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Science... is not what it appears to be. It is not objective and impartial, since every
observation it makes of nature is impregnated with theory. Nature is so complex and S0
randdm thét it can bnly be approached with a systematic tool that presupposes certain
facts about it; Without such a Apattem it woﬁld b‘e impossible to find an answer to

questions even as simple as "What am I looking at?'

- James Burke

The Day the Universe Changed

"While we wait for a cab, I'll give you your lesson for today. Your lesson is this:
Don't listen to what your schoolteachers tell you. Don't pay attention fo that.
.fust see what they lqok like and that's how you know what life is really goihg to be like.
You heard it here first." |
- Woody Allen

- Crimes and Misdemeanors
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Abstract

The leading technology in flat panel displays is active matrix addressed displays, with
either amorphous or polycrystalline silicon thin film transistors as the pixel switching
element. For cost and pérforinance reasons; integration of display ‘drivei' circuitry onto
the display substrate is desirable.

This‘thesis focuses on devices for driver circuifry necessary for AMLCD operation.
Circuits to control the data transferred to the pixels‘are discllssed, and their timing
constraints determinéd. The ability of amoi'phous and polysilicdn Thin Film Transistors
(TFTs) to meet the needs of the circuifs is considered. The charactéristics of the devices
are examined to determine their utility in driver circuit design.

One of the major limitations of thin film iransistors is their series resistance, which
decreases the output current and slows the circuit response. In this work, self-aligned
silicidation haé been developéd for thin film transistors to reduce the extrinsic resistance.
The principles of silicid‘ation are reviewed, and applied toyvards the development of cobalt |
and nickel silicide processes on thin polycrystalline and amorphous silicon and silicon-
germanium films. The effect of the film on the eleétricél properties of silicide is studied.

Cobalt and nickel silicides are used on the source and drain of polysilicon TFTs, and

~ their effects on the device characteristics are analyzed. Their impact is greatest on ultra-
thin film polysilicon devices, where ihe high series resistance limits the current to about‘
1pA. With silicides, the output current is increased one-hundredfold. The improvement
m AMLCD driver circuit performaince by the inccirporation of silicides is Showh by circuit
simulation, |

The objéctive of this disserlation is to develop a silicidation process for polysilicon
thin film transistors and determine the effects of this pfocess on devide performancé, ancl
project the improyements to AMLCD driver circuitry this process may provide.

1
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Chapter 1
Introduction

This dissertation examines issues related‘ to d_evices ahd gircuits of active-matrix‘
1iquid4crystal displays (AMLCDs), with emphasis towards displays using poly-crystalline
silicon thin ﬁBn transistors and ‘incorporat‘ing drive circuitry on the display substrate.
Device performance, circuit design, and rﬁaterials issues will be discussed. Silicon thin
film transistors, both amorphous and polysilicon, are compared on the bases of process,
devicé performance, and utility in integrated-drive‘Al\/l]‘JCDs. Methods for improviﬁg the
drive current of polysilicon TFTs are exploréd.

“The design of driving circuits for AMLCDs will then be discussed, with examples for
a monochrome VGA panel with integrated scan driver, kand data multiplexer. The‘
electrical "load" of the diSplay will be determined and used in the mathematical analysis of
‘dﬁvef circuit ‘design. Other circuits which are incorporated in state-of-the-art data
driving circuits-- digital-to-analog converters and amplifiers-- will be presented. It will be
shown that the most important factor of fhe drive circuits is the temporal response. This
motivates the circuit design and the device process towards maximiiing the TFT drive
current, and places éonstraints on the materials viable for signal lines in the display.

Incofporation of silicides to increése the drive cuﬁent and reddce the duratioﬁ of the
display signal transients will be explored. The basics of silicidation will be presented,
followed by a comparison of ;;rocesses and films of varioué silicides for use in both the
device process and panel manufacture for AMLCDs. A self-aligned silicidation process
for polysilicoﬁ TFTs will be j)resented, and device results will be presented. |

- The fundamentals of each of these areas is discussed in this Chpater.
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- 1.1 Active Matrix Liquid Crystal Displays

The term “flat panel display” covers a wide range of products and technologies. A
flat display is any display which is ﬂét; these can include thin CRTs. Flat display
technologies include: plasma emission, light-emitting diodes, electroluminescence, field-

‘ emiésion; and liquid brystal. ‘Liquid crystal teéhnoiogies include twisted-iiematic,
supertwisted nematic, polymer dispersed, ferroelectric, and cholesteric [1].

Liquid crystal diéplays (LCDs) emerged on the consumer market on wristwatches in
the early 1970s. The displayiised iwisted nematic liquid crystal, and was ‘reﬂec‘:tive, using
ambient light reflected from the backside of the display as its light source. The

| adi/antages of LCDs ‘over‘CRT‘s are many, théy are lightweight, space-eﬁiéient, and can
have iiigher resolution, Quickly; their definitive advanteiges were combined with
promised advantages of low-cost manufacture to promise the “television hanging on the
wall.” . While this has not occurred; and may still‘ be far away [2], tlie advantages ‘of
LCDs have produced new products and applications ‘for displays: laptop computers,
hand-held personal devicés, video viewfinders, projection displays, virtual reality, and a
wealth of consumer products. LCDs have replaced CRTs in niche applications, including

" dashboard and cockpit assemblies [3].
| Although the display applicaﬁons and technblogies are numeroiis, they share fhe same
few findamentals: pixels and addressing. Pixels compose the array of elements which
inust produce the iniage. When they are addressed, the pixels are given the information
used to create the image. In passive addreSsing, the pixel voltage is held by a capacitor
bctweeri the scan and data lines. However, the pixel is sensitive to crosstalk of the data
written to fhe neighboring pixels. ~And, the capacitor may exhibit high leakage, which‘
‘would degrade the image quality throughout the frame period. In active addressing, the
* pixels are switched by a transistor. The pixel voltage is sensitive to the data voltage on its
data-line when the switching element is on (scanned). Since this thesis concentiates on

3
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devices for twisted nematic active-matrix liquid crystal display technologies, the
: discussion below of ‘pixels‘ and their addreséingy will be be specific to‘this display
technology. »
- -In active matrix liquid crystal displays (AMLCDs), the pixels are individually
controlled by a switching element which is addressed by a controller external to the
display. Most displays use silicon TFTs as the pixel switching element. In the silicon |
TFT-LCD arena, theré is continuing‘ competition betweén amorphous fmd polycrystalline
(poly) silicon TFTs. For large area substrates, glass is used as an inexpensive substitute
for quartz. Since glass has a much ‘lower‘ thermal klimit“(~ 600°C, and even lower for
cheaper glasses), amorphous silicon TFTs is the dominént technology for mass-
production  items, like laptop computer displays. The low-temperature process is
inexpensive and ideally suited to amorphous silicon téchnology, and easier than
polysilicon processing technology. However, the inferior mobility of the amorphous TFT
requires that all control be supplied from connections to external drivers, using chip-on-
glass (COG) or ﬂexible tape-automated bonding (TAB) connectors [4]. - For a cblor
VGA display, there could then be 2400 connections: 640 for each vertical line in red,
green, and blue, and 480 horizontal lines. These connections would be arranged around
the perimeter of the glass substrate.

For' high-deﬁnition and sn‘iall-‘area‘ displays, like liquid crystal light valves for
projection applications there may not be enbugh peripheral aréa for the coﬁriections.
Hence, control circuitry must be included on the display substrate. Also, small area
‘displays‘can Be made on quartz substrateé, allowing polysilicon proceésing. In direct-
view displays, the issue between the two technologies of amorphous and polysilicon TFT
LCDs is in the ‘middle ground, where the cost of the addition of external drivers may

offset the costs due to yield loss when polysilicon driver circuitry is integrated into the
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display. Chapter 6 will explore integrated drive circuits, and show that the key factors in

driver design are sheet resistances of the signal lines and of the devices.

L1.1 Active Matrix Liquid Crystal Display Panel Construction
The liquid crysfal display is asSembled from essentially four components: the front and
back glase panels, the liquid crystal“ﬁlling the gap betWeen them, and the backlight.
Figure 1-1 shows a typical flat panel AMLCD assembly. On the outer surfaces of the
| glass panels are polafizers; The inner fece of the glass panels are ceve;ed with a ‘thin‘,
tfansparent metal film. The film on the front glass panel is impattemed and cohnected to
a fixed vpltage. The other panel, the 'factive panel," has its transparent film patterned into
an array of electrodes. The electrodes delineate the bixels. On the ‘pen'phery‘ of the active

plate are either on-display driver circuits or connections to external driver circuits.

lrsulcter  Amcrgphcus Silicsa
Czunter . Estwesn TFT(Thin Film Trensisicr!
E'ecircde L.nes Crein Slecircde

Saurce Elecircce o
2 JCispicy Tiestrade

dgoress e

Figure 1-1. - Assembly of AMLCD components. [Kung, 5]
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An active matrix display is similar to a capacitor-based DRAM. Each pixel consists
of a transistor and a capacitive element, composed of the capacitance of the liquid crystal
between the transparent metal electrodes and a "storage" capacitance (described below).
The pixels are addressed by their row (or scan)‘ line and column (or data) line. In a thin
film transistor (TFT) liquid crystal display, the pixels are isolated by a TFT pass transistor
between the data line and the pixel electrode. Figure 1-2 sliows the physical layout of a
TFT-switched pixel and its circuit equivalent.

| When a row'is turned on, or is scanned, the voltage on’ the scan line turns all of the

TFTs of that row on. The data line voltage can then be passed throngh the pixel 'l“FT‘
onto the pixel electrode. The voltage difference between that of the pixel electrode and
the common voltage on the opposing glass plate create's an electric ﬁeld across the liquid
crystal within‘the area of the pixel. The transmission of light through the pixel area is
m0dulated by the applied data voltage, as shown in the transmission-voltage curve in
Figure 1-3 [6]. . | |

The transmission of light through the pixel is' modulated by the field across the liquid
‘crystal. ‘In the twisted nematic (TN) LCD, the liquid crystal is in the nematic phase, |
where the molecule is rod-shaped, and there is a 90° rotation of these molecules from one
side of the cell to the other, as shown in Figure 1-4. The liquid crystals are oriented by a
polyrner layer which is "‘rubbed" to produce an alignment direction. The liquid crystal

~ molecules gradually twist frOm bottom to top to accomodatethe alignment of the two

polymer layers. On the side facing the light source, the polarizer is parallel to the bottom
plate rub direction.

| Light is lin'early polarized to match the direction of the nematic molecules. If there is

no field across the liquid crystal, t}ie liquid crystals gently twist ‘90°‘ in rotation. The light

| transiting the cell is rotated, and exits the liquid crystal with the same linear polarity as the

top rub layer. In a normally-on device, the top polarizer is parallel to the upper plate rub

6
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direction, and the light is transmitted through the polarizer. If an electric field exists
across the cell, the nematic liquid crystal molecules point in the direction of the field, and
are less able to rotate the light. ‘Thus, when it reached the tdp polarizer, it has the wrong

polarity, and is not passed.

scan (n-1)

g —C,
- =/
scan(n) | ?{ICO'M :

- Figure 1-2, Layout and equivalent circuit of pixel in TFT-LCD.
‘ 7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.0 : ‘
‘ E Screen Canter
c =
-] -1
v 10 =
2 =
[ B
= -
c b
c e
P -
3 10" =
~ =
R
£ L
=
o 2 3 4 s

[=]

Acglied Dats Vaitage (V)
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Twisted Nematic liquid crystal cell. [Takafuji, 6]

Since the transmission cufve of the TN cell is a gradual function of vpltage (as shown
in‘Figur‘e 1-3), gray scales can be produced by applying pixgl electrode voltages between
those whicﬁ produce white and black states. A colof pixel group (ﬁgure 1-5) can be
created by placing over the top glass plate a color filter which repeats red, green and blue
‘regidns each‘over‘cells, and applying appropriate gray scales to each sub-pixel in the
color group to provide the proper intensity of red, green, and blue light. The collective

iniensity of red, greeri, and blue light gives the viewer the appearance of a color dot.
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Figure 1-5. Composition of a color pixel.

1.1.2 Pixels in AMLCDs

The pixels are the fundamental elements of the diSplay area. Théy are connected to
the drivers by the scan and data lines. The components of a pixel afe: data line |
conng‘ction; scan line, pixel TFT, storage capacitor, and the ITO flag. The layout and
circuit equivalent schematic ofa pixel are shown in Figure 1-2, Pixel design issues
directly affecting the aperture ratio center around the‘pixel pitch, the amount of storage
capacitance requifed, and the size of the TFT. Storage capacitance and TFT sizing will

be discussed in Chapter 6, Display Design.

1.2 Thin-Film Tralisistors
1.2.1 Overview

Thin film transistors (TFTs) are fabricated by depositing a thin ( < 2000 A) layer of
silicon on an insulating substrate. The devices are isolated by defining each into a discrete
island on the ‘substrate‘. TFTs are field-effect deviges, similar to MOSFETS, bqt having

10
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no substrnte terminal (see Figures 1-6(a) and 1-7(a)). Since the silicon under the gate is
- typically undoped; the “type” of the TFT is defermined by thé doping of the source and
drain, which are to produce blocking contacts to the channel. For example, an n-TFT has
n-typé source and drain régions. When a positive voltage is ‘appli‘ed to the gate, the island
beneath it is depleted. As the gate voltage increases, electrons are attracted to the
| surface, forming a conducting layer. ‘Because‘the source and drain are n-type, electrons
are able to be extracted and supplied for‘current. The electron ‘layer‘is often called the
"inversion layer" as in MOSFETs. In the off state, the éate voltage is negative with
“respect to the soufce, holes from the intrinsic channel silicon would be attracted to the
gate. However, holes which would be collected at the surface under the gate would be
blnckgd by‘t‘he n;typg doping of thg source and drain, so that they cannnot contribnte to

conduction. The TFT is not an ambipolar device.

1.2.2 Axnorphous Silicon Thin Film Transistors |
- Amorphous silicon thin film transistors are fabricated in a thin amorphous silicon film
typicaily déposited by plasma enhanced chemical vapor depoSition (PECVD) at low
temperatures, ranging 300°C to 400°C;' Gate dielectrics and insulators, SiOp and SiNx
are also deposited by PECVD [7,8]. ' The temperature range of all of these processes is
within the thermél proces‘sing“window for large-a‘rea,‘ low cost ‘glass panel snbstr‘ates.‘
This, and the applicability of the PECVD technique to large area substrates, and the low
current in the off-state are the main advantagés of amorphous silicon tecnnology for
AMLCD:s.

The source and drain regions are formed by patterning a deposited n* layer on top of
the island. Figure 1-6 shows the amorphnus silicon transistor st‘ructu‘re and dévicé
characteristic. Note that the off-current is quite low. In the display array, the off-current
of the pikel switching elements has a strong impact on the pixel design and image quality.

11
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The main disaduantage of the amorphous TFT is\i‘ts low mobility, typically about or
below 1 cm2/V-sec. In order to achieve a high drive current in the on-state, a device
neéds alarge width. The large width increases the gase capacitances of devices in circuits
composed of amorphous TFTs, causing them to be slow. These factors make the

incorporation of drive cirCuitry with amOrphdus silicon TFTs difficult to realize [4].

1.2.3 Polycrystalline Silicon Thin Film Transistors

Polycrystalline silicon (polysiliéon) films can be‘produce‘d on glass and quartz
substrates by many methods. Low-pressure chemical vapor deposition (LPCVD) is
‘commonly used to deposnt polycrystallme silicon. The silicon can be deposited in the
amorphous, mlcrocrystallme or polycrystalline states [9,10]. The amorphous or rmxed-
phase films can be crystallized into polycrystalline films by furnace annealing, rapid-
thermal annealing, of laser-annealing [11,12]. Thé gate dielectris can be either a PECVD
or a thermally-grown §iO film, or §i02-SiNy multilayer dielectrics [13,14,15]. Source

_and drain regions are formed by ion implantation. Grain boundary defects are passivated
by forming gas annealing (e.g. post-metal anneal) and by plasrna hydrogenation.

The polysilicon film structure, device structure and processing treatments have a
dramatlc affect on the polysnllcon TFT device parameters and charactenstlcs e.g. on-
current, off-current, threshold voltage, mobility, and subthreshold swing [14]. Furnace
annealed devices easnly achJeve mobllmes over 40 cm2N-sec Excimer laser: annealed
polys111con TFTs have been reported to have mobllmes over 200 cm2/V ~-sec [12]. Since
n-type and p-type polysnhcon TFTs (n-TFT and p-TFT) can be formed, CMOS-design
based circuits using TFTs can ‘be fabricated on the dlsplay substrate allowing for
integrated drive circuitry [16]. A polysilicon n-TFT and its device characteristics are
shown in Figure 1-7. Because the source and drain regions are thin, they exhibit high
series resistance, which degrades the drive current. |

12
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Figure 1-6. Amorphous silicon TFT (a) structure and (b) device characteristics. .
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Figure 1-7. Polysilicon TFT structure and device characteristics.
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1.3 Silicide Principles |
Silicides have low resistivities, approaching those of refractory metals. Silicides can
" be formed by many methods, but the most common is by annealing metal on silicon. The
temperéture, required for the anneal is dependent on the metal‘ specie; nickel ‘will silicidize
at 400°C, whereas titanium requires annealing above 800°C to form the lowest-resistance
phase. S‘ilicide‘ resistivities range from 15uQ-cm to 100uQ2-cm, dependihg on the metal
and the fabrication process. [17]. Silicides are cheniically resistant, and are compatible
with device process temperatures. For comparison, the resistivity of aluminum is 4uQ-
cm, but cannot ‘withstand device process temperatures and chemicais. Heavily doped
polysilicon has a resistivity greater than 300 puQ-cm. | _ |
Silicides have long been incorporatéd in sihgle-cx'ystal silicon CMOS ' circuit
technologies. Self-aligned silicides (salicides) increase device current and thué circuit
speed by reducing parasitic external resistances associated with the device terminals (the
source and drain) and thé wiring between them and the drivén gate.’ Silicides héve not yet
been applied to TFTs technology, but have been used as the scan line in AMLCD

technology [18].' In this dissgrtatioﬁ, a silicidatiori process will be developed for TFT

technology.

1.4 Organization
The objective of this dissertation is to develop a silicidétion process for polysilicon
thin ﬁlm transistors and determine the effects of this prbcess on device pérformance, and
| project the improvements to AMLCD driver circuitry this process may provide.
In Chapter 2, silicidation prihciples, fabrication technologies,‘ characterization
methods will be reviewed. The theoretical effect on device performance will be
discussed, | | |

15
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" In Chapter 3, the silicidation process for cobalt and nickel silicides developed at
Lehigh University's Display Research Laboratory will be presented. . The electrical
characteristics of the silicides will be presented

In Chapters 4, amorphous silicon and silicon-germanium thin film transistors with ion-
planted source and drain regions will be presented.

In Chapter 5, the effects of device structure and process on polysilicon TFTs will be
explored.‘ De\‘/ices‘ with diffused and ion‘-implanted“source and drain regions will be
compared. The effect of the polysilicon island thickness ;vill be examined. Salicided ‘
TFTs of both thick and thin polysrhcon islands will be analyzed. The lmprovements
silicidation gives device performance will be determined.

Chapter 6 wrll describe AMLCD drive circultry and pixel design. The electncal load
of the display array will be denved Scan circuits, including the shift register, level shifter,
and drive buffer, will be constructed using polysilicon TFT parameters for nMOS and
CMOS processes. The achitecture of data drivers will be illustrated. Digital-to-analog‘
converters will be designed using four different methodologies. Data multiplexers of both
nMOS and CMOS will be compared. The effect of silicidation on the speed‘performance
of the driver circuits will be illustrated through simulations. |

- In Chapter -7, the work presented herein w1|l be summarized, and directions for
contmumg work will be 1temized | |

In the Appendix, descriptions of the prooess‘sequen'ces for silicide and device

fabrication will be detailed.
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| Chapter 2 | |
Principles of Silicides in MOS-Based Technologies

2.1 Introduction to Silicides |
For increasing device density and speed, scaling rules require narrower gate and
‘interconnection lines and shallower junctions. Interconneétion of devices becomes
difficult in ;he areas betweén devices. The gate metallization layer is often used as the
first wiring layer. Scaling issues produce high resistance source and drain regions, and
gate stripes, often njadefronj doped polysiliéon. As the dévicg gate area decfeases, the
- speed of CMOS circuit§ becomes dominated by the resistances involved in connecting the
deQiées: parasitic series resistance, contact resistance, and wire resistance. |
| Silicides are formed by reaction 6f metal with silicon‘ during heating. Silicides provide
a thermally and compositionally stable low-resistance ohmic contact to silicon. Self-
‘aligned silicidation (salicide) processes which selectively-.silicidize fhe source and drain
_‘ regions reduce the extrinsic resistance of devices. Silicides have resistivities ranging from
15 uQ-cm to 100 pQ-cm [17].  These valugs are much lower than highly-doped
polysilicoh (around 1mQ-cm), and similaf to thin films of refractory metals (e.g.
‘chromium, tantalum, tungsten). . Silicides have been shown to be diffusion sources for
~ shallow junctions,‘ or can be used to make contact to them [19,20]. |
The desired properties of a silicide are many. The primafy characteristic is the
silicide's resistivity.  This material parameter dictates the range of sheet resistance the
silicide can aéhievé, depending on its thickness. The circuit deéigner, determining a
- maximum sheet resistance for a wiring layer, may require a silicide to have an impractical
thickness; in this case, a different metal must be used for silicidation, |
Cbnsid‘erations for which silicide to incorporate into a process depend on the metal
and its resulting silicide. The metal should form silicidé at a temperature beldw the

17
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process limit imposed By junction redifﬁjsion or substrate warpage. The ‘silicidation
kreactionshould occur easily, with as little dependence on surface cleanliness and doping
as possible. The silicidation process should result in a smooth silicide stxrface and silicide-
silicon interface. For shallow junction applications, the silicide should consume as little of
the underlying silicon as possible during the silicidation process. For use as a contact, the
| silicide should make ohmic contact to silicon. Some silicides, e.g. platinum, form
Schottky junctions. The silicide should have good adhesion with low interfacial stress.
Poor adhesion and high stress may cause peeling of ‘silicide wiring layers [21]. High
stress of a silicide gate stripe can create electronic defect states [22].
The silicide should be resistant to chemicals used after the silicidation process step.
~ This includes HF and fluorine plasmas used to open contact windows through the
insulating dielectric.. The silicide should resist oxidation, smce surface oxxdes may

increase the contact resistance to the overlymg metallization wiring layer.

2.2 Silicide Fabrication
2.2.1 Effect of Metal Type on Slllcldatlon Process

The silicidation process is dependent on the metal used. Noble metals (cobalt, nickel,
palladium, platinum) form silicides at temperatures below 700°C. - In these films, metal
atom migration dominates growth, These films as such are less likely to form silicides
with Ssz, and less likely to form bridging shorts between the gate and the source and
drain upon silicidation. . Refractory metals (tungsten, tltamum tantalum, molybdenum)
form silicides at high temperature, above 800°C, where silicon atom diffusion dominates
grdwtht In these‘ﬁlms, silicon precipitates may form at ‘the edges of the silicide, silicon -
void formation under the silicide is possible and there may be a metal reaction with SiO5.
These films are more susceptlble to bridging shorts due to silicon mlgratlon along the gate
s1dewall spacer. Figure 2-1 shows the effects of silicidation temperature on the physwal
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structure of the silicide. Note that the higher temperature sili‘cida‘tion exhibits silicon
precipitates [17]. o |

The growth of the silicide is also dependent on the metal. During the silicidation
process the metal-silicon ratlo changes accordmg to the phases-- or layers of phases--
formed Most metals ultnmately form their lowest-resistance phase in the disilicide
(MSig) phase, which forms at the highest temperature, as shown in Figure 2-2 [23]. This
is the thermally stable phase, and subsequent anneaiing will not affect the silicide. To
form the disilicide phase, metal-rich phases are formed first. Depending on the metal
specxe and the amount of metal deposited, the ﬁlm w1ll entirely change phase, or will
form layers of phases, as illustrated in Figure 2-3 [24]. Table 2-1 lists common metals

'used for silicides in CMOS processes, and their characteristics [17,25].

.COB‘ALT‘ ON PATTERNED COBALT ON PATTERNED

POLY Si - : POLY Si

23 hours AT 400°C /FG 900°C / 30 min / fG

Figure 2-1. Effect of temperature on silicide film. [Murarka, 17]
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metal métal résistivity lowest resisiance silicide resistivity silicidaﬁon

| (uQ-cm) silicide phase (pQ2-cm) temperature (°C)
W 5 WSig 20 - 70 - >1000
Mo 5 MoSiy 15 - 100 1000
Ta 14 TaSip 30 - 50 900
Ti 45 TiSiy (C54) 13-25 800
Co 6 CoSiy 13-20 600 - 700
Pt 11 PtSi 30 450
Ni 8 NiSi 14 300-400
Pd 11 Pd,Si 30 ~ 300

Table 2-1. Metal and Silicide Data Table.
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Figure 2-2. Effect of Temperature on Phase and Sheet Resistance of CoSiy.

