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ABSTRACT 

Polysilicon Thin Film Transistors (TFT's) have a vast potential in a wide range of applications 

including, flat panel displays, large area electronics and 3D integrated circuits. This thesis describes 

advances made in the technology for the fabrication of TFT's. A Multi-Process reactor has been 

designed to produce device quality layers on Coming 1733 glass substrates, which are incompatible 

with standard high temperature processing techniques. A variety of processes can be performed 

sequentially in the system without removal of the substrates from vacuum. This integrated 

processing ensures good quality interface and film properties. 

High quality silicon films have been deposited and characterised. The grain size and the impurity 

content of the layers have been determined from Atomic Force Microscopy (AFM) irnaging 

techniques and Secondary-Ion Mass Spectroscopy (SIMS). Controlled in-situ doping of poly silicon 

by phosphorous to produce a conductive layer has also been demonstrated. 

By careful control of the process conditions PECVD silicon nitride can be utilised for a dual 

purpose in TFT applications. A silicon rich film can be used as a passivation layer and prevent the 

diffusion of impurities from a glass substrate into active device layers. A high quality nitrogen rich 

fIlm is suitable for use as a gate dielectric in a TFT. 

TFT's have been fabricated on oxidised silicon substrates. Devices with a silicon nitride dielectric 

had comparable characteristics to those with a thermal Si02 dielectric. A number of analytical 

techniques were investigated for the calculation of trap state density in the active silicon layer. 

These techniques are useful for evaluating the effect of passivation methods and novel processing 

steps. A suitable glass substrate for TFT fabrication has been selected and a full low temperature 

process has been developed. TFT's have successfully been fabricated on glass substrates using this 

process. 
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LIST OF SYMBOLS 

The following is a list of the principal symbols used in this text However, simIlar symbols 

and others are used in the definition of various models and equations and are defined at their 

point of occurrence. 

A 

d" 

G 

k 

L 

N • 
D 

Area 

Gate Dielectric Capacitance per unit area 

Induced Channel Thickness 

Semiconductor thickness 

Energy Barrier 

Conduction Energy Level 

Fermi Energy Level 

Valence Energy Level 

Conductance 

Transconductance 

Drain-Source Current 

Leakage Current 

Boltzmann's Constant 

Channel Length 

Debye Length 

Grain Size 

Avogadro's number 

Critical Carrier Concentration 

Gap State Density 

Carrier Concentration per surface area 

Trap State Density 



n Electron Concentration 

Q Charge Density 

Qm Mobile Charge Density 

q Electronic Charge 

S Grain Boundary Charge per unit area 

td1e Thickness of Dielectric 

T Absolute Temperature 

V Volume 

Vd, Drain-Source Voltage 

Vfb Flat band Voltage 

Vg, Gate-Source Voltage 

V, Threshold Voltage 

W Channel Width 

~ Electric Field 

go Permittivity of free space 

g" Permittivity of Silicon 

Cd le Permittivity of Dielectric 

\I' Electrostatic Potential 

IV, Surface Potential 

p Charge Density per unit volume 

~ Carrier Mobility 
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Chapter I: (/enemllmroduclion 

1.1 OVERVIEW OF MICROELECTRONICS 

The first solid state electronic device was the point contact transistor invented by Brattain and 

Bardeen in December 1947 [I]. Soon after this discovery Shockley developed the bipolar 

junction transistor and described it's theory of operation in a famous paper [2]. These initial 

transistor devices were used essentially as switches and quickly found applications In 

electronic data processing, replacing vast arrays of electromechanical relays. 

Almost all early semiconductor devices were fabricated using gennanium, which due to a 

narrow electronic band-gap of O.7eV, suffered from poor temperature stability and high 

junction leakage currents. Silicon, however, with a bandgap of I.leV was not plagued by 

temperature limitations and gradually replaced germanium as the mainstream semiconductor. 

Silicon devices can operate up to 200°C compared with 75°C for germanium . In fact other 

reasons could ultimately have led to the same material substitution. An outstanding property 

of silicon is that it forms a stable oxide when exposed to oxidising agents at high 

temperatures. Silicon dioxide (Si02 ) can be used as a protective "mask" so that impurities can 

be inserted by diffusion or ion implantation into selected areas of the surface, where the oxide 

has been stripped. In this manner the surface conditions of silicon can be controlled and, in 

addition, Si02 is a favourable insulator material since it has a high dielectric strength, can be 

grown easily, and has a low density of surface states [3]. Germanium on the other hand does 

not form a stable oxide which prevents it being used easily for planar processing structures. 

For these reasons, approximately 95% of all semiconductor devices fabricated today use 

silicon substrates. 

In 1958 Kilby conceived the monolithic circuit concept where an entire circuit could be 
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Chapter I: General Introduction 

fabricated as a single entity, hence the integrated circuit (le) was born [4] . This latter 

development led to a reduction in size, weight and cost for each active element and the 

microelectronics industry was set to see a rapid growth. The first commercial integrated 

circuits were introduced by Texas Instruments in 1960 and a family of digital logic lC's 

appeared in 1961 courtesy of Fairchild semiconductors. These developments were readily 

received by a rapidly expanding computer industry hungry for low power, high speed digital 

lC's. 

The unique properties of silicon and its oxide led to the development of the metal oxide 

semiconductor field effect transistor (MOSFET) reported by Atalla and Kahng [5] at Bell 

laboratories in 1960. Subsequent improvements in processing and device design soon meant 

that MOS devices were competing with established bipolar transistor technology . The use of 

MOSFET's was immediately attractive because very high component densities could be 

achieved. This coupled with a high yield, meant that the cost per device could be substantially 

reduced. In the early 1970's almost half of all MOSFET's produced were used for digital 

calculators. The growth of the compnter industry spurred new re development and new re 

concepts led to new compnter architectures. Major advances were made in circuit 

configuration and semiconductor memory. Since the introduction of the monolithic integrated 

circuit there has been a continuing increase in the complexity of the circuits that could be 

economically fabricated on an individual chip. This has been accompanied by a gradual 

decrease in the minimum area occupied by typical components, due to advances in 

photolithography. Processing methods, device types, material defects and circuit design have 

been responsible for setting a limit on the chip size that can be mass produced at any 

particular point in time. This limit is based on the ability to produce an "acceptable yield" of 

circuits which perform within the specification that has been established for the design being 
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Chapter 1: (JeneraJ Infmdu(,fion 

implemented. 

Microelectronics has continued to grow over the past three decades at a phenomenal pace due 

to a series of technological innovations. The use of polysilicon gates [6] and reduction in 

device size has made Complementary Metal Oxide Silicon (CMOS) a major digital 

technology in the 1980's [7] . The polysilicon gate which overlies the Si02 insulator layer, acts 

as a diffusion mask for the source and drain in a self aligned structure. The extremely low 

power consumption of CMOS technology make it suitable for battery driven circuits, such as 

digital watches. A major breakthrough in circuit design and device processing was the first 

commercially available single chip microcomputer, the lntel 8048. Previous computer 

architectures had been unwieldy systems occupying a large footprint whilst possessing a 

limited processing and memory capability . The arrival ofa single chip microprocessor enabled 

the advantages of computing power to be used in numerous applications. 

The development of computer aided design (CAD) programs such as SPICE and SUPREM 

led to reliable circuit designs and process simulation techniques to develop novel device 

structures. Other important technological developments were ion implantation [8] for accurate 

source and drain doping as well as threshold voltage control, E-beam masks for fine control 

of device linewidths with few defects, and photolithography where the optical properties of 

lenses and resist chemistry have improved to reduce device dimensions and increase wafer 

throughput [9] . [n addition the silicon wafer on which these circuits are fabricated is 

continually increasing in size for higher yields and to compensate for the huge capital cost 

in buying modern day semiconductor processing equipment. The cost of a unit memory cell 

decreases with increasing circuit density and Figure 1.1.1 shows how the number of 

components per chip has increased from its invention in 1960 and how the minimum feature 
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Chapter I: Ucncral Introduction 

size on a dynamic random access memory (DRAM) integrated circuit has decreased in this 

period [10]. This particular memory IC is seen in the microelectronics industry as being at 

the forefront of technology and provides a suitable means of gauging progress. 

Nowadays solid state electronics can be seen to play an active role in both the consumer and 

industrial markets. Personal computers are now present in every office and are also very 

versatile education tools . Telecommunication systems employ digital IC's for switching and 

memory and recent years have seen a huge increase in the volume of electronic data 

transmission . Energy management, security systems, office automation and satellite 

communication have all benefited from the success and growth of the microelectronics 

revolution . 

Since the early 1970's the market for information display systems has grown exponentially . 

In particular a lightweight, low power, high perfonnance display is required and this is not 

feasible with a conventional cathode ray tube (CRT). Liquid crystal flat panel displays may 

provide one solution and are already implemented in applications such as portable computers, 

pocket sized televisions, telephone displays and video games. Indeed the flat panel display 

market is expected to exceed $15 Billion by the end of this century [11] . 

1.2 EMERGENCE OF THIN FILM TRANSISTOR TECHNOLOGY 

The first thin film transistor (TFT) was fabricated under the guidance of Weimer at RCA 

laboratories in 1961 [12]. although the first patent was actually filed 27 years previously [13]. 

The MOSFET was developed at the same time and the bulk of research into semiconductor 

devices was concentrated in this alea. Due to the implementation of planar technology both 
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the MOSFET and the TFT could be manufactured more easily than bipolar devices, which 

were dominant at this time. The wealth of knowledge and research on established materials 

and processes meant that MO SF ET technology became the dominant force in lC processing. 

TFT devices at this time suffered from poorly characterised processes and materials resulting 

in unstable and non-reproducible devices. It was not until the 1970's that TFT technology re

emerged and prospered. The initial devices were fabricated using Cadmium Sulphide (CdS) 

or cadmium selenide (CdSe) as the semiconductor material and many different structures were 

produced for high voltage multiplexers, amplifiers, logic circuits and smart power applications 

[14]. However, it is in the application of active matrix tlat panel displays that TFT technology 

has become dominant today. The limitations of switching a display panel by a multiplexing 

scheme can be overcome by placing an active device at each pixeL Therefore the display 

panel benefits from higher information content, faster response times, higher contrast and 

overall brightness. The cost of these improvements is the added fabrication complexity for 

the TFT device behind each pixeL TFT technology has the potential to provide an active 

element network that is co-extensive with the display area and can be combined in an 

integrated form with a variety of active and passive display media. 

In 1972 the first operating active matrix liquid crystal display (AMLCD) capable of both 

digital and grey-scale operation was produced [15]. Liquid crystal is an attractive display 

material since the stored energy in the memory element is sufficient to power the medium. 

This makes the design much simpler and indeed these early designs fonn the basis of current 

design principles and layout for liquid crystal displays. An element cell in an active matrix 

layout is shown in Figure 1.2.1. This matrix requires the rows and columns to be driven, data 

to be entered to the array and an interface to be provided between the display and the system. 

The matrix is designed to operate as follows. Amplitude infonnation is stored in a row of 
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Chapter /. General IntroductIOn 

peripheral storage capacitors. During flyback, the capacitors are discharged into the columns 

simultaneously, while the transistors of one row are tumed on by a vertical scanner. The 

stored charge will then divide between the peripheral capacitor and the picture element . A 

storage capacitor is used to increase storage time producing voltages across the liquid crystal 

in proportion to the stored amplitudes. After writing data to a line the transistors in the just 

addressed row are turned off, and the charge is retained in the thin film pixel storage 

capacitors. In the next line period that is used, video data is entered into the peripheral storage 

capacitors and in the subsequent flyback period plus video data period this data is entered into 

the next row of the matrix. The TFT requirement is that it should have a sufficiently low "on" 

impedance to permit charging of the elemental storage capacitor, in a certain time, while the 

"off" impedance must be large enough to prevent decay of the capacitor charge in the time 

that the pixel remains "on". If the element is to stay "off", then likewise the "off" impedance 

must be high enough to prevent the element from drifting on due to leakage. The impedance 

level must be higher than this to achieve grey scale operation. 

AMLCD's form the mainstream of flat panel technology today and constitute the only liquid 

crystal technology commercially proven to offer all the functionality ofa colour CRT in a flat 

screen. The main disadvantages are the added semiconductor processing steps, combined with 

the already demanding process of LCD fabrication. The back substrate of a AMLCD panel 

contains an array of TFT's that are matrix addressed as in a DRAM. Each pixel of the display 

is a capacitor on the drain of one TFT. When a TFT is switched on , it applies a voltage 

across only one capacitor, tuming off a pixel. Varying the electric field across the pixel 

partially twists the liquid crystal to produce grey-scale values. AMLCD's have fast response, 

better contrast and a wider viewing angle than passive matrix displays. They do, however, 

require backlighting because less than 10% of the light reaches the user through polarisers, 
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colour filters and TFT circuits. A typical construction of a AMLCD is shown in Figure 1.2.2. 

A display panel of 8 inches in size across the diagonal would normally contain at least 80,000 

pixels [16] . The light source as expected is positioned at the back of the panel with a polariser 

panel of optical glass next to it. The circuit plate containing the active matrix of TFT's is next 

to the back polarizer and contains indium tin oxide gate electrodes and data lines for the 

pixels. The liquid crystal fills the area between the circuit plate and colour filters and another 

polarizer is positioned on the viewing side. The full process requires between six and nine 

mask levels. 

A simple structure of a typical co-planar TFT structure is shown in Figure 1.2.3 . It should be 

noted that in practice a staggered TFT is normally preferred since this arrangement allows 

successive depositions without breaking vacuum and minimises interface contamination 

[17 ,18]. However, staggered TFT structures do not allow the source and drain to be self

aligned to the gate which creates additional parasitic capacitance. A staggered structure is 

shown in figure 1.2.4. It is also quite common for co-planar and staggered structures to be 

inverted with the gate electrode below the silicon island. As mentioned earlier initial liquid 

crystal displays were built using CdS or CdSe TFT's as the active matrix and these devices 

perform both well in the matrix and on the periphery in driver circuits but these materials 

have not been widely studied and utilised. Other materials have been developed and 

characterised and most flat panel displays produced nowadays use amorphous silicon, 

polycrystalline silicon or single crystal silicon. When choosing a suitable semiconductor on 

which to fabricate TFT's it is also very important to pay consideration to a compatible 

dielectric material. The stability of any TFT depends mainly on the gate insulator

semiconductor interface. Unfortunately it is not possible to grow high quality thennal oxides 

because of the temperature restrictions imposed by low cost glass substrates. It is possible, 

8 
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Chapter 1: General Introduction 

however, to fabricate TFT circuits on quartz substrates and avoid temperature restrictions but 

the process would become more expensive and less competitive. 

Single crystal (c-Si) devices have been used in flat panel displays where the circuit array IS 

fabricated on a silicon wafer using conventional high temperature processing and lifted off 

the wafer using a novel technique and packaged in a LCD panel. These panels are known 

as "Smart Slides" and offer a resolution of 640 x 480 pixels for a colour display [19] . 

However, this technology can only produce display sizes for small areas due to the costs 

involved and the difficulty involved with the lift-off technique. It is also possible to fabricate 

c-Si TFT's on glass substrates by using field assisted bonding techniques [20] . In this case a 

c-Si wafer and a glass substrate are bonded at temperatures of less than 600°C under the 

application of a high voltage. Flat panel displays using crystalline silicon TFT's are ideal since 

each transistor is smaller, faster and takes up less area than an amorphous silicon or 

poly silicon device allowing more backlighting to get through the panel for a brighter display . 

However, there are certain drawbacks with c-Si TFT devices primarily the high cost of silicon 

substrates and the expense of specialised processing equipment. 

At present the most widely used material for TFT devices in AMLCD panels is amorphous 

silicon (a-Si) [21-23]. Research into a-Si TFT's is at an advanced stage due to the huge 

investment in this material for solar cells. This technology is ideal for the active matrix 

elements since a-Si devices have very low leakage currents, essential to retain data long 

enough for the display material to respond. It is also necessary for the TFT to have a high on

conductance for rapid updating of each line and a high onloff ratio so a large number of 

display lines can be addressed. Although a-Si devices suffer from low mobilities the length 

and width of the channel in the device can be chosen to supply adequate on-current but this 

9 
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requires fine line geometries which increases the manufacturing cost. Commercial displays 

using a-Si devices as the active matrix are now available with display sizes up to 10 Inches, 

across the diagonal [24] . However, the main drawback of a-Si is that devices made with the 

material cannot be used for driver circuitry on the display substrate due to its low mobility 

This means that single crystal silicon lC's must be used to drive the display usually via an 

external connector. The disadvantage with interfacing large numbers of connections to the 

display is the reduction in yield and reliability Another possibility is to use a long thermal 

anneal or a powerful XeCl laser to re-crystallise a-Si on the glass substrate, but this option 

is costly due to the low throughput[25 ,26] . The low deposition rates associated with producing 

a-Si films leads to low throughput of substrates and hence increased cost. For this reason 

plasma enhanced deposition of a-Si is preferred and this technique can also be used for low 

temperature deposition of a suitable dielectric such as silicon dioxide or silicon nitride [27] . 

Polycrystalline silicon (polysilicon) TFT's have greater mobilities and provide two orders of 

magnitude more drive current than a-Si devices and can therefore be used for scanning 

circuitry, drivers, line storage and decoders around the periphery of the active matrix [28,29] . 

This reduces the number of external connections to the display, maximising utility and 

reliability and unlike a-Si devices means that CMOS circuits are possible [30] . Polysilicon 

TFT technology has lagged behind a-Si devices as it is only relatively recently that transistor 

quality polysilicon can be obtained at temperatures low enough to be compatible with glass 

substrates. The main disadvantage with this material is that higher temperature processing is 

required (>300°C) and therefore better quality glass substrates must be used. Polysilicon 

devices also suffer from high leakage currents and consequently the matrix must be accessed 

and refreshed more often than with a-Si devices . Currently polysilicon TFT's are used in 

applications with small display areas ( up to 3 inches) such as video cameras but research 
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Chapter J: General Introduction 

is on-going to find ways of providing high quality polysilicon economically . If a low 

temperature polysilicon TFT process can be developed it may be possible to extend the 

applications from digital circuitry in the matrix and drivers to analogue circuits for slgnal 

conditioning and processing. The main building blocks for digital to analogue (DI A) and AID 

conversion circuits are operational amplifiers and recent research in this area has demonstrated 

viable devices with acceptable gain and bandwidth compared to the traditional high 

temperature devices [3 I] . The advantages of CMOS circuits to produce dynamic shift registers 

and operational amplifiers on glass circuits allows polysilicon to be suitable for other 

applications such as printers, smart sensors and neural networks . Hence, the outlook for the 

future of polysilicon devices in flat panel displays and other applications is encouraging [32] . 

Although mass production of AMLCD panels has already begun a lot of work is required to 

increase productivity and overall profitability . The number of process steps largely determine 

the cost of a display and it is estimated that the substrate is responsible for approximately 

10% of this price. The nature of a high quality display dictates that few faults are acceptable 

and consequently yields are still comparatively low for semiconductor manufacture [33] . At 

the moment the reason for a display failure are confined mainly to the glass substrate

problems such as particle contamination, surface cleanliness, pinholes or liftoff The TFT 

processing conditions, once established are usually stable and reproducible. The relative cost 

of three processes, <x-Si , high temperature polysilicon and low temperature polysilicon are 

shown as a function of display size in Figure 1.2.5. The cost is estimated in arbitrary units . 

For small displays high temperature polysilicon is low in cost, even when the cost of a quartz 

substrate is included. This indicates that small displays such as video cameras and projection 

TVs will be built with this technology, to display sizes of 2-3 inches across the diagonaL The 

mature technology of amorphous silicon is much lower in cost and is the only feasible 

1 1 
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material for large displays at the moment. When a low temperature polysilicon process can 

be developed fully it has a clear future in this large display area. Polysilicon will have to 

compete on cost with amorphous silicon and this requires a very high yield process, and 

integration of driver circuits onto the glass substrate . New manufacturing process for CVD, 

implantation and silicon re-crystallisation will be required. 

This thesis contains details of research and development of a low temperature polysilicon 

process for TFT fabrication on glass substrates. The design and implementation of a purpose 

built reactor for the deposition of device quality layers for TFT fabrication are reported, and 

the characterisation of each process is also included . Finally results and characteristics of 

TFT's produced to date are presented. 

1.3 CONTENT OF THESIS 

[n Chapter 2 the current voltage (I-V) characteristics of a TFT are derived for vanous 

operating conditions. Initially it is assumed that polysilicon has the same electrical 

characteristics as single crystal silicon . The latter part of the chapter contains more complex 

analysis on the effect of the film structure and grain boundaries on the I-V characteristics This 

includes an explanation of the "kink effect" associated with TFT devices. 

The Multi -Process Reactor used to produce the high quality layers required for TFT 

processing is described in Chapter 3. The advantages and limitations of the reactor for single 

wafer processing are discussed. The system design , temperature measurement, process gases 

available and plasma facility are all fully documented . 
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The deposition conditions of polycrystalline silicon for use as an active semiconductor layer 

and as a gate electrode are reported in Chapter 4. The deposition rate for various conditions 

is investigated, including the effect of temperature, pressure and the addition of phosphine for 

in-situ doped layers. The grain size of the layers on glass and oxidised silicon substrates is 

presented for layers deposited in amorphous and polycrystalline form with various annealing 

conditions. 

The characterisation of plasma enhanced silicon nitride is described in Chapter 5. The dual 

purpose of this layer for passivation and dielectric applications under varying processing 

conditions is studied. The effect of rf power, temperahlre and NH/ SiH, gas flow ratio on the 

composition of the layers is reported with arguments for chosen process conditions for TFT 

fabricati on . 

The characteristics of TFT devices fabricated to date under various processing conditions are 

reported in Chapter 6. The effect of different gate dielectrics on device characteristics is 

shown. Details are given of passivation techniques used to control the density of trap states 

at the polysilicon-dielectric interface. The comparative merits and limitations of a number of 

methods used for the calculation of trap state density when applied to TFT devices are 

discussed. It is described how in-situ sequential processing can be used to provide structures 

free from atmospheric contamination. The chemical durability and temperature stability of 

Coming 1733 glass substrates is described. The development of a totally low temperature 

process for TFT fabrication on glass substrates is described. 

In Chapter 7, important conclusions from the research carried out during this project are 

underlined. A number of suggestions are made for additional work and continuation of this 
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experimental work and study. 

14 



Chapter I: (;enerallnlmductlOn 

1.4 REFERENCES 

[I] Bardeen J. and W.H.Brattain 
"The Transistor, A Semiconductor Triode" 
Letter to the Editor, Phys Rev., Vo1.74, pp.230-231, 1948 

[2] Shockley, W. 
" The Theory of p-n junctions in Semiconductors and p-n junction Transistors" 
Bell Syst. Tech. J ., Vol. 28, p.435, 1949 

[31 Grove, A.S. 
"Physics and Technology of Semiconductor Devices" 
John Wiley and Sons, pp.75-77 - pp.102-103 , 1967 

[4] Kilby , J.S . 
"Invention of the Integrated Circuit" 
IEEE Trans. Electron . Dev. , VoI.ED-23 , No .7, pp.648-654, 1976 

[5] Kahng, D. and Atalla, M.M. 
"Silicon-Silicon Dioxide Field Induced Surface Devices" 
IRE-AIEE Solid State Device Res. Conf., Carnegie Inst. of Technol. Pittsburg, 1960 

[6] Kamins, T. 
"Polycrystalline Silicon for Integrated Circuit Applications" 
Kluwer Academic Publishers, pp.204-205 , 1988 

[7] Sze, S.M. 
"VLSJ Technology" 
McGraw-Hill , pp.327-374, 1988 

[8] Bar-Lev, A. 
"Semiconductor and Electronic Devices" 
Prentice-Hall International , pp.363-364, 1984 

[9] Einspruch, N.G. 
"VLSI Electronics Microstructure Science" 
Academic Press, Vol. I, pp.3-12, 1981 

[10] Moore, G.E . 
"Progress in Digital Integrated Electronics" 
IEDM Tech . Digest, pp.II-I3 , Washington 1975 

[11] O'Mara, W. 
"Update on flat panel displays" 
Solid State Technology, pp.35-41 , Nov.1993 

15 



[12] Weimer, PK. 
"The TFT - A new Thin Film Transistor" 
Proc. IRE, Vo1.50, pp.1462-1469, 1962 

[13] Lilienfeld, J.E. 
US Patent I 900 018, March 1933 

[14] Brody, T.P. 
"The Thin Film Transistor - A Late Flowering Bloom" 

Chapter I. (;enerallnrrodUc.:Iion 

IEEE Trans. Electron. Dev., VoI.ED-31, No.lI, pp.1614-1628, 1976 

[15] Brody, TP 
"A 6 x 6 Inch 20 Lines-per-inch Liquid Crystal Display Panel" 
IEEE Trans. Electron. Dev., Vol. ED-20, pp.995-1001, 1973 

[I 6] O'Mara, W.e. 
"Liquid Crystal Flat Panel Displays" 
Von Nostrand Reinhold, New York, 1993 

[17] Crowley, lL. 
"Plasma Enhanced CVD for Flat Panel Displays" 
Solid State Technology, pp.94-113, February 1992 

[18] Coombe, RA 
"The Electrical Properties and Applications of Thin Films" 
Pitman, pp.103-109, 1967 

[19] Bond, J. and Levenson, M.D. 
"The US gears up to challenge Japan in flat panel displays" 
Solid State Technology, pp.37-43, December 1993 

[20] Spangler, L.J . and Wise, KD. 
"A Technology for High-Performance Single-Crystal Silicon-on-Insulator Transistors" 
IEEE Dev.Lett., Vol. EDL-8, NoA, 1987 

[21] Yoshida, A. et al. 
"Fabrication of a-Si:H Thin Film Transistors on 4 Inch Glass Substrates by a Large 
Area Doping Technology" 
Jab.Joum.AppI.Phys., Vol 30, No. I A, pp.L69-L69, 1991 

[22] Thompson, M.J. et aL 
"Thin Film Transistors on a-Si:H" 
IEEE Trans. Electron. Dev., Vol. ED-29, No.IO, pp.I643-1646, 1982 

[23] Miyashita, H 
"Dependence of Thin Film Transistor Characteristics on Deposition of Silicon Nitride 
and Amorphous Silicon" 
IEEE Trans. Electron. Dev., VoL ED-41, NoA, ppA99-503, 1994 

16 



[24) Hitachi Part No. TX26D52VCICAA 
Maidenhead 
Berks , UK, SL6 8Y A 

[25) Mitchell , S.lN. et aL 

Chapter 1: General Introdll ction 

"Low Temperature Crystallisation of Amorphous Silicon for the Fabrication of ThIn 
Film TransIstors" 
AppLSurfSci ,VoL 36, pp .247-256, 1989 

[26) O'Mara, W.C 
"Liquid Crystal Flat Panel Displays" 
Von Nostrand Reinhold, New York, 1993 

[27) Crowley, lL. 
"Plasma Enhanced CVD for Flat Panel Displays" 
Solid State Technology, pp.94-113, February 199 

[28) Mimura, A. et aL 
"High Performance Low Temperature Poly-Si n-Channel TFT's For LCD" 
IEEE Trans. Electron . Dev , VoL ED-36, No.2 , pp .351 -359, 1989 

[29) LUI, G. and Fonash, S.l 
"Low Thermal Budget Poly-Si Thin Film Transistors on Glass" 
JapJourn.AppLPhys ., Vol 30, No .2B, pp.269-271 , 1991 

[30) Takabatake, M. et aL 
"CMOS Circuits for Peripheral Circuit Integrated Poly-Si TFT LCD Fabricated at Low 
Temperature Below 600°C" 
IEEE Trans. Electron. Dev, VoL ED-38, No.6, pp.1303-1309, 1991 

[31) Reita, C and Fluxman, S. 
"Design and Operation of Poly-Si Analogue Circuits" 
lEE Proc.-Circuits Devices Syst , Vo1.141 , No.l , pp.60-64, 1994 

[32) Clark, M.G. 
"Current Status and Future Prospects of Poly-Si Devices" 
lEE Proc.-Circuits Devices Syst , Vo1.141 , No.l , pp.3-8, 1994 

[33) Starling, A 
"FPD's - trying to catch up with Japan" 
European Semiconductor, pp. 15-17, July/August 1994 

17 



CHAPTER 2 

THIN FILM TRANSISTOR 

DEVICE THEORY 

18 



Chap/er J: TI-I' Devlce Theory 

2.1 INTRODUcnON 

This chapter discusses the electrical behaviour and the characterisation of TFT devices using 

a number of analytical techniques. Standard MOSFET analysis can be used to derive 

approximate equations for current-voltage characteristics and these are very useful for initial 

design purposes. However, for accurate device modell ing, more complex analysis is required 

since the active silicon layers in these devices are of a polycrystalline structure, with defects 

and dislocations in the crystallites and also at the grain boundaries. It is possible to estimate 

and interpret the effect of these defects upon the device performance and use this information 

to compare the relative merits of transistors fabricated with differing process conditions. There 

is a wide range of analytical models available for calculating TFT performance parameters 

with varying degrees of accuracy. Thus it is important when quoting device parameters to 

explain the method used to obtain them . However, all models are useful for comparative 

results when optimising process conditions. This section describes the traditional and the latest 

methods of investigating TFT device operation. 

