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SUMMARY 

 

Technology is steadily advancing where semiconductors and microelectronics 

have become such a huge source of revenue and area of technological interest, resulting 

in reduced device geometries and more complicated microelectronic fabrication methods. 

In this thesis, high density plasma oxide process has been discussed, which is widely used 

especially for shallow trench isolations on micro and nano-sized devices. The problem 

discussed here relates to the process and how it can be easily imbalanced due to 

inaccurate assumptions and process parameters. Etch-outs, as presented in this thesis, are 

the root cause of the problem and a model demonstrating various correlations with some 

noteworthy results has been developed. 
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CHAPTER 1 

 
Introduction: 

 

The semiconductor industry has been impacted by various issues in manufacturing. The 

gradual reduction in device geometries has driven fabrication processes towards 

alternative chemistry, chemical components and hardware setups, as well. The key 

driving force for manufacturability of devices with reducing geometries is continuous 

monitoring of the various excursions and scrap results. Most of the basic processes based 

on diffusion, etching, implantation, etc. are used in fabrication of almost all 

semiconductor devices. The process, which is studied extensively in this thesis, is high 

density plasma oxide process for shallow trench isolation - which comes under chemical 

vapor deposition processes. It is one of the most commonly used processes in a device 

fabrication environment. This chapter will include the introduction of effects due to 

reducing geometries and issues in high density plasma process. 

Gordon Moore stated that the number of transistors on a semiconductor chip 

doubles about every two years [1]. Moore’s Law is shown in Figure 1. Moore believed 

that the future of the integrated electronics is the future of electronics itself. By integrated 

electronics, Moore meant various technologies in microelectronics. 
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Figure 1. Moore’s law: More Performance and Decrease in Costs. 

Source: Intel Corporation, [20] 

 
In scaling down device feature sizes,, there are numerous  fabrication issues that come 

into play, for example, line edge roughness, dopant fluctuations, and device isolation. 

During various chemical vapor deposition processes while processing a silicon wafer, 

several barriers exist which hinder the uniform deposition of various compounds. It is 

challenging to determine processing conditions for achieving such uniformity for layers 

thinner than 4000Å, especially when it is a dynamic deposition-etching process. The 

research performed in this thesis explores a process where deposition and etching takes 

place together in order to attain perfect uniformity along with precise thickness. In such 
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processes, the balance between the two is crucial for maintaining uniformity as an end 

result.  

In a deposition-etching process, equilibrium conditions can be challenging to 

control. When deposition or etching processes (due to sputtering) lose their direction, the 

surface becomes etched-out at random locations across the surface plane. In the case of 

high-density plasma silicon dioxide (SiO2) process, silicon dioxide etches out near the 

edges of the structures. These anomalies are very small (in the range of 200Å) and cannot 

be discovered during immediate inspection steps until they are approximately 500Å or 

larger. Etch outs  on the surfaces of the field oxide layer are further impacted by 

subsequent steps including chemical material planarization (CMP) step, CMP clean, 

CMP scrub for smoothing the top surface of the dioxide, and wet stripping of the field 

dioxide layer. The CMP steps and wet stripping cause the etch outs to enlarge, resulting 

in passage ways and short circuits in the product die.  

The importance of the field oxide layer is best described using the basic Flash cell 

with dual gate transistors (see Figure 2). A Flash cell is basically a floating-gate MOS 

transistor or a transistor with a gate completely surrounded by dielectrics, the floating 

gate (FG), and is electrically governed by a capacitively coupled control gate (CG). 

Being electrically isolated, the FG acts as the storing electrode for the cell device. Charge 

injected in the FG is maintained there, allowing modulation of the “apparent” threshold 

voltage (i.e., seen from the CG) of the cell transistor [2]. In this device, the tunnel oxide 

used is silicon dioxide, which is deposited using the high density plasma process.  
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Figure 2. Schematic cross section of a Flash cell [2]. The floating-gate structure is 

common to all the nonvolatile memory cells based on the floating-gate MOS 

transistor [2]. 

 

As illustrated in Figure 3, when there are several holes or etch outs in the field oxide 

layer, the floating gate would be in direct contact with the substrate, source, drain or all 

of them together causing the Flash cell to malfunction.  
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Figure 3. Scanning electron microscopy image of an Etch-out on a silicon device [3] 

 
 

 

 

 

 

 

 

Figure 4. Scanning electron microscope image of several etch-outs on a field oxide 

layer [3] 

 

Figure 4 illustrates typical etch-out. Etch-out usually contains a flat and a convex side. In 

Figure 5, a similar defect can also be seen. This is also known as a void, typically 

centered between two circuit structures. Therefore, it is likely that small structure sizes 
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would contain more etch-outs and larger ones would contain more voids as demonstrated 

through previous experiments. In essence, the larger structures have much smaller gaps to 

fill between them, hence resulting in a void illustrated in Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Scanning Electron Microscopy image showing a void. [3] 

 

Voids, like those in Figure 5, were observed through various experiments on various 

product wafers as well as test wafer lots. Upon further analysis of each of these images, 

the high density plasma process was pinpointed as the source for such particular scrap 

wafers.  

The trench isolations (in Flash cells) were also affected as illustrated in the Figure 

4. Short circuiting occurred leaving the entire die with little or no memory function. 
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Reworks at later stages in attempt to address etch-out problem was unsuccessful leading 

to restrictions for exploring solutions at the process step. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. A silicon wafer from the process line with etch-outs. [3] 

 

In Figure 6, a wafer (from a fabrication line of memory cells) with etch-outs due to the 

HDP (high deposition plasma) step is shown. Other lot wafers consisted of etch-outs that 

were located towards the center of the wafer. Normal inspection with a scanning electron 

microscope did not reveal shading (an indication of etch-out), so etch-outs could not be 

identified in the middle of the manufacturing process in the memory cell process. Etch-

outs were first discovered at the probe step after completion of the entire process. This is 

unsatisfactory from a fabrication standpoint as numerous wafers were lost, resulting in 

wasted man power, equipment over use, depletion, and lower product yield. 
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Tools employed in this thesis were the same as those on the production line. The process 

chambers, loadlocks, and transfer chambers were examined before running any design of 

experiments (DOE). However, the experiments discussed in this thesis were performed 

on process chambers, which served as the most likely candidates for etch outs. 