[Niewohner, 23]
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' Phases indicated by XRD after onneahng by RTP for 12 s at
dnfferent temperatures of samples of series A mih 30- and IOO-nm-

thick Co films.
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'Uu P4 < S' o ;l. N
ggg Co—,SuggSijosiz CoSiCoSi;
70 CoSiz CoSUCoSi;
‘Eo - ) COSlz
50 - - CoSiy
ggg - COSIz
900 CoSiy ;

Figure 2-3. Transition from Metal to Disilicide Phase. [Freitas, 24]

2.2.2 Effect of Deposition Method on Silicide Film

Silicides can be fabricated by depositing either the metal and annealing, or depositing

- the silicide drrectly Annealmg a metal film deposrted erther by sputtering or evaporation
produces a purer silicide film, which has a lower resrstrvrty Silicide would be formed on
all exposed silicon. The resistivity in general is dependent on the temperature and
duration of the anneal. Since these silicidation processes require annealmg, the silicide
interface may be rough. Silicides can be patterned, typlcally by etching in HF-containing

solutions,

The window-masked selective silicidation process, illustrated in Figure 2-4, is the

-easier of the methods described. In this process, windows are opened in a deposited '

oxrde layer to expose silicon where srhcxde is desrred Followmg an HF-dip, metal is then.
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| deposited and annealed in a furnace, or a rapid thermal lamp system. The specifics of this

anneal are metal dependent. In cobalt silicide technology, the silicidation anneal at 60‘0°C‘
to 700°C is followed by a metal etch to remove any remaining metal-rich phases at the
surface, ar1d any uhreacted rrretal. In titanium silicide technology, after the titanium
deposition, a mixing anneal in nitrogen below 700°C is performed to predeposit high
resistance TiSi and TiSiz(C49 phase). Titaniurp and titanium nitride are etched from the
oxide layer, leaving silicide within the windows. The titanium silicides are therr annealed
at or above 800°C in Ar to finalize the TiSiz in the low-resistdnce C54 phase [26].

Metal and silicon can be sputtered from two targets, simultaneously, in the co-
sputtering process Thrs process is used for hard, refractory metals whlch either cannot |
be evaporated, or require very high silicidation anneal temperatures. - The advantages of
this process are good metal to srllcon ratio control, and a smooth interface. However
this process has poor step coverage, and lacks selectlve deposmon capability.

Sllrcldescan be sputtered from a single, silicide alloy target. WSiy is commonly‘

| deposited by sputtenng While composrtron control is easily maintained, step coverage is
drfﬁcult and the target may have mcorporated contaminants [18].

Chemical vapor deposition [27] and molecular beam eprtaxy (28] have been used to

deposit tungsten and cobalt silicide films. Step coverage is excellent, but the‘ surfaces are

rough, and the films have poor adhesion.

223 Effect of Anneal Method on Silicide Films

Annealing can be performed in a furnace or by a lamp ‘system e.g. rapid ‘thennal |
annealmg Furnace anneals are more uniform on the wafer, and since multiple substrates
can be annealed simultaneously, have higher throughput and better wafer—to-wafer
uniformity. The ramp-up and ramp-down (cooling) cycles of lamp systems may create
non reprodu‘c‘:ible‘ results, especially for short anneals. Aiso, the radiation of the lamp
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system may not be uniform, causing spatial nonuniformities of the silicide on any given

substrate.

Etched window

Anneal

silicide

Etch unreacted metal

Figure 2-4. Process Sequence for Window-Patterned Silicidation

Requiring One Anneal
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However, lamp annealing is often faster than furnace annealing. A furnace anneal
may require an hour, whereas a lamp anneal requires only a few minutes to form a

silicide. The shorter thermal cycle causes less dopant redistribution and lateral growth of

silicides [29,30].

‘2.3 Physical Characterization of Silicides
‘Physical‘ chafacteﬁsticé important td analysis of silicide films are the th'ickness,‘
composition, and crystal structure. Since ‘ﬁlms in contemporary processes are ‘belovs‘l
10004 thick, thickhess‘is obtained by cross-sectional transmission elecfron microscopy
‘(TEM). Diﬁ‘ractibn-mode TEM can be used to provide phase and crystal structure
information.  Figure 2-5 shows TEM and ‘dift’ractioh-’I'EM bhotos of cobalt

germanosiliéide, formed by annealing coﬂalt on heteroepitaxial SiGe on Si [31].

B8=2={013].

Figure 2-5. Crbss—sectiqn of cobalt germanosilicide and diffraction pattern. [Lin, 31]
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Film cOmpositioh can also be obtained from energy dispersive electron analysis,
;Rutherfox"d baékscattering, and sputtering Auger electron shectroscopy. ‘Figure 2-6
shows energy dispersion analysis of the cobalt germanosilicide layer atop the SiGe

epilayer from Figure 2-5. The peaks indicate the presence of cobalt, silicon and

germanium [32].

B> o

6
¢

Figure 2-6. Electron Energy Dispersion Analysis of

Cobalt Germanosilicide on SiGe/Si. [Sarcona, 32]

2 4 Electrical Charactenzatlon of Silicides

The important electrical parameters of silicides are thelr resistivity and specific
-resistance. The resistivity is a material parameter, and can be used to determine the phase
of silicide, and its purity. Electrical parameters useful to circuit designers are the sheet

and contact resistance, which are functions of the resistivity and specific contact
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resistance and the dimensions of the silicided feature, These values are depéndent on the
width, ‘length, afea, or thickness of the feature.
2.4.1 Sheet Resistance | |

‘The resistivity, p, is typically on the order of 10-6 Q-cm, and fs reported in units of
pQ-cm. Silicide§ have resistivities in the range of 10 to 100 uQ-cm, depending on the
metal specie and anneal ‘temperat;ire. For éomparison, the resistivity of aluminum is
3uQ-cm, and n* polysilicon is around 300 uQ-crﬁ.

The sheet resistance, Rg, measured in /0, is defined as;

“R, = 2.1)

%

Note that the sheet resistance is a function of the film thickness, x, in cm.
“The resistance of a silicide line, R, measured in Q, is determined by the length, L, and

the width, W, of the feature:

R-r L
w

- 22)

xR
||~

Hence, ‘for a design with a resistance limit, the silicide can be made thicker or wider
for a given length. If the geometry cannot be accommodated, the résisti‘)ity can be
decreased by using a silicide with a lower résistivity. |

- The resistivity is detemlined by measuring the sheet resistance and thickness. The
sheet resistance can be measured by a simple four-pbint brobe setup, as illustrated in
Figure 2-7. Four e\)enly-spaced pfobes are placed on an unpatterned sample, and curreht
is driven through the outer probeé. A voltage is measured through the two middle high-

impedance probes. This probé voltage is multiplied by a geometric factor; for large
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samples, where the probe spacing is much smaller than the sample area, and much larger

than its thickness, that factor is 4.53.

L. V'V L,

- Figure 2-7. Four-point Probe Measurement of Sheet Resistance

On processed wafers, the foueroinf probe measurement can be made by uéing a four-

| poiht probe structxjre, as shown in Figure 2-8. A bar of material is patterned to have four

contacts: two outer contacts for current, two for measuring the voltage drop. The sheet

resistance is simpfy the voltage divided by the current; multiplied by the ‘inverse of the
aspect ratio of the pbrtion of the bar between the voltage monitor contacts.

The transmission-line, or multi-tapped resiStor, method uses differént lengths of a
stripe of material to determine the sheet resisfance. Since only two probes are‘used to
measure the resistance, the measured resistance is the sum of th¢ sheet and cohtac;
resistances for that Iength. ‘Assuming the‘contact resistances are the same for each
contact pad to the stripe, the sheet resistance can be deduced by the difference in

resistarice of two lengths of the stripe, as illustrated in Figure 2-9.
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out

Figure 2-8. Four-point Probe Structure to Measure Sheet Resistance

‘of Patterned Silicide.

R[]
....... ®
e slope=R;/W
3
2R
T T
L [pm]
L3

Figure 2-9. Transmission Line Method for Measuring Sheet Resistance.
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2.4.2. Contact Resistance
The ‘contact resistii/ity,‘ pe for competitive technologies is about 1 pQ-cm?.
~ Aluminum makes contact to n*Si with a resistivity of about 3uQ-cm? or less. Silicides in
our lab have been measured to make contact to silicon with a resistivity of about 1 - 100
uQ-crn2 and in contact to aluminum at less than 1uQ-cm2. The contact resistance, Rg, is
‘a function of contact area, Ag, in cm2, The contact resrstance is also greatly affected by

the measurement techmque [33]

R =fe | O (@23)

- The transmission-line tnethod of Figure 29 can be used to“determine the contact
resistance. Plotting the resistance as a function of length, the resistance-intercept, where
L=0, will glve 2R;. Another method to measure contact resrstance is the four-termmal

or Kelvm resrstor in Figure 2-10.

In this structure, current is forced between two probes, and voltage‘measured by two |
high-impedance probes. The current-in nrobe, and one of the voltage probes, are the
silicide or metal atop the contact. The current-out probe and the voltage ref'erence node,
are at the bottom of the contact. Hence the voltage drop is measured from the top to the
bottom of the contact drvrsron by the current gives the contact resistance, Rc It is
important to note that the contact area, Ag, is the surface that the silicide shares with the |
silicon. It ‘may be the area of‘ the contact window cut, or more, should the interface be
roughened by annealing. It has been shown that annealing can cause contouring of the

surface region, causing an increase of the contact area of aluminum/silicon contacts [34).
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Figure 2-10. Four-terminal Resistor Structure for Measuring Contact Resistance

2.5 Silicides in MOS Device Applications
Silicides were first mtroduced into MOS technology in 1977 Tungsten and
molybdenum silicide were used for interconnect lines and gate metals by silicidizing
polysilicon [35-38]. The incorporation of sﬂlcxdes in MOS technology has reduced the
parasmc resnstances of the devices and thexr contacts to the wiring layers, mtroduced a
low-resistance wiring layer at the gate stripe level, promoted further scaling of devices by
aiding the fabrication of shallow junctions [39], and increasing device packing density to
“perrnit more complex circuits in a smaller area [40,41]. All of these factors increase the
speed of integrated circuits by reducing RC delays of the devices and interconnection, and
increase yield. | | | | o o
Though molybdenum and tungsten were first examined, their high silicidation
~ temperatures (1000°C and 1100°C, reSpectlvely) caused them to be replaced by tantalum
and tltaniuln. Titanium has long been the dominant metal for silicides in MOS
technologies. It is more tolerant of oxide impurities at the interface w1th silicon, and its
silicide is easily wet chenucally etched [42]. In the tltamum process, -as described in
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Section 2.2.2, two anneals are required: a C49 TiSip mixing anneal in Ny at 700°C,
followed by a phase finalization anneal in Ar at or above 800°C to produce low resistance
C54 TiSio. Betweén the anneals; a TiN etch is performed. Cobait, however, requires
only one anneal above 600°C [43]. As thermal budgets of MOS tgchnologies are reduced
for shallow junction concerns, Cobalt is becoming more popular.‘ However, the silicon
surface neéds to be more "clean" to produce a uniform cobalt silicide. Processes where
bilayers of cobalt atop titanium are being developed to prdduce thin cobalt silicide films,
~ where any interfacial oxide is gettered‘by titanium. [42,44,4'5,46]

: For applications and processes where a low thermal budget is‘requi‘red, e.g. AMLCDs
on glass substrates, titanium is above thé thermal limit; and cobalt is at the maximum of
the process window (650°C). Other metalé, with lower silicidation temperatures may
need to be pursued for new processes and their limitétions. Nickel‘ is the next candidate,
whose silicidation temperatureé range from 300°C‘ to 500°C, depending on the phase.
Oddly, the lowest resistance phase of nickel, NiSi, formed at 400°C, is not the
thermodyhamically stable phase. Higher temberafure, or long anneals will transfonﬁ NiSi

- to NiSip, which has a significantly higher resistivity [48].

2.5.1 MOS Device Structures Using Silicides

Béfore the use of silicides, MOSFET devices were constructed as shown in Figure 2-
11 (a), with a metal gate and anothef mask to select dif’fused or implanted source and
drain regions. Since the source and drain contacts are patterned on the same photomask
as the gate, there must be a photolithographic and etgh spacing‘betv\"een the gaté stripe
and the source and drain contacts. This long spacing introduces a series resistance
between the contact and the channel, Rgpy. To reduce gate overlap capacitanceé to the
source and drain, refractory metal silicides (Figure 2-11 (b)) were Qsed as the source and
drain implant mask. Drawbacks of this technology are many. Patterning the silicide is
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often difficult, as many silicides are relatively chemically resistant. The stress at the
silicide/SiOy interface translates to an increase in the defect states at the gate dielectric-
channel ‘interface‘ [22]. Adhesioﬁ of refractory metal silicides to SiO2 is also a non-trivial
concerns, as tungsten in WSiy is oxidized, and evaporates at the temperatures
encountered in‘dopfng anneals [49]. The lithographic spacings between the gate an‘d the
~source and drain contacfs lead to high seriés resistance. The overlap of the gate to the
implanted source and drain regions creates high gate-source and gate-dréin capacitances.
| Polysilicon géte technology is an alternative to the réfractbry metals and their silicides“
for self-aligned source and drain processes. In this process, the polysilicon gate would be
doped during the source and drain implant. “In CMOS technology this would introduce‘a
| pn ‘junction in the polysilicon were it to be used as a wiring layer between nMOS and
pMOS devices. ' Either a metal strap needed to short them together, or the pblysilicon
would receive a strong ifnplant prior to the source and drain implant step, leading to a
counter-dopiqg of the polysilicon gate of one of the device families.

With oxide spacefs between the gate stripe and the sohrce and draiﬁ regions to
selectively mask silicidation, a silicide could be formed simultaneously on the source and
drain regions, and the gate stripe, producing a device shown in Figure 2-11 (c). This
salicide process, illhstrated in Figure 2-12, provides a low series resistahce and source
and drain contact resistance. Also, the spacers are suited for formation of lightly-doped
drain (LDD) regions for the r‘eduction‘ of hbt-electron effects. Sinée all of the gate
polysilicon is electrically shorted by the silicide, it can be used as a wiring layer. Unlike
the silicide gate process, the polycide gate process leaves silicon atop the gate dieléctric.

| Hence, the separate p and ‘n implants in the CMOS process can be used to adjust the

threshold voltages of the devices by controlling ®pys.
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silicide -

(c) salicide device with silicidized poly gate.

Figure 2-11, MOS Device Structures Using Silicides.
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Si n* source / {n‘* drain

(a) n-channel MOS with poly Si gate.

Silicide X\\ Uirjcted metal

(b) Deposit metal, anneal to form silicide.
Silicide ‘

(c) Selectively remove unreacted metal.

Dielectric \\ /- Metal

o

(d) Deposit and pattern dielectric layer and metal.

Figure 2-12. Salicide Device Process Sequence. -[Maex, 48]
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2.5.2 Shallow Junctions
Scaling of devices requires that junction depths be reduced to minimize capacitance.
Ion implaniation is preferred to diffusion for formation of shallow junctions. A careful
treatment of the methods of shallow silicided junction was performed at North Carolina
 State University [19,20,49]. Methods inciude implantation through the formed silicide, .
implantation followed by the activation anneal and the silicidation process, and implanting
through the deposited metal film [50], followed by the silicidation and activation anneals.
Implar;ting through the silicide reqﬁires a higher energy for the dopant ions, producing an
impurity profile with a wide spread. Silicidation after the doping process produced
junctions which were pushed by the silicidation annéal both due to thermal rediffusion and
by the production of vacancies and interstitials [49,51].
In the case where the dopants are implanted through the déposited metal ﬁlm before
~ silicidation, the activation aﬁneal and the silicidation anneal is the same thermal step. In
this process (SADS), the silicide acts as the diffusion source for the shallow junction. It
has been shown that implantation amorphize‘s the metél-si]icon interface, ‘enhancing the
silicidation reaction and producing a smoother interface [50,51]. The drawback of this
process is that the unreacted metél film is exposed to implantations. Implantation through
thé metal may induce metal knock-in. And the unfeacted metal may 6xidize before the

silicidation anneal, producing a poor silicide, if any [52].

2.5.3 Local Interconnect Technology

" If the oxide etch step before silicidatidn were considered a contact window eich, then
silicides can be viewed cbnceptually as a contacted layer for wiring, while saving one
photolithographic step. In conventional metal-contacted source and drain regions, the
source and drain must be extended aréas for the contact cuts and metal, across the entire
width of the active area. With silicides, only av.s:mall portion of the silicide needs to
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contact the wiring layer to the device region; the nature of the silicidé and its formation
will provide contact to the entife active area ﬁpon which it was formed. A corﬁparison of
the area needed to contact conventional metal and silicide-contacted devices is shown in
Figure 2-13 (a) [52]. Figure 2-13(b) illustrates the use of silicides to make contacts to
other device areas, e.g. the output node of a CMOS inverter. This process uses silicides

as a "local interconnect," which is used for proximal wiring [51].

] ACTIVEAREA
C3 GaE
FIRST METAL
S SswcDE
B3 CONTACTS

it

(b) Local Interconnection of the Output Node (Drains) of a CMOS Inverter.

Figure 2-13. Reduction in Circuit Area by Local Interconnect Process. [Levy, 52]
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In Figure 2-14, the local interconnect (LI) process sequence is described [40].
Beginning with the standard CMOS process sequence with spacers, a bolysilicoh ﬂlrﬁ is
déposited and patterned into the local wires. This poly film is to be entirely consumed in
the silicidation. Before metal deposition, any oxide on the local interconnect poly and the
Source and dfain regions is etched. After metal deposition, silicide is fonﬁed on the
source, drain, and gate, and the local interconneqlt polysilicon has been transformed into a
silicide. Note that the "ends" of the LI siliciae consume into the source and draiﬁ nodes it

connects, ensuring a low resistance contact. -

cL sidewéll spacer and sourca/drain formation

$ oxidation ‘ Sidewalil spacer Fieid oxjde Gate pély-Sl
—~___ (=4* f7< Cﬁﬁ ]
| y1 T 1 L ‘ T A\ |
- ¢L I poly-Sl deposition (200nm) ‘
- ¢lon Implantation : Photorasist
3 atterni ‘
oiLs:z'opicnd’:': etching - b paly-Si
B A N ]
___/[ J . j;‘

¢ RTA 750°C ‘ ‘
s unreacted TUTIN removal Tisi2
© $HRTA 900°C ‘ ‘

Figure 2-14. Local Interconnect Process. [Hayashida, 40]
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2.6 Effect of Series Resistance in MOS Devices

Series resistance at thé source and drain, between their contacts and the channel,
effect a voitage drop reducing the effective Vg, reducing the current the device delivers.
The effective mobility, derived from the transconductance in the linear region and given

by equation 2.4, is decreased by the reduction in current.

L
p==fn (2.4)

where the transconductance, gy, is defined as 272,
. Gs

2.6.1 Device Level Model of Resistance |
Figure 2-15 shows a resistance model of a MOS device, illustrating the channel,
contact, and series resistances. The extrinsic resistance is the sum of the contact |

resistances and the series resistances of the source and drain, as given by:

Ry =2(Rc +Ryy) | @5

Rc Rs ~Rs Re
D ‘\/\/\/\—\/\/\/T/\/V\—\/\/\/\— S
‘ ch
G
Figure 2-15. Resistances of MOS Device.
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Figure 2-16. Extraction of Device Resistances from Layout

The contact resistance, R, is given by equation 2.3. However, the area of the
contact is not the entire surface area of the silicided region. It has been shown that in -
low-resistance coniacts, crowding "of the current occurs‘. The transfer length of the
contact, LT; is defined as the length of the contact from the channel which conducts the
current; This length‘ is about lunf in silicided contacts on highly doped silicon [33].
Hence, the contact area is defined by the transfer length and the device width. ‘The‘series
resistance of the source and ‘drain regions, Rgp, is given by equation 2.2, with L and W
are those of the area between the contact cuts and the channel, as shown in Figure 2-16.

The channel resistance, Rgphap, is the resistance of the inversion layer. Assuming a

uniform sheet of charge under the gate, the channel resistance can be determined by the

inversion charge:

pr:han L l
R, =bFem- > 2.6)
ehan xchan‘ W qn.rlu chan . ( )
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The channel charge density, ng (Ir), is given by:

n, =Lallo=Vr) 2.7)
q ‘

For a device with a gate SiOp thickness of 10004, a ‘thres‘hold voltage of 2V, and
gate voltage of 10V (typical values for a TFT in an AMLCD driver), the channel charge
density is 1.75x‘1012/cm2. The channel resistance for a single-crYstal ‘device, with
mobility L = 400 cm2/V-§ec, and aspect ratio of 5, is 1786Q. In a TFT fabricated in
thermally recrystallized polysilicon, with ‘mobi‘lity i = 20 cm2/V-sec, the channel

resistance is 35.7kQ. Without adélitiorial resistance lir‘nitations‘imposed by the source and
drain, the maximum current this device can deliver at Vpg = 10V is 0.28 mA, which may

bé sufficient for logic operation; but is quite small for display drivers.

2.6.2 Impact of Extrinsic Resistance on MOS Device Performance

| Extrinsic resistance will reduce the device current, thus reducing the derived effective |
mobility. Reduction of the resistance will increase the current, but a halving of the
cxtrinéic resistance  will not double the current, as the channel resistanée will be
unchanged. |

Asa comparison, consider device parameters as listed in Table 2-2. The parameters |

refer to those deécribed in Figure 2-16. The source and drain series resistance of a device
without silicides would be 10Q, whereas a silicided device would exhibit only 0.067Q.
The contact resistahces of the non-silicided and‘the‘silic.:i‘ded devices would be 10 and
11Q, resp. The total extrinsic resistance of the non-silicided device would be 40€), and
the silicided device only 22Q. ‘Note that the channel resistance would be 17860 in both

devices.
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W = 5um We=3um

L=1lum Lo=lum

ngp = 1020/cm3 ‘ ‘ Uchannel = 400 cm2/V-sec
Psp = 200 uQ-cm \ Psilicide = 10 pQ-cm
Pe.metal = 0.3 pQ-cm? ~ Pesilicide = 1 nQ-cm?

Xj = 2000A ‘ ‘ Xsilicide = S00A

X¢ = 3pum | . Xspacer = 1000A

V=2V Xqx = 1000A

Table 2-2. Device Parameters for MOS Extrinsic Resistance Values.

$.0E4 ! xnos :\". 5V;

6.0E
Ia
Al 40E4 -
20E 7
' 0.0E40
0 1 2 4 ]
va[v]
(a) nMOS
' 40E< :
P — !
PMOS IVg=.SV) |
X | '\_ = _,
~4.0E= == i
. A e
e == |
-L0E- : ==
) - |
i
‘ !
0.0E+0 £ :
0 1 2 3 4 5
vdv)
(b) pMOS

- Figure 2-17. Comparison MOSFET Transfer Charactéristics
‘with and without Salicide. [Ronkainen, 53]
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Although it appears that the reduction in series resistance is negligible in comparison
to the channel resistance, the Qoltage drop associated with the series resistance reduces
Vps across the channel. Device current is proportional to the Vpg in the linear region,
‘and“the“square of Vpg ih the saturation region.‘ Also, the r‘eduction“in ef(trinsic
resistance leads to a higher conductance in the linear region. The unequivocal
improvement of silicides on nMOS and pMOS device performance is illustrated in Figure
2-17, comparing transfer characteristics with and without saiicides [53]. -

The drain current of a device with series resistance is reduced because of the IR
voltage drop between‘the source and drain contacts and the ends of the channel. For |
drain bias Vpgg, in saturation, the current through a device without series resistance is

the ideal Ipg, described in equatién 2.8

Ipso = Moy Y CoVos —Vy - “’?—")Voso ‘ (2.8)

The drop of the drain bias due to series resistance is:
Vos =Voso —IpseR (2.9)

Because VDso = VGs-VT, the drain current of the series-resistance affected device

can be written as; -

L ‘ Voso = IpsaR | |
Ips = pg %CM(VDSO - _@m_zﬁg—)(Voso - IDSOR) - (2.10)

where R is the series resistance. Equation 2.10 simplifies to

Ips = /‘c;lf %"Cox(:‘zm_ﬁ?l)(VDSO B IDS°R) ‘ - @I
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and by negelecting the second-order term, becomes

I, = y,—c“(iz——i—%’—] e

- Using equation 2.8, the decrease from the ideal current due to series resistance can be

determined:

R

(2.13)

Ips = Ingy — Ipgo Voo
which can be used to determine the resistance, R:
R=tose (ﬁw_ - 1) 2.14)
Ipso \ Ips |

2.6.3 Impact of Extrinsic Resistance on TFT Devices
Table 2-3 lists polysiliéon TFT parafnetefs typical of AMLCD driver devices. The
channel resistance is 17.9kQ. In a non-silicided device, Rgp and Rg are 23.5Q and
“2.3Q, giving a total Reyy of 72Q. (In practice, the resistance values fof this device are
much higher.) For a salicided device, the series resistance is negligible, calculated to -
1nQ. The contact resistance calculates to 1Q. Although the channel resistance is much
higher than the extrinsic resisfanceé, the silicided deviée has a highef current as well, as

shown in Figure 2-18.
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W = 40um  We=32um

L= 1oum : L =4um

nsp = 1020/cm3 | o | Hchannel = 40 cm?2/V-sec
Psp = 1.56 mQ-cm ‘ Psilicide = 10 HE2-cm
Pe,metal = 3 nQ-em2  Pesilicide = | HQ-cm2
Xj = 1000A N Xsilicide = SO0A |

X¢ = 6um | Xspacer = 1000A

Vi =2V e Xoy = 1000A

- Table 2-3. Device Parameters for polysilicon TFT Extrinsic Resistance Values.
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2.7 Effect of Silicides in MOS Circuits

Silicides make théir primary impact on ci‘rcuits‘by: reductionbf pafasitic resistances at
the wiring and device levels; allowing for flexibility in device connection; providing a
wiring layer ‘without the need for vias; and reduction of layout area. Wiring and
interconnect are becoming the dominant factors in circuit deéign [40]. As will be shown
below, the speed of a circuit is highly dependent on the wiring a signal must travel. Since
a signal should‘ traverse as short a wire as pdssible to maximize speed, routing algorithms
have tremendous impact on the speed of the circuit.