2.2 CLASSICAL ANALYSIS OF TFr'S AND ANALOGY TO MOSFET DEVICE 
CHARACTERISTICS 

2.2.1 Derivation of Qllrent Voltage Characteristics 

Consider an n-channel polysilicon TFT as shown in Figure 2.2.1. If a gate control voltage Vs, 

is applied to the gate electrode, the electric field in the dielectric in the y-direction at any 

point x is given by : 
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Equation 2.2.1 

where V(x) is the voltage in the channel at a distance of x from the drain and 
td" is the dielectric thickness. 

The surface charge density per unit area Q induced under the gate is given by Gauss ' s law 

as : 

Equation 2.2 .2 

where Ed" is the relative permittivity of the dielectric . 

However, a channel containing mobile charges does not exist if Vg, - V(x) ~ V, for any value 

of x between the source and drain . Here V" the threshold voltage, is the minimum voltage 

required to cause sufficient mobile surface charge to be induced such that appreciable channel 

current can begin to flow. The mobile surface charge density is then given by 

Qm(x) = (EoEd)td,, )[Vg, - V(x) - V,l for Vg, - V(x) > V, Equation 2.2.3 

and 

for Vg, - V(x) ~ V, Equation 2.2.4 

Equation 2.2.3 assumes the induced ionized charge density Qm(x) , in the substrate does not 

vary along the x direction . It also ignores dielectric-semiconductor interface charges except 

those included in V, . The incremental conductance oG(x) of an infinitesimally thin channel 

20 



Chapter 2: TFT Dev ice Theory 

of width W (z-direction) and length Ox is given by 

Equation 2.2.5 

where /.l is the average electron carrier mobility in the channel 

Applying Ohm ' s law to the incremental portion of the channel ox, an expression for the 

source to drain current is given by 

Id, = oG(x)oV(x) 

Equation 2.2.6 

The drain current must be the same at every point x along the channel. Integrating Equation 

2.2.6 taking this into account gives 

o 

J [V.,-V(x) - VJ dV 
\'do 

Equation 2.2.7 

where the increment Ox has been assumed to be arbitrarily small , 
L is the channel length and 
Vd, is the channel voltage at x=o 

Carrying out the integration gives 

Equation 2.2.8 
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where Cd" is the gate dielectric capacitance per unit area and 
Vg, > V, and Vd, ~ (Vg,-V,) 

ThiS expression in Equation 2.2.8 is based upon the simplifying assumptions of a mobility 

invariant with gate voltage and a semiconductor thin compared to normal space charge layers. 

However, the expression agrees well with experiment, providing a useful means for discussmg 

TFT characteristics. This equation is valid only for drain voltages up to the knee of the curve 

at which point the drain current Id, saturates ie . an increase in Vd, will no longer produce an 

increase in Id, see Figure 2.2.2. The drain current saturates at a value which is nearly constant, 

yielding high output impedance and high voltage gain There is zero electric field in the gate 

dielectric just at the drain and there is no induced mobile charge ie. the channel is pinched 

off at this region . The saturation current is calculated by setting 

o Ill> 
oVd, I - 0 

Vg, constant 
yielding 

From Equation 2.2.8, the saturated drain current is then given by 

Id, (sat) = Cd"~W(V.,-V,)' 
2L 

Equation 2.2.9 

Equation 2.2.10 

However, the deVice output conductance Old/OV d, does have a finite, if small value which 

means that Id, increases slightly with Vd,. Therefore these equations can only be used as an 
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approximation. They do provide a fairly accurate description of drain current for low values 

of Vd, and are often used in design calculations. A more accurate set of equations can be 

derived by taking into the account the variation in charge density in the channel Qm(x) [I] 

The gain-bandwidth product for the TFT can be calculated from the ratio of transconductance 

to gate capacitance [2] . An approximate expression may be derived as follows using Figure 

2.2.1. The dimensions L and W of the channel are assumed to be large compared to the film 

thickness td" of the dielectric and d" the semiconductor thickness. If a positive potential Vs, 

is applied to the gate and is assumed large compared to the potential difference between the 

source and drain, a small increase in voltage OV., will draw on electrons/cm' into the 

semiconductor: 

on = total charge oQ 
q.total volume V 

= WLCd"O(Y • .:Y.) 
qLWd" 

The resulting increase in the source to drain current Id, is approximately 

01 oVd,·Wd'ra 
U d, = L 

oV d,. W d".onqJ.ld 
L 

Equation 2.2. 11 

Equation 2.2.12 

where a = change in conductivity in the semiconductor produced by V." 
Vd, = source drain potential difference and 
J.ld = effective drift mobility of n electrons 

From Equations 2.2.1 I & 2.2.12 above the linear transconductance is approximately 
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old> 
X 

oVd, 
= Equation 2.2.13 

or 

g", = edle 

The gain bandwidth product is a useful parameter and is simply the inverse of the transit time 

of the electrons between the source and the drain if the field is assumed to be uniform . The 

drift mobility was assumed constant in the derivation of Equation 2.2.13 . Thus the channel 

conduction in the linear region increases with increasing gate voltage as the inverse of the 

channel length . The gain bandwidth product in the saturation region is given by a similar 

expression 

W~dVd,(sat) 
L 

2.2.2 Saturation Current Effects 

Equation 2.2. 14 

The saturation of drain current occurs when the depletion layer induced by the gate voltage 

extends completely through the conducting channel close to the drain region. This condition 

is first realised at Vd, = (V,,-V,) and the conducting path between the source and the drain is 

said to be pinched off As the drain voltage is increased beyond pinch-off ie , [Vd, > (V,,-V,)] 

the pinch off region gradually increases in length and move towards the source by an amount 

sufficient to hold the drain current substantially constant. Under ideal conditions this increase 

beyond the knee of the curve would be small. However a number of reasons can lead to 

unsaturated characteristics. If the semiconductor layer is too thick to be completely pinched 
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off by the applied gate voltage, an unmodulated parallel conductance path would eXIst 

between the source and the drain. This effect may also be produced in a staggered electrode 

TFT by the presence of a conducting material between the source and the drain . 

Other reasons for deviation of Id, from the normal saturation current are insulator breakdown 

from the gate to the drain or to the channel near the drain . This effect should not happen in 

a high quality dielectric. Internal breakdown in the semiconductor channel is also possible in 

the high field region near the drain for very high drain voItages 

2.2.3 Control of Threshold Voltage 

The val ue of V, depends upon the choice of materials and processing procedures as well as 

upon the thickness of the layers. For most applications a TFT having VI near zero volts and 

capable of operating in the enhancement mode is preferred. The value of VI should remain 

constant throughout the life of the TFT and should be unaffected by applied voltages either 

past or present. Equation 2.2 .8 can be used as a simple definition of V I. 

V = I + 

where q is the electronic charge, 
<1>, is the surface potential and 

Equation 2.2.15 

No is the carrier concentration per surface area initially present in the 
semiconductor 

No is proportional to the thickness of the semiconductor and the average volume density of 

donor and acceptors. The variation in charge density across the thickness of the semiconductor 

is ignored in the derivation of Equation 2.2.8 which assumed a thin semiconductor. No is 
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positive for a depletion type device where it represents the total number of free carners in the 

film . No is negative for a enhancement type device since it represents the total number of 

acceptor states or traps which must be filled before the free carrier density can be increased 

by field effect 

By controlling the density of acceptors and donors the TFT characteristics can be varied from 

depletion type to enhancement mode devices. Although traps and donors throughout the 

thickness of the semiconductor layer may affect the performance of the TFT those nearest the 

surface of the semiconductor at the dielectric interface will have the major effect 

2.2.4 Stability 

In an ideal device the drain current of an insulated gate transistor is uniquely determined by 

the bias voltages applied to the gate and drain, independent of duration of application. The 

stability depends upon the choice of materials and processing procedures and if the device is 

not encapsulated, the ambient atmosphere can have strong effect upon the characteristics [3] . 

The drain characteristics should be stable and free of hysteresis loops. The family of curves 

should not drift significantly either up or down as more gate voltage steps are added. 

The failure to provide source and drain electrodes which make a low impedance contact to 

the semiconductor can lead to distorted characteristics and poor performance. When a barrier 

exists between the source electrode and the semiconductor the characteristic exhibit behaviour 

shown Figure 2.2.3 . The curves are crowded together at a maximum value of drain current 

The mechanism of current saturatIon which produces this behaviour is the same as for normal 

operation except that the pinch off field extends under the source electrode instead of under 
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the gate. If an insulating barrier is present at the drain contact the characteristics show an s 

shaped rise near the origin . Such degradation of the characteristics is rarely found in TFT's 

with a staggered electrode geometry as less severe demands are put upon the source contact 

because the overlapping gate provides a larger effective area of contact. 

The reversal of the source drain connections may lead to a drift in the characteristics in a TFT 

of symmetrical construction. Slow response and drift in characteristics may be attributed to 

the slow emptying and filling of immobile states at the surface of the semiconductor. The 

presence of trapped charge in the semiconductor or the insulator near the interface region has 

a large effect on the surface potential and on the in-built gate bias. The ease of transfer of 

charge in and out of these states determines the effect they will have on transistor stability. 

2.3 ELECTRICAL CONDUCTION OF POLYSILlCON TIT'S 

2.3.1 Introduction 

In the previous section 2.2 it was assumed that the active semiconductor material had the 

same electrical characteristics as that of single crystal silicon . This assumption is useful for 

approximate design calculations but it is not appropriate for a complete analysis of the TFT 

devices or the layers used to fabricate them . Therefore a number of models have been 

developed to take into account the effect of a polycrystalline semiconductor being used in a 

TFT. 

The influence of film structure upon the electrical properties of the device is of particular 

concern in establishing the feasibility of building a low cost TFT having adequate 
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performance. The carrier mobility of the film is of particular importance in detennining the 

transconductance and the high frequency capabilities of the device . The value of mobility 

calculated can easily be too large if the effective drain spacing is actually less than the 

measured spacing. A completely accurate description of TFT characteristics should account 

for the variation of mobility with gate voltage. 

A polycrystalline material is composed of small crystal lites separated by grain boundaries. 

Although the angle between the orientations of the adjoining crystallites is often large, inside 

each crystallite the atoms are arranged in periodic manner, so that it can be considered as a 

small single crystal. However, this grain cannot be assumed to have the same electrical 

qualities as those in single crystal silicon. Defects such as microtwins exist within a single 

grain. The method in which the silicon layer was grown or deposited is the dominant factor 

for determining the nature and the quantity of defects. Silicon layers which have undergone 

laser crystallisation may produce devices with a high mobility although the film is composed 

of small grains. This suggests that internal defects within the grain have an important 

influence on the electrical characteristics of devices fabricated with polysilicon. 

The grain boundary is a complex structure, usually consisting of a few atomic layers of 

disordered atoms. Atoms in the grain boundary represent a transitional region between the 

different orientations of the crystallites. It is thought that the electrical transport properties of 

polysilicon films are governed by carrier trapping at the grain boundaries. Since the atoms 

at the grain boundary are disordered, there are a large number of defects due to incomplete 

atom ic bonding. This results in the formation of trapping states, capable of trapping carriers 

and immobilising them . This reduces the number of free carriers available for electrical 

conduction [10] . 
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The electronic properties of amorphous silicon (Cl-Si) and their relationship with the 

deposition conditions are relatively well characterised owing to the large amount of 

fundamental and applied work on this material in past years [4-9] . Models correlating TFT 

performance to the gap density of states have been formulated and found to be in good 

agreement with experiment. The situation is quite different in the case of polysilicon. Most 

of the characterisation work on this material has been for applications in integrated circuits 

such as resistors and interconnections for which a detailed knowledge of the electronic 

properties of the material is not crucial [11] . The TFT device is strongly controlled by the 

defects present in the polysilicon, for instance dangling and distorted bonds, the majority of 

which are present at the grain boundaries. The electronic states associated with these defects 

are known to be localised with a distribution of energies in the forbidden gap. Experimental 

knowledge of the density of localised states is important for proper understanding of device 

operation as well as the dependence of the material properties upon the preparation conditions. 

There are two widely used approaches to the modelling of current-voltage characteristics of 

polycrystalline silicon TFT's. One method is based upon a grain boundary model and assumes 

that the traps are present at a single energy level at the grain boundary. The other method 

assumes a spatially uniform distribution of traps within the polysilicon and that the traps are 

continuously distributed within the bandgap. The following sections contain a description of 

how each technique can be used to extract TFT parameters and their relative merits are 

discussed. 

2.3.2 Grain Boundary Trap Model 

A grain-boundary trap model , has been proposed by Levinson et al. [12] and assumes that the 
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traps occur at a single energy level within the bandgap. The channel region is assumed to be 

in the active undoped polysilicon layer (see Figure 2.2. 1) and hence the concentratIOn of 

electrons induced by the electric field from the gate is much larger than the donor 

concentration. 

It is assumed that the polysilicon film is comprised of identical crystallites or grains . The 

grain boundary is of negligible thickness compared to the grain size. The grain boundary 

contains a concentration of traps Nt (per unit area) located at energy Et with respect to the 

intrinsic Fermi level. The traps are assumed to be initially neutral and become charged by 

trapping a carrier . The single crystal silicon energy band structure is assumed to be applicable 

inside the grains. Figure 2.3.1 shows that all the mobile carriers in the region (Y2 Lg,-a) cm 

from the grain boundary are trapped resulting in a depletion region . The mobile carriers in the 

depletion region are neglected. Only after all traps are filled, will there be a sufficient number 

of carriers available for conduction to produce an appreciable source drain current In the TFT. 

After trapping the mobile carriers the traps become electrically charged, creating a potential 

energy barrier EB which impedes the motion of carriers from one crystallite to another, 

thereby reducing their mobility . The energy barrier height I;, is described by 

Equation 2 .3. 1 

There IS no interaction between traps in this model and all traps are assumed to be identical. 

The resistance of a polycrystalline material consists of the contributions from the grain 

boundary region and the bulk of the grain . If the conduction in the crystallite is much higher 

than that through the boundary it is a good approximation just to consider only that through 

the boundary region. There are two important contributions to the current across the grain 
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boundary thermionic emission and tunnelling (or field emission). Thermionic emission results 

from those carrier possessing high enough energy to surmount the potential barrier at the grain 

boundary On the other hand the tunnelling current arises from carriers with energy less than 

the barrier height These carriers go through the barrier by quantum-mechanical tunnelling. 

When the barrier is narrow and high, the tunnelling current can become comparable to or 

larger than thermionic emission current The barrier height decreases rapidly to a small value 

when the carrier concentration increases above a threshold and therefore the tunnelling current 

is much smaller than the thermionic emission current Therefore, once the traps are filled 

conduction is controlled by thermionic emission over the grain boundary barriers. 

The carrier concentration taking part in conduction is the total grain carrier concentration No 

and the mobility is the product of a pre-exponential term 110 and an exponential term which 

includes the trap state density N,' In this model it is assumed the mobility in the polysilicon 

film has the form : 

11= Equation 2.3 .2 

The pre-exponential term 110 accounts for the scattering of carriers at the grain boundaries. The 

value of 110 is affected by the size of the grains and the texture of the polysilicon film . The 

channel conductance is dependent on the degree of depletion and also the degree of 

occupancy of the traps. A critical carrier concentration (Nu') can be defined such that when 

Nl)<ND ' the grains will be fully depleted. For Nl» No' the grains will only be partly depleted 

Depletion of the grains occurs due to trapping of carriers at the grain boundary, therefore the 

transition between fully depleted and partially depleted grains occurs when there are sufficient 

carriers to fill the grain boundary traps ie. ND ' '" N/ Lg, where Lg, is the grain size. For filled 
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traps (partially depleted grains) and small values of drain voltage the drain current can be 

given by : 

where ~o is a pre-exponential mobility term, 
N, is the trap state density and 
dOh is the channel thickness. 

Equation 2.3.3 

Levinson assumes that the channel layer dOh can be taken equal to the layer thickness of the 

thin polysilicon semiconductor, at all except very small values of Vg, ie. the condition holds 

for Vg,>V,. The trap state density, and a mobility value can be calculated from the In(Id,N .. ) 

v IN" device characteristics at a low value of Vd, (typically O.1-O.5V). The measurements 

should be taken over a wider range of gate voltages where Vg,»V, This graph (example 

shown in Figure 2.3.2) should be linear at large gate voltages but departure from linearity may 

be evident at low gate voltages where the induced carrier concentration falls below the critical 

value. From the slope of the linear section the trap state density can be calculated 

N = , 

The mobility can be calculated from the intercept on the y-axis: 

~o = 
exp(mtercept) L 

V ds W Cdle 

32 

Equation 2.3.4 

Equation 2.3 .5 



-14r-------------------------------------~ 

-14.5 r--
\ 

\'\ 
-15 i-- \ 

\ 
-15.5 i-- • 

\ 
\ 

-16 -

• 
~ 

"" 
-16.5 -

• 
-17 

0 0.05 0.1 0.15 0.2 0.25 

1Ngs(V-l) 

Figure 2.3.2 Example plot of In(ldafVga ) v 1fVga using Levlnson's Grain 
Boundary Trap Model to Calculate TFT Parameters 



Chapter J: TF[ De vice TheOfY 

If departure from linearity is present at low Vg, then the critical carrier concentrations can 

be calcul ated from 

N '= D Equation 2.3 .6 

where Vg: is the gate voltage at which departure from linearity begins. The 
value of ND ' can be used to obtain an estimation of grain size from 
L g,= N/ ND '· 

In the analysis Just described it was assumed that the channel thickness could be considered 

constant and equal to the thickness of the polysilicon film . This simplifying assumption can 

introduce significant errors, particularly when the polysilicon film thickness is greater than 

a few hundred Angstroms An improvement, suggested by Proano [13], is to solve Poisson's 

equation for an undoped material and to define the channel thickness as the thickness in 

which 80% of the total charge, induced by the gate resides . The flatband voltage V fb is 

defined as the applied gate voltage which gives the minimal value of Id, at a low drain to 

source voltage. This is generally accepted as a reasonable estimate of V fb and should be 

accurate to within ±0.1 V. The inclusion of the V fb term in the expression should extend the 

accuracy of the model to lower values of gate voltage. An expression for the effective channel 

thickness is 

8k Ttd" [1:,/1:0]" 
q(Vg,-V fb ) 

Equation 2.3 .7 

The full expression for the drain source current can be modified to incorporate this term and 

the expression for Id, becomes: 

33 



exp [ 

From Equation 2.3.8 a plot of In 

Chapter ]: TVr DevIce Theory 

-q' N,'t<h< [ E,/EoJ" 1 
E"EoCd,,(V g' - V lb)' 

Equation 2 3 8 

v should be 

linear, an example is shown in Figure 23 .3. The grain boundary trap density can be calculated 

from the slope and the mobility from the y intercept. 

N = , 

110 = 
exp(intercept) I 

Vds W 

r 
cm' Nsec 

Equation 2.3.9 

Equation 2.3 10 

The values of trap density calculated using this improved value for channel thIckness will in 

general be an order of magnitude higher than those using the full thickness of the polysilicon 

layer. This highlights the need for caution, when comparing values of boundary trap densities 

reported by different authors since these are dependent on the model used. 

2_3.3 Unifonn Distribution Trap Model. 

The grain boundary trap model described above assumes that all traps occur at a single energy 

level and would prove too cumbersome for calculation of trap states at a number of energy 

levels . A continuous model has been proposed by Tong [14] to account for fluctuations in 
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fluctuations in grain size and dislocations in extended regions from the grain boundary. This 

method assumes a uniform distribution of trap charges throughout the polysilicon, and hence 

a continuous distribution of trap states within the band-gap. It is generally agreed that deep 

trap states are present near the middle of the band-gap, and that tail states exist near the 

bandgap edges. In a-Si models the deep states have an exponential distribution whilst this 

model predicts that in polysilicon a uniform distribution is likely. The deep states are 

attributed to silicon dangling bonds and impurities while the tail states are attributed to 

disorder in the silicon lattice or grain boundaries. In a TFT, at low gate volt ages (V,,< V,) in 

the sub-threshold region , only the deep states are filled . As Vg, is increased the tail states also 

fill , and the device is said to "turn-on". Since the density of tail states is much higher than 

that of deep states, the slope of Id, v V.' characteristics is much greater in the sub-threshold 

region than after "turn-on" ie . the variation of Id, with VB' is much less, compared with the 

sub-threshold region . This reduction in the amount by which Id, increases can be attributed 

to the exponential variation of the tail states from the conduction band towards the mid-gap. 

This is in contrast to the Levinson model where the variation in Id, with Vg, was explained 

by a change in the barrier height at the grain boundary caused by the increase or reduction 

in the induced carrier concentration . 

An expression for the saturation current in the sub-threshold region can be derived and used 

to extract TFT parameters: 

Equation 2.3 . 11 

where G, = & 
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G, = 

where no is the electron concentration in equilibrium 

A graph of 10g[ldiV.,-V'b)] v (V .,-V/b) should thus be linear in the sub-threshold region , when 

the transistor is in saturation . The gradient of the graph will be equal to G, and so the density 

of deep states can be found from 

N, = G -2 , Equation 2.3. 12 

This model has shown good correlation between experiment and theory and therefore small 

variations in the grain boundary trap density can be accurately calculated and this is useful 

for fine tuning process conditions to minimise N,. In this model it has been found that a 

unifonn distribution of deep states and an exponential distribution of tail states describes the 

behaviour of Id, best in a polysilicon TFT. Tberefore to accurately predict the behaviour of 

the drain current with gate and source voltage bias it is necessary to have a knowledge of the 

distribution of the density of states in the energy gap. This next section details a recent 

method of determining this information . It should be noted that in the derivation of N, above 

different units are assigned to the parameter compared with the grain boundary trap model 

of Levinson. This makes a direct comparison of results difficult. 

2.4 DENSITY OF STATES DISTRmUTION IN POLYSILlCON 

As di scussed in section 2.3 recent research indicates that the density of states in polysilicon 

is assumed to be continuous in energy and depends strongly upon the film morphology. It 
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is desirable to develop a procedure to distinguish between bulk and interface states in 

polysilicon TFT's whilst being sensitive enough to account for the effect of film structure and 

differences in device processing . An understanding of electronic conduction in polysilicon the 

following method is based on a description of the solid as a regular succession of grain s 

separated by grain boundaries. Bulk crystal properties are assumed within the polysilicon 

grain while all defects are assumed localised at the grain boundaries. The inhomogeneous 

distribution of trap states and strain fields can introduce fluctuations in the band-edge energy 

which leads to a succession of inhomogeneous potential wells and barriers. Transport occurs 

by free charge moving through a channel with the lowest potential energy and the barriers 

present in the channel can be overcome either by hopping through localised states or by 

therm ionic emission . However, due to the random distribution of barrier heights, the activation 

energy of the extended conductivity is related to the average position of the conduction band-

edge with respect to the Fermi level. Likewise, one expects the field effect conductivity to 

be controlled by effective band bending associated with the volume average defect density 

[15] . This indicates that a model based upon on a spatially uniform distribution of gap states, 

such as those developed for amorphous silicon , constitutes a good approximation [16]. The 

field effect in polysilicon is a three dimensional problem owing to the spatially non-uniform 

defect distribution . In the derivation below it is assumed the silicon grains are of equal length , 

the grain boundaries intersect the semiconductor at right angles and all traps are concentrated 

at the grain boundaries. In the sub-threshold regime the free-charge density is negligible 

compared to the density of trapped charge. As the system is periodic in the y-direction the 

potential is periodic. From Figures 2.4 .1 and 2.4.2, the Poisson Equation for -L,/2 <y< L,/ 2 

with a grain boundary at y=O is 

0' 1\1 
ox ' 

+ 0' 1\1 
oy' 

S(x)oy 
Equation 2.4.1 
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where S(x) IS the gram boundary charge per unit area, 
oy is the Dirac o(y) function, 
IV is the electrostatic potential and 
E" IS the polysihcon dIelectric . 

As a boundary condition, symmetry considerations require for V d,=O· 

= 0 
Lgr :::: 

Thus for small values of Vd, it is reasonable to write 

O\jl I 
oy Lgr2 

where L is the channel length 

EquatIon 2.4.2 

Equation 2.4.3 

Therefore by integrating Equation 2.4.1 from -Lg/2 to Lg/ 2 it can be written 

= 
p(x) 

Equation 2.4.4 

where ~/(X) = 
L 

Lgr 2 J ~/(x,y)dy 
-Lgr :::: 

and 

p(x) = S(x)/L charge density per unit volume 

When the Debye length L ll IS much longer than the grain size L g" the problem is reduced to 

one dimensIOn, namely 
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IjI(X) - \1'(x,±Lj 2) - IjI(X,O) EquatIon 2.4 .5 

SInce the polysiltcon used for TFT's IS either lIghtly doped or undoped the condItIon LIl » L " 

is expected to hold . By neglecting the free charge the volume density of charge can be 

expressed In un doped material In terms of the electronic charge q as 

E, 

P(\II) = -q I Ng(E)f(E-E, -q ~l)dE + 
b 

q t N.<E)f(E-EF)dE 
E, 

EquatIon 2.4 6 

A zero temperature approximation can be written as 

p(\I') = 
Ef' qo 

-q I E, N. (E) dE Equation 2.4. 7 

where Ng(E) is the gap-state density per untt volume. 