 

Due to the Non Disclosure Agreement with Micron Technology, description and the 

exact details of their process, the process recipe, the product details are not 

discussed. Therefore, the data presented is appropriately normalized. 

 

The remainder of this thesis is focused on experiments, which were conducted to 

investigate the onset of etch-outs. This study also includes closer examination of the 

plasma process, specifically, the influence of sputtering and deposition processes. The 

thesis also includes results of HDP experiments, and related research regarding these 

fabrication challenges. The processes, mechanisms for sputtering and deposition, and 

hardware set up are discussed in the following chapters.  

 

. 
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CHAPTER 2 

 

BACKGROUND INFORMATION & PROCESS DETAILS 

  

In this chapter, plasma processes and sputtering are discussed, beginning with the basics 

of the process and concepts behind deposition and high density plasma. This chapter also 

includes a section on Paschen’s law, which has been useful for exploring correlations 

between chamber pressures and applied voltages employed at different steps for any 

process during any microelectronic fabrication.  

 

A. High Density Plasma Process: 

The high density plasma silicon dioxide process involves deposition and sputtering in 

various steps inside the process chamber. The overall thickness of silicon dioxide on the 

wafer is obtained in multiple deposition steps rather than one long step. The time duration 

for each step depends on the target thickness and parameters used for the process recipe. 

This section begins with the structure of silicon dioxide and then concludes with further 

details about the entire process and mechanisms involved during high density plasma 

process. 

 

i. The Structure of Silicon Dioxide: 

In microelectronic fabrication, SiO2 is also referred to as fused silica. It is amorphous and 

thermodynamically unstable below 1710ºC.  The structure contains two oxygen atoms 

and one single silicon atom in the center. There exist covalent bonds between oxygen and 
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silicon, and this satisfies the silicon valence shell. Now, if each oxygen atom is attached 

to two polyhedrons, the oxygen valence is also satisfied. This structure is called quartz, 

where oxygen atoms are located at the corners of a triangular polyhedron. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Structure of Quartz [4] 

 

As shown in Figure 7, one silicon ion is covalently bonded to four oxygen ions. Notice 

that the silicon ion is significantly smaller than oxygen atoms. In fused silica, some 

oxygen atoms, called bridging oxygen, are bonded to two silicon atoms. Some oxygen 

atoms are non-bridging, bonding to silicon atoms. During the HDP process, thermally 

grown SiO2 consists primarily of randomly oriented polyhedrons. The larger the fraction 

of bridging to non-bridging sites, the more cohesive and less prone to damage the oxide 

becomes. Unfortunately, not all oxides are identical. Dry oxides have a much larger ratio 

of bridging to non-bridging sites compared to wet oxides. Moreover, a variety of 
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impurities exist in thermal oxides, like water related complexes. If H2O is present during 

oxide growth, one reaction that can occur is the reduction of a bridging oxygen site into 

two hydroxyls: 

Si:O:Si + H2 → Si:O:H + H:O:Si 

These hydrogen atoms are weakly bonded and can be removed under electrical stress or 

ionizing radiation, leaving a trap or potential charged state in oxide. Conveniently, other 

impurities can be intentionally incorporated into thermally deposited SiO2 to change its 

physical properties. When impurities replace the silicon atom, they are called network 

formers, like boron and phosphorus, which tend to reduce bridging to non-bridging ratios. 

Such impurities are normally used in deposited oxides rather than in thermal oxides. 

 

ii. The concept of Plasma: 

In 1942, the American chemist Irving Langmuir investigated the electrical discharges in 

gases and in 1929, while experimenting together with another American scientist, Levy 

Tonks, used the term plasma to describe the oscillations of the electron cloud during the 

discharge. The cloud was similar to a jelly which reminded Langmuir of blood plasma. 

However, the term plasma in Langmuir’s experiments is completely misleading. The 

plasma term in physics describes a gas of electrons and ions (atoms which have lost one 

or more electrons), while the plasma in blood is a clear yellowish fluid in a liquid form in 

which the blood cells are carried [5]. 

In physics, plasma is often described as the fourth state of matter after solid, 

liquid and gaseous states. Now, a gas is normally an electrical insulator, that is, electric 

currents cannot easily pass through it. By heating the gas to appropriate temperatures, the 
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insulator gas becomes a good electric conductor. The gas is transformed into α plasma, 

which consists of free electrons: the carriers of electric current. The electrons in atomic 

gas are buried safely; the ones in plasma are free to move around. In short, plasma will 

conduct electricity because the free electrons can easily be moved.  

 

 

Figure 8. The four states of matter, and plasma, which is also referred to as fourth 

matter. 

 

If molecules in the gas state acquire more energy, they will first dissociate into the atoms 

forming the molecule. The supply of atoms with more energy causes the electrons to 

leave the atoms and move freely inside any confined space. Plasma is formed as a result. 

Materials can be brought to a gaseous state by inserting the appropriate amount of 

energy. In a process chamber, the molecules or atoms move freely inside the vessel, 

colliding mainly with the walls of the vessel.  

 If energy in the system is further increased, the molecules break up into their 

atomic constituents and in the same fashion, with more energy supplied, the atoms will 

lose electrons. As soon as they lose electrons, a positive charge is acquired (positive ion). 
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Therefore, ions and electrons from any material can be produced by adding enough 

energy. [5]. 

 

iii. Radio Frequency (RF) discharges: 

In an RF discharge, the power supplied interacts with the plasma almost exclusively by 

displacement current (the electrodes are not necessarily in contact with the plasma). The 

radio frequency power creates displacement currents inside the plasma and delivers 

energy to the plasma. The RF, in comparison with the DC method, can be advantageous 

since the material of the electrodes may introduce impurities into the plasma. The 

interaction between plasma and RF power can be inductive or capacitive. These methods 

are discussed below. 

