silicon TFT’s. A detailed discussion of this work is given in
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Chapter 7.
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CHAPTER 6

TFT’S FABRICATED AT 600°C:

EFFECTS OF GRAIN SIZE

6.1 Introduction

The results of Chapter 3, along with all the previous work on seed se-
lection through ion channeling [7-13], have an important implication in thin-
film transistor technology: they have demonstrated the fact that ion implan-
tation followed by furnace annealing can enhance the average grain size of
a pyrolytically deposited polycrystalline silicon film. This enhanced average
grain size can reduce the area of grain boundaries in the film, and thereby im-
prove the performance of TFT’s fabricated in the film. Noguchi et al. [32] and
Ohshima et al. [33] have combined this grain-growth technique with hydrogen
passivation and super-thin (200-300 A) polycrystalline silicon films to obtain
n-channel TFT’s with superior performances.

This chapter reports a more complete study that compares the character-
isitcs of thin-film transistors fabricated on the as-deposited and the amorphized-
crystallized polycrystalline silicon films. The objective is to determine the effect
of an enhanced average grain size on TFT performance, in the absence of other
performance-enhancement techniques such as hydrogen passivation and the use
of super-thin films. Both n- and p-channel MOS TFT’s have been fabricated
and characterized. The entire fabrication process has been carried out at low

temperatures (< 600°C) compatible with low-cost, commercial glass substrates.
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6.2 Experimental Procedure

Starting with 27, lightly doped, <100> silicon wafers, a 0.80 um thick SiO,
layer was thermally grown at 1100°C in dry-wet-dry oxidizing ambients. Poly-
crystalline silicon films, 0.35 um thick, were then deposited onto these oxidized
wafers via the low-pressure chemical-vapor deposition technique at 625°C, us-
ing the same deposition parameters as in Chapter 3. Half of these silicon films
were then amorphized via self-implantation at 7° from normal incidence, at a
temperature of 77°K, with an accelerating voltage of 200 keV, and with a dose
of 2x10'® cm~2. Based on the results of Chapter 3, this implantation should
completely amorphize the silicon films and thereby lead to the largest possible
average grain size after crystallization at 600°C. This largest possible average
grain size was 2.0 ym, versus the as-deposited 0.080 ym.

Both n- and p-channel, MOS thin-film transistors were then fabricated using
the process schematically illustrated in Fig. 21. Starting with the as-deposited
or the as-amorphized silicon films, Fig. 21(a), the transistor islands were first de-
lineated, Fig. 21(b). The source and drain regions were then defined by implan-
tation of either phosphorus at 180 keV and 1x10'® cm™? or boron at 80 keV and
1x10'® cm™2, using a pyrolytic oxide-photoresist bilayer as the channel mask,
Fig. 21(c). After removal of the channel mask, a 0.10 pum thick SiO; layer was
deposited pyrolytically at 400°C as the gate insulator, and the samples were
then annealed at 600°C for 24 h in O; plus 12 h in N,, to crystallize the amor-
phized films as well as to activate the implanted dopants, Fig. 21(d). The source
and drain contacts were then opened, and a 0.60 um thick aluminum layer was
e-gun evaporated and patterned, Fig. 21(e). Finally, the samples were sintered
at 450°C for 60 min in an N;:H; (80:20) ambient.

Thin-film transistors with the same channel width (W = 200 um at the mask
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Schematic illustration of the 600°C TFT fabrication process.
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level) but three different channel lengths (L = 20, 10, and 5 pm) were fabricated.
The final gate oxide thickness (t,, = 850 A) was measured via both ellipsometry
and the capacitance-voltage technique. All the electrical measurements were
made with the source of the transistor grounded and the bulk of the transistor

floating.

6.3 Results and Discussion

Figure 22 shows the output characteristics of typical thin-film transistors
fabricated in this work. The drain current Ip is plotted as a function of the
drain voltage Vp using the gate voltage Vi as a parameter. These characteristics
were all measured from transistors with the same geometry, W/L = 200/10.

Figure 23 shows the transfer characteristics of the same transistors. The
drain current Ip is plotted as a function of the gate voltage V¢ using the drain
voltage Vp as a parameter.

These two figures together give an order-of-magnitude indication of the
relative current-driving capacities of these transistors/materials: (1) For the
n-channel transistors, the amorphized-crystallized film offered a significantly
higher current-driving capacity than the as-deposited film. (2) For the p-channel
transistors, the amorphized-crystallized film offered a somewhat higher current-
driving capacity than the as-deposited film. (3) When fabricated on the same
material, the n-channel transistor exhibited a somewhat higher current-driving
capacity than the p-channel transistor. Finally, Fig. 23 shows that a higher
driving current was always accompanied by a higher leakage current such that
the on-off current ratio would not vary much from one transistor/material to
another.

Table 1 shows a summary of the characterisitcs of the thin-film transistors
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fabricated in this work. The threshold voltage, V;;,, and the field-effect mobility,
prE, were both deduced from the linear region of the transistor characteristics [5].
Their values were independent of the transistor geometry except where indi-
cated.

