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Abstract

Polycrystalline Silicon Thin-Film Transistor Technology for Flexible Large-Area
Electronics

by

Yeh-Jiun Tung

Doctor of Philosophy in Engineering -
Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Tsu-Jae King, Chair

The development of a polycrystalline-silicon (poly-Si) thin-film transistor (TFT)
technology compatible with plastic substrates will enable information displays and large-
area electronics devices that are low power, low cost, lightweight and rugged. Significant
challenges exist in the development of a poly-Si TFT fabrication process that is
compatible with plastic substrates, since plastic cannot withstand high processing
temperatures.

This dissertation addresses two critical issues for the ultra-low temperature
(T<100°C) fabrication of poly-Si TFTs directly on polymer substrates. The first issue is
the formation of the gate dielectric, since thermal oxidation and conventional low-
pressure chemical vapor deposition (LPCVD) are not possible at 100°C. At such a low
temperature, the quality of the critical gate-dielectric to channel interface is poor. Oxide
deposition must be performed using plasma-enhanced CVD (PECVD) or sputter
deposition. The work here introduces the use of high-density plasma (HDP) sources,
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specifically helicon and electron cyclotron resonance (ECR) PECVD, for TFT gate oxide
formation at ultra low temperature. Initial experiments were conducted to determine
optimum recipes for SiO; deposition through the fabrication and characterization of
metal-oxide-semiconductor (MOS) capacitors. Subsequently, high-performance, self-
aligned gate poly-Si TFTs were fabricated using a process with a maximum substrate
temperature of 100°C. At the time of this work, this process yielded the highest mobility
devices reported for any TFT technology compatible with plastic substrates. It is shown
that the use of HDP-PECVD tools significantly reduces interfacial oxide defect density
compared to conventional parallel-plate PECVD tools.

The second area of emphasis in this dissertation focuses on the poly-Si channel-
film formation. Short-pulse excimer laser crystallization (ELC) is necessary to form poly-
Si when a polymer substrate is used. (Plastics are incompatible with long, high-
temperature crystallization processes.) Unfortunately, the range of laser fluences that
yield large-grained poly-Si is very narrow, and often it is necessary to trade off good
performance for device-to-device uniformity when ELC is used. This work introduces the
use of a patterned anti-reflective (AR) oxide capping layer to control grain location in the
channel film during ELC. Results from this new process show an improvement in TFT
performance and uniformity. The process is seif-aligned and simple, so it can be easily
incorporated into existing ELC-based poly-Si TFT process flows.

Two additional areas of work are presented in the latter part of the dissertation. A
prototype for an active-matrix organic light-emitting diode (AMOLED) display is
presented. A layout and fabrication process was designed for a monochrome 128x64

pixel, 80 dpi display on a 4”x4” square glass substrate. Each pixel contains two
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transistors to drive an OLED. AMOLED displays are of great interest because they
promise lower power, higher brightness, and wider viewing angle than the pervasive
active-matrix liquid crystal display (AMLCD). In addition, the inherently low deposition
temperature of organic materials allows for easy processing on flexible plastic substrates.
Lastly, a method is demonstrated for resist-free, direct patterning of thin films
using an excimer laser. This technique addresses current problems plaguing the flat panel
display manufacturing industry. High costs are associated with large area lithography that
uses conventional photoresist coating, exposure and development. We present
preliminary results for a direct patterning method that dramatically simplifies the
lithography process. Specifically, the Si active layer is patterned by selectively exposing
a laser beam onto a sacrificial layer of Si\Ge;., that sits atop the Si film. The sacrificial
film mixes with the underlying Si film and is then removed by a highly selective wet

etch.
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Chapter 1

Introduction

1.1 Flat-Panel Display Technologies

1.1.1. The Flat-Panel Display Market

Flat panel display (FPD) technologies have long sought to supplant the firmly
entrenched cathode ray tube (CRT) as the dominant electronic information display
medium. Since 1950, there has been a sustained effort to find a replacement for the CRT.
However, the CRT has many virtues for information displays: extremely fast response;
high resolution; vivid color and excellent image quality; and both small-size (1-in.
diagonal) and large-size (36-in. diagonal) formats for varied applications. As recently as
the beginning of the 1980°s, the CRT was still the only commercially available device
that could display full color TV video. CRT technology has been continuously improving

since its inception, but the most significant trend for CRTs is decreasing cost.' Because



(b)

(c) (d)

Figure 1.1. Examples of various FPD technologies: (a) LCD screens in laptop
computers (from hup://www.dell.com). (b) Pioneer DEH-P9200R car stereo display
featuring an organic electro-luminescent (EL) display (from
http://www.pioneerelectronics.com). (c) Sony 40-in. plasma display panel (PDP) television
(from hup:/fwww.sony.com). (d) Rear projection Hitachi 55DMX 2000 digital micromirror
device (DMD) TV (from hitp://www.hitachi.com).

CRTs are continually getting cheaper and better, the cost challenge is the most difficult
for flat-panel technologies. But the CRT does have one drawback that it cannot
overcome: it is too bulky. The large volume stems from the depth of the tube, which is
required to focus and scan the image and is thus comparable to its diagonal dimension.
This depth remains the CRT’s Achilles’ heel.