Induction transfers power to plasma in the same way as a transformer transfers the 

power from one line to another. A coil connected to the RF power supply is wrapped 

around a plasma quartz tube causing the energy to be transferred in an inductive way. 

This plasma is maintained in a steady state by the RF power supplied to the coil. The RF 

used is between frequencies of 10 kHz (kilohertz) and 30 kHz (kilohertz). The gas 

pressure in these devices is usually below one atmosphere, although in some applications 

atmospheric pressure can be used.  

In capacitive coupled RF plasmas, two electrodes connected to the RF power 

source are used instead of the coils. This method operates between 1 to 100 MHz and the 

plasma is directly heated by RF electric fields.  

A glow discharge can be produced at atmospheric pressure by using a high 

voltage RF at kHz frequencies. This plasma can exist in steady state at one atmospheric 
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pressure in air or other gases and does not require a vacuum system as in the case of DC 

plasma discharge [5]. 

 

iv. Material Modifications by Plasma: 

Plasma modification of materials is used to improve the surface properties without 

changing their bulk properties. Plasma modification for various materials is carried out 

by ion implantation into the material. This method has become economically attractive in 

high tech centers and can be accomplished on metals and alloys, semiconductors, 

ceramics, insulators and polymers. 

The refractory metals are best deposited by plasma using the sputtering or plasma 

assisted chemical vapor deposition (PACVD). Plasma is used in a reactor to initiate 

chemical reactions with an electric discharge in a gas. In any standard CVD process, high 

temperatures are used for the interactions between substrate and the vapor from the gas 

used during the process, but such high temperatures may cause damage to the substrate.  

Through the use of PACVD, the ions are attracted from plasma toward the substrate 

at high temperatures. The substrate can be kept at lower temperatures as compared to 

CVD method. In a plasma polymerization method, similar to PACVD, the deposition is 

for organic materials like polymers. In PACVD, the deposition is for inorganic materials. 

A simple example is when tetrafluoroethylene gas is injected into plasma and a layer like 

Teflon gets deposited on a substrate. Plasma turns this gas into fragments and one of the 

following can happen:  

1) Either they nucleate into a polymer film at the surface of the substrate. 

2) Or polymerize into a chain of clusters. 
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Monomers, if introduced under suitable conditions into a plasma environment, can 

combine to create polymers. Polymers are nothing but repeated units of one or more 

compounds. Plasma processing can produce thin polymers films necessary for coating of 

other materials, multiple layers for magnetic recording tapes or disks, and plastic 

wrapping materials. The surface properties that can be modified by plasma assisted 

chemical vapor deposition are the following: hardness of the material; fatigue or extreme 

weariness from prolonged exertion or stress; toughness or the ability to withstand great 

strain without breaking or physical damage; adhesion or the ability to stay in a united 

form; friction or the resistance of a surface with another surface for relative motion; 

corrosion due to chemical actions; resistivity or the ability of opposing an electrical 

current to pass through; oxidation or the ability to combine with oxygen; dielectric 

properties (insulator materials capable of maintaining an electric field with minimum loss 

of power). Plasma can be used to extract ions in order to implant them into the materials 

to be modified. A strong electric field exists in plasma near the cathode (the cathode 

sheath).  

 

B. The concept of Sputtering: 

Sputtering is the primary alternative to evaporation for metal film deposition in 

microelectronics fabrication. It was discovered in 1852 [6] and further developed as a 

thin film deposition technique by Langmuir in the 1920s [7]. Sputtering has a better 

coverage than evaporation, induces far less radiation damage than electron beam 

evaporation, and is much better at producing layers of compound material and alloys.  
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Figure 9 represents a sputtering process chamber with electrostatic chuck, gas feed & 

power supply.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic of a traditional parallel-plate (diode type) plasma reactor [7] 

 

In sputtering applications, the chamber must be arranged so that high energy ions strike a 

target containing the material to be deposited. During sputtering, the target material, not 

the wafers, must be placed with maximum ion flux given to the electrode. For maximum 

deposition, the cathode and anode are closely spaced in the range of 10cm. The inert gas 

is supplied in the chamber and the process chamber, under vacuum, is around 0.1 Torr. 

For elemental metals, dc sputtering is usually favored due to large sputter rates. When 

depositing silicon dioxide (insulating materials), an RF plasma is commonly used [8].  
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If the target material is an alloy or compound, the stoichiometry of the deposited 

material may be slightly different than the target material. A material with a lower sputter 

yield will accumulate on the surface of the target until the composition of the deposited is 

approximately that of the bulk target [9]. (True only if the target temperature is kept 

sufficiently low to prevent solid state diffusion.) This makes sputtering very attractive for 

elements as well as for wide range of materials. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. A simple chamber with parallel plate sputtering system 
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C. The Physics of Sputtering: 

The Paschen’s law is very important when investigating the correlations between the 

applied pressure and energy. It gives the required breakdown voltage for initiation of 

plasma across a gap containing a low-pressure gas:  

)(log)(Vbd bLPLP +∗÷∗∝  

Where bdV  is voltage needed for the breakdown, P is the chamber pressure, L is the 

electrode spacing, and b is the constant. Once the plasma is formed, ions are accelerated 

toward the negatively charged cathode. When they strike the surface, they release 

secondary electrons, which are accelerated away from the cathode to anode. If the energy 

transferred is less than the ionization potential of the gaseous species, the atom can be 

excited to an energetic state and then decays through optical transition, providing the 

characteristic glow. If the transfer of energy is high enough, then the atom will ionize and 

be accelerated toward the cathode. The bombardment of the cathode in this ion stream 

gives rise to the process of sputtering.  