The resistance in MOS circuits is composed of contact resistance between devices
and the interconnect, via resistance between two wiring layers, and the resistance of the
wires themselves. - Contact resistance is inverse to the square of the contact area, as
shoWn in Eqpatioﬁ 2.3. The contact résistivity betwe‘en wiring metal (e.g. aluminum) and
silicide is quite small. Hence, the dominant contact resistance is that to the device. The

resistance of a wire, illustrated in Figure 2-19; is described in equation 2.15.

L p,.. L ‘
= R — e 2.15
Rwre s W xw'". W ‘ ( )
The capacitance of the wire is:
Cone =LW§£ ' (2.16)
The RC-delay of the wire is the product of Ryjre and Cyyire:
Tum = (RC),yy = [P o 2ot @17
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The delay of thé wire is dominéted by the length, and characterized by the resisti\(ity
of the wire. The linear relationship with resistivity is the reason for replacing heavily-
doped polysilicon wiring with silicided polysilicoh (polycides). The length dependence is
thé motivation ‘behind local-interconnect silicide. Local interconhect technology permits .
connection of two nodes without having to go through the upper wiring levels, which
‘inv‘olve contact resistances and routing which may significantly increase the true length of

the interconnection.

8105

~J"‘\_
L-11-4-

Figure 2-19. Model of a Wire in MOS Circuit. [King, 54]

Although these issues seem directed towards VLSI and ULSI single-crystal silicon

| 'CMOS"integrated circuits, many of the same considerations of series resistance and
wiring apply to their relatively low-complexity polysilicon T FT éircuits in AMLCDs. It
was shown in section 2.6.2 and 2.6.3 that silicides can improve TFT performance, which
would increase the overall speed of the TFT circuit, ahd the ‘drive capébilify of display
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line drivers. The performance of the display, and the design of the drivers, are highly
dependent on the drive characten’stics of the TFTs. Reductions in TFT series resistance,
per se, would increase the effective mobility of the device, reducing‘ the required ‘\‘vidths
of circuit and driver devices. Width reductions have the added benefit of reducing the
gate capaciténce, hence again iﬁcreasing the spéed of the circuit. ‘In the next chapter, the |
silicidation process and characterization of silicides on polysilicon films is described. In
the chapters thereaﬁer, device charactéristiés of TFTs with silicides are analyzgd, and

compared to devices without silicides.
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| | Chapter 3 |
Fabrication of Cobalt and Nickel Silicides for
Thin Film Transistor Technologies

Cobalt and nickel were explored for their use in TFT technologies because of their
glass compatible silicidation temperatures. Cobalt was used for polysilicoﬁ TFT devices.

Nickel was explored for its use in both polysilicon and amorphous TFT technologies.

3.1 Surface Preparation Technique
The silicidation tempefatuxje and electrical characteﬁstics of the résulting si‘licide‘ are
dependent on the prepafation of . the silicon surface prior to. metal deposition. The‘
optimal surface is oxide-free. However, in the fabrication of devices, there is an oxide
~ layer which would retain water. ThlS water could desorb during ‘deposition, providing
oxygen to fhe ambient. This oxygen could oxidize the substrate silicon surface, or
contaminate the target surface or deposited metal ﬁlm.‘ |

It has been long known that HF not only removes any oxide from the silicon surface,
but passivates it so that it will not be quickly oxidized in atmosphere. It has been
observed that isopropanol ‘(IPA) can be hsed to remove water from substrate surfaces
[55,56). It was found that a prolonged pump down in the load lock, and the main
deposition chamber, were required prior to the ignitioh of afgon plasma in order to obtain

~ metal and silicide films with reproducible electrical characteristics.

"The effect of the sample preparation was explored by using different preparation
methods and substrafes, and measuring the sheet resistance of d‘eposited‘metal film and
reacted silicide. To determine the effect of preparation on the deposited metal, blank
silicon wafers were used, and the sheet resistanée of the deposited “layer were measured.

- After RCA cleaning, the preparation methods‘of metal-deposition test samples were: no

HF-dip; HF-dip‘folleed by DI water rinsing; HF-dip followed by nitrogen blow-drying
‘ \ ‘ 4 o
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(without DI water rinse); and HF-dip followed by DI water rinsing, 1 minute IPA
tmmersmn and mtrogen blow-drymg The HF-dlp solution was 25:1 HoO:HF.

| Silicides were grown on substrates with different surface condltlpns. Blank snllcon
wafers were used as reference standards. Wafers with 1000A polysilicon, deposited by
SiHy at 2‘00mtorr,‘ 580°C, in ‘a CVvD réactof, on 10004 SiOp ‘grow‘n by dry oxidation at

- 1000°C -were used as "thick" polysilicon samples. ‘Also,‘ wafers which had a patterned
1um oxide film grown by wet oxidation simulated the active substrate of an LCD. After
RCA aleaning, the samples received HF-dip, followed By one of the followlng treatments:
DI-water rinsing; nitrogen blow-drymg, IPA immersion followed by mtrogen-blow-
drying. The HF- dlp solution was 25:1 H;0: HF. Aﬁer S|llc1datlon any remalmng metal
or metal-rich phases were etched. The sheet resistance was thenmeasured using a four-
‘point-probe setup. The blank silicpn wafers had a sheet resistance above the range of the
measuring voltlneter (> 4 k€/0) and did not reduce the sheet résistance‘ Wherl in contact

with the metal or silicide film.
3.1.1 Cobalt Deposition and Silicidation

Cobalt was deposxted by RF-sputtenng at 250w usmg a6" dlameter target, in Ar at
9 mtorr: The target-to-substrate dlstance was 6", The sputter. t|me was 1 min; the
deposnted film thickness was about GOA The sheet resistance of the cobalt film depos:ted ‘
on silicon wafers with different preparatlon is hsted in Table 3-1. The no-HF sample had
about double the sheet resistance of the other samples. All samples which were HF-
‘dipped had similar sheet resistance, regardless of the remaindgr of the preparation.

Hence, water rinsing and IPA drying did not affect the purity of the deposited film.

no HF HF-DI HF-Ny HF-DI-IPA-N,
58 24 22 24

" Table 3-1. Sheet Resistance (€2/0) of Cobalt on Silicon with Different Preparation
. B 49 B . B . .
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The silicide films were formed by in-situ lamp anhealing the cobalt-coate‘d samples
immediately following deposition, after evacuation of the Ar ambient and without
breaking vacuum, The anneal was done for 10 min at 700°C. Remaining cobalt was

etched with 3:1 HpO9:HCI. The silicide ‘result‘s are listed in Table:3-2‘. Though all of the

samples had similar sheet resistance, there was a difference in the ease of preparation.

For the HF-dipped-only sample, the acid was directly blown from the sample‘. This can
be hazardous to the opefﬁtdr, especiélly for substrates which are nominally hydrophilic,
- like device wafers, which are mostly oxide-covered. For the methods without IPA
drying, the ‘acid ‘or water. required prolohged nitrogen drying. The load lock ‘requi‘red a
lengtﬂy pump-down in order to ﬁjlly remove any remaining water droplets. However, the
IPA-dried sa‘mples‘ dried immediately ‘under the nitrogen. This is the most practical for
device Wafers and display panels because they are hydrophilic. It is impbrtant to note that
the sheet resistance using this method is similar to the silicon standard, Hence, DI rinsing

followed by IPA drying does not degrade the silicidation process.

~ HF-DI HF-N; HF-DI-IPA-N,
silicon blank 12.7 | 12.9 12.7
patterned oxide Co126 126 116
polysilicon | Lo - BE 14.6

Table 3-2. Sheet Resistance (€¥/0) of Cobalt Silicide with Different Preparation.

Thé resistance of ‘the polysi‘licon sample is slightly higher. This may be due to a lack
of silicon, producing a M/S ratio less than 2, which would increase the sheet resistance of
cob‘alt silicide as déscribed in the‘previousbhapter. Or, the pdlycrystalline nature of the
silicon may have caused a different physical structure to be formed in the polycide. This
issue is further explored in silicidation on thin (1000 A and 180 A) polysilicon films, in

Section 3.2
.50
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3.1.2 Nickel Deposition and Silicidation |

Examination of the effects of nickel deposition and silicidation on sample preparation
were performed in the same manner as described‘abov‘e. Nickel was deposited by RF-
sputtering at 250W using a 6" diameter target, in Ar at 9 mtorr for 2 min. The target-to-
| substrate distance was 4", The sheet resistance of the nickel film deposited on silicon
wafers with different preparation is listed in Table 3-3. The no-HF sample had about
triple the sheet resistance of the other samples. All samples which Were HF-dipped had
similar sheet resistance, regardless of the remainder of the preparation. Hence, water

rinsing and IPA drying did not affect the purity of the deposited nickel.
Nickel silicide was formed by in-situ lamp annealing immediately after deposition and
evacuation of the Ar ambient. The anneal_was 10 min‘ at 400°C. The remaining nickel
was etched with 3:1 HpO2:H804. The sheet resistances of the silicidations are listed in

Table 3-4.

noHF HF-DI HF-N, | HF-DI-IPA-N,

28 - 93 ‘ 10.1 ‘ 9.9

Table 3-3. Sheet Resistance (€/0) of Nickel on Silicon with Different Preparation

HF-DI HF-N, _HF-DI-IPA-Nj
silicon blank 93 98 . 102
patterned oxide 93 . : ‘ ‘ 9.3
polysilicon ‘ : : ‘ - 9.9

Table 3-4. Sheet Resistance (97 D) of Nickel Silicide with Diﬁ'erent Preparation
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Again, the metal deposition without HF-dip was higher. The HF-dipped substrates all
gavo nickel films With ‘about‘ 10Q/ O sheet fesistanco. The nickel silicides showed that the
HF-DI-IPA-Ng preparation method produces a low sheet resistance silicide with easy
proceosing. That the values of the silicide and the metal are similar is coi‘ncidence‘.‘ The
nickel metal wos thoroughly étched from the silicided samples; fhe oxide-covered regions

- of the patterned substrate showed infinite sheet resistance, or, absence of any nickel layer.

3.2 Cobalt Silicidation Process

Cobalt snhcnde was exammed for temperatures equal to and below 700°C. Silicides
were prepared on smgle-crystal silicon wafers and polysﬂlcon layers on SiOj. The
polysilicon layers were deposited by CVD, with film- thicknesses of 1000A and about
180A The fabncatlon process was RCA cleamng, followed by 25 1 HyO:HF dip for 30
sec after the silicon surface became hydrophobic, DI water rinsing, IPA immersion for 1
min, then nitrogen blow-drying immediately prior to loading into the load-lock of the
sputtering system. The loao lock was pumped down to 100 rﬁtorr by mechanical pumps,
then to 60 ptorr for S min with a cryopump. The sample would then be loaded into the
main chamber of the sputtering systém, Where it ‘would be pumped‘ down via the
cryopump to less than 1utorr, or 5 min, whichever was longer. Then, the RF Ar plasma
" would be ignited, and the target pre-sputtered at 250W for 5 min at 9mtorr. Cobalt
would be sputtéred onto the samplo for 1 min (60A), except for the samples where the
effect of cobalt film thickness was examined-- these samples were sputtered to
‘thicknesses of 15 and 30 A. After sputtering, the plasma was extinguished, and the Ar
evacuated. When the pressure was below lutorr, the sample waé in-situ lamp-annealed
for 10 to 30 mm over temperatures rangmg from 600 to 700°C After coolmg in Na in
the load lock, the samples were removed and were etched in 3:1 HyO5: HCl. The sheet

resistance was then measured using a four-point probe setup.
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The effect of silicidation femperature on the sheet resistance of cobalt silicide formed
on single-crystal and polycrystalline silicon is shown in Table 3-5. For 10 min. anneals,
the transition temperature from the‘monosilicide fo the disilicide phase is at 650°C. .
However, the disilicide phase is fully realized at 600°C when annealed for 30 min. The
thick (1000A) ‘polysilicon sample has only a slightly higher sheet resistance than the
“single-crystal sample. The thin (180A) polysilicon samplé, annealed at 700°C, showed

- again a slightly higher resistance.

T (°C) x-Si 1000A poly-Si 180A poly-Si
600 216 (13.4) 268 (13.2)

650 13.2 ‘ 13.5. |

700 ‘ 12.5 14.6 ‘ 16.6 .

Anneal Time = 10 min, (30 min).
Table 3-5. Effect of Temperature on Cobalt Silicide Sheet Resistance.

To determine whether the polysilicon‘samples were bordering on silicoﬁ-ﬁch silicides |
as an explanation for their higher sheet resistances, thinner cobalt films were deposited.
Cobalt was sputtered for 15 and 30 sec, corresponding to about 15 and 30A-thick films.

- The films were annealed at 700°C for 10 min. The sheet resistances are listed in Table 3-
6. Note that the ISA cobalt samp‘)le'for crystalline silicoh shdwed high error. This
condition was run thrice to determine the reprbducibility of the sputter and anneal,
considering the unexpected difference in values for the thick and thin polysilicon sample.

The conclusibn must be that thé short sputter at the low sbutter rate does not put a
continuous and reproducible film of cobalt on the substrate. However, the 30A cobalt
sputter did provide useful resﬁlts; the values‘were about tWice those of the 60A sputter

(repeated), indicating a film of half the thickness. Note that the single-crystal and thick
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polysilicon samples converge on sheet resistance, though the thin polysilicon sample is
still siightly higher. | | |

It had been observed that a thin polysilicbn sample would "dissolve" into the silicide if
.the cobalt film were too thick, and the entire film would be removed in the cobalt etch.
Since this did not Happen in the“l min. cobalt on thin polysilicon sample,‘ it séems
reasonable that there is not excessive silicon in the 30A cobalt on thin polysilicon sample,
and certainly‘to neither of the thick poleilicdn samples. Henc‘e, the increased sheet
resistance is due to structural differences of polysilicon,: not silicon supply to the“
silicidation | reaction. This explains the increased sheet resistance of silicides on

polysilicon in Table 3-2. |

'Cobalt thickness
154 | 30A 60 A
180A poly Si o141 304 166
10004 poly Si 72 248 | 14.6
single-crystal Si 94, 115, 134 244 12.5

Table 3-6. Effect of Cobalt Thickness on Sheet Resistance (€2/0) of Cobalt Silicide

The CoSiZ/Si contact resistivity was measured using the transmission-line and Kelvin
resistor methbds described in the previous chapter. The extrapolated contact resistance
in the transmission-line structure was 15.2Q, with the contact area 50x10um?2, giving a
contact resistivity, pg, of 76 uQ—cmz. The contact resistance of the 25x25 p.‘m2 contact

‘area of the Kelvin resistor was 12.9 Q, ‘giving a contact resistivity of 81uQ-cm2.
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3.3 Nlckel Silicidation Process
3.3.1 Nickel Silicide for Polysilicon TFT Technology |

Nickel silicide was examined for temperatures ranging from 250°C to 600°C, where
the sheet resistance was found to mcrease due to the transition to the monosrhcide phase
[47]. Silicides were prepared on single-crystal srllcon wafers and polysrllcon layers on
SiO», in the same manner as described for cobalt srhcrdations Nickel was RF-sputtered
from a 6" diameter target at 250W in 9 mtorr Ar. Nickel was sputtered to a thickness of
86A, except for the samples where the effect of nickel film thickness was examined--
these samples were sputtered to 43A. After sputtermg, the plasma was extmgurshed and
the Ar evacuated. When the pressure was below 1ptorr, the sample was in-situ lamp-
armealed for 10min. over terriperatures ranging from 250 to 600°C. After cooling in Np
in the load loek, the samples were removed and were etched in 3:1 H202:H2804. The
sheet resistance was then measured usmg a four-point probe setup.

Figure 3 1 shows the sheet resistance values of mckel snhcrdes on vanous substrates
formed by nickel sputtering, followed by 10 minute anneals. The nickel silicide film
exhibited the low-resistance monosilicide phase in the temperature range from 400 to
500°C, with values of 8.4 and 8.7 Q/ O for single-crystal silicon, and 7.9 and 8.2 /0 for
thick polysilicon. The dinickel phases are evident at 250 and 300°C. At 600°C, the
disilicide phase transition is evident from the increased resistivity. Table 3.7 shows the

effect of nickel thickness on the resulting silicide on different substrates.
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Figure 3-1. Effect of Temperature on Nickel Silicide Sheet Resistance.

Nickel thickness
43A 86A
180A poly Si 24 B I
1000ApolySi | 20 79
single-crystal Si 19 8.4

Table 3-7. Effect of Nickel Thickness on Sheet Resistance (Q/0) of Nickel Silicide
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The sheet resistances of tﬁe polysilicon samples showed a greater dependence upon
the silicidation temperature compared to the single-crystal samples, and was typically
higher. The thin (180A) pdlysiljcon Sample sho‘wed‘a signiﬁcently higher sheet resistance |
than the thicker polysilicon and the single-crystai silicon samples. . Since there was a
strong substrate-dependence on the silicide, there may be a silicon vs. nickel supply
concern 'in forming the low-resistance monosilicide, especially since it is the higher-
resistance disilicide phase which is thermodynamically stable in the Si-Ni system [47].

In cobalt, a lack of silicon supply to the M/S rafio increases the sheet resisfance
because the lowest-resistance phase is the disilicide (M/S = 2). However, the ﬁickel
monosilieide phase has the lower resistivity. If there were a lack of silicon, it would
appear as an excess of nickel when fotming nickel monosilicide. The exbess nickel of the
86A samples would produce either unreacted nickel or a nickel-rich alioy, both of which
would'be etched. To determine ‘whether there was nickel ox"‘nickel-rich alley on the
‘surface, the sheet resistance of the films when measured before etching. The measured
sheet resistances were ‘unchange‘d by the etch, indicéting that there was not an excess of
nickel. Hence, either the polycrystalline nature of the tﬁin silicon sampies is the cause of
the increased sheet resistance.
| The eontaet reeistivity of the:nickel silicide to polysilicon was measured using the
transmission-line and Kelvin resistor methods described in the previous chapter. The
transmission line method gave a contact resistance of 12.79, indicating a contact
resistivity of 80 pQ-cm2. The Kelvin resistor method gave a contact resistance of 6.4 to
9.3 Q, indicating contact resistivities of 40 to 58 uQ-cm2. The difference in the values

- can be attributed to the coritouring of the contact, possibly at grain bbundax‘ies, which
can aid metal atom diffusion. These structures have been found to provide differing
values for a given contact system for this reason, ambng others including direction of
current flow and geemetry of the contact [33]. | |
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The specific contact resistivity, pj, is a measure of the contact resistivity, though is -

often less than p¢ [S7]. The specific contact resistivity is defined as:

9.

= (.1
o), , 3.1

‘Pi

where V is the contact voltage, and J is the current density through the contact. For
high dopihg levels, the current is tunnéling dominated, and the specific contact resistivity

can be written as:

(3.2)

where A* = 100 A/em2KZ2, the Richardson constant.
| Assumihg that the electricaﬂy active concentration of phosphdrous is saturated due to
~ the POCI3 diffusion process, Np = 3x1020/cm3 [58).
The speciﬁc contact resistivities for alﬁminum, cobalt silicide, and nickel silicide on
highly-doped n-type silicon are compared to the measured contact resistivities in Table 3- |
8. The trend supports the analysis, where the contact resistivity decreases as a function

of contact barrier height, also listed in Table 3-8. |

barrier height single-crystal Si polysilicon
metal dg (eV) pi (LQ-cm?2) Pe (UQ-cm?2)
Al 0.72 6.03 4000 [34]
_CoSiy 0.64 2.58 7742
NiSi 0.4 0.202 50 £10
Table 3-8. Comparison of Theoretical to Measured Contact Resistivities
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3.3.2 NickelSilicide on Amorphous Silicon and Silicon-Germahiurn for a-TFTs.

' Because nickel silicides can be formed at temperatures compatible with amorphous
TFT technologles nickel srhcrdatlon was attempted on amorphous silicon and silicon-
- germanium (20 at%Ge) films with thickness averagmg 600A. The external resistance of
amorphous TFTs is extremely high, as will ‘be showh in Chapter 4; reduction of parasitic
resistance by incorporation of silicides may improve device performance.

Amorphous silicon and srhcon-germamum (20 at%Ge) samples were 3:1 HpO»:
HzSO4 cleaned for 10 min, followed by 25:1 HpO:HF dlppmg for 30 sec, 1 min.
immersion in IPA, and nitrogen blow—drymg. Nickel was sputtered using the same

| conditions as the single- and polycrystalline samples, to thickness of 43A only. Samples
wore annealed for 10 and 30 minutes at 250 and 300°C. The samples were nickel-etched
in 3: l Hy095: HZSO4 for 30 sec. after coohng The sheet resrstance was then measured
using a four—pomt probe setup. | |

The sheet resistances of the nickel silicides formed on amorphous silicon and silicon |
gormarrium are 1isted in Table 3-8.. Compared to the silicon sample, germahium inhibited
silicidation‘at 250°C, and slowed down the silicidation reaction at‘300°C. The sheet
resistances of the nickel silicides (which may be nickel germanosilicides) after 30 min.

~ annealing is less than twice those of the minimum resistanoe of the nickel silicide annealed
at 400°C. = The resulting low-resisrance silicides: of nickel on amorphous silicon and
silicon germanium may be useful for amorphous TFT technology. The reduction in the
series resistance may improve TFT perfonnonce by increasing the drive current,

potentially increasing the viability of amorphous TFTs for integrated drive circuitry.
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250°C
‘ ‘ : 10 min 30 min
a-Si:H ‘ 76 15
a-Sig 8Geq 2 ‘ 57 ‘ ‘43
300°C
: 10 min 30 min
a-Si:H 21 11
a-Sig gGeq 2 57 14

Table 3-9. Sheet ReSistance (Q/ 0) of Nickel‘ Silicide on Amorph‘ous‘ Silicon and
Silicon-Germanium |
3.4 Conclusions

Using a fabricétion procedufe applicable to TFT and AMLCD processing, low-
resnstance silicides of cobalt and mckel were fabricated on polysnllcon with thicknesses as
low as 180A with sheet resistances as low as 24 Q/ O. Films with lower resistances were
formed on thicker polysilicon samples: 8 /O NiSi, and 14.6 /0 CoSiy. The structure,
and ‘possibly, the thickness, of the silicon underlayer affects the sheet resistance of the

* reacted cobalt slicide. With nickel slicides, the structure did not impact the silicide sheet
resistance in the monosilicide phase. There may be a thlckness-lmutatlon effect on the
mckel snhcxde ‘when compared to films formed on smgle-crystal silicon substrates The
contact resistances of the cobalt and nickel silicides to doped polysilicon smaples were
lower than aluminﬁm contacts to the polysilicon.