In contrast, FPDs are compact, lightweight and consume less power. These
features alone have enabled many products and applications, despite the higher costs of
FPDs. A wide variety of FPD technologies can be found in commercial electronics
nowadays (Figure 1.1). The leading FPD technology is liquid crystal displays (LCDs),

which are found in laptop computers, watches, personal digital assistants (PDAs),



handheld computers, mobile phones, pagers, among other applications. An emerging FPD
technology is based on organic light-emitting diodes (OLEDs). OLEDs are meant to
compete directly with LCDs and are just beginning to be available to consumers. These
bright, high-contrast and low-power displays can be found in Pioneer car stereo displays
and Motorola and Sanyo cellular phones. Plasma display panels (PDPs) are another
commercially available FPD technology. Major electronics companies (e.g. Philips,
Panasonic, Fujitsu, Pioneer and Sony) manufacture large-area (50-inch diagonal), high-
definition PDP television sets with 4” depths.? Though presently expensive, PDP TV sets
are expected to be cost competitive with CRT TVs by 2003. In the projection display
arena, Texas Instruments has developed an electro-mechanical display technology called
the digital micromirror device (DMD). Hitachi, Mitsubishi and Panasonic use these tiny
mirror arrays in rear projection displays for desktop monitors and televisions.’

These examples demonstrate that a vast array of CRT-altenative display
technologies exists. With new technologies constantly being introduced, more mature
technologies are forced to improve performance and lower cost. As a result, FPD sales
have been rising steadily, particularly in the last decade. It is predicted that FPDs will
capture 50% of the worldwide display market by 2003,* thus ending nearly a century of
the CRT’s dominance. Within the FPD market itself, LCDs represent the largest segment
by far, comprising the majority of total FPD sales. Figure 1.2 shows the world market for
FPDs by technology. LCD dominance is still expected to continue in the coming decade.
LCDs enjoy this lofty market position because they are the most mature of the FPD

technologies, making them both the highest performance display technology and the

lowest cost as well.
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Figure 1.2 World market for FPDs by technology. Improvements in competing
display technologies will continue to drive the progress of AMLCDs. (source:
DisplaySearch)

1.1.2 Passive- vs. Active-Matrix LCDs

LCDs can be categorized into two broad categories: passive-matrix and active-
matrix. As background to discussion of these display types, the fundamentals of LC
operation are first presented. Then, the basic operation of passive and active displays is
described, with an emphasis on the increasing importance of high-performance active-
matrix technologies.

Liquid crystal is a state of matter that exists between liquid and solid. LC
materials can flow as liquids, but there is some long-range order due to an elongated
molecular structure, which leads to the parallel alignment of molecules. This long-range
order creates a unique electro-optic characteristic that can be exploited for displays.

Figure 1.3 shows a schematic of a standard twisted nematic (TN) LC cell. The
liquid crystal is sandwiched between two glass plates that are each coated with a
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Figure 1.3. Operation of a standard twisted-nematic (TN) liquid-crystal cell. The
nematic LC molecules align with the brushed surface of the top and bottom
electrodes so that the orientation of the LC molecules undergoes a twist from one
electrode to the other. The polarization axis of the light entering the cell is
effectively rotated by the twisted LC layer so that it can pass through the second
polarizer (light state). Under applied voltage, the LC molecules tend to align with
the electric field so that the polarized light cannot pass through the second
polarizer (dark state).

transparent conducting material (Indium Tin Oxide or ITO) and an orienting layer. The
orienting layer is formed by brushing an organic film in one direction, thus creating
grooves. In the figure, these layers on the two plates are oriented perpendicular to each
other. The liquid crystal aligns its molecules with the direction of the grooves at the
surface of each plate, so that the molecules must then twist 90° from top to bottom.

Liquid crystal is optically anisotropic. It has a different index of refraction for
light polarized parallel to its molecular rods (n.) compared to light polarized
perpendicular to its rods (n,). If the twist is sufficiently gradual, then the polarization of

light will twist in the same direction at the LC material. As shown in the figure, light

5



100 Ll l L4 l 1 l L F L)
""" Tmax i
...... Tgon/o P, -
Relative
Transmission |- .
(%) .
- { e Contrastratio = Tnax/ Tmin
50 | e Grey scale achieved with
intermediate values of Vims
- - - - T 109, ----- AR R n i \ - -
0 &—t—»> e Tmip top -
0 1 2 3 4 5

Applied Voltage (Vms)

Figure 1.4. Electro-optic response of a TN LC cell. Light transmission varies with

applied voltage. Grayscale is achieved by applying voltages between Voo and Vo,

where light transmission varies between 90% and 10% respectively.
enters the cell polarized in the x-direction, slowly rotates polarization as it passes through
the cell, and exits polarized in the y-direction. In this case, light is transmitted, so it is the
“light state.” LC also exhibits dielectric anisotropy, so that the rods tend to align to an
applied electric field. When a voltage is applied between the plates, the 90° twist is
disturbed and light can longer be transmitted through the cell. This is the “dark state.”
Essentially, the LC cell acts as a light valve.

The light transmission of an LC cell varies with applied voltage. This curve,

shown in Figure 1.4, exhibits varying light transmission as a function of applied AC rms
(root mean square) voltage. (An AC signal is required to drive the LC materials to

prevent deterioration of the cell.) This LC cell is called “normally white,” because light






