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 Dilute nitride semiconductors based on GaInNAs have a large range of 

infrared optoelectronic device applications. The incorporation of a small amount of 

nitrogen (~1-3% N) causes a significant wavelength redshift (~150meV-%-1) in the 

optical response, which has a variety of applications for the near- (1.06-1.55µm) to 

mid- (2-5µm) infrared. The molecular-beam epitaxy growth of narrow bandgap 

dilute nitrides most often requires a plasma source to incorporate nitrogen into 

InGaAs. There are however implications on the optical properties with this nitrogen 

incorporation, which are a result of defects due to the N atoms and the various 

plasma species required for the nitrogen incorporation. My work helps to further 
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elucidate the impact of these effects; in particular, I focus on the effects of plasma 

species on the optical properties of dilute nitrides. To this end, GaInNAs-based 

quantized structures were grown by plasma-assisted molecular beam epitaxy in a 

Varian Gen 2 MBE system. Quantum well heterostructures, with AlAs cladding 

layers, were grown to mimic a device structure. An Applied-Epi UniBulb radio-

frequency plasma source was used to activate nitrogen species from an N2/Ar 

source gas mixture. The plasma source was equipped with two parallel DC-biased 

ion deflector plates. Samples were grown on GaAs substrates under different 

plasma, ion, and growth conditions. Materials were characterized using x-ray 

diffraction and room temperature photoluminescence. The x-ray diffraction was 

primarily used to resolve structural compositions, whereas peak photoluminescence 

intensities were used to determine material quality. Both in situ and ex situ plasma 

diagnostic tools were used, which include optical emission spectrometry and a 

dual-grid retarding field ion energy analyzer, respectively. Samples were annealed 

by rapid thermal annealing to improve the optical response and to further study the 

effects of plasma species. A greater number of ions and higher ion energies 

demonstrated a deleterious effect on optical properties. It was found that both 

polarity and magnitude of the applied DC-bias are important considerations when 

choosing an appropriate deflector plate voltage. Furthermore, atomic nitrogen 

species may be more efficient in the nitrogen incorporation of dilute nitride 

materials, when compared to metastable nitrogen species of the N2 molecule. 
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Chapter 1:  Introduction 

 

The incorporation of a small amount of nitrogen—on the order of a few 

atomic percent—into GaAs can drastically red-shift the effective bandgap by about 

150 meV (or ~0.1 μm) for every percent of nitrogen incorporation.1 It was Weyers 

and coworkers whom first introduced this concept back in 1992.2 Their work had 

demonstrated for the first time that diluted nitrides based on GaNAs 

semiconductors may be a potential candidate for use with technologically important 

infrared wavelengths, such as 1.06 μm involving Nd:YAG lasers.3 The maturity of 

the GaAs technology, as well as its direct bandgap, makes it the most ideal material 

system to use in the fabrication of important infrared optoelectronic devices like 

lasers4 and photodetectors.5 The use of these III-V-N species has found wide 

applications for electronic and photonic devices, such as transistors,6 diodes,7 

LEDs,8 lasers,9 and photodetectors.10 Aas the telecommunications industry boomed 

during the latter years of the 1990’s, significant research began to shift to other 

technologically-important wavelengths that are deeper into the infrared. Since the 

optimal infrared wavelengths for the transmission of light through silica-based fiber 

optic cables occur at 1.3 and 1.55 μm, these wavelengths become unattainable with 

the GaNAs material system.11 As a result, Kondow and coworkers12 laid the 

groundwork to reach these optimal telecom wavelengths with a related material 

system. The viability of dilute nitride-based infrared optoelectronic devices 
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operating at telecom wavelengths became possible with GaInNAs by exploiting the 

incorporation of In atoms. The indium serves two main beneficial purposes: (a) it 

further reduces the bandgap to allow an increased redshift of the emission 

wavelength deeper into the infrared,13 all while (b) providing for a strain 

compensation of the relatively smaller nitrogen atoms.14 As a result, epitaxial layers 

of GaInNAs with high In (<40%) and N (<4%) contents can be grown lattice-

matched to GaAs.  

 

However, producing the dilute nitride material is not trivial because of 

difficulties involving the incorporation of nitrogen.15 This resultantly produces an 

expansive forum of study to investigate the various methods of nitrogen 

incorporation. Most reports to date have involved either a nitrogen-based precursor 

or a plasma source to generate the active nitrogen species. Unfortunately, the 

commonly-used nitrogen-based precursors can be particularly hazardous and/or 

reactive with other source materials. For example, dilute nitrides grown with Metal-

Organic Chemical Vapor Deposition (MOCVD) involve either ammonia16 or 

hydrazine-based17 compounds, both of which are considered to be unhealthy and/or 

reactive with other sources. In particular, ammonia has been known to cause a 

nitridation reaction with other single-element solid source materials located inside 

of a Molecular-beam Epitaxy (MBE) growth chamber, especially aluminum.18  
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MOCVD19 and MBE20 have established themselves to be the two dominant 

ways to grow dilute nitride materials for optoelectronic device applications. As a 

result, much debate (and competition) has occurred between the two as to which is 

“better.” Practically-speaking, MOCVD offers the advantage of increased 

throughput and a greater margin of error for chamber purity, whereas MBE-grown 

materials are achieved at lower pressures—sometimes in the absence of hydrogen 

and carbon21 —and can typically allow for sub-monolayer control of the growth 

parameters with a lower background doping concentration.22 This atomic-level 

control and non-equilibrium nature of the material growth is very valuable for 

studying the physics of the material system. Scientifically-speaking, work has been 

done by others23 to investigate the atomic defects within dilute nitride materials 

grown by both methods. Since MBE is a non-equilibrium, thermodynamically-

unfavored growth process, the atomic incorporation mechanisms can certainly 

differ from that of MOCVD. But my work at the University of Texas involves only 

MBE; therefore, the my dissertation will accordingly focus on dilute nitride 

materials grown by MBE, with comparisons to literature reports relating to 

MOCVD growth only when relevant to the work herein. 

 

In this regard, plasma-based growths of dilute nitrides have become 

commonplace, especially since there remains a niche market for the materials 

grown thereby. There, however, is a prevalent need to use a plasma-based nitrogen 
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source, since the nitrogen molecule cannot be incorporated as the unexcited state. 

However, this process is known to have side effects involving the optical quality of 

the as-grown material. Therefore much more work is needed to better understand 

the effects of the plasma species on the optical properties of dilute nitride materials 

grown by plasma-assisted molecular-beam epitaxy. Plasma species – ions in 

particular – generated by radio-frequency (RF) plasma sources have long been cited 

as the cause for crystal damage in both the GaN and GaNAs material systems 

grown by plasma-assisted molecular beam epitaxy (MBE).24,25,26,27,28,29,30,31,32,33,34 

The MBE growth of these alloys commonly necessitate a nitrogen plasma source 

for the purpose of activating the N2 molecule into its constituent species, which are 

then subsequently incorporated into the epitaxial layer. Typical nitrogen sources 

have been based on either DC or RF plasmas. Unfortunately, both methods involve 

the generation of ions that are inherently associated with plasmas. RF plasma 

sources have become the standard process, over DC discharges, due to the higher 

plasma densities that are possible with the RF sources. Although the most 

commonly-generated species – and hence commonly cited cause for degradation – 

are the ionic species resulting from the plasma source. 

 

The primary way to determine whether the ions affect the optical properties 

of the dilute nitrides is to create MBE-grown materials are made with and without 

these ions. Therefore, attempts to remove these ions have been made with both of 
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the common types of nitrogen sources. In the case of a DC plasma source, Li et 

al.35,36 made use of a magnetic field to remove the damaging ions by placing ion 

removal magnets (IRM’s) at the exit of the plasma source. For the more frequently 

used RF plasma sources that are commercially obtainable through Applied EPI 

Inc., Reifsnider et al.37 have demonstrated the use of DC-biased deflector plates 

situated at the outlet of the RF plasma source with the intention of capturing the 

exiting ions by means of an electric field. However, these DC-biased deflector 

plates have been operated up until now with a limited understanding of the 

underlying physics that would be necessary to take full advantage of their use.  

 

Early empirical work involving DC-biased deflector plates have 

demonstrated the promise for higher quality materials. Kageyama et al.38 observed 

an increase in the photoluminescence intensity of GaNAs by utilizing deflector 

plates, but report the use of only one voltage setting, 500V, without a full 

explanation as to the reason for their selection. More recently, in Reifsnider et al.,39 

we described the use of deflector plates for a range of voltages between 200–800V. 

This work was the early empirical measurements of the behavior that was taking 

place within the deflector plates. In later work, I was able to get a better 

understanding of the phenomena occurring with regards to the effects of plasma 

species on the optical properties of the dilute nitride materials. 
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To this end, I will further pursue the effects of other activated plasma 

species from our plasma source. In particular, I will also focus my study on non-

ionic (charged) species. The reason for this is that even though plasma species that 

we commonly employ may not possess an electronic charge, it does not necessarily 

mean that the species is completely devoid of potential electronic energy that may 

play a role the optical properties of the dilute nitrides.  

 

Therefore, to perform this study, I will describe in Chapter 2 the relevant 

equipment that is required to conduct the studies. Since the all of the appropriate 

plasma species could not be measured inside of the MBE growth chamber, it was 

necessary to utilize a separate vacuum chamber that was equipped with the 

appropriate diagnostic instruments to carry out the measurements. The description 

of this chamber, the relevant diagnostic equipment, and the fundamental reasoning 

for use is also described. Once the samples are grown, it is necessary to adequately 

characterize the films, which was done by photoluminescence measurements and x-

ray diffraction studies; as such, both measurement techniques are also described. 

 

The detailed results of my measurements of the plasma species are reported 

in Chapter 3. This chapter differs from the description in the previous chapter by 

providing measurements of the actual plasma species coming out of the plasma 

source, and which the materials experience during growth. The first section of 
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chapter 3 describes the optical emission spectroscopy measurements, which is a 

valuable diagnostic tool to monitor the plasma species during the actual growth. 

The second section discussed the effects and measurements of ions, and the impact 

of the parallel DC-biased ion deflector plates. And ultimately, the final section 

discusses the actual plasma species that were measured in the separate vacuum 

chamber.  

 

The first chapter by which a correlation between the as-grown materials and 

the plasma species is in Chapter 4. This chapter begins with a background on the 

effects of only “ion damage” on the optical properties of dilute nitride materials. 

The most common way to avoid or address ion damage is through the use of ion 

deflector plates placed at the outlet of the plasma source. The use of the deflector 

plates also can create secondary effects, which will be discussed further in 

subsequent chapters. My early studies of attempting to better understand the 

behavior of the plasma species in between the deflector plates will be discussed. 

The purpose of this is to help lay the foundation of what initially prompted my 

investigation into more fully characterizing (and eliminating) the effects of various 

plasma species. The second section of this chapter focuses on the growth of dilute 

nitride materials with and without ions. This study is a simple study involving the 

growth with and without the application of deflector plates. Although this type of 

measurement has been previously done in the literature, as the previous work will 
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be further explained later in this dissertation, but rather, this early work serves as 

the foundation for the reasons by which I had further investigated the effects of the 

plasma species. For example, one of the subsections of section 2 in Chapter 4, is 

the growth with and without ions, as a function of substrate orientation. This is one 

of the studies that has never been done before with regard to the understanding of 

the effect of plasma species for different crystallographic orientations – some of the 

orientations by which may be more susceptible to being influenced by plasma 

species. Finally, in the third and last section, I will summarize the results and 

provide a discussion as to the what the different effects that were observed in this 

chapter mean, as well as how they tie into the rest of my work. 

