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CHAPTER I 

INTRODUCTION 

1.1 Introduction 

Silicon dioxide is widely used in the semiconductor industry as an insulator both 

in active devices such MOSFETs and in the region between the active devices known as 

field. The whole of planar electronics processing and the modern IC industry has been 

made possible by the unique properties of silicon dioxide: the only native oxide of a 

common semiconductor which is stable in water and at elevated temperatures, an 

excellent electrical insulator, a mask to common diffusing species, and capable of 

forming a nearly perfect electrical interface with its substrate.^ 

A good oxide must exhibit uniform thickness and composition, low particulate 

and chemical contamination, good adhesion to the surface, low stress to prevent cracking, 

good integrity for high dielectric breakdown, conformal step coverage and high 

throughput for manufacturing. Figure 1.1 is a representation ofthe Si02 stmcture. 

Figure 1.1: Stmcture of Si02 

Si02 is formed by strong, directional covalent bonds, and has a well-defined local 

stmcture: four oxygen atoms are arrayed at the comers of a tetrahedron around a central 

sUicon atom. The bond angles around O-Si-0 are essentially the tetrahedral angle, 109°; 
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the Si-0 distance is 1.61 A (0.16 nm) with very little variation. The "tetrahedra" formed 

by the Si04 groups must touch each other at their comers, but can do so at widely varying 

angles. The result of this flexibility in the bridge bonds is that Si02; while it has many 

different possible crystalline stmctures, can very easily form amorphous materials (i.e., 

materials with no long-range order). Essentially all deposited and thermally grown oxides 

in semiconductor processing are amorphous. The amorphous stmcture tends to be very 

"open": even in thermally grown oxides, channels exist through which small positive ions 

such as Na+ and K+ can readily migrate. 

1.2 Characteristics of Oxide^ 

Si02 has a large band gap of 9.1eV, which makes it an effective insulator. This 

along with a high breakdown are the reasons why it is used as a dielectric in MOS 

stmctures. Table 1.1 is a table listing the characteristics of Si02. 

Table 1.1: Properties of Si02 

Density 

Electrical conductivity 

Breakdown field 

Thermal conductivity 

Thermal difilisivity 

Coefficient of thermal expansion 

Refractive index 

Dielectric constant 

2.0-2.3 gm/cm^ 

Varies widely 

>1E7 V/cm in thermal oxides; can be as low 

as 1E6 V/cm m CVD oxides 

0.01 W/cmK (bulk) 

0.009 cm^/sec (bulk) 

0.5 ppm/ K [note Si thermal exp 2.3 ppm/K] 

1.46 [thermal oxide] 

3.9 [thermal oxide]; CVD oxides vary widely 

depending on H 



Electrical characterization of Si02 includes measuring the amount of charge in it 

such as fixed oxide charge and mobile ionic charge, the breakdown voltage and interface 

density states. Interface density states are a measure ofthe dangling bonds at the interface 

of Si/Si02. The method of growth or deposition affects some of these properties such as 

etch rate with HF (hydrofluoric acid), the dielectric breakdowTi field strength, electron 

traps, charges in oxide and defects. The oxide thickness is another parameter that is 

measmed through different methods such as ellipsometry and through interference. 

Sihcon dioxide is used as an intermetal dielectric, an isolation, in DRAM 

capacitors and as doped oxide. As a gate dielectric, it affects the threshold voltage, 

channel mobility and low frequency noise of MOSFETs. It should also provide good 

insulation, have low stress, low moisture content and have a good interface with the 

underlying substrate. In STI (shallow trench isolation), it is used as trench filler and 

should have low stress at the comers of the trench. A high growth or deposition rate is 

also expected. Doped oxides such as PSG (Phosphosilicate glass) and BPSG 

(Boronphosphosilicate glass) flow easily and are used to cover stmctures such as 

underlying gates. It is also used as a mask against ion impanation and diffusion. 

1.3 Methods Of Preparation Of Silicon Dioxide 

1.3.1 Thermal Si07 

The two basic methods to prepare Si02 are to grow h on the substrate (thermal 

oxidation) and to deposit it on the substrate (chemical vapor deposition). Thermal 

oxidation can be both wet and dry. Wet oxidation involves using water as a source for 

oxygen and in dry oxidation the substrate is just heated to a high temperature. The 

temperature range for this process is around 900°C to 1100°C. Such high temperatures are 

a limitation due to the diffusion of dopants such as boron and phosphorous. The oxide 

grows into the substrate by oxygen diffusing through the existing oxide layer. This results 

in an oxide free of impurities and defects. The stmcture of Si02 has bridging oxygen sites 

(oxygen atom connected to two sUicon atoms) and non-bridging oxygen sites. The larger 



the ratio of bridging to non-bridging sites the more cohesive and strong is the oxide 

stmcture. Dry oxides compared to wet oxides have a higher ratio. 

Another parameter for evaluating Si02 is the nature of the Si/Si02 interface. As 

the oxide grows into the substrate, the interface between the oxide and the substrate is of 

a better quality compared to that of a deposited oxide. The level of stress in oxide films is 

important, as a less dense oxide will cause defect generation and wafer warpage. 

Thermally grown Si02 is dense and has compressive stress small in magnitude due to the 

difference between the thermal coefficients of expansion of Si and Si02. 

1.3.2 CVD SiO? 

CVD is the formation of a film on a surface from a volatile precursor (vapor or 

gas), as a consequence of one or more chemical reactions, which change the state of the 

precursor. Many different films can be deposited: elements and compounds, crystalline, 

polycrystalline, and amorphous. There are reactions that can be used to prepare Si02. The 

deposition variables that are important include: temperature, pressure, reactance 

concentrations and their ratios, presence of dopant gases, system configuration, total gas 

flow and wafer spacing. CVD Si02 can be grown in three temperature ranges low (300-

450°C), medium (650-750°C) and high (~900°C). The different reactors used are LPCVD 

(low pressure CVD), APCVD (atmospheric pressure CVD) and PECVD (plasma 

enhanced CVD) 

SiH4 and Oxygen, TEOS and Oxygen and TEOS and ozone are some of the 

reactants used in Thermal CVD to deposit Si02. Silane and oxygen react to form SiQ2 by 

the removal of hydrogen and addition of two oxygen atoms. When oxygen is present in 

excess, water is the main byproduct (APCVD), whereas in low-oxygen conditions, 

hydrogen will be produced (LPCVD). Because the heat of formation of silane is small 

and that of silicon dioxide is large, this process is very exothermic. Semiconductor 

applications usually require temperatures in excess of 350 °C to obtain reasonable film 

density and purity. Absolute deposition rates of 100 nm/minute are achievable in single-

wafer (showerhead) LPCVD, and local deposition rates of 500 nm/minute in injector 

APCVD. The rate also depends on the initial gas composition, with a maximum in rate 



being observed at moderate excess oxygen. For films from this process, conformality is 

much better than sputtering or evaporation, but the ability to cover or fill high-aspect-

ratio features (>1:1) is limited. Reactions in the gas phase are rapid, and depending on 

gas flow and mixture can lead to growth of larger nuclei. If these are incorporated into 

the film, the surface is roughened. In moderately oxidizing conditions (e.g., tube 

LPCVD) Si-H will be present in the film. The basic reaction between TEOS (tetra-ethyl-

ortho-silicate) and Oxygen for the deposition of silicon dioxide requires the removal of 

two oxygen atoms and is shovra in Figure 1.2. 

- X I HeiminatiC'n) 

O 
I 

Si from H _ s i _ H 0 = 0 2 / ( o 

/

I / insert! on) 

Figure 1.2 Reactions between TEOS and Oxygen 

This process proceeds in an inert atmosphere: TEOS can be its own oxygen 

source, and Si02 can be deposited from TEOS in nitrogen. However, addition of oxygen 

increases the deposition rate, presumably through providing an alternative path for 

removal of the ethyl groups from the surface. TEOS/O2 is generally performed in tube 

reactors at pressures of a few Torr. The conformality ofthe film is excellent under most 

conditions as the depositing species are inert and can difftise readily into trenches and 

holes. For high deposition temperatures (>650 °C) the film stmcture is densified during 

deposition, so very little Si-OH is incorporated in the film, and Si-H is not observed at all 

due to the very strong Si-0 bonds. Thus films are thus dense and fairly stable as 

deposited with modest compressive stress. Reasonable rates are only obtained at 

temperatures > 600 °C, so that high temperature TEOS/O2 cannot be used after metal is 

deposited. Figure 1.3 is representation ofthe breaking up of TEOS. 



Figure 1.3 Breaking Up of TEOS 

TEOS is a relatively inexpensive, safe source for sUicon dioxide. However, 

deposition using oxygen or inert ambient requnes temperature in excess of 600 °C. To 

achieve lower temperature deposition, it is necessary to add a more aggressive oxidant. 

The use of ozone as this oxidant has been widely explored and found commercial 

applications. With the addition of a few mole% of ozone to oxygen, silicon dioxide 

deposition can be obtained at much lower temperatures than with oxygen alone. The 

mechanism certainly involves attack of monatomic oxygen produced in the heated gas on 

TEOS both at the surface and in the gas phase. Gas phase reactions have been shown to 

represent a significant influence on deposition in SACVD (sub-atmospheric) and APCVD 

processes; they are probably less important at low pressures (< 10 Torr). TEOS/ozone 

films, like TEOS/O3 films, have excellent conformality: in some cases they even seem to 

display a "flow-like" or more-than-conformal behavior, filling re-entrant features that 

could not be filled by merely uniform deposition over the existing topography. It was 

found that film quality is much improved by deposition at higher pressures. Most 

commercial implementations of this process employ pressures of 200-"760" Torr. Films 

deposited from TEOS must undergo significant restmcturing to form dense silicon 

dioxide, as the "holes" left behind by the elimination of ethane or ethoxy groups are filled 

in, as shown in Figure 1.3. This restmcturing becomes difficuh if the adsorbed molecule 
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is "under" the surface, covered by subsequent deposition. Thus, higher deposition rates 

(necessary to reduce cost) give poorer films. Either no bridge bonds are made, giving 

porous films, or the bonds are strained, and thus susceptible to later hydrolysis. 

Thus, in order to take advantage of TEOS/O3 step coverage without impacting 

transistor reliability, the TEOS/O3 film is usually encapsulated within layers of plasma-

deposited oxide. Achieving uniform growth in these conditions is dependent on 

avoidance of another problem unique to TEOS/Ozone: surface sensitivity. The deposition 

rate of TEOS/Ozone films is strongly influenced by the nature of the substrate. Film 

growth is rapid and facile on bare silicon, but thermal oxide substrates produce slow-

growing, porous films when deposition is performed by SACVD or APCVD at high 

ozone concentrations. 

PECVD reactions include silane and nitrous oxide and TEOS and oxygen. In the 

silane and N2O process conditions typically range from about 0.2 Torr to a few Torr, 

temperatures of 200-400 °C, gas flows from a few seem to a liter or two per minute, 

generally with a high ratio of oxidant: sUane. The film properties are fairly similar to 

those obtained using thermal CVD from silane; conformality is generally poor to 

mediocre. However, the addition of the plasma enables rather facUe control of film 

stoichiometry, all the way from amorphous silicon to silicon-rich oxides to nearly pure 

silicon dioxide, by varying the gas mixture and flows. Silicon-rich oxides can be used as 

moisture barriers, due to the ability of the Si-H bond to react with water molecules to 

form silanol and release molecular hydrogen. Silicon-rich oxides may also be useful as 

etch stop layers. Plasma-deposited silicon dioxide layers from silane are widely employed 

when conformality is not critical. They can be used as thin bottom layers in sandwiches 

with TEOS/ozone or spin-on glass layers for intermetal dielectric gap fill, or as part of a 

final passivation layer. In Damascene processes, metal lines are inlaid into ttenches 

formed in the intermetal dielectric and then polished flat, so the IMD is always deposited 

on a flat smooth surface and conformality is not significant. IMD for Damascene 

processes can use PECVD silane oxide films. By adjusting the deposition conditions 

(making the gas silane-rich) one can deposh silicon-rich films; these can be employed as 



moisture barriers to prevent water from penetrating TEOS-ozone oxides or spin-on 

glasses from damaging underlying transistors. 

1.4 Comparison Of Properties Of CVD And Thermal SiO? ' 

Table 1.2 is a table comparing the properties of CVD and Thermal Si02. This 

table compares properties such as deposition temperature, stress, step coverage etc. 

Table 1.2: Comparison of properties of Si02 from different deposition methods 

FILM TYPE 

Deposition Temp 

(deg C) 

Step Coverage: 

Sfress (xlO^ 

dynes/cm2) 

Dielectric Strength 

(10^ V/cm) 

THERMAL 

800-1200 

Conformal 

3C 

(compression) 

3-6 

PECVD 

200 

Good 

3C-3T 

(tension) 

8 

APCVD 

450 

Poor 

3T 

10 

TEOS 

700 

Conformal 

IC 

Depending on the deposition conditions CVD silicon dioxide may have lower 

density and slightly different stoichiometry from thermal oxide, causing changes in 

mechanical and electrical film properties (such as index of refraction, etch rate, stress, 

dielectric constant and high electric-field breakdovm strength). Deposition at high 

temperatures or use of a separate high temperature post-deposition anneal step can make 

the properties of CVD films approach those of thermal oxide. Deviation of the CVD 

silicon dioxide film's refractive index, n, from that ofthe thermal Si02 value of 1.46 is 

often used as an indicator of film quality. A value of n greater than 1.46 indicates a 

sUicon rich film while smaller values indicate a low density, porous film. A 6:1 HF 

solution will etch thermal silicon dioxide at 1200A/min. Deposited oxides tend to etch 

much faster. The ratio ofthe deposited film etch rate in HF to that of thermal oxides is 

often taken as a measure of its density. However, CVD oxides can be deposited at lower 
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temperatures as compared to thermal oxides and are used in processes with temperature 

constrictions. 

The Radiance® Centura of Applied Materials has been developed for four main 

process applications: 

• Ion Implant Anneal, 

• Silicidation, 

• Rapid Thermal Anneal, 

• Spike Anneal. 

Ion Implant Anneal is performed in order to repair surface damage caused by ion 

implantation. The process is done in the presence of nitrogen or argon. Silicidation of 

Titanium, Cobak and Nickel can be processed in the RTP chamber. The process is 

performed in a N2 enviromnent after deposition of a metal film by PVD (physical vapor 

deposition). The thermal processing allows the metal to react with the silicon to form a 

silicide. Typical process conditions are from 450°C to 750''C for 15 seconds. The primary 

gases used for RTO (rapid thermal oxidation) are oxygen and nitrous oxide. The wafer is 

heated in an ambient of 1000-1100°C for 30 to 120 seconds, which vdU form an oxide of 

thickness of 60A-1000A. RTO is a very short process and can achieve 3% growth in 1 

second. Advanced process such as ultra-shallow junction anneals requfre a fast ramp-up 

and fast cooldown rates. The fast response of the Radiance® chamber enables a sharp 

spike in the temperature of the wafer. Rapid cooldown of the wafer is achieved by 

introducing He at the peak temperature. Typical spike temperatures are in the range of 

950*'C to llOO^C. The spike temperature controls the activation ofthe dopants (Arsenic, 

Boron, and BF2). 