When an energetic ion strikes the surface of the material, there are several 

possible occurrences. Ions with very low energies may simply bounce off the surface. At 

energies of less than about 10eV, the ion may also absorb on the surface, giving up its 

energy to phonons (heat). At energies above about 10keV, the ion penetrates into the 

material many atomic layer spacings, depositing most of its energy deep into the 

substrate, where it changes the physical structure. These high energies are typical for ion 

implantation. Between these two extremes, both energy transfer mechanisms occur. Part 

of the ion energy is deposited in the form of heat and the remaining goes into substrate’s 

physical rearrangement. At this energy, nuclear stopping at the surface is effective: most 
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of the energy transfer occurs within several atomic layers. During this time, substrate 

atoms and cluster of atoms will be ejected from the surface of the substrate. The atoms 

and atomic clusters ejected from the cathode escape with energies of 10 to 50 eV. This is 

about 100 times the energy of evaporated atoms. This additional energy provides 

sputtered atoms with additional surface mobility for improved step coverage relative to 

evaporation. At typical sputtering energies, about 95% of the ejected material is atomic 

and rest of them is diatomic molecules [10]. 

At high energies such as those used in implantation, chemical bonding processes 

can be largely ignored, and the target can be considered as simply a collection of atoms. 

At very low energies, no disruption of the target occurs and at sputtering energies, the 

physics of the material removal is quite complicated, involving the coupled effects of 

bond breaking and physical displacement. The figure below represents a model showing 

some processes that may occur when an ion is striking the surface. This model was 

developed by Wehner and Anderson [11, 12]. Ignoring chemical effects and treating the 

substrate atoms as hard spheres provides at least a qualitative picture of sputtering. An 

ion incident on the target surface may travel several atomic layers into the target until it 

strikes an atom 
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Figure 11. Possible outcomes for an ion accident on the surface of a wafer 

 

D. Shallow trench isolation: 

Semiconductor technology is steadily advancing, making the circuit elements and 

interconnections on wafers, or silicon substrates smaller and denser at every development 

step. In order to prevent unwanted interactions between these micro and nano sized 

circuit structures, insulator-filled gaps or trenches are provided between the circuit 

structures to physically and electrically isolate the elements and conductive lines. Now, 

the circuit densities further increase and hence the width of these gaps decreases causing 

the gap aspect ratios (AR) to increase, filling these narrower gaps becomes more difficult. 

Discontinuities in the insulation or gap filling material, unwanted etch-outs, voids, etc. 

come into play leading to disposal of the whole circuit or final product [13].  
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High deposition plasma process is used to fill the high aspect ratio gaps with silicon 

dioxide as the deposition layer. The deposition of silicon dioxide and other thin films 

such as silicon nitride is achieved by plasma enhanced chemical vapor deposition (also 

known as PECVD) technique at low temperatures [14, 15]. In the traditional PECVD 

process, the issue remains the radiation damage on the substrate, interface, and growing 

film surface due to bombardment of highly energetic charged particles that cannot be 

avoided. In addition, when silane and oxygen gases are source gases for the deposition of 

silicon oxide, generally speaking, Si–H and Si–OH bonds are introduced into the film. 

The incorporation of these bonds degrades the properties of PECVD silicon oxide 

chemically[16]. However, a typical HDP oxide deposition deployed in CVD has a gas 

mixture containing oxygen, silane, and inert gases, like argon, to achieve simultaneous 

deposition and etching and hence, the unwanted bonding of silane with hydrogen and 

with hydroxyl is also minimized by choosing the right gas configuration. An RF bias is 

applied to the wafer substrate in the process chamber. The ions of some molecules, 

especially argon gas, are formed by ionization in the plasma and accelerate toward the 

wafer surface as RF bias is applied to the substrate. When these heavy ions hit the 

surface, the material present on the wafer gets sputtered (etched or removed) due to this 

striking. Hence, dielectric material deposited on the wafer is sputter etched at the same 

time to keep the gaps open during the deposition process [13]. 

 

E. The Paschen’s Law and Curve: 

The Paschen’s curve and Paschen’s law aids in understanding the correlation between the 

applied pressure in the process chamber and the energy acting inside on the gas particles. 
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Primary ionization of gas occurs due to natural radioactivity or generated conditions of 

high temperature and pressure which is otherwise insulating. Ions and electrons hence 

produced are directed by external electric field. (Paschen’s curve for air is provided in 

Figure 12.) 

During the voltage increase, the current increases up to a certain value, called 

saturation current, where all the particles formed by external ionization take part in the 

conduction of current. If the voltage keeps increasing then electrons gain sufficient 

energy to able to ionize the gas molecules by collision (α-process). This current is not 

self-maintained because it depends on external ionization source or the applied electric 

field. The law essentially states that, at higher pressures (above a few torr) the breakdown 

characteristics of a gap are a function (generally not linear) of the product of the gas 

pressure and the gap length, usually written as V= f( pd ), where p is the pressure and d is 

the gap distance. 
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Figure 12. The Paschen’s curve for air, two flat parallel copper electrodes for 

pressures between 3x10
-2
 torr and 760 torr [19].  

 

Paschen’s curve gives the dependence of the intensity of the breakdown voltage, Vp, and 

the p*d product, where p is pressure, d is the gap between electrodes, γ-coefficient 

represents the efficiency of producing secondary electrons per ion hitting the electrode 

and it depends on the cathode material, the ion itself and its energy which is determined 

by the ratio E/N (E - electric field, N - gas particle number density). Since the positively 

and negatively charged particles have different masses the positive and negative charges 

move with different speed so that the space charges do not compensate one another 

completely [17]. 

The Paschen’s curve hence defines the relation of chamber pressure and the 

energy which shows the same behavior for all kinds of gases. The breakdown voltage U, 
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between two parallel plane electrodes is a function of the product of distance d between 

the electrodes and gas pressure p [18].  

The ions can, however, produce additional ionization by producing secondary 

electrons from the surface of the cathode (γ-process). When a number of secondary 

electrons become equal to the number of electrons that initiated the discharge, it becomes 

self-sustained and external ionization is not necessary for the discharge current to flow.  