By multIplying by 2oljl/ox and integrating from x=o (dIelectric-semiconductor interface) to 

x=d" (unmodulated bulk) 

( d\11 I )' 
dx ,0 

= 2q 10·' d\11 
E" 

Equation 2.4.8 

where Ill, is the band bending at x=O, ie. the surface potential 

The gap-state density is then given by 

N (E ) E SI 

g ,.+ \jI, = 2q ( d\1I ) ' 
dx 1'0 Equation 2.4 .9 
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The electric field at the semIconductor surface is given in the absence of surface states by 

d~J 
dx 

= 

where "d" is the dielectric constant, 
td" the dielectric thickness, 
Vg, the gate voltage, 
V rh the flat band voltage and 

~ V",-Vib-II', 
Es, td1e 

Vd" the voltage drop across the dielectric 

EquatIon 2.4.10 

From Equations 2.4 .9 & 2.4.10 the density of gap states can be determtned if the relationship 

between Vg, and ~J, the surface potential is known. A number of techniques can be used to 

determine the relatIOnship between V., and 11',. the temperature method [15], by capaciti ve-

voltage measurements [16] or by field effect conductance [17] . A description of the 

incremental field effect method first reported by Suzuki [18] for a-Si devices is given as 

follows. The surface potential 11', is determined from the field -induced conductance measured 

as a function of gate voltage. The sheet conductance Gd, is written as : 

= Go - Go. [_I 
qd" 

( " 
o 

r o 

(exp [qIV(x)/kT]-l}dx 1 

Equation 2.4 11 

where Go refers to the conductance for the flat band condition i.e., ~J,=O 

and d" is the thickness of the polysilicon layer. 

The increment in gate voltage liV" causes a corresponding change in the surface potential 
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O~J,. As a consequence, the sheet conductance modulation oG is given by 

oG = - Go [ ~ 
q " 

exp(q ~J/kt)- 1 o( ) 
d\jl/dx I ,0 q\jl, 

Equation 24 12 

Combining Equation 2.2.11 and Equation 2.2.12 the relationship can be written 

(Vg, - \jI" - \jI,)/[ exp( qIjlJ kT)-I] 

Equation 2.4 13 

If a certain gate voltage Vg,a, at which the onset of the field-induced conductance occurs, is 

regarded as a flat-band condition at 1jI,=O, then the value of Oljl, for the voltage step V.,o+oV., 

is determined and 1jI, as a function of Vg, is successfully obtained using Equation 2.4.13 

Finally the gap state density is calculated by Equations 2.4 9 & 2.4.10. 

Figure 2.4 3 shows a typical example of a denSIty of states distribution m the Energy gap 

obtained from measurements on a TFT. Note that calculations from a p-channel device and 

a n-channel device are required to produce this diagram. This model is extremely useful for 

evaluation of passivation techniques such as hydrogenation and fluorination . It IS widely 

known that the hydrogen passivation of silicon dangling bonds is very effective at reducing 

mId-gap deep states. These theoretical mterpretations do not take into account the effect on 

N.( E) of surface states which exist at the polysiIicon dielectric interface. Further analysis IS 

reqUIred to calculate the surface density of states N" and use this to modify the above theory 

to obtain the density of bulk gap states of polysiIicon [17, I 9]. 
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2.5 LEAKAGE CURRENT 

A polysilicon TFT suffers from a higher leakage current than a-Si devices and a large amount 

of research is currently investigating the behaviour of this important parameter. The off

current between the source and the drain needs to be low in order to obtain a TFT circuit with 

a high switching ratio and a long storage time. Current researchers claim that the leakage 

current must be reduced to below I pA/).lm for short channel TFT's [2 1) .The account below 

summarises recent research into the basic behaviour and origin of the leakage current, which 

arises from two basic mechanisms [20) . The ohmic resistance of the bulk polysilicon largely 

limits 1\ which is a resistive current when Vg, is not negative enough to form a p-layer in the 

channel region for a n-channel device . This situation usually occurs when Vg, is smaller than 

the flatband voltage but larger than the negative value of the threshold voltage. Junction 

leakage current arises when Vg, is more negative than (-V,) and in this case holes are 

induced to form a p-type region and subsequently a reverse-biased p-n junction IS formed 

between drain and channel. The junction leakage current is caused by electron hole pairs 

generated via grain boundary traps in the depletion region. There are also three other related 

mechanisms through which a trapped hole at an energy level E, can be generated to the 

valence band. Pure thermal emission or thermal generation which is due to thermal excitation 

of trapped holes in the valence band. Pure field emission or tunnelling is due to field 

ionization of trapped holes tunnelling through the potential barrier into the valence band. 

Thermionic field emission or Frenkel-Poole emission is due to field enhanced thermal 

excitation of trapped holes in the valence band. The applied field causes the barrier to become 

low and thin enough that either thermal emission or thermal excitation to virtual states prior 

to tunnelling can easily occur. The pure field emission current has the strongest dependence 

on the applied field but it is essentially independent of temperature so it dominates at a low 
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temperature and high field condItions. The pure thermal emIssion current is proportIOnal to 

the intrinsic carrier concentration (n,) of silicon, and n, is proportional to exp( -E/ kT) where 

E. is the energy gap of silicon and in addition the pure thermal generation current is nearly 

independent of V.,. However, field emission and Frenkel-Poole emission current increase wIth 

Vg,. The difference between them is that the increase of the field emission current with Vg, 

tends to approach a saturation value while the Frenkel-Poole emission current does not. These 

results are summarised in Figure 2.5.1. In region A where there is a low gate bias I, is a 

resistive current and I, is a junctIOn current In regions Band C which have a high gate bias . 

The I, is attributed to pure thermal generation in region B and to Frenkel-Poole emission in 

region C 

The above explanation is simplified since to analyse the dominant mechanism it is necessary 

to study the trap distribution in the energy gap. This information may be used to predict how 

thIs anomalous off current will behave. At the moment research into the behaviour of this 

current is being conducted over a wide temperature range to further the understanding of its 

behaviour [22] . Novel techniques, mainly concerned with drain engineering [23] are being 

used to reduce the off-current and thus improve the performance although a slight reduction 

in the on-current is possible. In summary, the size of the leakage current from a TFT device 

is dependent on bias voltage, TFT size, fabrication conditions and is not governed by a unique 

mechanism . 

2.6 THE ''KINK EFFEcr" 

At high drain biases the "kink effect" or the decrease in saturated output resistance is 

pronounced in polysilicon technology . The increased kink effect in polysilicon TFT's is also 
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accompanied by a reduction in the threshold voltage of short channel devices at high drain 

potentials. The avalanche generation effect is much larger in polysilicon TFT' s than in single 

crystal devices. In the sub-threshold regime the current in single crystal device fall s off much 

more rapidly with decreasing gate voltage than in a polysilicon TFT because the latter 

contains traps that reduce the sub-threshold slope. Hence the polysilicon TFT has a high 

carrier concentration in the sub-threshold regime causing higher avalanche breakdown . It is 

thought that polysilicon devices show much larger avalanche effects because of the high space 

charge densities caused by traps [24] . 

2.7 CONCLUSIONS 

This chapter has described the most important and recent methods of characterising 

polysilicon TFT's. The major benefit of this work is to predict the behaviour of devices 

fabricated with differing process conditions. The effects of passivation techniques such as 

hydrogenation [25] and laser annealing [26] can be related to the density of states in the 

energy gap. It should be clear that the presence of traps at the grain boundaries seriously 

restricts the performance of these devices. However, these models are by no means complete 

and research is on-going in this area. For instance, the effect of temperature , large grains and 

electrical stress have not been addressed in this work , since the mechanisms of device 

behaviour under these conditions are not fully understood [27 ,28] . The published literature 

from other workers indicates that intemal defects within a single grain can be minimised with 

laser annealing. The evidence of this is shown by the performance of high mobility TFT's 

(> I OOcm 2/Vsec) obtained from polysilicon with small average grain sizes of approximately 

IOOOA. 
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3.1 INTRODUCTION 

A Multi-Process reactor has been developed. The design of this machine has been influenced 

by previous experience gained during the development of a series of Rapid Thermal 

Processors (RTP) at the Department of Electrical and Electronic Engineering, in the Queen's 

University of Belfast. These RTP reactors were used for applications such as silidicidation, 

diffusion, annealing and chemical vapour deposition [1-3] The Multi-Process Reactor has a 

number of features common in these RTP reactors, since all systems are single-wafer, low 

pressure machines with similar gas manifolds and pumping systems. However, the 

applications for which the Multi-Process reactor was developed are slightly different. This 

system has been designed to handle low cost glass substrates. These non-standard substrates 

may vary in shape and size and can only withstand process temperatures up to 630°C before 

the surface becomes warped and damaged. It is desirable not to use glass substrates in a 

furnace where the possibility of cross-contamination could be detrimental to standard silicon 

processing. This Multi Process reactor [4] IS capable of silicon deposition and silicon nitride 

deposition under various process conditions for the fabrication of TFT's on glass substrates. 

This single wafer system offers improved process flexibility, compared with batch processing 

in a furnace . Increased rate of change of process parameters, such as temperature and gas 

composition allow excellent control of film quality and the interfaces produced by them. 

Process repeatability is achieved quite readily , since each substrate will experience the exact 

same process conditions, unlike in a furnace where conditions can vary throughout a batch. 

For these reasons single wafer systems have become popular for the research and development 

of novel processes and also for ASIC applications, where there is a requirement for small 
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batches. As silicon wafer sizes increase, there IS al so continued interest In using single wafer 

reactors, for economic reasons [5] . 

3.2 SYSTEM MODIFICATION 

The Multi-Process reactor was built using the frame and heating source of a Radyne thermal 

nitride system [6] . This machine was previously operated at atmospheric pressure and had a 

75mm diameter wafer capability . For processing with glass substrates, extensive alterations 

and new features were required. A new chamber able to hold a 100mm diameter sized 

substrate was required, together with a gas manifold, capable of accurate gas flow control. A 

pumping system was added to the machine for low pressure operation and the temperature 

controllers were replaced for a faster response and more accurate temperature control. A 

single chamber multi-process system of this type offers a low capital investment and the 

maximum control of inter-process steps and quickest turn-around time. The bulk of this 

chapter will concentrate on details of these modifications and the characterisation of the newly 

developed machine. 

3.3 SYSTEM DES IGN 

This reactor has a quartz process chamber, which is suitable for low pressure operation since 

quartz can withstand vacuum when formed into certain geometries. In addition , quartz absorbs 

little lamp radiation , which allows the chamber to remain cool relative to the substrate and 

the susceptor. A cold-walled chamber minimises deposition on the chamber walls and thus 

reduces the level of contamination for each process. This type of design eliminates memory 

effects and reduces the effect of unnecessary dopant diffusion during gas switching and 
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temperature ramping. 

A schematic cross-section of the system is shown is Figure 3.3.1. The quartz chamber has a 

circular cross section for most of its length, of nOmm. At the loading port it has a diameter 

of 126mm and this end is enclosed by a compressed O-ring, between a cooling flange and the 

pumping port. At the opposite end of the chamber the quartz narrows to a circular cross

section of 25mm where an aluminium coupling is used to seal the chamber. This also provides 

a process gas inlet to the chamber and access for a nickel thermocouple rod for temperature 

measurement, see Figure 3.3.2 . A compressed O-ring seal is required to seal the quartz tube 

to the al umini um coupling and another O-ring is used to seal the thermocouple rod to the 

coupling. This latter O-ring is compressed by a hand-tightened nut, which threads onto the 

coupling. The O-rings used in this system are comprised of a fluoroelastomer material [7] to 

ensure minimal outgassing and temperature stability in a vacuum tight chamber. The overall 

system volume is approximately 8.4 litres . 

Most of the reactor components including the quartz chamber are housed in an aluminium 

cabinet The pumping port has been machined out of a single aluminium block to minimise 

the number of seals used. Access to the chamber for loading or unloading of a substrate is 

provided by a hinged door on the pumping port The hinging arrangement has been designed 

such, that the door exerts approximately equal pressure on an O-ring, which rests in a circular 

groove around the opening area of the pumping port A laminar air flow exists in the 

loading/unloading region to ensure no particle contamination of substrates during this 

operation . 

The substrate is loaded onto a silicon carbide (SiC) coated graphite susceptor which rests on 
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a quartz holder. The quartz holder (see Figure 3.3.3) may be moved from the loading port 

to the deposition zone by an external quartz rod to prepare a substrate for processing. A 

specIally designed scoop arrangement has been implemented for the holder whIch gUIdes a 

nickel rod, containing three thermocouples into the centre of the graphite susceptor. 

3.4 SUBSTRATE HEATING 

A bank of 15 tungsten-halogen lamps with a total incIdent power of 22.5kW are used as the 

heating source in this system. The light radiation produced from the lamps is absorbed by a 

SiC coated graphite susceptor. However, commercial graphite contains many impurities 

including metals detrimental to device performance. Therefore a SiC coating is used to 

encapsulate the graphite and prevent any impurities diffusing into the substrate. The SiC 

coating is a hard abrasion resistant layer, good thermal conductor, can be machined to a very 

high tolerance and has a long service life [8] . The substrate is placed in the centre of the 

susceptor for good thermal contact A susceptor with high thermal conductivity is essential 

to transfer heat to glass substrates. Water cooled gold reflector plates are positioned above and 

below the deposition zone, to reflect any stray light not absorbed initially by the graphite 

susceptor. This method of substrate heating was chosen because it offers excellent temperature 

uniformity , reduces the problem of slip formation on multiple layers [9-10] and minimises the 

number of metal parts inside the chamber. 

The spectral output of a tungsten halogen lamp is shown in Figure 3.4.1. Most of the 

radiation occurs between wavelengths ofO . 3~m and 4~m with a peak intensity at 1 . 2~m . The 

quartz chamber only absorbs radiation above 3 . 5~m and therefore will be heated very little 

by direct radiation . The silicon carbide surface directly exposed to the lamps has a band-gap 
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of 2.2eV and therefore wavelengths of less than O.56>tm will be absorbed The energy is 

dissipated in the material in the form of heat which is thermally conducted to the graphite 

susceptor. The SiC layer is transparent to most of the radiation which is produced. The 

radiation energy not absorbed by the SiC layer will be transferred directly to the graphite by 

free carrier absorption. 

In this system, the wafer is not directly exposed to lamp radiation, unlike a RTP reactor where 

this can cause problems with temperature uniformity [Ill . In RTP systems a major problem 

is caused by the fact that, at the edge of a wafer the surface area to volume ratio is larger, 

than in the centre. This means that when a wafer is exposed to a uniform radiant flux , during 

ramp-up, the edge of the wafer will be hotter than the centre and during steady-state and 

ramp-down, it will be cooler. This can result in slip formation and non-uniform deposition 

rates. The use of a susceptor overcomes these problems, since in effect the wafer appears 

larger and edge effects are not so prominent Another problem in RTP reactors is that in 

silicon, photons can be absorbed in by free carrier absorbtion at radiated wavelengths above 

2>tm. The amount of radiation absorbed is proportional to the number of free carriers, which 

is determined by the process temperature and the doping level. Therefore, a heavily doped 

wafer will experience a much higher temperature ramp rate, causing temperature variations 

between substrates. This phenomenon will have little effect upon this system since the 

graphite susceptor prevents direct radiation onto the substrate surface. However, some stray 

radiation may be reflected onto the front surface of the substrate. 

3.5 TEMPERATURE MEASUREMENT AND CONTROL 

For control purposes, the bank of tungsten-halogen lamps are split into three zones of five 
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lamps. This allows independent temperature control of three zones, IOOmm wide by 60mm 

length, in the graphite susceptor. The temperature is measured at three points In the centre 

of each zone, within the graphite susceptor. This is done by placing three type K Ni-Cr/Ni-AI 

thermocouples contained in stainless sheaths Inside a nickel rod at appropriate Intervals. The 

nickel rod fits neatly into the centre of the graphite susceptor for accurate temperature 

measurement at the centre of each zone. The feedback voltages from the thermocouples are 

supplied to three separate PID temperature controllers. These controllers switch thyristor units, 

which provide the power for their respective zone of lamps. The thyristor banks are switched 

continuously in a pulse mode to ensure steady state temperature conditions. The integral and 

derivative coefficients and the pulse time are automatically optimised by the controller for 

each temperature setting. This programming is done on a dummy run prior to processing. The 

power supplied to each zone comes from a separate electrical phase to ensure a balanced load 

on the supply . The thyristor units have a current limit feature which is used to protect the 

thyristors from the high inrush currents associated with filament lamps. This closed loop 

temperature control has been effective at ensuring temperature uniformity ± I % along the 

length of the graphite susceptor. 

It has been found that an offset exists between the thermocouple measured temperature of the 

graphite susceptor and the temperature measured directly on the surface of a substrate, placed 

on the susceptor. The substrate surface temperature was measured by placing a thermocouple 

bead directly on the substrate, held in place by a small ceramic block. The offset was 

monitored in the temperature range 100°C - 680°C. The temperature against time profi le for 

the graphite substrate and a Coming 1733 glass substrate is shown in Figure 3.5.1. The offset 

is different at each set temperature, over the range measured and must be taken into account 

whilst selecting a process temperature. The temperature against time profiles for a I mm thick 
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Pilkington glass substrate and an oxidised silicon substrate are shown in Figures 3 5 2&3 .5.3 

respectively . Table 3.5.1 below shows the average calculated offset over the full temperature 

range measured. This method of temperature measurement at the substrate surface is subject 

to some error, due to the extra thermal mass introduced by the ceramic block used, to ensure 

good thermal contact with the susceptor. 

Substrate Temperatul'e Offset 'C 

Coming 1733 glass 34 

Pilkington I mm glass 28 

0 . 7~m oxide on a silicon wafer 24 

Table 3.5.1 : Temperature offsets fol' different substrates 

A method of qualifying the accuracy and reliability of this measurement was required. The 

transition temperature from depositing amorphous silicon to polycrystalline silicon was found 

to exist between 580-600' C which is in agreement with published literature [12]. This 

argument has proved the usefulness of the method above. 

The thermal mass of the susceptor and substrate are such that the temperature ramp rate lags 

behind those normally achieved with RTP reactors, which are usually greater than 10°C/sec. 

The ramp rate in this case is approximately 1.5°C/sec, but this method of substrate heating 

is an excellent compromise between the temperature uniformity problems of a RTP reactor 

and the long ramp up and cool down times experienced with furnace processing 
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3.6 SYSTEM COOLING 

A major problem with LPCVD reactors is that of deposition on the cham ber sidewalls. This 

is detrimental to the reproducibility of process in a Multi-Process reactor where it is essential 

that each process does not effect another. Once a small deposit has formed, a snowball effect 

results with the chamber being coated very quickly . Deposition can be minimised by adequate 

cooling of the quartz cham ber. Forced air cooling is used to cool the outside of the quartz 

tube and the housing which contains the tungsten-halogen lamps. The lamp housing is thus 

prevented from over-heating and the electrical connections to the lamps are shielded from 

direct radiation from the lamps. The cooling air is produced from a 0.21 kW fan and enters 

the system via an air duct at the gas inlet side of the chamber and leaves the cham ber from 

a similar duct at the loading port side. However, this forced air cooling is effective at cooling 

the outside of the quartz chamber only. It is really the inside of the chamber that requires 

cooling and this surface relies on the diffusion of heat through the quartz. It is not feasible 

to use process gas inside the chamber to provide cooling. 

Although the quartz chamber is largely transparent to lamp irradiation , infrared radiation 

from the susceptor and the substrate will contribute to heat the quartz surface. For this reason 

air jets have been placed at the sides of the quartz ch am ber closest to the graphite susceptor. 

This has proved effective in allowing the process temperature to be raised by 30"C during the 

pyrolysis of si lane, without deposition on the chamber walls. 

The O-rings used to seal the chamber are likely to degrade at temperatures above 200"C. 

At the gas inlet side of the chamber the O-rings are air cooled and are positioned at such a 

distance from the hot zone that they experience little heat. However, at the loading side quite 
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a lot of reflected light radiation is absorbed by the aluminium pumping port. For this reason , 

the aluminium flange which fits over the quartz tube has a circular groove on the reverse side 

and a 10mm copper pipe runs around it . Water is continuously passed through the copper 

which cools the aluminium flange , the pumping port and therefore the two O-rings connected 

with these parts. 

The base plate which contains the housing for lamps and the furnace cover, have gold 

reflective surfaces and are water cooled by copper pipes welded to the backside of the plates. 

The forced air cooling provided for the quartz chamber is also effective at cooling the metal 

cabinet. The electronics used to switch the pneumatic values and control the mass flow 

controllers are also air cooled by fans to prevent any fluctuation during a process. 

3.7 GAS HANDLING 

The process gases currently available to this system are N" 0.2% PH] (diluted in N,), NH" 

H2, CF" and 20%-SiH, diluted in N,. These gases are supplied to the chamber by Mass Flow 

Controllers (MFC'S) which can supply and monitor the gas flow extremely accurately . A 

separate N, line has been utilised as a vent facility. In addition, the (20%-SiH, in N,) gas is 

supplied to the system through two separate lines. This is because small flow of this gas is 

required for a PECVD process, whilst a larger flow is desired for a thennal CVD process and 

different MFC's are required in each case. The gases enter the system via a gas manifold see 

Figure 3.7.1 , constructed entirely from welded components or VCR metal seal fittings . The 

gases are delivered to the system through stainless steel lines, which ensures that the gas 

purity is limited only by the source bottle . The gas lines which supply SiH, and NH J also 

have filter gaskets before the MFC to prevent particle contamination from the gas lines 
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reaching the MFC or the quartz chamber. It should also be noticed that the PH, and SIH, lInes 

have a bypass facilIty . This is necessary to ensure that, the lines can be evacuated safely in 

the event of a MFC or pneumatic valve failure . The gas control panel allows any combInatIon 

of gases to be selected during a process, gIving great flexibility in gas switchIng. ThIs 

versatile arrangement permits in-situ sequential processing, with minimal delay between 

process steps. 

3.8 PRESSURE CON1ROL AND PUMPING SYSTEM 

The quartz chamber is evacuated by a combination of a two-stage rotary pump and a 

mechanical booster. The chamber pressure is monitored by a capacitance manometer in the 

range of I OmBar to IO·'mBar at an outlet flange on the pumping port. The process pressure 

may be adjusted by a manual throttle valve on the pumping track. This valve is also used to 

seal the chamber from the pump combination when venting the system. The pumping speed 

of the system influences the effect that impurities have on a process. It is desirable to have 

the maximum pumping speed possible and this is controlled by the pumping system and the 

pumping track . In this system , the pumps are connected to the chamber by a pumping track, 

constructed of 38mm internal diameter copper tube and is 5.4 metres in length . This limits 

the theoretical pumping speed of the system. The conductance of the pumping track can be 

calculated from Equation 3.8.1. See Appendix I for derivation. 

C = 68D' p 
Lp 

Equation 3.8.1 
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where D is the diameter of the Pumping track in cm, 
Lp in the length of the Pumping track in cm, 
p is the process pressure in mbar and 
C is the conductance of the pumping track in l/sec. 

The relationship between pumping speed and process pressure for experImental and theoreti cal 

results can be seen in Figure 3.8.1. The manufacturers data for the pump combination shows 

that the pumping speed should remain constant over the pressure range of interest. This was 

not found to be the case due to the conductance of the pumping track . The effective pumping 

speed of nitrogen and hydrogen gases are shown to increase with process pressure. The 

hydrogen molecule is lighter than nitrogen and the pumping speed is therefore higher over this 

pressure range. The accuracy of the absol ute pressure indicated by the gauge used on the 

system must be qusetioned, since the experimental pumping speed for hydrogen exceeds the 

upper limit imposed by the conductance of the pumping track 

In order to reduce the number of particles formed during process and exhaust reaching the 

pump combination and contaminating the vacuum oil , a mesh filter is fitted to the inlet of the 

mechanical booster pump. This becomes quite heavily soiled during PECVD processes and 

is removed regularly and cleaned. The lifetime of the pumps and the vacuum oil is extended 

by this procedure. During a process the rotary pump has a gas ballast flow of 10 litres/min 

of N" which further dilutes the process gases before going to exhaust. This also prevents 

backstreaming of pump oil to the quartz chamber. However, a gas ballast does remove some 

of the vacuum oil from the pump and this is collected by an external oil mist filter, to prevent 

it going to exhaust. The oil can be drained from the mist filter and re-used in the rotary pump. 

An external oil filtration unit is also connected directly to the rotary pump. This system filters 

oil taken from the rotary pump and returns clean decontaminated oil directly to the pump oil 

circuit. This is an essential procedure to maintain the performance of the pump and extend 
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the life of the oil. The element in the filtration unit must be replaced periodically and the 

pumping pressure In the system is a visual indicatton of the state of the element and the 

cleanliness of the oil. 

3.9 RF PLASMA FACILITY 

A plasma may be created inside the quartz chamber by the rf circuit shown in Figure 3.9.1 . 

The plasma is sustained by a double loop antenna which gives inductive coupling of rf energy 

to plasma electrons which are collisionally heated and maintain the discharge [13] . The rf 

antenna is shown is Figure 3.9.2 this cusp type coil is mounted on the outside of the quartz 

tube with its axis parallel to the gas flow inside the chamber. The antenna has been 

constructed out of tinned copper wire and ceramic beads are threaded over the wire to prevent 

metal contact with the quartz. Since the antenna wire is covered by ceramic beads it has 

negligible effect on heating of the graphite substrate by the light heating. PTFE plugs have 

been used to isolate the rf connections from the metal cabinet in which the quartz chamber 

is housed. The power source is a IkW rf generator operating at a frequency of 13 .56MHz. 

The rf matching unit and antenna have been specially chosen to ensure that only a small 

fraction of the rf power produced will be reflected back to the generator. Typical SWR's for 

such a system are very close to I which allows high rf power matching. 

In this method of creating an rf plasma no metal electrodes are present inside the chamber. 

This is favourable since metal electrodes could create particles in the chamber or cause 

metallic contamination in deposited films . A plasma may be generated in the deposition zone 

whilst heating the substrate and this gives the option of a PECVD process with this system. 

By producing a CF, plasma as will be discussed in section 3.10 the chamber may be cleared 
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of any sidewall deposition. The rf antenna can be moved upstream or downstream from the 

deposition zone to facilitate cleaning . At present the rf plasma facility IS used for PECVD of 

silicon nitride and CF 4 or H, plasma pre-cleans of chamberlsubstrate. 

3.10 CF, PLASMA ETCHING AND CHAMBER CLEANING 

3.10.1 CF, Plasma Etching 

The rf antenna must be able to create a uniform plasma density and produce reasonable etch 

rates over the susceptor region to be suitable for useful device processing. A CF, plasma was 

investigated under various process conditions. Three 50mm (100) silicon substrates with a 

I ~m thermal oxide were placed equidistant along the graphite susceptor. A CF 4 plasma was 

generated into the quartz chamber for each experiment. The effect of process pressure upon 

SiO, etch rate was investigated by measuring the SiO, thickness with a NanoSpec 21 OXP at 

twenty locations on each substrate before and after the experiment. The process pressure was 

varied by throttling the pump whilst the rf power and CF, flow rate remained constant. Figure 

3.10.1 shows that the SiO, etch rate decreases with increasing pressure. This can be explained 

by a reduction of pumping speed and a less efficient ionization process to regenerate the 

charge lost by diffusion and recombination. It is desirable to have a uniform etch rate across 

the substrate for reproducibility of results. In order to optimise the uniformity of the etch rate 

across the susceptor it has been found that the rf antenna should be placed 20mm upstream 

of the deposition zone. Figure 3.10.2 shows the SiO, etch measured on three points across 

each 50mm oxidised silicon wafer. The etch rate is slightly higher in the centre substrate 

indicating a higher plasma density in this region . Careful positioning of the rf antenna is 

required to achieve high uniformity of etch rate along the susceptor. The uniformity of the 
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rf plasma generated in the system during the PECVD of silicon nitride is Immediately obvious 

when deposition takes place on a sIlicon wafer. The thickness varallon of the layer is shown 

in coloured bands visible to the naked eye. The thickness can be readily determined by 

measurements on a Nanometrics 21 OXP instrument to ensure uniform deposition . 