The threshold voltage was relatively independent of the material type, as
shown in Table 1. For the n-channel transistors, it was slightly lower on the
amorphized-crystallized film than on the as-deposited film. For the p-channel
transistors, it was the same on both films. These threshold voltages had mag-
nitudes much greater than the work function difference (typically around 1 V)
between aluminum and silicon. Further, they were approximately equal in mag-
nitude but opposite in polarity between the n-channel and the p-channel transis-
tors. These observations imply that the Fermi level at the surface of the channel
must have been pinned to mid gap due to the large densities of grain-boundary
and surface states present.

The threshold voltages of the n-channel transistors exhibited a weak depen-
dence on the channel length, as shown in Table 1. This weak dependence of
the threshold voltage on the channel length was observed consistently for all
n-channel transistors measured across a 2” wafer, but was not observed for the
p-channel transistors. Since the n-channel and p-channel transistors were fabri-
cated using the same process and differed only in the source/drain dopant (or
charge carrier) type, this slight difference in their threshold behavior could imply
that the grain-boundary and/or the surface states had a slightly asymmetric ef-
fect on the electrons and the holes. However, further research is required before
the nature of this phenomenon can be established.

The ﬁeld—eﬂ'ect mobility exhibited a clear dependence on the material type,
as shown in Table 1. For both the n- and p-channel transistors, it was always

3—4 times higher on the amorphized-crystallized film than on the as-deposited
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Table 1 Summary of the characteristics of thin-film transistors

fabricated at 600°C.

Transistor / Material Vin

KFE
(V) (cm?/V-s)
n-TFT / As-deposited film 23 (L = 20 pm) 3.5
24 (L = 10 pm)
25 (L = 5 um)
n-TFT / Amor.-cryst. film 21 (L = 20 pm) 15
23 (L = 10 pm)
25 (L = 5 pm)
p-TFT / As-deposited film -25 3.4
p-TFT / Amor.-cryst. film —-25 10.
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film. This was due mainly to the larger average grain size in the amorphized-
crystallized material. On the other hand, it was always higher for the n-channel
transistor than for the p-channel transistor when both were fabricated on the
same material, and this difference was more significant on the amorphized-
crystallized film (which had a larger average grain size). This was due most

likely to the higher intra-grain mobility for the electrons than for the holes.

6.4 Conclusion

This chapter reports an investigation that compares the characteristics of
thin-film transistors fabricated on the as-deposited and the amorphized-crystallized
polycrystalline silicon films. These polycrystalline silicon films were grown ini-
tially by the low-pressure chemical-vapor deposition technique at 625°C. The
as-deposited film had an average grain size of 0.080 yum, and the amorphized-
crystallized film an average grain size of 2.0 um. The entire transistor fabrica-
tion was carried out at low temperatures (< 600°C) compatible with low-cost,
commercial glass substrates.

The results indicate that the amorphized-crystallized film is, in general, a
more superior transistor material than the as-deposited film. For the n-channel
transistors, the amorphized-crystallized film offered a slightly lower threshold
voltage (21-25 versus 23-25 V) as well és a higher field-effect mobility (15 ver-
sus 3.5 cm?/V's) than the as-deposited film. For the p-channel transistors, the
amorphized-crystallized film offered the same threshold voltage (—25 V) but a-
higher field-effect mobility (10. versus 3.4 cm?/V-s) than the as-deposited film.
When fabricated on the same material, the n-channel transistor outperforms
the p-channel transistor in terms of a slightly lower threshold voltage and a

higher field-effect mobility. These results demonstrate the effectiveness of this
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implantation-annealing technique, which can enhance the average grain size of
polycrystalline silicon films at low processing temperatures, in improving the

performance of thin-film transistors.
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CHAPTER 7

TFT’S FABRICATED AT 800°C:

EFFECTS OF GRAIN SIZE AND {110} TEXTURE

7.1 Introduction

The results of Chapter 3 raised a dilemma in our efforts to optimize the
seed selection through ion channeling process: the largest average grain size and
the strongest {110} fiber texture were not obtained on the same processed film.
As shown in Figs. 15 and 16, the average grain size increased monotonically
with the implant dose, but the {110} fiber texture increased only initially with
the dose, reached a maximum, and fell off quickly to nil as the dose increased
beyond a critical value. The film with the largest dverage grain size of 2 ym
(but without any crystallographic texture) had been shown in Chapter 6 to be a
far more superior TFT material than the as-deposited, fine-grain polycrystalline
silicon. However, the film with the strongest {110} fiber texture (but with an
intermediate average grain size of 1 um) had never been investigated with regard
to its TFT performance.

This chapter investigates the effects of an enlarged average grain size and an
enhanced {110} fiber texture on the electrical properties and transistor charac-
teristics of polycrystalline silicon films. Sheet resistors with the van der Pauw
configuration [34] and MOS thin-film transistors have been fabricated and char-
acterized on the various processed polycrystalline silicon films. All the fabrica-
tion processes have been carried out at low temperatures (< 800°C) compatible

with the latest Corning 1729 glass substrates [2].
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7.2 Experimental Procedure

Starting with 2”, lightly doped, <100> silicon wafers, a 0.80 um thick SiO,
layer was thermally grown at 1100°C in dry-wet-dry oxidizing ambients. Poly-
crystalline silicon films, 0.35 pm thick, were then deposited onto these oxidized
wafers via the low-pressure chemical-vapor deposition technique at 625°C, using
the same deposition parameters as in Chapter 3. One third of these silicon films
were then self-implanted at normal incidence, at a temperature of 77°K, with
an accelerating voltage of 200 keV, and with a dose of 11x10'* cm~2. Another
third of these silicon films were self-implanted at normal incidence, at a tem-
perature of 77°K, with an accelerating voltage of 200 keV, and with a dose of
20%x10'* cm™2. These implanted films were subsequently annealed at 600°C for
48 h in N,.