The voltage at this moment is called a breakdown voltage and for the higher voltages, the 

current is self-maintained.  

 
 

F. High density plasma oxide process for deposition of silicon dioxide: 

As discussed earlier, the process involves various factors including RF bias applied on 

the substrate of wafer (RF power), oxygen gas, silane gas, an inert gas like argon or 

deuterium, a high chamber pressure, a range of high temperatures during various steps 

through the process recipe for acquiring the needed thickness of silicon dioxide over the 

wafer.  

The power applied is LF (low frequency) power, HF (high frequency) power, and 

MF (medium frequency) power. LF and HF powers are the main regulatory factors for 

the total applied power. MF power is used for fine tuning purposes. In the diagrams 

representing the HDP process, the wafer substrate is referred to “a”, the circuit elements 

are known as “C1” and “C2”. The gap between the two circuit elements is named as “g”. 

Figure 13 shows the HDP process. 
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Figure 13. The HDP process for silicon dioxide where the ions start moving towards 

the wafer substrate due to the effect of RF biasing and starting striking the surface. 
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Figure 14. The figure above shows the deposition taking place as a thin layer in the 

gap and on the top of the circuit elements.  

 
In the Figure 14, the deposition of oxide is lesser on the edges of the structures. This 

provides a slant shape to the deposition layer. The slant shape formed during the 

deposition process is due to the simultaneous sputtering – deposition. The sputtering or 

etching continues and their impact appears more in the corner areas. Therefore, the 

deposition rate on the corners is lesser than the deposition rate in gaps or on the top of the 

circuit elements.  

As seen in Figures 13 & 14, these cases can vary according to various sputter to 

deposition ratios. It is unacceptable to support a high sputter to deposition ratio as it 

would create voids and etch-outs even when the deposition time is kept sufficiently high. 

If the process time is long, then deposition is uneven at various locations on the wafer, 

depending on the structures present on it. Hence, longer etching (wet or dry) step or 
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chemical material planarization (CMP) step are necessary facilitate even oxide layer 

deposition.  

If the thickness is particularly high (around 5000Å), CMP step can not be used to 

remove it. It can only be used for making the rough surfaces smooth enough, while 

etching steps would be more suitable for removing the thick oxide and achieving the 

required thickness of the oxide layer.  

  

 

 

 

Figure 15. The figure shows the deposition layer getting thicker with deposition 

time. The height of the deposited layer increased everywhere, except for the corners. 

 

 

As illustrated in Figure 15, during HDP, the gap gets filled and the peak height and its 

width depend on how wide the circuit element is. Now, if the peaks become tall, the 
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temperature, power and pressure of the process chamber would start impacting it along 

with sputtering – deposition mechanism. The temperature of the wafer can be between 

400 to 700º C and hence, the peaks either bend or melt. The melting point of silicon 

dioxide is as high as 1650 (±75) °C, but due to excessive pressure along with high range 

of temperatures, the shape of the peak can be affected.  

 

 

 

Figure 16. The figure shows the peak formation after a longer deposition time 

during simultaneous sputtering – deposition action on the wafer circuit elements. 

 

 

When the peaks bend, the corners get covered and a loop forms. This is shown in Figure 

18 where a small gap is created. Figure also shows how the entire layer of STI HDP 

oxide is deposited on the wafer with a great thickness, but the etch-outs remain present at 
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the corners. They are not filled during the deposition process and, even further the 

deposition started continues on the top surface. 

 

 

 

Figure 17. The figure above represents the peaks actually bending downwards 

toward either direction. 
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Figure 18. The figure in the next page shows the peaks formed and bending down 

towards the trenches, hence creating a hole or an etch-out. 

 

Through the step by step procedures of HDP process, it is observed that any imbalance 

can create an excursion which can not be seen or detected in steps immediately following 

HDP. Circuits fail to perform at testing or probe steps and the whole product is scrapped. 

The results are disastrous as the entire process is wasted.  

Alternative reasoning that describes etch-out is excessive sputtering at corners. 

This potentially creates huge spaces at ends of the structures, hence, resulting in etch-outs 

in later stages when the oxide layer is removed through etching process. Wet etching 

would enlarge the already huge gaps on the corners.  
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In the next chapters, the data collected (through a screening design) is introduced. 

This includes key parameters that affect the process’ sputtering mechanism and the 

details of experiments which were conducted using ten test wafers. Background 

information, process details, and other basics introduced in this chapter aid in 

understanding the model created. The plasma, sputtering, and RF discharge mechanisms 

are similar and the physics involved behind Paschen’s law are applied to the process 

recipes. A designed experiment provides clarity on etch-out recreation.   
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Chapter 3 

 

A. The design of experiment (DOE) and the model: 

 

In this chapter, the experiment performed is discussed and the analysis of data is 

presented. The original set of data and its model is not provided due to the Non 

Disclosure Agreement with Micron Technology. The data set is normalized along with 

the analysis. The two are in sync with the original model and data; hence the analysis and 

the reporting of these results are noteworthy.  

DOE (design of experiment) is designed using JMP© (software by SAS) and the 

analysis and the modeling are also performed using this package. This statistical analysis 

tool produced prediction plots, interaction plots, bivariate analysis, and other fitting plots 

on the basis of summary data. The key factors for this experiment were selected on the 

basis of previous experiments and observations made when the process became 

imbalanced due to etch-outs.  

The key factors used include low frequency power, high frequency power, and 

deuterium gas flow. The entire process recipe for this experiment was divided into two 

parts: one was the deposition step, and the other was sputtering step. Note that these steps 

have the names not according to the mechanisms involved during the steps, but due to the 

effect of steps overall. The deposition step, for example, has sputtering and deposition 

taking place at the same time on the test wafer, but the level of deposition is dominating 

during this step. Similarly, the sputtering step has the sputtering factor dominating the 

deposition mechanism but in both the steps, sputtering and deposition are taking place at 
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the same moment. One added difference between the two steps is that deuterium gas flow 

is not present in second step, which is the sputtering step. The deuterium gas flow is only 

involved during the deposition step and hence, the value of the gas flow was kept zero 

during the sputtering step for test wafers of DOE. 