3.10.2 Chamber Cleaning 

Although a number of steps have been taken to ensure minimal deposition on the sidewalls 

of the quartz chamber, it must be assumed that after a period of time a thin film will be 

present. It is time consuming and expensive to remove the quartz chamber to give it a wet 

chemical clean . During cleaning a certain amount of water vapour will have been introduced 

to the system, caused by prolonged atmospheric exposure. In addition , a few dummy runs are 

required before processing can commence, to condition the chamber. 

CF, f1ow 66sccm 

Pressure O.2mBar 

rf Power IOOW 

Etch Rate of Si 90Nmin 

Etch Rate of SiO, 40Nmin 

Table 3.10.1 : Typical conditions for chamber cleaning 

For these reasons a dry in-situ clean is preferred. In this case, a CF, plasma is produced in 

the quartz chamber and has proved effective at removing sidewall deposition . It is desirable 

to repeat this clean at regular intervals especially after PECVD of silicon nitride. If silicon 
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nitride were present on the chamber walls it would absorb light radiation and transmit this 

heat to the quartz allowing deposition to occur. Typical process conditions for chamber 

cleaning by a CF 4 plasma are shown below in Table 3.10.1 above. 

3.lt SAFETY FEATURES 

The quartz chamber, tungsten halogen lamps and most electrical connections are entirely 

enclosed within an aluminium cabinet to protect the operator from powerful lamp radiation 

during heating and also from fragmented glass in the event of chamber implosion. The control 

electronics have been interlocked to prevent the lamps being switched on when the cooling 

water flow is not sufficient to protect the O-ring seals and lamp holders. Another interlock 

prevents any process gas flow whenever the system pressure is above 12mBar to protect the 

operator whilst a substrate is being loaded or unloaded at atmospheric pressure. The operator 

is protected against a large pressure increase during a process possibly due to a pump failure 

or chamber implosion by an over pressure switch which would immediately switch off the 

process gases 

All of the pneumatic valves, MFC's and gas lines were leak checked before use and this 

procedure is repeated regularity . A toxic gas monitor continuously samples the regions in 

which reactor and the toxic gases are located and automatically closes all toxic gases if a leak 

is detected. A user guide has also been produced for the Multi Process reactor. This 

documentation contains specific details about the operation of the machine and should be 

familiar to the user prior to processing. The layout of the gas and electronic controls on the 

reactor, shown in Figure 3.1/ .1, should be explained and demonstrated to each new operator 

by an experienced user . 
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Chapter .J : Silicon Deposition and Characte ri,wtion 

4.1 INTRODUCfION 

The first widespread use of polycrystalline silicon in integrated circuits came over twenty 

years ago when it was used as the gate material in MOS devices [I] where it is stilI dominant 

today. Polysilicon quickly replaced metal gates because of its excellent step coverage from 

chemical vapour deposition, refractory nature and work function compatibility with silicon 

devices. The compatibility of polysilicon with high temperature processing enabled the 

introduction of a self-aligned MOSFET technology which greatly improves device 

performance, by redUCing parasitic capacitance and it is used widely, with minor variations, 

in current technologies. The use of polysilicon in integrated circuit processing has expanded 

continually to include almost every component on an lC including, interconnects, sidewall 

spacers, resistors, capacitors, buried contacts for resistors, all contacts for bipolar devices and 

the active regions of thin film transistors [2]. The numerous applications of polysilicon has 

arisen from the ease of deposition, its ability to be oxidised and the wide range of resistivities 

that can be achieved by doping Figure 4.1.1 shows some of the many uses of polysilicon in 

an example BiCMOS structure. Many of the features mentioned above can be simultaneously 

achieved with a single layer of polysilicon. 

Polysilicon can be grown by a variety of techniques, each suited to the needs of a particular 

semiconductor technology. Most of the polysilicon films incorporated in silicon integrated 

circuits are grown over the temperature range 500-850°C by low pressure CVD [3,4]. This 

technique is widely used because of the uniformity, reproducibility and conformal nature of 

the layer Thin polysilicon films for specialist applications and research are generally grown 

by high vacuum deposition (commonly MBE or sputtering [5,6]) at temperatures usually 
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below 600°C Atmospheric pressure CVD deposition systems are generally used for the 

deposition of thick polysilicon layers at temperatures between 900-1300°C, where the 

uniformity of deposition depends on gas phase reactions and therefore the geometry of the 

process chamber is of particular importance [7] . 

Rapid thermal chemical vapour deposition (RTCVD) [8] has recently been considered as an 

alternative to LPCVD in some applications and the deposition conditions for polysiltcon are 

very similar in both cases. The major difference in processing is that RTCVD requires thermal 

energy to be applied only during deposition and therefore rapid heating or cooling of the 

wafer is used to start or stop the process. Single wafer RTCVD reactors offer a convenient 

means for load locked processing, multilayer and in-situ deposition with speCIal cleaning 

steps, which allow the removal of the native oxide. However, RTCVD suffers from an 

unacceptably low wafer throughput at the moment and is only economical for speCIalised 

products or where low thermal budgets are essential. Other deposition techniques have been 

studied for polysilicon deposition in which the thermal activation energy is supplemented by 

other energy sources including plasma and laser irradiation [8] . 

This chapter describes the deposition of amorphous and polycrystalline silicon by LPCVD 

while retaining the fast gas switching and comparable short temperature cycles of RTCVD . 

It is not possible to heat glass substrates directly by light irradiation and the use of a susceptor 

is necessary . An additional problem of RTCVD is poor temperature uniformity over the 

substrate at temperatures normally used for LPCVD of polysilicon . The Multi Process reactor 

described in Chapter 3 makes use of a graphite susceptor to overcome these problems 

although heating cycles are slightly longer as a consequence. The reactor also has the 

flexibility of in-situ sequential processing. The structure of silicon layers deposited on glass 
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substrates at different deposition temperatures has been studied and also the effect of thermal 

anneals in subsequent crystallisation The deposition of in-situ doped polysilicon films has 

been characterised for use as a gate electrode in a TFT device. 

4.2 CHEMICAL VAPOUR DEPOSITION OF SILICON IN THE MULTI PROCESS 
REACTOR 

The transfer of silicon from gaseous phase compounds (eg. sIlane SiH,J to solid phase 

incorporation in a growing polycrystalline silicon layer on a planar substrate in LPCVD 

reactors has been extensively studied [10,11) The overall deposition process can be viewed 

as the sum of microscopic steps. In the first instance silane enters the chamber by forced 

convection and flows parallel to the chamber walls, to the vicinity of the wafers . It is 

important that the gas velocity is such that forced convection dominates over free convection. 

In free convection at low gas velocities, the gas motion is established by temperature 

gradients and uniform deposition is difficult due to irregular gas flow. When the velocity of 

the gas is such that forced convection dominates, the walls of the chamber create a drag on 

the gas flow so that the gas velocity is lower near the walls than away from them and a 

boundary layer forms between the walls and the free flowing gas far from the walls. The 

process gas approaches the wafer by diffusing through the boundary layer near the wafer and 

may decompose partially or completely in the gas phase. When the silane and reaction 

intermediates reach the wafer surface they can adsorb or they may be able to diffuse on the 

surface before completely decomposing into silicon and hydrogen. The resulting silicon atom 

diffuses to stable sites on the surface, generally at steps formed by partially complete layers 

of silicon previously deposited. More arriving silicon atoms surround the first atom, complete 

bonds and bind it firmly into the deposited layer. 
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Silane can decompose on the surface of a wafer in a heterogeneous reaction or decompose 

in the gas phase In a homogeneous reaction. It IS important that heterogeneous decomposition 

should dominate for the dense, low defect layer required for silicon integrated circuits. 

Homogeneous decomposition allows silicon atoms to agglomerate into clusters or large 

particles in the gas phase forming a rough porous layer when they reach the wafer surface. 

This type of reaction is likely to occur only at high gas temperatures (>800°C) or when a high 

concentration of the silicon containing gas is present ego high pressure deposition. For a high 

quality layer it is essential that at least the final stage of the decomposition reaction should 

occur from species adsorbed on the surface even though intermediate species may form in the 

gas phase It is generally accepted that the inItial step in the pyrolysIs of SiH, is the formation 

of silylene (SiH,) in the gas phase. 

SiH, (g) SiH,(g) + H,(g) Equation 4.4.1 

At low pressure and because of kinetic factors such as the short residence time of the gas in 

the reactor, the formation of a thermodynamic equilibrium concentration of SiH, and other 

intermediates is unlikely. In a low pressure reactor the dominant reaction probably occurs 

through the adsorption of silane and silylene on the wafer surface. 

SiH,(g) + surface site SiH,(ad) Equation 4.4.2 

SiH,(g) + surface site SiH,(ad) Equation 4.4.3 

It is thought that SiH, would be adsorbed more strongly on the wafer surface than SiH, 

because of the presence of residual unbonded electrons on the Si atom in the SiH, molecule. 
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However, SiH, will not dominate the reaction mechanism since it will be present only in small 

quantities . After adsorbing , the reacting species may be firmly bound where they first adsorb 

and remain fixed until they re-evaporate or decompose or if the adsorbed atoms have enough 

thermal energy they may diffuse on the surface. 

SiH.(ad) + 4 surface sites Si(s) + 4H Equation 4.4.4 

SiH_(ad) + 2 surface sites Si(s) + 2H Equation 4.4.5 

As the adsorbed silicon atoms diffuse on the surface they encounter partially complete layers 

of silicon previously deposited If the adsorbed molecules have not completely decomposed 

they may do so at this favourable site. These adsorbed atoms or their pre-cursors migrate on 

the silicon surface and lead to nucleation and continued deposition [12] . Simultaneously, 

hydrogen atoms or molecules liberated by the decomposition readily diffuse on the surface. 

Two hydrogen atoms may encounter each other, combine and desorb as a hydrogen molecule. 

H(ad) + H(ad) H,(g) Equation 4.4.6 

4.3 NUCLEATION 

Before silicon deposition can occur on an amorphous substrate, nucleation must occur and 

provide surface sites for the arriving silicon atoms to combine. Polysilicon in TFT 

applications is normally deposited on an amorphous substrate which will not contain any 

preferred low energy sites if it is free from particulate contamination. If this is the case 

adsorbed silicon atoms diffuse randomly on the surface at a rate influenced by the thermal 

71 



Chapter 4 : Silicon Deposition and Characterisation 

energy supplied by the substrate. As they mIgrate they can re-evaporate or desorb since they 

are weakly bound to the surface or they may form an adsorbed pair with other diffusing 

atoms. This atom pair can Join additional atoms forming a large more stable cluster which is 

less likely to desorb. The cluster eventually forms a stable nucleus on which continued 

deposition can take place The critIcal size of the cluster at which It will not desorb is 

dependent upon the temperature, binding energy between individual atoms and the substrate 

and also the binding energy of atoms in the cluster. The concentration of critical clusters or 

nuclei on the surface is determined by the partial pressure of the silicon containing gas and 

the desorption rate. The surface of the substrate is covered by an array of nuclei separated 

from each other by approximately the surface diffusion length of an adsorbed atom. Each 

nucleus increases in size untIl they coalesce and form a continuous film with boundaries 

between each individual grains 

The number of nuclei generally decreases with increasing substrate temperature because 

adsorbed atoms possess greater thermal energy and can diffuse further on the surface to an 

existing nucleus rather than forming a new nucleus and few but larger nuclei are formed. In 

addition, small clusters which are readily formed are less stable at high temperatures and more 

likely to desorb. Nucleation must occur before continuous deposition can proceed and hence 

the initial deposition rate is lower than the steady state deposition rate. The deposition rate 

will increase almost linearly during nucleation and then remain constant after the substrate is 

covered with a silicon layer. The developing grain structure is strongly influenced by the 

amount of thermal energy available for surface migration. Deposition conditions which allow 

the adsorbed silicon atoms, to diffuse further on the surface before being immobilised by 

subsequently arriving silicon atoms lead to larger grain sizes and a better defined structure. 

Surface migration increases with increasing substrate surface temperature because of the 
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greater random motion associated with increased thermal energy . However surface migration 

decreases, when more of the adsorption sites are filled by non silicon impurity atoms at high 

total gas pressures or when strongly adsorbed contaminants are present. At low temperatures 

the adsorbed atoms have insufficient energy to diffuse significantly on the silicon surface 

before they are covered by subsequently arriving silicon atoms and the random arrangement 

is locked into place. In this case, the atoms are essentially immobilised where they first reach 

the surface and the deposited film is amorphous. 

Adsorbed impurities can be incorporated into the film during deposition If an impurity atom 

is present below the surface, the silicon atoms may re-arrange later to form a denser structure. 

As the silicon contracts the resulting tensile forces can deform the film . Oxygen causes severe 

degradation when small quantities are incorporated from oxygen contamination in the gas 

phase Contamination on the surface before deposition can also affect the deposited film. If 

contamination is present some low energy sites may be available to attract diffusing silicon 

atoms from the surrounding regions and form thick defective silicon deposits at these 

locations. The excess silicon near the defect is supplied from surrounding regions and 

therefore the film may be thinner near the vicinIty of the defect. 

4,4 SILICON GROWTII 

4,4.1 Deposition Rate 

In the MultI Process reactor the thickness uniformity of polysilicon is achieved through the 

optimisation of temperature uniformity. This is possible because the process is surface limited 

deposition and largely independent of gas delivery. The deposition rate changes rapidly with 
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temperature and operation in this regime requires the substrate temperature to be accurately 

controlled. When the diffusion of the silicon containing gas through the boundary layer occurs 

rapidly compared to the reaction and the overall deposition process IS said to be surface 

reaction-rate limited. The deposition of silicon for TFT applications normally takes place at 

process temperatures in the range (550-620°C) and little reactant is consumed by the process. 

At higher temperatures the overall deposition rate is eventually limited solely by the rate at 

which the reactant can be transported to the surface of the wafer and hence the process is 

mass-transport limited. In the latter case the deposition rate varies little with temperature . 

Normally for polysilicon deposition the operating temperature is chosen as high as possible 

to increase the deposition rate but low enough to avoid gas depletion. Often the desired film 

structure and substrate will also constrain the deposition temperature. Also, the type of carrier 

gas can affect deposition rate . In the mass-transport operating regime the nature of the carrier 

gas will have little effect but at low temperature the reaction rate is significantly higher in 

nitrogen compared with hydrogen which suppresses the silane decompositIon. Figure 4.4.1 

shows a typical example of the two distinct areas of operation for silicon deposition with an 

inert carrier gas and a hydrogen carrier gas [12] . 

The deposition rate in the Multi Process reactor is limited only by the rate of migration of 

SiH4 molecules across the polysilicon surface and their self-nucleation and growth. The effect 

of substrate temperature is shown by the Arrhenius curve, in Figure 4.4.2. The deposition rate 

[10] can be described by 

R = 

where A is an arbitrary constant and 
T is the substrate temperature. 
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The temperature dependence is exponential and if the logarithm of the deposition rate is 

plotted against the reciprocal of the absolute temperature, the slope of the line is equal to -

qE,Ik. The activation energy E, can be determined and is equal to 1.8eV in this case. This 

compares with literature values of 1.5-2.0eV/atom [11 ,12] for the pyrolysIs of sIiane In the 

temperature range 570-800°C. The dependence of deposition rate on process pressure is shown 

in Figure 4.4.3. The increase in deposition rate for higher pressures can be attributed to the 

reduction in the surface diffusion coefficent This type of pressure dependence is characteristic 

of a heterogeneous process. Hence, the main variables In the deposition of polysilicon are 

total pressure, sIiane concentration, and temperature. 

Process Parameter a-silicon Deposition Polysilicon Deposition 

20% SiH, flow Islm Islm 

Temperature 580°C 620°C 

Pressure 6mbar 6mbar 

Deposition Rate 22A1min 60Almin 

Layer Thickness 1760A 1800A 

Process Time 80 mins 30mins 

Table 4.4.1 Deposition Conditions fOI' a-silicon and Polysilicon 

It is known that impurities such as oxygen and carbon can affect the deposition rate and it 
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is likely that these and other trace contaminants are responsible for different values of the 

constant A in Equation 4.4.7 [13). The standard processes used for the deposition of 

amorphous silicon and polysilicon are shown in table 4.4.1. The a-silicon film should contain 

very few nuclei , low strain and small surface roughness «20A) since this yields better grain 

formation after annealing compared to direct deposition in crystalline form 

The stability of the nuclei and the reproducibility of their occurrence are the reason LPCVD 

polycrystalline silicon deposition systems are normally operated below 650°C. At such 

temperatures the nature of the substrate has little influence on nucleation or growth and the 

native oxide present on silicon is stable at these temperatures so growth effectively takes place 

on an amorphous substrate whether the underlying layer is silicon, silicon dioxide or silicon 

nitride. The deposition of a-silicon films is performed at 580°C, below the transition 

temperature. 

4.4.2 Transition between Amorphous and Polycrystalline Deposition 

It can be stated that when the rate of arrival (1) of SiH4 molecules at surface steps is equal 

to or exceeds that of the surface diffusion co-efficient of silicon (D) such that J/D2 1 there is 

a high probability of two SiH4 molecules meeting before they encounter an existing nucleus, 

each pair becomes a nucleus and an amorphous layer is deposited. This is likely to happen 

when the deposition rate is high enough such that there is a high probability of two SiH, 

molecules meeting. It is commonly observed in a LPCVD system that the transition 

temperature between amorphous and polysilicon deposition is in the range 570-590°C. The 

surface coefficient D is very much reduced by surface contaminants, including the reaction 

gases in CVD. Thus for similar values of J the amorphous to crystalline transition occurs at 

76 



Chapter -I : Silicon Deposition and Characterisation 

570-590°C in LPCVD but the same transition can occur at 400°C in high vacuum deposition 

where the gas pressure can be up to 105_109 times lower. The deposition rate of polysilicon 

depends upon the partial pressure of hydrogen, the doping gas, the silicon containing gas, the 

carrier gas, total pressure and the substrate temperature. The transition between fully 

amorphous and polycrystalline is not abrupt and occurs gradually [12] . The maximum total 

pressure where the as-deposited film is polysilicon depends upon deposition temperature and 

the dilution of the source gas. For a given gas composition the maximum pressure at which 

the transition occurs decreases as the deposition temperature is lowered and increases as the 

dilution of the source gas is increased. At any given temperature the lower the deposition rate 

the more crystalline the layer. As deposition pressure is increased it reaches a critical value 

where crystal lites are embedded in an amorphous matrix [14] . The surface diffusion length 

varies with the inverse of the square root of the deposition rate . The transition temperature 

for silicon deposition in the Multi Process reactor was found to be approximately 590°C when 

using the process conditions in Table 4.4.1. 

4.4.3 Effect of Impurities and Contaminants on Deposition Rate 

The initial density of nuclei in the deposited film and the rate of grain growth during the 

crystallisation process can be changed significantly by the impurity content in the film [15] . 

Oxygen is a primary contaminant in polysilicon and the level incorporated in the film depends 

upon the background partial pressure in the reactor. This is affected by the purity of the 

incoming gases, system leaks and desorption of oxygen from the walls of the chamber. The 

purest available carrier gas contains about Ippm oxygen and water vapour. At lower 

deposition rates the depositing silicon atoms have a longer time to move around and produce 

larger grains but this process can be impeded by oxygen atoms if the deposition rate is too 
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low In addition the desorption of oxygen from the growing layer IS much more difficult as 

the temperature is lowered. It has been reported that oxygen concentrations of > I 0'0 

atoms/cm3 can seriously affect the grain size and growth after depositIOn [16] . Therefore sheet 

resistance is increased because the effective mobility and the carrier concentration are 

lowered. A SIMS plot of the polysilicon layer deposited using the process conditions in Table 

4.4 .1 is shown in Figure 4.4.4 and the ° content in the film is approximately 2xlO l9 

atoms/cm'. This value is acceptable for a LPCVD reactor without a load-lock system A 

small quanttty of oxygen may severely impede surface diffusion of the deposited silicon 

atoms. The silicon atoms must then continually re-arrange after they have been covered by 

subsequently arriving atoms resulting in the formation of a highly stressed layer in the 

growing film . As the temperature increases the number of adsorbed oxygen atoms will 

decrease since they re-evaporate as 0 , or SiO and surface diffusion can proceed more easily . 

Note at a given temperature and oxygen/silicon atom ratio, the surface atoms have longer time 

to re-arrange at lower deposition rates and less internal arrangement is necessary and therefore 

the layer is less stressed. The carbon concentration shown in the SIMS plot of Figure 4.4.4 

is 2x I 0" atoms/cm' which is very low contamination level and should not interfere with grain 

growth . 

4.5 SlRUcrURE OF DEPOSITED SILICON FlLMS 

The structure of the polysilicon film at the end of the deposition depends upon the nucleation 

and the kinetics of growth at the gas-solid surface and on the solid state transformations 

whilst the substrate is hot. A number of experiments were performed to study the grain size 

and the effect of deposition temperature and subsequent annealing on the silicon layers 

obtained from the Multi Process reactor. Layers were deposited on Coming 1733 glass 
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substrates coated with a silicon nitride passivation layer or on oXIdised silicon substrates Four 

distinct types of microstructure are possible : 

(i) amorphous silicon 

(ii) microcrystalline silicon 

(iii) as-deposited polysilicon 

(iv) polysilicon from crystallisation of (i) 

The first is a completely amorphous film typically deposited at 580°C and no granular 

structure is evident. Figure 4.5. 1 shows the trace of an Atomic Force Microscope (AFM) 

probe across the surface of an amorphous silicon film deposIted using the process conditions 

in Table 4.4.1 . There is no visible structure in the film and the z-axis indicates the layer is 

very smooth. Figure 4.5.2 shows an AFM profile of a silicon film deposited in an amorphous 

form and annealed for a relatively short period of 20 hours at 590°C. The grains vary in size 

from 500A to 1500A and in this case the crystallisation process is incomplete. If the anneal 

time is extended to 72 hours, the film will be transformed to a polycrystalline one by solid 

phase crystallisation. In this manner the film with the largest grain size can be obtained. 

Figure 4.5.3 shows an example of a polycrystalline silicon film obtained after annealing an 

amorphous silicon film at 590°C for 72 hours, the grain size is approximately 1500A A 

polycrystalline film may also be deposited directly at temperatures above 610°C although the 

grain size will not be as large as that of an annealed amorphous film . Figure 4 .5.4 shows an 

AFM profile of such a film with an average grain size of 800A It is interesting to compare 

the latter polysilicon film deposited on a glass substrate with a polysilicon film deposited on 

an oxidised silicon substrate under similar process conditions. Figure 4 .5.5 shows that the 

polysilicon film deposited at 620°C on an oxidised silicon substrate has a grain size of 
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approximately 2000A Therefore the nucleation process IS effected by the choice of substrate. 

The surface of the oxidised silicon wafers and the glass substrate have very similar roughness 

values of 1.5-3A and 3A respectively and are not expected to heavtly mfluence nucleatIOn 

Another factor that may influence nucleation is susceptor temperature which is 10°C higher 

for the glass substrates to ensure that the substrate temperature is the same, see Chapter 3. 

This effect of a higher susceptor temperature would enhance the decomposition of SiH, into 

SiH,. This intermediate species is normally only present in small quantities and does not 

dominate the reaction mechanism. The reduction in grain size may be influenced by SiH, 

being present in sufficient quantity to compete with SiH, adsorption and mcrease the 

nucleation density . 

The grain size of as-deposited polysilicon on glass substrates may be influenced by the SiNx H 

passivation coating. The grain size of as-deposited polysilicon without a SiNx H passivation 

layer was investigated and an AFM profile is shown in Figure 4.5.6. The grain size in this 

case has been reduced to approximately 500A compared to 800A from layers deposited on 

SiN,: H coated glass substrates, Figure 4.5.4. This reduction may be due to diffusion of 

impurities out of the glass substrate during deposition and increasing the nucleation rate. 

Alternatively imperfections on the glass surface, which do not influence the rms surface 

roughness value, may contain preferred low energy sites which enhances nucleation. Thus 

deposition of a SiN, H passivation layer on the glass substrate would cover the imperfections 

and decrease their effect on nucleation . 

The cross-sectional structure of as-deposited polysilicon and crystallised silicon are usually 

quite different The grains in as-deposited polysilicon often have a preferred columnar 

structure perpendicular to the film surface as a consequence of high nucleation density and 
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grain growth during deposition. However, re crystal 11 sed silicon usually has a more random 

planar structure caused by a low nucleation density throughout the film . 

The films above cannot be described by a single grain size and It is common practice to refer 

to the average grain diameter in the centre of the wafer The grain size quoted in the AFM 

profiles in this chapter was the average value of 10 adjacent grains obtained from a plan view 

of the film . As mentioned earlier, grain size is affected by the presence of contaminants, 

especially oxygen and carbon. Therefore a clean starting substrate and high purity of process 

gas are very important. The crystallisation of silicon will be dIscussed further in section 4.7. 

4.6 DOPED POLYSILICON FILMS 

4.6.1 Kinetics of Gmwtlt 

The in-situ deposition of a conductive silicon layer is attractive since it eliminates a process 

step in the fabrication sequence and provides a uniform incorporation of dopant throughout 

the deposited layer [16,17]. For the low temperature fabrication of TFT's the deposition of a 

doped polysilicon layer is desirable for use as a gate electrode. The layer can be deposited 

after the dielectric, (SiN,: H in this case) as part of an in-situ sequential processing routine. 

The Multi Process reactor can deposit an n-type polysilicon layer from a mixture of O.2%PH) 

in N, and 20%SiH, in N, at substrate temperatures similar to those used for undoped 

polysilicon The process gases are mixed after passing through mass flow controllers and 

before injection into the process chamber A graph of deposition rate against PH/ SiH, gas 

flow ratio is shown in Figure 4.6.1 The addition of a small percentage of PH) greatly reduces 

the deposition rate from that of undopcd polysilicon deposition . The silicon deposition 
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mechanIsm is inhibited by the preferential adsorption of phosphine at surface sites. Phosphine 

is adsorbed more strongly than silane and blocks the adsorption of silane by occupying sites 

which are then unavailable to silane. The presence of a lone pair of valence electrons on th e 

phosphine molecule enables it to compete successfully with silane (a fully co-ordinated 

mol ecule) for available free surface sites. The sticking co-efficient of phosphine may be up 

to forty times greater that of silane. Therefore the non-dissociative adsorption of a stable layer 

of pentavalent phosphine will bridge adjacent silicon atoms. Silane molecules must di ssociate 

by losing hydrogen before they can adsorb and bond strongly to the silicon surface Therefore 

the strong bonding of phosphorus to the silicon surface decreases the deposition rate 

substantially although the activation energy remains the same. The adsorbed phosphine is 

stable on the surface at LPCVD temperatures although hydrogen is lost at temperatures greater 

than 400°C. Adsorbed PH, is stripped of H atoms at temperatures in the range 500-650°C 

leaving behind phosphorus. Additional surface sites may then become available allowing high 

concentrations of adsorbed phosphorus [19] . Also hydrogen directly bonded to the silicon 

surface due to hydrogen transfer from adsorbed phosphine may also leave allowing additional 

surface sites. This assumes the arrival of the dopant molecule intact at the growth surface 

However, the deposition rate should fall more dramatically than it actually does in practice 

if this is the only deposition mechanism. Therefore, another silicon deposition mechanism is 

being promoted by PH, addition. The adsorption of SiH" a minority process in the deposition 

of "undoped polysilicon" may be unaffected by the presence of PH, due to its valence 

electrons. It is also possible that intermediate compounds such as monosilyphosphine is 

formed [20] . 