The material properties of these three batches of polycrystalline silicon films
have been reported in Chapter 3. The as-deposited film is characterized by
the smallest average grain size, 0.080 um, among all films as well as a weak
{110} fiber texture. The 11x10'* cm~? film has an intermediate average grain
size, 1.0 um, but is characterized by the strongest {110} fiber texture among all
films. The 20x10* cm™? film, on the other hand, is characterized by the largest
average grain size, 2.0 um, among all films but has no crystallographic texture.

Sheet resistors with the van der Pauw configuration [34] were fabricated on
these three batches of polycrystalline silicon films to investigate the electrical
properties as functions of the dopant concentration. The silicon films were first
doped via implantation of either phosphorus or boron, using the schedules sum-
marized in Table 2. Simulations using SUPREM III [35] showed that, for each
dopant, three separate implants at energies and doses as shown in the table

were needed to achieve an essentially flat depth profile throughout the silicon
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Table 2 Phosphorus and boron implantation schedules used for doping the
polycrystalline Si films. For either dopant, the three separate im-
plants were needed to achieve a flat depth profilee m and n are
scaling factors that can be varied to achieve the desired dopant
concentration.

Dopant Implant Schedule Resulting Concentration

Phosphorus 30 keV, (1.5x10* cm™%)-m (1.4x10'° cm~3)-m

115 keV, (1.5x10* cm™2)-m
240 keV, (2.6x10'" cm™%)-m
Boron 20 keV, (1.5x10™" cm™?)-n (1.1x10'° cm™3)-n

60 keV, (1.5x10' cm~?)-n
110 keV, (2.0x10'" cm™?)-n
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film. The activation anneal was performed at 800°C, for 30 min in pyrogenic
steam followed by 30 min in nitrogen. An oxide layer of < 200 A thickness was
grown on the surface of the silicon film as a result of the anneal in pyrogenic
steam, and it served as a surface passivation layer. The doped silicon films were
then lithographically patterned into the van der Pauw configuration. The con-
tacts were formed with a 0.50 um thick aluminum layer, e-beam evaporated,
patterned, and sintered at 450°C for 30 min in an Nj:H, (80:20) ambient. All
the resistivity and Hall effect measurements were made by using an automated
van der Pauw setup that could accept inter-probe resistances of up to 10 M.
MOS thin-film transistors were also fabricated on these three batches of
polycrystalline silicon films. Both n-channel and p-channel transistors were fab-
ricated, using a self-aligned process schematically illustrated in Fig. 24. Starting
with the (undoped) polycrystalline silicon films, Fig. 24(a), the transistor islands
were first delineated, Fig. 24(b). A 200-250 A thick gate oxide was thermally
grown at 800°C in dry Og, in 6 h. To keep the processing temperatures within
800°C, the 0.35 um thick, degenerately doped polycrystalline silicon gate was
formed in two steps: A 0.10 um thick layer was first pyrolytically deposited and
doped by phosphorus diffusion (using a P,O5 source, at 800°C for 6 h in N3);
a 0.25 um thick layer was then pyrolytically deposited and doped by phospho-
rus implantation (at 80 keV and 1x10'® cm™2), Fig. 24(c). The channel region
was lithographically defined, and the source and drain regions were formed by
implantation of either phosphorus (at 120 keV and 1x10'® cm~2) or boron (at
40 keV and 1x10'® cm™2), Fig. 24(d). The samples were then annealed at 800°C
for 1 hin O; plus 1 hin N3, to activate the implanted dopants. A 0.75 um thick
field oxide was then pyrolitically deposited at 400°C. The contact holes were
opened, and a 0.75 um thick Al:Cu:Si (1:4%:2%) layer was sputtered and pat-

terned, Fig. 24(e). Finally, the samples were sintered at 450°C for 30 min in an
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Figure 24 Schematic illustration of the 800°C TFT fabrication process.
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N,:H, (80:20) ambient.

Thin-film transistors with the same channel width (W = 200 gym at the mask
level) but three different channel lengths (L = 20, 10, and 5 um at the mask
level) were fabricated. The gate oxide thicknesses (t,z = 200, 230, and 220 A
on the as-deposited, 11x10' cm~2, and 20x10' cm™? films, respectively) were
measured via the capacitance-voltage technique. All the transistor measure-
ments were made with the source of the transistor grounded and the bulk of
the transistor floating. For the purpose of this study we are interested only in
transistor operations under gate and drain biases in the range from 0 to £5 V
(with positive voltages for the n-channel transistors and negative voltages for
the p-channel transistors), as are standard for digital integra.ted circuits.