There were two experiment conducted in this chamber. The first was involved 

controUing the condensation during steam oxidation inside the chamber and the second 

one was characterizing the oxides grown in this chamber. The Radiance® 300mm was 

used for the first experiment and the Radiance® 200mm was used in the second one. 



CHAPTER II 

CONDENSATION CONTROL ON RADIANCE® 300 MM 

2.1 .Overview Of The Chamber 

All the wafer processes occur in the process chambers. Chamber positions are 

referred to as chambers A B, C and D. A typical two chambered RTP system has two 

RTP chambers in positions A and B. One Centura mainframe has the capability to hold 

four Radiance chambers. The Radiance® 300mm chamber can process at atmospheric 

pressure and at reduced pressure and it can use both toxic and non-toxic gases. It has 409 

lamps divided into 15 zones which are monitored by seven probes to ensure an even 

heating process. The wafer is inserted into the Radiance® chamber through the chamber 

slit openings and placed on the process kit which consists of a wafer edge ring and 

support cylinder. The process kit sits on a Maglev (magnetic levitation) rotation 

assembly. The assembly rotates the wafer at 240 rpm while the lamp module heats the 

wafer. 

Radiance is equipped with a Devicenet MFC's, which use a digital signal. 

Radiance® Centura has been ergonomically designed. Each chamber has its own gas 

panel and the gas panel has been relocated to its current position below the chamber to 

make it more accessible. Radiance® Centura 300mm chamber is available for 

atmospheric pressure and reduced pressure processing. Rurming the Radiance® chamber 

at reduced pressure is usefiil for systems that have a LPCVD and RTP chamber on the 

same mainframe because it saves the total production time by reducing the time spent 

pumping up and down the transfer chamber between wafers. Depending on the process, 

once the wafer has reached the desired temperature, the gases will flow across the wafer. 

The gas flow rate, duration on the gas flow and the temperature set point are determined 

by the product recipe. When the product recipe is complete, chamber gas is purged and 

the robot removes the wafer from the chamber. 

The key features of this chamber include the magnetic levitation of the rotor, the 

closed-loop temperature control of the lamps with pyrometers and the fact that the 

processes can be carried out at both atmospheric pressure and reduced pressure. 
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2.2 Features ofthe Radiance Centura 

2.2.1 Radiance® Chamber Components 

Figure 2.1 is a schematic ofthe chamber components. 

AREAS 

IXAMPHBAD 

2.CXXXJN0TOBB 

3.ItEaBCr(MlFlAIE 

4J'ACE PLATE 

SXDOBWtKi 

6JNIECTUNE 

TAASBUNO 

8.EXHAISTUNE 

9JVS0MEIER 

Figure 2.1: Chamber Components ofthe Radiance® 

2.2.1.1. Lamp Array 

The Lamp Array consists of 409 tungsten-halogen lamps positioned inside high-

reflectivity tubes. The lamps are arranged in a hexagonal pattem and grouped into 15 

concentric independently controlled power zones. The lamps are mounted in a helium-

cooled housing. The energy distribution required is process-specific; it depends on 

variables such as temperature level, wafer type, chamber pressure, gas flow and reaction 

dynamics. 
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2.2.1.2. Quartz Window 

The thin low mass quartz window is located between the lamp array and the 

chamber. When the chamber is at atmosphere, the atmospheric pressure presses against 

the water-cooled plate. 

2.2.1.3 Chamber Body 

An atmospheric or vacuum vessel constitutes the chamber body in which a wafer 

is processed on a thin support ring. It is made of stainless steel and is water cooled. 

Because the wafer and the support ring have a low thermal mass, they can be heated and 

cooled rapidly. 

2.2.1.4 Mag-Lev Rotation 

Figures 2.2 and 2.3 are schematics of the Mag-Lev rotor and its different 

components. The Maglev rotates the wafer during heating to improve uniform heating. 

The Maglev rotates the wafer at 240 rpm (rotations/minute). The rotation drive is 

magnetically coupled through a thin section ofthe chamber wall. The rotor, driven by the 

Maglev controller, supports the quartz cylinder edge ring. The rotor is supported by 

magnetic flux through the thin wall of the chamber bottom. The stator coUs are 

positioned such that the rotor rotates in suspension inside the chamber. There are six 

sensors marking the x, y and z positions, which help in maintaining the position of the 

rotor. The sensors measure the distance ofthe rotor from the chamber inner waU in terms 

of voltage. Depending on the voltage read the current in the stator is adjusted to position 

the rotor. 
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Figure 2.2: Schematic ofthe Mag-Lev Rotation Assembly 

Rotor 

Reflector 

Stator 

Figure 2.3: Stator and Rotor ofthe Mag-Lev Rotation Assembly 
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2.2.1.5 Pyrometers 

The Radiance® chamber has closed loop temperature control system. It consists 

of 

• Seven probes and seven groups, 

• Reflector probe, 

• RTC (Remote Temperature Controller), 

• SCR (in 15 zones), 

• 409 lamps (in 15 zones). 

Figure 2.4 is a pyrometer probe with its different components. The probes are 

arranged radiaUy from the center ofthe reflector plate. The data relayed by a probe or a 

group of probes, determines the power output ofthe SCR and therefore the temperature. 

A temperature probe is a sapphire light pipe sealed with an 0-ring that sits at the chamber 

bottom. The 0-ring maintains vacuum integrity. The RTC is located in the chamber 

controller cart. It is a dedicated computer that measures temperature and calculates and 

controls the lamp voltage. 

Top View Emissivity reflector 
O-ring seal Main detector 

Re lectivel optics 

r - • - . • . _ ^ 
4mm Quartz probe 

Optical Filter 

I*= 

Pyrometers: 

Pyrometers & 

Emissometer 

Emissivity detector 
Analog/digital circuit PCB 

Figure 2.4: Pyrometer Probe 
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Operators can control and monitor the RTC from the Legacy software. The 

remote AC box is mounted in the remote controller frame. A specific software 

temperature confrol routine can be selected by the user. This algorithm is designed to 

maintain constant temperature. The algorithm can be specified in a process recipe or by a 

process specific system. The table below (Table 2.1) illustrates by probe number the 

function of each probe. While each probe has the potential to become an emissometer 

probe, only the fourth probe sends a signal to the RTC and functions as an emissometer 

probe. The closed-loop control is shown below in Figure 2.5. 

The table 2.1 lists the pyrometer probe fiinctions used to monitor the lamps. 

Table 2.1: Probe Function 

Function 

Probes send signal to RTC 

for temperature control 

Sends signal to RTC and 

functions as an emissometer probe. 

Location 

1-7 

8 

MULTI-ZONE 

LAMP DRIVER 

LAMP HOUSING-

DESIRED RECIPE TEMPERATURE 

VERSUS ACTUAL TEMPERATURE 

MULTI-INPUT, MULTI-OUTPUT 

TEMPERATURE CONTROLLER 

BOX 

LAMP VOLTAGE 

1 
TUNGSTEN HALOGEN LAMPS 

t^yyuuyyyuuy 
HI III III "Mil III III 

WAFER 

REFLECTOR 

PLATE 

7 TEMPERATURE PROBES 

Figure 2.5: Closed-Loop Cfrcuit ofthe Lamps 
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2.2.1.6 Chamber Body Assembly 

The chamber body assembly consists ofthe Maglev rotation system, base ring and 

chamber bottom. All are made of stainless steel and bohed to the chamber bottom is 

aluminum reflector plate with dielectric stack. The Radiance® Centura 300 mm chamber 

is bohed to the transfer chamber. There are two in and two out ports for the water to flow 

in the back of the chamber. The gas flow port is under the chamber, and there is a gas 

inject in the base ring as well. The ports are on the underside ofthe weldment. 

The slit is located in the front ofthe chamber. The slit valve that opens and closes 

the slit is part ofthe transfer chamber. There are two view ports on either side for viewing 

the inside of the chamber; one is standard and the other is optional. The view ports are 

equipped with a muhiband fUter for eye protection from varying bands of light. Do not 

look into the view port unless the fUter is in place. 

2.2.2 Chamber Cooling 

Four components ofthe Radiance® Centura 300mm are cooled by water. They are 

the lamp housing, lamp housing bottom flange, chamber base ring and chamber bottom. 

Facilities supplies chilled water to all the components, which is circulated through each 

water cooled component. The base ring and chamber bottom use a heat exchanger for 

water cooUng. After the water leaves the components it passes through H2O flow sensors. 

If the flow is not adequate enough to cool the component, the system triggers a hardware 

interlock response to establish safe connection. 

2.2.3 Gas Flow 

The gas flow system provides process and purge gases to the chamber. The 

typical gases for the RTP process are nitrogen (N2), nitrous oxide (N2O), oxygen (O2) and 

argon. Typical gas flow rates are 1.0 liter/min to 3.0 liter/min for an ion implant anneal 

and titanium silicidation and 15.0 liter/min to 30.0 liter/min for rapid thermal oxidation. 

The gas lines originate at the gas panel. For a non-toxic system, there is one line for both 

process and purge gas lines originating from the gas panel. At the process chamber, there 

is a tee fitting connecting both lines to the chamber. A normally open (N/0) valve 
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controls purge gas flow to one side ofthe tee fitting and a normally closed valve controls 

process gas flow to the other side ofthe tee. Process and purge gases enter the chamber 

through a port in the weldment bottom. Gases flow into the chamber through the gas 

distribution holes located in the slit valve insert, which is part of the transfer chamber. 

The gas moves continuously across the wafer during the processing. 

2.2.4 Exhaust System 

All gases in the chamber are exhausted through the chamber base ring. The 

exhaust line vents directly to a scmbber. The exhaust line for the chamber contains a 

manometer, an isolation valve, a PCV (pressure control valve) and a bypass line. To 

enable faster cooldowns. Radiance® features a backside exhaust. The isolation valve is 

pneumatic N/C valve. This valve closes the exhaust line to prevent particulates from back 

streaming into the chamber when the chamber is off-line or during power off. The PCV 

(pressure conttol valve) is a stepper motor driven mechanism that regulates chamber 

pressure. Manometer feedback provides closed loop pressure control. 

2.2.5 Generic Process 

2.2.5.1 Prior to recipe: Active Idle Wafer-Entry 

Active Idle Wafer Entry occurs prior to step one ofthe recipe. As soon as the sht 

valve between the transfer chamber and the process chamber closes, the lamps turn on. 

The initial glowing of the lamps marks the beginning of the Active Idle Wafer-Entry 

process. Meanwhile, the lift pins are lowering, bringing the wafer down toward the edge 

ring. Once the wafer is in contact with the edge ring position. Open Loop heating begins. 

The lamps begin heating the wafer prior to the wafer contact with the edge ring in order 

to prevent a sudden increase in the wafer temperature from the room temperature, and 

decreases the time for Open Loop heating. Heating the wafer during the loading operation 

thus decreases the total process time, therefore improving the total throughput. 

The active idle wafer entry voltage profile is designed to heat the wafer 

differentially with respect to the edge ring, which helps prevents warpage. The Active 

Idle wafer entry process is recipe specific. 
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2.2.5.2 Step one: Open Loop Heating 

During this step the chamber heats the wafer with a constant voltage profile until 

the temperature is high enough to give a valid pyrometer reading (at least 375T). 

Although the voltage is constant in this step, there is a designated value for each lamp 

zone. The specific voltage profile is designed to heat the wafer edge differentially and to 

prevent warping. Typical step-end temperatures are approximately 450*'C for Silicidation 

and 500''C for implant anneal. 

2.2.5.3 Step Two: Stabilization on Ramp (SOR) 

The stabilization is different for the RTP Centura compared to the Radiance® 

Centura. For the RTP Centura, this establishes a mid-point closed loop control at a rate 

that is ramped, not constant. This rate is much smaller than that in the open loop step. The 

continued ramping allows the temperature to continue climbing, while the slowed rate 

allows the wafer to stabilize. For the Radiance® Centura, this step is called "Stabilize on 

Ramp." The 25° C/sec ramp rate used in this step is low enough to allow the temperature 

across the wafer to stabilize. By ramping during the stabilization, the overall temperature 

across the wafer continues to increase and the wafer reaches the target process 

temperature more quickly. This increases the efficiency over a few hours of process 

time. 

The stabilization step must allow enough time for temperature to stabihze 

effectively, typically 8 to 15 seconds. It is important to avoid saturation at the end of step 

2. In other words no zone voltage should be at its minimum (5%) or maximum (80%), as 

indicated by the lamp voltage log. 

2.2.5.4 Step Three: Ramp Up 

Once closed-loop conttol is established, the temperature can be ramped to a 

desfred set point. Typical ramp rates are 75''C/sec for 300mm wafer recipes. Multiple 

steps maybe used to slow the ramp near the desired temperature, so that the wafer reaches 

the desfred temperature gradually. This step ends once the wafer reaches the target 

temperature. 
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2.2.5.5 Steady State Soak 

During this step, the wafer continues rotating, while the temperature controller 

maintains the target temperature reached in the ramp up step. This step is set to end after 

a specific amount of time ranging from 5 to 120 seconds. 

2.2.5.6 Step Five: Ramp Dovra 

The purpose of this step is to decrease the wafer temperature prior to the transfer 

to the single wafer load lock for cooling. 

2.2.5.7 Post-Recipe: Transfer to cool down chamber 

The wafer remains in the SWLL for a set time, long enough for the wafer to reach 

a temperature low enough to be in contact with the wafer handling blade and the Front 

Opened Unified Pod (FOUP) without causing any damage. 

2.2.5.8 Post-Recipe: Wafer Unloading 

This step consists of moving the wafer to the FOUP. 

2.3 Condensation in the Radiance® 300nim 

During Atmospheric Steam Oxidation, steam is introduced into the chamber 

through the pipe which is heated in order to prevent the steam from condensing. The 

steam is diluted with nitrogen. During the process, there are different purges introduced 

into the chamber. There is a rotor purge, a pyrometer purge and a slit valve purge. The 

rotor purge involves introducing nitrogen into the chamber through the chamber bottom. 

The pyrometer probe is introduced in order to prevent any particles from depositing on 

the probe tips as it may affect their performance. Lastly, the slit valve purge includes a 

shower of nitrogen at the slit valve to isolate the chamber from the transfer chamber. 

As the wafers are cycled, there is a certain amount of steam in the chamber in 

between wafers. This steam might condense on the colder parts of the chamber. As the 

chamber is made of stainless steel, it might be a cause of concern. The solution suggested 

to this was to monitor the temperature ofthe chamber bottom, the rotor, the chamber wall 
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and other areas where condensation might take place. The other suggestion was to mn hot 

water through the Base Ring which in turn will heat up the chamber and the different 

parts. Consequently, steam would not condense on these parts. However, there were 

technical challenges in the implementation of this solution. 

2.3.1 Technical ChaUenges 

Given below is a schematic (Figure 2.6) pointing out the different areas which 

were posing technical challenges. Given these limitations a solution was required to 

minimize condensation in the Radiance® 300mm. 

Quartz Support 

Cylinder 

Suspension 

Motor & Stai 

Edge Ring 

Chamber 

Wall 

Figure 2.6: Technical Challenges 

The technical challenges were as follows: 

1. Rotor temperature monitoring was difficult as the rotor is in suspension inside the 

chamber due to Magnetic Levitation. Thermal coupling could not be used to 

measure temperature. 