SiH,+ PH, ~ SiH,PH, Equation 4.6. 1 
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The substitution of P-H bonds for Si-H bonds at the growth interface is not expected to 

interfere with film growth by silylene insertion at that surface. Now silylene may al so re-insert 

mto silane producing disilane. 

SiH, + SiH, ~ Equation 4.6.2 

It is thought that the homogeneous generation of these highly reactive species, Si ,H
6

, SiH,PH, 

and SiH" in the process chamber enhances the effective reaction rate although the silane 

heterogeneous contribution has been suppressed. These intermediate species are highly 

reactive compared to silane. The growth rate may be a transport controlled regime. Reaction 

intermediates are responsible for thickness variations. The selected process conditions for the 

deposition of an in-situ doped poly silicon layer are shown in Table 4.6.1. As explained earlier 

in section 3 5 an offset exists between the susceptor temperature and the temperature of the 

substrate surface. 

A number of factors were of importance in selecting the conditions. The major problem with 

this process is that although the dopant is spread uniformly throughout the film it is not all 

activated and available for conduction . Also, it is not possible to give the glass substrate a 

high temperature anneal so a process must be chosen that provides a layer with good 

conductivity which is enhanced after low temperature annealing. The phosphorous content in 

the layer should be as high as possible but the limiting factor is that the deposition crashes 

as the PH/ SiH, ratio is increased. It should be noticed that the PH/ SiH, gas flow ratio is 

lower for the process using glass substrates although layers of similar conductivity are 

produced from both depositions. The explanation may be that the higher susceptor temperature 

is affecting the gas phase reactions as the doped polysilicon process is now mass transport 
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limited. Also when performing the experiments it was very important to check the thickness 

of each layer. The desired thickness of the polysIlicon gate was 1500-2000A and a layer In 

this thickness range was necessary for analysis A thinner layer would have a smaller grain 

size and therefore have a higher resistivity regardless of phosphorus content. 

Parameter Coming 1733 glass Oxidised silicon substrate 

Substrate surface 620°C 620°C 
temperature 

Susceptor surface 654°C 644°C 
temperature 

0.2% PH, flow 175sccm 225sccm 

20% SiH, flow 1slm lslm 

PH/ SiH4 ratio 0.00175 0.00225 

Process Pressure 6mbar 6mbar 

Process Time 60mins 70mins 

Deposition Rate 30Almin 27A1min 

p after deposition 130f.lcm 27.2f.lcm 
7222D/o 1439D/o 

p after annealing 0006f.lcm 0.007f.lcm 
(650°C I hour) 333D/o 370D/o 

Table 4.6.1 Process Conditions for In-Situ Doped Polysilicon 

The effect of a low temperature anneal on the polysilicon layer deposited using the process 
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conditions of Table 4.6.1, for an oxidised silicon wafer can be seen in Figure 46.2 . The effect 

of this anneal IS to increase the conductivity of the polysilicon film The addlllon of 

phosphorous to the silicon deposition process aids the grain growth In the film dunng 

deposition . The effect of a low temperature anneal is to activate the phosphorous dopant in 

the layer and incorporate it into the silicon lattice. The phosphorous will also be trapped by 

dangling bonds at the grain boundaries. An AFM profile of an in-situ doped polysilicon layer 

deposited on an oxidised silicon substrate is shown in Figure 4.6.3 . The grain size of this 

layer is approximately 3500A and this can be directly compared to the grain size of an 

undoped polysilicon fi lm also deposited on an oxidised silicon substrate which was 2000A 

(Figure 4.5.5). 

In order to verify the doping level required to implement a doped polysilicon layer as a gate 

electrode, CV measurements were taken from MOS capacitors with a structure shown in 

Figure 4.6.4. The C-V traces are shown in Figure 4.6.5. In the case of devices where the 

polysilicon gate electrodes have a resistivity of O.5IQcm, a normal C-V curve was obtained. 

However, for a film with higher resistivity of 50Qcm the C-V curve is not as expected. As 

the gate voltage is increased in accumulation the capacitance again decreases, this is only 

possible by the formation of a capacitive component in series with the oxide capacitance. This 

series component is formed as the polysilicon gate begins to be depleted of carriers and acts 

as a dielectric . Therefore this characteristic must be avoided in TFT devices with a polysilicon 

gate electrode. 

The depletion of the poly silicon gate electrode can be verified by treating the polysilicon and 

the oxide as two series capacitors. From the C-V curve the capacitance of the oxide Co, is 

given as 
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Cox = 400pF Equation 4.6. 3 

An accurate value for A the capacitor area can be found and substituted into Equation 4.6.4 

to obtain Cpoly , the effective capacitance of the fully depleted polysilicon 

547pF Equation 4.6.4 

Now if the polysilicon is fully depleted the total capacitance will be the effect of having Cpoly 

and Cox in series. 

23lpF Equation 4.6.5 

It can be seen from the C-V trace in Figure 4.6.5 that this value is very close to the actual 

value plotted on the graph, 215pF. It can therefore be concluded that the doped polysilicon 

layer with a resistivity of O.5IQcm, is sufficiently conductive to be used as a gate electrode. 

4.6.2 Polysilicon Doping by Ion Implantation 

The source and drain regions of the TFT must be doped to allow sizeable current flow in the 

device. In a self-aligned structure this can be done easily by ion implantation where the gate 

electrode acts as a barrier against ions being implanted into the channel region The source 

and drain can be implanted directly at a low energy level or these regions can be implanted 

through the gate dielectric material at a higher energy level. The latter case is preferred since 

it reduces the risk of short circuiting from gate to source or drain. After implantation the 

polysilicon must be annealed to activate the dopant and repair any crystallite damage caused 

during the process. Normally the anneal temperature for implanted polysilicon would be in 
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the range of 800-900°C but this is not possible with glass substrates. Therefore long low 

temperature anneals are required in order to achieve the desired conductivity . Figure 4.6.6 

shows the effect of thermal annealing on the resistivity of an as-deposited polysilicon layer, 

with a thickness of 2000A, directly implanted with P at 20keV. This is in contrast to the 

similar polysilIcon material implanted with P through a SiN, H dielectric at 120keV where 

higher anneal temperatures are necessary . The effect of dose on the resistivity for vanous low 

temperature anneal conditions are shown in Table 4.6.2. It is desirable to keep the temperature 

as low as possible to avoid glass distortion but this requires implant doses of > 1 016 atoms/cm' 

when implanting P through a SiNx: H dielectric. 

Anneal Temperature & Resistivity for Resistivity for Resistivity for 
Time (Dose 5e15) (Dose 1 e 16) (Dose2e 16) 

(Qcm) (Qcm) (Qcm) 

620°C for 10 hours - - 26 

630°C for 18 hours - 0.014 0.021 

650°C for 2 hours 0.009 0.006 0.006 

Table 4.6.2 Resistivity Measurements for Phosphol'Ous Implanted Polysilicon at 120keV 
thl'Ough a 800A thick SiN,:H Dielechic 

4.6.3 Grain Boundruy Model 

The conduction mechanism in doped polysilicon can be explained by the grain boundary 

model described in Chapter 2 [21] . Polysilicon is viewed as being composed of small 

crystal lItes joined together by grain boundaries. InsIde the grain , atoms are arranged in a 
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penodic manner forming a small crystal while the grain boundaries are composed of 

disordered atoms and contain large numbers of defects due to incomplete bonding These 

defects create trapping states at the grain boundaries capable of immobiltzing the carriers 

available for conduction. Once the traps capture carriers they become electrically charged and 

impede the motion of carriers from one crystallite to another. This reduces the mobility and 

creates regions of high resistivity at the grain boundaries. The high resisti vity observed at low 

dopant concentrations is explained by most of the carriers being trapped at grain boundaries 

leaving few free for conduction. As the doping concentration is increased the number of 

trapped carriers will increase in a manner determined by the energy distribution of the traps . 

Eventually the traps approach saturation and upon further increase in the dopant concentration 

the number of trapped carriers will not increase appreciably but the potential energy barrier 

Eo will decrease and the space charge region narrow. Due to the exponential dependence of 

the resistivity of a grain boundary on the height of the energy barner the resistivity will 

decrease sharply with small increases in the dopant concentration as the traps become 

saturated. Therefore an abrupt reduction in resistivity at intermediate dopant concentrations 

is expected. At high dopant concentrations the region near the grain boundaries no longer 

limits the conductivity of the material and the properties of the material will approach those 

of the crystallites. At very high dopant concentrations the mobility increases rapidly until it 

becomes limited by ionized impurity scattering. The mobility decreases with increasing dopant 

concentration as in single crystal silicon so a maximum is observed. At intermediate dopant 

concentration the difference in resistivity between films can be explained by different 

crystallite sizes and is a maximum at these concentrations. The lower resistivity of the 

recrystallised films is explained by the larger grain size. The results shown in Figure 4.6.6 and 

Table 4.6.2 indicate that a higher anneal temperature and length of the anneal time determine 

the percentage of dopant activated in the implanted polysilicon films. 
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4.7 CRYSTALLISATION OF SILICON FILMS 

4.7.l Applications of Crystallised films 

The highest quality polysilicon layers are normally produced after crystallisation of amorphous 

silicon films usually either by long thermal anneals [22] or excimer laser annealing [23] . The 

effect of crystallisation is normally an increased grain size as seen in section 4.6 but it also 

affects the density of traps at the grain boundaries and the internal grain structure [24,25] . A 

large grain size is not a pre-requisite for a good device layer. Indeed the defects and 

dislocations at the grain boundaries limit the number of carriers available for conduction . A 

number of the most popular methods will be reviewed below. The disadvantages with these 

type of processes is generally the long time involved which limits the turn around time of the 

product and/or the cost of specialised equipment. 

4.7.2 Solid Phase Crystallisation 

Films deposited in an amorphous state contain only a few crystallites occupying a low 

percentage of the layer This crystallite density increases with increasing deposition 

temperature. As the films are annealed the grains with residual crystallinity serve as a nuclei 

for crystal growth and expand until the amorphous matrix is consumed and the growing grains 

impinge on each other. The largest grains are obtained by starting with a-silicon films 

containing the fewest crystallites, but these layers are obtained at low temperatures which may 

have a deposition rate so low as to render the process impractical. At exceedingly low 

deposition rates hydrogen may be incorporated into the films. An a-silicon film with a low 

nuclei density will have only a few grams present to act as seeds for solid phase 
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crystallisation so that large grains can be achieved by annealing [26]. Annealing temperatures 

of SOO-600°C are often used because signifIcant solId phase growth of grains can occur in this 

temperature range with very little spontaneous nucleation which would lead to the grain size 

varying greatly in size throughout the film [27]. Substantial grain growth is then likely before 

the growing grains impinge on adjacent grains growing from other nuclei. The resultant grain 

size is determined by the number of nuclei in the amorphous film. Large grain size usually 

means good crystallinity giving a high mobility of carriers. Reduction of the number of nuclei 

or suppression of nucleation during the solid phase growth is of crucial importance for 

obtaining large grain size polysilicon. Another method of producmg an a-silicon layer with 

a low nuclei density is to ion implant the silicon layer with a high dose of Si atoms. A few 

grains will be preserved due to the orientation of the beam and act as seeds for solid phase 

crystallisation [28]. 

Grains are generally observed to be ellipsoidal in shape. This IS caused by crystallisation 

along two mutually perpendicular and crystallographic directions. It has been found that solid 

state growth proceeds with simultaneous formation of a number of microtwins. Figure 4.7.1 

shows a schematic diagram of the recrystallisation mechanism [30]. Initially nucleation occurs 

after annealing the film for a short time. Solid state growth then proceeds with microtwin 

formation along the major axis in a preferred direction either [112] or [110] usually leading 

to elliptical grain formation . The growth along the minor axis in a [Ill] direction 

accompanies the microtwin formation and is a lot slower. The difference in growth rate 

between the planes is related to the number of Si atoms required in order to complete the 

atomic structure in that particular crystal plane [31] . The final step in the growth mechanism 

is that some of the microtwins become larger than others and preferentIal growth in the [112] 

directIon then follows and finally the dendritic formation is completed The grain growth 
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continues in this way until the grains contact each other. The recrystallised sIlicon layer 

deposIted on a glass substrate shown in Figure 4.5.3 shows a hexagonal structure slmliar to 

that in Step 3 of Figure 4.7. 1. 

4.7.3 Lasel' Crystallisation 

In this method, an amorphous silicon film is heated to its melting point by high energy pulses 

of typically 350mJ/cm' from an excimer laser. The silicon layer solidifies very quickly , 

forming a high quality polysilicon film in typically less than 100nsecs. The adsorption 

coefficient of amorphous silicon is quite high in the ultra-violet light region of the excimer 

laser and it is possible to recrystallise the film without thermal damage to the glass substrates. 

The density of nuclei in the starting silicon film plays no role in the crystallisation by an 

excimer laser since the crystal lites are melted. The silicon is heated to its melting point and 

the generation rate and the growth rate of nuclei are the dominant factors . These factors are 

directly related to the transient temperature profile and the solidification rate of the molten 

silicon film is the dominant factor in determining grain size. Indeed larger grains may be 

obtained by heating the substrate during crystallisation to reduce the solidification rate [28] . 

The trap state densities are lower in laser annealed polysilicon for similar grain size than for 

solid phase crystallisation. This is due to the reduction of dangling bonds and dislocations at 

the polysliicon grain boundaries and fewer defects within the grains due to laser induced 

meltmg of the silicon . Field effect mobilities of 100cm'Nsec may be obtained despite small 

grain sizes in laser crystallised silicon [22] . The solidification velocity must be controlled by 

substrate heating during laser annealing. 
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4.8 CONCLUSIONS 

The Multi Process reactor has been successfully used for the deposition of amorphous and 

polycrystalline silicon on Coming 1733 glass substrates. The transition temperature between 

a-stlicon and polysilicon deposition was found to be in the range of 590-600°C. AFM profiles 

demonstrated four different types of silicon structure. No granular structure was evident in 

amorphous silicon layers. The largest grain sizes of silicon films deposited on Coming 1733 

glass substrates (1500A) was achieved by solid phase crystallisation of layers initially 

deposited in an amorphous form . The presence of a SiNx H passlvation layer on the glass 

substrate was found to increase the grain size of as-deposited polysilicon. 

In-situ doped polysilicon layers were deposited by adding a dopant gas PH, to the polysilicon 

process. The deposition rate was reduced by half upon the addition of PH, due to the 

suppressIOn of the heterogeneous reaction dominant during the deposition of undoped 

polysilicon. These films required a thermal anneal in order to achieve the conductivity 

required for use as a polysilicon gate electrode. C-V measurements showed that poly silicon 

layers with a resistivity of 0.5 H2cm will not deplete when used as a gate electrode. 

Polysilicon was implanted with phosphorous directly and also through a SiNxH dielectric . In 

both cases a thermal anneal is required to activate the dopant and reduce the damage caused 

during the implantation. When implanting through SiNx: H the it was necessary to increase the 

dose to I x I 0'6cm' In order to obtain useful resistivities at temperatures below 650°C. 

A mechanism for the recrystallisation of a-silicon films was described. Grain growth is 

attributed to crystallisation along two mutually perpendicular and crystallographic directIOns. 
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The resultant grains are generally observed to be ellipsoidal in shape and this is in agreement 

with AFM Images of recrystallised silicon layers deposited on Coming 1733 glass substrates . 
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PLASMA ENHANCED DEPOSITION OF SILICON NITRIDE 
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S.I INTRODUCTION 

Silicon nitride layers have a number of important applications in the semiconductor industry. 

They are used extensively for the passivation of devices, i.e., protection of completed devices 

from a hostile environment, and as a dielectric in non-volatile memory elements in MNOS 

devices or high efficiency inversion layer solar cells [1-4]. Excellent step coverage, good 

adhesion to underlying layers and a diffusion barrier to water vapour and sodium ions, make 

silicon nitride ideal for encapsulating devices after the final metallisation layer. It also gives 

particle and scratch protection to devices during mounting operations. 

Silicon nitride is normally deposited by CVD with differing structures and applications. 

LPCVD silicon nitride (Si ,N.) is widely used for oxidation and diffusion masks and also as 

a dielectric layer [5 ,6]. The main characteristics of LPCVD silicon nitride which these 

applications exploit are its high breakdown strength, low pinhole density and high dielectric 

constant. These films are normally deposited by pyrolytic reaction between gaseous SiH,C1, 

or SiH. and NH, under differing pressures and flow rates in the temperature range 700"C -

900°C [7-9]. These process conditions mean LPCVD Si,N. is not suitable for TFT fabrication 

on glass substrates because of temperature restrictions. However, silicon nitride may be 

deposited at lower temperatures, if a plasma is generated during the process. These layers are 

of different composition (SiN,:H) to those deposited by conventional CVD and are normally 

suited to passivation applications [10,11] . Most applications require the PECVD of silicon 

nitride to be perfonned in the temperature range 300-400°C so as not to affect underlying 

metal layers . 
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Plasma processing has been widely used in microelectronics since the early 1970's. It was 

initially used to replace complicated wet chemical etches with poor selectivity and for 

applications requiring anisotropic etching. Production plasma etch processes have been 

developed to pattern polysilicon and silicon nitride , resist stripping to name but a few [12]. 

In addition plasmas have been used to assist deposition at low temperatures usually for silicon 

nitride, silicon dioxide or amorphous silicon [13] . 

Recent literature has reported that by careful control of the deposition conditions, SiN,: H can 

have a dual purpose for TFT fabrication [14]. Low cost glass plates are an attractive substrate 

on which to fabricate TFT's for LCD panels, 2D imagers and large area sensors. 

Unfortunately these glass substrates contain many alkali impurities detrimental to device 

performance . A silicon rich SiN ,: H layer can be deposited over the glass substrate to prevent 

diffusion of the impurities into the active layers. In addition it has been shown that good 

quality nitrogen rich SiN, :H can be deposited and used as a reliable gate dielectric in a TFT 

[15] . This chapter will include the characterisation of SiN, :H layers deposited in a multi 

processing environment and their application to TFT's. 

5.2 PLASMA ENHANCED REACTION OF SiH., NH3 AND N, 

The reason PECVD silicon nitride has been so widely used as a protective coating are that 

it may be deposited with reasonably high deposition rates at low temperatures compared with 

CVD nitride and that it acts as a very effective diffusion barrier. The reduction in deposition 

temperature is made possible by producing a glow discharge in the process chamber. The 

discharge ionizes and fragments the gas molecules creating intennediate species that react at 

the wafer surface. This kinetic effect of the plasma is such that there is a considerable 
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increase in the reaction rate of a system . This effect can be explained by the opening of new 

reaction channels in which electrons, ions and/or excited species are involved [16]. The 

desirable chemical reaction for film deposition although possible from a thermodynamic point 

of view, under the given conditions, would proceed very slowly in the absence of a plasma . 

By depositing silicon nitride in a plasma system , it is also possible to control the 

stoichiometry of the film by varying RF power, NH,ISiH, flow ratio , deposition temperature 

and process pressure . The following reaction is normally assumed with a NH,ISiH, gas flow 

in a glow discharge in the temperature range 300-600"C. 

Equation 5.2 .1 

This shows that the plasma silicon nitride is not the stoichiometric material Si J N4 but could 

be more correctly described as an amorphous silicon-nitrogen-hydrogen alloy Si ,N,H,. It is 

noticeable that this material contains a certain amount of atomic hydrogen . This chemically 

bonded hydrogen will affect the film considerably with differing parameters to those of 

LPCYD nitride . The presence of thi s hydrogen has been confirmed by Fourier Transform IR 

measurements which show substantial amounts of bonded H in the absorption spectrum of N

I-! and Si-H at stretching frequencies of 3350cm-' and 2160cm-' respectively [17] . The amount 

of bonded H varies from process to process and its origin is undoubtedly the gaseous 

reactants, usuall y si lane and ammonia . It has been shown that plasma nitride deposited at 

300"C may contain I 0%-20% atomic hydrogen, whil st thermal nitride deposited above 700"C 

has a much lower hydrogen content of 4%-8% [18] . It is nonnally desirable to have minimal 
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H in the device layer as loss of hydrogen dunng subsequent processing could be detrimental 

to device performance [19] . The relative concentratIOns of Si-H and N-H vary by large 

amounts In plasma nitride and the silicon to nitrogen ratio may vary from 07 to 1. 7. 

Obviously these large changes in film composition and bonding will cause large variances in 

the performance of the layer Therefore, plasma silicon nitride must be characterised 

separately although it has comparable properties to CVD nitride. 

5.3 EXPERIMENTAL DETAllS 

Deposition experiments were performed in a custom built multi process reactor which has 

been described in Chapter 3. Silicon substrates ( (100) 2-5!2cm, n-type) were given a 

H,O,IH,SO, chemical clean, 10:1 HF dip , DI rinse and spin dry before loading into the 

reactor . For each experiment three silicon substrates, 50mm in diameter were placed equi

distant on the graphite susceptor This meant the uniformity of the process could be measured 

and also provided convenient samples for subsequent analysis SiNx: H was deposited by 

ionising silane (20% diluted in nitrogen, purity 99999%) and ammonia (Electra Grade 11 , 

purity 99.995%) in a glow discharge created by an inductively coupled antenna. The 

maximum rf power was 1 kW, at a frequency of 13 .56MHz. The process conditions 

investigated were reactive gas flow ratio (NH,ISiH, varied 81-2: I), temperature (range 300-

550°C) and rf power (I OOW -200W). In each experiment approximately 1000A of SiN,: H was 

deposited. For each process condition, deposition rate, buffered HF(7%) etch rate and 

refractive index were measured. The refractive index and film thickness were measured using 

a Nanometrics NanoSpec 21 OXP Thin Film Measurement System. These results were verified 

with a Tencor Alphastep and a Gaerthar Scientific I1 16-A ellipsometer 
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Metal-Nitride-Silicon (MNS) capacitors were fabricated on low resistivity sIlicon substrates 

n-type 1-20cm and were analysed to obtain further information about the layers, namely the 

relative permittivity and the breakdown field After deposition , the wafers were taken from 

the reactor and immediately loaded into an Aluminium evaporator. The dielectric was coated 

with aluminium, patterned to form circular capacitors Imm in diameter and then the back of 

the wafer was also coated with aluminium . Finally the devices were given a nitrogenlhydrogen 

anneal at 450°C for 20 minutes . High frequency capacitance voltage measurements were 

performed on the MNS capacitors using a Hewlett Packard Multi-frequency LCR meter 

connected to a microcomputer via a IEEE-488 interface. Approximately 20 measurements 

were carried out on each wafer to allow statistical analysis. The relative permittivity and 

surface charge of the layer was monitored in this way . Breakdown field analysis was 

performed using a Karl Suss probe station and Tektronix Curve Tracer 571 . The breakdown 

voltage was obtained for approximately 20-30 devices on each wafer. 

5.4 RESULTS AND DISCUSSION 

It is widely known that the hydrogen content in a SIN, H layer increases dramatically when 

deposited at temperatures below 300°C [8]. This temperature has traditionally been used to 

deposit SiNxH for passivation applications where the layer does not experience further high 

temperature processing As mentioned earlier, hydrogen which leaves the SiNx: H layer during 

subsequent high temperature processing can be detrimental to device performance [9]. 

Figure 5.4.1 shows the breakdown field and BHF etch rate of SiNx: H layers deposited in the 

temperature range 300-550°C. The reduction in BHF etch rate with increasmg deposition 

temperature indicates a decreased oxygen content and higher density. The source of oxygen 

in the layers is most likely to be water vapour desorbing from the chamber walls . The steady-
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state desorption rate is lower at higher temperatures resulting in less oxygen incorporation in 

the deposited films The release of hydrogen from Si-H and N-H bonds will also be more 

pronounced at higher temperatures giving a SiN,: H layer with a lower hydrogen content. It 

is also favourable to work at these relatively high temperatures for gate dielectric fonnation 

to minimise time between this process and polysilicon gate deposition which typically takes 

place at 620°C. This is an advantage for in-situ sequential processing in TfT fabrication The 

benefits of the multi process are that the SiN, :H layer is never exposed to atmosphere and 

interface contamination is minimised. for these reasons most subsequent SiN , :H deposition 

experiments were perfonned at 550°C. 

The dependence of refractive index and BHf etch rate on the active gas flow ratio at different 

rf powers is given in figures 5.4 .2 & 5.4 .3. for an increase in rf power the refractive index 

decreases, and this can be interpreted as a reduction in the SilN ratio in the film . The effect 

of rf power on film composition is such that the silane gas almost entirely dissociates at low 

powers but the ammonia gas does not . Hence the amount of ammonia ions available for 

reaction at the wafer surface is dependent on the level of rf power. As the NH/ SiH, ratio is 

decreased the films become increasingly silicon rich which results in a higher refractive index. 

This is correlated with a lower BHF etch rate since all the films were deposited at the same 

temperature and should contain a similar amount of oxygen . SiN,: H films with a higher 

silicon content are more suited to passivation applications since these layers have a high 

density and the relatively low breakdown field is not significant. 

From Figures 5.4.4 & 5.4.5 it can be seen that the SiN,: H deposition rate depends only 

slightly on gas phase composition and total pressure. The process pressure was varied by 

using a vacuum valve on the pumping track to throttle the pump combination . Slight changes 
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in the deposition rate for different gas compositions can be explained by the small variations 

in the cross-section for ionisation and dIssocIatIOn for the dIfferent gases, since mean electron 

energy is also dependent on composition. It is possible that pressure has little effect on the 

deposition rate since at lower pressures the mean electron energy is generally higher but 

ionisation and dissociation rates can be directly proportional to total pressure. A weak 

dependence on pressure is in contrast to a strong dependence of deposition rate on rf power. 

During processing a small change in process pressure (eg. 00 I mBar) will have neglible effect 

on deposition rate whereas a 20W variation in rf power could cause the deposition rate to 

increase or decrease by 10Almin 

It can be seen from Figure 5.4 .6 that the SiN,: H deposition rate is almost independent of 

temperature. This is because the mean electron energy or electron temperature in the plasma 

is much higher than the substrate temperature and so it may be concluded that the electron 

impact dissociation rate is nearly independent of the substrate temperature . In fact the plasma 

enhanced deposition rate was found to have a low thermal activation energy of O.OleV. 

The relative permittivity (c,) is also dependent on the process conditions, see Figure 54.7. 