 

The following chapter, Chapter 5, primarily ignores the effects of the 

nitrogen incorporation, and focuses solely on the plasma species themselves. One 

of the inherent advantages that I have with using an N2 in Ar gas mixture is that the 

plasma is predominately Ar (~99%). Therefore, I can make the assumption that the 

plasma behavior of a 99% Ar plasma is similar to that of a 100% Ar plasma. By 

making this assumption, I can grow dilute nitride structures (without the nitrogen 

incorporation) by growing the samples under the essentially identical plasma and 

growth conditions by which the dilute nitride materials would be grown. Since the 

nitrogen incorporation into the dilute nitride materials influences the optical 

properties of the material, it is typically impossible to de-convolve the separate 
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effects of a pure nitrogen plasma from that of the nitrogen incorporation from said 

plasma. I however do not have that problem, and in fact, can use the growth of 

dilute nitride structures without the nitrogen incorporation using a pure Ar plasma 

to my advantage. Since the use of pure Ar plasmas is only used by a few groups in 

the dilute nitride community and the impact of argon species on the optical 

properties of dilute nitrides is not yet well established, I will first provide a basic 

fundamental explanation of argon plasmas, as this would later become important to 

the understanding of the observed plasma measurements with that of the effects of 

the various plasma species on the optical properties of dilute nitrides. This chapter 

makes a correlation between the plasma species and the properties of the as-grown 

material; as such, materials are grown and characterized under the excited argon 

gas conditions. I will then make correlations of the material properties to growth 

conditions by which there is no plasma, but a gas still exists in the background. 

This will help isolate the effects of non-plasma-related species from those that are 

resulting form the plasma itself. And finally, I will again provide a discussion that 

compares and contrasts the various results. 

 

Chapter 6 discusses the growth of dilute nitrides using a one percent 

nitrogen in argon gas mixture, and a further material analysis of the as-grown 

material through annealing studies. Since the use of N2/Ar gas mixes is the 

nonstandard approach commonly reported in the literature (most often, pure N2 
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gases are used), it is necessary to provide a better understanding of the empirical 

observations involving the plasma species from N2/Ar gas mixes, but also what is 

fundamentally expected from said gas mix. This further understanding and the 

motivation therefore is accordingly provided in the first section of Chapter 6. The 

next section of Chapter 6 presents the growth of the material using our standard 

1%N2 in Ar gas mix, and since annealing recovery of the material is standard in the 

literature, the effects of the annealing will also presented, in the following section. 

And finally, I will present closing results and discussions that compares the effects 

of the various nitrogen and argon species, as well as what experiments can be done 

in the next in the future. 

 

In Chapter 7, I conclude this work with a summary and conclusions in the 

first section. Since some related work I have done involving the study of atomic 

diffusion mechanisms can be expected to be directly related to the effects of the 

plasma species, especially for future work, I discuss this in the next section of this 

chapter, which essentially presents the work I had previously published.40 The 

following section discusses what my expectations would be in the hypothetical 

event that I continue this dissertation work into the future. And finally, in the last 

section, I summarize some additional future work that can be done to help further 

correlate and better understand the effects of the plasma species on the optical 

properties of dilute nitride materials. Some of the benefits of improved plasma 
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diagnostics and spectroscopic techniques will be mentioned. Also, I had been 

recently collaborating with A. Ptak and coworkers from the National Renewable 

Energy Laboratory on the effects of Ca impurities on the optical properties of dilute 

nitrides. I have a suspicion that a better plasma analysis of the Ca incorporation can 

provide further insight into better understanding how the species are incorporating. 

I will therefore further discuss my hypotheses. 

 

There are three appendices, by which I feel that the work does not directly 

relate to my dissertation per se, but does have a parallel path toward better 

understanding the effects of plasma species on the optical properties of dilute 

nitrides. In Appendix A, I calculated the estimated plasma operating pressure inside 

of our plasma source. An estimated pressure calculation is necessary since it is next 

to impossible to actually get a pressure gauge inside of the plasma, at least without 

disturbing the system. In the first secion of Appendix B, I detail some work that I 

had presented at the North American Conference on Molecular Beam Epitaxy in 

Santa Barbara, CA in 2005. The work involved the attempts to grow dilute nitride 

materials using a solid GaN powder, which was thermally-decomposed at high 

temperatures. Although some atomic N was statically observed (when compared to 

that of the background cracking observed with the mass spectrometer), no 

noticeable nitrogen incorporation was seen in the GaAs from this source. I should 

note that this observation does contradict my work done in the bulk, but I will 
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provide a further explanation as to why I believe there is a contradiction. In the 

second section of the Appendix B, I will discuss the impact of this baffled cell 

design toward related optoelectronic applications involving growth semiconductors 

on sapphire substrates. Since sapphire substrates are known to necessitate a high 

temperature preparation process, I report the results of our study involving a solid 

H2O source used to help prepare the sapphire substrates. This work was also 

presented at said conference, and the work had been recently published in the 

Journal of Vacuum Science and Technology B, Volume 24, page 1572 in year 

2006. Since plasmas are the primary focus of this work, Appendix C opens with a 

fundamental explanation between the differences of nitrogen and argon plasmas. 

Both species were utilized in this work, and it is important to gain a better 

understanding of each species plasma behavior if one is to better understand the 

effects of these species on the optical properties of dilute nitride materials. This 

appendix provides some relevant fundamental explaination that is necessary to 

better understand the work herein.  

 

A myriad of species are generated by the plasmas, all of which can – in 

same way – influence the MBE material properties. Even the smallest change in the 

plasma operating conditions can cause an effect on the as-grown material; however, 

characterizing and better understanding these species is not trivial. Hitherto, the 

most common and practical approach is to perform a rough empirical analysis of 
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the most “optimal” operating conditions, and then keep these plasma operating 

conditions constant while adjusting other growth and structural variables. This 

however does not allow for a better understanding, and the subsequent optimization 

that is possible through a more rigorous understanding of the plasma species. My 

work herein therefore seeks to focus on this better understanding – a better 

understanding on the effects of plasma species on infrared optoelectronic properties 

of dilute nitride materials growth by plasma-assisted MBE.  
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Chapter 2:  Equipment Description and Growth Procedures 

 

 This chapter describes the equipment and procedures used in performing the 

experimental studies herein. Central to this work is our commercially-available 

Applied-EPI UniBulb™ RF plasma source, which will be further discussed in 

Section 1. This is followed by Section 2, in which I will detail the two Varian Gen-

II™ MBE systems used to run the experiments herein with two MBE systems. 

Although the growth of the samples with the plasma source were done in an MBE 

system, the appropriate characterization had to be done in a separate vacuum 

chamber. This separate vacuum chamber will be discussed in Section 3. The MBE 

growth procedures for the growth of the dilute nitrides will be discussed in Section 

4, and the relevant processing and characterization tools will be discussed in 

Section 5. 

 

Section 1: Applied-EPI UniBulb RF Plasma Source 

Our plasma-assisted molecular-beam epitaxy plasma source is central to the 

experiments discussed herein. The relevant equipment is a commercially-available 

Applied-Epi UniBulb™ RF plasma source, as shown in Figure 1. The plasma is 

contained within a pyrolytic boron nitride (pBN) ceramic “bulb,” which is 

approximately one inch in diameter, and approximately three inches long. The 

plasma is powered through inductive RF coupling using hollow copper coils that 
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encircle the plasma bulb. Since the RF power is applied through these hollow 

copper coils, they can subsequently become very hot; as such, deionized water is 

flowed through the copper coils for cooling purposes. The deionized cooling water 

supply was provided through a Neslab™-brand refrigerated water recirculation 

unit. There was an flow interlock switch that basically involved an on/off 

mechanism, by which a flow rate of 300cc/mim would cause a short circuiting of 

two contacts coming out of the switching unit. These contacts were connected to 

Advanced Energy® RFX 600 Generator RF generator (described in more detail 

below) and acted as an interlocking mechanism to shut off the power to the plasma 

in the event of a loss of flow rate.  

 

The open end of the plasma source directly faces the substrate and resembles a 

shower head that comprises 253 holes within a 2 cm diameter circular region. Each 

hole measures approximately 0.2 mm in diameter.41 Two tantalum deflector plates, 

each one square-inch, are located at the opening of the plasma source, and the 

plates are spaced at about 1.5 inches apart.42  
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Figure 1 Schematic illustrating the opening of our Applied-Epi UniBulb 

Plasma source. Shown are the three input variables, and the three 

classifications of output species. 

 

RF Plasma Source Operation 

The operation of the plasma source during the growth of the dilute nitride 

materials is the most important part of the growth process. As shown in Figure 1, 

there are three key components to the plasma source operation: (1) Applied RF 

Power, (2) Gas flow rate and composition of the N2 in Ar gas mix, and (3) Applied 

deflector plate voltage. In particular, as was shown previously by D. Gotthold43 and 

J. Reifsnider,44 the choice of applied RF power and gas flow rate combine to both 

determine the nitrogen composition and to impact the quality of the resulting 

sample.45 Increasing either the applied RF power or gas flow rate will increase the 

amount of nitrogen incorporation. Higher applied RF powers are suspected to 
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increase the energy of plasma species, thereby cause more plasma-related damage. 

Higher gas flow rates will increase the growth chamber pressure, which in turn will 

also degrade material quality. It is commonly known that the sample quality will 

degrade for higher nitrogen compositions in the sample.46,47 

 

There is also an additional impact that comes from the striking of the 

plasma. This effect is seen through both when the plasma is lit, as well as how. 

Previous work by J. Reifsnider48 and S. Govindaraju49 involved studies of when the 

plasma was lit. In this regard, some authors have suggested that there is a 

difference in the material properties if the plasma is stuck during a growth pause 

(i.e. while just under an arsenic flux), as opposed to stiking the plasma while the 

GaAs growing.50  It has also been suggested that when the plasma source is lit 

impacts the N composition of the GaInNAs quantum wells,51 and this effect has 

been previously observed by J. Reifsnider52 and D. Gotthold.53  Their work 

involved the striking of the plasma source just before growth of the first quantum 

well.  These samples exhibited a ‘mystery’ photoluminescence peak,54 which was 

removed by moving the plasma’s ignition point deeper in the growth structure so 

that the plasma not only has time to stabilize, but also to remove and plasma-related 

damage away from the active quantum wells. It was ultimately determined that the 

plasma source required ~4 minutes to equilibrate.  Growth of a quantum well prior 

to this part would lead to uneven nitrogen incorporation. 
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It was also demonstrated by Wistey et al.55 that the method by which the 

plasma source is initially lit is also important. It was discovered that lowering the 

substrate temperature to below that of the arsenic desorption temperature allows for 

an arsenic cap to be formed on the GaAs surface, which in turn was used to help 

protect the bare GaAs surface from any plasma-related damage. Even though the 

shutter located in front of the plasma source was closed, and even though deflector 

plates were applied to deflect ions that may leak around the shutter, it was still 

found that using the arsenic cap prevent plasma damage associated with the initial 

lighting of the plasma source. 