2. Maglev sensors operation at high temperature unknown. They are designed to 

operate at a temperature range of around 40^0. These sensors have temperature 

dependent sensitivity factors. Thus, the heating of the base ring was limited by 

this. 
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3. Thin walled section of chamber bottom cannot be heated. The thin wall (-0.050") 

has no water jackets so it would have to be heated from the outside. The stator is 

adjacent to this thin wall and would preclude contact heaters. 

4. Radiance® pyrometers are only guaranteed to operate property below 35°C. 

Condensation control hardware will have to be designed around this requfrement. 

Keeping these limitations in mind a test plan was designed. This plan was a 

modification ofthe test plan proposed by Eugene Xu. It was as follows: 

2.3.2 Test Plan 1 

Test Plan 1 was designed keeping in mind ofthe limitations ofthe chamber. 

1. Set-up a "stand alone" 300nim Radiance® Chamber which will have these minimum 

features: operation with a laptop; fiiUy configured for turning the lamp till a typical 

operation temperature; Maglev bearing and pyrometers similar to the production 

units; able to introduce or remove nitrogen from chamber; able to load or unload 

wafer (by hand OK). 

2. Run hot water through Base Ring and check for the cold spots. 

3. Set-up temperature measurement labels and thermocouples on spots of interest 

outside and inside the chamber to characterize chamber thermal profile. 

4. Measure the temperature at the "cold" spots obtained from the previous profile again. 

5. Observe effect on condensation with an increase or decrease in nitrogen purge. 

6. Design review meeting to discuss the thermal profiles obtained and to determine the 

priority for further investigation. 

7. Install appropriate hardware to eliminate condensation in the "cold" areas. 

2.3.3 Stepl 

As proposed, the first step carried out was a temperature profiling of the whole 

chamber using both thermocouples and temperature labels. Temperature labels were used 

in areas inside the chamber, areas which were isolated due to the closing ofthe chamber. 

The remaining areas were monitored using thermocouples. The National Instmment Field 

Point® was used to record the output from the thermocouples. Labview ® was the 
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software used to operate the Field Point. The temperature labels used would report the 

highest temperature reached at that point. However, that had hs own limitation as our 

area of concern was the lower limit ofthe temperature range. Given below is a section of 

the chamber with the positions marked which were monitored using thermocouples and 

temperature labels. The temperature profiling was done at different temperatures of hot 

water cfrculating in the Base Ring. 

Figure 2.7 is the schematics showing the different areas monitored for 

temperature calibration, a list ofthe areas and another view ofthe chamber with the areas 

marked. 

Figure 2.7 Areas monitored for temperature calibration 
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1. 
• 
• 
• 

2. 
• 
• 

3. 
4. 
• 
• 
5. 
6. 
• 
• 
• 

7. 
8. 
9. 

ROTOR 
UPPER EDGE 

LOWER SURFACE 

INNER EDGE 

CHAMBER BOTTOM 

OUTER SURPACE 
OUTER EDGE 

BASE RING 
CHAMBER EXHAUST LINE 

TOP 
BOTTOM 
SUPPORT CYLINDER 
CHAMBER INNER SIDE WALL 

UPPER 
MIDDLE 
LOWER 
INJECT LINE (AT THE SOURCE) 
BEARING COVER (not momtoring) 
PYROMETER LOCATION 

10. QUARTZ WINDOWS 

11 .SLIT 

Figure 2.7 Areas monitored for temperature calibration (Continued) 

Figure 2.7 Areas monitored for temperature calibration (Continued) 
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Given below is the plot ofthe temperature file with the Base Ring at 70°C. 

Temperature Profile with Base Ring at 70C 

80 

60 

40 

view Port 

^^''\wN••^\\/\.,ln^f^Xr^y'\Yr^^^ X 

Pyrometer 

'm 1̂  RriTifro ?r^-(e 

0 50 100 150 200 250 300 350 400 450 500 550 600 

TIME (sec) 

- SI it Valve(Deg C) 

- View Port(Deg C) 

Ch Btm (Mag Lev)(Deg C) 

Ch Outer W/all(DegC) 

-Temp Probepeg C) 

-Ch Btm(Oulside)(Deg C) 

Figure 2.8: Plot of temperatures observed with Base Ring at 70°C 

2.3.3.1 Results of Step 1 

From the above the chart, it was noted that the Pyrometer and the Maglev were at 

a stable temperature of 27*'C and 24°C. The slit valve was around 54°C on an average. 

However, this was with the Base Ring at 70°C. These results were from the thermocouple 

using the datalogger. The other test was carried out with the Base Ring at 90-95°C. 

1. All temperature are taken with Base Ring at 90 -95°C. 

2. The 1100°C recipe is around 1.5 minutes with a 60-second soak at 1100°C. 

3. The 15% cycle is a 1-minute recipe with all lamps at 15% and with 100 iterations. 
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Table 2.2: Results of Temperature Calibration 

AREA 

1. Chamber bottom 

2. Mag-Lev switch 

TEMPERATURE 

-88.5 °C 

1. ~ 59 °C with 200 rpm 

and 15% cycle recipe. 

2. ~67°C with 60 rpm and 

1100 °C recipe 

NOTES 

Not an area of concern 

as it has a nitrogen purge, which 

prevents any steam or gas to 

reach it, and the temperature is 

high enough to prevent 

condensation. 

1. The Maglev wfres are rated 

for 500-600 °F (260-315°C) 

although they do start to 

smell around 100°C. 

2. The temperatures are 

dependent on the recipe and 

we are unable yet to mn a 

1100 °C recipe at 200 rpm. 

3. Another mn with base ring 

90°C, rotor 200 rpm and 

15% cycle for 8 hrs will be 

done although the temp 

observed will around 10°C 

or more off from the ones at 

1100 °C. 
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Table 2.2: Continued 

AREA 

3.MagLev sensors 

4. Slit valve 

TEMPERATURE 

1. Sensor 1 67-68 °C 

2. Sensor 2 ~ 72 °C 

3. Sensor 3-72 °C 

1. 58-59 °C 

2. 62°C with base ring 

95°C 

NOTES 

1. These values are for the 200 

rpm rotor and 15% cycle 

recipe. 

2. Similar values were 

observed for rotor 60 rpm 

and 1100 °C cycle. 

3. The effect of 1100 °C recipe 

on 200 rpm has to be 

observed. 

4. The voltage readings of the 

Maglev sensors were quite 

consistent throughout the 

test. 

1. These values are not that 

relevant as there is no 

transfer chamber and the 

back plate on the slit valve 

is exposed to room 

temperature. 

2. The cooling lines on the 

back plate have been 

installed and the 

temperature measurements 

v^U be taken again. 

26 



Table 2.2: Continued 

AREA 

5. Pyrometers 

6. Rotor 

a. Upper edge 

b. Inner edge 

c. Lower edge 

7. Inner chamber 

a. Upper 

b. Middle 

c. Lower 

TEMPERATURE 

1. 75-77 °C with 200 rpm, 

15% cycle recipe. 

2. -81 °C with 60 rpm, 

1100 °C recipe 

a. -104 °C 

b. - 88-93 °C 

c. less than 82 °C 

a. 85-99 °C(1100C 

recipe), 82°C(15% 

cycle) 

b. 85-86 °C( " ) 

c. 85 °C ( " ) 

NOTES 

1. Around 5-6 °C temperature 

difference is seen between 

the two recipes. 

2. The pyrometers are rated to 

work at 35°C and the 

temperatures observed are 

more than twice the 

temperature. 

3. Cooling lines have been 

installed around the 

pyrometers and the 

temperatures will be 

observed. 

1. These values were taken 

during the 1100 °C cycle. 

2. Although what is needed is 

a lower limit on these 

values. One method maybe 

mnning the chamber at 

lower temperatures - 400 °C 

and observe the temp labels, 

suggestions are welcome. 

1. These values look good 

although with steam in the 

chamber, the lower Umit on 

these values should help us 

decide whether they are still 

areas of concern. 
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From the above results shown in Table 2.2, the optimum temperature to heat the 

Base Ring was 70°C as the observed temperature of the different electronics was below 

the critical temperature. 

2.3.4 Step 2 

The next step was to develop a recipe for the control ofthe lamp voltages as there 

was no closed loop control provided on the stand-alone test stand. Three pyrometer 

probes along with the RTC were connected to help control lamp voltages. A recipe was 

developed to maintain a uniform temperature of 500°C for a duration of 5 minutes. 

Another similar recipe was also developed for 1100°C. The first test carried out was to 

get a baseline on the condensation. Since this test was performed to obtain a baseline, 

cold water was mn through the Base Ring and the chamber bottom. In addition to this, 

none of the purges were turned on. The pressure inside the chamber was around 3 Torr 

under atmospheric pressure. 

2.3.5 Testl 

Table 2.3 lists the conditions for testl. The conditions include the temperature of 

the cooling water, amount of gases used for purging etc. 
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Table 2.3 

TEST 

NO: 

1 

: Conditions for test 1 

CONDITIONS: 

1. Base ring HEX: 

20 °C 

2. Rotor Purge: 

NO 

3.Highest Temp: 

SOO-C (BPSG 

recipe) 

4. Slit Valve 

Purge: NO 

5. Lift Pin Purge: 

NO 

6. Steam: 3 slm. 

Nitrogen - 2 slm 

DATA 

1. Check for 

water inside 

chamber 

(pictures) 

2. Inner 

Chamber 

Wall Temp 

(TC) 

3. Slit Valve 

Temp (TC) 

4. Maglev 

TIME 

No Of 

cycles: 1 

Time: 

11 mins 

for all 

cycles, 1 

day for 

test 

17-Aug 

PURPOSE 

To confirm if 

there is 

condensation, 

how much of 

it is there, 

where it is 

and to get a 

baseline. 

STATUS 

COMPLETE 
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Given below are the picture taken in Test 1. Figure 2.9 is a set of pictures ofthe 

different parts of the chamber, (a) and (d) is the picture of the side inject, the inlet for 

steam. Figure 2.9(b) is the picture ofthe slit valve which opens into the transfer chamber 

(not present in our stand-alone chamber). Figure 2.9(c) is the picture showing the face 

plate which was used to close the slit valve. Figure 2.9(e) is a view of the Rotor and 

Figure 2.9(f) is a view of the chamber bottom area under the side inject. All the areas 

shown has drops of water and areas close to the steam inject contained larger amounts of 

water. The results from this test are listed at the end ofthe figures. 

SIDE INJECT 

(a) Side Inject 

SLIT VALVE 

(b) Slit Valve 

Figure 2.9 Parts ofthe Chamber Observed 

30 



FACE PLATE 

(c) Face Plate in the Slit Valve 

SIDE ESfJECT 

(STEAM COMES 

IN FROM HERE) 

SDDE ESTJECT 

(d) Another View ofthe Side Inject 

Figure 2.9 Continued 
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ROTOR 

(e) Chamber Bottom 

SIDE 

INJECT 

CHAMBER 

BOTTOM 

(f) Another view ofthe Chamber Bottom 

Figure 2.9 Continued 

Listed below are the observations made after mnning the test. 

Water droplets were observed on the side inject, slit valve, rotor, chamber bottom 

and surrounding areas 

Water droplets on the rotor and chamber bottom were due to condensation on the 

side injects. The other parts of the rotor and chamber bottom had no visual 

condensation. 
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The next step was to heat the Base Ring (70°C) to eliminate the condensation on 

the above mentioned areas. 

2.3.6 Test2 

Table 2.4 is a list ofthe conditions maintained for test 2. 

Table 2.4: Conditions for test 2 

Test 

No: 

2 

Conditions: 

1. Base ring HEX: 

70°C And 

Chamber Bottom: 

20 °C 

2. Rotor Purge: NO 

3 .Highest 

Temperature: 

500 °C 

4. Slit Valve Purge: 

NO 

Data 

1. Check for 

water inside 

chamber 

(pictures) 

2.1nner 

Chamber Wall 

Temp (TC) 

3. Slit Valve 

Temp (TC) 

4. Maglev 

Time 

No Of 

cycles: 1 

Time: 11 

minutes 

for aU 

cycles, 1 

day for 

test 

20-Aug 

Purpose 

To observe 

effect of hot 

base ring on 

condensation 

on the slit 

valve, side 

inject and 

surrounding 

areas 

Status 

Complete 
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Table 2.4: Continued. 

Test 

No: 

Conditions: 

5. Lift Pin Purge: 

NO 

6. Steam: 3 slm. 

Nitrogen - 2 slm 

7. Inject Line and 

Inject Cap: HOC 

Data Time Purpose Status 

The next page has pictures from the second test. Figure 2.10 is the set of pictures 

of the parts under observation after the second test, (a) and (b) are the left and right 

comers of the slit valve area and showed drops of water. The drops were scarce in 

amount as compared to test 1. Figure 2.10 (c) is the picture ofthe side inject and it did 

not show any water. 

SLIT VALVE 

(Left comer) 

(a) Left comer ofthe Slit Valve Area 

Figure 2.10 Pars ofthe chamber observed after the second test 
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SLIT VALVE 

(Right comer) 

(b) Right comer ofthe Slit Valve Area 

Side Inject 

(No visual 

Condensation) 

(c) Side Inject 

Figure 2.10 Continued 

The observations made after mnning the second test are listed below. 

The heating of the Base Ring helped in eliminating the condensation on the side 

inject, base ring wall but not on the slit valve. No water droplets were observed 

on any parts ofthe rotor and chamber bottom. 

The pyrometer probe temp was at - 27 °C avg. 
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The next step was to eliminate the condensation on the slit valve areas by 

introducing a purge through the slit valve. 

2.3.7 Test 3 

Table 2.5 is a Ust of conditions maintained for test 3. 

Table 2.5: Conditions of test 3 

Test No: 

3 

Conditions: 

1. Base ring 

HEX; K "C And 

Chamber 

Bottom: 20 °C 

2.Rotor Purge: 

NO 

S.Highest 

Temperature: 

500 "C 

4. Slit Valve 

Purge: YES - 5 

slm 

5. Lift Pin 

Purge: NO 

6. Steam: 3 

slm, Nitrogen 

~ 5 slm 

7. Inject Line 

and Inject Cap: 

110 °C 

Data 

1. Check for 

water inside 

chamber 

2.lnner 

Chamber 

Wall Temp 

3. Slit Valve 

Temp: 

4. Moisture or 

vapour on the 

Slit Valve 

5. Maglev 

Time 

No.Of cycles: 

Time 11 mins 

for all cycles, 

1 day for test 

20-Aug 

Purpose 

To observe 

the combined 

effect of a hot 

base ring and 

slit valve 

purge on the 

condensation 

on slit valve 

Status 

Complete 
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Figure 2.11 is a picture ofthe slit valve. The eariier test resuhs showed drops of 

water on both the left and right comer ofthe slit valve and after mnning test 3, there was 

no visual condensation observed. 

Slit Valve 

(No visual 

Condensation) 

Figure 2.11 Slit Valve Area 

Listed below are the observations made after mnning the third test. 

• There was no visual condensation on the slit valve or the face plate. 

However, we have no information about the relative humidity in the chamber. 

• So, the next step is to introduce a humidity sensor through Rotor Purge and 

observe the amount of humidity in the chamber. 

We will also compare the change in humidity with the base ring heating, sUt 

valve purge and rotor purge. 