The screening design was used to explore these three parameters as it utilizes the 

minimum number of data points, but provides enough statistical significance for 

determining the correlation between the parameters. In this study, full factorial, with 

three factors, was employed that include ten total runs. The eight runs having varied 

parameters and two runs having the original recipe values. The numbers of center points 

taken in the experiment are set to 2. 

No effect up to two-way interactions aliased with any other effects higher than 

two-way interactions was set by JMP for this kind of configuration. The deposition time 

for each step of the experiment was similar to the original process recipe and sputter to 

deposition rate was also kept the same as in original recipe. The measure of sputter – 

deposition rate is derived from total power (LF + HF + MF) applied during the step.  

The total power didn’t exceed 12 kW due to hardware limitations (the process 

tool used was Novellus Speed and some pictures are shown below). Although each 

generator is rated at 8000W, the system power is limited to this sum (eg:  LF = 7000W, 

HF=5000W). Hence the power limitations for variations are while changing the values 

for each test recipe for each wafer.  

Deposition-Etch-Deposition Optimization and the parameters to optimize for 

trench fill include: sputter to deposition ratio in the first step and of the second step, 

deposition of the first step versus deposition of second step that is the total thickness %, 
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etch amount (time of the step), etch type (rate and uniformity with respect to LF biasing, 

HF biasing, Argon gas flow and Helium gas flow), deposition of the liner for thickness, 

uniformity and HF biasing, film’s stack thickness uniformity. 

Factors were chosen to vary by 3% of their original value to achieve the 

experiment process recipes. The normalized values thus obtained are provided in Table 1. 

The values have been normalized with respect to the maximum value of the parameter 

obtained (that is the original value + 3% of the original value). 

 

Table 1. The experiment factors with normalized values for parameters 

 

LF Power HF Power D2 Flow 

1 1 1 

0.970874 0.970795 0.969828 

0.941748 0.941752 0.94181 

 

The algorithm used to create the recipes with maximum and minimum values of the 

factors is given by JMP and is provided in the Table 2 where 0 represents the original 

recipe values, which are unchanged, + represents the values incremented by 3% of the 

original value of the parameter and  represents the values reduced by 3% of the original 

value of the parameter. 

 

Table 2. The algorithm for design of experiment 

 

++− 

+++ 

+−− 

−++ 

+−+ 



 35 

0 

−−− 

−−+ 

−+− 

0 

 

The order for three factors in the code above is LF power, HF power and Deuterium gas 

flow. The parameter for the experiments are provided in Table 3. The deposition step 

included the varied parameters and the sputtering step included the varied parameters 

except for the gas flow. The experiment included a pre deposition measurement to ensure 

that the wafers were new or to obtain a range of pre thickness. The deposition step was 

processed for 10 test runs with 10 different parameters’ combinations in their recipe. 

Then metrology tools were used to obtain thickness, refractive index, sputter rate and 

deposition rate, stress and other data. The final step was sputtering over the same wafers, 

concluded by a final post measurement. 

 

Table 3 The parameters for ten runs used for the experiment recipes 

 

LF 
Power 

HF 
Power 

D2 
Flow 

Figure 
Numbers 

1 1 0.94 32 

1 1 1 33 

1 0.94 0.94 30 

0.94 1 1 28 

1 0.94 1 31 

0.97 0.97 0.97 29 

0.94 0.94 0.94 25 
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0.94 0.94 1 26 

0.94 1 0.94 27 

0.97 0.97 0.97 29 

 

The term sputter to deposition ratio was calculated by the following equation: 

Delta = D – S = ∆        [Equation 1] 

 
where D is deposition rate of the deposition step and S is sputtering rate of the sputtering 

step. 

Sputtering to Deposition rate = S/D = ∆/(∆ + D)     [Equation 2] 

 

The total number of data points on every wafer was 49. Figure 19 is a wafer-map 

representing the points and the locations on the wafer itself. The wafer-map and fitting 

has been obtained from JMP using x and y coordinates for the data. 

 

  

 

 

 

 

 

 

 

Figure 19. The wafer map representing the various points of measurements on a 

single wafer for metrology tool. 
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The metrology tools not only measure the deposition and sputtering rates, but they also 

measure the goodness of fit (GOF) for deposition and sputtering rates. The data for 

goodness of fit for deposition & sputtering rates are provided by the metrology tool on a 

0 to 1 scale. The position of the data point on the wafer is given by its x (X) and y (Y) 

coordinates. Radius (R) is also calculated according to the given coordinates. The Zone is 

defined as the area of measurement, for a better understanding and it is divided into 4 

different zones for a given wafer irrespective of the wafer size. The zones are the 

following: 1. Inner Zone(I), 2. Middle Zone(M), 3. Outer Zone(O), 4. Center(C). The 

center zone is only having one data point for the measurement as X = Y = R =0. Other 

points of measurements follow a circle in every zone. The inner zone has 8 points, middle 

zone has 16 points, and the outer zone has 24 points. Thus, 49 data points are collected 

from every single wafer.  

Various analysis charts and model images follow. The charts provided have the 

details generated by JMP for various mathematical analyses. The data sheets are also 

included at the end of the chapter. Analysis includes bivariate fitting charts, variability 

charts, standard deviation charts, interaction profilers and prediction plots and more 

estimates. The details for each of them are included as a screenshot with every chart 

itself. 

Table 4. Various responses of the experiment 

 
 

N-Dep Normalized Deposition rate of Deposition step 

N-DpRI Normalized Deposition step Refractive index 
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N-Du Normalized Deuterium gas flow as a factor 

N-LF Normalized low frequency power as a factor 

N-HF Normalized high frequency power as a factor 

N-Sput Normalized sputtering rate of the sputtering rate 

N-Delta Normalized delta (calculated as mentioned before) 

 

The variability gauge charts for N-Dep and N-DpRI with their standard deviations are 

given below (Figures 20 and 21). 