It is of great importance to confirm that the doping and transistor fabrica-
tion processes have not altered significantly the structures of the polycrystalline
silicon films, mainly the average grain sizes and the crystallographic textures.
We have used transmission electron microscopy and x-ray pole-figure measure-
ment to examine the following films: the ones doped with a high phosphorus
concentration of 1.4x10' ¢cm~2, the ones doped with a high boron concentration
of 1.1x10*® c¢cm™2%, and some monitors that have been processed identically as
the channel region of the transistor. The results indicate no significant change in

either the average grain sizes or the crystallographic textures of all these films.

7.3 Results and Discussion

Figures 25 and 26 demonstrate the electrical properties of the three polycrys-
talline silicon films investigated in this work. Figure 25 shows the resistivity,
the effective Hall mobility, and the effective carrier concentration as functions

of the phosphorus dopant concentration. Figure 26 shows the resistivity, the
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effective Hall mobility, and the effective carrier concentration as functions of the
boron dopant concentration. The dependences of these electrical properties on
the dopant concentration are in good agreement with those reported in earlier
studies by other researchers [36,37] and will not be elaborated on here.

Two aspects of these curves, which relate the electrical properties to the
material properties of polycrystalline silicon, are of interest to us:

(1) The 20x10™" cm™? film has exhibited the lowest resistivity, the highest
Hall mobility, and the highest carrier concentration among the three films, con-
sistently for the entire range of dopant species and concentrations investigated.
The as-deposited film, on the other hand, has exhibited the highest resistivity,
the lowest Hall mobility, and the lowest carrier concentration. This is because
the 20x 10 ¢cm~2 film has the largest average grain size, and the as-deposited
film has the smallest average grain size, among the three films [36,37).

(2) The differences among the three films have narrowed as the dopant con-
centration increases beyond ~ 4x10'® cm~3. This is because the electrical prop-
erties of polycrystalline silicon should approach those of monocrystalline silicon
as the dopant concentration increases beyond a critical value [36,37];

These observations indicate that an enhanced average grain size can improve
the electrical properties of these polycrystalline silicon films, in agreement with
the widely accepted grain-boundary trapping model [36,37]. They also indicate
that an enhanced {110} fiber texture has no apparent effect on the electrical
properties.

Figures 27-29 demonstrate the current-voltage characteristics of typical thin-
film transistors fabricated in this work. Figure 27 shows the output characteris-
tics, with the drain current Ip versus the drain voltage Vp using the gate voltage
Ve as a parameter. Figure 28 shows the transfer characteristics, with the drain

current Ip versus the gate voltage Vi using the drain voltage Vp as a parameter.
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Figure 27 Output characteristics of typical TFT’s fabricated at 800°C.
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Figure 29 Turn-on characteristics of typical TFT’s fabricated at 800°C.



Figure 29 shows the turn-on characteristics, with the drain current versus the
gate voltage at a low-field drain voltage of 50 mV. These characteristics have
been measured from transistors with the same geometry, W /L = 200/20.

These figures indicate that all the thin-film transistors fabricated in this work
exhibit good MOSFET behavior. Together they give an order-of-magnitude in-
dication of the relative current-driving capacities of these three transistor ma-
terials: the two implanted-annealed films offer comparable and much higher
current-driving capacities than the as-deposited film.

Table 3 shows a summary of the characteristics of the thin-film transistors
fabricated in this work. The threshold voltage, V;, and the field-effect mobility,
UrE, have been deduced from the linear region of the transistor characteristics,
such as those shown in Fig. 29. Their values are independent on the transistor
geometry, and are dependent only on the transistor type and material type, as
shown in the table. _

Table 3 shows that the 11x10'* cm™2 film is clearly the best TFT material
among the three investigated in this work. It has offered the lowest threshold
voltage and the highest field-effect mobility for either the n-channel or the p-
channel transistors. The 20x10'* cm™? film has offered either equal or slightly
worse characteristics. The as-deposited film, on the other hand, has offered sig-
nificantly worse characteristics. The superiority of the two implanted-annealed
films over the as-deposited film can be explained via the grain-boundary trapping
model [36,37], as they have much larger average grain sizes than the as-deposited
film. The difference between the two implanted-annealed films is, however, more
difficult to reconcile, because the better material is characterized by a smaller
average grain size. The crystallographic texture must have played a role in
determining the TFT performance.

Table 4 shows a summary of the material, electrical, and transistor proper-
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Table 3 Summary of the characteristics of thin-film
transistors fabricated at 800°C.

Transistor /| Material Vin UFE

(V) (cm?/V-s)

n-TFT / As-deposited film 4 0.4
n-TFT / 11x10'"* cm™? film 1.2 42
n-TFT / 20x10™ cm™? film 1.6 35
p-TFT / As-deposited film —4 0.5
pTFT / 11x10* cm™? film -3.0 34
pTFT / 20x10' cm™2 film -3.0 24
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ties of the three polycrystalline silicon films investigated in this work. We now
propose a general model to interpret these results, that is, to relate the electrical
properties and transistor performances to the material properties of polycrys-
talline silicon. This general model is formulated by considering how the average
grain size and the {110} fiber texture can modify the grain-boundary and the
surface effects in the polycrystalline silicon films:

(1) The grain-boundary effect. An enhanced average grain size can reduce
the grain-boundary effect by reducing the area of grain-boundaries in the film.
An enhanced {110} fiber texture, however, cannot reduce the grain-boundary
effect because the in-plane orientations are still random. Most of our results, as
summarized in Table 4, can be explained using the grain-boundary effect alone:
a larger average grain size leads to better electrical properties regardless of the
{110} fiber texture; and the significatly larger average grain sizes for the two
implanted-annealed films lead to better transistor performances regardless of
the {110} fiber texture.