Test 4 was carried out to find the effect of the temperature probe purge by 

carrying out the experiment with the temperature probe purge off. 
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2.3.8 Test 4 

Table 2.6 is a list of conditions maintained during test 4. 

Table 2.6: Conditions of test 4 

Test 

No: 

4 

Conditions: 

1. Base ring 

HEX: 20 "C 

2. Rotor Purge: 

NO 

3.Highest 

Temperature: 

500 "C 

4. Slit Valve 

Purge: NO 

5.Lift Pin Purge: 

NO 

6.Steam: 3 slm, 

Nitrogen - 5 

slm 

7. Temperature 

Probe Purge: 

NO 

Data 

1 .Check for 

water inside 

chamber 

2. Inner 

Chamber Wall 

Temp 

3. Sht Valve 

Temp: 

4.Moisture or 

vapour on the 

Slit Valve 

5. Maglev 

Time 

No Of 

cycles: 1 

Time: 11 

mins 

9/5/2001 

Purpose 

To check out 

the effect of a 

purge on the 

temperature 

probe. 

Status 

Complete 
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The results ofthe test are demonstrated in the picture below. Figure 2.12 is a set 

of pictures of the different parts of the chamber, (a) is the top view of the chamber 

showing the different areas which were under observation. Figure 2.12(b) is the area 

between the side inject and the exhaust. This figure shows the outer edge ofthe reflector 

plate with a layer of water droplets. Figure 2.12(c) is a closer look at the same area. 

Figure 2.12(d) is a view ofthe rotor showing its inner edge and drops of water were 

observed along its inner wall. Figure 2.12(e) is a view ofthe exhaust and its surrounding 

areas which are seen as having water in the form smaU puddles around it. Figure 2.12(f) 

is an image ofthe slit valve area which also contains large drops of water. Thus, from this 

visual set of results it was evident that the temperature probe purge was extremely 

effective in minimizing the condensation of water inside the chamber and its absence will 

result in a considerable amount of residual water inside the chamber. 

TOWARDS 

EXHAUST 

VIEW PORT 
SLIT VALVE 

SIDE INJECT 

EXHAUST 

(a) Top view ofthe Chamber 

Figure 2.12 Parts ofthe chamber observed after test 4 
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(b) Another view ofthe inner edge ofthe Reflector Plate. 

REFLECTOR 

PLATE 
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(c) A closer view ofthe Reflector Plate 

Figure 2.12 Continued 
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INNER EDGE 

OFTHE 

ROTOR 

(d) Inner Edge ofthe Rotor 

(e) The Exhaust Area 

Figure 2.12 Continued 
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(f) The Slit Valve Area 

Figure 2.12 Continued 

The observations listed below were made after mnning test 4. 

In addition to the areas such as Slit Valve, Side Inject, View Port and Exhaust, 

condensation was observed along the outer edge of the Reflector Plate and Inner 

edge ofthe Rotor. 

Water Drops were observed along the inner edge of the Rotor. However it is 

unlikely that this water migrated from the outer edge ofthe Reflector Plate as the 

Rotor inner edge does not make contact with this surface whUe rotating and also 

the water droplets were in the form of a fine sheet along the reflector plate edge 

unlike the Rotor. 

Since the temperature probe purge is normally on during any process, this 

problem should not rise. However, it was good to know that it helps in 

condensation control. 

The next step is to get the Humidity Sensor in the chamber either through one of 

the Rotor Purges or through an opening through the back plate. 

Tests wUl be mn with and without base ring heating and the different purges to 

observe their respective effects. 
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2.3.9 Test 5 

Table 2.7 lists the conditions maintained during mnning test 5. 

Table 2.7: Conditions for test 5 

Test 

No: 

5 

Conditions: 

1. Base ring HEX: 

70°C And Chamber 

Bottom: 20 °C 

2. Rotor Purge: 5 slm 

(On and Ofl) 

3.Highest 

Temperature: 500 °C 

4. Slit Valve Purge: 

YES(5slm) 

5. Lift Pin Purge: NO 

6. Temperature Probe 

Purge: On and Off 

7. Steam: 3 slm, 

Nitrogen - 5 slm 

Data 

1. Check for 

water inside 

chamber 

2. Inner 

Chamber 

Wall Temp 

3. Slit Valve 

Temp: 

4. Moisture 

or vapour 

on the Slit 

Valve 

5. Maglev 

6.Humidity 

near the 

Rotor Area 

Time 

No Of 

cycles: 1 

Time: 11 

mins 

9/11/2001 

Purpose 

To get a 

baseline on 

the humidity 

with the 

help of 

sensor 

Status 

Complete 
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The experimental set-up was as shovm in Figure 2.13. 

Mag-lev 

Sensor 

) Wafer C 

Chamber 

all 

J) Edge 

Wall 

Î̂ CIJ 

T 

Pyrometers 

Mag-Lev Stator 

Humidity Sensor 

Figure 2.13: The Experimental Set-Up with the Humidity Sensor. 

The plot ofthe relative humidity is shown in Figure 2.14(a) and (b). These 

measurements were made with the sensor positioned through the Rotor Purge at the 

bottom ofthe chamber and the lamps were programmed at 500°C. Figure 2.14(a) is a plot 

of both temperature and Humidity. It is observed here that at the introduction of steam, 

there is a sudden rise in the humidity content and once the Rotor Purge is ttimed on the 

humidity drops to almost 0%. The Rotor Purge was turned on and off to check its effect 

and also to observe the time taken for its effect to take place. The temperature of the 

chamber bottom was between 20-25*'C. 
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Humidity and Temperature (Humidity Prb Ttiru Rotor Purge) 

500 °C Recipe 
Relative Humidity Base ring @ 70 C 

Ch Bottom @ 15 C 
Press @ 756 Torr 

- Ch Btm (Mag Lev)(Deg 
C) 
RelativB Humidity 

40fr 600^ 
TiiTie(sec) 

8 0 0 - 1000 

(a): The plot of Temperature and Humidity versus Time 

600 C Relative Humidity 

Steam Intrd 
Only Temp Probe Prg 

~y^' 
Only Temp Probe Prg 

Onlv Rotor 

Temp Probe Prg 
Rotoir Purge iRotoir 

Temp Probe Pr | 

^i^i-j 

&Rotor Purge 

500 °C Recipe 
Base ring @ 70 C 
Oil Bottom @ 15 C 
Press @ 756 Torr 

.Jii/ii,K..f..j^^..Ji^^^^^Ju.A A^A-^^.^j 

260- ^ 0 0 " ^400 -500 -6QO- ^oe- 800- -900 

Time(sec) 

(b) Plot of Humidity versus time 

Figure 2.14 Plots of Relative Humidity with sensor through Rotor Purge 
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The next plot is Figure 2.14(b), which is a plot of only humidity versus time. In 

this plot the Rotor Purge and the Temperature Probe Purge was turned on and off and 

their effect was observed. It is seen in the plot below that with just the Temperature Probe 

Purge on the humidity content inside the chamber is around 60-65% and once the Rotor 

Purge is turned on the humidity drops to a near 0%. However, in this set-up the sensor 

was placed at the chamber bottom, very close to the Rotor Purge and hence the observed 

effect. The conclusion reached was that the Rotor Purge was effective in maintaining the 

humidity content in the chamber bottom within acceptable limits. 

2.3.10 Test 6 

Test 6 was carried out by placing the Humidity Sensor in the Slit Valve Area. 

Figures 2.15 (a) and (b) are the plots ofthe results. Figure 2.15(a) is a plot of Humidity 

versus Time. This measurement was made with no lamps on to observe the amount of 

moisture inside the chamber during idling. Once again the Temperature Probe Purge and 

the Rotor Purge were turned on and off and their effects observed. From the plot the 

effectiveness of the Rotor Purge is observed in bringing down the moisture content to a 

near zero inside the chamber. With just the temperature probe purge on, the moisture 

content is around 16%. Figure 2.15(b) is a plot which shows the Slit Valve Temperature 

and the Humidity Content. In this plot, the Slit Valve Purge was fumed on and off and its 

effect was observed. It is seen that with the Slit Valve Purge off, there is around 30-35% 

of moisture and the moisture content drops to 0-1% when it is turned on. 
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Humidity Chart (No Lamps) 

Rotor Purge Off 
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(a) Plot of Humidity versus Time with No Lamps 
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(b) Plot of Temperature and Humidity versus Time 

Figure 2.15 Plot of Relative Humidity with sensor through Slit Valve 
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The different tests carried out included placing the Humidity Sensor at the 

chamber bottom and near the slit valve. The rotor purge and slit valve purge were varied 

and the pyrometer purge was on throughout. With both the purges on the relative 

humidity was measured at close to 0%. From the experimental results, a set of parameters 

were decided to minimize the humidity inside the chamber are given below. 

• For Condensation Control the following conditions have to be maintained: 

• Base Ring has to heated to 70 "C, 

• Chamber Bottom cooled to 20 °C, 

• Temperature Probe Purge: 5 slm, 

• Rotor Purge . 5 slm, 

• Slit Valve Purge: 2 slm, 

• Inject Line heated to 110 °C. 

From the above parameters, we can see that the technical challenges were met. 

• Rotor Temperature Control and Maglev sensor operation are no longer issues of 

concem as the Chamber Bottom is cooled to 20 °C 

• The relative humidity observed in the Chamber Bottom with the Rotor Purge at 5 

slm is between 0-1%. Thus, we do not need to heat the Chamber Bottom. 

• The operation of Radiance® Pyrometers will not be affected as the Chamber 

Bottom will be cooled to 20 °C. 

The next step planned is to find out the effect of the selected parameters 

on the quality of oxide. 
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CHAPTER m 

BACKGROUND ON ELECTRICAL CHARACTERIZATION 

3.1 Introduction 

Charges present in SiOj and at the Si/SiOi interface affect the electrical properties 

of the devices grown on the oxide. This makes the characterization of the electrical 

properties of Si02 very critical. In order to evaluate the quality of the oxide, different 

devices are used such as MOS (metal-oxide-capacitors) capacitors and MOS transistors. 

The device characteristics provide information about the charges and the traps in the SiOa 

and the Si/SiOj interface. These characteristics are then analyzed to calculate the amount 

of charge and in effect the quality ofthe oxide. 

There are four types of charges that exist in the oxide or near the Si/Si02 

interface: 

a. interface trap charge, Qii, 

b. fixed oxide charge, Qf, 

c. mobile ionic charge, Qm, 

d. bulk oxide trap charge Qot. 

3.2 Oxide and Interface Trapped Charges 

3.2.1 Interface Trapped Charges 

These are positive or negative charges, due to stmctural defects, oxidation-

induced defects, metal impurities, or other defects caused by radiation or similar bond-

breaking processes such as hot electrons. The interface trapped charge is located at the 

Si/SiOi interface and can change their charge state by exchange of mobile carriers 

(electrons or holes) with the silicon. The charge state of the interface trap site changes 

with the gate bias if the interface trap is moved past the Fermi level, causing its 

occupancy to change. Interface traps can be charged or discharged depending on the 

surface potential. These traps have energy levels distributed throughout the silicon 

bandgap with a U-shape distribution. The minimum level at mid-gap is typically the 

concentration level used to characterize their presence. 
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The value of Qjt is found to decrease wdth increasing temperature and <100> 

surfaces are found to have a lower density of traps than <111> surfaces. Two effective 

anneaUng techniques to reduce Qh are: a) low temperature post-metallization anneal; and 

b) the high temperature post-oxidation anneal. In the low temperature post-metallization 

case, the sample is annealed in H2 or other non-oxidation ambient, such as forming gas 

(H2-N2) or Ar, in the temperature range of 350-500°C. In the case of the post-oxidation 

high temperature anneal, the oxide is growm and then annealed at the growth temperature 

(in-situ) in an H2 or an inert ambient (N2 or Ar). In this case, the reduction in Qit probably 

resuhs from H2 or ttace quantities of H2O in the ambient. The interface trap density can 

be measured by several techniques such high frequency (>100 kHz) and low frequency 

(<1 kHz) C-V measurements; the conductance (I-V) method on a MOS transistor. 

3.2.2 Fixed Oxide Charge 

This is a positive charge, primarily due to stmctural defects in the oxide layer less 

than 20A from the Si/Si02 interfaces. These charges are due to oxidation process such as 

the oxidation ambient, temperature, cooling conditions and siUcon orientation. These 

charges are so caUed as they cannot change their charge state by exchange of mobile 

carriers with the silicon. The fixed oxide charges are measured on samples annealed in 

forming gas at low temperatures to minimize the effect of interface trapped charge. 

Qf can be minimized by oxidizing at high temperatures as its value depends on the 

final oxidation temperature. However, annealing in nitrogen or argon after oxidation 

helps minimize Qf. The value of Qf is determined measuring the voltage shift of a high 

frequency capacitance-voltage (C-V) curve of a MOS capacitor. The details of the 

measurement are discussed in section 3.3. The fixed charge ofthe oxide is related to the 

flat-band voltage of the C-V curve and the metal-semiconductor work fiinction by the 

expression given below: 

Qf ^{-Vfo+^n.)^Jo .3 J. 

50 



where ôx is the dielectric constant ofthe SiOz and ^o is the permittivity of free space. 

3.2.3 MobUe Ionic Charge 

This is caused primarily by ionic impurities such as Na^ Li\K*, and possibly H^. 

Negative ions and heavy metals may contribute to the charge even though they are 

typically not mobile below 500°C. This type of charge is located either at the gate (metal 

or polysilicon) or Si02 interface (where it often originally enters the oxide layer), or at the 

Si/ Si02 interface, to where it drifts under the presence ofthe applied positive field to the 

gate. This drift takes place even at room temperature as these ions are extremely mobile 

in Si02. The amount of mobile charge present depends on the cleanliness ofthe oxidation 

process, and is affected by components such as the fiimace; processing chemicals; 

oxidizing ambient; gate electrode material and wafer handling. A low value of Qm is in 

the order of 10 °̂ cm"̂  

The mobile ionic charge density is also measured with the MOS C-V technique. 

In this method a C-V curve is initially measured and the sample is then heated to 300 °C 

and a positive bias is applied to the gate. This bias-temperature-sttess (BTS) condition is 

maintained for -30 minutes. This causes the mobiles ions to move to the Si/Si02 

interface. The capacitor is then cooled down to room temperature with the bias still 

applied and the C-V is measured again. The flat-band shift due to the BTS is used to 

measure the Qm-

3.2.4 Oxide Trapped Charge 

Oxide trapped charge or bulk oxide traps are located at the gate or Si02 interface, 

as well as deep in the oxide. The traps are associated with the defects in the Si02, such as 

impurities and broken bonds. They can be minimized by annealing in conditions similar 

to those for interface trapped charge. Such traps are usually uncharged, but can become 

charged when holes and electrons are introduced into the oxide and trapped at the sites. 
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3.3 MOS Capacitance-Voltage Characteristics 

The basic stmcture is shown in Figure 3.1. It consists of a silicon substrate on 

which an oxide layer (Si02, which acts as an insulator) has been grown, usually using 

thermal oxidation. A metal is then deposited onto the oxide using physical vapour 

deposition or other such metallization process. An understanding of the MOS system is 

vital in order to study: 

a. MOS Capacitors, 
b. Metal Oxide Semiconductor Field Effect Transistors (MOSFETs), 
c. Charge Coupled Devices (CCD). 