Results indicate that c, increases as the NH,/SiH, gas flow ratio increases, which suggests a 

reduction In the SilN ratio giving a nitrogen rich film . The breakdown field is dependent on 

NH/ SiH, ratio and follows a similar pattern to that of relative permittivity with the most 

insulating layer, i.e., hIghest breakdown field , corresponding to the hIghest NH/ SiH, ratio , 

Figure 5 4.8. The effect of increasing rf power is such that the SilN ratio is decreased with 

a resultant improvement in the insulating properties of the film . These latter results (Figures 

5.4 .7 &5.4.8) were obtained from measurements on MNS capacitors 
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5.5 OPTIMUM PROCESSING CONDITIONS FOR THE DEPOSITION OF SiN,:H 

From the data above it was possible to select a set of deposition parameters to deposit SiN, H 

as a dielectric . A separate set of process conditions were chosen to deposit SiN,: H as a 

passivation layer, where a dense film is required to prevent the diffusion of impurities. As a 

gate insulator the film should also have a minimal Hand 0 content, low pinhole density and 

a high breakdown field . A SiN, H layer with the above properties can be deposited usmg the 

following conditions, NH/ SiH, ratio of 8: I , rf power 150W and a substrate temperature of 

550°C. This process has a deposition rate of I 85A/min and the SiNH film has a relative 

permittivity of 6.75 and a breakdown field of 7.7MV/cm as shown in Table 5.5 .1. Using these 

processing conditions MNS capacitors were fabricated to test the uniformity of devices 

fabricated using the layer. The dielectric strength of the film was tested over the entire wafer 

to produce the histogram shown in Figure 5.5.1. The deposition conditions chosen are those 

with the highest rf power, the largest NH/ SiH, ratio and the maximum possible temperature 

without obtaining deposition on the walls of the processing chamber. This very practical 

consideration influenced our choice of process conditions. 

In contrast, it is desirable to deposit a passivation layer over the glass substrate at a low 

temperature to avoid any diffusion of impurities into the reaction chamber, which would be 

detrimental to the subsequent deposition of a high quality polysilicon layer. In this case a 

layer with a high SilN ratio is desirable as this is the most effective barrier against impurity 

dIffusion . Deposition conditions selected are shown in Table 5.5.1. A further test was 

performed on this layer to test its barrier capabIlity . A 1000A SiN,: H passivation layer was 

deposited on a Coming 1733 glass substrate and it was given a 48H8 alkali metal blocking 

test by Pilkington glass in Manchester, England. The impurity content was investigated using 
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flame emission spectroscopy and results showed that the sample released 0 09Ilg/cm' of Na,0 

and 004Ilg/cm' of K,O over a fixed time perIod of 48 hours. These results indicate the 

excellent barrier qualities of the SiN,: H film and are similar to data provIded by glass 

manufacturers [20] . 

In order to test the temperature stability of the optimised SiN,: H dielectric coating, a 1000A 

thick layer was deposited on a silicon wafer as described previously. The wafer was loaded 

into a furnace and the temperature was ramped up to 1000°C for one hour. The wafer was 

inspected with the naked eye and under a microscope, but no defects or breakup of the layer 

was detected. It was assumed that the thermal budget to be used in the fabrication of TFT's 

would not exceed that given in this test since all processing temperatures are below 650°C 

Deposition Conditions Dielectric layel' Passivation layer 

Gas Flow Ratio NH/ SiH, 8 I 4: 1 

rf power 150W 100W 

Temperature 550°C 300°C 

Deposition rate 185Nmin 146Nmin 

Refractive Index 1 95 2.05 

Relative Permittivity 6.75 <6 

Breakdown Field 7.7MV/cm <4MV/cm 

Table 5.5.1 Deposition Conditions fOI' SiN,:H as a Dielectric layel' and a Passivation layer 
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5.6 FURTHER ANALYSIS OF SiN :H DIELECfRlC LAYER , 

The film composition of the optimised dielectric layer was studied by RBS and SIMS 

analysis. The RBS spectra were acquired at backscattering angles of 1600 and 111 0 with a 

pnmary He ion beam operating at 2.275MeV. The RBS profile for a 31 ooA thick SINH 

sample deposited on a silicon (100) n-type substrate are shown in Figure 5.6. \. No 

variations in the Si or N concentrations were detected with respect to depth in the film and 

no impurities were detected. The detection limit for C and 0 was approximately 5 at% 

while for atoms heavier than P the detection limit was 0.05 at% or less . Hydrogen cannot 

be detected by RBS so to complete the analysis a SIMS profile of a TFT type structure 

was obtained, shown in Figure 5.6.2. 

From RBS measurement It was calculated that the sample contained 2.43xI0 " silicon and 

nitrogen atoms/cm' for a film of 3100A in thickness. From SIMS analysis the atomic 

density of H is given as 9xI0" atom/cm3 Therefore 

(at% H) = 
atom density of H 
atom density of film 

x lOO 10.3% Equation 5.6.1 

Now as stated earlier the correct notation to describe this layer is Si , N,H ,. Now it can be 

written 

Si 
N 

= 
x Equation 5.6.2 
y 

From RBS giving y/x = \.37 . Now normalIze x= \. This gives y= \.37 . Now z can be obtained 
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from 

(at% H) 100z 
x+y+z Equatton 5.63 

Substituting for (at% H) and y gives z=0.27. Therefore the silicon nitride layer used for gate 

dielectric in TFT's can be fully described as Si ,N,II :Ho". Using this information the density 

of the layer can be calculated from the formula below. 

atom density (atoms/cm' ) = 

where d is the film density , 

dnN..JL 
MW 

n is the number of atoms per molecule, 
N, is Avogadro's number and 
MW is the molecular weight 

Equation 5.6.4 

This gives a film density of 26g/cm', similar that of thermal nitride which IS -2.7g/cm'-

5.7 PLASMA REACfION MODEL 

A simplified reaction scheme for the deposition of silicon nitride in a plasma has been 

suggested by Claassen et al. [21] . The analysis comes from the widespread research into the 

deposition of a-Si from a silane plasma, where the properties of the films are a function of 

the kinetics of the glow discharge [22] . 

Five different reactions, are used to describe the deposition of SiN, H from the process gases 

SiH" NH, and N, from a glow discharge. Gas phase ionization is responsible for sustaining 

the plasma and can be described by the equations below : 
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S· e IH, ~ SiHn~ + (4~n)H + 2e n = 1,2,3 

e 
NH , ~ NHm~ + (3~m)H + 2e m = 1,2 

e N, ~ N, + 2e 

Equation 5.7 I 

The above reactions are accompanied by gas phase dissociation where the parent molecules 

are broken up 

S· e IH, ~ SiHn + (4-n)H + e n= I,2,3 

e 
NHJ ~ NHm + (3-m)H + em=1,2 Equation 5. 7.2 

From the literature it has been found that SiH, and NH are the most important intermediates 
in the gas phase. 

SiH, + SiH, ~ S,H6 

Equation 5.7.3 
NH + SiH, ~ SiNH, 

Normally for low pressure CVD systems operated at temperatures below 650°C the rate 

limiting step for deposition is found in reactions which take place at the surface of the 

substrate. The hydrogen content of the layer is strongly dependent on deposition temperature 

although the deposition rate hardly depends on temperature, see Figure 5.4.6. Therefore 

hydrogen desorption from the surface IS not the rate limiting step for the deposition . Instead 

it is the insertion of NH and SIH, radicals into Si-H and N-H bonds shown in the Equation 

5.7.4 below. 
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H H H 

/ 
H H H H H H N-H Si-H 

\ / + NH \ / 
N Si N -t N Si N 

1 \ / \ / \ + Si Ho / \ / \ / \ 
Si Si Si Si Si Si 

Equation 5.7.4 

Hydrogen leaves the surface by cross-linking after the insertion of NH and SiH,. This reaction 

is shown in Equation 5.7.5 below. Adsorption of hydrogen at free sites on the surface can be 

neglected due to the large number of N-H and Si-H bonds. Due to the high energy required, 

the formation of N-N is not probable. 

H H H H H H 

\1 / 1 / 
H H N-H Si H H N-Si H + H,(g) 

\ / \1 \ 
N Si N N Si N 

1 \ / \ / \ / \ / \ / \ 
SI Si Si SI Si Si 

Equation 5 7.5 
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The deposition of SiN,: H depends only slightly on gas phase composition, deposition 

temperature, and total pressure from Figures 5.4.5 & 5.4.6. In contrast the deposition rate is 

very dependent upon the rf power supplied to the plasma, Figure 5.4.4. 

The rate of dissociation processes can be written as 

where kd is the rate constant for dissociation , 

[e] is the mean concentration of electrons and 

[X] is the mean concentration of monomers. 

Equation 5.7 .6 

The constant kd depends on average electron energy, electron distribution function and cross

section of the different species. As the mean electron energy is much higher than the value 

caused by substrate temperature alone, it can be concluded that electron impact dissociation 

rate is nearly independent of the deposition temperature . The rate of ionization can also be 

described from the equation above. However, in the pressure regime being analysed, the rate 

coefficient for ionization is at least two order of magnitude lower than the rate coefficient for 

dissociation [23]. The formed radicals may react in the gas phase or move by diffusion to the 

electrodes where they are incorporated into Si-H or N-H bonds, see Equation 5.7 .5. The 

temperature dependence of these reactions is small as radical-radical reactions are often 

weakly activated or inactivated processes [24]. 

The small variations in deposition rate measured for different gas phase compositions can be 

explained by small variations in the cross-sections for ionization and dissociation for the 
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different gases. The mean electron energy only depends slightly on gas compOSition The 

deposition rate of SiN, H depends only slightly on pressure. This can be explained by a 

combined effect since at low pressure, the mean electron energy tends to be high , while the 

ionization and dissociation rate are proportional to both total pressure and mean electron 

energy. 

The insertion reaction rate (r ,) can be assumed to be the rate limiting step for the deposition 

process. The hydrogen elimination rate (r, ) can be much slower or faster than (r,) and this 

affects the composition of the material but has no effect on deposition rate . If r, > r, the film 

contains little hydrogen and if r,< r, then a layer is formed with a significant H content. The 

ratio of the rates r,ir, depends on the deposition temperature for any the SUN ratio . Therefore 

hydrogen desorption can be enhanced by increasing the deposition temperature. It should be 

noted that dehydrogenation from the surface of the growing film is the rate limiting step 

during the plasma deposition of high quality silicon films [25] . 

The density of the deposited layers decreases with increasing hydrogen content, provided that 

the ammonia partial pressure is constant. This is due to effect of cross-linking and hydrogen 

desorption . Maximum density corresponds with SUN ratio of 0.75. At high total pressure (or 

silane partial pressures) the density of the deposited layers decreases enormously, possibly due 

to gas phase reactions. This leads to the reaction occurring much faster and gas phase 

nucleation occurs leading to powder formation . This condition is best avoided to prevent the 

generation of particles in the gas phase. 
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5.S CONCLUSIONS 

PECVD deposition of SiN,: H was investigated in the temperature range of 300-550°C. The 

deposition process was optimised for incorporation in a multiple layer in-situ deposition 

schedule in the productIon of TFT's . For this application consIderable advantages are gained 

by depositing the films at temperatures above 300°C, where the H content is reduced and 

dielectric properties are improved. Experimental work showed that a slightly nitrogen rIch film 

yields the best characteristics for use as a dielectric. No impurities were detected in the layers 

from RBS analysis and SIMS results showed that the layers had a H content of less than I 1% 

and an oxygen content of 2.5xl O'9atoms/cm3 A low hydrogen and oxygen content is desirable 

for a SiN,: H to minimise diffusion of these speices during subsequent processing The 

deposition rate is determIned by the insertion of silicon and nitrogen containing compounds 

into the Si-H and N-H bonds at the surface of the growing layer. The deposition rate is 

almost independent of total pressure and temperature. After insertion of the formed radicals 

into Si-H or N-H bonds, hydrogen elimination takes place by cross-linking. 
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Chapter 6 . TFr Fabricallo n and CharactenSalion 

6.1 INTRODUCTION 

Throughout the course of thIs research project TFT's were fabricated to develop and refine 

processing techniques This work was carried out in parallel with the characterisatIOn of a low 

temperature dielectric and an in-situ doped polysilicon gate electrode. Initial devices were 

fabricated using oxidised silicon substrates and involved some high temperature processing 

steps. These devices were fabricated with either thermal oxide. PECVD silicon nitride or CVD 

oxide gate dielectrics. It was possible to use an in-situ sequential deposition process for TFT 

devices incorporating a PECVD silicon nitride dielectric . This chapter details the 

characteristics of TFT's fabricated using the above materials and also the development of a 

totally low temperature process suitable for glass substrates. 

6.2 TYr'S FABRICATED ON OXIDISED SLLICON WAFERS 

6.2.1 Experimental Details 

The processing sequence for the fabrication of TFT's on oxidised silicon wafers is shown in 

a schematic diagram of Figure 62.1. The schematic cross-section of the device is shown in 

Figure 6.2.2 and full process details are included in Appendix 2. The fabrication sequence was 

adjusted to produce devices with different dielectrics. namely thermal SiOo• CVD SiOo and 

PECVD SiN,: H The progress of three wafers (A,B,C), one through each of the process routes 

is described as follows. The silicon substrates used were 4 inch (100) [9-ISQcm] and they 

were given a H,D, H,SO, clean for 10 minutes, 10 I HF dip , followed by a megasonic clean, 

rinse, and spin dry . A O.Sllm SiO, layer was then grown on the silicon wafers in a ASM wet 
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oxidation furnace. Each wafer was then transported to the Multi Process reactor and a 2000A 

thIck layer of polysilicon was deposited directly at 620°e. Since the reactor IS a sIngle wafer 

system, the latter process was repeated three tImes. The first masking stage was then 

performed, patterning the polysilicon layer into device islands. The polysiltcon layer was dry 

etched using CF, chemistry in a STS RlE system. All photolithographic exposures were 

performed with a Perken-Elmer 541 Projection Mask Aligner. After the device islands were 

formed the wafers were once more given a wet chemical clean. At this stage the wafers 

follow separate process paths for the formatIon of a gate dielectric. A 1000A thIck thermal 

SiO, layer was grown on wafer A, by dry oxidation at 1050°C for I hour and 40 minutes. On 

wafer B a I oooA thick CVD SiOx layer was deposited in a APCVD reactor at 440°e. Wafer 

C received an in-situ processing sequence in the Multi Process reactor. The silicon islands 

were firstly given a 2 minute CF, plasma clean to remove any atmospheric contamination and 

provide a clean interface for dielectric deposition . After this pre-cleaning step a 800A SiN,: H 

layer was deposited using the optimised conditions obtained from results described in Chapter 

5. Immediately after SiN,: H deposition a 3000A undoped polysilicon layer was deposited at 

620°e. The benefits of this multi-processlOg step will be discussed further in section 6.3. 

Wafers A and B received a 3000A undoped polysilicon deposition in a ASM LPCVD furnace 

also at 620°e. The second masking stage was then performed to pattern the poly silicon gates 

on the TFT devices. The polysilicon was again dry etched. The thermal oxide and the CVD 

oxide dielectric were removed from the source and drain by Buffered HF on wafers A and 

B respectively . The SiN,: H was stripped from the source and drain on wafer C by a CF, etch 

in a Plasma Technology PE80 system. All wafers were then given a solid source phosphorous 

diffusion at 1000°C for source, drain and gate electrode doping. The wafers were deglazied 

in 10: I HF solution and given a further wet chemical clean. A passivation layer of SiO, was 

deposited on all wafers by TEOS decomposition in a LPCVD furnace tube at no°e. A third 
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maskmg stage was then utilised to pattern contact wmdows for the devIces and the passlvatlOn 

SIO, layer was etched in Buffered HF An aluminium layer was then deposited on each wafer, 

and patterned m the fourth maskmg stage to provide contacts to the source, gate and drain of 

the TFT devices Fmally the wafers were given a N,fH, sinterlng anneal m an atmospheric 

pressure furnace tube at 450°C for 20 minutes prior to device testing. The performance of 

TFT's is usually enhanced by hydrogenatIOn After initial testing all three wafers were given 

a NH, plasma treatment at 2SW for 3 hours at 300°C in a Plasma Technology DP80 System 

All transistors characteristics were obtamed from a Tektronix 571 Curve Tracer. The values 

of 1.1 and V, were obtained using a graph of [Id,(sat) against Vg, and calculating the 

appropriate parameters from EquatIon 22.10, smce Cd,,, Wand L are known constants 

6.2.2 TI'3Jlsistor Chal'3cteristics 

The characteristics of TFT's with a thermal SiO, dIelectric on wafer A before and after 

hydrogenation are shown in Figures 6.2.3a & 6.2.3b. A noticeable improvement in mobility 

and reduction in threshold voltage IS evident after hydrogenation. Before hydrogenation 

mobJiity values of 1.1=9cm'Nsec and threshold voltages V, = 9V were obtained compared to 

values of 1.1 =21 cm'Nsec and V,=6V afterwards. The effect of the hydrogenation will be 

discussed further m sectIOn 64 The reader should assume that all future TFT devices have 

undergone hydrogenation unless stated otherwIse 

Figure 6.2.4 shows the characteristics of TFT's fabricated WIth CVD SiO, dielectric, wafer B, 

and mobility values of 1.1=8cm' Nsec and a threshold voltages of V,=12V were calculated for 

these devices. There is therefore a degradation in device parameters from those obtained with 

wafer A. 
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Improved TFT characteristics were achieved with a SiN,. H gate dielectric , wafer C and these 

are shown m Figure 6 2.5 In this case the devIces exhIbIt mobilities of 11=21 cm'Nsec , SImIlar 

to that obtained from wafer A but the threshold voltage has been reduced to 3V A number 

of reasons are responsIble for thIs Improvement Firstly a shift in threshold voltage would be 

expected due to the difference between the dielectric constant of SiO, (3 .8) and SiN,: H (675) 

In addItIon , wafer C received a m-situ sequential processmg step where the sIlicon islands 

were plasma cleaned before SiN, H deposition and the polysilicon gate electrode was 

deposited ImmedIately afterwards, providmg an excellent interface by maintaining vacuum 

integrity . In additIon to hydrogen passlvation, fluorine has been introduced to the 

polysilicon/SiN,. H interface and this may aId the passlvatlOn of defects in this regIon This 

will be dIscussed further in sectIon 6.5 

The transfer characterIstIcs (Id, v Vg,) for the wafers A,B and C are shown in FIgure 6 .2.6 

From this data, the sub-threshold slope, on/off current ratio loolloff and the leakage current I, 

are determmed The on-off current ratio was calculated as the maximum current obtained 

divided by the minimum current flow The leakage current values quoted is the minimum 

current flow on the graph for each type of deVIce . TFT's fabricated on wafer A exhIbited the 

highest 100110" of 3x I 0" the steepest sub-threshold slope of 1.6V/decade and the least value 

of I, A summary of all the deVIce parameters with wafers A, B, and C is shown m Table 

6.2. I below The ultimate aim of this project is to produce TFT's with a complete low 

temperature process and the transistor characterIstics achIeved with a SIN,. H are comparable 

to those produced with a thermal Si02 dielectric . The low threshold voltage obtained from 

devices with a SiN,- H dIelectric is desirable for circuit design and also allows lower operating 

voltages to be used This means the devices may be operated in a regIon where the "kink 

effect" may be avoided However, the device parameters exhibited by TFT's with a CVD SiO, 
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dielectric (wafer B) are considerably poorer than those on wafers A&C and it would prove 

quite dIfficult to desIgn and Implement circuits under these conditIons 

Wafer Mobility Threshold Inn/ ''IT Sulr Leakage 
(cm'IVsec) Voltage (V) Threshold CUI1'ent 

Slope (a) -10V 
(V/decade) (/lA) 

A : Thermal 21 6 >3xI0' 16 4x 10-10 

SiO, DielectrIc 

B CVD SiO, 8 12 > 10' 2.6 2x10-' 
Dielectric 

C SiN, H 21 3 > 10' 2 6x10-1O 

Dielectric 

Table 6.2.1 TFT Device Pammeters after Hydrogenation 

Further analysis of the transfer characterIstIcs (Id, v Vg) at low values of Vd, typically 0.1 V 

gives additional information about the density of trap states in the active polysilicon region 

Using LevInson's graIn boundary trap model [I] desCrIbed in section 23 .2 a value for the trap 

state density NI can be obtained by firstly plotting In (Id,IVg.J v (IIV.,) and calculating the 

gradient In the linear region . ThIS value should be substituted into EquatIon 2.3 3 along with 

other known constants to calculate NI. From Table 6.2 2 it can be seen that similar values of 

NI have been achieved for TFT's with thermal SIO, dielectric and a SIN, H dielectric . These 

values are comparable to those achIeved by other groups, for polysilicon TFT's [2,3] . 

However, this technique assumes that the active channel region is the full thIckness of the 
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device Island polysilicon. 

Wafer Trap State Densl ty Trap State DensIty DensIty of Deep States 
(LevInson) (Proano) (Tong) 

cm -:! cm'- cm·3ey l 

A Thermal 16x1012 1.33x10" 7.41 xl 0" 
SiO, Dielectric 

C SiN, H 1.2xl0 12 62x1012 9.3xI0" 
Dielectric 

Table 6.2.2 Comparison of Trap State Densities for Wafe~ A&C 

Proano's method [4] of computing trap state density IS a modification of Levinson's technique 

where the value of channel thickness deh is calculated as the thickness in which 80% of the 

charge induced by the gate resides Once d,h is known the next stage is to plot In (ld/(Y.,-

Y fb)) v l/(Y.,-Y fb )' and calculate the gradient of the graph . The trap state densIty N, can be 

obtained by substituting these values and known constants into Equation 2.3.9. This method 

should be more accurate and generally gives larger values of trap state density , although it 

is less widely used than LevIn son's method. Table 6.2 .2 shows thIS technique gives a value 

of trap state density for TFT's with a thermal oxide to be almost double that of those with a 

SiN, H dielectric . This would indicate that the devices with a SiN,: H dielectric are receivIng 

more passivatlOn of defects in the actIve sIlIcon regIon . Both types of devIces underwent a 

similar hydrogenatIon process although this may have been more effective with devices 

incorporating SiN,: H since this matenal can act as an addItional source of hydrogen [5] . In 
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additIon , It IS possIble that fluorIne was incorporated In the device structure after CF, plasma 

cleaning of the device islands. Therefore from these results, TFT parameters obtained wIth 

a SiN; H dIelectric should be superIor to those obtaIned with a thermal SiO, dIelectrIc 

However, Table 62 I shows that device characteristics are very sImilar In both cases, 

although the devices with a SiN, H do have a significantly lower threshold voltage Vt As 

mentioned prevIously this improvement is partly attrIbuted to the different dielectric constants 

of SiO, and SIN; H The lower trap state densIty in the SiN,: H device also effects the value 

ofV t 

The techniques proposed by Levinson and Proano assume that the trap states occur at a sIngle 

energy level In polysilicon. However, a continuous trap distribution model can account for 

dangling bonds and dislocations at the grain boundaries more easily than the previous 

methods. This contInUOUS model IS useful for calculatIng the distribution of trap states 

throughout the energy band-gap for polysilicon The data required for this model is calculated 

from the relationship between VS' and IV, by a field effect conductance technique derived in 

section 24 and was first implemented by Suzukl [6] for a-silicon devices The densIty of 

states distrIbutIon for TFT's wIth a thermal SiO, dIelectric and a SiN,. H dielectric are shown 

in Figure 6.2.7 As the TFT parameters previously calculated would suggest the density of 

states profile for both types of devIce are very sImIlar The lower Vt value for TFT's with a 

SiN,: H dielectric may be partly attrIbuted to the densIty of states profile dipping below that 

of TFT's with a thermal SiO, dielectric, moving towards the midgap region of the distribution . 

The densIty of states throughout the band-gap from FIgure 6.2.7 approximates to an 

exponential distributIOn with a notIceable higher density of trap states In the tail compared 

to the midgap ThIs is in contrast to Tong's method of calculating the deep states which 
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assumes a uniform distribution of traps in this regIon , see section 2.3.3 The values obtained 

using this technique are shown in Table 6.2.2 and are in approximate agreement with the 

density of states distribution shown m Figure 6.2.7, close to the mid-gap 

The results shown above indicates the calculated value of trap state density is heavily 

dependent on the measurement technique. Each method is certain to have Its own merits and 

faults which only become evident after studying comparative results . Suzuki's method for 

calculating data the density of states throughout the band-gap is now a preferred technique 

although it too has limitations. At the extremes of the distribution the calculated profile is 

prone to scattering due to the zero temperature assumption dunng the derivation of N,(EF+IVs). 

6.3 IN-SITU SEQUENTIAL PROCESSING 

The Multi Process reactor is capable of performing in-situ sequential processing and this can 

be implemented in the fabrication of TFT's. In section 6.2 above, this type of processing was 

used to produce TFT's with an SiN,: H dielectric. In the latter case three separate processes 

were performed in sequence, CF, plasma clean of the silicon device islands, PECVD 

deposition of a SiN,: H dielectric layer and LPCVD of a polysilicon film to be used as a gate 

electrode. High quality interfacial layers can be obtamed from this type of processing since 

the substrate is not exposed to the atmosphere between process steps. Figure 6.3.1 shows a 

SIMS plot of a TFT type structure. The structure investigated was deposited on an-type (100) 

[9-IS!1cm) silicon substrate to facilitate the analysis equipment. The transistor structure was 

prepared in the Multi Process reactor in two stages The silicon wafer was loaded into the 

Multi Process reactor after a standard wet chemical clean. Initially, a SiN,: H passivation layer 

was deposited, immediately followed by deposition of an undoped polysilicon film The wafer 
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was unloaded from the system, and exposed to atmosphere to simulate the first masking stage 

of TFT fabrication. After reloading the sample, the second stage of processing was performed, 

a CF, plasma clean, deposition of a SiN,: H dielectric and finally depoSItion of a second 

undoped polysilicon layer In thIs processmg technique the SiN, H dielectric is not exposed 

to atmosphere at any time. The polysilicon device island is deposited on a SiN,H barrier 

layer just previously deposited and Figure 6.3 .1 shows that no oxygen or carbon peak IS 

present at this mterface. A SImilar situation is also the case for the interface between the 

SiN,: H dielectric layer and the polysilicon gate film . It should be noted that the oxygen and 

carbon concentrations shown in Figure 6.3 .1 are higher than those shown in Figure 4.4.4. The 

reason for this result is that the SIMS chamber was not fully pumped down before analysis. 

However, the most important interface in the transistor structure is that between the SiN,: H 

dielectric and the polysilicon device island. The mask set in current use which produces the 

self-aligned structure shown in Figure 6.2.2 means that the first layer of polysilicon must be 

patterned into device islands before deposition of a dielectric layer The device islands may 

not be patterned after deposition of the dielectric. If this were the case the dielectric layer 

would not be present on the sldewalls of the device islands. A short circuit would then 

develop between source and drain upon formation of a conducting gate electrode film . The 

quality of the interface between the SiN,: H and the active silicon layer may be improved by 

a CF, plasma. The benefits of a CF, plasma clean are firstly to strip off the surface layer of 

polysilicon exposed to the atmosphere and secondly to introduce fluorine into the transistor 

structure see Figure 6.3.1. Fluorine has been reported to decrease fixed charge when present 

at the oxide/silicon interface in MOS structures [7] and may also passivate grain boundary 

defects in polysilicon films [8] . ThIS will discussed further in section 6.5. 
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6.4 HYDROGENATION 

In Chapter 2, the non-ideal characteristics of TFT's was explained by considering the large 

number of defects at grain boundaries and within the grains in the active polysilicon layer. 

In order to induce a conducting channel near the semiconductor surface, defect states between 

the surface and the maximum depletion region depth must be moved through the Fermi level. 

Consequently, a large fraction of the applied gate voltage is used to change the charge state 

of these non-conducting defects, rather than to contribute directly to the formation of the 

depletion and inversion layers. After the conducting channel is formed, some of the applied 

voltage interacts with the defects and barriers at the grain boundaries to lower the effective 

carrier mobility . Thus, the electrically active defects at the grain boundaries degrade the 

transistor properties. 