Nickel silicides were also formed on amorphous silicon and silicon‘germ‘anium at
temperatures compatible with amorphous TFT technology (< 300°C). = Although
‘gerr‘naniu‘m inhibited the silicidation reaction, low-resistance nickel silicide films were
formed at 300°C after 30 min. aﬁnealing. ~ The nickel silicide on amorphous (silicon has a
sheet resistance which is low, 11 Q/0, and may enhance amorphous TFT device

performance.
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Chapter 4
Amorphous Silicon and Silicon-Germanium
‘Thin Film Transistors

4.1 Introducﬁon
Amorphous thin film transistors are compatible with the low temperature processing
-requirements of commercial glasses [59]. Amorphous thin film transistors ore typically
| formed‘by deposition of nt* layers for source and drain contact areas, as shown in Figure
1-1. This ‘devio‘e structure is suitable for bottom-gate devices. However, bottom—gate‘
structures are not as compatible with circuit technologies as top-gate structures, where
the source and drain regions are formed by ion implaritation. The deposited oOntaot layer
may also exhibit an iuterfacial layer, whioh has been shown to ‘prod‘uce poor dev‘ice‘
perforrﬁance [54]. ‘Recently, amorphous silicon TFTs have been implemented to
construct integrated drivers; however, the low hole mobilities linﬁt. the circuit architecture
to nMOS design [6,60]. Circuits built using nMOS design are slower and dissipate more
poWer. | | | | | | |
Although amorphous silicon is already in use for displays, amorphous‘ silicon-
germanium has many proposed advantages over amorphous silicon. Dopant impurities
are activated faster in silicon;gennanium [61]. The bandgap is tunable by the content of
~ germanium, making the material useful for solar oells [62] and image sensors [63].
Arrlorphous ‘silicon-german‘ium is more reéistant to light;induced defects than amorphous
silicon (Staebler-Wronski effect) [61], and exhibits a lower density of bandgap otates
[64]. The hole moblllty in srhcon-germamum is hrgher than in silicon [32,54].
‘This Chapter. will explore the use of amorphous silicon and silicon germamum
transistors for driver devices using a top-gate structure, where the source and drain
regiorrs are formed By ion impiantation would would eliminate interfacial resistances of a
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contact layer [54], and permit the use of sfandard single-érystal CMOS design tedhniqﬁes
and the incorporation of self-aligned silicides as described in the previous chapter. The
effect of time and témperature of the acfivation anneal is examined. Thin film transistors
are compared by their subthreshold swing, threshold vbltage, eléctroh saturation mobility,
and the ON-OFF currents and thelr ratio. The mobility is then corrected for external

re51stance and channel length effects using three correction methods.

‘4.2‘ Fabrication Process

Hydrogenated amorphoﬁs silicon and silicon-germanium films of various alloy content
were deposited by plasma-enhanced chemical vapor deposition on p-type silicon
substrates having 10004 ‘ther‘mally-grown SiOz. The average film thickness was 600A.
With‘ photoresist on the device side, the back oxide was etched in HF since the substrate
served as the gate electrode, as shown in Figure 4-1. ‘Islands were deﬁned by plasma
etching in SFg. . The source and drain regions were doped by io_ri implantation while‘ the
channel region was protected by photoresist. Two device structures were fabricated as a
result of the implantation mask. ‘In one sfructdre, the implant was masked by a gate-
stripe to define the source and ‘drain regions which extend Beyond the metal cbntacts,
providing channel lengths of 5, 10, and 20 um. Figure 4-1(a) shows this "SD" ‘struct‘ure.
In the other device structure, the implant is through the contact-window rﬁask, providing
‘for ‘chann‘el lengths of 40 and 56 pm, Figqre 4-1(b) shows this "CW" structure.
Phosphorous ‘was impl‘anted with a dose bf 2x1015/cm?2 and energy of 30 keV. The
resist was removed in oxygen plasma. The samples were then cleaned in 5:1 HyO3 :
st04 for 10min, DI water rinse, followed by 5:1:1 H30 - H302 - HCl for 5 min, and a
DI water rinse. | | | |

In the first phase of the study, devices were annealed in forming gas to determine
optimal conditions for the implant activation and post-metal annealing conditions as a |
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- function of ge‘rmanium content [65]. Also, optimal post-tnetal annealing conditiqns were
determined for the devices: Since the sam‘ples were to be repeatedly annealed, measured,
recleaned, and ‘anneéled, the measurements were made without metallization. Once
optimal conditions were found, metallization was perfnrmed by evapnratinn of aluminurn

- after cleaning and an HF-dip. The second phase of the study, device performance, was

then performed, as described in sections 4.4 through 4.6.
| | | L
NP n D

x

a-Si(Ge):H

(@) SD: Source-Drain Implant (b) CW: Contact Window Implant
Figure 4-1. Amorphous TFT Structures in Ion Implantatidn Study

4.3 Implant Activation |

Activation of impurities implanted into amorphous silicon has  been observed‘ to be
less than 10% [66]. Two tests were required to determine‘optimal jmplant annealing;
temperéture and‘ duration. The 15 at%Ge samplé was used to‘ determine the optimal
anneal temperature. All three of the samples were used to determine the optimal time as

a function of germanium content.

4.3.1 Anneal Temperature

A 15 at%Ge sample was annealed at 260°C, 300°C, 350°C, and 400°C. The effect of
‘temp‘erature on the device was monitored by changes in the saturation mobility,
~ subthreshold swing, and threshold voltage. The methods for nleasurement are described
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in section 4.4. The threshold voltages for annealing at 300°C was above 20V, and for
annealing at 350°C, was above 25V. These voltages were considered too high to provide
‘use,ﬁll devices. The sarnple annealed at 400°C gave no device action. Thus the ‘optimal
-anneal temperature was determined to be 260°C. The device parameters for annealing at

260°C are fabulated in Table 4-1,

15 min 30 min - 60 min 120 min

i (cm2/V-sec) 5.7x10-4 9.4x10-4 23x1004 | 1.5x104
VT (V) 14 17 18 19
S (V/dec-A) 45 4.4 4.1 4.4

- Table 4-1. Parameters for Activation Anneal Optimization at 260°C

4.3.2 Anneal Duration

Activation was compared by sheet resistance,‘ measured by the transmission-line
method, described in Chapter 2, illustrated in Figure 2-9. Before annealing, rhe sheet‘
resistances of the implanted regions were above 1GQ/0 in all sampies Samples were
annealed at 260°C for up to 6 hours in formmg gas. The results are shown in Table 4-2.

The silicon-germanium sample achleved minimum sheet resistance before the srlrcon
sample. However, the ultimate resistance of the silicon-gerrnanium sample is higher than
the silicon sample. The silicon-germanium sample was not annealed for longér thnn 1h
because the device performance degraded significantly. The silicon sample showed
improvements in aotivationuntil ‘after 4h. The minimum sheét resistance for the silicon
sample was 38 kQ/0, and for the silicon-germanium sample was‘ 80 kQ/O, bur for the

conditions to give optimal device performancé was 87 kQ/0.

| [ 15 min 30 min 60 min 4h 6h
a-Si:H 86k 47k 38k | 30k 130k
a-Sip 75Gen 9¢:H lOlk 81k 80k --mew- - poor devices ------

Table 4-2. Sheet resistances (/1) of Implanted Amorphous Srhcon and

Slhcon-Gennamum Matenal Annealed at 260°C.
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4.3.3 Contact Sinter -

The contact sinter was based on the I(V) characteristic of the metal contact. The
silicon sample requifed 1 hour of cmealing at 260°C to form an ohmic contact. Using
‘the four-terminal resistor structure described in Chapter 2, the Alnt a-SiH contéct
resistivity was determined to be 2.4x10-3 Q-cm2. The silicon-germanium ‘samples
required 30 minutes to form an ohmic contact, The measufed contact resistivities were
determined to be 0.63 and 0.8 Q-cm?2 for the 15 at%Ge cnd 25 at%Ge devices. The
contacts Werc not annealed longer, since 30 min was determined to be the maximum

anneal time permissible for the SiGe devices before degradation.

4.4 Device Measurement
Device measurement was used to compare annealing conditions to consider the
contrasting effects of implant activation and hydrogen loss. The threshold voltage and

mobility were measured in saturation, from the /7, (V) characteristics where Vpg =

VGS. as shown in Figure 4-2." The mobility was calculated from the maximum slope:

WVas 2L\ ‘ ‘
- —_— 4.1
Pt =70 (W) | - @

The threshold voltage was determined by the voltage-intercept of the line extended

- from the tangent used to determine the mobility.

The subthreshold swing was measured from the log([D(VGS‘)) characteristic, with

VDS = 10V, as shown in Figure 4-3.
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The parameters of mobility, -threshold voltage, and subthreshold swing were
determined for each concentration of germanium, and either device structure, over a

range of time at 260°C.

4.4.1 ‘Sour‘ce-D‘rain‘ Implant Strueture | |

The silicon sample. required annealing of 4h to aohieve maximom mobility of
0. 012 cmZ/V:sec. The threshold voltage began to rise at 4 h. From short annealings,
where the value was around 5V, it rose to 10V at 2h, then to 12V for 4h and longer. The
subthreshold swing dropped toa minimum of 1.5 V/dec-A at 4h. The curves for the
parameters as a function of annealmg time are shown in Table 4- 3.

The 15 at%Ge sample reached peak mobility of 9 4x10-4 cm2/V-sec in only 30 min,
The threshold voltage remained high, around 18 - 20V throughout the anneals. The
subthreshold swing remained nominally unchanged, around 4.5 V/dec-A. The results are
shown in Table 4-4."

The 25 at%Ge sample mobility remained nominally constant for anneals up to 1h, but
the threshold voltage rose dramatically after 30 min. The data are shown in Table 4-5.
Since this trend of tlme-dependence was common to both SiGe samples, the optimal
annealings for the alloy samples was thus determmed to be 30 min.

The effect of the anneal can be seen from the ON-OFF device characteristics as a
function of time. Figures 4-4 and 4.5 show the dependence on device performance as a

function of annealing time and concentration of germanium,
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anneal time (min) Usat (cmZN -sec) vVt (V) S (V/dec-A)
15 © o 47x104 53 2.0
30 8.6x10-4 45 | 2.3
60 ~ 1.9x10-3 | 54 2.2
120 | 3.5x10°3 98 20
240 \ " 1.2x10-2 126 1.5
360 .~ 5.8x10-3 11.6 - 2.9

Table 4-3.. Annealing Dependence of Mobility in a-Si-H TFT, SD Structure.

anneal time (min) Ueat (cm2/V-sec) VT (V) S (V/dec-A)
s ~ 5.7x10-4 | |
130 9.4x10-4 208 44
60 2.3x10-3 175 41
120 ‘ 1.5x10-3 . 189 4.6

Table 4-4, Annealing Dependence of Mobility in a-Sig g5Geg.15:H TFT, SD

Structure.
_anneal time (min) Ueat (cMm2/V-sec) VT (V) S (V/dec-A)
15 5.7x10-4 | |
30 ‘ - 9.4x10-4 20.8 4.4
- 60 2.3x10-3 | 17.5 41
120 1.5x10-3 18.9 4.6

Table 4-5. Annealing Dependence of Mobility in a-Siy 75Geg 95:H TFT, SD

Structure.
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Figure 4-5. Effect of Annealing on a-Sig 75Geg 25:H (SD) TFT Performance.
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Because the silicon sample showed optimal performance with 4 h of annealing, it was
annealed 3h after implantation, then another hour aﬁer metallization. - Since the silieon- |
germanium samples required 30 min to form an ohmic contact, and the device
charaeteristics degrade upon further annealing, metallized silicon-germanium samples
were prepared by annealing once, after the aluminum evaporation, for 30 minutes. These -
"optimized" rnetallized device cnaraeterisfics are s‘hown‘ in Figures 4-6 through 4-8 for
each of the concentrations of germanium. In Figure 4-9, the device performance is
compared directly as a function of germanium content.

The mobility, threshold voltage, and subthreshold swing of optirnized, metallized SD-
structure devices for each of the germanium concentrations is given in Table 4-6. Note

that the mobilities are much higher than those of the anneal-test devices.

%Ge leat (cm2/V-sec) VT (V) S (V/dec-A)

0 - 10.0378 141 1.8
15 1.18x10°3 21.3 37
25" | 1.1x10-3 ‘ 26.5 | 7.0

Table 4-6.. Optimized Metallized (SD) TFT Parameters.
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4.4.2 Contact-Window Implant Structure

The silicon sample required annealing of 2h to achieve maximum mobility, and did not
decline significantly upon further annealing.‘ The peak valﬁe was 0.027 émzN -seé, at Zh.
The initial threshold voltage was 11 V, which slowly rose throughout the annealings. The
subthreshold swing ‘reméined low, around 2 V/deq?A, until after 4h. The device
parameters as a function of annealing time are shown in Table 4.1, ‘ | ‘

The 15 at%Ge sample quickly reached peak mobilities of 9x10-4 cm2/V-sec in only
15 min.,, falling only after an hdur of armealiﬁg. The threshold voltage remained high,
around 19 - 20V throughout the anneals. The subthreshold swing remained nominally

unchanged, around 4 V/dec-A. The results are s‘hown‘in Table 4-8.
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anneal time (min) Usat (cm2/V-sec) V1 (V) S (V/dec-A)
15 ~ 8.3x10°5 11.6 2.0
30 9,0x10-3 13.8 23 -
60 1.3x102 153 2.0
120 ~ 1.8x10-2 15.8 2.1
240 2.7x10-2 17.0 1.9
360 2.6x10-2 18.2 2.9

‘Table 4-7. Annealing Dependence of Mobility in a-Si:H TFT, CW Structure.

Heat (CmZN -5ec)

anneal time (min) VT (V) S (V/dec-A)
| 15 9.2x104 19.0 4.5

30 9.4x10-4 20.8 - 4.4

60 9.7x104 19.6 4.0

120 - 8.2x10°4 21.1 4.1

- Table 4-8. Annealing Dependence of Mobility in a-Siy g5Geg 5:H TFT,

CW Structure.
anneal time (min) Hgat (cm2/V-sec) VT (V) S (V/dec-A)
15 1.1x10-3 20.6 4.6
30 1.1x10-3 20.1 4.1
60 8.8x10-4 22.0° 49
120 7.2x10-4 23.3 3.8

Table 4-9. Anneafing Dependence of Mobility in a-Sig 75Geg 25:H TFT

" CW Structure.
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The 25 at%Ge mobility peaked for anneals from 15 to 30 min., but the threshold

voltage rose dramatically after 30 min. The threshold voltage remained constant, around
~ 20V, and the subthreshold swing remained around 4 V/dec-A. The data are shown in -

Table 4-9, Since this trend of time-dependence was common to both SiGe samples, the
optimal annealings for the alloy samples was thus determined to be 30 min.

The effect of the anneal can be seen from the ON-OFF device characteristics as a

‘ functlon of time. Flgures 4-10 through 4-12 show the dependence on device performance |

asa ﬁmctron of annealing time and concentration of gennamum |

Because the silicon sample showed optimal performance with 4 h of annealing, it was
annealed 3h after lmplantatlon then another hour after metallization. Smce the silicon-
germanium samples required 30 min to form an ohmic contact, and the dev1ce |
characteristics degrade upon ‘further annealing, metallized silicon-germanium samples
were prepared by annealing once, after the aIuminnm e\raporation, for30 minutes. These
"optimized" metallized device characteristics are shown in Figures 4-13 through 4-15 for
each of the concentreitions of germanium. In Figure 4-16, the device performance is
compared directly as a function of germanium content. |

The mobility, threshold voltage, and subthreshold swing of optlmlzed metalhzed CW-
structure devices for each of the germanium concentrations is given in Table 4-10. Note
that the mobilities are much higher than those of the anneal-test devices, and of the SD-
devices. The difference in mobility due to the SD vs. CW structure will be discussed in

the following sections.

%Ge leat (cm2/V-sec) VT (V) S (V/dec-A)
0 0.828 20.0 2.1
15 - 8.08x10-3 27.5 | 52
25 | 8.90x10-3 23.3 4.1

Table 4-10. Optimized Metallized (CW) TFT Parameters.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10®

107

108

1@

VGS (V)

Figure 4-10. Effect of Annealing on a-Si:H (CW) TFT Performance.

10%
e == 1S min
......... 30 min
107 o b
------- 2h
g y
A4 '9
a 10
1010 |
| W/L =625
1001 K, ]
. 0-12 | - ‘ | |
! -10 . ‘ |

Figure 4-11. Effect of Annealing on a-Sio.85Geo' 15:H (CW) TFT Performance.

ki

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Ip(A)
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4.5 Mobility Correction
The mobilities calculated above were dependent on tha device length. In ’i‘able 4-11,
| the mobilities as a function of length,‘ device structure, and concentration of germanium
are listéd. Note that the values are about a factor of ten higher in the CW structures than
in the SD‘ structures, indicating a strong dependence of device characteristics on the
structure. Also, the germanium samples show inferior mobihties
The length dependence of mobility is common in amorphous TF Ts The high external
resistance is one reason; it may be comparable to the ghannel resistance.  The effective
channel length is also affected by tiie structure of ‘the device. Three ‘methods were used

to correct the mobilities for their length dependence [67-69].
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%Ge L (um) structure Usat (cm2/V-sec)

0 5 | ~ SD 0.0307

10 SD 0.0457

40 - CW ‘ 0.828

56 | CW 0.723

15 ‘ .5 SD | 7.23x10-4
10 SD | 1.86x10-3

40 | cwW 8.46x10-3

56 | CW 1.08x10-2

25 5 \ SD 6.00x10-4

‘ 10 SsD - ~ 8.34x104

40 CW 7.21x10-3

56 CW 8.48x10-3

Table 4-11. Length and Structural Dependence of Mobility

- 4.5.1 Chern Method
" In the Chern analysis, illustrated in Figure 4-17, the resistance of the device in linear
mode is plotted against the mask-length for a series of gate voltages [67]. The resistance

~is given by:

Rpw=-05 ‘ 42)

The intersection point of the lines gives the coordinate for the external resistance and
the‘par‘asitic channel ‘eﬁ‘ect‘2AL. This value indicates structural effects and processing
effects. Often, the effective chaﬁnel length of an amorphous TFT is longer than the mask
length, as is opposite the case in single-crystal MOSFETs. The eﬁ’ectivé channel léngth
Lefris related to the mask length (L) by: |

L,=L-AL ‘ | (4.3)
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- The mobility is corrected by the expression:

| (4.4)

o L-—AL)
Amncctfd - lumm.mnd L

"The resulting factors AL and Reyy, and their corrections to the mobility, are shown in
Tables 4-12 and 4-13. Note how the mobility converges within device structures, and

that the relative magnitude of the mobilities is still about 10.

5.0E9
 40E9 |
- Vps=10V
A B
S 30e9f W 1o0um ‘
g V gg =40V
& 209 F / ‘
- ‘ _ Vgs=35V
1.0E9 F g . ....-_,.-" “.“.; ...... /
| R, =39x10%Q e v o
.(5553::::::._..7 ............. e
.0.0E0 v oeum |

-20 ‘ -10 0 10 ‘ ‘ 20
Figure 4-17. Chern Method for Mobility Correction
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4.5.2 Whitfield Method
The Whitfield method [68], is used for devices with high external resistance.‘ Devices
are compared on their relative resistance. Devices of two lengths are measured, and their
resistances, R} and Ry, are computed as per equation 4.2. The difference in their
| resistances (BR) is plotted against the resistance of the shorter-length device (R}). The |
resistance interéept of the fitted line, as shown in ‘Figu‘re 4-18, gives the external
resistance, Rext. The slope of the line, M, is used to determine the parasitic channel

length factor AL, according to:

aL=r-52-h | (4.5)

The parameters for external resistance and channel length correction are listed in

Table 4-12, and their corrections to the device mobilities are shown in Table 4-13.

4.5.3 Kaheko Method |

The Kaneko method [69] is used to determine the structural effect of the dévice on
the extracted mobility; concentrating on the contact resistance and electron path. These
effects are incorporated into an effective length. Ixi this method, the gain of the device, f,

is determined and its inverse is plotted against the mask length.

_uCW |
= | (4.6)

The length intercept of the fitted line gives the parasitic channel length correction

‘factoi', AL, as illustrated in Figure 4-19;
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'4.5.3 Discussion of Correction Methods

The paresitic channel lengths and the external resistances (Table 4-12) do not agree
well because they i incorporate different factors. The Chern method considers processmg
effects The Whitfield method considers source and drain sheet and contact resistance.
The Kaneko method considers conduction path and contact resistance. 'The methods do,
however, converge the mobilities within device structures and gennanium content (Table
4-13). The correction factors may give unrealistic values, but that is due to the method of

accommodation for parasitics; e.g., for a. method wh:ch determmes only an effective

‘ channel length there may need to be a large correction to compensate for a large contact

or series resistance.
The trend of values shows a longer parasitic length in the CW devices than in the SD
devices. This may be due to the three-dimensional nature of the electron flow through

these dev:ces [69]. The other noticeable trend is a larger resistance in the SD devices

than in the CW devices, suggesting increased disorder in the SD devices. The factor of

ten difference of the external resistance describes well the difference in the measured
" mobilities between the two device structures. However, for the germanium devices, the
extracted parasitic resistance difference decreases, suggesting a common resistive

mechanism: alloy scattering.

| Chern ~ Whitfield Kaneko
%Ge structure | AL (um)  Reyt () | AL (um) = Rayt () | AL (um)

0 SD 10 5.8x106 42 1.2x107 4.8
CW 12 3.9x105 | 23 7.7x105 13
15 SD | 53 2.0x108 8.6 4.9x108 14
CW 9.2 1.5x107 25 3.3x108 58

25 SD 1.5 1.0x108 | 21  1Ix108 | 3.2
| CW 5.2 5.0x107 9.4 1.2x108 22

Table 4-12. Mobility Correction Factors
87 ‘

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

(%



%Ge L (um) structure Mmeasured  MChemn MWhitfield  MKaneko
o 5 SD 0.0307 0.154 0.291 0.089
10 SD 0.0457 0.137 0.239 0.089
40 CW 0828  1.08 1.02 1.05
56 CW 0.723 1.02° 1.02 1.05
15 5  SD  72x104  22x103  20x103  5.0x10°3
10 . 8D 19x103  3.8x103  3.4x103  7.0x10-3
40 Ccw 8.5x10-3 1.2x10-2 1.4x10-2 3.3x10-2
56 CW = 1.1x10°2 1.2x10-2 1.5x10-2 3.3x10-2
25 5 - SD 6.0x104  9.7x10°4 . 8.6x104  1.4x10-3
10 SD 8.3x10-4 1.1x10-3 1.0x10-3 1.4x10-3
40 CW  72x103  9.1x10-3  89x103  1.5x10-2
56 CW 8.5x103  1.0x10-2 8.9x10-3 1.5x10-2

Table 4-13. Corrected Mobilities

4.6 Plasma Hydrogenation -
Devices were subjécted to plasﬁa hydrogenation, which has been observed to
~ increase the‘mobiiity of amorphdus TFTs [54,70]. Plasma hydrogenation was performed
for 90 min at 260°C, at 6 mtorr in hydrogen and nitrogen (2 mtorr Hy, 4 mtorr Ny partial
pressures) at a power intensity of 1 W/cm2. The pre-and post-“hydrogenation non;
corrected mobilities for the amorphous silicon devices are 0.828 and 0.420 cm2/V-sec,
resp. The silicon-germanium devices did ﬁot function aﬂér hydrogénatidn. This suggests

that the plaSma exposure was damaging to the devices. -

4.7 Conclusions
Amorphous s‘ilicon‘TFTs with a mobility above 1 cm2/V-sec were fabricated using
ion-implantation for forming the source and drain regions. After annealing at 260°C, the

the implant provided blocking junctions.
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The mobility values, even after c‘orre‘ction,‘ for the silicon-germanium devices suggest
that these devices are inferior to the silicon devices. This may‘be due to the increased
disorder due to the‘alloy nature of the silicon-germanium, providing additional scattering

-hence lower mobility. Or, the siliéon-gen*nanium may effuse thé passivating hydrogen too
rapidly, thus préventing anneals long enough to increase the activétion of implanted
dopants. Judging from thése résults, silicon-germanium may not be suitable for‘integrated
émorphous TFT driver technology. | |

The significantly high measured sheet resistances and extracted external resistances of .
the silicon and silicon—genﬁanium deviceé supports that conduction through the device
may be limited by the parasitic resistance. Low temperature nickel silicidation after the
implant may be employed to reduce thié resistance. As will be shown in the next chapter,
removal of series resistance can greatly impfove device performance.