 

 The power supply for the plasma source has a range of 0 to 600 W of 

forward power; however, the plasma source was never operated above 450W. 

Power is supplied by an Advanced Energy® RFX 600 Generator. The typical 

power operation is between 150W to 450W. Below 100W, there was not sufficient 

RF power that could be supplied to the gas, even at very low gas flow rates, to 

maintain the gas in “high” brightness mode (i.e. glow discharge). The power is 

coupled to the source via a manually operated capacitive/inductive matching unit 

located on the 4.5-inch Conflat™ port of the MBE system’s source flange. This 

plasma source was placed on the 2 o’clock position on both MBE systems. For the 

Arsenide system (described in more details below), it was placed on the old As4 

port, which is also the 2 o’clock position. The individual settings on the matching 
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unit needed to be readjusted for each different power/flow combination that was 

used during the plasma source operation in this work. 

 

Deflector Plate Operation 

Recent work by us56,57 and others,58,59 have demonstrated that ions during 

the MBE growth can deleteriously affect the properties of dilute nitride materials. 

To study the effects of ions, we have two parallel tantalum plates attached to the 

outlet of our RF plasma source using ceramic isolation posts. The plates are 1-inch 

square in size, and spaced at 1.5 inches apart from each other. A Hipotronics™-

brand high-pot DC power supply was attached to one plate, while the other plate 

was connected to the system ground. The highpotter is shown in Figure 2. 
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Figure 2 Hipotronics high-potential unit, which applies a negative bias with 

respect to ground. 

 

The High-potter applies a negative bias with respect to ground. A grounding 

connecting on the High-pot unit allowed it to also be connected to the system 

ground. The High-pot DC power supply has an integrated current ammeter, capable 

of measuring μA of DC current. This not only has the advantage of allowing us to 

monitor the amount of deflected ion current, but it provides for a safety “kill” 

switch for the High-potter in the event that the current increases beyond the safe 

operating range of the High-pot unit.  
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Gas Control Systems 

The gas flow is maintained below 2 sccm in order to prevent the growth 

chamber pressure from exceeding 1x10-4 Torr. Flow is regulated through a Brooks 

Instruments metal-seal Mass Flow Controller (MFC) with a full range of 5 standard 

cubic centimeters per minute (sccm). It is calibrated for nitrogen gas, which means 

that to accurately measure argon flowrate, the display readout needs to be 

multiplied by a factor of 1.4 to account for the differences in the heat capacity 

between the two gases. When considering any N2/Ar gas mixtures, the calibration 

factor can be determined by multiplying 1.4 by the proportion of the Ar in the 

N2/Ar gas mix.  

 

The purpose of the MFC is twofold. First, it used to compensate for any 

variations in vacuum levels between the supply line and the pressure in the plasma 

bulb. An alternative method commonly used in the literature uses sapphire leak 

valves; however, these type of valves have a flow rate that is dependent on the 

backside pressure. The second advantage of a MFC is that flow rates can be 

directly read and controlled off of the readout display. This is critical to providing a 

consistent and steady supply of the nitrogen species to the growth process, 

particularly when doing real-time mixing of the gases on the backside of the MFC. 

The gas itself is supplied by a gas mixing manifold assembly built by J.M. 

Reifsnider,60 D.W. Gotthold,61 and S. Govindaraju.62 The gas mixing manifold 
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allows up to four different gas species to be into the RF plasma source, either 

individually, or by pre-mixing custom ratios in a storage reservoir. A diagram of 

the gas mixing manifold is shown in Figure 3 below. The main gases that are used 

are ultra-high purity nitrogen, ultra-high purity argon, ultra-high purity one percent 

ntirgoen in argon, and a ultra-high purity three percent nitrogen in argon gas mixes. 

On occasion, I had also swapped out one of the gas lines for an ultra-high purity ten 

percent nitrogen in argon gas mix. All gases are supplied are by commercially-

purchased gas bottles. 
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Figure 3 Gas Mixing Manifold Configuration (Copied with permission from 

the authors, J. Reifsnider, Ph.D. Dissertation, Texas 2003 and S. 

Govindaraju, Ph.D. Dissertation, Texas 2002) 

 

 Once the gas is selected and the relevant gas lines are pressurized, I 

maintained approximately 5 psi going to the back of the MFC. Although the MFC 

is regulated to as high as 100 psi of backpressure, I have experienced that the lower 

the pressure in the gas lines, the easier it is to purge residual gases that may 

eventually leak through to the other side of the MFC, and ultimately to the growth 

chamber. This 5 psi that I maintained also extended to the entire gas mixing 
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manifold, including the storage reservoir, which is an 8-inch long stainless steel 

pipe with a 1.25-inch diameter. It was fitted with metal seal flanges welded to both 

ends. My predecessors63,64 had experienced that when it was fully-charged, the 

reservoir holds enough gas to make about 10-15 growth runs. The gas flow into the 

molecular-beam epitaxy growth chamber is regulated by a high-purity Tescom™ 

gas regulator capable of regulating said gas down to 30 mm Hg. Shortly before the 

source gas is injected into the MFC, we have installed a Pall™-brand gas purifier. 

The purpose of the gas purifier is to remove O2, H2O, CO2, CO, and solid 

particulates, down to the parts per billion (ppb) purity level. In order to help with 

removing impurities from the gas mixing manifold, I would institute a pump-purge 

procedure involving the pumping the gas inside of the gas mixing manifold, 

followed by a purging of the lines with gas from the cylinder. During this 

operation, I would not fully open the valves on the gas cylinder so that gas in the 

lines, and thus impurities in the gas lines, would not equilibrate with the gas 

cylinder. A typical pump-purge cycle would usually involve repeating this 

procedure a few times (approximately 3-5 times). 

 

Located on both sides of the gas purifier, are two “quarter-turn” valves 

capable of sealing to the ultra-high vacuum (UHV) regime. Located in between the 

MFC and the MBE growth chamber, is a set of one quarter turn valve, followed by 

a needle valve. The needle valve is the last valve before the gas is injected into the 
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growth chamber. Since the MFC does not provide perfect cutoff of the gas flow, 

some residual gas does cause the chamber pressure to remain in the 10-6 Torr 

immediately following the growth with the plasma source. Therefore, the purpose 

of the quarter turn valve in between the MFC and needle valve is to isolate any 

residual gases that leak through the MFC. Since this leak eventually causes a 

pressure buildup in between the MFC and quarter-turn valve, the needle valve 

allows this excess gas to be slowly bled into the growth chamber without causing 

an excessively high growth chamber pressure to result. 

 

Plasma Source Monitoring System 

 One of the ways in which a plasma can be easily characterized is through 

the use of its optical emission spectra (OES). This is because of the specific 

electronic and vibrational transitions that occur within a plasma, which can be used 

to identify the various species comprising the plasma. The light that is generated by 

the plasma is collected by an Ocean Optics™-brand PC1000 “spectrometer-on-a-

card” through a fiber optic cable. The cable is attached to the “spectrometer-on-a-

card,” which uses a fixed grating and a CCD array to capture the entire optical 

spectrum at once. The entire spectrometer is mounted on a EISA slot-compatible 

computer card within a PC in our lab. The fixed grating and CCD array has a 

resolution of 1100 bits, and a range of 500 to 1000nm. The spectral resolution is 

~0.5nm and the data was integrated over ~10-15 seconds. A 16-bit analog-to-digital 
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conversion setting was used. At the beginning of a given growth day, a background 

measurement was taken, and from this, the background was subtracted in real-time 

to from the incoming raw signal provided by the Ocean Optics software. Using this 

system, the plasma emission can be examined and quantified to identify the various 

plasma species, and subsequently determine their effects on the optical properties 

of dilute nitrides grown by plasma-assisted MBE. 
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Figure 4 Schematic for collection of the optical emission spectra (Copied 

with permission of author from J.M. Reifsnider, Ph.D. Dissertation, 

Texas, 2003) 

 
A calibration offset was present with the wavelength between the real and 

collected data. This was essentially easy to take into consideration, by knowing 

what the actual wavelengths are of the various argon peaks previously observed in 

the literature by others.65 
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Wavelength (nm)
m696.5 (710) 
m706.7 (725) 
738.4 (790) 
750.4 (810) 
751.5 (830) 

m763.5 (840) 
m772.4 (850) 
m794.8 (890) 
800.6 (900) 

m801.5 (900) 
m811.5 (915) 
826.5 (940) 
842.5 (980) 
852.1 (995) 

m912.3 (1110) 
922.5 (1125) 

 

Table 1 All observed Ar-related emission lines are listed above. Metastable 

transitions are in bold and denoted by the “m” to the left of the 

wavelength. Due to the wavelength calibration error of our 

spectrometer, the actual observed wavelengths are listed in 

parenthesis to the right of the actual wavelength.  
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Figure 5 Offset wavelengths. The equation of the linear fit, from Microsoft 

Excel, is shown in the graph. 

 

 Therefore, in order to get the actual wavelength converted from the 

observed wavelength, it is necessary to subtract the observed wavelength by the 

offset that is shown in Figure 5 above. All of the relevant peak emission 

wavelengths from the spectrometer are listed in Table 1 above. The transitions to 

the metastable states (which I will discuss later) are listed in bold. 

 

Estimation of Plasma Operating Pressure 

 One of the key operating parameters when describing plasmas is the 

operating pressure.66 Unfortunately, the plasma operating pressure inside of the 
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typical commercial plasma sources that are available for MBE systems are not 

amicable towards the measuring of plasma pressure. The reason for this is because 

the vacuum gauges that are typically used to read pressure cannot be reliably 

mounted in such a way that they can measure the plasma pressure without 

incorrectly measuring the pressure. Some of the gauges that we can commonly use 

with our equipment are: ion gauges, Convectron™, Pirani™, cold-cathode gauges, 

and occasionally capacitance monometers. Unfortunately, the minimum geometry 

of these gauges is typically on the order of a few centimeters, whereas a theoretical 

pressure gauge that would be required for the plasma source would be on the order 

of millimeters. 

 

 Therefore, we in the plasma-assisted MBE field are left to a calculation 

estimating the plasma pressure. Molnar and coworkers67 provided a calculation that 

estimated the pressure inside of their plasma source to be 12.4 mTorr. Their 

aperture consists of a ~1 cm diameter hole, with a 10 cm long tube for a flow rate 

of 6 sccm. Our plasma source is a little bit different, in which our plasma is actually 

contained within a closed cylinder, as opposed to having one end open. We have 

253 holes, which are each approximately 0.2mm in diameter. The derivations of the 

estimated plasma pressure can be found in Appendix A. 
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Section 2: Molecular Beam Epitaxy Growth Chamber Configuration 

 This section will compare and contrast the two MBE systems used for this 

work.  The samples were grown in two different molecular beam epitaxy (MBE) 

systems, both of which were Varian Gen II model MBE systems. The growth 

chamber on both systems were essentially identical, except the “Nitride” system 

was based on a vintage Gen II configuration, whereas the “Arsenide” system was 

converted into a “mod” Gen II. The main difference between the two is in the 

buffer and load lock configurations. Additional details will be provided later in this 

section.  