Figure 3.1: Stmcture of MOS system. 

3.3.1 Energy Band Stmcture 

The energy band stmcture for an idealized system where the work fiinction ofthe 

metal is equal to that ofthe semiconductor is shown in Figure 3.2. 
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Figure 3.2: Ideal Metal Oxide Semiconductor (MOS) system. 
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In the energy-band diagram representation above (Figure 3.2), Ec and Ey are the 

conduction band and the valence band. The intrinsic Fermi level E, is at the middle ofthe 

band-gap (i.e. Ej = (Ec +Ev)/2), corresponding to the Fermi level of an intrinsic (undoped) 

semiconductor. In a p-type semiconductor the Ej is closer to the conduction band (Ec) and 

vice-versa for an n-type. The work fiinction characteristic ofthe metal can be defined as 

the as the amount of energy required to move an electron from the Fermi level to outside 

the metal, q^m is the modified work fiinction and is measured as the energy from the 

metal Fermi level to the conduction band ofthe oxide. Similarly q(t)sis the modified work 

fiinction at the semiconductor-oxide interface. 

When no bias is applied, equilibrium exists in the semiconductor and q(|)ms= 0, the 

Fermi level throughout the semiconductor must be invariant with position and must line 

up with the Fermi level in the gate. This also implies Ec, Ev and Ei in the semiconductor 

are horizontal and straight. The energy band-diagram shovm in Figure 3.2 is said to be 

the flat-band condition. Thus, for a zero Vgb, the MOS-C is ideally in a flat-band 

condition. 

In the first biasing case, a negative voltage is applied to the gate. The negative 

bias causes the holes (majority carriers in the p-type Si) to be attracted to the sUicon 

surface adjacent to the oxide. More holes accumulate near the Si surface than is Vgb=OV. 

The effect of attracting additional majority carriers to the semiconductor surface is called 

accumulation. The conductivity of this region near the Si surface is increased by the 

presence of extra holes. The extra holes near the Si/Si02 interface imply that the Ef must 

be closer to the Ev as compared to the bulk of the oxide. Since the Fermi level must 

remain flat, the energy bands near the interface must bend upwards to reflect the presence 

of extra holes at that location compared to the bulk as shown in Figure 3.3. 
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Figure 3.3: Accumulation Region 

In Figure 3.4, the charge-distribution versus distance diagram is shown. The 

negative charge represents the negative gate bias applied which causes the holes in the 

semiconductor to be attracted towards the SiySi02 interface. The charges are represented 

as blocks only as a qualitative representation. 

i 

charge 
density 

-

l-

Figure 3.4: Charge-Distribution versus Distance 

In the depletion region (Figure 3.5), a small positive voltage is applied to the gate 

of a p-type MOS capacitor. This causes holes in the semiconductor to be pushed away 

from the surface, creating a depletion region of width d, consisting primarily of charged 

acceptor ions. In the energy band representation of this phenomenon, the bands bend 
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downward near the Si/Si02 interface. In the depletion mode, the MOS-C exhibits two 

capacitances in series - the oxide capacitance per unit area and the depletion capacitance 

per unit area. While Cox is constant, Ca (C^ 
k 4 
• '̂° ) is not as the depletion width 

increases as Vgb becomes more positive causing Cd to decrease. The charge distribution is 

show in Figure 3.6. 

Figure 3.5: Depletion Region 

i 

cliaiiie 
density + 

Figure 3.6: Charge-Distribution versus Distance for Depletion Region. 
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If the poshive voltage applied to the gate is increased, the band are bent fiirther 

downward as shown in Figure 3.7, eventually causing Ef to cross over Ej and to be closer 

to Ec than to Ev at the surface. At this point the semiconductor surface is inverted (i.e. it 

has been changed from p-type to n-type) because there are now more electrons than holes 

at the surface. 

Figure 3.7: Inversion Region 

3.3.2 Theory and Analysis 

The C-V characteristics depends on how the charge inside an n-type MOS-C 

responds to the applied a.c. signal as the d.c. bias is systematically changed from 

accumulation, through depletion, to inversion. In accumulation the d.c. state is 

characterized by the pileup of majority carriers right at the oxide-semiconductor 

interface. Furthermore, under accumulation conditions the state of the system can be 

changed very rapidly. For typical semiconductor doping concentrations, the majority 

carriers, the only carriers involved in the operation of the accumulated device, can 

equUibrate with a time constant on the order of 10' ^̂  to 10 ~ ̂ ^ Consequently, at standard 

probing frequencies of 1 MHz or less it is reasonable to assume the device can follow the 

applied a.c. signal quasistatically, with the small a.c. signal adding or subtracting a small 

Q on the two sides ofthe oxide. Since the a.c. signal merely adds or subtracts a charge 
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close to the edges of an insulator, the charge configuration inside the accumulated MOS-

C is essentially that of an ordinary parallel-plate capacitor. 

C(acc) = C,=^^^^ (3.2) 

Under depletion biasing the d.c. state of an n-type MOS stmcture is characterized 

hy a- Q charge on the gate and a + Q depletion layer charge in the semiconductor. The 

depletion layer charge is directly related, of course, to the withdrawal of majority carriers 

from an effective width W adjacent to the oxide-semiconductor interface. Thus, once 

again, only majority carriers are involved in the operation of the device and the charge 

state inside the system can be changed very rapidly. When the a.c. signal places an 

increased negative charge on the MOS-C gate, the depletion layer inside the 

semiconductor v̂ ddens almost instantaneously; that is, the depletion width quasistatically 

fluctuates about its d.c. value in response to the appUed a.c. signal. If the stationary d.c. 

charge is conceptually eliminated, all that remains is a small fluctuating charge on the 

two sides of a double-layer insulator. For all probing frequencies this situation is clearly 

analogous to two parallel plate capacitors (Co and Cs) in series, where 

C„ = ^°^»^ (Oxide capacitance) (3.3) 
XQ 

Cj=—^^^—^ (Semiconductorcapacitance) (3.4) 

Once inversion is achieved an appreciable number of minority carriers pile up 

near the oxide-semiconductor interface in response to the apphed d.c. bias. Also, the d.c. 
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width ofthe depletion layer tends to maximize at WT. The a.c. charge response, however, 

is not immediately obvious. The inversion layer charge might conceivably fluctuate in 

response to the a.c. signal. Alternatively, the semiconductor charge required to balance 

AQ changes in the gate charge might resuh from small variations in the depletion width. 

Even a combination of the two extremes is a logical possibility. The problem is to 

ascertain which ahernative describes the actual a.c. charge fluctuation inside an MOS-C. 

As it turns out, the observed charge fluctuation depends on the frequency of the a.c. 

signal used in the capacitance measurement. 

If the measurement frequency is very low (w -^0) shown in Figure 3.8, minority 

carriers can be generated or annihilated in response to the appUed a.c. signal and the 

time-varying a.c. state is essentially a succession of d.c. states. Just as in accumulation, 

where charge is being added or subtracted close to the edges of a single-layer insulator. 

C(inv) = C^ (3.6) 

If̂  on the other hand, the measurement frequency is very high (w -^ oo) shown in 

Figure 3.8, the relatively sluggish generation-recombination process will not be able to 

supply or eliminate minority carriers in response to the appUed a.c. signal. The number of 

minority carriers in the inversion layer therefore remains fixed at its d.c. value and the 

depletion width simply fluctuates about the WT d.c. value. Similar to depletion biasing, 

this situation is equivalent to two parallel-plate capacitors in series and WT being a 

constant independent of the d.c. inversion bias makes C(inv)o).>co = C(depl)minimum = 

constant for all inversion biases. Finally, if the measurement frequency is such that a 

portion ofthe inversion layer charge can be created/annihilated in response to the a.c. 

signal, an inversion capacitance intermediate between the high- and low-frequency limits 

will be observed. 

C(i„v) = _ ^ o ^ = ^» „^ forco -> 00 (3.7) 
^ ^ C,+C, ,,K,W^ 1 + -

-^s^o 
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Figure 3.8: C-V Curves (both low and high frequency) for p-type Si. 

An overaU theory can now be constmcted by combining the results of the 

foregoing accumulation, depletion, and inversion considerations. Specifically, we expect 

the MOS-C capacitance to be approximately constant at Co under accumulation biases, to 

decrease as the d.c. bias progresses through depletion, and to be approximately constant 

again under inversion biases at a value equal to ~ Co if w -> 0 or C(depl)min ifw ->oo. 

Moreover, for an n-type device, accumulating gate voltages (where C ~ Co) are positive, 

inverting gate voltages are negative, and the decreasing-capacitance, depletion bias 

region is on the order of a voU or so in width. Quite obviously, this theory for the 

capacitance-voltage characteristics is in good agreement with the experimental MOS-C 

C-VG. 

3.4 Conductance Method 

Capacitance-voltage data provide a rapid means of determining important gate-

stack and dielectric parameters. The classical theory of C-V was discussed in the previous 

sections, an extension of this classical theory coupled with the SHR theory is the 

59 



conductance method to analyze interface traps. The conductance method was first 

proposed by Nicollian and Goetzberger in 1967 and it is generally considered to be the 

most sensitive method to determine Dit'* It is also the most complete method, since it 

yields Dit in the depletion and weak inversion portion of the bandgap, the capture cross-

section of the majority carriers, and information about surface potential fluctuations. In 

the conductance method, interface trap levels are detected through the loss resulting from 

changes in their occupancy produced by small variations of gate voltage. A small ac 

voltage applied to the gate of an MOS capacitor aheraately moves the band edges toward 

or away from the Fermi level. Majority carriers are captured or emitted, changing the 

occupancy of interface trap levels in a smaU energy interval, which is a few kT/q wide 

and centered about the Fermi level. This capture and emission of majority carriers causes 

an energy loss observed at all frequencies except the very lowest (to which interface traps 

immediately respond) and the very highest (to which no interface trap response occurs). 

The data extraction is based on the measurement ofthe equivalent parallel conductance, 

GP, of a MOS capacitor as a fiinction of bias voltage and frequency. The conductance, 

representing the loss mechanism due to interface trap capture and emission of carriers, is 

a measure ofthe interface trap density. 

There are two steps in obtaining interface-trap-level density and capture 

probability as fiinctions ofthe silicon bandgap energy: 

1. Measuring capacitance and conductance as a fiinction of gate bias to extract 

silicon band bending as a fiinction of gate bias and 

2. Measuring capacitance and conductance in the frequency domain at a different 

gate bias to extract interface-trap-level density and time constants as fiinctions of gate 

bias. Series resistance is also an important source of small-signal energy loss in the MOS 

capacitor. High-series resistance masks the loss due to interface traps. To avoid this error, 

series resistance needs to be measured to refine the measured conductance prior to Dit 

extraction. Section 4.2.2 discusses correction for series resistance. Though leakage and 

series resistance are considered through G and rs factors in Figure 3.9, the three element 

model is an over simplified approximation when considering interface traps. 
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Figure 3.9 Equivalent circuit for a capacitor 
(a) three-element model, (b) parallel equivalent circuit, (c) series equivalent circuh for 

MOS capacitor. 

The equivalent circuit of a MOS capacitor for the conductance method is shown. 

It consists ofthe oxide capacitance. Cox, the semiconductor capacitance, Cs, the interface 

trap capacitance, Cit, and series resistance, rs,. The capture-emission of carriers by Dit is a 

lossy process, represented by the resistance Rit. For interface trap analysis, it is 

convenient to replace the circuit of Figure 3.10 (a) by that in Figure 3.10 (b), and this 

circuit can be fiirther refined to the one shovra in Figure 3.10 (c), while the measured 

circuit is Figure 3.10 (d). 
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Figure 3.10 Equivalent circuits for conductance measurements 
(a) MOS capacitor with interface trap time constant r., = i?,.,C ;̂ (b) Simplified circuit of 

(a), (c) Simplified circuit of (c), (d) measured parameters. 
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To exttact the interface trap information, Gm needs to be calculated from the 

equivalent parallel capacitance and conductance, after series resistance corrections. Then 

Gp/(0 can be extracted from the corrected Gm. 

^ ^'ClGlHt^'C„(C^-CJ-Gl] (3-8) 

P ^,2^2,<-.2 , r„2<^ ^^ ^ X ,<-.2n2 K^") 

CAGl+co'Cl)[cD'C„(C^-CJ-Gl] 
^'ClGlH^'C^(C^-CJ-Glf 

A plot ofGp/o) versus © yields in a peak, if the frequency range is large enough. 

The value ofthe peak and the position ofthe peak can be used to calculate the interface 

state density ofthe device. 

3.5 I-V (Current-Voltage) Characteristics 

I-V characteristics are a representation of the oxide reliability. Failures with the 

MOSFETs associated with the gate oxide (both intrinsic and extrinsic) usually involve 

carriers injected into the gate oxide. A variety of carrier-injection mechanisms have been 

proposed for the Si/Si02 system. Some of the important injection phenomena are: 

Injection by Fowler-Nordheim tunneling and injection by direct tunneling, etc. 

3.5.1 Fowler-Nordheim Tunneling 

The phenomenon of carrier injection into the oxide by tunneling is due to the 

quantum-mechanical nature ofthe electron. In the classical sense, the oxide represents an 

impenetrable barrier to the injection of electrons into the conduction-band ofthe silicon if 

they possess kinetic energies smaller than 3.1 eV. However, the wave nature ofthe 

electron (or hole) allows a finite probability of crossing the barrier even if the electron 

does not possess sufficient kinetic energy. This probability increases with the larger gate 
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electric fields and/or thinner barriers. These electrons are characterized as "cold" and not 

"hot" as their injection by tunneling is considered to be in equilibrium with the lattice. 

In Fowler-Nordheim tunneling shown in Figure 3.11, the electrons are injected by 

tunneling into the conduction band of the oxide through the triangular energy barrier. 

Once injected into the conduction-band ofthe oxide, the electrons are accelerated by the 

oxide field toward the anode (gate), causing a gate current. 

• -4-
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I 
p-Silicon 

^ • 

Figure 3.11: Energy-Band Diagram for the phenomenon of Fowler-Nordheim Tunneling. 

3.5.2 Direct Tunneling 

For gate oxides thinner than 6nm, the tunneling current is observed to exhibit a 

weaker dependence on oxide fields than that given by Schroedinger's equation: 

2 ^7^) (3.10) 

Instead the gate current is attributed to direct tunneling through the forbidden gap ofthe 

SiOi to the gate electrode. Such direct tunneling is known to occur in thin oxides at low 

voltages. In direct tunneling, the electrons tunnel through the trapezoidal-shaped barrier 
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as shown in Figure 3.12. For oxide thicknesses smaller than 3nm the direct tunneling 

current becomes large enough that it removes carriers faster than they can be supplied by 

thermal generation. In such cases, an inversion layer is kept from forming in the MOS 

capacitor. 
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Figure 3.12: Direct Tunneling. 