 

Figure 20. Variability chart of N-Dep             Figure 21. Variability chart of N-DpRI 
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Figure 22. The variability gauge charts   Figure 23. The variability gauge charts 

for N-Spu with the standard deviation.   for N-Delta with the standard deviation. 

 

B. Analysis: 

As we can see, the various sets of data in Figures 22 & 23 are coordinated in different 

sections with respect to the source wafer of the data. For example, the data set or the 

points of measurements from wafer 1 or slot 1 in the experiment is shown in the charts 

with respect to their recipe parameters and so on. This makes the analysis much easier 

while drawing the conclusions. The charts made with the help of such sections and 
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various zones for each wafer also give a very good idea about the differences in impact at 

different points on the wafer depending on the distance from the center.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Variability chart of N-SD 

 
 
The various standard deviation charts below in Figures 25 & 26 each variability charts 

basically represent fewer number of points from each wafer and hence we can see a total 

of 9 crosses (points) on the chart with the details of the values of the factors 

corresponding to the specific point.  



 41 

Hence we can clearly see that refractive index and the standard deviation both get heavily 

affected within a really close range of values. The impact of refractive indices can be 

crucial for finding out the etch-outs as well. 

What follows are bivariate charts for various responses with specific data points 

and sections as shown in the Figures 25, 26, 27 & 28. The bivariate charts have been 

curve fitted as well for a better analysis with x-axis as radius. 

Figures 25, 26, 27 & 28 include variability analysis of the responses. Bivariate 

charts analyze the data with radius of the wafer as a factor. Bivariate charts highlight the 

differences across various zones. 
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Figure 25. & Figure 26. Bivariate fitting of Sputter to deposition ratio by radius of 

point of measurement on the wafer. 
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Figure 27. & Figure 28. Bivariate fitting of Sputter to deposition ratio by 

radius of point of measurement on the wafer. 
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Figure 29. & Figure 30. Bivariate fitting of Sputter to deposition ratio by radius of 

point of measurement on the wafer. 
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Figure 31. & Figure 32. Bivariate fitting of Sputter to deposition ratio by radius of 

point of measurement on the wafer 
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Figure 33. Bivariate fitting of Sputter to deposition by radius 

As seen in all the figures 25 to 33, the middle zone is highly affected and sputter to 

deposition rate varies greatly all across the wafer. Hence the response derived from the 
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original responses would give a much better picture regarding the impact on sputter-to- 

deposition ratio with respect to all factors.  

 

 

 

Figure 34. & Figure 35. Bivariate fitting by Du gas flow for various responses 
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Figures 34 & 35 and 36, are shown with x axis as deuterium gas flow. Deuterium flow is 

not used in the other microelectronic fabrication process for DRAM and these product 

did not reveal etch-outs. So Deuterium gas flow was an important factor to be monitored. 

However little correlation can be observed in the bivariate analysis and the points do not 

seem to follow any pattern whatsoever.  

 

 

Figure 36. Bivariate fitting by Deuterium        Figure 37. Bivariate fitting by LF         

power for Deposition rate 
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Figure 37 given is with LF power as the x variable and the other similar charts are given 

on the next pages. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. & Figure 39. Bivariate fitting by HF power 
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Figures 38, 39 & 40 have HF power as the x axis, and we can see a linear fit for 

deposition rate. 

 

 

 

 

 

 

Figure 38 and 39 are shown above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40. Bivariate fitting by HF Power      Figure 41. Bivariate fitting by LF Power 



 51 

Figures 40 & 41 are shown with other factors. There lacks a correlation, as is seen in the 

charts. Analysis of variance is also a part of analysis in Figure 43 where two linear fits 

are involved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Bivariate fitting by LF power         Figure 43. Bivariate fitting of mean of  

for standard deviation of three responses        refractive indices by LF 
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Figure 44. Bivariate fitting showing three linear fits for various levels of HF power 

as the factor and the response shown is refractive indices and as it can be seen, all 

the three different values give a complete different line fit. The analysis for fitting 

and the variance is given in the chart details. 
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Figure 45. Actual v/s predicted plot for deposition rate on the basis of interaction 

profiles 
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Figure 45 is the predicted plot for the deposition rate. As we can see, the limits are having 

a close range meaning that the certainty of the estimation or the prediction increases to a 

very high value. The interaction profiles in Figure 45 show the interaction fittings 

between LF power, HF power, and Deuterium gas flow with the deposition rate. The 

scaled estimates are given for deposition rates. The scaled estimates and the sorted 

parameter estimates given by JMP can be chosen to obtain results with intercepts. The 

details are also mentioned in the prediction plot. The scaled estimates report displays a 

bar chart of the individual effects embedded in a table of parameter estimates. The last 

column of the table (probability) includes the p-values for each effect. None of the factor 

effects are significant, but the intercept estimate is large enough to be interesting.  

 

 
 

 

 

 
 

Figure 46. Scaled estimates for deposition rate prediction plots. 
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Figure 46. Actual versus predicted plot for Refractive indices 

 
 
Figure 47 represents refractive indices (RI). It lacks an acceptable prediction as the error 

margin is high and the curves are far apart, which means that probability for errors is 

more than their failure. The interaction profiles suggest the correlation between RI and 

LF power, HF power, Deuterium gas flow. As we can see in the profiles for interactions, 

the HF power and RI have a very good correlation as so does LF power. The gas flow 

does not seem to have a significant effect. 
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Figure 47, Scaled estimates for refractive indices prediction plot 

 

 
Figure 48. Sorted parameter estimates for refractive indices prediction plot 

 

The sorted estimates and the scaled estimates include factors, estimated errors, and the 

probability. These two estimates’ sets represent the analysis of RI in Figure 47. The terms 

on the two tables in Figure 48 & 49 are also provided. The intercept is also given on the 

scaled estimates. 
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Figure 49. Actual versus prediction plot for delta 

 
 
Figure 50 represents the analysis for Delta, just like the previous analysis prediction. We 

can see that Delta has a close correlation with HF power and LF power (the straight lines 

almost parallel to each other) and same with Deuterium gas flow, but not much of a 

difference in magnitude change. 
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Figure 50. Sorted estimated parameters of prediction plot for Delta 

 
 

 
 

 

 

 

Figure 51. Scaled estimates of prediction plot for Delta 
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Figure 53 shows the analysis for sputter to deposition rate and the estimates, the 

interaction profiles, effects and other charts have been pasted on this page.  