 

The growth chambers on both systems were primarily elemental solid 

sources. The exception was that the nitrogen incorporation was accomplished with 

a plasma excitation of an argon and nitrogen gas mixture. The plasma source is a 

commercially-available Applied-EPI UniBulb™ RF plasma source described in the 

previous section. Both systems utilized thermal Knudsen effusion cells68 for the 

upward-looking Group III elements. The four upward-looking solid sources 

involved two gallium (Ga) sources, one indium (In), and one aluminum (Al) 

source. Two dopant cells were used in both MBE systems, which were mounted 

downward-looking. Silicon (Si) is used as the n-type impurity in GaAs, while 

beryllium (Be) is used for the p-type impurity. All solid elemental sources were 

commercially-purchased as 7N purity from United Mineral Corporation (UMC). 
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The two arsenic sources used on both MBE systems were home-built valved 

crackers, courtesy of T. Mattord.69 The valved crackers consist of a sublimation 

zone, a needle valve, and a thermal cracking zone. The sublimation zone stores 

approximately ~1kg of As chunks, also purchased from UMC. The needle valve 

regulates the As flux, while the cracking zone is used to crack the As4 dimer into 

As2, and is kept at approximately 1300oC to optimize the As2/As4 ratio. The novelty 

associated with the home-built design by T. Mattord, and essentially commercially 

incorporated later by Veeco, is the right-angle nature of the long axis for cylindrical 

As sublimator with respect to the long-axis of the As4 cracking zone. This design 

further allowed for the entire As sublimator unit to fit inside of the bakeout tent 

during the bakeout process. Additional basic concepts involving MBE, as well as 

the key components, can be obtained elsewhere.70,71 Details specific to each MBE 

system are provided next. 

 
 
Nitride MBE System 

 The “Nitride” MBE system was decommissioned in 2003 to provide room 

in the MBE lab for another MBE system (“Gen 3,” purchased by D. Deppe). The 

Nitride System acquired its name due its initial use for pure GaN growth.72 It was a 

home-made MBE system assembled by D.W. Gotthold73 and J.M. Reifsnider,74 and 

was later used for dilute nitride growths75 with S. Govindaraju76 becoming an 

additional user. I was a user of the system from 2001-2003. Some of the early 
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works involving the correlation of ions to material properties were done with 

samples grown in the Nitride System. 

  

 As briefly mentioned earlier, the “Nitride” system was a vintage, classical 

Varian Gen 2 configuration. The characteristic feature of this configuration is that 

all of the three chambers (i.e. Growth Chamber, Buffer, Load Lock) are essentially 

in the same long axis with each other. This has advantages and disadvantages. The 

disadvantage is that “modular” properties of having multiple MBE systems 

attached to each other under vacuum is not exploited. However, there are two 

inherent advantages of the vintage Gen 2. The first is that more samples can be 

loaded into vacuum at one time. The configuration of the buffer and load lock is 

that of a carousel arrangement with a total of 6 stations, including one heated 

station. The second advantage is that the carousel arrangement was more amicable 

to in-vacuum characterization (such as Auger), and possibly further processing. 

   

The other characteristic, non-standard features of the Nitride System was its 

pumping configuration. The main reasons for this was during the GaN campaign in 

order to help keep up with the 10’s of sccm gas flow rate that was used for the pure 

nitride growths. Although common MBE configurations involve one ion pump and 

one cryopump, the Nitride System was equipped with two 2200 liter per second 

(l/s) CTI cryo pumps, and a high-capacity 1000 l/s Varian HT1000 Turbo pump. 
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This larger pump was backed by a smaller, water-cooled 180 l/s turbo pump, which 

in turn was backed by a 3 cubic feet per minute (cfm) oil-based mechanical pump. 

The combination of all three pumps allowed for a wide range of variation in the 

growth chamber pressure. It should be noted that the base pressure of the system (in 

the range of ~10-10-10-9 Torr) was slightly lower when the turbo-backed-turbo 

arrangement was not pumping on the growth chamber. This is probably related to 

the fundamental pumping limit of the turbo pump. However, the use of all three 

pumps during plasma source operation did lead to a lower chamber pressure than 

when fewer pumps were being used. Table 2 below shows the range of the flow 

rates and system pressure that could be achieved with the pumping configuration. 

 

 

Table 2 Nitride system pressure vs. Gas Flow and Pumping Configuration. 

Pressure measured on the backside of the CAR using the BEP 

gauge. (Table copied with permission of author, J. Reifsnider, Ph.D. 

Dissertation, Texas 2003; also from J. Reifsnider, M.M. Oye, S. 

Govindaraju, and A.L. Holmes Jr., “Critical RF Damage Conditions 

Pumping Combination 0.4 0.6 0.8 1 1.2 1.5 
One cryo pump + turbo 

backed turbo pump 1.6 2.3 3 3.9 ~5.1 ~7.0 

Both cryo pumps + turbo 
backed turbo pump 1.1 1.5 1.9 - - - 

Gas Flow Rate [sccm] 

Resulting System Pressure (x10-5 Torr) by Flow rate and Pumping  
Combination
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for the Plasma-assisted Molecular Beam Epitaxy Growth of 

GaInNAs with Dilute N2/Ar Gas Mix,” J. Cryst. Growth 280, 7 

(2005)).77 

 

The gas flow rates in Table 2 represent those which were observed during 

growth. The Beam-equivalent Pressure (BEP) gauge on the backside of the 

substrate manipulator was used,78 since this ion gauge is located within the 

cryoshroud of the growth chamber. 

 

It should also be noted that the Nitride System was not equipped with any 

ion pumps anywhere on the system. But rather, two cryopumps were mounted on 

the growth chamber, and one cryopump on the buffer (a.k.a. “Prep” chamber). It is 

worth noting the pumping configuration of the buffer chamber since this chamber 

gets opened to the growth chamber during sample loading and unloading. The Prep 

chamber was also used prior to my arrival for vacuum analyses, such as Auger 

spectroscopy, as mentioned previously. 

 

Arsenide MBE System 

 The “Arsenide” (or a.k.a. “Arsenic”) MBE system was the first MBE 

system acquired by the University of Texas, through the efforts of B. Streetman. 

The Arsenic system was originally equipped with two arsenic sources (one source 
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for sublimed As4, and another equipped with a valved cracker to thermally crack 

As4 into As2.). It was commonly referred to as the “Arsenic” system because of its 

sole use for the traditional arsenide-based materials, such as GaAs, AlAs, and InAs. 

Since the technology involving the use of sublimed As4 as an arsenic source was 

made obsolete through the development and commercial availability of valved 

crackers, this downward-looking As4 port has been left blank for many years now. 

It was at one point considered to be equipped with a commercially-available CBr4 

cracker for p-type dopants. The primary p-type dopant used by the Arsenide system 

and Nitride system is Be; but since Be has a tendency to easily diffuse with respect 

to carbon, the use of a carbon-dopant is preferred. Therefore, the UniBulb™ 

plasma source was taken off of the “Nitride” system and moved to the As4 port of 

the Arsenic system, thus allowing nitride-based materials to be grown. 

 

 Although the applicable equipment necessary for the plasma source were 

reconfigured for the Arsenic system (such as gas delivery, plasma monitoring, 

water cooling, etc.), the growth chamber is fundamentally identical, since both 

Nitride and Arsenic systems are commercially-available Varian Gen II™ models, 

at least with regard to the growth chamber configuration. The exception, however, 

is that the pumping configuration is different,79 in addition to the modular nature of 

the Arsenide system. Unlike the Nitride system, the Arsenic system is equipped 

with two cryopumps attached to the growth chamber, and an ion pump attached to 
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the buffer chamber. Unfortunately, it is not possible (as of Dec. 2006) to 

simultaneously operate both cryopumps like on the Nitride system. This has the 

drawback of limiting the pumping capacity of the growth chamber to only one 

cryopump at a time. This is particularly hindering during the cryopump regening 

processing, wherein the growth chamber needs to be kept on the ion pump attached 

to the buffer chamber, or keeping the growth chamber under static vacuum. The 

cryopump also has an added advantage of being able to ultimately remove the 

species from the MBE system, through the regening mechanisms by means of the 

turbo backed by oil-based mechanical pump.  

 

Similar to the Nitride system, there is a Beam Equivalent Pressure (BEP) 

gauge located on the backside of the substrate manipulator.80 Due to the critical 

nature in which this BEP gauge is needed to calibrate the fluxes of the source 

material, especially the arsenic flux, I measured the resulting gas pressure by the 

growth chamber ion gauge located outside of the cryopanel, but still located inside 

of the growth chamber. Each ion gauge is equipped with two filaments, and 

although one filament may burn out, the functionality of the second one still 

ensures that the pressure can be read. Because of the low sticking coefficient of the 

gas species, there should not be a significant difference, albeit some difference can 

be expected, between the pressure gauge measure the by the beam equivalent 

pressure gauge and that of the ion gauge located outside of the cryopanel array. The 
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resulting system pressure, with only one cryopump pumping on the system, is 

shown in Table 3.  

 

 

Table 3 Arsenide system pressure vs. Gas Flow, pressures measured by 

growth chamber ion gauge located outside of the cryoshroud. 

 
Section 3: Ion Energy Measurement Chamber 

 It was necessary to utilize a separate vacuum system to conduct the 

measurements of the actual ion species because commercially-available MBE 

systems are not compatible with the appropriate instrumentation. Therefore, a 

separate vacuum chamber was built and the measurements were conducted under 

identical conditions, experienced by the plasma species, as in the actual growth 

chamber. Although the main difference between the separate vacuum chamber and 

an MBE growth chamber is the liquid nitrogen (LN)-cooled cryoshroud, I will 

assume that this cryoshroud actively pumps the Col III, arsenic, and H2O species, 

but not the nitrogen since it is not cold enough to effectively pump it. The LN 

cryoshroud is at the temperature of the liquid nitrogen (i.e. 77K), and the strongest 

0.4 0.6 0.8

One cryo pump 
1.1-
1.2 1.7

2.2- 
2.3

Gas Flow Rate [sccm] 

Resulting System Pressure (x10-5 Torr) by Flow rate  
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evidence for seeing the effectiveness of the pumping efficiency is by comparing the 

pressure gauges that are located both inside of the cryoshroud and outside of it.  

 

Vacuum Chamber Configuration 

 At the crux of the separate vacuum chamber was an 8-inch Conflat™ cross. 

One of the flanges of the cross had an 8-inch to 10-inch adapter to which a CTI™ 

Cryo Torr 8 cryopump was attached. The absorber and compressor unit for this was 

located right next to the cryopump, which included the compressed He supply and 

return lines, and drive unit. It should be noted that a separate drive unit was tried, 

but led to an out of phase motor motion of the refridgertor. Therefore, we continued 

to use the drive power from the absorber unit. The He supply lines are usually 

pressured at 300psi. A leak valve is set to burst at 350psi, however it is preferred to 

avoid bursting the check valve, as it may not fully seal after it bursts. On the direct 

opposite end of the cross was the support unit, which was attached to cart. The cart 

had a 6-inch Conflat Varian turbo V-250 turbomolecular pump, which in turn had 

the oil-based web pump stored on the base of the cart. A gate valve separated the 

ion pump from the rest of the chamber. 