3.5.3 Theory of I-V Analysis 

The dielectric strength of an oxide, i.e., the maximum electric-field strength that 

can be appUed before it breaks down (typically, in units of MV/cm) is measured with a 

ramped-voltage test. In this a voltage that is increasingly linearly with time is applied 

between the gate and substrate of the MOS-C till the oxide breaks down. Breakdovm is 

defined as the voltage value VBD at which a sudden voltage drop across the oxide is 

observed. When measuring the dielectric strength of a set of oxide samples with the same 

thickness, the ramp rate is (AV/At) is held constant. 
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The oxide breakdovm is classified into three modes: 

a. A-mode: in this mode, the oxide breaks down instantaneously upon application 

of a small bias (< 1 MV/cm). Such oxides have gross defects which cause them to short 

even before a low-sttength electric field is applied. 

b. B-mode: oxides in this mode suffer failures at an intermediate range of 2-6 

MV/cm. These oxides are thought to contain weak spots that do not produce instant 

shorting but may give rise to early failures of ICs under normal operating conditions. 

c. C-mode: some oxides can withstand high electric fields (8-12 MV/cm). The 

high-field failure mechanism exhibited by this group is referred to as "intrinsic" failure. It 

is generally assumed that these oxides are defect free. 
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CHAPTER IV 

CHARACTERIZATION OF SILICON DIOXIDE 

4.1 Infroduction 

Si02 films were grown under different processing conditions including both wet 

and dry oxides. Oxide thicknesses and refractive index were measured over the wafer 

maps. Next metal dots (titanium) were deposited on them next and C-V measurements 

and I-V measurements were made. The resuhs obtained were analyzed and conclusions 

were reached. 

4.2 Experimental Details 

4.2.1 Process conditions to grow oxide 

The process grid consisted of three types of oxides namely, steam RTP oxides, 

ISSG (in-situ steam generation) and RTO (dry) oxide. The objective behind selecting this 

was to compare the steam oxides with the other two and at the same time test the quality 

ofthe RTP oxide. In addition to this, all three oxides were annealed at both low (500 °C) 

and high (-1100 °C) temperatures and their corresponding effects were observed. In 

order to carry out C-V measurements, metal dots of titanium were deposited on aU the 

samples for both front and back contacts. Lastly, the as-deposited samples were subjected 

to a low temperature anneal (500 "C) to see whether it helped improve the oxide quality. 

The RTP (rapid thermal processing) steam oxide was growoi at 1000 "C in two 

different steam concentrations of 30% and 90%. By 30% steam, we mean, that out of 

100% gases in the chamber, 30% will be steam and the remaining will be oxygen. The 

reason behind using two different steam concentrations was to see the effect on the 

quality of oxide with an increased in percentage of steam. The steam was introduced in 

the 500 °C ramp step, right after the open loop. It takes around 10 seconds to reach the 

process temperature. Steam is stopped at the conclusion ofthe soak step, i.e., before the 

ramp-dovwi begins. The water vapor is generated externally to the RTP process chamber 

and is injected into the chamber with a carrier gas. Initial process development with an 
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exteraal steam source has resulted in growth rates 2-5 times greater than the ISSG 

process. 

The ISSG (in-situ steam generation) process of Applied Material has hydrogen 

and oxygen react in the RTP process chamber to form water vapor as well as oxygen and 

hydroxyl (OH) radicals. The Applied Material's chosen steam source is a catalyst 

manufactured by Fujikin - the Water Vapor Generator (WVG). The WVG was chosen 

for its repeatable and stable steam generation with no particulate or metal contamination. 

The catalyst converts hydrogen and oxygen to steam at atmospheric pressure. It operates 

at 350 + 50 "C, much lower than conventional external combustion methods, producing 

high-purity water vapor. The reaction in a catalytic environment proceeds by adsorption 

of hydrogen and oxygen on the catalytic surface, followed by reaction of the adsorbed 

species. The catalyst lowers the activation energy of the reaction of hydrogen and 

oxygen, allowing steam generation at a reduced temperature. This provides a suitable 

environment to produce desired concentrations of steam between 0 and < 100% steam 

while maintaining a safe environment and temperature. The carrier gas sweeping the 

steam from the WVG to the RTP process chamber is oxygen for STI liner, DRAM Gate, 

BPSG, and pad oxide applications. Essentially, steam is generated from hydrogen and 

excess oxygen in the AWG, according to the following reaction: 

H^{g) + ^0,{g)-^H^O{g) + 0^{g) (4.1) 

There are two sets of samples: 33% hydrogen and 5% hydrogen. The 5% sample 

was available in 100 A and 40 A but annealed samples were not avaUable. Throughout 

the thesis, these samples will be referred to as ISSG (33%) and ISSG (5%). 

The RTO oxide was grown at lOOO Ĉ in oxygen. Oxygen gas was present in the 

chamber for the entire recipe, from wafer in to wafer out. 

All three oxides were annealed in two different conditions: a low temperature 

anneals and a high temperature anneal. The low temperature anneal was carried out at 

500 "C in 80% hydrogen in argon for 90 seconds. The other anneal was carried out at 
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1100 °C in 100% argon for 30 seconds. A third anneal was done at 900 °C in Ar only on 

the lOOA RTO sample. 

4.2.2 Experimental Set-Up 

The metal dots were deposited using an E-beam evaporator. Titanium slugs were 

used and the deposition was carried out at a pressure of 10"* torrs. The deposition rate 

was 3 A/sec, 2KA of titanium was deposited. . The silicon substrate on the back side was 

scribed before deposition to help create a good contact. The metal dots ranged from 500 

microns in diameter to 60 microns. The dots selected for C-V measurements were 5e-4 

cm^ in area and the dots for I-V were 4.3 e-6 cm^ in area. The C-V measurement set-up 

(Figure 4.1(a)) included an LCR meter (HP4275), CV Probe Station (Wentworth® Labs 

Manual Probe Station) and a voltage supply (Keithley® 2400 Source Meter). Programs in 

Lab-view® were used to operate the equipment and make the measurements. 

The CV analysis was carried out by placing the sample on a vacuum chuck which 

was grounded. The gate voltage was applied through a metal probe. The d.c bias was 

supplied through an external source and the a.c bias was supplied through the LCR meter. 

The LCR meter used could operate from IMHz to 10 kHz. The bias ranges applied were 

between -3.5V to OV with a step size of 0.03 volts and a wait time of 0.05 seconds. 

Capacitance meters can be connected either in series or in parallel as shovra below in 

Figure 4.1. 
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COMPUTER GPIB ESfTERFACE 

HP 4275 A 

Ground 

Metal Dots 

To Vacuum 

(a) Schematic Representation of Experimental Set-Up 

(b) Actual Circuit, (c) Parallel and (d) Series Connection of a capacitance have parallel 
conductance or series resistance 

Figure 4.1 Experimental Set-Up 

The CV meter selects either mode depending on the impedance ofthe sample. In 

our case the parallel equivalent circuit was used. The admittance Yp ofthe parallel circuit 

and the impedance Zs ofthe series circuit are: 

69 



JcoCs 

Equating the above two expressions as Yp = 1/Zs gives 

Yp=Gp+jcoCp; (4.2) 

.̂=^5+—V (4-3) 

Gp=—^C,- (4.4) 
1 + Z), 

Ds' 

l + D/ Rs 

where the dissipation factor Ds = coCsRs. 

Similarly, we get Cs and Rs as: 

Gp=-tTir (4-5) 

Cs=il + D/)C,, (4.6) 

D ^ 1 

l + D/G, ^ ^ 

The series Cs is independent of the series resistance r^ whereas Cp depends 

strongly on TS. Series resistance depends on the bulk wafer resistivity and on the contact 

resistance. It can be minimized by making a back contact on the sample and using a 

vacuum chuck in the probe station. This minimizes the resistance between the probe 

station and the wafer. For ideal capacitors Gp=0 and Rs =0, leading to Cs=Cp. However, in 

reality, both Gp and Rs are non-zero. Usually, a series measurement circuit is used for 

low-impedance and a parallel connection is used for high impedance circuit. I-V 

measurements were made on smaller dots with the back contact grounded. The extemal 

supply was used to apply the bias. All measurements were made at room temperature, in 

the absence of light. 
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4.3 Results and Analysis 

The results include C-V measurements and I-V measurements. Frequency 

dispersion was observed in all the samples and a correction was applied. The CVC 

analysis was used to calculate the flat-band voltage and to generate the ideal C-V curve. 

The data obtained was then compared with the process conditions and trends were 

observed. 

4.3 1 Capacitance-Voltage Data 

The C-V curves measured showed frequency dispersion in the accumulation 

region and merged in the inversion region. The dispersion in the accumulation region can 

be due to series resistance or due to the bulk oxide. To check whether it is a series 

resistance problem, the measurement frequency should be reduced and the change in the 

paraUel capacitance Cp should be observed. As mentioned in section 4.2.2, Cp strongly 

depends on TS. AS at higher frequencies, TS is more effective, the measured Cp is reduced 

from its original value and this effect is minimum at lower frequencies. Given below are 

plots of both uncorrected and corrected C-V and G-V curves. 

Figure 4.2 is a plot ofthe Capacitance-Voltage measured for the 100 A dry oxide 

(RTO) sample. 

FORWARD CURVES 

-2.0 -1.5 -1.0 
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Figure 4.2: Uncorrected C-V of 100 A RTO sample with no anneal 
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Here we can see the dispersion in the accumulation region. Figure 4.3 on the next 

page is the corrected plot. After applying the series resistance correction, the curves 

merge in the accumulation region. Figure 4.4 is the corrected plot of the Conductance-

Voltage curve (G-V). In the uncorrected plot (not shown here), the IMHz curve did not 

peak. The next plot (Figure 4.5) is the Gp/w plot. This is plot ofthe conductance divided 

by the measured frequency versus applied voUage. 
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Figure 4.3: Corrected C-V curve of a 100 A RTO Oxide with no anneal 
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Figure 4.4: Corrected G-V curve of a 100 A RTO Oxide with no anneal 
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Figure 4.5: Gp/w of 100 A RTO Oxide vdth no anneal 
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Given below are the plot of the 40A samples of steam oxide (33%) annealed at 

1100 °C in argon. Figure 4.6 is the curve as-measured. Dispersion is observed in the 

accumulation region here also. The next figure (Figure 4.7) is the curve after applying the 

series resistance correction. The curves merge after applying the correction. Figures 4.8 

and 4.9 are the G-V and Gm/w curves. These curves were obtained after applying series 

resistance correction. Although plots of only two samples are shown here, similar results 

were obtained in the remaining samples. All the samples showed dispersion in the 

accumulation region and it was corrected after applying the series resistance correction. 

FORWARD CURVES 

_̂̂  
Li . 

a III 

o 

TA
N

 

o 
< 
1̂  
o 

340-
320-
300-
280-
260-
240-
220-
200-
180-
160-
140-
120-
100-
80-
60-
40-
20-

0-
-20-

-2.0 -1.0 -0.5 

VOLTAGE 

Figure 4.6: Uncorrected C-V curve of a 40 A Steam (33%) Oxide annealed at 1100 "C in 

Ar 
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Corrected CV 
350 

Figure 4.7: Corrected C-V curve of a 40 A Steam (33%) Oxide annealed at 1100 °C in Ar 
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Figure 4.8: Corrected G-V curve of a 40 A Steam (33%) Oxide Argon annealed atl 100°C 
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Figure 4.9: GJw curve of a 40 A Steam (33%) Oxide Ar annealed at 1100 °C 
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Figure 4.10: Comparison of C-V of as-deposited and annealed samples 
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Here we observe a distortion in the accumulation region and a flat-band voltage 

shift in the region between accumulation and inversion. (The C-V characteristics in 

Figure 4.10 demonstrate similar general features as presented in Ref 6.) 

The next step was to mn the CVC analysis to calculate the flat-band vokages. The 

metal-semiconductor work fiinction difference for p-type Silicon is given by the 

following expression: 

E 
^nu=^^~U + -Y + <^B) (4.8) 

The metal used was titanium whose work fiinction is 4.33 eV. % is the electron 

affinity of silicon and is valued at 4.15 eV (q x). Eg is the band-gap for siUcon and its 

value is 1.1 eV. *PB is the bulk potential and is given by the expression for a p-type 

substrate: 

IrT N 
^B « ( — ) l n ( ^ ) (4.9) 

q «. 

For the given samples, the bulk doping was lel5cm"^ Using the above expression 

and Hi as lelO cm"̂ , we get ^ B as 0.3 eV. Using the above values we get O^s is -0.67. 

Using the flat-band voltage, ^ms and the Cox in accumulation, the charge in the oxide can 

be calculated using the expression: 

Vfl,=(<^^-Qf)C„^ (4.10) 

Figure 4.11 and Figure 4.12 are plots of Va of 40A and lOOA samples. The steam 

oxides showed a reduction in Va with the high temperature anneal. The shift in the Va in 

the steam oxide with the 500''C anneal is not significant. Next, the RTO as-deposited 

sample showed the lowest VA, which is in agreement with the results ofthe 40A samples. 

The 500°C anneal and the 1100**C anneal does not show any significant change. The 

ISSG samples show an increase in the Va with the 1 lOO^C anneals and no change with 

the low temperature anneal. The individual sample of ISSG with 5% steam as-deposited 

showed a lower VA, as compared to the ISSG with 33% steam. 
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Figure 4.12: Plots of Vfb of lOOA Samples 
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From the above plot (Figure 4.12), it is seen that the 1100 °C anneal in Ar is 

effective in reducing the flat-band voUage ofthe steam oxides which in turn implies that 

the high temperature anneal in effective in reducing the charges in the oxide. The second 

thing observed is that the as-deposited RTO sample has the low charge around 2.95el2 

cm" as compared to the other as-deposited samples namely steam oxides and ISSG 

oxides. The ISSG oxides show a drop in Qf with the low temperature anneal at 500 °C in 

80% hydrogen. The 5% ISSG has a low amount of charge as compared to the as-

deposited 33% ISSG sample. The fixed charge plots of 40 A and 100 A samples are 

shown in Figures 4.13 and 4.14. 

This set of samples for 100 A includes all the four types of oxides (30%, 90%, 

RTO and ISSG) wath the same conditions. There were two more extra samples: an RTO 

with 900 "C anneal in Ar and b) an ISSG sample made in 5% steam as-deposited. From 

the Figures 4.13 and 4.14, it is seen that that the steam oxides contain larger positive 

fixed charge as compared to the dry oxide (RTO). The high temperature anneal in an inert 

atmosphere (Argon) helps reduce this charge and this is shown in the above plot.^ There 

are two ISSG samples 33% and 5%. The 5% ISSG sample as-deposited shows less 

charge as compared to the 33%. The effect of anneal on the fixed charge for ISSG both 

40 A and 100 A is not clear. 

The next two figures are plots of fixed charges of 40 A and 100 A samples versus 

processing conditions. The fixed charge was calculated using the following expression: 

Vj,={<l>^-Qf)C^. (4.11) 
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A thin region of partially ionized oxide or excess silicon exists near the Si/Si02 

interface, as shown in Figure 4.15. The amount of this charge depends on the final 

oxidation temperature and the post-oxidation annealing conditions. This region 

contributes to charge formation. The net result of any charge in the oxide is to induce a 

charge of opposite polarity in the underlying silicon. The amount induced will be 

inversely proportional to the distance of the charge from the sUicon surface. The fixed 

charge is a positive charge close to the Si/Si02 interface. It cannot be charged or 

discharged by the surface potential. Qf resuhs from the nonstoichiometric silicon-oxygen 

structure in the Si/SiOi interface region which is either excess silicon or deficient oxygen. 