In order to fabricate TFT's with high mobilities and low threshold voltages a method must be 

found to reduce the number of defect states. Recrystallisation techniques as discussed in 

section 4 .7 may be employed to increase the grain size of polysilicon and hence reduce the 

number of grain boundaries per unit volume and also improve the quality of silicon within 

the grains. The most successful recrystallisation method is by laser annealing but this is still 

a relatively new technology that is quite costly and requires a considerable amount of 

development. Alternative techniques of reducing the effect of defect levels in the polysilicon 

film are available. Hydrogenation has been used extensively to improve the electrical 

characteristics of amorphous silicon by the incorporation of hydrogen into its structure to 

passivate defects [9] . The method has been extended to polysilicon where hydrogen has been 

used to passivale grain boundary defects [10,11] . Figure 6.2.3a&6 .2.3b shows the current

voltage characteristics of a TFT before and after hydrogenation in a NH l plasma. The plasma 
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creates an active species of atomic hydrogen whIch can then migrate into the polycrystalllne 

silicon film passivating the grain boundary states. A significant Increase In moblhty ~ and 

decrease in threshold voltage VI is evident from in Table 63 .1. 

TIT with thennal SiO, Mobility Threshold Voltage 
DielectJic (cm'lVsec) (V) 

Before Hydrogenation 9 9 

After Hydrogenation 21 6 

Table 6.3.1 TIT Device Parnmetel'S Before and After Hydmgenation 

After hydrogenation the grain boundary defect levels have been decreased allowing more 

carriers to be available for conduction and increasing the mobility of the device. The threshold 

voltage is reduced and therefore the gate voltage is more effective at inducing a channel In 

the active polysilicon region . The correlation between device parameters in polysilicon TFT's 

with defect state passi vation has been characterised by the distinct differences In response to 

hydrogenation by Wu. et al. [I2] . The threshold voltage and sub-threshold slope are 

influenced by the density of dangling bond midgap states which are passivated quickly by 

hydrogenation . However, the leakage current and field effect mobility are related to strain-

bond tail states and require long hydrogenation times. This behaviour is believed to be due 

to the fact that it takes hydrogen a longer time to passivate the shallow states controlling the 

mobility . Hydrogen bonding in dangling bonds is much stronger than strained bonds. Hence 

during passivation as the hydrogen traps and detraps at various sites, it will remain in 

danghng bond sites for a signtficantly longer period than the tail states. A large hydrogen 
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concentration is required to fill the deep dangling bond states before the tail states can be 

significantly passivated The spatial location of these tail states is important. If the interior of 

the grains contains a large number of tail states then the passivation rate should be quIte fast 

for this type of defect. The change of device properties which depend largely on tail state 

densities will take longer to change than those dominated by mid-gap states. The effect of 

interface states are assumed to be negligible due to the much higher bulk defect density in 

polysilicon The hydrogenation method may be enhanced when performed on a TFT with a 

SiN, H dielectric . In this case the SiN,: H dielectric has been shown to act as a high 

concentration diffusion source of atomic hydrogen [13] . 

A useful method of evaluating the effect of a passivation technique such as hydrogenation is 

to examine the density of states distribution in the band-gap before and after the technique 

is used. Unfortunately due to the time lapse between processing Wafer A and writing the 

software to compute the density of states, no devices without hydrogenation were available 

for testing However, the method can be demonstrated with wafer C which incorporated a 

SiN,: H dielectric. Figure 6.4.1 shows the density of states distribution before and after 

hydrogenation . It is evident that a reduction in the deep trap states in the midgap has 

occurred, and a reduction in threshold voltage is expected. This condition was previously 

experienced with wafer A. The trap states in the tail have been slightly increased by 

hydrogenation . It is expected that these traps would take a much longer time to passivate but 

what is not expected is an increase. It is possible that the presence of H in the structure has 

allowed fluorine to escape and hence lose the benefit of its passivation effect. Thus only the 

deep traps whIch hydrogen can easily passivate in a short time would be decreased. The role 

of hydrogen on the action of fluorine passivation has been investigated by Afanas'ev [14] 

This research indicated that the fluorination efficiency decreases in SI /SIO, structures when 

129 



Density of States (cm-3eV-1) 

1if2~------------------------------------~ 

10
20 

/ 
.---

-------------------------_ ...... _ .. . 

WaferC 

! 
! 

SiN. Dielectric 
After hydrogenation 

/ 
,! 

/ 

/ 
.-

/,/ 
WaferC 
SIN. Dielectric 
Before hydrogenation 

1d8~ ________ ~ ________ ~ ________ ~ ________ ~ ______ ~ 
o 0.1 0.2 0.3 0.4 0.5 

Figure 6.4.1 Dens~ of States Distribution Calculated for Wafer C 
Before and After Hydrogenation 



Chapter 6 TVr Fabrication and Charactensalion 

given hydrogen anneal cycles. 

6.5 FLUORINATION AND ETCIDNG OF POLYSILICON BY CF. PLASMA 

The etching of silicon and polysilicon by fluorine based chemistry is commonly used in the 

semiconductor industry and very well understood [15] . Also, as mentioned earlier in section 

6.3 dangling bonds at a silicon interface and within the film can be passivated by atomic 

fluorine . In general, CF, is preferred over pure F2 as a source of atomic F because of its low 

toxicity. By producing a CF. plasma, the Multi Process reactor can dissociate the parent gas 

into atoms by electron impact processes making F atoms available for silicon etching. The 

main dissociative reactions in CF. discharges are dissociative ionization, dissociation , 

dissociative attachment and detachment . 

dissociative ionization 

e + CF. - CF, + F + 2e 

dissociation 

e + CF. - CF, + F + e 

e + CF. - CF,' + F + e - CF2 + 2F + e 

dissociative attachment 

e + CF. - CF, + F-

e + CF. - CF,' + F' - CF2 + F + F-

detachment 

e + F- - F + 2e 
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Equation 6.5.4 
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A polysilicon film has a large number of danglIng bonds on the surface. The behaviour of F 

species on reachIng the silicon surface was proposed by Flamm et al. [16] . When SIlIcon IS 

exposed to atomIc fluorine the surface forms a fluorinated skin that extends about one to five 

monolayers into the bulk. Fluorine atoms may penetrate into the fluorinated layer and attack 

subsurface Si-Si bonds. Of the F atoms reacting with the surface, a small fraction attack 

underlying bonds to lIberate SiF" while the majority reaction pathway proceeds via 

fluorinated intermediates which are saturated through a series of additions before desorbing 

as SiF,. The etching process liberates two gaseous desorption products, the free radical SiF, 

and the stable species SiF, The etching mechanism at the silicon surface is shown 

schematically in Figure 6.5.1 Thus there are two reaction channels for the etching of the 

silicon surface. The etch rate is the sum of both reactions. 

2F + Si",f -> SiF,(g) Equation 6.5.7 

Equation 6.5.8 

Figure 6.5.1 also shows how a CF, plasma is able to passivate dangling bonds at the silicon 

surface with fluorine Previously in section 6.4 it was argued that hydrogen had proven to be 

effective at passivating the mid-gap deep states associated with dangling bonds. The CF, 

plasma clean of the device islands means that fluorine is incorporated in the TFT device 

structure and a fluorine peak is present at the polysilicon\SiN,:H interface see Figure 6.3.1 

and this can also give enhanced passlvation of the active polysilicon layer. PrevIOusly , 

fluorine incorporation in the Si /SiO, system has led to improvement in hot carrier Immunity, 

radiation hardness of MOS transIstors and the reductIOn in reverse leakage current of p-n 
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junctions [17]. Fluorine in polysilicon TFT's has been found to passivate the band tail states 

and mid-gap states uniformly [18] . The main source of tail states are strained bonds associated 

with dislocations and microtwins in the polysilicon channel. It has been reported that fluorine 

is able to break strained Si-Si and Si-O-Si bonds to cause local strain relaxation and reduce 

interface states. Fluorine may also break weak Si-H and Si-OH bonds and form Si-F bonds 

in their place. Recent research in thi s area has been concentrated on the influence of 

hydrogen on the fluorine passivation of Si and Si /Si02 interfaces. The most desirable method 

would be to take advantage of the unifonn passivation by fluorine of the trap states in the tail 

and the mid-gap and also the more effect passivation by hydrogen of the traps states in the 

mid-gap. 

6.6 DEVELOPMENT OF A TFT FABRICA nON PROCESS FOR GLASS SUBSTRA TES 

6.6.1 Introduction 

The TFT's described in section 6.3 contained at least one high temperature step, a IOOO°C 

solid source diffusion which is not compatible with glass substrates. To eliminate this step 

an alternative means of doping the gate , source and drain regions is required. An in-situ 

doped polysilicon layer can be used to form a conductive gate electrode and this provides a 

uniform distribution of phosphorous throughout the layer. The deposition conditions have been 

investigated previously in Chapter 4. [on implantation is a convenient means of doping the 

source and drain and the process conditions were described in Chapter 4 . This section will 

detail a proposed low temperature process schedule for TFT fabrication , and also describe the 

problem s associated with processing using glass substrates. 
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6.6.2 Selecting a Suitable Glass Substrnte 

Glass IS used extensIvely In dIsplay applications such as conventional CRT or flat panel 

dIsplays because it has the desirable attributes of transparency, ngidity and thermal stability 

required by the various technologies . However, active matrix display panels require more 

stringent attnbutes such as a very low alkali content, high dImensional precision and flatness , 

freedom from surface and internal defects, the ability to withstand temperature cycles and 

resistance to a variety of chemical etch ants [19] . 

There are three groups of glass substrates in general use for the manufacture of flat panel 

displays. FIgure 6.6.1 shows the typical processing temperature and application of each glass 

type. Soda Lime or Borosilicate glass can be used as a substrate for the manufacture of u

silicon circuits but the high content of alkali impurities and the maximum processing 

temperature prevents polysilicon devIces being fabricated . Alkali-earth boroaluminosilicate 

glasses can withstand processing temperatures up to 650°C and feature a number of properties 

desirable for polysilicon and amorphous silicon technologies, including a small expansion 

constant and low alkali content. Most of the commercial LCD substrate glasses are members 

of the latter group. In the alkaline-earth aluminosilicates the temperature capability can be 

Increased to over 800°C by increasing the silica content of the glass at the expense of 

eliminating boric oxide. However, as the silica content is increased, glasses generally become 

Increasingly difficult to melt and form and cannot be produced by conventional glass sheet 

manufacturing equipment As a general rule the hIgher processing temperature that a glass 

substrate can be used, the higher the cost of the substrate. Therefore it is not feasible from 

a cost perspecti ve to fabn cate flat panel di splays uSing standard IC processing techniques on 

expensIve quartz substrates. 
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The processing temperature capabIlity of a glass substrate is essenttally a function of glass 

viscosity. The maximum temperature of use for a glass substrate is often set at the strain point 

since this is well below the temperature range in whIch viscous flow and hence substrate 

deformation can occur. However, operation at even the strain point may require some care in 

ramping up and down from the processing temperature because of the possibility of stress due 

to thermal gradients . Therefore a safety margin of 15-25°C below the straIn point is usually 

chosen to prevent stress build up in the substrate. Glass viscosity is a critical aspect of 

thermal shrinkage relating to display substrates. Increasing the strain point of a glass generally 

lowers the thermal shrinkage at a given process temperature. Owing to the exponential 

dependence of glass viscosity on temperature, a 30-40°C increase in temperature can result 

in a factor of 2 decrease in thermal shrinkage if glasses having a similar thermal history are 

compared. 

The substrate selected for development of a low temperature TFT process was Coming 1733, 

which is of alkaline-earth boroaluminosilicate composition and was developed to withstand 

temperatures of 620°C, allowing the direct deposition of polysilicon This glass has a high 

strain point, 640°C, and a coefficient of thermal expansion of 36 x 10·7;oC which is close to 

that of si licon . The substrates were supplied in 100mm diameter slices with a thickness of 

0.5mm. These dimensions were chosen so existing photolithographic equipment set up for 

100mm silicon substrates could be used to pattern the various layers. The approximate 

composition of the glass is shown in Table 6.6.1 and it is interesting to compare the Coming 

1733 glass with that of Coming 7059 which is used widely for a-silicon display technology . 

Other material data of particular Interest in TFT processing, is shown in Table 6.6.2 

The etching chemistry used in the manufacture of flat panel displays is diverse . The corrosion 
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of the substrate during film etch is therefore a concem. Substrate cleaning methods borrowed 

from silicon semiconductor technolol,'Y could cause damage to the glass substrate The 

recommended cleaning methods by the manufacturer are ultrasonic cleans In dilute detergent 

or an immersion for a short time in a I : I H,o,IH,SO, solution [20] . All glass cleaning 

methods work by the mechanism of stripping off a microscopic layer from the substrate, 

exposing a fresh surface. If too much glass is removed from the surface during cleaning or 

if surface attack is inhomogeneous, visible damage can result In this case a H,o,IH,SO, clean 

was chosen to clean the Coming 1733 glass substrates as the chemicals were readily available 

and no visible damage was apparent after cleaning Normally when preparing silicon 

substrates for device processing a 10 I HF is administered to remove any chemical oxides 

formed dUring cleaning. However, this is not possible for Coming 1733 glass as frost damage 

appears on the surface readily after immersion. Additional etch rate tests were performed to 

test the resistance of the Coming 1733 glass against the chemicals used during the proposed 

fabrication sequence of TFT's 

Glass Composition 

Substrate SiO, AI,OJ B,O, MgO CaO BaO 1(,0 Na,O As,OJ 

Coming 49 10 15 - - 25 - - I 
7059 

Coming 57 15 13 - - 14 - - I 
1733 

Table 6.6.1 Glass Composition fOI' Coming 7059 and Coming 1733 Glass Substmtes 
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The glass substrates were initIally cleaned in H,o,IH,SO, for 10 minutes, rinsed thoroughly 

and spin dried . The substrate was coated with photo resist and patterned into striPS for Tencor 

Alpha-Step measurements. Figure 6.6.2 shows the etch rate against time for Buffered HF (7%) 

and a polysilicon etch (100HNO,:40H,o:6HF). It can be observed that both solutions attack 

the glass rapidly leaving the surface hazy and damaged Therefore both sides of the Coming 

1733 glass are coated with a passivation layer of silicon nitride as described in Chapter 5 

before the fabrication of TFT devices . 

Substrate Stl'ain Point Annealing Softening Resistivity Expansion 
°C Point °C Point °C at 350°C (0-300°C) 

(LoglO) 10" pel"C 

Coming 593 639 844 11.0 46 
7059 

Coming 640 686 928 10.8 36.5 
1733 

Table 6.6.2 Material Data fol' Coming 7059 and Coming 1733 Glass Substrates 

TFT's are manufactured in a process where various materials are deposited onto the substrate 

and multiple photolithographic steps are required. The substrate will experience a number of 

processes involving heat treatments before the electronic devices are fully formed During 

these processes the substrate glass will experience structural relaxation and a change in 

density resulting In dimensional shrinkage. ThiS shrinkage may be modified further by each 

heat treatment during processing and is heavily influenced by the substrates previous thermal 

history. In order to produce a flawless display multiple overlapping patterns must be in perfect 

alignment. If the glass shrinks significantly dUring a process it may not be possible to achieve 

136 



Step Height (Jllll) 
6r----------------------------------------------------, 

5 

4 

3 

2 

Polysilicon Etch 
(100 HN0

3
: 40 Hp : 6 HF) 

+ 

+ 
+ 

Buffered HF (7%) 

o 50 100 150 200 250 

Time (secs) 

Figure 6.6.2 Etch Rate of Corning 1733 Glass Substrate in Polysilicon Etch and Buffered HF 



Chapter 6 : TFf FabncatlOn and Charac terisation 

accurate alignment over the substrate gIving registration problems. The amount of shrinkage 

occurring during TFT fabrication can be strongly affected by giving the glass a thermal pre-

treatment. A common practice with glass substrates is to give the glass a heat treatment prior 

to processing and therefore pre-shrtnk the glass . This reduces the shrink rate during future 

processing. A simple test was carried out to measure compaction. A polysilicon layer was 

deposited on a Coming 1733 glass substrate and the layer was subsequently patterned and the 

distance between two alignment marks in two perpendicular planes was measured and found 

to be 75mm. The substrate was then subjected to a heat cycle (650°C for 1 hour) and returned 

to room temperature. The dIstance between the alignment marks was remeasured and noted 

to be 74.99mm 

distance before - distance after 
compaction = 

distance before 
Equation 6.6 I 

This result IS normally expressed in parts per million and the calculation yields 133 .3ppm 

compaction . However, If the test is repeated with the same substrate the effect of a pre-anneal 

can be investigated. Indeed the compaction was equal to 26.6ppm after a further I hour heat 

treatment at 650°C. 

6.6.3 Low Temperature TIT Process 

A low temperature process for the fabrication of TFT's is currently under development. The 

cross-section of the TFT proposed by an initial process schedule is shown in Figure 6.6.3. The 

structure of this device is very similar to that fabricated on oxidised silicon substrates shown 

in Figure 6 2.2. However, the process schedule has been modified to restrict the maximum 
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processing temperature to 650°C, and IS shown in Figure 664. Although the stram point of 

the glass is 640°C no obvious degradation of the substrate was noticed after a short term 

anneals at 650°C. The substrate was allowed to ramp up and down from 650°C slowly . The 

solid source diffusion has been replaced by ion implantation and in-situ doping of a 

poly silicon gate electrode. However, these steps require additional processing. 

The glass substrates are supplied by Corning in paper packaging and must therefore must be 

cleaned before use . Initially a N, jet is used to remove any large particles present on the glass 

after transit A wet chemical clean in a H,o,IH,SO, solution follows and then the glass is 

thoroughly nnsed in DI water and spin dned. The glass substrates are now ready for the pre

anneal step and are loaded into an Anneal furnace at 650°C for 1 hour. The final preparation 

step is to deposit a SiN,: H passivalIon layer on the backside of the glass substrate in the Multi 

Process reactor. The substrate is repositioned in the Multi Process reactor and processmg can 

now commence by depositing a SiN,:H passivation on the device side of the glass substrate, 

immediately followed by polysilicon deposition in a sequential processing routine. The 

substrate is now removed from the reactor and the polysilicon is patterned. This may be done 

by either by wet etching or dry etching As previously the substrate is given a wet chemical 

clean . If a SiN,: H dielectric is desired the substrate is loaded into the Multi Process reactor 

for an in-situ processing sequence. The device islands are given a CF, plasma clean followed 

by SiNx: H dielectric deposition and finally an in-situ doped polysilicon layer is deposited The 

substrate is removed from the reactor and annealed at 650°C to enhance the conductivity of 

the m-situ doped polysilicon layer. Alternatively a CVD SiO, may be deposited over the 

deVice islands in a Silox system and then the substrate is loaded into the Multi Process reactor 

for deposition of an in-Situ doped polysilicon layer The doped polysihcon film is patterned 

in a second maskmg stage to provide gate electrodes m the TFT devices . A choice must now 
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be made before ion implantation The dielectnc film over the source and drain regIOn must 

be removed if the polysilicon is to be implanted directly at a low energy of 20keV. It IS also 

possible to implant the dopant into the source and drain at a high energy of 120keV for 800A 

of SiN,: H or 100keV for lOooA of CVD oXIde. The implanted dopant must be activated by 

annealing in the furnace at the appropriate temperature for a given time, see chapter 4. A 

3000A thick passivation layer of SiN,: H or CVD SiO, is now deposited and patterned In the 

third masking stage. AlumInium is evaporated onto substrate and then patterned to provide 

contacts to the source, gate and drain. Devices have been fabricated on Corning 1733 glass 

substrates using the low temperature described, with the source and drain beIng implanted 

directly by phosphorous at 20keV. Initial results from TFT devices gave mobility values of 

<2cm'Nsec and the threshold voltages - 30Y. This process implentented an APCVD SiO, 

gate dielectric and as-deposited polysilicon . Therefore improved results should be obtained 

from devices with solid phase recrystallised silicon in the active region and by employing a 

silicon nitride dielectric . 

6.6.4 Problems Associated with Processing on Glass SubstJ'lltes 

A number of problems have arisen during the development of the above processing schedule. 

When SiN,: H is used as a dielectric the film must be removed from the source and drain 

either before implantation or during the patterning of contact windows. Dry etching in a CF, 

plasma is not possible because of the low selectivity between SiN,: H and polysilicon It is 

therefore difficult to establish when the SiN,: H has been fully etched since the layer is almost 

transparent when deposited on silicon. ThIs makes over-etching unavoidable due to the fast 

etch rate of the plasma Wet etching in Buffered HF or Orthophosphoric acid does, however. 

offer high selectIvity between polysilicon and SiN,: H Unfortunately Buffered HF attacks the 
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SiN,: H passivation layer deposited on glass substrates and is therefore not desIrable to use . 

Orthophosphoric acid may be the best option in which the substrate is placed In a bath of this 

solution in a reflux system at 180°C. Low etch rates of typically 40Almin are a consequence 

of using this method and again over-etching is necessary to make sure the source and drain 

are exposed for contact on all devices over the substrate. 

The section above describing the initial processing conditions list two processes requiring a 

temperature of 650°C. The first is a pre-anneal of the glass substrate to reduce the compaction 

ratio and requires I hour in an Anneal furnace After this step the glass substrate showed no 

signs of stress. However, the second process which is an anneal of the in-situ doped 

polysilicon film may take considerably longer, up to 6 hours. Upon removal from the Anneal 

furnace, again the glass wafer showed no signs of stress . However, after deposition of 1000A 

CVD SiO, masking layer a notIceable warp was present In the glass substrate. This may have 

been caused by a weakening of the glass during the high temperature anneals to such an 

extent that a relatively moderate stressed layer such as CVD SiO, causes deformation of the 

substrate. In some cases this warp is so severe such that the next photolithographic step is not 

possible. The only way to reduce this effect is to minimise the thermal budget of the 

fabrication process, in particular reduce the anneal time require to enhance the conductivity 

of the polysilicon gate electrodes. This process is quite difficult to control since the deposition 

conditions required are finely tuned to obtain the required conductivity 

6.7 CONCLUSIONS 

TFT's have been successfully fabricated on oxidised silicon substrates using a fabrication 
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sequence containing some high temperature processing. The effect of a thermal SIO" CVD 

SIO, and SiN,: H gate dielectnc on the device parameters has been investigated. The thermal 

SIO, gate oxides provided devices with the best IonlInfr, steepest subthreshold slopes and lowest 

leakage current However, TFT devices wtth a SiN,. H had comparable parameters to that of 

thermal SiO, devices and also had a lower threshold voltage of 3V compared to 6V Device 

parameters for TFT's with a CVD SIO, were less satisfactory than either the thermal SiO, or 

SiN,: H dielectrics. The trap state density was calculated uSing a number of techniques The 

Proano method yielded trap state densities of 1.33xIOucm-' for devices with a thermal SiO, 

dielectric and a significantly lower value of 7 2x I O" cm-' for devices with a SIN,:H dielectric . 

A density of states distribution in the band-gap was calculated by a field effect conductance 

technique now widely used to evaluate TFT performance. The ability of hydrogenation to 

passivate deep trap states was illustrated by this method. The advantages of in-situ sequential 

processing were demonstrated by SIMS analysis showing the absence of oxygen or carbon 

contamination from interfaces not exposed to atmosphere. 

A suitable glass substrate Coming 1733 has been selected to develop a low temperature 

process for TFT fabrication . The effect of chemical etch ants normally used in TFT processing 

on the glass was investigated. As a result the glass IS Initially coated front and back with a 

suitable SiN,: H layer to prevent damage to the surface in subsequent processing. A most 

important step in the preparation of the glass substrate before commencing proceSSing IS to 

pre-anneal the glass substrate at 650°C for I hour, in order to reduce the compaction rate and 

prevent dimensional shrinkage detrimental to alignment of overlying layers A total low 

temperature process has been proposed for the fabrication of TFT's. Initial devices have 

successfully been fabricated using this process low temperature process on glass substrates. 
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7.1 CONCLUSIONS 

A Multi Process reactor has been successfully implemented to produce device quality layers 

for the fabrication ofTFT's. This single wafer reactor provides flexibility for development of 

a low temperature TFT process on glass or other non-silicon substrates. A bank of tungsten

halogen lamps, split into three zones, are used to heat a SiC coated graphite susceptor upon 

which a glass substrate may be placed. The temperature is measured at three equidistant 

points along the susceptor allowing independent temperature control in each zone ensuring 

excellent temperature unifonnity. A temperature offset has been measured between the centre 

of the susceptor and the surface of the substrate. This offset varies depending on the type of 

substrate being used and must be taken into consideration prior to processing The highest 

integrity vacuum fittings, welded and VCR metal face seal fittings were used in the 

construction of a versatile gas manifold to deliver special gases to the process chamber. A 

rf plasma facility is available with this system and is utilised for PECVD processes or in-situ 

cham ber cleaning. 

Device quality silicon films have been deposited in the temperature range of 580-650°C on 

oxidised silicon and Coming 1733 glass by thermal decomposition of 20%SiH, in N,. The 

effect of temperature and chamber pressure on silicon deposition rate have been investigated. 

Separate processes for polysilicon and amorphous silicon deposition have been developed and 

characterised. The oxygen content of the polysilicon film was detennined by SIMS analysis 

and found to be comparable to that achieved by other researchers . The grain size of silicon 

films deposited on glass substrates was studied by AFM images. No granular structure was 

evident in amorphous silicon films but polysilicon films of 800A grain size was deposited 
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dIrectly at 620°C on SiN, H passlvated glass substrates. However, larger grain sIzes of up to 

1500A were achIeved on glass substrates by solid phase crystallisatIOn of silicon films InItIally 

deposIted In an amorphous state. The grain size of silicon films on glass substrates were 

generally smaller than those on oxidIsed SIlicon substrates 

In-situ doped polyslllcon IS an attractIve matenal for the gate electrode in a TFT since It 

provIdes a unIform IIlcorporation of dopant throughout the film N-type polysilicon layers 

were deposited in the Multi Process reactor by adding a dopant gas, PH" to the process 

developed for undoped polyslllcon films . As expected, the adsorptIon of SIH, on the substrate 

surface was suppressed by the add,tIon of PH, resulting in a lower SIlicon deposition rate. The 

depOSItIon rate falls rapidly as the PH / SiH, ratio is increased until saturation, where very 

little deposition can take place The in-situ doped films also require a long thermal anneal to 

achieve the conductIvity reqUIred for a TFT deVIce . AFM Images show that the grain sIze of 

polysillcon films is enhanced by the addition of PH , 

The source and the drain of a polysillcon TFT can be suitability doped by ion implantatIon 

Phosphorus was implanted directly Into polysilicon at a low energy level and also implanted 

through a SIN, H d,electnc at a hIgher energy level to provide conductive regIOns . In both 

cases a thermal anneal to actIvate the implant was required . However, it was necessary to 

Increase the dose from 5xIO" ions/cm·' when implanting polysilicon directly , to IxI0 16 

ions/cm·' when implanting through SiN,: H in order to achieve useful resistivitles at anneal 

temperatures below 650°C 

By careful control of the process cond,tIOns it was found that PECVD SiN, H can be utilIsed 

for a dual purpose in TFT applications A silicon nch SiN, H film can be used as a 
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passlvatlOn layer and prevent the dIffusIOn of Impurities from a glass substrate II1tO actIve 

devIce layers A high quality nitrogen nch SIN, H can be used as a gate dlelectnc 111 a TFT 

The effect of rf power, process pressure, temperature and NH/ SIH, gas flow ratIo on the 

properties of the SIN,: H film has been II1vestigated The deposItIon rate of SIN, H IS 

proportIOnal to process pressure but IS essentIally independent of substrate temperature. 