(2) The surface effect. The surface properties of polycrystalline silicon can
vary with the crystallographic texture, though not with the average grain size.
A more favorable cfystalline orientation can reduce the surface effect by reduc-
ing the density of fixed surface charge, the density of surface states, and/or
the roughness of the surface morphology, at the silicon-oxide interface [38—40].
Among the major crystalline orientations of silicon, the <110> orientation ex-
hibits a surface effect that falls in-between the best case of <100> and the worst
case of <111> [38-40]. An enhanced {110} fiber texture may, therefore, lead
to better surface properties than a random orientation on average. This is the
most likely reason why the 11x10'* cm~? film outperforms the 20x10'* cm™
film as a TFT material despite its smaller average grain size.

Our general model has been formulated on the basis that both the grain-
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Table 4 Summary of the material, electrical, and transistor properties of the
three polycrystalline silicon films.

Film Grain Fiber Electrical Transistor
Size Texture Properties Performance
As-deposited 0.080 pm Weak {110} Worst Worst
11x10* cm™2 1.0 um Strong {110} Good Best
20x10'* cm™? 2.0 um None Best Good
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boundary and the surface effects can place limitations on the TFT performance.
While an enhanced average grain size reduces the grain-boundary effect, and a
more favorable crystalline orientation reduces the surface effect. To support this
model, we offer two additional evidences below that show consistency.

First, consider Fig. 30, which compares the transfer characteristics of typical
n-channel TFT’s fabricated on the 11x10' ¢cm~? film and the 20x10'* cm~2
film. In the linear and subthreshold regions (0 V < Vg < 5 V) of the transistor
characteristics, the 11x10'* ¢cm~? film exhibits a consistently higher conduction
current than the 20x10' ¢cm™? film. The conduction current in these regions is
limited by both the grain-boundary and the surface effects. The 11x10'* cm™—2
film is able to offer a higher conduction current because its surface properties
are far more superior, despite its smaller average grain size. In the “low” leakage
region (—4 V < Vg < 0 V) of the transistor characteristics, the relative advan-
tages reversed, and the 20x10' cm™? film exhibits a consistently lower leakage
current than the 11x10'* ¢cm~2 film. The leakage current in this region is dom-
inated by conduction through the channel, as shown by a comparison of the
simultaneously measured drain, souce, and gate currents of each transistor. It is
equal to the reverse leakage current of the p-n junction at the drain end, which
is under an effective reverse bias of |Vp — V| [41]. This reverse leakage current
is orders of mangitﬁde higher in polycrystalline silicon than in monocrystalline
silicon, due presumably to the high density of defects present in the polycrys-
talline silicon [41]. The 20x10'* cm™? film is able to offer a lower leakage current
because its defect density, associated with a larger average grain size, is lower.
Finally, in the “high” leakage region (—5 V < V5 < 4 V), the relative advan-
tages reverses again. The leakage current on the 11x10' cm™? film remains
essentially constant and is still dominated by conduction through the channel.

On the other hand, the leakage current on the 20x10'* ¢cm~2 film increases
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800°C on the 11x10'* ¢cm~2 film and the 20x10* cm™? film.

91



rapidly as the reverse gate bias increases. This rapid increase of leakage cur-
rent in the latter case is due to a sharp increase in the gate current, while the
source current remains essentially constant, as shown by a comparison of the
simultaneously measured drain, source, and gate currents. The small difference
in the gate oxide thickness, 230 A on the 11x10* cm™2 film and 220 A on the
20% 10 cm™? film, is an unlikely cause for the large difference in the gate oxide
conductance between the two films. Several studies by other researchers [42-44]
have shown that oxides grown on polycrystalline silicon can exhibit a higher
conductance as well as a lower dielectric breakdown strength than those grown
on monocrystalline silicon, and this is due to the rough surface morphology of
the polycrystalline silicon-oxide interface. The lower gate oxide conductance for
the 11x10' cm™? film, therefore, implies a smoother silicon-oxide interface for
the film, which, in turn, may have originated from a more favorable crystalline
orientation. All these observations from Fig. 30 are consistent with our model,
that while a larger average grain size leads to better bulk properties, a more fa-
vorable crystalline orientation leads to better surface properties. Similar results
have also been observed for the p-channel transistors.