 

 The two import parts of the cross were the ion energy analyzer and the 

plasma source, both of which were placed directly opposite of each other. It was 

and is important to note that the separation between the tip of the plasma source 
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and the ion energy analyzer was ~4-5 inches, which is the exact same distance as it 

is inside of the MBE system when the plasma source is actually in operation. In 

order to get the mechanical stability and electrical feedthrough usage, the tip of the 

UTI-100C Mass spec was used to support the dual-grid retarding field ion energy 

analyzer described in the next sub-section. Since the pumping configuration of the 

active gas was done with the same pumping configuration as that in the MBE 

growth chamber, the measured plasma species should be identical to that which the 

substrate should experience inside of the MBE growth chamber. A picture of the 

separate vacuum chamber configuration is shown below in Figure 6. 
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Figure 6 Ion Measurement Chamber (a.k.a. “separate vacuum chamber” 
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Dual-Grid Retarding Field Ion Energy Analyzer 

Measurements were taken with a dual-grid, retarding field ion energy 

analyzer, which was placed approximately 5 inches away from the opening of the 

plasma cell. This position is equivalent to the location of the substrate in the MBE 

growth chamber. These retarding grid analyzers are not new; they are frequently 

cited in the literature and regularly used to measure ion energy distributions from 

plasma sources.81,82 They have the added benefit of being simple to construct. 

Typically, multiple grids can also be used. Grids involving anywhere from 1 to 5 

have been previously reported.83,84 For single and multi-grid applications, each of 

the grid serves different purposes. For example, in single grid retarding field 

analyzers, the one grid can be used to help repel the electrons, but then there is the 

issue of it possibly being coupled with the electric field from the nearby plasma. 

Therefore a two-grid analyzer was used for this work, as previously built and and 

analyzed by Guo et al. and Yuan et al.85,86 But before further discussing my dual-

grid retarding field ion energy analyzer, I will briefly mention that grids in addition 

to 2 can also be used. In this event, the grids are biased at different voltages, and 

with different polarities, which are all dependent the relative energy range of the 

species that are being measured. By using different voltages and polarities, it is 

easier to remove background noise from the some of the measurements, and get 

higher resolution in the area of interest. However, the multiple grids are mostly 

used by the plasma physicists who are actually doing work involving the study of 
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the actual plasma species itself, whereas my objective is to measure the plasma 

species that the plasma physicists have already identified and measured and 

studied, and to apply this toward the growth and impact onto the dilute nitride 

materials. Therefore, I am only using a dual-grid retarding field ion energy analyzer 

since it will suffice for these applications. 

 

The dual-grid ion energy analyzer that I had build consists of two 15 cm2 

aluminum meshes and a molybdenum collector plate. The spacing in between the 

wires was approximately 0.1 mm and the two grids are placed approximately 3 mm 

apart from each other, as well as from the collector plate. The back moly plate is 

simply the standard blocks that are used to mount the samples by indium solder. 

This has the additional advantage of essentially being the actual “plate” that is 

being used during the growth of the dilute nitride materials – and in terms of 

scientific measurements – helps to properly measure both ion flux densities as well 

as total amount of ions that are actually collected by the sample block. The dual-

grid, retarding field ion energy analyzer is shown schematically below in Figure 7. 
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Figure 7 Schematic of the Dual-grid retarding field ion energy analyzer. 

 

Each component was separated by pyrolytic boron nitride, identical to what 

was used as the crucibles for the Knudsen-type effusion cells used in the MBE 

system for the source materials of the solid Col III sources. This was possible 

because of our recycling tradition in the lab, by which used crucibles get put into a 

“recycle” bin for either etching and reuse into the MBE system, or for other 

applications breaking them apart and using them as an insulator for each of the 

different electronic components. In order  for achieving the electrical isolation in 

between each of the screens, vacuum gaskets were used as the “o-ring” separator. 

The prevention of electrical shorting in the wiring system was made possible by 

using wires that had ceramic beads, each of the beads was approximately 1 to 2 mm 
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in thickness and about 0.5mm in inner diameter, which allowed for the wire to pass 

through and also allowed the flexibility of the wires to be able to make a contact 

between each of the grids/plate of the retarding field ion energy analyzer and the 

feed throughs that were shared by the mass spec. 

 

The retarding positive biases were applied on the collector plate and the ion 

current was measured to ground. Any ions with a sufficient energy (eV) to 

overcome the retarding voltage will be subsequently measured as ion current. The 

grid closest to the collector plate was biased at –20 volts to return any secondary 

electrons back to the collector plate,8781 and the outer grid was grounded to 

decouple any electric fields from the plasma and/or deflector plates with that of the 

collector plate.88,89,90 

 

Section 4: Growth of Dilute Nitrides 

A common growth structure was used throughout this work. The structure 

comprised of a 7 nm wide, Ga0.8In0.2N0.01As0.99 triple quantum well structure, which 

was based on a similar In0.2Ga0.8As triple quantum well calibration sample that was 

grown at the beginning of each day so that the growths done on different days can 

be compared to each other.91 This structure was specifically chosen by J. 

Reifsnider92 to examine the optical properties of dilute nitride semiconductors with 

one percent and three percent nitrogen incorporation. Since the application of this 
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work is toward optoelectronic device applications, the common structure used in 

this work is specifically designed to mimic the active region of an optoelectronic 

device. Therefore, it does not include the cavity region and mirror structures that 

would typically be used in an actual device.93 To enhance optical response in the 

absence of the cavity and mirrors, AlAs cladding layers are used, which are grown 

at the GaAs deoxidation temperature of 580 oC.  The structure is shown below in 

Figure 8. 
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Figure 8 Growth Structure and Temperature Progression (Figure copied with 

permission of the author from J. Reifsnider, Ph.D. Dissertation, 

Texas, 2003 with modification made to growth temperature). 

 
Sample Preparation 

All samples in this work were In-bonded to standard molybdenum (Mo) 

blocks. An example of the Uni-Blocks™ and standard Mo blocks are shown in 

Figure 9. 
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Figure 9 Photograph of the two representative types of sample mounts used 

for this work. The block on the left is a two-inch “Uni-block”™ and 

the block on the right is the standard molybdenum block.  

 
The blocks were placed on a hot plate with a temperature above the melting 

temperature of In. This was to ensure that the In would melt. However, it was 

important to not place the temperature of the hot plate too high, otherwise 

excessive oxidation of the molten In occurred. This caused the a “browning” and 

“chunking” effect of the In, which resulted in a poor bonding between the sample 

and the Mo block. A figure of the mounting station is shown in Figure 10. 
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Figure 10 Mounting station illustrating the metal stainless steel tray. The fork 

is used to move samples around, and the hot plate is used to 

demount and mount indium-soldered blocks. 

 

 The excess In was usually scrapped off using flat-edged blades purchased from 

Techni-Tool, and subsequently vacuumed up using a Nilfisk-brand vacuum cleaner 

equipped with a High-Efficiency Particulate Air (HEPA) filters. 

 



 

 56

Samples were prepared identically between both molecular-beam epitaxy 

systems. The samples were first brought up from the idle temperature (~400oC), up 

to 700-750oC, and allowed to soak for approximately 5-10 minutes. Then the block 

was raised to the gallium oxide deoxidation temperature of 580oC. Each individual 

block has a different deoxidation history, since the CAR heater is distanced from 

the back of the Moly block by a few mm’s. The temperature on the CAR, however, 

was directly measured by a thermocouple contact. 

 

 The temperature ramp-up was monitored by a pyrometer located normally 

with respect to the substrate. The pyrometer is an Ircon™ Modline 3 series 

pyrometer, specifically calibrated for the GaAs deoxidation temperature, which was 

done by adjusting the emissivity to when the GaAs surface diffraction patterns 

were observed (580oC) through Reflection High-Energy Electron Diffraction 

(RHEED). It was necessary to periodically adjust the emissivity settings of the 

pyrometer to maintain the proper deoxidation temperature calibration of the GaAs 

surface. The sampling area is approximately a 1 cm diameter region of the sample. 

The temperature sensitivity range for the pyrometer is specified for 450oC to 

1200oC using a wavelength of 0.91 to 0.97 μm, However, the pyrometer looks 

through a heated quartz viewport, which gets coated during the campaign, and thus 

our group has found that the effective low temperature range to be approximately 

500oC. 
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 Once the sample’s temperature is within range of the pyrometer’s 

sensitivity, then the ramp-up process is commenced. The sample is first taken to 

about 750oC on the CAR (~500oC substrate temp.), and is monitored up until the 

deoxidation temperature (“deox”). The ramp-up is usually done in 5-10oC 

increments of the substrate’s temperature, which typically correlates to about 10-

20oC on the CAR temperature. A temperature soak of ~5 minutes allowed to set in 

for thermal equilibrium, once the substrate temperature reached >560oC. The actual 

gallium oxide deoxidation temperature (580oC) is determined by observing the 

RHEED surface patterns of the substrate. When deox occurs, the 2x4 and 4x2 

surface reconstruction “satellite” peaks can be observed. This is in addition to both 

a brightening of the primary diffraction spot, as well as the disappearance of the 

“oxide glow,” which can be described as a hazy vertical brighten region just next to 

the substrate and is a result of the gallium oxide’s presence. Once this oxide is 

removed, there is a distinctly clear transition between the oxide glow and the bright 

diffracted peaks that result from an As-terminated surface. Typically, the deox 

temperature has a variation of plus or minus 5oC. 

 

 Since each block differed in how the heat was transferred from the heater to 

the block, the temperature measured by the T/C on the CAR heater showed a 

greater variation than what was read on the pyrometer – the pyrometer reads the 

surface of the GaAs substrate, whereas the T/C reads the temperature of the CAR 
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heater. The CAR heater is not in direct, physical contact with the block, therefore 

small variations in the distance between the heater and the block will affect the 

radiative heater transfer (note: heat transfer goes as ∆T4). Another consideration 

that becomes a factor is the surface properties of the backside of the block. 

Depending on the thermal reflectivity, a certain amount of heat can be reflected 

back for one block with respect to another. We did not determine what kind of an 

effect this exactly may have on the block-to-block heat transfer characteristics.  

 

Growth Processes 

 Each growth process began with an MBE-grown GaAs buffer layer grown 

on top of the GaAs substrate. The reason for this is two fold. First, the surface of 

the GaAs substrates is imperfect due to native oxides and other impurities that exist 

on the surface.94 Secondly, the material quality of MBE-grown GaAs is considered 

to be better quality and more controllable (i.e. doping) than the substrates that are 

purchased commercially. Therefore, a 100nm GaAs buffer layer was grown at the 

gallium oxide deoxidation temperature of 580oC for each sample. This ensured that 

a repeatably smooth and reproducible surface was used for each sample. A thin 

15nm AlAs cladding layer was grown after the buffer layer to act as to help confine 

the carriers toward the active region (quantum well section) of the structure. 

Similarly, the AlAs cladding were also grown symmetrically after the quantum 

wells were grown. Although 15 nm was used, the exact thickness nor composition 
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was critical to the optical measurements, but rather, the fact that they were used. 

Therefore, an Al growth rate of ~0.35-0.4 ML/s was used to grow the AlAs 

cladding layers and the AlAs was grown at 580oC. Although AlAs-based materials 

typically grow at higher qualities using elevated temperatures, the thickness and 

quality was not critical. 

 

 Once the AlAs cladding layers were grown, ~50nm of GaAs was grown at 

the GaAs deoxidation temperature of 580oC. Then the substrate temperature was 

dropped by 100oC to ~480oC, as measured by the pyrometer. The growth 

temperature of 490oC was previously demonstrated by J. Reifsnider to be the 

optimal for dilute nitride growth.95 Although it was previously mentioned that the 

pyrometer’s accuracy becomes questionable below 500oC, the consistent use of a 

pyrometer reading of 480oC still ensures the best guess estimate of the actual 

substrate temperature and more importantly, remains consistent throughout all of 

the growths such that the temperature effects is reproducible and controllable. 