 

 

Figure 52. Actual versus prediction plot for sputter to deposition ratio with its 

analysis 
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Figure 53. Scaled estimates for prediction plot of sputter to deposition ratio 

 

 
 
Figure 54. Sorted parameter estimates for prediction plot of sputter to deposition 

ratio 

 

Figure 53 represents the analysis for sputter to deposition. As we can see, sputter to 

deposition rate has a great correlation with the two powers and the Deuterium gas flow as 

well. However, similar to the previous Delta analysis, we can see that Deuterium gas 

flow does not impact the magnitude greatly at two different values. LF power and HF 

power have a huge impact on the sputter to deposition rate. This is clear in the first row 

and first column of the interaction profiles in Figure 53. 
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Figure 55. Prediction Profiler 

 
 
Figure 56 represents the prediction profiler, which was made on the basis of all the other 

prediction analysis on the four responses and the three main factors. The prediction 

profiler clearly gives an idea regarding the dependency of the three continuous input 

changes with the four defined responses and the margin of error as well. As shown from 

the earlier analysis charts and with the prediction profiler, it can be stated that the 

deposition rate by HF and LF power is different and counter acting. All four responses 

show different relationships between the two power factors, which leads one to believe 

that frequency of the power used is important in this model. The frequency of the biasing 

or power applied during the process is crucial in determining its impact on the deposition 

rate and the sputtering rate.  
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So, from this entire modeling and DOE section, it is apparent how the frequency of the 

two powers applied impact the process and the responses. The assumptions about “the 

higher power leads to higher rate of etching” and similar cases may be confusing in many 

ways. The model clearly represents the effects of two different frequency powers in a 

significant way.  

The rest of the chapter includes data sheets and pictures taken from the hardware 

set up (processing tool & chamber), used for this model. The data has been normalized 

with respect to their maximum values and then attached is the summary data obtained 

from JMP. The summary data is a set of 10 data points, each one taken from all the ten 

wafers. In the next chapters, the impact of such analysis and the conclusions along with 

suitable references and resources are discussed. 
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The terms “Std” are standard deviation terms 

derived from the entire data set and “N Rows” is 

the term which represents the point of 

measurement taken from the set of 49 data 

points collected from a single wafer. 
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Chapter 4 

 

Uncertainties of the models: 

 

In this study, not only can the three main factors affect the entire model, oxygen gas, 

argon gas, chamber pressure, the calibration of each parameter and several other factors 

affect the process. Some of those points are discussed here. 

The hardware setup is one of the most important factors in microelectronic 

fabrication. For this thesis, the experimental setup is shown in Figure 57. The cleaning of 

chambers, loadlocks, transfer modules, the hardware replacements, the injectors, their 

radius of apertures etc. are some of the factors that really affect process indirectly or 

directly. A power generator replacement can also cause calibration issues. In this study, it 

was discovered that the cleaning of injectors and their apertures is very important. The 

gas injectors are shown in Figure 58. This does not exclude cleaning of the main process 

chamber.  

There is always a hardware cleaning cycle for cleaning out the deposition of 

silicon dioxide in entire process chamber after every 12 product wafers get processed. Its 

achieved by coating the particles with a thick coat of oxide or by etching the layers of 

oxide and cleaning the chamber of particles and previous layers.  

Such regular cleaning cycles normally use ceramic or bare test wafers and the 

cleaning process is performed after the process chamber is ready for manufacturing. 

Hence on the basis of continuous monitoring, the process tool can be analyzed for its 

behavior over a duration of months especially during any process excursion. Also, a 
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similar monitoring approach can address for future issues as well when such an 

occurrence is observed again. 

 

 

  

 

 

 

 

 

 

Figure 56. The internal set up of process chambers and the loadlocks along with 

transfer module. 

 

 

 

 

 

 

 

 

Figure 58. Another figure showing the actual process chamber with its gas injectors 

all focusing in the centre. 
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Overall, there can be many other hardware factors affecting the process tool 

without even changing drastically or without even getting noticed on a normal course. 

Hence for such research for a particular process issue, up to date monitoring and history 

of the tool is required and an account of such hardware changes, calibration changes, 

overall process shifts or parameter value change can make a huge impact and can also 

imbalance the study of such experiments and hence they have to be accounted as well 

during such a detailed study. Thus, by making sure that all the factors have been noticed 

and firmly accounted, one can make better judgment from the data obtained from such 

design of experiments. 
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Chapter 5  

 

Conclusion 

 

The low frequency and high frequency powers do affect the process deposition rates and 

the sputtering rates as well. As shown in the data and model, the effect of HF and LF is 

completely opposite to one another. Therefore increasing the biasing would not increase 

the deposition rates and sputtering rates. Appropriate biasing and the proper balance 

between the two is critical in this. Also, sputter to deposition ratio needs to be under a 

certain value according to the process recipe for the particular geometry, as high sputter 

to deposition ratio would not only cause etch-outs or voids, but they also harm the 

structures irreversibly. Hence sputter to deposition ratios, total power, LF power and HF 

power and a proper balance of sputtering gas flows are important during manufacturing. 

From this work, in later stages, a thicker layer of HDP is recommended (100Å or more 

thicker) so that the HPD layer can be deposited without issues. As a result, the tunneling 

effect of the NAND cells would be improved with enhanced quality in trench isolation. 

These recommendations would be create more reliable products that also last longer. 
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