Process condlttons for a slhcon-nch SiN, H layer were chosen . The blocking properties of this 

layer were analyzed by Ptlkll1gton glass and found that the sample released only a small 

amount of Na,O and K,O comparable to other glass substrates and coatings. It has been found 

that It can be advantageous to deposIt SIN,: H at temperatures above 300°C since the hydrogen 

content IS reduced and the dielectric properttes are improved. This was illustrated by an 

increase 111 breakdown field and a reduction in BHF etch rate measured against II1creasing 

temperature for a constant rf power level and NH / SiH, gas flow ratio . A temperature of 

550°C was chosen as the temperature for which to deposit SiN,: H as a dIelectric . This 

temperature allows the film to be easily Incorporated in an in-situ sequentIal processing 

schedule for TFT fabricatIon . The rf power level and NH / SiH, gas flow ratio were optimlsed 

to produce a slightly nitrogen nch layer whIch YIelded the best dielectric properttes The 

relattve permittivIty was 6.75 and the breakdown field was 7.7MV/cm . RBS and SIMS 

analYSIS were performed on the optlmised SIN, H film . ThIs showed that the layer contains 

less than 11 at.%H and has a Si /N ratIo of 0.73 . The correct notatIOn for thIs layer was 

calculated as SiN , " Ho". 

The expenmental details for the fabrication of TFT's on OXIdised silicon substrates were 

described. The fabrication sequence contained at least one hIgh temperature processing step 

and was modified to produce devices with either thermal SiO" CVD SIO, or SiN,: H 

dielectncs All devIces were fabncated with as-deposited polysilicon films used as the active 

147 



Chapter 7. Conclllsions and FWllre If' orA 

devIce layer Mobility values of 21 cm'Nsec and threshold voltages of 3V were obtained for 

devices wIth a SINxH dielectric. A similar mobility value was achieved for devices with a 

thermal SIO, dielectric although the threshold voltage was Increased to 6V. Less satIsfactory 

results were obtained from devIces with a CVD SiO, dIelectric wIth a mobility of 8cm'Nsec 

and a threshold voltage of 12V. Other measured device parameters such as on /off sWItching 

ratio, leakage current and sub-threshold slope indicated that TFT's wIth a SIN,. H dIelectric 

were comparable to those containing a SIO_ dielectric . The SIN, .H layer IS therefore sUItable 

as a dielectric for use in a low temperature TFT process The low threshold voltage obtained 

from devices with a SiN, H dIelectric is desirable for circuit design and also allows lower 

operating voltages to be used. 

The Multi Process reactor is capable of in-situ sequential processing and this may be 

implemented in the fabrication of TFT's. In devices with a SiN,:H dielectric, three separate 

processes may be performed sequentially after the first masking stage: 

i) CF, Plasma clean of the polysllicon Islands 

ii) PECVD SiN, H dielectric 

Hi) In-Situ Doped Polyslllcon or Un doped Polysilicon 

The reactor has been designed to allow rapid gas switching between each process, giving 

excellent interface quality . SIMS analysis showed the absence of oxygen and carbon 

concentration peaks from the surface of sIlicon layers which were not exposed to atmosphere. 

Hydrogenation was used effectively to improve the characteristics of TFT's . A noticeable 

improvement In threshold voltage and mobility was attributed to the passivation of dangling 

bonds at the grain boundaries in the active polysllicon film . It was argued that hydrogenation 

IS beneficial in passivatlng dangling bonds which are attributed to trap states In the middle 
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of the energy band-gap. However, long hydrogenation times are required to influence strained 

bonds which cause trap states at the tail of the energy band-gap. Fluorination, may be 

effective in the passivation of both types of defects more unifonnly . SIMS analysis showed 

that fluorine was incorporated into the TFT structure during CF, plasma cleaning of the 

silicon islands. Therefore the device parameters obtained from TFT's fabricated with a SiN,:H 

dielectric may have been significantly enhanced by the in-situ sequential processing 

incorporating a CF, plasma clean. 

A number of methods for the calculation of trap state density in the active polysilicon film 

were examined. These techniques manipulated measured data from TFT's and mostly 

concerned the relationship between Id, v Vg, at low values of Vd,' A grain-boundary trap 

model initially proposed by Levinson assumes that the traps occur at a single energy level 

within the bandgap. The limitation of this technique was that the active channel region was 

assumed to be the full thickness of the device island polysilicon This grain-boundary model 

was modified by other researchers, including Proano and the channel thickness was calculated 

as the thickness in which 80% of the charge induced by the gate resides . Whenever the 

techniques were applied to TFT's Fabricated with thennal SiO, and SiN,:H dielectrics a 

noticeable difference in results was evident. Levinson's method gave very similar trap state 

density values for both types of device whilst Proano's technique indicated a 50% reduction 

in the number of trap states in devices with a SiN,: H dielectric . Since the threshold voltage 

for these devices were 3 V compared to 6V for devices incorporating a SiO, dielectric Proano's 

method would seem to be more accurate. However, the grain-boundary trap model assumes 

all traps occur at a single energy level and would prove too cumbersome for calculations of 

trap states at a number of energy levels. A continuous model described by Migliorato assumes 

a uniForm distribution of trap charges throughout the polysilicon and hence a continuous 
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distributIOn of trap states withIn the bandgap. This technIque can calculate the dIstributIOn of 

trap states throughout the energy bandgap for polysilIcon The data required for this model 

IS the relationship between Vg, and the surface potentIal Ill, and is determIned from a field 

effect conductance technIque . ThIs model was agaIn applIed to TFT's fabricated wIth a 

thermal SIO, dielectric and a SIN, H dielectric and indicated the densIty of states profile In 

the bandgap The lower V I value for devIces wIth a SiN,.H dIelectric may be attributed to the 

densIty of traps falling below that obtaIned wIth thermal SIO, moving towards the mIddle 

of the band gap ThIS method also proved useful at Investlgattng the effects of passlvation 

techniques such as hydrogenatIon It was eVIdent that hydrogenation was effecttve at redUCIng 

the number of midgap trap states attributed to dangling bonds. The IImltatton of thIS method 

is that the calculated profile IS prone to scattering at the extremes of the distribution All of 

the above techniques are useful in obtaining comparatIve data about devIces fabricated using 

various processing schedules. It is obvious, however, that when quoting values of trap state 

density that the method used is lIkely to heavily influence the result The continuous model 

IS very useful at investigating the effect of a passivation technique and any other process 

modIfication for improved devIce characteristics 

A Coming 1733 glass substrate has been selected upon which to develop a low temperature 

process for the fabricatIon of polysllIcon TFT's ThIS type of glass substrate was developed 

to WIthstand processtng temperatures of 620°C, thereby enabling the dIrect deposItion of 

polysllIcon However, the substrate IS attacked by chemIcals commonly used In the fabricatIon 

of TFT's and must be coated WIth a SIN,: H passlvatlon layer prior to processIng The 

substrate must also undergo a pre-anneal before devIce fabrication to reduce the compactton 

rate during subsequent proceSSIng ThIS IS essential to avoId dimenSIonal shrinkage and 

alIgnment errors 
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A full low temperature process for the fabncatlOn of TFT's on glass substrate has been 

proposed ThIS schedule contaInS a number of dIfferences from that used prevIously to 

fabncate devIce on oXIdised silicon substrates In-sItu doped polyslltcon has been 

characterised for use as a gate electrode and the source and drain can be doped by Ion 

ImplantatIon Both of these processes requIre annealtng steps to achIeve the reqUIred 

conductIvIty from the films. TFT's have successfully been fabncated on glass substrates USIng 

thIS low temperature process yieldIng moblltty values of < 2cm'Nsec and threshold voltages 

of - 30Y. ThIS process implemented an APCYD SiO, dielectric and as-deposited polystlicon 

as the actIve device regIOn. Therefore an improvement IS expected upon Implementation of 

soltd phase recrystalltsed slltcon III the active regIon and use of a SIlicon nItride dlelectnc. 

The use of glass substrates creates additIOnal processing problems. It IS not pOSSIble to 

identify visually if the SiN, H layer has been fully etched during patterning since the layer 

IS almost transparent when deposited on polysilicon islands. This solutIOn will therefore 

reqUIre a certalll degree of overetchtng. Warping of the glass substrate has also been 

expenenced after long temperature anneals and deposItIon of a stressed CYD SiO, as a hard 

masktng layer 

7.2 FUTURE WORK 

The research into the fabncatlOn of TFT's at low temperatures IS betng contlllued as part of 

a SE RC contract entitled "Poly-Si Analogue CirCUIts on Glass for 2-Dimensional Imaging 

Arrays" [I]. A baseline process for fabrIcation of TFT devIces on glass substrates IS currently 

under development InitIally thIS process WIll utlltse a CYD SiO, layer as a gate dlelectnc. 

to slmpltfy etchlllg and patterntng of matenals Further charactensatlon of the etchtng 

behaviour of the SiN, H dielectnc layer IS required before It can be tncorporated tn TFT 

151 



( 'hapter 7· ('onciu.'ilOtls and /"1I1ur" U' orJ" 

devices This will enable devices to be fabricated incorporating an In-situ sequential 

processing routine and from previous results indicates deVice characteristics should be 

Improved from those with a CVD SiO, dielectric 

A load-lock system fitted to the eXisting quartz chamber of the Multi Process reactor should 

enhance the abihty to produce high quahty slhcon layers at low temperatures. By keep111g the 

gate valve between the chamber and the loadlock closed during loading or unloading of a 

substrate the process chamber IS never exposed to atmosphere . The partial pressure of water 

vapour and other contaminants can be reduced further by baking out the process chamber and 

gas hnes. It IS essential to bake all metal surfaces in the reactor so reSidual water vapour will 

desorb and prevent fresh contaminatIOn of the process chamber This technique has proved 

successful in prodUCing oxygen free epltaxial silicon layers in the Quplas Il reactor [2] at the 

Queen's University of Belfast 

Recent literature has indicated that It may be possible to depOSit deVice quahty polyslllcon 

by PECVD uSing a SiF,/Sil-l, gas mixture [3 ,4] Deposition of slhcon by thiS techmque IS 

enhanced by an in-SitU chemical cleaning effect which may ehminate oxygen or silicon 

diOXide from the growing surface The electrical properties of the deposited film would be 

enhanced by the passlvatlon effect of flUOrine Incorporated In the layer. By optimlsing the 

process parameters such as rf power, pressure and SIF4/SIH, gas flow ratio It may be pOSSible 

to depOSit large grain polysllicon at low temperatures. ThiS would be highly deSirable since 

the lower the maximum process temperature, the lower the cost of glass substrate which could 

be used to fabricated flat panel displays 

One of the main drawbacks of polyslhcon TFT's IS the high leakage current assOCiated With 
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thIs tvne of device Novel TFT structures mav he used to address thIs oroblem One such 

method IS a to use a drain offset. where the gate electrode does not fullv extend across the 

channel to the drain. ThIs method lowers the Induced fIeld In the channel and IS effectIve at 

reducln!! the leaka!!e current However. the on-current IS also reduced because of the added 

senes resIstance of the ungated channel oortlon . This nrohlem he solved hv USln!! an actIve 

!!ate structure [51 where the !!ate electrode IS heavIlv doned adlacent to the source region and 

IS h!!htlv doned next to the draIn Therefore when the TFT device IS switched on no 

sl!!nlficant reductIon 111 current will be evident since the Ii!!htlv dooed rel!ion is In 

accumulation and orovldes a field effect for channel conductIvity In the off state the huhtlv 

doned rel!ion is denleted and acts like a drain offset hence Iimlhn!! the leaka!!e current 

153 



Chapter 7 ConclusIOns and FlIl1Ire W 01* 

7.3 REFERENCES 

ll] Cambridge University Eng.Dept. & Queen's University of Belfast Dept.Elect.Eng. 
"Poly-Si Analogue Circuits on Glass for 2·Dimensional Imaging Arrays" 
SERC Ref No. GR/J69912, 1994 

[2] McNeill, D.W. et aI. 
"Growth of Multi-Layer Si/Si \.,Ge" Structures Using Rapid Thennal Chemical 
Vapour Deposition" 
Mat.Res.Soc .Symp.Proc.VoI.326, pp.187-192, 1993 

[3] Woo, II et aI. 
"Polycrystalline Silicon Thin Film Transistors Deposited at Low Substrate 
Temperature by Remote Plasma Chemical Vapour Deposition Using SiF/ H," 
AppI.Phys.Lett. , VoI.65 , Vo1.l3 , pp.1644-1646 , 1994 

[4] N agahara, T . et aI. 
"In-situ Chemically Cleaning Poly-Si Growth at Low Temperature" 
Jpn.J .AppI.Phys ., Vol.3l , pp.4555-4558, 1992 

[5] Lifshitz, N. 
"Active-Gate Thin Film Transistor" 
IEEE Elect.Dev .lett.VoI.l4 , No .8, pp-304-305 , 1993 

154 



APPENDICES 

155 



APPENDIX 1: CHAMBER PUMPING SPEED 

The effective pumping speed at the chamber can be written as 

S = Q 
p, 

where S is the effective pumping speed in l.sec-' , 
Q is the throughput of the system in mbar I sec- ' and 
p , is the chamber pressure in mbar. 

The throughput of the system is given by 

Equation A I . 1 

Equation A 1.2 

where p, is the pressure at the pump combination in mbar and 
C is the conductance of the pumping track in l.sec ' 

The conductance of the pumping track under gas molecular flow conditIOns (pressures of 
10-' mbar and above) IS described by Pouseuille's equation [I] 

C = I 36D'(pJ+p,) 
2 

Lp 

where D is the diameter of the pumping track in cm and 
Lp is the length of the pumping track in cm 

By substItution for C In EquatIon Al 2, Q may be written as 

Q = 68D'(p , ' -p,') 
Lp 

Equation A 1.3 

Equation AI 4 

Now p" the pressure at the throat of the pumps « p , the chamber pressure. After 
substituting for Q In Equation (A 1 I) the effective pumping speed at the chamber can be 
fully described as 
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APPENDIX 2: TIT PROCESS SCHEDULES 

A2.l High Temperature TIT Pm cess 

The following pages contain the complete process details for the fabncation of TFT's on 

oxidised silicon wafers . The fabncatlOn sequence was adjusted to produce devIces wIth 

different dielectrics, namely thermal SiO" CVD SiO, and PECVD SiN,: H The progress of 

three wafers (A,B,C) is shown, each wafer representmg a separate process route 
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MICROELECTRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: mGH TEMPERATURE TIT PROCESS (1/4) 

PROCESS WAFER NO. COMMENTS 

SILICON WAFERS (100) A B C 
9-15!2cm 

Wet Chemical Cleaning 
H,O,IH,SO, 10mins • • • 
10lHFDip 
Dump Rinse & Spin Dry 

Wet Oxidation Check oxide thickness 
1150°C for 24 mins • • • NanoSpec 051lm 

Load into Multi Process Each wafer processed 
reactor and pumpdown Ihr • • • individually 
100sccm N, 

Polysilicon Deposition Polysilicon thickness 1800A for 
Temperature 620°C • • • active silicon region of TFT 
I slm 20% In N, SiH, 
Pressure 6mBar 
30 min Process 

Mask I Perken Elmer 541 
Pattern Photo Resist • • • Exposure 100mJ/cm' 

RIE Etch Polysilicon STS Etch System 
Pattern Polysilicon into • • • rf Power 100W 
Device Islands Pressure 225 mTorr 

Imin 50sec 

Wet Chemical Cleaning Strip Photo Resist 
Fuming Nitric 2mins • • • 
H,O,IH,SO, 10mins 
10 1 HF Dip 
Dump Rinse & Spin Dry 
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DEVICE DESCRIPTION: IDGH TEMPERATURE TFf PROCESS (2/4) 

PROCESS WAFER NO. COMMENTS 

Dry Oxidation A 1000A thickness 
Grow SiO, dIelectrIc 
Temperature 1050°C 
Ihr 40mins 

APCVD SiO, Deposition B 1000A thickness 
Temperature 440°C 

Load into Multi Process C Step I In-sItu Sequential 
reactor and pumpdown 1 hr Processing 
100sccm N, 

CF 4 Plasma Pre-clean C Step 2 : In-situ Sequential 
Temperature 550°C Processing 
Power IOOw 
Pressure 0.2mBar 2 mins 

PECVD SiN, Deposition C Step 3 : In-situ Sequential 
NH,: SiH. ratio 8: I Processing 
Power 150W 
Temperature 550°C 
Pressure O.4mBar 

Polysilicon Deposition C Step 4 . In-situ Sequential 
Temperature 620°C Processing 
I slm 20% in N, SiH. Thickness 3000A for polysilicon 
Pressure 6mBar gate electrode 
50 min Process 

LPCVD Polysilicon A B ASM Furnaces 
Deposition Thickness 3000A for polysilicon 
Temperature 620°C gate electrode 
90 min Process 

Mask 2 Perk en Elmer 541 
Pattern Photo Resist • • • Exposure 100mJ/cm' 
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MICROELECTRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: HIGH TEMPERATURE TFT PROCESS (3/4) 

PROCESS WAFER NO. COMMENTS 

RIE Etch Polysilicon STS Etch System 
Pattern Polysilicon into * * * rf Power 100W 
Gate Electrodes Pressure 225 mTorr 

2mins 40sec 

Remove Thermal S10, from 
Source & Drain A 
Buffered HF I min 10secs 

Remove CVD SiO, from 
Source & Drain B 
Buffered HF 1 min 10secs 

Remove SiN, from Source Visually Inspect to see if all SiN, 
& Drain C has been etched 
PlasmaTech RIE 
lOOW 3mins 

Wet Chemical Cleaning 
Fuming Nitric 2mins * * * 
H,o,IH,S0410mins 
10.1 HF Dip 
Dump Rinse & Spm Dry 

Solid Source Phosphorus 
Diffusion * * * 
1000°C 20mins 

Wet Chemical Cleaning Deglaze surface after diffusion 
101 HF Dip 
H,o/ H,SO, 10mins * * * 
10:1 HF Dip 
Dump Rinse & Spin Dry 

Deposit TEOS Passivation * * * 3000A thickness 
layer no°c 30mins 
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MICROELECfRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRWfION: H1GH TEMPERATURE TIT PROCESS (4/4) 

PROCESS WAFER NO. COMMENTS 

Mask 3 • • • Perk en Elmer 541 
Pattern Photo Resist Exposure 100mJ/cm' 

Etch Contact windows • • • 
Buffered HF I min 20sec 

Wet Chemical Cleaning 
H,o,lH,SO, IOmins • • • 
10 I HF Dip 
Dump Rinse & Spin Dry 

Aluminium Eval1oration • • • 3000A thickness 

Mask 4 • • • Perk en Elmer 541 
Pattern Photo Resist Exposure 60mJ/cm' 

Wet Etch metal Contacts • • • 
5 mins 

Sinter Anneal 
NJ R, 400°C • • • 
20mins 
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A2.2 Low Temperatul'e TFT Process 

The following process schedule was developed for the fabrIcation of TFT's on Coming 1733 

glass substrates. The process was developed to fabricate devices with either a CVD SiO, or 

a SiN, H gate dielectric. The fabrication sequence contains the necessary details to fabricate 

TFT's with a SIN,. H dielectrIc in two ways In the first case the source and dram are doped 

by implanting phosphorus directly into the active polysIlicon layer The alternative IS the more 

desirable process where phosphorus is implanted through the SiN, dielectric into the source 

and drain regions . The progress of three wafers (D,E,F) is shown, each wafer representing a 

separate process route . 
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MICROELECfRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: LOW TEMPERATURE TFf PROCESS (liS) 

PROCESS WAFER NO. COMMENTS 

Coming 1733 Glass D E F 
Substrates 

Cleaning 
Blow with N, Gun 
H,o,IH,SO, IOmms • • • 
Rinse & Spin Dry 

Pre-Anneal 
Furnace 650°C for I hr • • • 

Load into Multi Process • • • 
reactor and pumpdown I hr 
IOOsccm N, 

PECVD SiN, Deposition • • • Passivation Layer 
NH,:SiH, ratio 4: I Non-Device sIde 
Power IOOW 
Temperature 550°C 
Pressure O.4mBar 

Vent Reactor and reload • • • 
substrate Pumpdown I hr 
IOOsccm N, 

PECVD SiN, Deposition Step I: Multi Process Sequence 
NH, SiH, ratio 81 • • • 
Power 150W Passlvation layer 
Temperature 550°C Device side 
Pressure O.4mBar 

Polysilicon Deposition Step 2: Multi Process Sequence 
Temperature 620°C 

Polysilicon Thickness 1800A I slm 20% in N, SiH, • • • 
Pressure 6mBar 
30 min Process 
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MICROELECTRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: LOW TEMPERATURE TFf PROCESS (2/5) 

PROCESS WAFER NO. COMMENTS 

Mask I Perk en Elmer 541 
Pattern Photo Resist D E F Exposure 100mJ/cm' 

Wet Etch Poly silicon into * * * 
Device Islands 

Cleaning 
2 mins Fuming Nitric * * * 
H,o,IH,SO 4 10mins 
Rinse & Spin Dry 

APCVD SiO, Deposition 1000;" thickness 
Temperature 440°C D 

Load into Multi Process 
reactor and pumpdown I hr D 
100sccm N, 

Deposition of In-situ 2000;" 
Doped polysilicon 
20%SiH4 in No Islm 
0.2%PH3 in N, I 75sccm D 
Pressure 6mBar Temperature 
620°C 

Load into Multi Process E F Step I • In-situ Sequential 
reactor and pumpdown I hr Processing 
100sccm No 

CF 1 Plasma Pre-c1ean E F Step 2 • In-situ Sequential 
Temperature 550°C Processing 
Power 100W 
Pressure 0.2mBar 2 mins 
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MICROELECfRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: LOW TEMPERATURE TFf PROCESS (3/5) 

PROCESS WAFER NO. COMMENTS 

PECVD SiN, Deposition Step 3 : In-sItu Sequential 
NH, SiH4 ratio 8: 1 Processing 
Power 150W E F 
Temperature 550°C Deposition of SiN, Dielectric 
Pressure OAmBar 

Deposition of In-situ Step 4 : In-situ Sequential 
Doped polysilicon Processing 
20%SiH, inN, lslm E F 
O.2%PH, in N, 175sccm 
Pressure 6mBar Temperature 
620°C 

Anneal In-Situ Doped Measure resistivity 
Polysilicon Layer • * * 
650°C for I hour 

Deposit APCVD SiO, Required to enhance Photo Resist 
Masking Layer * * * Adhesion 
440°C 

Mask 2 • * • Perken Elmer 541 
Pattern Photo Resist Exposure IOOmJ/cm' 

Wet Etch SiO, and pattern 
doped poly silicon into gate • • • 
electrodes 

Etch CVD SiO,Jrom Source 
and Drain D 
Buffered HF 

Etch SiN, from Source and E 
Drain 
Orthophosphoric acid 
180°C 
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MICROELECfRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: WW TEMPERATURE TFf PROCESS (4/5) 

PROCESS WAFER NO. COMMENTS 

Cleaning 
2 mins Fuming Nitric D E F 
H,O,IH,SO, 10mins 
Rinse & Spin Dry 

Ion ImlllantatlOn of P D E 
into Source and Drain 
20keV Dose 5xl 0" cm~' 

Ion ImlllantatlOn of P Implant through Dielectric 
into Source and Drain F 
120keV Dose Ix10 '6 cm~' 

Cleaning 
H,O,IH,SO, 10mins • • • 
Rinse & Spin Dry 

Anneal Substrate to activate 
Implant D E 
620°C 6 hours 

Anneal Substrate to activate 
Implant F 
650°C 2 hours 

Dellosit APCVD SiO, 3000A thickness 
Passivation layer * * • 
440°C 

Mask 3 Perken Elmer 541 
Pattern Photo Resist * * * Exposure 100mJ/cm' 

Etch Contact Wmdows 
Buffered HF D E 
2mins 
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MICROELECTRONICS LABORATORY PROCESS RECORD 

DEVICE DESCRIPTION: LOW TEMPERATURE TFf PROCESS (5/5) 

PROCESS WAFER NO. COMMENTS 

Etch Contact Windows 
Buffered HF 2mins & 
Orthophosphoric Acid F 
to etch contacts to Source 
and Drain 

Cleaning 
2 mins Fuming Nitnc D E F 
H,o,IH,SO 4 10mlns 
Rinse & SPin Dry 

Aluminium Eva(1oration • • • 3000A thickness 

Mask 4 • • • Perken Elmer 541 
Pattern Photo Resist Exposure 60mJ/cm' 

Wet Etch metal Contacts • • • 
5 mins 

Sinter Anneal 
N,IH, 400°C • • • 
20mlns 
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APPENDIX 3: CONFERENCE PRESENTATIONS AND PUBLICATIONS 

"An Investigation of Polysilicon Deposition Techniques for Non-Standard Substrates" 
S.H.S . Magill, L.lQuinn, SJN.Mitchell, B.M. Armstrong, and RS .Gamble 
lEE Colloquium on "Poly-Si Devices and Applications" , London, Digest No. 1993/067, 
pp. I 8/ 1-18/4, March 1993 

"A Multi Process Reactor for Low Temperature TFT Fabrication" 
L.1.Quinn, PTBaine, SJ.N .Mitchell, BM Armstrong and RS .Gamble 
Proceedings of IEEE 7th Mediterranean Electrotechnical Conference 
YoU, pp.589-592, 1994 

"Plasma-Enhanced Silicon Nitride Deposition for Thin FIlm Transistor Applications" 
LlQuinn, SJN.Mitchell , BM. Armstrong, and RS .Gamble 
Ftfth Annual Conference of the Irish Plasma and Beam Processing Group, March 1994 

"A Radiant Heated Reactor With MultiStep Process Capability" 
LJQuinn, YWu, lRMontgomery , S.1.N.Mitchell , B.M. Armstrong and RS.Gamble 
Proceedings of E-MRS Spring Meeting 1993 , also in Journal of Microelectronic Eng , 
Vo1.25 , pp .147-152, 1994 

"Thin Film Transistor Fabrication with In-Situ Sequential Processing" 
LJ.Quinn, PTBaine, S.lN.Mitchell , B.M.Armstrong and H.S.Gamble 
Proceedings of the 24th European Solid State Research Conference 
pp.581-584, September 1994 

"Plasma-Enhanced Silicon Nitride Deposition for Thin Film Transistor Applications" , 
LJQuinn, SJ.N.Mitchell , BM. Armstrong, and RS .Gamble 
Proceedings of E-MRS Spring Meeting 1994, also in Journal of Non-Crystalline 
Solids, VoL187, pp.347-352, 1995 

"Deposition and Characterisation of Polycrystalline Silicon for Low Temperature 
Fabrication of Thin Film Transistors" 
LlQuinn, B.Lee, PTBaine, S.JN.Mitchell , BM Armstrong and RS.Gamble 
To be presented at Polyse'95 , Gargnano, Italy and published in Polycrystalline 
Semiconductors IV, TransTechPubJ, Switzerland 1995 
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