 

 Any time in which GaAs is not being grown, only the arsenic flux is being 

supplied to the substrate constantly at 5.5x10-6 Torr. The As flux (and III/V ratio) 

surely has an effect on material properties – it can effect Ga vacancy concentrations 

and incorporation mechanisms, as well as control the amount of As desporption at 

higher substrate temperatures (typically, higher growth temperatures requires 
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higher As over pressures). However, this work (and all other work) was previously 

optimized for an arsenic BEP flux of 5.5x10-6 Torr by O. Shchekin96, and this flux 

was accordingly used for all growths in this and previous works.  

 

 After the temperature ramp down to the low temperature, 50 nm of low 

temperature Ga(N)As was grown. The notation “Ga(N)As” refers to unintentional 

nitrogen incorporation into the GaAs during the growth when the plasma is lit, but 

the nitrogen shutter in front of the plasma source is closed. It was previously 

determined by us97 that approximately ten percent of the “active” nitrogen species 

are able to make their way around the shutter and get incorporated into the growing 

GaAs film. Therefore, a nominal one percent N composition in the GaAs quantum 

wells will have approximately 0.1% nitrogen incorporation. The 50nm GaAs layer 

was then followed by the GaInNAs triple quantum well structure. Each quantum 

well is approximately 7 nm in length, which were separated by a 15 nm Ga(N)As 

barrier. After growth of the third quantum well, an additional spacer layer was 

grown, followed by another 35 nm of Ga(N)As. The temperature is then ramped up 

to the deoxidation temperature of 580oC over the course of ~5-10 minutes. As 

always, only the arsenic flux was used during the ramp up period. Once reaching 

the GaAs deoxidation temperature, another 50nm of GaAs is grown to help smooth 

out the surface and improve the quality of the GaAs epi-layer. Then, the top 50nm 

AlAs cladding layers were grown. Since AlAs has a tendency to easily oxidize 
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upon exposure to air, a top 25 nm GaAs capping layer was grown to terminate the 

growth structure. Once the growth was completed, the temperature of the sample is 

then reduced to the idle temperature of the CAR, which is about 400oC. This was 

done over the course of a 5 minute ramp down period, and once again, only As was 

fluxing toward the substrate during the period until the CAR was rotated into 

transfer position to remove the sample from the substrate manipulator. 

 

Section 5: Processing and Characterization 

Since my work is focused on the materials aspect of dilute nitride 

semiconductors for optoelectronic device applications, one processing tool and two 

characterization techniques were primarily used for this work. The one processing 

step involved a post-growth rapid thermal annealing (RTA) of the as-grown 

samples. The RTA process in which I utilized has also been demonstrated to be a 

vital step in the fabrication of dilute nitride based devices,98 and is therefore 

consistent with the fabrication of optoelectronic based dilute nitride based devices. 

The two primary characterization tools for the MBE-grown materials studied herein 

involved photoluminescence (PL) and high-resolution x-ray diffraction (HRXRD). 

PL is used to determine the optical response of the “active” region described in the 

previous section. Both the emission wavelength and optical intensity were used to 

determine the properties of the active region. The emission wavelength provides an 

indication of the composition (higher In and N content causes the wavelength to 
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redshift), as well as the quality of the active region. Since plasma species have been 

known to cause a degradation of the active region of dilute nitride based devices, 

the PL intensity is also a good measure of correlating the impact of the plasma 

species influence on optoelectronic devices based on dilute nitride semiconductors. 

The other vital characterization tool used in this work involved the HRXRD, which 

was primarily used to determine the individual compositions of the In and N, as 

well as the various layer thicknesses. Since In and N strain compensate each other 

(In leads to compressive strain, while N leads to tensile strain), it is difficult to 

independently determine the individual In and N composition of GaInNAs layers; 

therefore, structures comprising alternating InGaAs and GaNAs layers were used to 

determine the separate In and N compositions.99 I should briefly mention that a 

third characterization tool was also used for some parts of this work, left mostly in 

the Appendix. Secondary Ion Mass Spectrometry (SIMS) was used to determine N 

compositions. The SIMS was performed commercially by Dr. Roger Bleiler of 

Evans Texas located in Round Rock, TX; and since the Ca incorporation into dilute 

nitride materials may be affected by the various plasma species, the precursor work 

involving the SIMS measurements of Ca incorporation were performed by R.C. 

Reedy at the National Renewable Energy Lab in Golden, CO. 
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Rapid Thermal Annealing 

 It is known that some form of annealing is required to recover the quality of 

dilute nitride samples. Our group,100 and others,101,102,103 have demonstrated that 

samples subject to Rapid Thermal Annealing (RTA) for various times and 

temperatures is effective. Therefore, the samples were annealed in a Heatpulse 310 

RTA furnace using a N2 ambient. The fundamental operation of this RTA furnace 

involves the use of high temperature halogen lamps that ramp up the temperature 

from room temperature to 1000oC in a matter of approximately 10 seconds. There 

should be a 5 minute time period between loading and heating up the sample, and 

between cooling down the sample and waiting to expose it. There is also an 

adaptable PID-like (Proportional-Integral-Differential) controller inside of the 

computer software. Therefore, a “dummy” is typically performed in order to help 

home in on the necessary settings required achieve the proper characteristics. 

Alternatively, one can manually set the conditions by hitting “F9” in the menu 

option to get to the window which allows control of the gain, Ihot, Icold, and the 

temperature at which the transition occurs between Ihot and Icold. In other words, the 

Ihot and Icold are given in the percentage of total power applied to the lamp heaters. 

So for example if the temperature transition between the two Ihot and Icold is set for 

500oC, and if Ihot is set for 5000 and Icold is set for 9000, then the computer program 
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will initially apply 90% of the total power up until 500oC, and then apply 50% until 

whatever setpoint is reached, let us say for example it is 1000oC. 

 

The samples were broken into 0.5 cm x 0.5 cm square pieces and placed 

face down onto a new GaAs substrate to help minimize As outdiffusion, and 

subsequent degrading of the sample surface, during the anneal. A five minute pre-

anneal purge was performed prior to the rampup to ensure that an oxygen free 

ambient is present during the anneal. Similarly, a five minute post-anneal purge 

was also performed after the samples were subjected to the RTA treatment. This 

was to ensure that the samples were allowed to cool down to room temperature 

before removal from the nitrogen ambient. These steps were necessary to: (a) 

prevent unwanted sample degradation due to the oxygen, as well as (b) preventing 

the Si substrate that was used to hold the samples from “potato-chipping.” 

 
 
Photoluminescence 

 Photoluminescence measurements were performed with either the 488 or 

514 nm line of an argon ion laser. The laser was either a Coherent Innova-90 or a 

Coherent Sabre™-model. A 625nm laser line bandpass filter was placed in-line 

between the sample and spectrometer, which serves to filter out any wavelengths 

below 625 nm. An additional two bandpass filters were eventually added to the 

laser beam. The purpose of these additional filters is to block the IR-emitting light 
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coming from the plasma tube of the gas laser. One of these “laser line” filters 

blocked all of the light about ~1 micron of >99% of the light intensity. An 

additional laser line filter was also installed to filter out the laser light at all 

wavelengths other than 510-520nm. This effectively reduced the series of broad 

and “spikey” peaks that were being observed in the PL data at ~1.3 micron. Finally, 

before the laser beam was focused onto the sample, a laser focusing lens was 

installed to attenuate the intensity the light density at wavelengths outside of the 

510-520nm range. The resulting, filtered photoluminescence from the sample was 

collected either into a SPEX 1704 spectrometer or a SPEX Triax 180, both utilizing 

gratings blazed at 1200 nm. As a general rule, the response range of a grating is 

between 2/3 to twice the blaze wavelength. Therefore, a grating blazed at 1200nm 

will typically be operational between 800 nm to 2400 nm. From the spectrometer, 

the light is collected into a liquid nitrogen (LN) cooled Ge detector. Two collection 

lenses (one photoluminescence light collection lens and one photoluminescence 

ligh focusing lens) were placed in the straight line normal from the sample surface. 

These photoluminescence focusing lenses are different from the laser focusing lens 

placed in between the reflecting mirror and the sample. The beam path is illustrated 

below in Figure 11. 
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Figure 11 Photoluminescence setup in Microelectronics Research Center 

(MER 1.804) illustrating the spectrometer and simulated laser path. 

 

 The output voltage is directly correlated to the intensity of the collected light. The 

output signal is read by a Keithley 6512. Both custom and commercially-available 

Labview™ software was used to control and measure the signal from the 

instruments. The Coherent Sabre™-model laser is capable of computer control and 

monitoring, which the custom Labview™ software allows for. Scans were done 

over the range of 800 to 1500nm at 1 nm increments with a sample count of 3 at 

each measurement point to help average out noise in the readings. Also equipped, 

“Laser”
beam
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and occasionally utilized, is a low temperature cryostat. This has the capability of 

going down as low as liquid helium temperatures through a three-jacketed cryostat. 

The outer jacket is pumped to vacuum, the middle jacket holds liquid N2 at 77K, 

and finally, the inner jacket holding the sample was filled with liquid He, at 4K. 

 
 
High-Resolution X-Ray Diffraction 

 To mostly determine the composition, High-Resolution X-Ray Diffraction 

(HRXRD) Omega-2Theta curves is used. As a note, the term Rocking Curves are 

typically used interchangeably with Omega-2Theta scans; however, the primary 

difference with the rocking curves is that the sample is actually “rocked” in order to 

account for geometrical shadowing caused by openings of the inlet and outlet slits. 

For the work herein, the samples were not rocked, therefore the measurements are 

simply referred to as Omega-2Theta. HRXRD can also be used to give an 

indication of material quality by comparing the extent of Full-Width at Half 

Maximum (FWHM). This was done by D. Gotthold,104 and J. Reifsnider,105 

although mostly for determining the quality of the pure nitrides. The theory behind 

HRXRD is based on Bragg’s Law. 

 

Equation 1 2 sins sdλ θ=      
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where ds measures the vertical distance, θs is the incident angle of the incoming x-

ray beam, and λ is the wavelength of the incident beam. For our measurements, we 

typically use the copper-α emission line at 1.54Å. In order to meet the diffraction 

conditions, this wavelength needs to be on the order of magnitude of the 

interatomic spacing of the lattice. The geometry of this diffraction is illustrated 

below in Figure 12. 

 

one wavelength (lambda)

angle (theta)

d

 

 

Figure 12 Schematic illustration of Bragg’s Law. Each horizontal line 

represents an atomic layer. The spacing in between atomic layers is 

d, and the angular lines represent the incidence and diffracted x-ray 

beam. 
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Equation 2 2 sin( )sdλ θ θ= + Δ      

 

By following this constraint, it is possible to determine the interatomic spacing in 

the normal direction. It should be noted that in plane strain cannot be measured by 

this method, since it assumes that material has been strained (either compressively 

or tensily) in order to accommodate the requirement that the in plane lattice 

constant of the “test” material is identical to that of the larger bulk material. In 

order to determine the out of plane strain, reciprocal space mapping can be used.106 

However, since this is not the focus of this work, it will not be discussed any 

further. 
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Figure 13 Philips X’Pert x-ray diffraction setup (MER 1.802) 

  

The system used is a Philips X’Pert model XRD tool. The primary 

components are enclosed in a case to protect the user, and it is also properly 

equipped with the appropriate safety interlocks. It is was also recently equipped 

with a “hybrid monochrometer” (circa 2006) to help shutter a higher intensity 

beam. The way it works is that the higher reflected intensities off of the sample will 

cause a shutter located in front of the detector to turn on to help attenuate the beam, 

whereas lower intensities coming off of the sample into the detector will cause the 
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shutter to fully open and let the full intensity of the reflected beam can be detected 

by the detector.  