The device structure impactéd profoundly the device parameters. This is due to the
different conduction nature between the SD and the CW de\"ices. In the SD devices, the .
electfons must travel laterally, hence longer, through an implanted region. The lowér
mobility found in the SD dévices may be ascribed to their higher external resistance. ' In
the CW devices, the electrons must spread from the bottom of the contact window to the
channel edge. This is described by typically longer effective channel length factor than

found in the SD devices.
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| Chapter S
Polysilicon Thin Film Transistors with
~ Cobalt and Nickel Self-Aligned Silicides

5.1 Introduction

The top-gate structure of polysilicon TFTs, ahd t‘heir" superior mobilities in
éompariso‘n to érnorphous silicon‘and silicon-germanium TFTs, suit them well for active-
matrix displays with integrated drivers. Driver circuitry can be designed with- CMOS
process and circuit architecture. Because low-cost glass - cannot withst‘and the
temperatures associafed with the crystallization step, the polysilicon process is expensive.
Either refractory glasses or quartz must be used ‘as the active plate in a polysilicon TFT
dispiay pi'ocess. However, the better performance of polysilicon TFTs and thé savings by

the integration of the driver circuitry turn the direction of TFT-LCDs towards polysilicon.

5.2 Motivation for Ultra-Thin Film Transistors
The l‘argest motivation for, and application of ‘LCDs is their portability. For a |
portable display, one of the primary issues is the power required to operate it. High
threshold vdltage devices and high-voltage power—supply circuits decrease battery life.
Polysilicon TFTs have been made on films where the polysilicon tﬁickness of or above
-1000A for some time. It has been observed that the threshold voltage, subthreshold
swing, leakage current and mobility are related té the‘ grain-boundary defects in the |
channel [7‘1-74]‘. The defect states: increase the threshold voltage, increase the
subthreshold S\‘ving,‘ generate leakage curfent, and dedrease the electron effective
‘mobility. All of these factors increase the power required to drive the device. |
‘The threshold voltage is increased by‘ the defect states because they pin the Fermi
level under the gate, preventing the creation of an "inversion" layef for the on State
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[72,73]. An increased threshold voltage causes the power supply levels for logic circuits
to be higher. |

The subthreshold swing; in V/deg;A, indicates how quickly (in terms of the input gate
voltage) the TFT switches between the off and on states. A large swing means that the
gate voltage must rise more in order to turn the device fully on. For a givén input signal,
a device with a; low sWihg will turn on and charge up its output load faster than a device
with a large swing. In Figure 5-1, the threshold voltage for devices fabricated on 10504
and 540A thick islands is compared [72]. The threshold voltage for devices on“thin‘

islands is lower,
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The variation of measured threshold voltage ond measured
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layer (a); 54 am thick channel layer (b).

Figure 5-1. Dependence of Threshold Voltage on Polysilicon Island Thickness
[Bonnel, 72]
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The leak‘age‘ current is a field-enhanced generation current generated from defect
states [72,74]. 'Reduction of the number of states decreases the leakage current. The
number of states can be decreased by fabricating the device on a thinner island. A

- comparison of‘ leakage current as a function of island thickness is shown in Figure 5-2
[72]. In that study, films of different thicknesses were crystaliized by two fnethods,

furnace and rapid-thérmal annealing. Using either method, the leakage current was a

function of film thickness.
250 (
W/L=1 .
=-13V /
200 | YDS=-13
-/v
} /‘ ‘ ,’:
< 150 F ;o
& «
= e
< : / /.’
= 100 } V-
. "/' /
,/ ——35"— Furnace
50 = = :
/— —e— RTA
0 ) I . 1 3
20 40 60 80 - 100 120

Thickness (nm)

Figure 5-2. Dependence of Leakage Current on Polysilicon Island Thickness |
| [Bonnel, 72]
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Reduction in the eﬁ'eét of defect states by forming gas annealing and plasma hydrogen
treatments is common [73,75]. Since ‘device charactéristics are dependent on the defect
state écﬁvity, and the number of states in general [71], it seems reasonable that device
performance can be improved by reducing the‘numl‘)er of states by fabricating the devices
on thinner islands. - A thinner island offers a leséer volume under the gate fér defects.
However, thinning ‘the ‘island‘ incréases the series resistance of the source and drain. This
series resistance limits the current, as shown in Figure 54, The drain voltage is 1V, and‘
thé source and ‘drain sheet resistance is 100 kQ/0. - The drain current is limited to

1.35uA. The island thickness about 3004A.

103
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Figure 5-3. Limitation of Ultra-Thin Film Transistor Chncnt Due to

Source and Drain Series Resistance.
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The self-aligned silicide is expected to. remove the limitations imposed by the thin
islands. = The silicide processes described in Chapter 3 was used on TFTs with island
- thicknesses cf 600A and less. In this Chapter, device characteristics and parameters on

thick and thin islands, with and without silicided sources and drains, are compared.

5.3 Fabrication Precess for Self-Aligned Silicided Polysilicon TFTs
Polysnhcon thin film transistors were fabricated using the process sequence described
in detail in the Appendlx In summary, 1 um SiO7 was grown on 3" Si wafers. Silicon
was deposited to a thickness of 600A and 1100A by LPCVD in 200 mtorr SiHy, at
580°C. The films were crystallized in Ny at 600°C for 3h. ' After island patterning in
1:50:20 PIF:PH\IO3:H20, the gate oxide was grown in dry oxygen at 1000°C. The
1100A islands were oxidized 90 min, to a gate oxide thickness of 900A. The 6OOA
islands were oxidized 90‘min‘, toa gate‘ oxide thickness of 720A. . Assuming 45% of the
gate oxide is silicon consumptive, the island thicknesses after oxidation were about 695A
and 283A for "thick" and "thin" TFTs. ‘
Gate silicon was deposited by LPCVD in 200 rrltorr SiHy4, at 580°C, to a thickness of
IZOOA After patterning the silicon gate stripes, and source/drain oxide etch the gate
sdrcon was crystalllzed and doped, and the source and drain regxons formed, by POCl3
diffusion at 900°C. The sheet resistance of the as-dlfﬁjsed gate stripes was 30 40 Q/ 0.
The source and dram region sheet resxstance for the thick polysilicon islands, and gate
stripes on all devices, was 40 - 90 Q/D. The source and drain sheet resistance of thin
bolysilicon devices was greater than 30 kQ/0. Durirrg the POCl3 difﬁ;sion, ‘about 200‘-
250A oxide was growﬁ on the doped regions, thinning the source and drain regions by an

additional 100A.
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Self-aligned silicides were grown on the gate, source, and drain using the silicidation

method described in Chapter 3. Wafers were RCA cleaned, then prior to loading were

HF-dipped, DI water rinsed, IPA immersed, and nitrogen blow-dried. Cobalt and nickel

were RF-sputtefed in Ar at 9 mtorr, followed by in-situ lamp anneal for 10 min. The

silicidation anneal temperatures for cobalt wafers was 700°C; for nickel, the anneal

temperature was 400°C. The wafers were half-covered by a silicon wafer similarly

cleaned and prepared; this permitted the fabrication of "with silicide" ‘and "without

silicide" devices on the same substrate for direct comparison. After cooling and removal,

wafers were metal-etched for 30 sec. The pobalt samples were etched in 3:1 HyO2:HCIL.

Nickel samples were etched in 3:1 Hp09:H2804. A summary of wafer processing,

including island thickness, silicidation, and sheet resistances, is shown in Téble 5-1. The

device structure is shown in Figure 5-4.

 wafer island thickness metal Rg sp(¥/0) Rg sp (¥/0)
| - (A) “type  (A) silicided. non-silicided
M3 595 Co (60) 40 - >30k
Mil 183 Co  (60) 1k > 100k
M5 595 Ni (86) 10 > 30k
- M4 595 Ni  (43) 20 > 100k
~ MI10 183 ‘Ni  (43) 2k > 100k

Table 5-1. Summary of Device Parameters with and without Silicidation

gate

insulator

Substrate

Figure 5-4. Salicide TFT Device Strﬁcture
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5.4 Electrical Measurement Techniques

Devices were measured using a HP-4145 Sémiconductor Parameter Analyzer. From
ID(VGs) characteristics, the threshold voltage and effective effective mobility were
measured, as :shown in Fjgure~ 5-5. The mobility was calculated from the

transconductance in the linear mode (V5 < Vs =V, ):

4 14 \ |

1, = Hy 'ch(Vcs —Vr-— ;S)VDS 5.1
ol
a7,

L S ‘ 5.2

/‘lcﬂ' %CMVDS‘ ( | )

The effective mobility incorporates the extrinsic device resistance. Decreases in the
extrinsic resistance by incorporating a silicide to the source and drain would increase the
effective mobility. The increase in current due to the silicide can be related to the

decrease in the series resistance, R, from the non-silicided device, by equation 2.14,

2.0E-5
185}
1.6E-5
1.4E5
2 1,265
o 1.06-5 |-
" soes|
6OE6 |
acEs |
2.0E-6

O.wo " l e
-10 Q

WiL = 50110
Vps =1V

Vas(V)

Figure 5-5. Extraction of Threshold Voltage and Effective Mobility
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The subthreshold swing, S (V/dec-A) is measured from the inverse of the maximum

slope of the log/,(V;;) characteristic, as sho‘wn‘in Figure 5-6. The FET transfer

characteristics of the TFT are shown in Figure 5-7.

103
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Figure 5-6. Extraction of Subthreshold Swing

These measurements were taken on devices with and without silicide, on the same
wafer. The device characteristics of non-silicided, nickel- and cobalt silicided devices, on

thin and thick polysilicon, are discussed in the following section.
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I (mA)

Vps (V)

Figure 5-7. FET Transfer Characteristics of TFT

5.5 Results and Discussion
The device‘results will be discussed by comparing device charaéteristics for each of

the effects of polysilicon island thickness, silicidation, hydrogen anneal (if applicabie), and
silicide type (nickel or cobalt). A comparative log In(VGs) plot will typically be used in
order to show the difference in the sﬁb_threshold swing and saturation current‘,‘ and
because the difference between the silicided devices and non-silicided devices was often
too great to be clearly shown with a transfér plot. Tables will summarize device

‘ pafameters. Device measurement and parameter extraction were taken on devices with |
geometry 50/10, with Vps = 1V for standardization.
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5.5.1 Cobalt Silicided Devices
The ‘parameters for cobalt silicided devices are listed in Table 5-2. Listed are: thick
polysilicon - devices before silicidaﬁon; thick pblysilicon devices immediately after

silicidation; and thick and thin polysilicon devices after 2h PMA in forming gas.

island thickness (&)  p (cm#/V-sec) Vo (V) S (V/dec-A)
‘ ‘ before silicidation |
600 13- 18 - 1.9
silicided, after silicidation (no PMA)
600 N 21 25
295 1.3 22 4.1
‘ non-silicided, after PMA
600 22 15 1.3
295 a (3.79) 0.614
silicided, after PMA
600 22 16 13
295 . 27 9 ‘ 0.53

~ Table 5-2. Device Parameters from Cobalt -Silicided TFT Study

The cobalt silicided devices required the PMA treatment due to the increase of the
threshold voltage, subthreshold swing, énd high gate current. The parameters‘ for the thin
“island after silicidation before PMA were severely limited by series resistance; the
paraméter extraction methods ‘gave accbrdingly ‘misle‘ading‘ results, particularly for the
threshold voltage. ; | |
The c‘haraéteristics in Figure 5-8 show thick polysilicon devices without silicide as a
function of annealing treatments. Shown are the initial device, the‘ device after the
silicidation treatment (though the devices were masked to prevent cobalt exposure), and

the same devices after the post-silicidation forming gas anneal.
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10°
¢ silicidation process
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t silicidation process
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108

10° W/L =50/10

10-i0 v DS =1V

o

‘ '12 L 1 L 1 s

10 0 10 20 30
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- Figure 5-8. Effect of Annealing on Thick Polysilicoh Devices without Cobalt Silicide

Note that the devices after sil‘icidation were in need of hydrogen passivation anneal‘.
The hydrogeﬁ annealed devices are similar to, or better than the initial dgvices. The
hydro‘gén anneal improved the swing dramatically, indicating removal of damage which
also increaséd the mobility and decreased the threshold vo‘ltage.‘ Because the hydrogen
annealed device performed better than t‘he initial‘ devicé, the initial device must have had
defects in the polysilicon film and gate dielectric interface, both of which had negative
effects on the mo‘bility,‘ threshold voltage, and sWing. | |

Figure 5-9 shows the sanie comparison, for thin polysilicon TFTs. Again, the
‘silicidation process was damaging to the devices. What is different here is the

performance of the "before silicidation" device in comparison to the hydrogen annealéd
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device after the silicidation process.  The initial device has a much lower threshold
voltage, and higher subthreshold swingkthan the hydro“gen‘annealed device. This indicates
that the‘hyd‘rogen‘ anneal does not remove all of the damage. Also note that the initial
device has a lower sWing than the initial, thick poly‘ deyice (O.6l4yvs. 1.9 V/dec-A). This
suggests that the reduction of island ‘thickness may improve device perfoﬁnance by
reduétion of the ndmber of defects. However, due to the series resistance limitation of

the initial device, the threshold voltage could not be accurately extl"acted‘.

10-3 .
104
i after PMA
108
10 before silicidation process
o~~~ .7 ‘
< 10
HQ 108k after silicidation process
10°° W/L =50/10
1010 v DS = v
10°"1 \_\\
-12 ] : 1 . ! o
10 -10 0 .10 20 30

Vss (V)
Figure 5-9. Effect of Annealing on Thin Polysilicon Devices without Cobalt Silicide
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In Figure 5-10, the effect of the annealings on thick devices with silicide are compared

to the initial device. Note the necessity of hydrogen annealing for the silicided device.

1073
104
silicided, af]
105
¢ silicidation process
10 P
> 7
5« 10 / -
;_‘Q 108 ilicided, before PMA
10°® W/L = 50/10
10710 v ps=1V
10
«12 ) . L 2 ‘ 1 2 1 s
10 -10 ‘ 0 ‘ .10 20 30

Vs (V)
Figure 5-10. Effect of Annealing on Thick Polysilicon Devices with Cobalt Silicide

The subthreshold swing and. threéhold voltage have decfeased, and the mobility
 increased due to the silicide and/ or the hydrogen anneal. Figure 5-12 will re-address this
issue. - o
The corresponding comparison on thin devices with silicide is shown ih Figure 5-11.
Again, the devicé is improved gr‘eatly‘by silicidation. The initial device here performed
better than in Figure 5-9 because the island was slightly thicker, thus imposing less series
| resistance lirhitations. "The mobility for the thin, silicided device, 27 cm2N-sec, was the
highest of all of the cobalt devices. | | |
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Figure 5-11. Effect of Annéaling on Thin Polysilicon Devices with Cobalt Silicide

The characteristics shown are for hydrogen-amealed devices. ~For the thick poly
TFTs shown in Figure 5-12, there appears to be little improvement in the ‘devic‘e
characteristics. Since both are so similar, fmprovement from the initial device is not due
to the silicide. The sheet resistance of the source and drain of the non-silicided devices
may be low enough, such that the device conductance is channel-limited. In some
instances, the sﬂicided devices appear to be worse than the non-silicided devicés! This
implies that there may be some residual radiation damage to the silicided deviceé. The .
damage is evinced as é slight increase in the threshold voltage. This is supported by the .
data in Table 5-2, and the appéarande of the curves of Figure 5-12 tobea "shiﬁ"', instead
of a distinct difference in magﬁitude. However, the difference is minor comparéd to those

shown in Figures 5-8 and 5-1 0, where the émneél damage is quite severe. Thus thermal
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exposure may be more damaging than the short radiation exposure. It should also be

noted that the leakage current is not increased by the silicide.
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Figure 5-12. Effect of Cobalt Silicide on Thick Polysilicon Device Characteristic

In Figure 5-13, devfce characferistics for drain voltages of 1, 5, and 10V are shown
for (a) cobalt silicided and (b) non-silicided thick island TFTs. There ‘is little
improvement in the dn current by the silicide. The off current is not increased by the
silicidation. For a diﬁ'erence‘betw‘een the silicidéd and non-silicided devices, either the
silicided device needs a thicker silicide, or the non-silicided device must have a highér
source sheet resistance. Because these dev‘ices‘ Were fabricated using diffusion, the source
and drain regions are doped to the solid solubility of phosphorous. . For ion-implanted
fébriqation, witﬁ lower tempgraturé activation, the sheet resistance would be higher, and
the device perform‘ance“should not be as good as thdse shown heré; the silicided device

would then provide a larger on current.
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(a) Cobalt Silicided Source and Drain
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Figure 5-13. Thick Island TFTs with and without Cobalt Silicide
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In Figure 5-14, transfer characteristics of thick polysilicon devices with and without
silicide are compared. The concavity of the non-silicided devices at low drain voltage
indicates a contact resistance limitation; the silicided device exhibits no such behavior.

- The Kink effect is not promoted by silicidation. -
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Figure 5-14. Transfer Characteristic of Thick Island Devices

with and without Cobalt Silicide

‘Figur‘e 5-15 shows thin ‘island TFTs with and without cobalt silicide. In the non-
silicided device, the on current is limited to about 13 HA. The silicided device shows on
current similar to the thick island devices, illustrating the removal of the series resistance
limitation of the thin islaﬁd. |

Figure 5-16 shows silicided and non-silicided thin island dévices at drain bias of 1,5,

and 10V. The series resistance limitation of the thin island device remains for high Vpg,
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indicating that the severe current limitation is not primarily due to a high contact

resistance resulting from poor processing,
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Figure 5-15. Effect of Cobalt Silicide on Thin Polysilicon Device Characteristic
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‘ Figure 5-16. Thin Island TFTs with and without Cobalt Silicide
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Figure 5-17 shows the FET transfer characteristics of thin island devices with and
without cobalt silicide. Note that the scale for the drain current of the non-silicided

device is on the right, and shows that the difference in current between the silicided and

non-silicided device is more than a factor of 10.
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Figure 5-17. Transfer Characteristics of Cobalt Silicided
and Non-Silicided Thin Island TFTs

Again, using the analysis of sections 2.6.2, the difference in the extrinsic resistance
between silicided and non-silicided devices can be determinéd from the characteristics in
Figure 5-14. Assuming Vpso = 10V, using Vgg = 18V, and assuming the silicided
device to have current Ipgq, then Ipgg = 430uA, and Ipg =23 uA. ‘Thus, R=411kQ.

If the extrinsic resistance R were evenly divided between the source and drain, and
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assuming ' that the majority of the resistance were series resistance (and ﬁot contact

‘ resiétance), the series resistance of the non-silicided device is about 205 k2, which agrees
well with the value for Rgp for fhe non-silicided device in Table 5-1. |

A ‘comparison of non-silicided and cobalt silicided TFTs as a funétion of island

thickness is shown in Figures 5-18 and 5-19.
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‘Figure 5-18. Effect of Island Thickness on Non-Silicided TFTs

In both of the non-silicided and cobalt silicided cases,‘ the threshold voltage and‘
subthreshold sWing of the thin island device are lower. This supports the theory that a
thinner island ‘contains fewer defects to be depleted. The‘ lower number of defects also
explains‘the reduced 6ﬁ‘-current in the thin island devices. The on-current limitation
imposed by the high series resistance of the thin island's source and drain is eliminated by

incorporation of a silicide. Because the thin island has fewer defects, its threshold voltage
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and subthreshold swing are lower, hence the better characteristic for the thin-island

silicided device in comparison to the thick island silicided device.
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10% thin i)oly ____________

________
"""
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thick poly

Ip(A)
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WL = 50/10
Vps=1V

-10 o 10 20 30
VasW)

Figure 5-19.. Effect of Island Thickness on Cobalt Silicided TFTs

In both of the non-silicided and cobalt silicided cases, the threshold voltage and
subthreshold swing of the thin island device are lower. This supports the theory thaf a
thiﬁner island contains fewer defects to be depleted. The lower number of defects also
explains the reduced off-current in the thin island devices. The on-current limitation
‘impo‘sed by the high series resistance of the thin island's source and drain is eliminated by
incorporation of a silicide. Because the thin island has fewer défects, its‘threshold voltage
and subthreshold swing are lower, hence the better characteristic for the thi‘n-island‘

silicided device in comparison to the thick island silicided device.
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5.5.2 Nickel Silicided Devices

The parameters for the nickel silicided devices are listed in Table 5-3. Two thick
‘polysilicon island wafers were silicidized: one with 434 nickel, the other with 86A nickel.
The subthreshold swings of the devices after the silicidation process were comparable to
those of the cobalt process after ‘silic‘idation; hence‘ forming gas énnealing was’ not
performed, also avoiding the possibility that the nickel silicidation reaction would

‘continue and produce the higher-resistance nickel disilicide phase.

island thickness (A) 1 (cm?/V-sec) Vr (V) S (Videc-A)

‘ ‘ ‘ before silicidation

. 600 : ‘ 13 . 18 1.9

non-silicided
600 - 17 ‘ 16 ‘ 1.7
295 5.8x104 2 20 -
nickel thickness (A) ‘ : - silicided

600 43 | 19 17 ‘ 1.5

600 86 31 14 1.3
295 ‘ : 43 31 13 : 1.2

Table 5-3. Device Parameters from Nickel -Silicided TFT Study

The effect of the nickel silicidation process on thick polysilicon island devices is
shown in Figure 5-20. During the 400°C, 10 min silicidation anneal, the threshold
voltage and subthreshold swing decrease These devices were protected from the Ar-
plasma, hence the eﬂ'ect is not due to radiation. Smce the dev1ce charactenstlcs were not |
degraded in the silicidation anneal, especially in comparison to the cobalt devnces, forming

gas annealing was not performed on the nickel samples.
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Figure 5-21. Effect of Nickel Silicidation Process on Non-Silicided

- Thin Polysilicon Devices
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The effect of the nickel silicidation process on thin ‘iéland non-silicided devices is

shown in Figure 5-21. The thin, non-silicided islands were damaged to near extinction by

| the anneal. The‘drain‘ currént was not identical to the gatg current; the extremely low

conduction is due to serious resistance limitations, The thin polysilicon  for the nickel

sample was much thmner than the thm island cobalt sample. This effect was also

observed in one of the thm-lsland cobalt snllc1de runs. However aﬁer forming gas

~ annealing, the conduction disappeared altogether. The thin islands may be susceptible to
dissofution in the clez‘ming‘ and metal;etching procedures. | |

The effect of the silicidation process on thick island devices with silicide grown from
86A Ni is shown in Figure 5-22. The moblllty is significantly higher, 31 cm2/V-sec,

- compared to 13 cmZN-sec before silicidation. The threshold voltage is not aﬁ'ected and
the subthreshold swing is reduced.

In Figﬁre 5-23, the FET transfer characteristics for thick island TFTs with nickel
silicide grown from 86A nickel and without nickel silicide are Acc‘Jmpared.‘ The noﬁ-
silicided drain current scale is to the right, indicating that the current is half that of the
silicided device. Cloée examination shows that the non-silicided devices ‘suffei‘ a slight

limitation from contact resistance, illustrated by a concavity in current at low drain bias.
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Again, using the analysis of sections 2.6.2, the difference in the extrinsic resistance
between silicided and non-silicided devices can be detemﬁnéd from the chéracteristics in‘
Figure 5-14. Assuming‘VDso = 10V, using VGgs = 18V, and assuming the silicided
‘device to have current IDSO,‘ then Ipgo = 200uA, and Ips = 70p.A. Thus, R =93 kQ.

~ If the extrinsic resistance R were evenly divided between the source and drain, and
assuming that the majority of the resistance were series resistance (and not contact
résistance), the series resistance of the non-silicided device is about 47 kQ, which agrees
well with the value for Rgp for the non-silicided device in Table 5-1.

Thick island devices with nickel silicide are compared to‘devices without silicide in
Figure 5-24. The subthreshold swing and threshold voltage are lower, and the mobility is
highér, for the device with silidide. The silicide does not increase the off current.

Figure 5-25 shows the on-off characteristics for thick island TFTs (a) with and (b)
without ‘nickel silicide ‘grown from 46A nickel with drain bias of 1,5, and 10V. The
leakage current is higher in the silicided device because there is less vbltage drop in the

. source and drain regions; hence, there is a higher field at the channel ends for field-

emission induced leakage current.
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The effect of the silicidation prbcess on thin island devices is shown in Figure 5-26.
Note that the on-current is limited due to series resistance. The mobility is increased, and

- the threshold voltage and subthreshold swing are decreased, és in the thick island case.
Since no hydrogen annealing was performed, the decrease in thé subthreshold swing is
due to the‘de‘crease‘d series reSistance, which causes a voltage drop between the source
and drain contacts and the channel ends. As the resistance decreases, the voltage drop in
the source and drain is less, hence more of the terminal voltage is applied across the

channel, inducing more current.