High temperature annealing in an inert atmosphere increases the oxygen diffusion and the 

excess silicon reacts with the oxygen6. This helps reduce the fixed charge. 
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Figure 4.15: Charges in Si02 

From Figure 4.13, it is seen that the ISSG sample (40 A) annealed in 500°C in 

Hydrogen shows the lowest charge. The RTO sample shows the next lowest charge of 

2.95el2 cm"̂  Figure 4.14 is a plot ofthe fixed charge of 100 A samples. Here is it seen, 

that the 5% ISSG sample without anneal contains the lowest fixed charge of 1.3 lel2cm' . 

The RTO sample annealed in argon at 900 "C also showed low charge of 1.43el2 cm" 

81 



The next step was to investigate the interface quality of the oxide with the 

substrate by calculating the interface state density. The Dit plots ofthe 100 A samples 

and 40 A samples are shown in Figure 4.17 and Figure 4.18. The Dit was calculated 

using Terman's analysis. The Terman's method is the high frequency method for 

determining interface trap capacitance.̂  In high frequency capacitance method the 

capacitance is measured as a fiinction of gate bias with frequency fixed at a high enough 

value that the interface traps do not respond. The term high frequency here refers to the 

fact that one can rule out minority carrier response. Generally minority carriers do not 

respond at a frequency above 1 kHz in device grade silicon whereas interface traps will 

respond upto 100 MHz. 

The interface traps do not follow the ac. gate voUage in a high frequency C-V 

measurement. They do follow very slow changes in the gate bias as the MOS capacitor is 

swept from accumulation to inversion. Because interface traps do not respond to the ac 

gate voltage, they contribute no capacitance to the high frequency C-V curve. However 

as interface traps do follow changes in the gate bias, they cause the high frequency C-V 

curve to stretch out along the gate bias axis because interface trap occupancy must be 

changed in addition to changing depletion layer charge. 

The stretchout does not produce a parallel shift in the C-V curve, as do oxide 

fixed charge and work fiinction differences. Interface traps produce a distortion in the 

shape of the C-V curve. The distortion in the shape of the C-V curve will be observed 

even if the interface trap levels are uniformly distributed in energy over the silicon 

bandgap. On the other hand an interface trap energy level with a minimal distribution 

about a particular energy level, will reflect as a pronounced shape distortion ofthe high 

frequency C-V curve around a bias where the corresponding Fermi level is sweeping past 

the interface trap level energy. For example, if the interface trap level density increases 

abruptly somewhere in the silicon bandgap, capacitance will change much slowly with 

the gate bias (flatten out) as the abrupt increase in the interface trap level density is swept 

past the Fermi level at the silicon surface of the gate bias. The capacitance at high 

frequency is given by CHF- Figure 4.16 is the equivalent MOS Capacitor for Terman's 

analysis. 
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Fig. 4.16 Equivalent Circuit ofthe MOS Capacitor for Terman's analysis. 

This capacitance corresponds to the equivalent circuit shown above. The circuit in 

Fig. 4.16 above does not contain interface traps explicitly. Therefore, regardless ofthe 

interface trap level density, the high frequency capacitance of a MOS capacitor will be 

the same as that of an ideal one without interface traps, provided the Cs is the same. 

However, Cs varies with band bending \|/s. Therefore, the measured CHF will be the same 

as the ideal if band bending is the same. However, the band bending when traps are 

present is not identical to the bending in the ideal capacitor. Knowing the \|/s 

corresponding to a given CHF in the ideal MOS capacitor, one can constmct a v|/s versus 

VG curve for the capacitor with interface traps. The ideal capacitor \|/s versus Vo curves 

and the C-V curves can be constructed according to the model presented by Brews. An 

explanation of the ideal theoretical curves was made in the previous chapter on MOS 

fiindamentals. 

Thus, after generation of the theoretical plot of CHF versus \)/s, the plot can be 

compared with the measured plot of CHF versus VG. From this a comparison of ys versus 

VG can be made. 
Interface traps will cause a stretch out ofthe v|/s versus VG curves. The stretch out 

is a measure ofthe interface traps. The stretchout in tum can be measured a s — ^ Thus 
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the interface trap density can be determined by graphical or numerical differentiation of 

the v|/s versus VG curves. 

Cit(V|/s) is determined as 

C.,Ci's) = C. 
/ ^ ^ -

ydV^j 
c,(^j (4.12) 

Once Cit has been found Djt can be easily determined. It is found that Terman's 

method is not the most accurate method to determine Dit for a device; its sensitivity to 

determining interface state density below lei 1 is not high.̂ '̂ ° 

The Dit values were calculated at the mid-gap voltage (from the CVC analysis). 

The plot (Figures 4.17 and 4.18) shows a trend which corresponds to the C-V curves. The 

Dit values are plotted versus the processing conditions. 
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Figure 4.18: Plot of Dit of 100 A samples 

In the Appendix A, the C-V curves of the as-deposited oxides, annealed in 

Hydrogen at 500 °C and annealed in Argon at 1100 °C and the Dit plots are Ulustrated. 

Let us first look at Figures 4.17 and 4.18 which are Dit plots of 40 A and 100 A 

samples and get a brief overview ofthe interface quality ofthe oxides. Let us first look at 
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Figure 4.17. Here the lowest Dit values observed were 1.5ell cm'̂ eV"' in the ISSG 

sample (33%) annealed in hydrogen at 500 ° C and in the steam oxide annealed in 

hydrogen at 500 ° C. The ISSG sample also shows the lowest charge and amongst the 

40A samples, it is electrically superior. The plot consists of all samples with the same 

oxide type placed together. This was done to observe whether the annealing conditions 

helped improve or deteriorate the oxide quality. Looking at Figure 4.17, the steam oxides 

show a reduction in Dit to half as compared to its as-deposited oxide. A similar trend is 

observed in the ISSG (33%) sample. The highest Dit was observed in the RTO sample 

(as-deposited). 

Next is the plot ofthe Dit of all the 100 A samples (Figure 4.18). Three samples 

showed very low Dit values. Terman's analysis was used to calculate Dit and it is usefiil 

in measuring in Dit values above 10*° cm'̂ eV"* and above* \ These samples were as-

deposited steam oxide; the RTO sample annealed in argon at 900** C and the ISSG (5%) 

sample as-deposited and they showed Dit values in the range of 10*° cm'̂ eV"*. The RTO 

sample annealed in Argon at 900 ° C and the 5% ISSG sample (as-deposited) show the 

best interface and have a low fixed charge and this makes these samples electrically 

superior to the rest. Another trend observed was that the oxides annealed at 1100° C 

showed a considerable increase in Dit as compared to their as-deposited oxides. In the 

next few paragraphs, the samples will be analyzed with respect to their processing 

conditions such all as-deposited samples together, similarly with the annealed samples. 

Figure 4.17 is a plot ofthe 40 A samples Dit values. The Dit values calculated 

from the Terman's method using the C-V data at IMHz. The lowest Dit value is observed 

in the dry oxide (RTO) of 9ell cm'̂ eV"* and in the ISSG sample both 33% and 5%, thus 

indicating that it has the best interface with Silicon. The highest value was observed in 

the steam oxide. The cortelation ofthe Dit with the C-V curves is in Appendix A. Next is 

Dit plot of 100 A samples (Figure 4.18). Here we observe that the 90% steam oxide and 

the ISSG (5%) show the lowest Dit value of around elO cm'^eV* The highest Dit was 

observed in RTO. Also the ISSG (5%) sample both 40 A and 100 A showed low Dit 

yalues. They did not show the lowest but their Dit values were the next closest to the 

lowest Dit measured. In comparison to the 33% ISSG, the 5% ISSG shows a better 
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interface. Similar resuhs were observed by Luo et al and there explanation is mentioned 

in the next paragraph. 

Near the interface, there exists a transition layer which shows density fluctuations, 

change in local stoichiometry, atomic stmctural change, and stain originating at the 

silicon-oxide interface. Oxygen-deficient center (or neutral oxygen vacancy) Uke 0=Si-

SisO and two-fold coordinated silicon are defect stmctures in amorphous and crystalline 

Si02.*^ The 33% ISSG has higher interface states as compared to the 5% ISSG sample*̂  

Luo et al. studied the effect of H2 content during ISSG oxidation from the view point of 

SILC and Qbd.*'* SILC is measured by first measuring the I-V curve unstressed and then 

stressing the capacitor and remeasuring the I-V curve until destmctive breakdovra occurs. 

Sttessing can be of two types: (a) measurement consists of stressing the capacitor at a 

constant electrical field to a particular injected charge and (b) intermpted constant current 

stress period with inserted I-V measurement in the low voltage region. Sttess Induced 

Leakage Current (SILC) [AI=I-Io=I(q=qinjected,Eox)-I(q=0,Eox)]. toe (time to breakdovm) 

the electric field in the oxide is kept constant and the time to breakdown of the oxide is 

measured. This time to breakdown behavior is referted to as Time Dependent Dielectric 

Breakdown (TDDB). The product ofthe current density and the toe is called the charge to 

breakdown. The presence of hydrogen during oxide growth improves the oxide quality 

and reliability. 

Figure 4.19 is a plot ofthe 40A samples Dit values. Next is Dit plot of 100 A 

samples (Figure 4.20). These are data measured from the as-deposited samples. 
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The next set of plots consists of samples annealed in 80% Hydrogen in Argon at 

500 *»C for 90 seconds. The first figure is a plot of Dit of 100 A samples (Figure 4.21) and 

the next figure is of 40 A samples Dit values (Figure 4.22). 
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The 40 A samples annealed in hydrogen consist of only steam oxides and ISSG. 

The ISSG and steam oxide have a Dit value of 1.5ell cm-^eV"'. Thus both have similar 

interface quality and both show an improvement in interface with this particular anneal. 

This may be due to the neutralization of the traps with the low temperature anneal in 

Hydrogen. Figure 4.22 is a comparison ofthe 100 A samples. Here the 90% steam oxide 

and the ISSG sample show low Dit values as compared to the RTO sample. The 

ISSG(33%) sample shows a considerable improvement with this anneal in its interface. 

The last set of samples was annealed in Argon at 1100° C for 30 seconds. The Dit 

yalues for both 40 A and 100 A samples are plotted in Figures 4.23 and 4.24. In the 40 A 

samples, the steam oxides and the ISSG (33%) oxide were annealed at 1 lOO^C. In Figure 

4.22, it is seen that after the high temperature anneal, the ISSG sample has a higher Dit 

than the steam oxide. Comparing these oxides to their as-deposited oxides, an increase in 

Dit has been observed. In figure 4.23, we see that the RTO sample annealed at 900°C 

shows the lowest Dit of lei 1 cm-^eV"\ The rest ofthe samples (steam oxide, RTO and 

ISSG) show high Dit indicating a poor interface. All the oxides were deposited at 1000*' 

C and these oxides when annealed at 1100° C (higher than the deposition temperature), 

show an increase in the interface state density. Only the RTO sample (100 A) was 

annealed at 900° C and showed large improvement in its interface quality. 

Defects at the Si-Si02 interface, such as fixed oxide charge, oxide trapped charge 

and interface traps limit the device performance. The interface trap is modeled by 

trivalently bonded silicon with an unpaired electron.*^ For temperatures in excess of 

500°C, hydrogen is dissociated forming the dangling bond defect*^ (Sia^StH -^ Sis =Si-

+H). Thus at high temperature annealing, Si-H dissociation occurs. Most ofthe samples 

annealed at 1100°C show an increase in interface states as compared to their as-deposited 

samples. 
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Looking at the overall resuhs of Dit we can come to a few conclusions. The 

lowest Dit values observed amongst the 40 A oxides were 1.5ell cm'̂ eV"* in the ISSG 

sample (33%>) annealed in hydrogen at 500 " C and in the steam oxide annealed in 

Hydrogen at 500 °C. The ISSG sample also shows the lowest charge and amongst the 40 

A samples making it electrically superior. The RTO showed the highest interface state 

density, although it showed a low fixed charge. Thus its interface has to be improved. On 

the other hand, the steam oxide shows good interface but high fixed charge and the low 

temperature anneal in Hydrogen shows an improvement in both charges and interface, 

and is recommended. 

Amongst the 100 A samples it is seen that the RTO sample annealed in Argon at 

900 ° C and two as-deposited oxides - the steam oxide and the 5% ISSG sample show 

very low Dit indicating good interface. The RTO sample (annealed at 900° C) and the 

ISSG sample (5%) as-deposited also show lower fixed charge than the rest of the 

samples, making these two samples stand out amongst the rest ofthe 100 A samples. The 

steam oxide shows good interface as-deposited but only shows high fixed charge. A high 

temperature anneal helps reduce the charge but increases the Dit considerably. Maybe a 

high temperature anneal at a temperature lower than the deposition temperature might 

help improve the interface, just as it was observed in the RTO sample. The next step was 

measuring the breakdown of these oxides and it was done by measuring the I-Vg curves. 

4.3.2 I-V Plots and breakdown data 

The I-V plots showed some trends too. The 40 A samples (Figure 4.25) had a 

higher breakdown than the 100 A samples (Figure 4.26). Annealing increased the 

breakdown ofthe samples. The RTO samples had a lower breakdown as compared to the 

others. The breakdown mechanism of a dielectric is related to the charge trapping in the 

dielectric. The hydrogen atoms in the bulk Si02 and at the Si-SiOa interface will react 

with the silicon dangling bonds to form Si-H or Si-OH bonds.*^ Hot electrons then will 

break these hydrogen-related bonds during constant electrical stress. After the hydrogen 

atoms are released from the Si-H or Si-OH bonds, the remaining vacancies will thus 

become electron-trapping sites to degrade the reliability ofthe gate oxide. 

92 



100A BREAKDOWN DATA 

16 

^° 1J1Q7 13|96 

12,13 

11.53 

14.00 

RTO, 
lOOA 
1100" 

RTO, 
lOOA, 
900°C 

ISSG( 
33%), 
lOOA 

ISSG( 
33%), 
lOOA, 

ISSG( 
33%), 
100A, 

I SeriesI 13.08 12.97 13.65 14.2 14.07 113.96 | 12.1 | 12.6 j 12.13 | l 1.53 14 13.63 14.6 13.33 

PROCESS CONDITIONS 

Figure 4.25: Breakdown Plots of 100A Samples 

40A BREAKDOWN DATA 

PROCESS CONDITIONS 

Figure 4.26 Plots of Breakdown Data of 40A Samples 

93 



Oxide breakdowns are divided into three groups: A mode: < IMV/cm due to 

gross defects in the oxide, B mode: 2-6MV/cm these oxides go through an eariy 

breakdown, C: mode: 8-12MV/cm these oxides go through an intrinsic breakdown. B 

mode failures are premattire failures and are also referred to as Time Dependent 

Dielectric Breakdown (TDDB).*^ ton (time to breakdown) the electric field in the oxide is 

kept constant and the time to breakdown of the oxide is measured. This time to 

breakdown behavior is referred to as Time Dependent Dielectric Breakdown 

(TDDB). Y.Murakami et al.*^ performed TDDB measurements on dry and wet oxides and 

observed that wet oxides have higher B-mode breakdown field as compared to dry 

oxides. They performed measurements on large and small area capacitors and found that 

small area capacitors showed no difference. Bulk defects in the oxide were the factor for 

breakdown. Lee et al. °̂ performed Qbd, SILC and electric field breakdowns on both dry 

and wet oxides. They observed that the steam oxides showed better electrical 

characteristics than dry oxides. Increased number of defects in RTO oxide was proposed 

as the reason for lower breakdown. 