 

 
 

Figure 14 XRD setup (note: photo was taken while the system was in X-ray 

reflectivity measurement configuration.) 

 

 The image in Figure 14 shows the inner configuration inside of the housing. 

The detector is on the left, and the x-ray source is on the right. The sample is 

mounted horizonally, and moved into the vertical position for mounting. Down in 
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the lower left, notice the XRD detector, whereas the detector that is currently 

mounted, is for the X-Ray Reflectivity (XRR) measurements. 

 

Summary: 

 This chapter outlined and detailed the various equipment, tools, and growth 

procedures that are used to grow the dilute nitride materials. The thorough and 

required operating procedures and equipment are described for the plasma source. 

Both MBE systems that were used for this work is also described, as well as the 

maintenance procedures for them. Furthermore, the ion energy measurement 

chamber that was necessary to take measurements outside of the MBE system was 

also described, as well as why the need for this chamber existed. The growth 

procedures for the dilute nitrides were discussed, involving the various steps and 

details necessary to properly reproduce the growths. And finally, the post-growth 

processing and characterization techniques were finally discussed, primarily 

involving the use of photoluminescence and x-ray diffraction. 
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Chapter 3:  Measurement of Plasma Species 

 

 This chapter will describe the theory, procedures, and equipment used to 

measure the plasma species that were studied herein. The impact of various plasma 

species on the optical properties of dilute nitrides is a subject of some noteworthy 

study, mostly because the instruments and tools to properly determine the 

appropriate species do not exist in the MBE growth chamber. Therefore the 

measurement of the plasma species were done outside of the MBE system in the 

separate measurement chamber described earlier (see chapter 2). The relevant basic 

plasma fundamentals can be found in Appendix C. As part of the determination of 

the effects of the plasma species, the optical emission spectroscopy is a critical tool. 

Therefore, in Section 1, I will cover the measurements and effects by which the 

optical emission spectroscopy will be used for this work, and the results thereof. In 

section 2, I will cover the effects of the ionic species from the plasma source, and 

Section 3 will cover the ex situ method for measuring said ions. 

 

Section 1: Optical Emission Spectroscopy 

 Optical Emission Spectroscopy is the primary means of characterizing the 

plasma species used in the plasma-assisted MBE growth of the dilute nitrides. The 

primary assumption used is that the integrated optical intensity for various 

electronic and/or vibrational electronic energy transitions provide insight into the 
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population of said energy states. The relevant nitrogen spectra is shown below in 

Figure 15, whereby the two relevant nitrogen plasma species (atomic N and 

metastable N2
*) can be observed. There are two main atomic N peaks that can be 

seen, however the 747nm atomic N emission line superposes with the nearby Ar 

emission lines with the Ar/N2 gas mixes, therefore, I will use at the 868nm atomic 

N line in my work. 

 

 

Figure 15 Optical emission spectrum of a pure nitrogen plasma. This is the raw 

data collected by the spectrometer without removing the background 

noise signal.  

NN22**  
660000--770000nnmm

AAttoommiicc NN

Nearby 
Ar line at 
750.4nm



 

 84

N2/Ar Mixed Gas Plasmas 

 Work involving the correlation between the optical emission spectra and 

nitrogen incorporation for dilute N2/Ar gas mixes was first done by D. Gotthold,107 

and was later followed up by J. Reifsnider.108 Their approaches tracked the optical 

emission intensity of the atomic N line’s line109 in the dilute N2/Ar gas mixes. J. 

Reifsnider mapped the 747 nm atomic N emission intensity for different RF powers 

(100 to 500 W) and gas flow rates (0.1 to 1.5 sccm) using 1% N2/Ar and 10% 

N2/Ar gas mixes. Since the 747nm emission line is very close to the Ar peaks, I 

chose to track the 868 nm atomic N emission line, as it is a lone peak and easier to 

quantify. Using the 868 nm line makes the critical assumption that both peaks 

measuring the atomic N presence are constant with respect to each other. 

 

 The Figure 16 below shows the spectra of the 600-700nm range of the 

optical emission spectroscopy. This range is known to be the transition between a 

quickly-decaying state, and that of a metastable state (i.e. 3 +
uA Σ  state). The 

broadness of the 600-700nm peak can be justified by the many possible transitions 

that can occur due to the vibrationally excited states that exist within the 

electronically excited state. By integrating this broad emission, which corresponds 

to the transition between the 3
gB Π → 3

uA +Σ  transitions, therefore, I am assuming that 

I can correlate the relative amount of nitrogen species that are in the 3
uA +Σ  state, 

with respect to the atomic nitrogen. It should be noted that I cannot get a direct 
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measure of the species, since I am only measuring the optical emission 

spectrometry, which does not collect all of the photoemitted spectra, but rather, is 

only sample representation thereof.  
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Figure 16 Metastable intensities for 1% N2 in Ar gas mix. Data was smoothed 

using a 20 point averaging method using Microcal Origin. 
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Figure 17 Metastable intensities for 3% N2 in Ar gas mix. Data was smoothed 

using a 20 point averaging method using Microcal Origin. 

 

Note that the trends in Figure 17 also show the same behavior as the one 

percent nitrogen in argon gas mixture. The increase in the integrated intensity for 

the metastable N2
* molecular species increases with increasing pressure and lower 

flow rate. Although both variables were simultaneously changed – as it was needed 

to in order to maintain constant iso-nitrogen incorporation into GaAs – it is 

therefore difficult to determine the individual effects of the applied RF power with 

that of the changing gas flow rate. 
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The effect of these individual species, (i.e. atomic N vs. metastable N2
*) 

only become observable when we make a direct comparison by measuring the 

impact they have on nitrogen incorporation. Figure 18 shows a plot of the 

integrated intensity from the figures above for the metastable N2
* species, and the 

atomic N. 
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Figure 18 Metastable N2* vs. Atomic N for 1% nitrogen in Argon; The square 

is metastable N2
* emission between 600-700nm, the inverted 
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triangle is the atomic N, and the asterisk is the summation of the N2
* 

and Atomic N. 

 
All of the “active” nitrogen species should be accounted for by taking the 

integrated intensity for the atomic N and adding to the integrated intensity for the 

metastable N2* species. From previous work, we know experimentally that the use 

of these three iso-nitrogen combinations leads to the essentially the same nitrogen 

incorporation into the film. If the same amount of nitrogen is being incorporated 

into the film is occurring for these three different iso-nitrogen combinations, then it 

can be stated that the equivalent amount of “active nitrogen” is being supplied.110  
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Figure 19 Metastable N2
* vs. Atomic N for 3% nitrogen in Argon; The square 

is metastable N2
* emission between 600-700nm, the inverted 

triangle is the atomic N, and the asterisk is the summation of the N2
* 

and Atomic N. 

 

 The other investigations into our “iso-nitrogen” combinations also extended 

to looking at other N2 in Ar gas concentrations. The actual trend of iso-nitrogen 

contours observed at the 747nm optical emission line was done at ten percent 
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nitrogen in argon gas mixture.111 However, the empirical observations of peak 

emission wavelength also extended down to the one percent nitrogen in argon and 

the three percent nitrogen in argon gas mixes. There was a linear dependence of 

nitrogen incorporation with the nitrogen gas concentration in the N2/Ar gas mix. 

Therefore, using a three percent nitrogen in argon gaseous mixture composition, 

with respect to the one percent nitrogen in argon gas mixture at the same 

power/flow combinations will yield roughly three times the amount of nitrogen 

incorporation. Therefore, Figure 19 above is showing the optical emission spectrum 

for the three percent nitrogen in argon gas mix. The three percent case shows a 

similar trend of having a metastable dependency for the lower pressures, and a 

greater amount of total measurable “active” nitrogen species for the low 

power/high flow rate combination. There is evidence from Carrere et al.’s work 

that metastable species may be more dominant in the nitrogen incorporation, which 

is the opposite trends observed in my work, as well as preliminary work by 

others.112 

 
 
Section 2: Effects of Ions 

 This section will focus on the charged species that are responsible for 

influencing the optical properties of dilute nitride materials. One cannot simply 

deflect the ionic species, but rather, must also need to consider the polarity and 

magnitude of the applied DC bias. Therefore, I present a direct measurement of the 
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ion flux and ion energy distributions coming from the plasma source, which is then 

all tied in together with a brief discussion on the future work that can be done with 

better understanding these ionic species 

 

Motivation for Measuring Ions 

Ions have been known to influence the properties of dilute nitride materials 

since the work by Kageyama et al.113 The use of both magnetic ion traps and 

electric-field-based ion deflection plates have been demonstrated to remove ions, 

and hence, lead to a corresponding improvement in the material properties of the 

plasma-assisted MBE-grown dilute nitride materials. The mechanism by which 

“ion damage” results is still up for debate. On the one hand, it can be envisioned 

that the ion damage is akin to the ion implantation damage that occurs during 

dopant implantation; however, the typical ion energies that these ion implantation 

procedures implement is usually on the order of keV or greater.114 On the other 

hand, it could be that the electronic charge of the species is causing an effect. 

 

Ion Deflector Plates 

Since ions have been demonstrated to cause a deleterious effect on dilute 

nitride materials, we have mounted ion deflector plates (a.k.a. deflection plates) at 

the outlet of our plasma source, as shown schematically below. 
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Figure 20 Diagram of Deflector Plate Configuration 

 

Varying the deflector plate voltage will provide not only information on the 

total amount of ions coming out of the plasma source (as measured by collected 

current on the deflector plates), but will give some indicaton of their relative energy 

levels since higher energy ions will require a higher deflection plate voltage to be 

collected. Threfore, Reifsnider had previously derived a first-order approximation 

based on a simple ballistic model to estimate the kinetic energy of the ions that will 

be captured by the deflector plate voltage, and additional details can be found 

elsewhere.115 Using the model, it was estimated that the maximum ion energy of 

the ions that are captured will be 44eV at -200V, and 177eV at -800V. 
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Note that there are two sets of trajectories, and one which is not shown. In 

the first set, the dashed lines, show an ion that has an energy of about 200eV. 

Therefore, for a maximum ion energy with a  -100V deflection plate bias, then it is 

expeected to follow a trajectory as shown in Figure 21. 
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Figure 21 Simulated ion trajectories for 20 and 200eV singly-ionized positive 

ions. The location of the deflector plates are represented by the solid 

black lines, and the potential field by the solid gray lines. 