103 -
10 L thin poly, with silicide
10°S
10
< 107 thin poly, before silicide process
8 4ot
.9 .
10 WIL = 50/10
1010 VgV
10-11
-12 - . i 1 n 1 N
107 -10 . 0 10 20 30 -

Ve

‘Figure 5-26. Effect of Nickel Silicidation Process on Silicided

- Thin Polysilicon Devices
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Thin island devices with nickel silicide are compared to devices without silicide in
Figure 5-27.  The silicided device shows strong characteristics, while the non-silicided
device does not. The presence of nickel silicide prevents the destruction of the thin island
devices. The thin islands are either’\ox'idi‘zing during sputtering, or are dissolved in the
nickel etch.. If the islands were oxidizing in the sputtering system, then silicide should not’
form due to the creation of an oxide over any silicon. - Obviously, this is not the case, as
‘the sheet resistance of the niékel silicide soﬁrce and drains is low. Thus, the ‘nick‘el etch

(3:1 HyO9:HSO4) must be dissolving the thin polysilicon films.

10?3

104 thin poly, with silicide

10
i W/L = 50/10

10
Vps =1V

107

|SNGY

10°¢
10°®
10"
10" Widc
0 ' o ‘ 10 ' 20 ‘ 30
| Vs (V)

4

1012

Figure 5-27. Effect of Nickel Silicidation Process on Silicided

Thin Polysilicon Devices

The effect of the nickel thickness on device performance is shown in Figure 5-28. On
the thin polysilicoﬁ island device, 6nly 434 of nickel were depoSited. On thick polysilicon
devices, 43 and 86A of nickel were deposited. Clearly, from the data in Table 5-3, and |

the characteristics below, the device improves as the nickel silicide consumes the island.
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For the thick island case, the thin nickel silicide does not perform much better than the
non-silicided device; the mobilitiés are 17 and 16 cm‘2/V-sec,‘ and the threshold vbltages
" are 16 and 17 V. With the thicker nickel film, producing a thicker nickel silicide, the
mbbility increases to 31 cmzN-sec, and the subthreshold swing decreases to 1.3. ‘This
effect‘is due only to ‘the thicker silicide, the silicidation anneal times were the same. The
additional minute of plasma exposure to the 86A sample did not cause any observable
| damage. Hehce, ihe plasnia does not cause signiﬁcant“dama‘ge. ‘The thin island device |
was prepared with only a 43A nickel film to avoid. silicon dissolution.: This device
pérforms better than the thick isla}nd devices, as there are fewer defects, hence the
threshold voltage and subthreshold swing are lower. Tﬁe device, for a given terminal
bias, will perform better as there is less voltage loss between the contacts and channel.

The channel is more sensitive to the input gate signal.
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......... thick poly, 43A NI --".,.--:"‘:‘"_...-......
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Figure 5-28. Effect of Nickel Thickness on Nickel Silicided TFT's
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‘ Figure 5-29 shows device characteristics for thin island TFTs with nickel silicide.
Figufe 5-30 shows the transfer characteristics of a thin jSland TFT with nickel silicide.
There is no contact resistance limitation, shown by‘ the high currénts acheivable at low

- drain bias. - As described earlier, the thin island devices without nickel silicide were
damaged, providing ﬁo useful characteristics.

Figure 5-31 shows the effect of polysilicon island thickness on nickel silicided TFTs.

The off “cun'e‘nt for the thin island device is less, as is the subthreShold swing. The on-

current is higher for the thin island device, probably due to its lower threshold voltage.
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Figure 5-20. Thin Island TFTs with Nickel Silicide

122

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



W/L = 50/10
200} :

180
160
140 -
120 .

Vog= I8V,

Ip(HA)

Vigs® 4V

Vos=12V

0o 1 2 3 4 5 6 7 8 9 10
Vps (V)

Figure 5-30. Transfer Characteristic of Thin Island Devices

with Nickel Silicide

10°
104 .
10% : ) ' ......................

108 |

107

I, (A)

108

thick poly
WIL = 50/10 |-
Vpg=1V

109

10-10

1011

. thin poly X
10.12‘ I . R L 1 : ! N
-10 0 . 10 20 : 30

VGS (V)

| Figure 5-31. Effect of Island Thickness on Nickel Silicided TFTs |
123

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.5.3 Comparison of Cobalt and Nickel Silicided Devices
- Thick polysilicon island devices with cobalt and nickel siiicidéd source and drain are
shown in Figure 5-32.  The nickel device has a significantly higher moBility (31,
compared to 22 cm2/V‘-sec),‘and the SUbthfeshoid swings‘are the same at 1.3 V/dec-A.
The threshold voltage is lower for the nickel device (14V ils. 16V). The threshold
voltage for the cobalt device is higher possible due to vestigial damage from the high
temperaturé anneal, not removed by the forming gas‘ treafment. The mobility of the
‘nickel device may be higher due to a lower silicide sheet resistance (10 vs. 40 /0, from
Table 5-1). | |
Silicided thin island devices are shown in Figure 5-33. Here, the cobalt device is
superior. The very low subthreshold swing suggests that this is due to thorough defect
passivation by the forming gas anneal, and not stﬁctly the presence of the silicide, as the
‘non-silic‘ided device also had a low swing. The threshold voltage for the thin island cobalt
device was also remarkably low, 9V. Unfonunately, due to series resistance limitations,
the threshold voltage for the non-silicided cobalt device could not be extracfed. - Thus, the
éuperior pérfoman¢e of the thin island cobalt device is due'to the forming gas anneal,
Although' the nickel devices did not require formfng gas annealing to produce
reasonable device characteristics, they may improve in forming gas anneals, however, the
sheet resisténce of the siliéides may increase. The longer plasma eprsure of the nickel
deviceé did not evince any additional damage. - Hence, the plasma does not create as
- much damage‘ as does the heat of the cobalt silicidation anneal. ‘The lack of thermal

damage may explain the good performance of the nickel silicides.
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" Using the subthreshold current expression of Sze [57], the effect of the island
thickness, silicidation treatments, and forming gas anneal can be compared by determining
the number of electrically active traps. Assuming that the traps in the polysilicon island

| dominate the‘subthreshold regime, the subthreshold swing, S, as shown in Figure 5-6, can

be described as:

s=23% 1+f£(qD,+ s o (53)
q Eox xpoly o '

where *ox and xpoly are the thicknesses of the gate oxide and island layer.
~ Using equation 5. 3, the density of traps can be compared to determine the effects of
the island thickness, silicidation treatments, and forming gas anneal to describe the
changes in the performance of the devices. The results are shown in Table 5-4. Using
the data for the nickel silicided devices, the island thickness shows no impact on the
density of treps However because the thinner island has a lesser volume of traps,
| XpolyDt, the thinner islands are easier to deplete hence have a lower subthresho]d swing.
The presence of a silicide does not significantly affect the trap demsty, when comparing
silicided to non-silicided devices of the same island thickness and forming gas anneal (in
the case of cobalt). | |
The cobalt devices show that the anneal at 700°C damages the device, signiﬁcantly
increasing the number ‘of electrically ‘active traps. The forming gas anneal reduces the
traps to near the level, in the nickel silicided devices which received no PMA. T}ie cobalt
data aiso show that thinner islands‘ are more efficiently passivated by the hydrogen anneal
than the thicker islands. Regardless of the nresenceof a silicide, the thin island devices

exposed to the 700°C anneal show one-tenth the trap density of the thick island devices.
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metal treatment Xpoly (A)  Xox (A) S (V/dec-A)

D¢ (1/cm2-eV)

| x1012

after silicidation 600 900 45 16.8

no PMA 295 700 4.1 18.6
non-silicided 600 900 1.3 4,96 .

Co | after PMA 295 700 0.61 0.668
CoSiy S/D 600 900 13 4.96

after PMA 295 700 0.53 0.235

NiSi 600 900 1.3 4.02

Ni NiSi 295 700 1.2 3.96

5.6 Mobility Correction |

The Chern method for mobility correction as desbn’bed in Sectibn 4.5.1 was used to '
determine the latéral diffusion of dopant under the gate caused by the wet-etching of the
polysilicon gate stripe, the POCI3 diffusion, and the silicidation treatments. Also, the
extrinsic ;esistances of ‘devices with and without silicide can“be compared using this
method. - An example of the determination of the channel length factor AL and extrinsic

 resistance Rey; is shown in Figure 5-34, which shows the Chern measurements for a non-

Table 5-4. Comparative Trap Densities

silicided thick island TFT without PMA. Because it was observed that the threshold

voltages were dependent on the device process, and it was noted during the Chern
measurerhents that the threshold voltage was a minor function of gate length, the gate-to-

source voltages were taken for all devices to be VT + Vps + 5V, ‘VT + Vps +7V, and

VT + Vpg + 9V, with Vpg = 1V, as shown in Figure 5-34.
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Figure 5-34. Chern Method for Channel Correction Factor and Extrinsic Resistance

Determination for Non-Silicided Device.

The channel length and extrinsic resistance factors determined by the Chem method
are sutharized in Table 5-4. The devices measured had widths of 20 um. The channel
lengths were 10, 20, and 50 pm. | |

The silicided and nOn—silicided devices show a high extrinsic resistance. This may be
due to the low-doped region of lateral dopant diffusion under the gate, which adds a’
series resistance to the devices regardless of silicidation. The resistance interséctioﬁ was
highly non-reproducible from one series of devices to another; the results listed in Table
5-4 show the typical trend. ' The as-measured" mobiiity, Hmeas are from Tables 5-2 and

| 5-3. Devices listed as "w/o silicide" are those measured on the‘ silicided wafer on the
covered (non-silicided) bortion. These devices undergo the same annealing and

passiVation (in the case of cobalt) as the silicided devices. The "after POCIl3" listing is
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used to determine the effects of the silicidation anneais. Reliable devices on the thin

island non-nickel-silicided sample were not found.

eas - Rext AL Kcorr
(cm“/V-sec) kQ) (um) (cm2N-sec)
‘ thick (600A) island ‘
after POCly 14 24 0.137 13
wlo CoSiy . 22 26 +2.26 17
- CoSiy : 22 .25 ~ 3.05 15
w/o NiSi (43A Ni) ‘ 13 38 1.11 - 12
NiSi (43A Ni) 19 ‘ 24 1.07 \ 17
w/o NiSi (86A Ni)’ 13 80 1.27 11
NiSi (86A Ni) ‘ 31 18 1.66 26
thin (200A) island
w/o NiSi n/a ‘ : ‘
NiSi (43A Ni) 31 8 . 1.44 27
w/o CoSiy %) 917 245 \ -
CoSiy 27 18 ‘ 246 20

Table 5-5. Chern Measurement Parametersfor Silicided and Non-Silicided TFTs

The wafer-te-wafer variation iﬁ rtlon-silicided‘ extrinsic resistance is due to the ‘non-
reproducibility of the measurement, and minor variation in deposited silicon thickness

- during island LPCVD The extrinsic resistance for silicided devices ie lower than those of
the non-silicided devices. The most‘hotab‘le is in the thin island case of cobalt. The non-
silicided mobility measurement was meaningless due to the severe series resisfance
limitation-- the extrinsie series resistance of nearly 1MQ limited the current to about
1nA. The silicided thin island devices had extrinsic resistanees sﬁnilar to the silicided
thick isl‘an\d‘ devices. Thus, the series resistance limitation of thin island devices is again
shown to be removed by silicidation; | | | |
It not conclusive Whether the metal affects lateral junction rediﬁb‘sion‘during the

~ silicidation anheal; Thus it is‘the temperatufe, and not the presence of silicidation-induced

stress or silicon' vacancies, which drives the rediffusion. The nickel devices show a
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smaller channel length factor than the cobalt devices, probably due to the lower anneal

temperature. Thé island thickness did not appear to affect the channel length factor.

5.7 Conclusions

Cobalt and nickel SlllCldeS were fabncated on thin ( < 600A) polys:llcon films with
sheet resistances as low as 20 /0. For ultra-thin ( < 200A) polysilicon films, the sheet
resistance of the silicide‘is exceptionally high, though it is significantly less (< 1%) than
the sheet resistance of doped polysilicdn. Ultra-thin polysi-licon films exhibit dissolution
during gleaning and etching of métal films, and during processing. Silicides, as in the case
of the thin-island nickél sample, may protect the island from disso\lutionL

Self-aligned thin and ultra-thin film trans'istors in polysiiicon were fabricated for the
first time using cobalt and nickel silicides. - A low-temperature process sequence would

: require. a spacer etch, similar to the LDD-Spacer in salicide CMOS prdcesses in order to
pr\evenf silicide-channel shorting. Otherwise, the fabﬁcation sequence used herein is |
compatible with TFT-LCD processing,

Cobalt silicided TFTs require annealing in hydrogen to remoVe damage from the
silicidation step. The majority of the damage is from the heat of silicidation, not the
sputtering plasma. Nickel silicided ‘TFTs did not require hydrogen anneals. Silicided
TFT éharacteristics are dependent on the thickness of the silicide, and its relation to the
sheet resistances of the source and drain, and the channel, * For highly-doped, thick
sources and drains, silicides may not provide improvement. Fdr ultra-thin TFTs, silicides
are required to eliminate the series-resistance limitation of the on current.

Using a subthreshold conduction inodel, the trap derlities of the islands were
comp‘uted‘ to compare island thickness and silicidation treatments for theif impact on thé
defects in the island. It was confirmed that the cobalt silicidation anneal damages the

- film, increasing the defect density.. Forming gas annealing reduced the trap‘density. |
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‘Thim‘\er islands were shown to be more efficiently passivated by forming gas annealing.
The silicides by themselves did not increase the number of traps; the trap density for
sirﬁilarly prepared devices except for the presence of a silicide were reasonably the same.
Ultra-thin T‘FTs‘were shoy?n to have a lower subthreshold swing, threshold voltage,
and off current, supporting the theory that these parameters are dominated by the volume
of defects in the channel. The mobility was not seen to be a function of film thickness.
Ultra-thin TFTs were shown to have device characteristibs similar to thicker island TFTs,
but have lower threshold voltages, which make them a better choice for integrated driver

circuitry, which will be discussed in the following Chapter.
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Chapter 6
Silicides in Active Matnx Liquid Crystal Dlsplay Desngn

In thie chapter, the design of driving circuits for AMLCDs will be discossed. The
electrical load and response of the display will be determined and used in the
mathematical analysis for the design of display driver circuits. Circuits which are
incorporated in state-of-the-art data driving circuits-- digital-to-analog converters and
‘ampliﬂer‘s-- will be presented. It will be shown that the most important factor of the drive |
circuits is the temporal response. This motivates the circuit design and the device process
towards maximizing the TFT drive current, and places constraints on the materials viable
for signal lines in the dlsplay
The antlclpated effects of the incorporation of s1llcndes in the TFT circuit fabrication
process w111 be simulated. Expected improvements are an increase the drive current and

reduction in the duration of the display signal transnents.

6.1 General Operation
‘The display is similar to a capacitor-based dynamic RAM The pixel electrode is the
cai)acitlve element, composed of the capacitance of the liquid crystal between the
transparent metal electrodes al1d a "stotage" capacitance (described below). The pixels
“are addressed by their row (or scan) line and column (or data) line. In an active-matrix
liquid crystal display, tlle pixels are isolated by a TFT pass transistor between the data line
and the pixel electrode. anure 6-1 shows the physncal layout of a TFT-switched pixel |
and its equivalent clrcult |
When a row is turned on, or is scanned, the voltage on the scan line turns all of the
TFTs of that row on. 'The data line voltage can then be passed through the pixel TFT
onto the pxxel electrode. The voltage dlﬁ'erence between that of the pixel electrode and
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the common voltage on the opposing glass plate creates an electric field across the liquid
crystal within the area of the pixel. The transmission of light through the pixel area is

modulated By the applied data voltage (Figure 1-5) [6].

scan (n-1)
g | ::Cst
8- .
———"CLC
scan(n) Veou

Figure 6-1. Layout and equivaleht circuit of pixel in TFT-LCD.
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6.1.1 Scan Theorj in Active Matrix Displays

Irr active-matrix LCDs, only one row is driven at a time, Conceptually, the scan
driver is essentiaily a shift register, where the "on" line shifts from one line to the next.
When the scanned line is driven into the "on" state, its voltage is driven high enough to
turn on the prxel TFTs, allowmg the data to be wiritten to the pixels. The selected line
scrolls down the dlsplay sequentrally, once per image frame.

Smce the output of the scan driver is the ‘gate voltage of the pixel TFTs, which are
pass transrstors between the data dnver and the target pixel, the output voltage of the
scan line in the selected state must be at least a threshold voltage above the highest data
voltage. Hence, a high voltage needs to be output. High-voltage shift registers have
been made, but the irncreased voltage swing of the shift register cells requires higher
current, hence larger-area devices and capacitive loading. A more efficient method is to
have 5 low voltage shift register, with the output of each stage fed to a level-shiﬁer
whose ﬁmctioh is to raise the "on" voltage from the logical-on level to the scan-select on-
leyel [11, 16,76].‘ In Figure 6-2, a 5V shift register is connected to level shifters to bring
the line select voltage up to 20V. | | |

The capacitance of the scan line is t‘he sum of the data line overlaps, pixel‘ gates, and
any overlap of source and ‘drain‘regions, black matrix, liquid crystal capacitance to the
common plane, and ofher design parasitics. The scan line also has a very high L/W.
Since ‘it cannot be ‘made of an arbitrarily thick conductor, rt has a non-negligible
resistance. The level-shifter may not be able to solely produce enough current to quickly
bring the line to the select voltage. Multi-siaged buffers, essentially inverters with poWer
supply voltages of the off (ground) and on (select) voltages are placed between the level
shifter and the drsplay to charge or discharge the line cruickly Figure 6-3 shows a TFT
scan dnve circuit for one line, mcludmg shift register cell, level shlﬁer and buffer, usmg
CMOS-based Cl!‘CUlt archntecture
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Figure 6-2. Concept of scan dri\'/er for AMLCD.

6.1.2 Scan Lin e Resistivity

The géte line mateﬁal has serious‘ constraints regarding its thickness and resistance.
Because subsequent films are deposited over the gate lirie, it cannot be arbitrarily thick.
Since it is relatively thin, it may be highly resistive. The gate line must also withsf.and
thermal treétménts after its deposition. Hence, aluminum, with one of the lowest
conductor resistivities, cannot be used in tﬁe case of polysilicon TFTs with Self-éligned
source and drain implants. Instead, refractory metals and silicides are used as the scan .
lines in displays [18,7‘6,77]‘. Assuming a lumped-RC model‘ for the scan line resistance
and capacitance, a conservative maximum resistivity value can be determined. | |

For a fnonochrdme VGA“displ‘ay (640 rows, 480 columns), the resistance of the gate

line, Rgl, and the gate line period, can be written in terms of the gate line sheet resistance

Rg ol ‘
’ R =Rr. L _pg _640-pitch (6.1)
o w T satelinewidth o
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“The gate line period, tgl, is given in terms of the image frame rate (frate):

1 1

= —— 6.2
¥ frate 480 62)

The gate line should be nearly fully charged for the majority of the line time. Since
data lines are divided into blocks, or datagroups, so that there are simultaneous data lines

written within each block, the scan line must be on for the majority of the first data block

period. The data block period is a fraction (Zstm:) of the line time. The rise time of the

datagroups.

| gate line is 3RC, where C is the scan line capacitance. Allowing for 90% charging within

the first data period, The gate line rise time can be defined as:

1 1

3R,C,<-t,———
3 ¢ datagroups

2l gl

(6.3)

il

T

Using equations 6.2 and 6.3, the maximum sheet resistance of the gate line is then:

RlWll 1 1

sgl <<= N (6'4)
9 L. frate 480 datagroupsC,,

With a pitch of 48um, a gate linewidth of 8um, a frame rate of 60 Hz, a gate line
capacitance of 100pF, and 20 datagroups, the maximum sheet resistance is then 2Q/0.
For a gate line thickness of 20004, the maximum resistivity of the gate line is 40uQ-cm.
This value is achievablé with sputtered and CVD tungsten silicide [18].

Since the gate line is more accurately a transmission line than a lump RC network,‘
this aﬁalysis givés a conservatively low‘maxir‘num resistivity. Also, pixels of the first data
block, which is near the gate driver, will be tumedkon before those in ‘the‘later blocks

farther down ‘the gate line. | The current drive should ensure that by the second data bléck ‘
period, the line has becomé fully charged. |
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6.1.3 Data Driving Theory in Active Matrix Displays
Producing an image on the display is a mattér of appfying voltages on the arranged
pixel electrodes to produce electric fields to appropriately modulate light transmission
through the pixel TN cells. The image is re-written many times per seéond, according to
the frame rate. The role of data drivers is to provide current to charge up the‘data"line.
All of the pixels on a row must have their data written before the row is turned off; when
the next row is written. In a non-interlaced display, the rows are written‘ sequéntially
each frame. In an interlaced display, the odd lines are written one frame, then the even on
the next. Because of their superior image quality, non-interlaced displays are becoming
the norm. | | | |
‘The time to write the pixel is‘a function of the number of rows and columns, and on
' the driviﬁg scheme. Three cases of data transmission on a mohochromé VGA (480 rows
x 640 éolumns) ‘display with a frame rate of 60 Hz are described and compared below:

serial, line-at-a-time, and blocked data.

6.1.3.1 Serial Data

The classic example of serial data is a cathode ray tube (CRT). The electron beam
sweeps acfoss each phosphorescent pixel in raster-scan method. The beam ‘current is
analog-controlled for varied pixel phosphor emission intensity. If each pixel were to have

a different gray level, the response time of the beam must be:

t= L _s4msec  (6.5)
640-480- 60 Hz |

correspdnding toa data-frequency of 18 MHz. In a TFT-LCD, the data would need to
be maﬁipulated to go to the proper cblumn, and the data line charged. Since this involves

multiple stages of circuit function, each stage would need to operaté much faster.
| | 138
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- Integrated TFT circuits cannot yet operate that quickly.. Thus, connecting "one wire" of

data input to a glass panel and seeing its video image is quite unlikely in the near future.

6.13.2 Line-at-a-Time Data |

An example of line-at-a-time data is an amorphous-silicon TFT ‘Iapto‘p LCD. The row
and column lines on the display are ‘brought to pads for connection to external circuitry.
The data drivers are integrated circuits oh single-crystai silicon, with connections mede by
eithei.- Chfp On Glass (COG) or Tape Automated Bonding (TAB) technologies [78]. The
chips, called column drivers, receive digital-word input, convert the word to an analog
voltage‘ by a digital-to-analog converter, then put the voltage into a unity gain ampliﬁer to

increase the output current. The response tlme of the column driver output must only

provide current enough to charge the data line in a fraction (e.g. L) of the row time:

11
Ll 1susec ‘ 6.6
3 480-60Hz P 66)

The advantage of this technology is that low-power, high-speed, high-current single-
crystal CMOS cifcuitry can be used. The drawback is the number of connections
required. For a color VGA disp‘lay,v there must be 3 x 640 = 1920 data connections. This
high number of connections increases production cost. Also," TAB and COG
technologies are not readily epplicable to small-area, high content displays, such as LCD
projection light valves, where the data lines are close due to the small pitch of the pixels.

' This causes the ‘linear‘ density of data connections to be too small for TAB and COG

technologies [4,79].
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6.1.3.3 Blocked Data

In this scheme, pixels are written m sequential blocks of parallel data. Figure 6-4 is an
examplé of a display where the 640 data lines are pé.rtitioned into 32 blocks; each 20 lines
wide. In ezich block period, 20 data lines are written at once. The linés which are written
are selected by the block control }signal. Hence, there must be 52 data inputs: 32 for
~ analog data, 20 fof block selection.

- The productibn of high-current analog voltages to drive the data lines can be
produced by external ICs or integrated TFT circuits. The block ‘<':ontr<‘)l signals, produced
by a simple decoder or shift régister, can be produced similarly.

The time that the data voltages must be réady is a function of the number of blocks.
" The critical ‘block is the first one, which is beihg written while the gate lin e is still
charging to its ON state. Note that as the number of B]ocks increases, the serial scheme
is approachéd. And, as the“number of blocks goes to one, the ‘line-at-av-ti‘me case is

approached. With blocks = 20, the response time of the data driver output must only

provide current enough to charge the data line ina fraction (e.g. 1) of the block time is:

=1 L
3 480-(;2.) . 60Hz

=361nsec (6.
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6.1.4 Data Invers:on

Since the lquId crystal matenal contains impurities, the ﬂeld across the gap must be
reversed periodically to prevent migration of the impurities towards the electrodes, which
can cause field temﬁnatidn and result in poor image quality [80]. Because the liquid
crystal is bi-directiohal, the transmission-vs.- field characteristic is an even function; the
‘molecule‘will be tilted equally by a field of +10kV/cm as it would by -lOkV/cm @v
across the 4um cell gap). The simple case of a "fixed common voltage," where. the
unpatterned transparent electrede is‘ fixed at. a gi\ten voltage, Vcom will be discussed‘
here.. In this case, the data voltages are in two ranges, above and below V¢, as
illustrated in Figure 6-5. Above VCOM: the gray scales increase with inereasing voltage,
as the field increases, decreasing transmission through the normally-oa TN cell. These
data voltages are the "'+data" veltages, and affect the transmissio‘n of the liquid crystal as
shown in Figure 1-5.