Next, consider Fig. 31, which compares the input referred noise spectra of
typical n-channel TFT’s fabricated on these two films. These noise spectra have
been measured under a large gate bias (Vg = 4 V), to induce a strong inversion
layer, and a small drain bias (Vp = 200 mV), to avoid any major perturbation
of the channel potential. This figure shows two important characteristics of
the low-frequency noises in these transistors: (1) The input referred noises for
both transistors exhibit a 1/f dependence; and (2) the 1/f noise is consistently
lower on the 11x10 c¢m~? film than on the 20x10 c¢m~? film. For MOS
transistors fabricated on monocrystalline silicon, the 1/f noise has been, in

general, attributed to the statistical fluctuations of the occupancies of surface
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states, located at or near the silicon-oxide interface [45-48]. For MOS transistors
fabricated on polycrystalline silicon, the 1/f noise can originate from either
the surface states or the grain-boundary states (or defect states). Since the
density of grain-boundary states is higher in the 11x10' cm™? film than in the
20x10'* cm™? film, as can be expected by comparing their average grain sizes
and as confirmed by comparing their electrical properties, the lower 1/f in the
11x10' cm™? film can be reconciled only by a lower density of surface states
in the film. These results imply that a {110} oriented surface exhibits a lower
density of surface states than a randomly oriented surface on average, and this
implication is consistent with our model. Similar results have also been observed

for the p-channel transistors.

7.4 Conclusion

This chapter investigates the effects of an enlarged average grain size and
an enhanced {110} fiber texture on the electrical properties and transistor char-
acteristics of polycrystalline silicon films. The results demonstrate that the
electrical properties, which characterize conduction along thé bulk of the film,
are dependent on the average grain size but independent of the {110} texture.
The transistor performance, which characterizes conduction along the surface
of the film, are nevertheless dependent on both the average grain size and the
{110} texture.

We have proposed a general model to interpret these results, by considering
how an enlarged average grain and an enhanced {110} fiber texture can affect the
bulk and surface properties of a polycrystalline silicon film. An enlarged average
grain size can reduce the area of grain boundaries in the film and thereby reduce

the grain-boundary effect. An enhanced {110} fiber texture, on the other hand,
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can reduce the surface effect (compared to a random orientation on average) by
reducing the density of fixed surface charge, the density of surface states, and/or
the roughness of the surface morphology, at the silicon-oxide interface. All the

observations obtained in this work are consistent with this model.
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CHAPTER 8
CONCLUSION

We have completed an integrated research program to investigate the po-
tential of seed selection through ion channeling as a new silicon-on-insulator
technology. The program has been carried out in two parts. Part I emphasized
the materials work, and included the optimization of the seed selection through
ion channeling process via a systematic approach. Part II emphasized the device
work, and included the fabrication and characterization of MOS thin-film tran-
sistors on the various processed polycrystalline silicon films. The overall results
are expected to have a significant impact on large-area electronics technology.

The establishment of an effective approach for optimizing the seed selectioﬁ
through ion channeling process is the most important accomplishment of the
materials work in Part I. The previous research on SSIC had focused on several
isolated experiments and on the limited objective of demonstrating the existence
of the process [7-13]. This thesis research has focused, instead, on investigating
the effects of varying the most critical process parameter, namely, the implant
dose. The objective is to optimize the process, and to determine any fundamen-
tal limitation(s) to such an optimization approach. We have demonstrated the
effectiveness of this optimization approach in growing {110}-fiber-textured poly-
crystalline silicon films (in Chapter 3). We have also proposed a modification of
this optimization approach for growing restricted-fiber-textured polycrystalline
silicon films (in Chapter 4). Unfortunately, we have not been able to work on
this modified approach due to the lack of a more sophisticated implantation-
annealing equipment.

The demonstration of the surface effect as a major limitation on the per-
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formance of polycrystalline silicon thin-film transistors is the most important
accomplishment of the device work in Part II. The previous research on TFT’s
had focused on the relevence of the grain-boundary effect, and had practically
ignored the relevence of the surface effect [1]. We have demonstrated that both
the grain size and grain orientation can be important factors in determining the
TFT performance (in Chapters 6 and 7). We have also demonstrated that, for
grain sizes of the order of 1-2 um, a strong {110} fiber texture can be more
effective than a larger average grain size in improving the TFT performance
(in Chapter 7). These findings will have significant implications in the design,
fabrication, and optimization of polycrystalline silicon TFT’s in larger-area elec-
tronics technology.

The future research on seed selection through ion channeling should focus
on the following two areas: »

(1) The {100} orientation is the most preferable orientation of silicon for the
operation of MOSFET’s, since it exhibits the minimum surface effect. We have
been “forced” to work with {110}-textured silicon films throughout this program
because our low-pressure chemical-vapor deposition system offers no alternative.
We should devote part of our future efforts to obtain {100}-textured silicon
films, either by using a different deposition system [15] or by using a different
deposition technique.

(2) The future of seed selection through ion channeling as a silicon-on-
insulator technology will depend critically on the possibility of realizing its full
potential, namely, the growth of restricted-fiber-textured silicon films. We have
discussed and emphasized the necessity of a more sophisticated implantation-
annealing equipment, which should allow the entire sequence of implant-anneal
treatments to be performed without ever unloading the sample from the target

holder. We should devote part of our future efforts to the construction of this
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new equipment; the continuation of our research depends on it.

The future research on thin-film transistors can focus on a number of di-
rections, the most important of which is probably the design and fabrication
of circuits and systems using the best transistors produced in this work. Our
research in TFT’s has been driven, largely, by the applications of these tran-
sistors in large-area electronic systems. Our best TFT’s, as shown in Table 3
in Chapter 7, have already exhibited superior characteristics that are among
the best reported to date. The construction of circuits and systems using these
transistors will demonstrate the worthiness of these transistors in real-life ap-
plications, and will increase the impact of our work on large-area electronics

technology.
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APPENDIX A

MODELING OF SSIC

The stochastic model of Iverson and Reif [11] is the only analytical model that
has been published to date to describe the seed selection through ion channeling
process. The model makes the following two assumptions regarding the process

and the polycrystalline film:

(1) The process must be a basic process that consists of a single im-

plantation step and a single annealing step;

(2) The polycrystalline film must be sufficiently thin so that it can be

treated as a two-dimensional medium.