From the above two plots (Figures 4.25 and 4.26), it can be seen that the wet RTO 

oxides exhibit a higher breakdown field than dry RTO oxides. The breakdown fields are 

in the range of 12-14MV/cm (for lOnm) and 12-17MV/cm (4nm). Figure 4.27 on the next 

page is a plot of the I-V curve comparison of steam oxides and dry oxides. These 

breakdovms belong to the C-mode and are due to intrinsic breakdown. Different models 

have been proposed to explain intrinsic breakdown such as Hole Gteneration and 

Trapping Generation Model and Lattice Damage Model. Both the models proposes that at 

high electric field electrons are injected into the conduction band ofthe oxide by Fowler 

Nordheim tunneling and these electrons are accelerated by the oxide field towards the 

anode. The Hole Generation and Trapping Generation Model proposes that the high 

energy electrons create electron hole pairs some of which are trapped in the oxide and 

cause the tunneling current to increase. The Lattice Damage Model proposes that that the 

high energy electrons create atomic defects which are charged positively and attract 

newly injected electrons. This mechanism directs the growth of tracks of defects into the 

dielectric 
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The plot given in the next page (Figure 4.28) is of the breakdown of the 30% 

steam oxide as-deposited, 500°C anneal in 80% H2 and 1100 A anneal in argon. The plot 

included the field at which the breakdown takes place and the high temperature anneal 

increases the breakdown field. Annealing in an inert atmosphere helps incorporate the 

dangling bonds to form Si-0. This results in the increase in the breakdown field. Figure 

4.29 shows the I-Vg characteristics as a fiinction of oxide layer thickness. 
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Decreasing the oxide layer thickness increases the breakdown field. The J-V 

curve for the 100A sample shows a linear relation between J and V. Fowler-Nordheim 

tunneling is represented by Schroedinger's equation: 

J=M. ^jf' 
F'yox (4.13) 

According to this equation, there exists a linear relationship between J(current 

density) and AF (applied electric field). The curve in Figure 4.29 for the lOOA sample 

shows a similar relationship leading to the conclusion that Fowler-Nordheim tunneling 

takes place. In case ofthe 4nm sample, J and V are not linearly proportional. 

Lee et al. showed observed that ISSG films have better electrical performance 

than dry RTO films and they also observed that wet oxides have poorer electrical 

performance than ISSG films.^^ Our results show similar observations. 

Figure 4.30 is the plot ofthe I-V curve. The curve represents that when zero volts 

are applied to the MOS-C, zero current flows. 
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Figure 4.30: I-V Curve 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

For the Condensation Control: 

The conclusions mentioned below were reached after mnning a series of tests, 

making observations and cortelating them with the desired outputs. 

• Rotor Temperature Control and Maglev sensor operation are no longer issues of 

concem as the Chamber Bottom is cooled to 20 °C 

• The relative humidity observed in the Chamber Bottom with the Rotor Purge at 5 

slm is between 0-1 percent. Thus, we do not need to heat Chamber Bottom. 

• The operation of Radiance® Pyrometers wUl not be affected as the Chamber 

Bottom will be cooled to 20 °C. 

The next step planned is to find out the effect of the selected parameters on the 

quality of oxide. 

For the Oxide Characterization: 

The 100 A samples consist of steam oxides (30% and 90%), RTO (dry oxides) 

and ISSG samples (33% steam and 5% steam). All these samples were annealed in two 

different conditions: low temperatures anneal in 80% hydrogen at 500 °C and a high 

temperature anneal in argon at 1100 °C. The 40 A samples consist of steam oxides, RTO 

and ISSG, however, the annealing was carried out only on the steam oxides and the ISSG 

samples. The conclusions mentioned below will be an attempt at selecting the oxide 

which has fared best under the processing conditions with respect to charges in the oxide, 

Si/Si02 interface and breakdown. 

Let us compare the as-deposited samples. For the 40 A samples, the RTO sample 

is of superior quality as it has a good interface and low fixed charge. The ISSG sample 

(33% and 5%) have good interface but contain more fixed charge. The steam oxide 

shows poor interface and high fixed charge. For the 100 A sample, the ISSG (5%) oxide 

is the best in terms of oxide fixed charge and Si/Si02 interface. The steam oxide shows 

good interface as-deposited but only shows high fixed charge. The RTO measured the 

least fixed charge but has poor interface. However, the steam oxides and ISSG oxides 
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showed a better Si/Si02 interface as compared to RTO. On the basis ofthe fixed charge, 

Dh (from Terman's analysis) and breakdown data from I-V curves, the 40 A RTO oxide 

and the 100 A ISSG (5%) oxides fair better than the rest. However, the breakdown data 

for all the samples (40 A and 100 A) do not show trends with the processing conditions. 

What was observed was that the RTO has a slightly lower breakdown than the steam 

oxide and the ISSG oxide and all the oxides have breakdown in the range of > 12MV/cm, 

indicating intrinsic breakdown. 

Next, we shall look at the samples annealed in 80% hydrogen at 500 ° C for 90s 

seconds. The ISSG (33%) and steam oxide have a Dit value of 1.5ell cm-^eV\ Thus 

both have similar interface quality and both show an improvement in interface with this 

particular anneal. This may be due to the neutralization of the traps with the low 

temperature anneal in hydrogen. However, the ISSG (33%) also contains lower fixed 

charge making it superior to the steam oxide. For the 100 A samples, the 90% steam 

oxide and the ISSG sample show low Dit values as compared to the RTO sample. The 

ISSG (33%) sample shows a considerable improvement with this anneal in its interface. 

Comparing all three, the ISSG samples show the least charge and lowest Dh with this 

anneal. The steam oxides measure the lower charge with this anneal but not by a 

significant amount and its as-deposited sample has a better interface. In case ofthe RTO 

sample, the interface quality does not have any significant improvement and the as-

deposited sample shows low charge, thus making this anneal not very effective. 

The argon anneal was carried out at 1100 °C for 30 seconds in the RTP chamber. 

For the 40 A samples, after the high temperature anneal, the ISSG sample has a higher 

Dit than the steam oxide. Comparing these oxides to their as-deposited oxides, the ISSG 

(33%) shows a slight increase in Dit while the steam oxide shows a reduction. Both the 

oxides show a decrease in charge with this anneal, thus making this anneal effective for 

the steam oxide as it helps improve its interface and reduce the charge. For the 100 A 

samples, the lowest charge and Dit measured was in the RTO sample annealed at 900 °C 

in Argon. The Dit values measured in both the steam oxide, the ISSG and the RTO 

oxides annealed at 1100° C show an increase. This anneal helps reduce the fixed charge 

but damages the interface. Looking at the effect ofthe 900° C anneal, what is suggested 
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is a similar anneal at a temperature lower than the processing temperature which may 

help improve the oxide quality. 

On the whole, for 40 A steam oxides, the hydrogen anneal works best in terms of 

interface and fixed charge. This is tme for the 33% ISSG oxide which fairs the best 

amongst all the 40 A oxides. Whereas the RTO shows poor interface, however annealed 

samples of this oxide were not available. The effect of anneal on the RTO interface 

should be fiirther investigated. For the 100 A samples, the steam oxide and the ISSG 

(5%) oxides as-deposited have good interface quality. However, the charges in the steam 

oxides need to be reduced. The charges in the steam oxide can be reduced with the high 

temperature argon anneal but that affects the Si/Si02 interface. Hence a compromise has 

to be reached between these two processing conditions. The low temperature anneal low 

temperature anneal in hydrogen does help reduce Dit for the 40 A but not for the 100 A. 

The RTO oxides showed less charge but do not have a good interface. Only the 100 A 

RTO samples were annealed in three different conditions (500° C, 1100° C, and 900° C) 

and the 900° C anneal showed the best resuhs. On the whole, the RTO samples measured 

the least charge as compared to the rest. The ISSG oxides showed maximum 

improvement in fixed charge and interface wrth the low temperature anneal in hydrogen. 

The low temperature hydrogen anneal helped improve the Si/Si02 interface. 

On the whole comparing all three oxides, two oxides show stand out in the 40 A 

and 100 A set. The ISSG sample (33%) annealed in hydrogen at 500° C shows the lowest 

charge and interface traps amongst the 40 A samples making it electricaUy superior. 

Amongst the 100 A samples it is seen that the RTO sample annealed in argon at 900 ° C 

shows the best interface and has a Dit value of lei 1 cm'^eV^ This sample also shows the 

fixed cheuge lower than the rest ofthe samples. As for the breakdown, all three oxides did 

not show any significant change with annealing and their breakdown fields were in the 

range of 12-17MV/cm indicating intrinsic breakdovra. 
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APPENDIX 

Let us consider the as-deposited samples fnst. Given below are the plots of the 

Steam oxide (Figure Al) , RTO (dry oxide) (Figure A.2), ISSG (33% steam) (Figure 

A.3), and ISSG (5% steam) (Figure A.4). All four as-deposited oxides show dispersion 

in weak inversion region. The figures are in the following order: Steam oxide, RTO and 

ISSG (two different processing conditions). The Steam oxide shows the least dispersion 

and the ISSG shows the maximum. The ISSG sample (5% steam). Figure A.4, shows a 

more spread out dispersion from depletion till weak inversion and this is similar to the 

RTO sample (Figure A.2). This dispersion corresponds to the presence of interface states 

which respond slowly to the d.c gate bias causing the C-V curve to get stretched. The 

steam oxides grown with 90% steam show similar trends in their C-V curves as the 30% 

Steam. 
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Figure A. 1: C-V Plot ofthe 90% Steam oxide, 100 A (as-deposited) 
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Figure A.2: C-V plot of RTO sample (100 A) as-deposited 

Figure A.3: C-V Plot ofthe ISSG sample (100 A) with no anneal 
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Figure A.4: ISSG (5% steam), as-deposited 

The next set of plots is of 40 A samples. They are in the same order, steam oxide, 

RTO and ISSG. Figure A.5 is steam oxide (90%), Figure A.6 is RTO and Figure A.7 is 

ISSG (33% steam), and Figure A.8 is ISSG (5% steam). 
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Figure A.6: RTO, 40 A (as-deposited) 
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Figure A.8: ISSG (5% Steam), 40 A (as-deposited) 
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Looking at the CV curves of the 40 A samples, there are trends seen. The steam 

oxide (Figure A.5) and the ISSG sample (Figure A.7) show similar curves with 

dispersion near the mid-depletion and weak inversion region. The ISSG sample (Figure 

A.7) shows more dispersion than the steam oxide. The RTO (Figure A.6) shows a higher 

dispersion starting from the depletion till weak inversion region. There is a second ISSG 

sample (5% steam) (Figure A.8) processed with a lower steam concentration, which has 

C-V curves similar to the RTO sample (Figure A.6). 

The next set of plots consists of samples annealed in 80% hydrogen in argon at 

500 °C for 90 seconds. The first set of plots is of 100 A samples and the next set is of 

40A samples. The C-V curves of the steam oxide (Figure A.9) and the ISSG sample 

(Figure 4.11) are similar in nature. Comparing these curves to the as-deposited curves. 

Figures A.7 (ISSG) and Figure A5 (steam oxide), there is a decreases in dispersion 

observed. The RTO oxide also shows a decrease in dispersion (i.e.. Figure A. 10) with 

annealing in hydrogen. 
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Figure A.9: Plot of 90% Steam sample (100 A) annealed at 500°C in 80% Hi 
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Figure A. 10: C-V Plot ofthe RTO sample with 500°C anneal in H2 

Figure A l l : C-V Plot ofthe ISSG sample with 500°C anneal in H2 
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Near the interface, there exists a transition layer which shows density fluctuations, 

change in local stoichiometry, atomic stmctural change, and stain originating at the 

silicon-oxide interface. Oxygen-deficient center (or neutral oxygen vacancy) like OsSi-

SisO and twofold coordinated sUicon are defect structures in amorphous and crystalline 

Si02. The 33% ISSG has higher interface states as compared to the 5% ISSG sample. 

Luo et al. studied the effect of H2 content during ISSG oxidation from the view point of 

SILC and Qbd. SILC is measured by first measuring the I-V curve unstressed and then 

stressing the capacitor and remeasuring the I-V curve until destmctive breakdown occurs. 

Sttessing can be of two types: (a) measurement consists of stressing the capacitor at a 

constant electrical field to a particular injected charge and (b) intemipted constant current 

stress period with inserted I-V measurement in the low voltage region. Sttess Induced 

Leakage Current (SILC) [AI=I-Io=I (q=qmjected, Eox)-I (q=0, Eox)]. ton (time to 

breakdown) the electric field in the oxide is kept constant and the time to breakdown of 

the oxide is measured. This time to breakdovra behavior is referred to as Time Dependent 

Dielectric Breakdown (TDDB). The product ofthe current density and the ton is called 

the charge to breakdown. The presence of hydrogen during oxide growth improves the 

oxide quality and reliability. The ISSG oxides also showed a decrease in the dispersion 

with the low temperature anneals and an increase with the 1100°C anneal in argon 

(shovra later). The corresponding Dit values followed the trend. The Dit values of the 

ISSG oxides were higher than the steam oxides and the RTO. 

Now let us look at the 40 A samples annealed in 80% hydrogen in argon at 500 °C 

for 90 seconds. The 40 A samples annealed in hydrogen consist of only steam oxides 

(Figure A. 12) and ISSG (Figure A. 13). It is seen that the ISSG sample has more 

dispersion than the steam oxide. 
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Figure A. 12: C-V Plot of 90% Steam Oxide (40 A) annealed at 500°C in H2 
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The next set of 100 A samples was annealed in argon at 1100 ° C for 30 seconds. 

Figure A. 14 is steam oxide (90% steam). Figure A. 15 is RTO and Figure A. 16 is ISSG. 
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Figure A. 14: C-V Plot ofthe steam oxide with 1100°C anneal in Ar 
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Figure A. 15: C-V Plot ofthe RTO oxide with 1100°C anneal in Ar 
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Figure A. 16: ISSG (33% steam) annealed in 1100 °C in Argon 

The steam oxide (Figure A. 14) show large dispersion in mid-depletion and weak 

inversion with the argon anneals. The annealed RTO sample (Figure A. 15) and as-

deposited (Figure A.2) do not show much change in Dit. The ISSG as-deposited (Figure 

A.3) sample and the high temperature annealed sample (Figure A.16) show similar C-V 

curves. Comparing all three, steam, RTO and ISSG, the ISSG oxide shows the lowest 

dispersion with the high temperature anneal. 

The 40A samples showed similar trends in their C-V curves as the 100 A samples. 

The Dit plots for the steam oxides and the ISSG are given below and their C-V curves 

foUowed the trend ofthe Dit value. 

The 40 A samples annealed in argon, consist of steam oxide and ISSG (33% 

steam). The Steam oxide (Figure A.17) compared to its as deposited sample (Figure A.5) 

shows an increase in dispersion in the C-V curve. The ISSG annealed sample (Figure 

A. 18) shows an increased dispersion in the C-V curve compared to the as-deposited 

sample (Figure A.7). 
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Figure A.17: Steam oxide (90% steam), 40 A, argon anneal 
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