The "-data" gray scales are reversed, since the field increases with decreasing data
voltage. Note that a given gray scalein Figure 6-5 . has the same electric field value Egs
in +data and -data modes because the electro-optic response of the of the TN celt is even,

as shown in figure 6-5 and described in equation 6.8:

= thxul —VCOM

d

8ap

E - (6.8)

2

The polarity of the liquid-crystal electric field is reversed each frame by writing data
voltages above and then below the common voltage VcoMm. Due to the frame-inversion
of the data voltages, the voltage swing can be large, up to 20 V. Smce the time for data

writing is short, the average current the data drivers must supply is large:
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Loy = dl(_At—) ‘ (6.9)

If the data line capacitance is 100 pF, the voltage swing a maximum of 20 V, and the
time needed to energize the data line is 361 nsec as given by eq. 6.7, then the average

" current is 5.6 mA. Since the current through the data driver is not constant, the device -

must be designed to be larger to accommodate the initial "peak" current.

100%

- I
S T
é "?352
o

z 38
0% e
p=>

‘ Q

O

Vdntn

Figure 6-5. Data voltage ranges in "fixed-COM" data-driving scheme.,

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.2 Scan Circuitry

This section illustrates the components of the scan driver: shift register, level shifter,

and line driver.

-6.2.1 Shift Registers

. The shift register is simply a clocked, sérial memdry device. A Sample shift register is
shown in Figure‘ 6-6, taken from Figure 6-3. This shift register design ‘is the simplest:
static register with dual non-qverlapping clocks. Other shif;‘regiSter designs have been
proposed and examined for their utility in AMLCD design, and are described ih anqther |

thesis regarding AMLCDs at Lehigh University's Display Research Laboratory [81].

to next

from previous
stage

stage

| Figure 6-6. Static Shift Register Design

6.2.2 Level Shifters

- The necessity‘of the level-shi‘fter‘is to énsuré that the scan line ON-voltage is high
enough to keep the pixel TFT in the linear mode, so that there is no source-folloWer
threshold voltage loss on data‘ voltage transferal to the pixel. CMOS and nMOS designs
are considered below. |
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6.2.2.1 CMOS Designs

 Two CMOS non-inverting level shifters are shown in Figures 6-7 and 6-8. They aré
_based on a differeﬁtiating input pair. The difference is in the generation of the gate sighal

to the output pull-down nTFT. In Figljre 6-7, the signal is the infemally generated

inQerse of fhe input Signal; which comes from the low-voltage shift register. This sfgnal

will have a logié high value near Vig. | -

Simulations were performed using Aim-Spice, a circuit simulator from Univefsity of
Virginia, which modelé the polysilicoh TFT with a floating body. The device parameters
used to optimize the circuit design for th most rol‘)ust‘ Operation‘were: [T and Hp of 10
cmZN-sec, VTn = 2V, and VTp = -2V. The output load was 1kQ and 350 fF,
simulating the source sheet resistance and gaté capacitances of a two-transistor load,
similar to the input of a CMOS inverter with 50x10 um? gates.

- The simulated rise time dependcnce of the circuit in Figure 6-7 on the‘aspec‘t ratio of
the output deyices is summarized in Table 6-1. The input stage aspect ratio was 5/ 10.
~ The rise time increases for increasing device area because of the load it presents‘ to the

- inverted input signal.

Vi

5/20 b—’-d 100/10

‘ v
Vin ‘
—] [50/10 L‘ 100/10

'GND

ot

Figure 6-7. CMOS Level Shifter
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W/L output TFTs | 90% rise time (usec)

100/10 ‘ 1
500/10 | 3
1000/10 ‘ - 6

- Table 6-1. CMOS Level Shifter Rise Time Dependence on Output Stage Size

The rise and fall time of the output was found to be a function of the input pTFT puli-
up aspect ratio. If this device had a high W/L ratio, the Qolfage drop across it would be
| insufficient to cause the source voltage to be well below Vy so that the oufput pull-
down device cannot be turned off. Hehce, there would be a parasitic pull-down at the
output node, which would decrease VQH. If the de‘vice‘ were too ‘highly resistive (too
low aspect ratio), the infemal nodal voltage would not rise quickly, and would slow down -
the fall time of the output. With the 6utput stage sized as 100/10, the simulated rise time

of the output as a function of the pTFT pull-up is shown in Table 6-2.

W/L fnput pull-up | 90% rise time (fisec)
5/40 1 |
5/20 ‘ ‘ - 0.9
5/10 | 1

Table 6-2. CMOS Level Shifter Rise Time Dependence on Input Pull-up Size

The level shifter shown in Figure 6-8 avoids the problems assoéiatgd with sizing of
the pull-up device. However, the gate voltage of the output pull-down nTFT will be less
than in the circuit of Figure 6-7, because the logic high value of the shift register output is

only Vpp. This may reduce the ability of the device to discharge the driven node at
146 :
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Vout. It may also present a capacitive load to the shift register, especially if the inverse
of the shift register output is to be obtained from the weaker "feedback" inverter.
Depending‘on the architecture of the shift register, the signal to that device may arrive

-quicker than if it were to be generated by the circuit in Figure 6-7.

100/10
\%

out

Ve [S0m0  10010] Ve

GND

Figure 6-8. Modified CMOS Level Shifter

6.2.2.2 nMOS Design

An nMOS ‘Qp-shiﬁer is eSsentially an inverter pair with the drain voltage, VDD,
increased to the up-shified level, V. A non-inverting ‘nMOS up-shifter is shown in
‘Figure 6-9. Note that the output pole can serve as the first stage of a multi-stage nMOS

buffer.

Vi

30/10

out

500/10

GND
Figure 6-9, nMOS Level Shifter
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The perfoﬁnance of the aMOS level shifter was much poorer than the CMOS shifters
due to the larger device areas Which provided increased capacitances. The pull-down
trénsistors need to be wide because the pull-up transistors are always on; the oufput
voltage of the pole will be a »f‘raction of VHH respective to the ratio of the pull-up and
p&ll-down devices. Increasing the ratio of the puli-up to the pﬁll-ddwn device will
dec‘rease‘ the ﬁse time, but increase the output low voltage. Similarly, decreasing the size
of the pull-up device will reduce the output low vbltage, but will increase the rise time.
This problem is common to the nMOS level shifter and buffer, since they are essentially
the same devices. The response time and the output high levels of ‘the nMOS circuit are

“more susceptible to threshold voltage variations. | | |
. Using the same parameters as in the CMOS circuit, the rise time was longer than
10usec, whereas the fall time Was less than l usec. Attempting to tailor the pull-up and
pull-down ona pole-by-pole basis to obtimize the final output to have a rapid rise or fail
time‘ can be done. However; the opposing edge (fall‘ or rise, resp. )‘ would be excessively
slow. Due to the slow response, and the static current, the nMOS shifters are inferior to
the CMOS ‘circuits. Their only adVantage is the reduction in processing complexity by

elimination of the n- and p- implant masking process steps.

6.2.3 Line Drivers

~ The output pole of the level shifters is essentially an inverter. This can serve as the
first sfage in a multi-stage buffer. Multi-stage buffers of CMOS and nMOS types are
‘discussed below. Because the scah line is driven to either of two voltagés, the on and off
levels, which: can be set to the voltage supplies of the level shifter, the scan driver is a

series of logic inverters which output either the scah select on or off levels
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6.2.3.1 CMOS Design

CMOS inverters output the power supply voltage for fhe o‘utpu‘t high vqltage, VOH
andithe‘sourc‘e volfage (Vss, or ground) when outputting the low level, Vor,. Also, the
output ‘load of a‘ series of ‘ inverters is driven by the current of only the last stage; the’
preceding stages serve only to efficiently switch the last stage. With device parameters
of Vrp = 8V, VTp = -8V Hp = pp =20 cm2/V-sec, descnptwe of devices fabricated in
our lab, the aspect ratio required to drive a 2kQ, IOOpF load, similar to the scan line,
wnthm 1 usec is W/L = 800/8.

If the driver were done in a single étagek it would be inverting; hence at least two
stages or any even number of stages, are needed for a positive line dnver A companson
of a2-stage and a 4 -stage buffer, with the output devices sized to 800/8 was performed.
The input stage of the 2-stage driver was 40/8, similar to the typical logic devices used in
the logic circuits. The device parameters were those mentioned above. The rise and fall
times were 1.3 psec and 1.1 psec resp. In the 4-stage driver, the lengths were all 8 pm,
and the widths scaled up by factors of two. Beginning with (roughly) twice the typical
logic gate wfdth, the widths of each device in each stage of the driver were scaled up to
the 800um driver: 100, 200, 400, 800‘ um. The rise and fall times were 0.8 pLSec.
However, there is an optimal number of inverters for a multi-stage buffer. A six stage
inverter with a drive stage of 800/8, and input stage of 100/8 Would have widths of: 100,
150, 230, 350, 530, 800 um. The rise and fall times were 0.9 psec; the: increésing number |
of gate’ delays is‘coun‘tera‘cting the effect of reducing the capacitive loading of each of the
stages. Thus, a 4-stage CMOS inverter design was chosen. | |

The effects of series resistance is: shown in Figure 6-10, which compares the rising
output of a 4-stage CMOS shiﬁ register With and withdut silicided sources and drains.
The sheet resistance of the silicided sources and drains‘i‘s about 20 /0, with the aspect
ratio of the areé. between the contact aﬁd the channel about 0.5 0. The sheet resistance
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of non-silicided source and drain regions was about 1k Q/ O, with agaih an area of about
0.50. Hence, the total series resitance is 1000€2. The series resistance can be added to
the Aim-Spice ‘Model 12 Polysilicon TFTs by putting in the MODEL card for the TFT
the re.sistance, since the area for the source‘ and drain regions is assﬁmed to be 1. ‘Hence,

for a non-silicided device, the MODEL card for the TFT would be:
model NGREGTFR NMOS Level=12 VTO=8 U0=20 RSH=500

This transistor, an n-type MOSFET of level 12, would bé an n-TFT. The threshold
voltage is 8V, ahd mobility of 20 cm2/V-sec. Setting the Sheet resistance RSH to SOQ
provides the total series resisiance to be 10009, because ‘the assumed source and drain
‘are‘as are 1 0. If the series resistance were not accurately known, the éffective rhobility
as measured from devices can be used for U0.

Figure 6-10 compares the rise time of C-TFT 4-stage line drivef with and without
silicides. Two non-silicided drivers were simulated: one which uses refractory metal or
deposited silicide scan lines, the other using n* polysilicon scan lines. The line resistance
of the réfractory scan lines was also 1k). The polysilicon scan line resistanée was 40kQ.
The wiring resisfance of the non-silicided circuits was 10kQ, considering a polysilicon
sheej: resistance of 500 €/, and an aspect ratio of 20. The resistance of the gate Stripes

. over the TFTs were simulated by placing a selies resistance of half the total resistance of
the gate stripe, giving the gate stripe tranémission line load of 1+ RC,, [78]. | ‘The rise time
of the silicided buffer was 0.8 usec; the rise time of the non-silicided buffer with

refractory scan line was 1.2usec. The non-silicided driver rise time was over 10psec.
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Figure 6-10; Rise Characteristics of Four-Stage CMOS Buffer with and without Silicided

- Source and Drain Regions

6.2.3.2 nMOS Design
As described above, the nMOS inverter suffers from a continuous pull-up. The rise
time is long because the pull-up device must be sfnall in order to be able to output Vor_ <
* VTns, 0 that a valid O can be sent to the following stage. | |
A solution to the nMOS bﬁﬁ’er‘problem is the nMOS superbuﬁ'er, which is a two-
stage inverter, drawn in Figure 6-11. The first stage. generates the inverse of the inp;lt
signal as in the regular nMOS inverter. But, in the output stage, the pull-up is driven by
~ the inverse of the inpuf signal, not VGG This pemﬁts the puﬂ-up to be sized larger, so
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that the rise time can be reduced. Since the gate signal to this device will fall to GND .
when the input is high, should be low, the device will be off and provide no parasitic pull-

up, forcing Vo= GND.

Figure 6-11. nMOS Superbuffer

Because the nMOS level-shifter resembles a 2-stage non-superbuffer, the 4-stage line -
driver was composed of two regular inverter stages followed by two superbuffer stages.
The rise time of the silicided 4-stage mixed nMOS buffer is 0.75usec. The rise time of
the non-silicided buffer is 1.6 pusec. The comparison of the rise characteristics of the 4-

stage nMOS mixed buffer with and without silicides is shown in Figure 6-12.
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Silicided Source and Drain Regions

6.2.4 Scan Line

The scan line was assumed in the mathematical derivations and simulations to be a
luinp-RC load. ‘However, it is more accurately described as a distributed transmission
line. - The voltage of the Iine‘ near the driver will rise or fall ‘more‘ rapidly than farther
down the line. (see Figure 6-13.) This is fortunate, since the most time-éritical section of |
the scan line is its‘pixels which are in the first data block. The first 22— pixels down ‘the
scan line are the only ones which must have the high voltage immediately in order to

write the data. By the second data block period, the scan line would be fully charged.
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If the scan driver were unable to meet these charging criteﬁa, then it should execute
"precharging," where tWo scan lines afe turned on, as shown in Figure 6-14. The leading
scan line is charging up while the lagging scan line has its data written. Note that this will
write false data onto the leading line. However, this false data will be on the display for
only 1 scan-line time (35 psec on a 60 Hz display with 480 vertical lines), which is too

rapid for the eye to see.

20
18
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o[ T

Figure 6-13. Voltage Transient Along the Scan Line
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: gl OFF (data written)
SR |
g2 ON (data being written) |
SR
g3 ON (precharging... false data being written)
"SR | |
‘ ‘ 4 OFF
SR | °

Figure 6-14. Scan-Line Precharging Method

6.3 Data Circuitry
" The components of the data drivers are the digital-to-ahalog converter, amplifiers,
and block-switching (data multiplexing) elements. ‘Circuits‘ for each of these are
described below. | | |
- 6.3.1 Digitai—to-Analog Converters |
- The digital-to-analog éonverters (DACs) receive a binary stﬁng which represents a
relative fraction of the voltage between the maximum and minimum data‘vol‘tages,‘
VMAX ahd Vmin- Beiween VMAX and V,ﬁin are the gray scales. Four different

methods of gray scale generation are described for DACs with 16 gray levels, |
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6.3.1.1 Switch-Capacitor

A basic DAC is the switch Capacitor‘ type,‘which uses relative charge storage to define
the relative voltages. A switch-capacitor DAC is shown in Figure 6-15‘. The network
ope‘rates‘betw‘een any two vqltages, VMAx and Viin. Thé control sequence“for this
DAC is as follows. | | |

L Précharge the capacitors by setting PRECHARGE on .and OUTPUT off. All
capacitors will store charge needed to store ‘VMA‘X - Vnin-

2. Turn PRECHARGE off. |

3, Present the binéry inverse of the gray-level word to the discharge switches. This
step discharges the unwanted charge. For example, if the input word were <1100> (gray
scélé ‘12, near V\jAX), the inverted word is <0011>, The charge is dﬁmped from the
two low-order capécitors to the pbwer rail Vijin.

4. Set the input word to <0000> to lock the remaining charge.

5. Set OUTPUT on, which will make the charge accessible to Vgytt. ‘Since Vs~ is

~ the power rail Vmi'n’ the accessed chérge is the fraction of the charge stored on the
capacitors to store V(AX. -

Because the charge on the storage capacitors will be shared across the input
capacitance of the circuit following the DAC, the b‘ase capacitance value, C, should be at
least 10 times the input capacitance of the load.

To fabricate this circuit in polysilicon TFT technology, the ‘capac‘:itors cannot be

‘ arbitrarily designed. The lower plate should not be island polysilicon for two reasons. If
thé upper plate were gate méterial, then the stbragé poly would be masked during
impla‘ntatidn. The undoped poly would be highly resistive, thus diﬁicult to chargé and
“discharge quickly.‘ Secdndly, the capacitance would primarily‘be depletion capacitance,
which would decrease the value of the cépacitance per area. A larger capacitor area
would be required. - The solution is to use polycide as the lower plate. Then, the
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~ capacitors are MIM capacitors whose capacitance is solely defined by the dielectric -

thickness.

out

out

Figure 6-15. SWitch-Capacitor DAC
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6.3.1.2 Time-Modulated Gray Scaling
| By oscrllatmg the output voltage between two values faster than the response of the ‘
load, the DC-bias of the output node will settle on the 1rrtermedlate voltage defined by the
relative duration at each driven voltage [82]. The output voltage for a 16 gray scale

DAC whose output switches between Vhi and Vi, spending /16 of the period at Vg is:

{%(Vm -V, (6.10)

A DAC besed on a time-mo'dulationfwas‘ designed by Okada et. al. [82]. The
- originally published version of this circuit contained errors which caused "rmssmg gray
scales and a non-linear gray scale number to output voltage transfer characteristic. To
solve the errors, they circrlit was prototyped here at Lehigh with off-the-shelf TTL and
CMOS ICs. After solving the error (improper‘deco‘der-to-NAND plane transcriptiorr)
~ the revised circuit for 16-gray levels is shown in Figure 6-16." The gray scale voltage is
| generated in two planes. In the second plane the data voltages VMAX and Vi are
divided across Vg (=VMAX) and Vg (=Vpyin). The voltage must be divided into the
number of ranges which is Z#ChOice_bits. In this exemple, the choice_bits are D3 and
Dy. The output voltage will switch between the divided voltages chosen by the decoder-
driven voltage selector. A |
The relative amount of time the output is selected to the lower—chosen vbltage is
determined by the first plane. Using the lower data word bits (Dg and Dj), the
multiplexer chooses among a 100%, 75%, 50%, and 25% low duty-cycle wave to send to
the voltage switches in the second plane. ; | |
Nore that the output isa sihgle-pole.‘ The reference node for this voltage is Vg. The
voltage selection inpﬁts (V16 Vi2, Vs, V4, Vo) are. generated either by setting VMfAX

to V15, and'Vmin to Vo, and placing resistors between to appropriately generate V2,
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Vg, and V4. Due to the non-linear nature of some liquid crystal transmission
characteristics, the resistor values may not be equal. Alternatively, all of the inputs can be

externally pro#&ied to optimize the gray scaling performance.

3

S
?JL‘

Figure 6-16. Time-Modulated Digital-to-Analog Converter
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6.3.1.3 Voltage-Divided Gray“Scaling

Becauée the decoders and multiplexers are composed of many gates, and the voltage
-selection plane is switched, the Time-Modulated DAC may produce serious switching
transients To eliminate them, gray scales can be statically produced by voltage-division
In the simplest case, VMAX and me can be mediated by 15 resistors to produce 16
gray levels. However, resistors are undesirable in VLSI technology due to therr area, and
in thin polysrllcon technology due to the non-uniformity of their values. In anure 6-17, a
16 gray scale Voltage-Drvrsxon DAC based on a design by Furuhashi et. al. [83] is shown,
In this scheme, the data voltage range VMAX through me is partitioned as above, and
two adjacent values are chosen by the high-order bits of the data word (D3 and D»).
This voltage pair is presented to a resistive Voltage divider. The portion between these

two values is chosen by the low-order bits (D and D). - |
* Because of the highly‘ res‘istive‘ nature of the output phase of this converter, an
"overshoot" path is provided. By having OVERSHOOT on, the output node can quickly
ramp up to the higher of the chosen.voltage pair. - Within the data output cycle, the
OVERSHOOT signal is turned off, so that the outout voltage can settle on the desired
gray level. The timing of the OVERSHOOT signal is dependent on the resistances of the
analog switches and the second-stage voltage divider, and on the gray level "within" the

chosen voltage pair.
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Figure 6-17. Voltage-Division Digital-to-Analog Converter

6.3.1.4 Current-Based DAC

The pfeceding two‘DACs require a very large device count, And thé switch-
capacitor network is highly susceptible to the leakage currents in the péss switches and
stor‘age‘ dielectrics. In this dissertation, a new DAC is proposed, which se‘nds‘ discrete

levels of current through a resistor to produce a differentiating voltage. This voltage is
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amplified using a linear differential amplifier to produce the gray scale voltage levels for
the data line. The circuit which produces the differential voltage is shown in Figure 6-18.
In this circuit, 16 values of current are permitted to pase through the intermediary resistor
fwhieh produces a differential voltage. The power rails can be designed to ‘oﬁ‘set
variations in‘ threshold voltage and mobility when generating the output voltage
difference. | |

The linearity of rhe output voltage requires that Vpg and VGg of the conducting
devices be unaffected by the current level, if the current is too large, the differentiating
resistor may provide a large IR voltage drop, which would cause a reduction ‘of VGs and
Vps of the pMOS and nMOS deviees. Since the ourrent level is dependent on the input
word, the reduction in VGg and Vpg would be dependent on the input Word. The IR
drop would be larger for the high graycales (e.g. <1111>) where the current levels are
higher. Because of the IR loss whichreduoes VGs and Vpg, less current than required
would flow through the resistor, thus reducing the differential voltage, and hence the ,
output voltage. | | | |

To ensure linearity, the resistor should be small. Also, the pTFTs require that the
gate voltage be the inverse of their respeetive bits in the input data word; this ensures

- VGgp is unaffected by the voltage drop across the resistor and the nTFTs.

Simpler pull-up and pull-down networks of saturated and linear nTFT and pTFT
loads were unable to produce a linear output response for the reasons stated above of the
current level dependence of Vgg and V]js. Only with nMOS pull-down, and pMOS
pull-up (nsing_ inverted graysoale word to the pMOS gates) can the voltages at the
terminals of the resistor be decoupled from the VGg of the transistors. - Still, the
differential IR-drop must be kept reasonably small to avoid excessive VDS reduction.

For the circuit shoi;vn m Figure 6-18, the total effective width of the nMOS and
pMOS transistors is 20um x grayscale#. Thus, for grayscale 3= <0011>, the total width |
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is 60pum, since transistors C and D will conduct. For grayscale 13=<1101>, transistors
A,B, and D will conduct, giving the total eeffective width of 260um. Note that the
pMOS, and nMOS transistors of a given bit (A,B,C,D) are either conducting or non-

conducting together.

"—dEEB—dE: Cﬂﬁ Md

A:160/4 v
B:80/4
C:40/4
D:20/4 Vo

o o o e
‘ ‘ ‘ @vss ‘

Figure 6-18. Current-Based Digital-to-Analog Converter

Because the output voltage difference must be small, it needs to be ambliﬁed. A
differential amplifier is shown in Figure 6-19 [84]. The input stage of the ambliﬁer is the
differentiating current“mirror of the CMOS level‘shiﬂ‘e‘rs. However, unlike the level
shifter, the ‘inputs‘ are not at the power rails, so that the output is not necessarily switched
to the rails. Threshold voltage and mobility vv‘ariations can be accommodated by changing
VGG, which affects the gain. The rails of the amplifier are set by Vi and Vi, of this

- circuit. They are related to the linear response of the output of the amplifier, and the

voltages required to modulate the liquid crystal from the ‘ligh‘t to dark states.
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‘Figure 6-19. Differential Ampliﬁef [Gregorian, 84]

VDD ) . Vllll

< > ‘
ABCD> | pac

Vss

" Figure 6-20. Positive-Data Current-Based Digital-to-Analog Converter
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The: aew current baseddata‘ driver is the combination of the current-based ‘voltage
geherator and the amplifier. To generate the‘ positive-data gray scales, the components
can be connected as shown in,‘Figure 6-20. With square-wave inputs to sequence thrbugh
the 16 .gray levels, the voltage differences broddced ‘by the circuit of Figure 6-18 were
input to the differential ampliﬂea. The response is shown in ‘Figure 6-21. The down-
bounces are due to the zeroing of the input pulses used to generate the gray levels
<ABCD> = <1111> through <0000>. |

To generate the posmve and negative-data gray scales, the circuit can be expanded as

- shown in Figure 6-22. The current-based voltage dnﬁ’erence‘ls input to two amphﬁers.
Each amplifier is to generate one of the data phases (positive or negative). An analog
switch chooses which ampliﬁer to ‘send to the data lines by multiplexing based on the
control signal POLARITY. In thie circuit, when POLARITY = ‘0, the positive gray-scale

data range is passed; the negative gray-scale range is passed when POLARITY = 1.