When these two assumptions are satisfied, an explicit expression can be derived
to describe the average grain area in the processed film as a function of several
material and process parameters. The key equations and parameters of the
‘model are now summarized below.

The probability that an as-deposited grain will survive the implantation step

is given by
Pz = (1-r,)P;+r.P§, (1)

where Pf is the probability of survival for an improperly oriented grain (where
no channeling occurs), P§ is the probability of survival for a properly oriented
grain (where channeling occurs), and r. is the fraction of grains that are properly
oriented. P can be shown, by using statistical treatments for the areas covered

by the ion dose and ion damage, to follow the relation
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—In(1—-P%)=[1+ 2Q(AgAL)Y? +2Q*Ag AL, — QAgle™ 940, (2)

where Q is the ion dose, Ag is the average grain area in the as-deposited film,
and A}, is the effective film area amorphized by a non-channeling ion. P¢ can be
obtained by modifying Eq. (2) to incorporate the effect of ion channeling. The

modification may be any one of the following:

(1) replacing Q with @ — Q¢, where Q¢ is a critical dose below which

100% channeling occurs and above which no channeling occurs;

(2) replacing Q with FcQ, where F¢ is the non-channeling fraction of

the ion dose;

3) replacing A}, with A%, which is the effective film area amorphized
D D

by a channeling ion.

The density of crystallites (per unit area) in a processed film is the sum of

two components:
N =N, +N,, (3)

where N, is the density of crystallites that have survived the implantation step,
and N, is the density of crystallites that have been nucleated during the anneal-

ing step. The first component is given by

The second component can be derived, using the theory of crystallization kinet-
ics developed by Germain et al. [49] and the empirical parameters obtained by
Zellema et al. [50], as

N, = /0 ” ernet/m)l e=(/m) gy, (5)
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where € is the film thickness, r, is the bulk nucleation rate, 7, = (7v er,/3)~1/3
is a characteristic time constant for bulk nucleation, 7, = (7rv3N,)"1/ ? is a char-
acteristics time constant for crystal growth, and v, is the crystal growth velocity.

An explicit expression for the average grain area in the processed film, 1/N,
can now be derived by using Eqs. (1)-(5). This expression describes the average
grain area as a function of several material and process parameters. These
material and process parameters are summarized in Table 5.

To confirm the validity of the stochastic model, Iverson and Reif [11] have
carried out an experiment to study the average grain area in a processed film,
1/N, as a function of the ion dose, Q. In their experiment, 0.16 um thick poly-
crystalline silicon films were grown by the low-pressure chemical-vapor deposi-
tion technique, amorphized by self-implantation, and crystallized at 700°C. The
average grain area in a processed film was plotted as a function of the ion dose,
and the stochastic model was used to fit the data points. An excellent agree-
ment between the theory and the experiment was obtained, which confirmed the

validity of the stochastic model.
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Table 5 Summary of the material and process parameters used in the stochastic

model of Iverson and Reif [11].

Damage of Improperly Oriented Grains
Average grain area in as-deposited film

Effective area amorphized per non-channeling ion

Damage of Properly Oriented Grains

Fraction of grains properly oriented

Critical dose for channeling (1st model for channeling)
Non-channeling fraction of ion dose (2nd model for channeling)

Effective area amorphized per channeling ion (3rd model for channeling)

Spontaneous Nucleation
Bulk nucleation rate
Crystal growth velocity

Film thickness
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APPENDIX B

MODELING OF TFT’S

Many analytical models have been published to date to describe the opera-

tions of polycrystalline silicon MOS TFT’s. Some good examples include:

(1) the models of Korma et al. [51] and Greve and Hay [52], which

describe the high-frequency capacitance-voltage characteristics;

(2) the models of Fossum et al. [53] and Madan and Antoniadis [54],
which describe the leakage region of the current-voltage character-

istics;

(3) the models of Ortiz-Conde and Fossum [55] and Faughnan [56],
which describe the subthreshold region of the current-voltage char-

acteristics;

(4) the models of Depp et al. [57,58], Colinge et al. [59,60], Fossum
and Ortiz-Conde [61,62], and Anwar and Khondker [63,64], which
describe the strong-inversion region of the current-voltage charac-

teristics.

We are interested primarily in the last category of models [57-64], which describe
the focus of our TFT work. We will summarize these models below. We will use
the standard symbols and coordinate system as defined by Sze [5]; the x- and
y-axes of this coordinate system are perpendicular and parallel, respectively, to
the silicon-gate oxide interface.