12
"r
1o {
gF Vop=l2v. 1['\ ‘
i : . =1 V8
- 8r Vgg=0V R . 4
S TF vgmav | -
3 “5"" [ v =ov v
> =
| af  Vaa~lOV
4[  R=200 7
I =100 .
1 cy=100pF
. oFf :

1 k. 1

OEO 2E-5 4E-5 6E-5 8E-5 1E-4 1E-4 1E-4 2E-4
time (gray scale)

Figure 6-21.-Response of Current-Based Digital-to-Analog Converter
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Figure 6-22. Current-Based Data Driver for Positive and Negative Gray Scales

6.3.2 Block Switching/ Data‘Mul‘tiplexing‘ |
The data voltages are applied or isolated from the data lines by the block-switching
transistors. These devices must be wide enough such that in the on state, the data line
~ can be charged withiﬁ the time determinéd by equation 6.7. In the case of the display
described, the time is 361 nsec. Because the data is frame-inverted, the maximum data
‘voltage swing can be at least 10V, or twice the black-to-white voltage swing of the liquid
crystal. Twp cases of block-switches will be compared: the nMOS pass transistor and the

CMOS analog switch (see Figure 6-23).

Vd:ln Vdau ) Vdnu ‘ |
B, - | B"__' p—B" or Be
| | data line data line
 (a) nMOS Pass Transistor (b) CMOS Analog Switch

Figure 6-23. Block-SWitches for Data Lines
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6.3.2.1 nMOS Pass Transistor |
The‘nMO‘S pass transistor is the simplest block-Switch. To ensure proper passage of
the data voltage, the block control‘signa‘l which is applied to the gate must be at least
-VTp above the highest data ‘VOlta‘ge. Aim-Spice simulations were run for a 20V data
swing. To achievg 18V‘(90%) within 361 nsec, the nTFT geometry needs to be 1600/8

for Vo, = 2V and pp = 20 cm2/V-sec. The rise characteristic is shc‘)wn‘in Fig‘ure‘6-24.
‘ Whén the data period ends; and the“transi‘stor is turned off, thé channel charge will
dissipate. Assuming half of the chaﬁnel charge will go to the source node, and half to the
‘drain,‘ then half of the qhanne! charge will be put onto the data line. The amount of this

"feed through" charge is:

‘ AQ E .‘2- c;rannel = -%CG (VG - VT) ' ‘ (6 l 1)
‘where
€ ‘
Xoe '

The feedthrough voltage drop on the data line, AVy{), is expressed as:

AQ C,(V,-V,) ‘
AV, =52 ->6\Vc " "r) 6.13
dl Cdl_‘ 2C, ‘ ( )

This feedthrough voltage shift will cause the data line voltage to drop by 0.52V.
Since the scan line is on for the pixels this data line had written data into, this voltage loss
will be transferred onto the pixels in the data block on that scan line. To avoid this

problem, a charge-sink capacitor can be added to the data line. The arrangement of the
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capacitor is shown in Figure 6-25.  When the block is active, the sink capaéito:"‘ appears as
a capacitance to gfound, increasing the capacitance‘of the data line. When the block is
turned off, tﬁe gate of the sink capacitor will fum on, and attract the‘electrons‘ coming
from the nTFT pass transistor charmel, preventing them from distribuﬁng along the ‘datak
line and affecting the line voltage, and the scanned pixel voltages. The area of the

capacitor is assumed to be half of the area of the block switch transistor.

20
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Figure 6-24. Rise Characteristic of Block-Switches
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}  data line

Figure 6-25; Sink Capacitor in nMOS Block Switch

6.3.2.2 CMOS Analog Switch
In the nMOS pass transistor, when the data line voltage rises, VGg will decrease,
reducing the current and fequiring a longer time to charge the data line. Hence a Wider
device is needed. If a pMOS device weré in parallel, this would not occur. Hence, the
CMOS énalqg switch shown in Figure 6-23 (b) is a better option. In Figure 6-24, the rise
characteristic of a CMOS swit.ch is compared to' the nMOS switch, where all of the
device geometries are 1600/8. Since the CMOS switch haé two devices in parallel, this
‘comp‘arison is unfair. The comparison of a CMOS switch where each device has half of
the nMOS device width is a fair comparison of the data line driving characteristics, and is
shown in Figure 6-26. Agéi.n, the CMOS switch is faster because of the continuous drive
that the pMOS device provides as the data line voltége rises. The simulated geometry
needed for the devices in the CMOS switch to drive the data line is only 500/8. |
| Besides a reduction in area, the analog switch features two additional benefits:
redundancy and feedthrough protection. Becausé there are two devices in parallel,
should one of them fail, the data could still be written.  When the block period énds, and
the switch turns off, the‘ channel charges will diésipate to the sources and drains. The
: nTFT will distribute electrons, and the pTFT will distribute ho‘les.“ The channel charges

will recombine instead of propagating down the data line onto the pixels. This obviates
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the necessity of ihcreasing the pixel storage capacitance, or adding a charge-sink

capacitor to the data line.
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Figure 6-26. Rise Characteristics of Block-Switches with Equal Areas

6.4 Pixels in AMLCDs

The pixels are the fundamental elements of the display area. They are connected to
the ‘drivefs by the scaﬁ and data lines. The components of a pixel are: data line
connection, scan line, pixel TFT, storage capacitor,‘ and the ITO ﬂag‘.‘ The layout and
circuit ‘equ‘i‘valen‘t sc;hematic of a pixel ére shown in Figure 6-1. Pixel ‘desi‘g‘n issues
directly aﬁ’ecting the aperture‘ ratio center atound the amount of storage capacitance is

‘ ‘required, and the size of the TFT.
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6.4.1 Storage Capacitance -
A capacitance needs to-be added to the pixel node to maintain a nearly constant
voltage through the frame period for two reasons: leakage, and channel charge

feedthrough. These two components are examined below.

6.4.1.1 Leakage Current Charge Ldss
In the off-state, amorphous and polysilicon TFTs conduct cufrent (seé Figures 1-1
and 1-2). For stored‘ data voltages on the pixel node-- up to 20V-- the gate-to-source
voltage for a non-selected TFT can be as much aS VGgs = ‘-20V. In order to maintain a
‘ giveﬁ gray level for the entire frame period, there must be enough capacitance on the
B pixel node such that the charge lbss due to the leakage current is less than one gray scale

voltage. The capacitance necessary to prevent loss of one gray scale is:

: 4 rayscale ‘ ) .
Ileak = Cst leak : < I . ) (6 14)
Sframe '
I .-t ‘
C_" eak = leak  ° frame (6 1 5)

V.

grayscale

' 6.4.1.2 Feedthrough Voltage Drop“ |
‘ Aftér the data is written to the pixel, the TFT is turned off. Charge from the channel
inversion layer leaveé through the source and drain terminals. About half of the channel
charge leaves through each, hence charge is dumped onto the pixel electrdde, changing its
poténtial when the‘TFT is turned off. Usihg equation 6.11, the change in the pixél

voltage will be:

AQ  C,(V,-V,) o
AV . = =610 L 6.16
it = G T 2(C +C) (6.16)
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and is negaiive because the charge imposed on the pixel node is from the channel
electrons, having a negative charge. |
In order to chntefact the effects of both the leakage current and the feedthrough
- voltage drop, the total pixel capacitahce needs to be at least the sum of Cst leak »

Cst feédthroughs and the capacitance of the pixel flag across the liquid crystal, Cy c:

C:l. = Csl leak + Csl ﬁedlhrqilgh - CLC : ‘ (6’ 17)
I .-t ; - |
C, =| Habmme | ColVo V1)) 0 6.18)
Vgray.:cala 2 Vgray.:call

For a device with parameters as given in Table 6-3, the storage capacitance necessary

is 520 fF.
lleak | | O.QPA ‘ | w 4um
tframe | % Sec : L 8um
Vgray scale 025V VG (select) 25V
Xox 1000A VT 2V
pitch - 48um | Aperture‘ 50%
cell gap | 4um Cic 8 fF

Table 6-3. Example Parameters for Storage Capacitance Calculation.

6.4.2 Pixel TFT Size
The size of the pixel TFT can be a significant area in small pitch pixels. The load of

the singular pixel is small; the pixel capacitance is less than 1 pF, whereas the data line
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and scan line can be over 100 pF each. The aspect ratio of the device need be only large
enough to permit suﬁicient charge fransfer from the data line within the time the scan line
is on. The minimum W/L for the pixel TFT can be derived using the Howard and
Maimberg [85,86] analysis, as follows. '

Once the scan and data lines are charged, the RC constant of the pixel should be less
than 1 of the charging time for the pixel. The resistance of the device is the sum of the
source and drain sheet and contact resistances, and the channel resistance. The

capacitcnce is the sum of the storage and liquid crystal capacitance, or Cpix- |

RC <4ty (6.19)

1 1
3 frate- 480 -0

datagroups

(Roy + Rp X(C,y +C ) < (6.20)

The channel resistance, RQN; is the inverse of the channel conductance when the
device is in the linear region. In polysilicon TFTs, the source and drain series resistances
are on the order of 1kQ. Assuming this is much less than the inverse of the conductance,

then the minimum aspect ratio of the pixel switching TFT can be determined as:

1

= 6.21
RON GON N ( ‘ )
, W |
Goy=—2=—uC (V;-V;) (6.22)
ON dVDS L | 8 G T |
,Z> 3(C,, +C,.) frate-480-640

. (623
L uC,(V;-V;) datagroups ‘ (6.23)
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‘Using the parameters from Table 6-3, and mobility of 20 cm2/V-sec, and 20
datagroups (20 parallel digital to analog converters), the minimum aspect ratio for a pixel
TFT would be 0.090. The Howard & Malrnberg analysis‘ indicates that any polysilicon
‘TFT should work in a pixel. The unusually low aspect ratio result is due to the high
mobility and low series resistance compared to amorphous silicon TFTs, for which the

analysis was derived.

6.5 .Summary |
“The operation and control of an active-matrix liquid crystal display panel was
discussed. ' Issues regarding scan and data methodologies were examined. The scan
driver is a shift register, with a high voltage and‘high current output stage at each line.
The data driver can be constructed of various complexities. Data can be written to the
data lines of the display‘simu'lataneously, or in blocks. For block controlled data.
moltiplexing, the data switches must be on-display. The switch control signals can be
generated either on the display, or from external circuits. ~Full data integration suggests
that digital-to-analog converters, amplifiers, data-block swrtches and their controllers be
on the active panel of the dlsplay
The mathematics for determining the timing speclﬁcatrons for driver performance
weredenyed. The hrmtmg factors in scan drivers were shown to be the the resistivity of
the scan line, which requires that data be written in parallel blocks. Scan drivers
discussed were level shifters and buffers, both of nMOS and CMOS circuit ‘famili‘es. The
CMOS circuits perfonned better, with saturated output voltages, lower device count, and
faster switching times when compared to their nMOS counterparts ‘Simulations showed
a srgmﬁcant improvement in speed of the scan drivers can be achieved by mcorporatmg

the silicidation process for TFTs demonstrated in Chapters 3 and 5.
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~ For data drivers, the critical issue depends on the driverarchitecture. For low-level -
drivers, which use just mulitplexing block-switches, the issues are the technology and
aspect ratio of the switch. For high-level drivers, which incorporate on-display DACs
and any necessary amplifiers, the issues are the slew rate of the converter and amplifier,
and the area of the drivercircuit, which ‘must be replicated over the data bus, which is -
blocksize wide.  Data driver circuits of various architecture and technology (nMOS and
CMOS) were compared; The CMOS circuits ‘provided superior perfomiance to the
nMOS circuits, and required a smaller circuit area. Four digital-to-analog voltage
conversion methods were presented, including the development of a new DAC based on
current level. The new DAC, based on‘discrete current levels, has a low device count,
and is easily upward expandable to more grayscales. The circuit requires the use of a
resistor, which in noh-silicided polysilicon technology is highly noh—reporoducible.
Silicides offer the ability to fabricate uniform, reproducible, ‘small-valued resistors in a
polysnllcon-based crrcunt technology |
Pixel desrgn issues were summanzed mcludmg charge storage and transistor
‘ geometry The mechanisms of charge leakage from the pixel node were dicussed By
defining the maximum permissible charge loss to that of one gray level over one frame
period, an analysis to determine the amount of storage capacitance necessary to limit the
voltage loss over a frame period to one grayscale was presented. The leakage current
and the feedthrough voltage were detenmned to be the significant factors affecting the

| storage capacitance. Depending on the pixel pitch, and the charactersmcs of the pixel
TFT, one or the other of these ‘factors may dominate.

Due to the relatively high mobilities of polysilicon TFTs, the aspect ratio of the pixel
'TFT is not a design issue with respect to charging time of the pixel. Instead the area
" required to include the TFT is the critical i issue, especrally in small pitch displays, where

lithographic tolerances may dominate the pixel area.
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| Chapter 7 |
Summary, Conclusions, and Recommendations

7.1 Theory and Fabrication of Silicides
| The principles of silicidation were presented and applied towards the fabrication of
- silicides on thin films of amorphous and polycrystalline silicon at low temperatures. The
effects of the metal spécies and anneal temperature were considered. The metal species,
its chemistry and siiicidation, were related to device and display process applications.
Electrical characterization methéds for ‘silicides were discussgd. It was ; shown
mathematically that reduction of external resistance by intr‘odu‘ction‘ of a‘ self-aligned |
siiicide will impréve tbe on-curfent of the device. “Accdrdingly, silicidation will improve
TFT performance more dramatically as the external resistaﬁce becomes more significant,
‘or comparablé to the channel resistance, as in the cases of ultra-thin polysilicon and
“amorphous silicon TFTs. Circuit performaﬁce is also enhanced by silicides when applying
polycide wiring and local interconnect technologies. These processes are compatible with
AMILCD driver circuitry. |
Surface prepafation methods were compared: for the ‘fabricatidn of silicides.
Isopropanol was shown to‘desicc‘:ate the surface while not destroying the passivation of
the silicon surface after cleaning and passivatihg with HF-dfp. The silicidation process
developed in this work is applicable to large-area display éubstrates. The effect of thé
substrate structure and thickness ‘was shown to affect the sheet resistance of the silicide
| grown upon it, especially on very thin films of polysilicon or 'amofphdﬁs silicon, In the
IoWest resistance phase, ‘cobalt silicidés were dependent on the silicon structure;
polycrystalline silicon substrates produced silicides with a slightly higher sheet resistance.
Cobalt silfcides on ultra-thin silicon film produced silicides of again slightly higher sheet
resistance, suggesting that low-resistaﬁce cobalt“silicide is dependent on the availability of
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silicon. Nickel silicides were independent of silicon structure and thickness above the
monosilicide transition. . | |

| Cobalt and nickel were shown to ‘produce low resistance silicides at glass-compatible
-temperatures. Nickel forms silicides on amorphous silicon and silicon-germanium at
amorphous-TFT compatible temperatures. Germanium was obs‘erved‘ to lnhlblt the

silicidation reaction.

7.2 Amorphous Silicon and Silicon-Germanium Thin Film Transistors
Amorphous silicon and silicon-germanium thin film tranéistors were formed using ion
implantation to delineate the source and drain, making fhem compatible with CMOS
circuit design arcnitectures; Blocking junctions and ohmic contacts were formed by
annealing at 260°C. - The silicon devices required long ann'e'als;‘ the Silicon germanium
effused its passivating hydrogen more krapidly then the silicon sample, ‘preventing the
silicon-germanium from‘ forming. low ‘resistance conduction and contact layers. The
~ devices are severely limited by series resistance. Silicides may ‘improve the cnaracteristics
greatly, as the channel resistance is‘ about the same as the extrinsic resistance. Three
methods of correcting mobility data were compared. They focnsed on different issues,
from process-related effects to device design. The structure of the device was shown to
profoundly affect the device‘ performance, and tne extracted values of parasitics-- channel
length and extrinsic resistance. The values of the parasitics were strong functions of the

extraction method.,

7.3 Polysilicon Thin Film Transistors

~Polysilicon TFTs with silicided snu'rce and drain regions were fabricated for the first
time. Cobalt and nickel silicides were studied, and characteristics of devices with cbbali
and nickel silicides were compared against one an‘other,‘ and against devices without
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silicide. The silicidation process was shown to affect device performance. T_he‘ heat for
silicidation caused more damage to the device than the plasma exposure. Nickel silicided
devices, annealed at lower temperatures, did not require the hydrogen anneals as did the
higher temperature, cobalt silicided devices. The improvement in device characteristics is -
a function of the thickness ofthe silicide ﬁlfn, indicating the dependence on extrinsic
series resistance; Thicker silicides were shown to give more improvement to on-current.
The devices in this study were formed using diffusion for source and drain regions. For a
low;temperature procéss, ion implantation must be used. ‘Since the actiQation anneal will
not laterally diffuse the do‘pant under the gate, care must be taken to prevent silicide-
channel shorting. The use of spacer oxides around the gate stripe, similar to those used in
LDD-CMOS processing, shquld be used. In ion-implanted technologies, the source and
drain sheet resistance iS much higher than the values obtained herein from diffusion; the
improvement by silicidation would be much more signiﬁcant.‘ The process ‘developed in
this work will also silicidize the gate line, permitting its use as a wiring layer, and for low
resistance scan lines. | |
Ultra-thin ( < 200A) TFTs with silicides were fabricated for the first time. The on-
current of U-TFTs without silicide is limited by series reéistance of the source and drain,
Silicidation removed this limitation, and the resuiting device char‘acteristics‘ are
comparable to, or better fhan, devices fabricated on thick islands with or without silicides.
The U-TFTs exhibit a lower subthreshold swing, threshold vdltagé, and off-current, all
- attributable fo the Iowér volume of defects under the gate. When considéred with the
additional advantages of ultra-thin ﬂlms (faster crystallization and implant activation); the

U-TFT may be a technology for fabricating lower-cost integrated driver circuits.
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7.4 Active Matrix Liquid Crystal Displays

~ The construct‘ion,‘ operation; and design of an active-matrix liquid crystal display was
discussed. Integrated driver cfrcuit design issues were presented. Scan and data-driving
fheqries were franslated into circuits. - Circuits of both nMOS and CMOS architectures
were compared by simulation. Simulations showed the increase in speed performance
obtainable by silicided TFTs. The CMOS circuits weré superior to the nMOS circuits
bécause they had faster fesppnse, smaller area, and less standby current. The cﬁtical
issue's for scan and data driver design were detemmined to be the number of data blockS,
the sheet resistance of the scan line, and whether the analog data \}oltages were realized
on the display substrate, or delivered from an extemal source: |

Scan circuit timing and line driving were determined to be based on the“numb‘er of

parallel data inputs,‘ which were a function of the response times of thé scan and data
lines. Scan circuits for level-shifting and fine drfving were presented.

| The components for data driver circuits were shown. For low-level data driving, data‘ ‘
multiplexing by the use 6f nMOS pass transistdrs, and CMOS analog switches were
éompared. Circuits required for highér levels of complexity were presented, including
amplifiers and digital-to-analog converters. Four methods of digital-to-analog conversion
were compared.” The switch-capacitor is lafge, and sensitive to the leakage of the
capacitor dfelectric leakage currents. Two MSI-level convefters, ‘based on oscillation and
voltage division, required a very large device count, and circuit area. A new DAC, baséd
on diécrete levels of current, was developed, and shown here for the first time. The
circuit uses a small-valued resisto;,‘ which without silicides would be impractical ‘and‘
unreliable in polysilicon technoiogy. The DAC is easily expandable to longer data words
(e ‘ﬁner gray scaling) than the other converter circuits described. | | |

For optimal display performance, thin polysilicoh TFTs should be used, so that the

pixel leakage is minimized. This decreased the required storage, thus decreasing the
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capacitive loading on the scan and data ‘driv‘ers. The thin TFTs can be used in integrated
drive circuitry only by the incorporation of silicides to eliminate their series resistance.
Also, the thinnerislands would provide devicea with lower threshold voltages, and lower
subthreshold swings, so that the poWer supply can‘be less, which would increase battery

life for a portable diSplay.‘

7.5 Recommendations for Future Study |
| Additiorlal sfudy on the stability of ultra-thin ‘polysilic-on is required to bring their
circuit technology to maturity. Device processes, including oleaning,-‘ annealing, and
silicidation need to be examined, and their effects on ultra-thin ﬂlms understood. The
causes for thé "dissolution" of the thin silicon should be determined in order to solve the
problems associated with their processing, and increase device and circuit‘ yield. More
analysié of the operation of the ultra-‘-thin film transistor needs to be performed to
optimize its performance. Both p-U-TFT and n-U-TFT device characterization must be
| performéd, and a complementary-U-TFT fabrication process developed to use ‘its
demonsrrated advantages in driver circuits. |
The possibility of employing silicides in amorphous silicon TFT téchnology has been
raised. While the channel mobilities of the devices are lower than the polysilicon, it has
been shown that when the extrinsic resistance of the device is large, silicided source and
dram improves devnce performance It has also been shown that the amorphous devices
have significant extrinsic. resrstance Thus, silicided amorphous TFTs may lmprove the
perfomance of amorphous silicon dnver circuits. .
The scan and data driver circuits which have been designed and simulated around the
silicided polysilicon TFTs should be fabricated and compared‘ to simulation, Only

through this repetitive, closed-loop effort can an optimized display be oroduced.
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- Appendix

1 Silicidation Pi‘ocess

5:1:1 H;QO:H202:NH4OH, 5 min.

DI water rinse, 5 times.

5:1:1 HpO:H04:HCI, 5 min.

DI water rinse, S times. |

25:1 HpO:HF, 30 sec. after surface is hydrophobic.

Di water rinse, 5 times. |

Immersion‘ in 2-propanol (IPA), 1 min

Nitrogen blow-dry.

Load info sputter system load-lock with vent Ny purging.
Mechanical pumpdown to 1 torr.

Rooté pumpdown to 100 mtorr.

Cryopump for 5 min. after pressure falls to 1 mtorr,

Load into sputter system main chamber.

Cryopump until pressure less than 1ptorr, or 5 min, whichever longer.
Turn on Ar, 9 mtorr. Typically 50 sccm.

Pre-sputter target 5 min.

Sputter onto sample. Ni: 60 or 120 éec. Co: 30, 6(5, or 120 sec.
Turn off plasma and Ar. |
Cryopumb until préssulje less‘than‘ 1ptorr.

Turn on quartz lamps. |

When te’mpératufe goes above set point, begin 10 min of anneal. |
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- 22, Turn off lamps.
23. Cool 5 min,
24. Remove sample.
25. ‘Meta‘l Etch:
| a. Cobalt etch: 3:1 Hy09:HCI, 30 sec.
- b. Nickel etch: 3:1 Hp02:Hp804, ‘30 sec.
26. DI water rinse, 5 times.

27. Measure sheet resistance using four-point probe.

A.2 Polysilicon TFT Fabrication Prdcess

[a—

. 5:1:1 HpO:HpO2:NH4OH, 5 min.
2. DI water rinse, S times.

3. 5:1:1 H20:H202:HC1,‘ S min,

DI water rinse, 5 times. |

25:1 HZO:PIF, 30 sec. after surface is hydrophobic.
. DI water rinse, 5 times. | | | ;

Oxidation: 1100°C, 3h, steam, followed by 1100°C, 1h, dry O».

Island Silicon Deposmon 580°C 200 mtorr. 23 min (llOOA) for thick island

LNk

devnces 13 min (6OOA) for thin island devices.
9. Crystallization anneal: 600°C, 3h, N».
10. Vapor prime: xylenes + HMDS, 5 min.
11. Island Pattem spm photoresist, 5000 rpm, 60 sec.
- 12. Bake 95°C, 30 min, |
13. Exposure: 14 sec, 4mW/cm2, Photomask‘= Island.
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14,
15,
16,
17.
18,
19,
20.
21,

22,
23.
24,
25,

26,

27,

28.
29.
30.
31
32.
33.

Development: 1 min, 1:1 PRD Devéloper.

Bake, 120°C, 30 min,

Silicon etch: 1:50:20 HF:HNO3:H0, 40-60 sec.

DI water rinse, S times. |

Bake, 120°C, 10 mm

Stnp Photoresist: Stripper, 80°C, 20 min.

RCA clean (steps 1 - 6).

Gate oxidation. 1000°C, dry O. 60 min (720A) for thin island devices;
90 min (900A) for thick island devices. | -

Gate silicdn deposition: 580°C, 200 mtorr. 23 min (1 100A).

Gate Photolithography. (steps 10 - 15, Photomésk = Gaté).

Silicon etch: 1:50:20 HF:HNO3:H0, 40-60 sec.

Gate oxide etch: 6:1 NH4F:HF (6-1 BHF), 70 sec.

RCA clean (steps 1 6).

POCI; Diffusion: 900°C 5 min predeposition under 02+N2+POCl3 flow;
15 min drive-in in Nj.

Oxide Etch: 6-1 BHF, 20 sec.

Electrical Measurement: "Initial Device".

Silicidation. (see A.1).

Electrical Méasuremenf: "Cobali Befdre PMA", "Nickel After Silicidation."

(Cobalt Silicided Devices only) PMA: 400°C, 2 h, H2/N2.

Electrical MeaSuremént: "Cobalt After PMA".
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