The modeling of polycrystalline silicon MOS TFT’s operating in the strong-

inversion region has been, in general, carried out in three steps [57-64]:
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The first step consists of the solution of the two-dimensional Poisson’s equa-
tion for the channel region, with the appropriate boundary conditions. The
two-dimensional Poisson’s equation for the channel region is given by

3*¢(z,y) + *¢(z,y)
- Oz? ayr

_;q;{p(z,y) - n(z,y) - NAf(EA, Ef) + ND[I - f(ED’Ef)]}

_2‘1_ {5(y) /E E Qu(E)[1 - f(E,Ef)dE — 6(y) /E E Qin(E) f (E,Ef)dE} »(6)

where ¢(z,y) channel potential, with respect to the floating bulk,

q = electronic charge,

€si = permitivity of silicon,

?(z,y) = free hole concentration,

n(z,y) = free electron concentration,

N4 = acceptor concentration,

Np = donor concentration,

f(E,E;) = 1/[1+eE-E)/¥T] the Fermi-Dirac distribution function

with Fermi energy Ey,

E, = valence-band edge,
E, = conduction-band edge,
Qup(E) = density of hole traps at grain boundaries (in number of

hole traps per unit area per unit energy), and

Qin(E) = density of electron traps at grain boundaries (in number

of electron traps per unit area per unit energy).
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The boundary conditions at the silicon-gate oxide interface can be obtained by

using Gauss’s Law:

€si [—%.ii)] = ‘;“:‘:’[VG - Vre — ¢(0,y) — Va(¥)], (7)
where €, = permitivity of gate oxide,
toz = thickness of gate oxide,
Ve = gate voltage,
Vee = flat-band voltage, and
Vs(y) = floating bulk voltage.

The other boundary conditions must be obtained by considering the transistor
geometry as well as the underlying assumptions regarding the properties of the
grain boundaries.

The second step consists of the deduction of the free carrier concentrations
and the free carrier mobilities, based on the the channel potential resolved in
the previous step. The free carrier concentrations throughout the channel region

can be obtained by using the Maxwell-Boltzmann distribution:

n(z,y) = no et EW/ET (9)
where p, = free hole concentration in the floating bulk,
n, = free electron concentration in the floating bulk,

= Boltzmann constant, and

T = absolute temperature.
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The free carrier mobilities near the surface of the channel region can be approx-

imated by considering both the surface effect and the grain-boundary effect:

Ec [ _ a
[l,(g;, y) = ly* (.E_i_) .e gb( r”)/kT’ (10)

where pu, = maximum mobility attainable, in the absence of both

surface and grain-boundary effects,

(Ei-)c = factor characterizing mobility degradation due to sur-
face effect, with normal surface field £, and character-
istic constants E§ and ¢, and

e~ En(z9)/¥T = factor characterizing mdbility degradation due to grain-

boundary effect, with grain-boundary ‘barrier height
Ep(z,y).

The third and final step consists of the deduction of the current-voltage
characteristics by using the gradual channel approximation [5]. The gradual
channel approximation in the basic form is given by

Ip

YO = -z e Y ()
where V(y) = voltage drop along the channel, =~ Vg(y),
Ip = drain current,
Z = channel width,
u(y) = effective free carrier mobility along the channel, and
N(y) = effective density of free carriers along the channel.

The effective free carrier mobility is given by

I3 (2, 9)p(z, y)dz |
) = TG, s (12)
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for p-channel transistors and

) = I almplelm ) (13

for n-channel transistors, where p,(z,y) and p,(z,y) are based on Eq. (10). The

effective density of free carriers, in coulombs per unit area, is given by

N(y) = /o " p(z,y)dz (14)

for p-channel transistors and

N(y) = /ooo n(z,y)dz (15)

for n-channel transistors. The integration of both sides of Eq. (11) from y = 0
to y = L (L being the channel length) will yield the final answer: an explicit
expression for the drain current as a function of the drain and gate voltages.

The main differences among these analytical models [57—-64] are in their so-
lutions to the two-dimensional Poisson’s equation, Eq. (6). The complexity of
this equation makes an exact analytical solution impossible. Either numerical
methods or analytical approximations must be employed to reduce the problem
to a manageable level. Depp et al. [57,58] and Colinge et al. [59,60] have chosen
the numerical approach by doing all the calculations on a computer. Fossum and
Ortiz-Conde [61,62] and Anwar and Khondker [63,64] have chosen the analytical
approach by making approximations to reduce both the Poisson’s equation and
the boundary conditions. The result, in each case, is an excellent agreement be-
tween the theory and the experiment. However, in each case, such an excellent
agreement is barely surprising given large number of model parameters that can
be varied to fit the data points!

We will now wrap up this discussion by pointing out the similarities as well

as the differences between what these models [57-64] have contributed and what
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we have contributed to the understanding of polycystalline silicon thin-film tran-
sistors. Our work is similar to their work in the sense that we have all identified
both the grain-boundary effect and the surface effect as the dominant factors
in controlling TFT performance. Our work differs from their work, however, in
that while they have focused on the grain-boundary effect, we have focused on
both the grain-boundary and the surface effects. What we have demonstrated,
experimentally for the first time ever, is the fact that when the average grain
size becomes sufficiently large (of the order of 1-2 um), the surface effect can
become a more dominant factor than the grain-boundary effect in controlling
TFT performance. This demonstration re-focuses the spotlight on the surface
effect, and may have a significant impact on the design and optimization of the

future generations of polycrystalline silicon TFT’s.
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