 

 

 Note that the source is about 1 inch in diamter, which means the best 

chance for an ion escape the regions in between the defelctor plates is start off at 

the point that is farthest away, physically, from the other most deflector plate. If an 

ion is not deflected, it can be expected to not perturbed as the ion traverses the 

region in between the deflector plates to continue on a straight line path, by which 
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the sample is located at about 5 inches or so way down away from the lasma 

source. As the applied deflector plate bias is increased, so is the subsequent and 

corresponsing deflection. At approximately -800V, most of the ions for the highest 

expected ion energies are subsequently deflected away. Also as a comparison, some 

of the lowere energy ions, such as 20eV are also shown in the simulations for the 

application of the -800V deflection plate bias. Note that for the application of the -

800V, a 20eV ion can be easily expected to be captured by the deflector plates. 

There is subsequently a balancing of two effects: (1) the collection of the ions by 

the application of the deflector plates, and (2) an increase in the ion energy and flux 

by the application of a negative bias. It was necessary to apply the negative bias 

since that is the limitation of the equipment that we had. 

 

 In the absence of any applied deflector plate bias, then the ions will 

more/less traverse in a straight line path that is normal to the face of the plasma 

source opening. Subsequently, the ions will impact with the substrate. Although 

there is certainly going to be some spreading of the ions, I will assume it is 

negligible for the following discussion. At some applied bias, all of the ions will 

be collected and the current measured by the deflector plates will saturate. This 

is what was above in Figure 21. To first order, the voltage at which the current 

beings to saturate gives some indication as to the maximum ion energy from the 

plasma source; differentiation of the collected ion current versus voltages gives a 



 

 95

rough indication of the ion energy distribution. However, because of the 

superposition of the electrons, and other effects, this method is not reliable; 

hence, the measurement of the ions was done using an ion energy analyzer, as 

will be described in the next section. 

   

Section 3: Ion Measurements 

 As part of the characterization of the relevant plasma species that impact the 

optical properties of dilute nitride materials, it is important to both identify, and 

subsequently measure the ion flux that is impinging on the substrate. Since our gas 

mix comprises of a small amount of N2 in an Ar mix, we can assume that the 

majority of the species coming out of the plasma source are Ar+. The type of 

nitrogen ionic species expected to be coming out of the plasma source are 

predominately N2
+ species, and possibly a small amount of N+ species. I am 

making a simplified assumption that the majority of the ionic species emanating 

from the plasma source are singly-ionized positive species. This can be confirmed 

by calculations from Guerra et al.116  
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Figure 22 Ion flux measured at the substrate position vs. retarding positive 

biases on the molybdenum collector plate. The derivative of the ion 

flux vs. retarding voltage gives the ion energy distribution, which is 

shown in the inset. High-energy tails of the ion energy distribution 

are shown for 0, –100, and –200 volt deflector plate settings. The 

derivatives were smoothed using the “FFT Filter Smoothing” 

function in Microcal Origin.™ 

 
 The ionic species of the plasma source were measured in the separate 

vacuum chamber described earlier. The ion flux to the substrate position is 
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measured as a function of the retarding positive voltage on the retarding plate. Note 

that in the simplest condition (i.e. where no deflector plate voltage is applied) one 

can see the general trend that is observable with the ion flux vs. retarding positive 

biases. Basically, the derivative (or collection vs. retarding bias) is relatively 

constant for the initially small retarding biases, then there is a noticeable drop in the 

collected ion current. This noticeable drop is where the greatest difference in the 

collected ion energies are. 

 

 The interesting observation with this methodology is that, as the negative 

bias on the deflector plate is increased, the total number of ions collected increased. 

This can also be observed in the high-energy tail of the collected ion current versus 

retarding positive bias curves by differentiating the current with respect to the 

voltage. The inset of the Figure 22. shows the differentiated values. The area under 

the curve shows how many ions are present at a particular energy; it can be seen 

that the number of ions does increase for a -100 volt bias. 

  

 As the voltage is increased, it can be expected that the ionic generation (and 

ion energies) can be raised. This is due to the negative bias being applied nearby 

the plasma source, and near the relatively negative side of the plasma sheath (i.e. 

the side that is closer to the negatively-biased) deflector plates. Note that for the 

higher applied negative deflector plate bias does in fact increase the number of ions 
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present in the high energy tail; however, the total number of ions reaching the 

substrate position has decreased. This effect is further amplified as higher negative 

biases are applied. Therefore, the effect of two factors are competing against each 

other. First, the negatively-biased deflector plates are increasing the amount of ions 

coming out of the plasma source. Second, the higher negative deflector plate 

voltages are also becoming increasingly able to deflect the ions away from the 

substrate position, and hence, remove the ion’s effect on deleteriously degrading 

the optical properties of the dilute nitride materials.  

 

 Figure 23 below shows the total ion flux measured at the substrate position 

for different deflector plate voltages and gas flow rates.  
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Figure 23 Total ion flux measured at the substrate position for different 

retarding negative biases. It should be noted that the mass flow 

controller was calibrated in these measurements such that the argon 

flow rate really was the reported value, and not the just flow rate as 

measured off of the digital readout of the mass flow controller. 
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The 0.3 sccm case is expected to give the most active, highest number, and most 

energetic species. Therefore, the increase in the ion count measured at the substrate 

position does certainly increase for the -100V deflector plate bias condition. It 

subsequently decreases as the applied voltage is increased, as expected. Voltages at 

about -800V cause almost all ions to be deflected away. This is true for both the 

pure N2 and pure Ar gases for low flow rate. At higher gas flow rates, where the 

generation of plasma species cannot be easily made, there is a lower number of 

generated ions. This indicates that the ions are less energetic, which is a result of 

the higher pressure, and subsequently lower mean free paths that do allow 

sufficient plasma species generation. 

 

Ion Energy Distribution 

 The measured ion energy distributions from my plasma source are shown 

below in Figure 30 for the three different iso-nitrogen combinations. 
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Figure 24 Ion Energy Distribution for a 1% N2 in Ar gas mixture at each of the 

three “iso-nitrogen” combinations. 

 

Each of these three iso-nitrogen combinations led to the identical nitrogen 

incorporation into the material. There is a wide variation between the total number 

of ions and the number of high energy ions. The distributions shown in Figure 24 

are characteristic of a collisional plasma and will be used later when I discuss the 

effects of fast neutral species on the optical properties of dilute nitrides. The main 
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characteristic of the collisional plasma is the Boltzmann-like distribution of the ion 

energy distribution. This occurs because of collisions across the plasma sheath 

inside of the plasma bulb. It is important to note that it is within this region, where 

the ions are gaining the energy that is being measured in Figure 24. 

 

 Figure 24 also shows a shift in the peak of the ion energy distribution as a 

function of higher powers and lower gas flow rates. It is difficult to couple the 

individual effects of each of these variables. One of the reasons why each of these 

three iso-nitrogen combinations are expected to provide the same amount of 

nitrogen incorporation into the film is because of the specific reasons for the trends 

observed in Figure 24. As higher powers are applied, it can be expected to observe 

both an increase in the total number of ions as well as a shift to higher ion energies 

of the peak energy. This is because the higher powers allow for a greater 

acceleration force (i.e. F=qE=ma) for the electrons to accelerated. Since the plasma 

is more energetic, it can also be certainly expected to cause not only a shift in the 

peak of the ion energy distribution, but also the total number of high energy ions, 

specifically at the higher energy tails. The second effect, which is related to the 

greater acceleration force, is the acceleration distance. This can be increased with a 

greater mean free path, which in turn can be accomplished with a lower chamber 

pressure resulting from the lower gas flow rate. Since we and others117 have 

observed a greater amount of nitrogen incorporation for both higher powers and 
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higher gas flow rates, it becomes difficult to deconvolve the individual effects of 

the power and gas flow rate on the nitrogen incorporation. The fact that we see 

same nitrogen incorporation into the film for each of the three iso-nitrogen 

combinations certainly suggests that there is in fact a competing effect.  

 

 The second observation is the collisional behavior of the plasma. As I will 

discuss later in this dissertation, this collisional behavior of the ions has great 

implications for causing other non-charged species to become accelerated. For the 

regime in which I operated my plasma, there is a balance of the ions between that 

of lost energy via collisions and with the energy that is gained through acceleration 

by the electric field. As a result, the shape of the ion energy distribution represents 

the condition by which sufficient number of collisions have occurred to allow a 

fully developed state. 

  

Summary: 

This chapter focuses on the actual measurement of the plasma species in the 

separate vacuum chamber using the dual-grid retarding field ion energy analyzer 

that I had constructed. Correlations of the ion measurements will be made in 

subsequent chapters, particularly in Chapters 4 and 6 where I will present 

photoluminescence data. The chapter first provided a correlation to the optical 

emission spectroscopy, which was necessary to better understand the impact – and 
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how – the different plasma species (and gas mixtures of N2/Ar) can affect the 

optical properties of the dilute nitrides. The next section further elaborated on the 

measurement of the relevant ionic species, and how they tie into the optical 

emission spectroscopy. And finally, in the third and final section of this chapter, I 

presented the actual ion measurement data collected from the separate vacuum 

chamber. In order to provide for clarification, I have included some fundamental 

explanations in this section where appropriate to help provide a better 

understanding of the data that I was presenting. 
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Chapter 4:  Effects of Ions on Material Growths 

  

 In the previous chapter, I presented the measurements of the plasma species. 

This chapter will be the first to correlate the effects of plasma species to that of the 

as-grown material by focusing on the effects of the ions. The first section of this 

chapter will discuss the background on “ion damage.” The second section 

compares growth of dilute nitrides with and without ions. I also study the effects of 

substrate orientation, which was used to investigate the effects of channeling or 

implantaition of ion and/or fast neutral species. Finally, the last section presents the 

results of the photoluminescence measurements and discusses the various results 

for this chapter. 

 

Section 1: Plasma “Ion Damage” in Dilute Nitride Materials 

Plasma ions have long been cited as the cause for crystal damage in both the 

GaN and GaNAs material systems grown by plasma-assisted molecular beam 

epitaxy (MBE).118,119,120,121,122,123,124,125,126,127,128 Electronic and photonic devices 

based on these systems are widely integrated into a myriad of devices such as 

transistors,129 diodes,130 LEDs,131 lasers,132 and photodetectors.133 The MBE growth 

of these alloys commonly necessitate a nitrogen plasma source for the purpose of 

activating the N2 molecule into its constituent species, which are then subsequently 

incorporated into the epitaxial layer. The primary way to determine whether the 



 

 107

ions are actually making an impact on the optical properties of the dilute nitrides, is 

to simply provide a system by which MBE-grown materials are grown with and 

without these ions. Reifsnider et al.134 demonstrated the use of DC-biased deflector 

plates situated at the outlet of the RF plasma source to capture these damaging ions 

with an applied electric field.  

 

Section 2: Growth of Samples With and Without Ions 

Previously identified plasma conditions (175W-0.8sccm, 300W-0.6sccm, 

and 425W-0.4sccm), these three plasma conditions were used to grow dilute nitride 

samples.135 For all samples, a nominal 1% nitrogen incorporation was achieved 

using a 1% N2/Ar gas mix.136 In an effort to compare samples grown with and 

without the effects of ions, a DC-bias of -800 volts was used to deflect the ions 

away from the substrate position.137  

 

Figure 25 below shows the PL from samples using using three iso-nitrogen 

combinations.  
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Figure 25 Room-temperature photoluminescence measurements for a 1% N2 in 

argon gas mix at three different iso-nitrogen plasma conditions 

leading to the incorporation of ~1% N into the dilute nitride 

materials. The spikes observed in the region between 1200 to 1400 

nm is a result of the plasma spectra from the laser excitation (i.e. 

spontaneous emission). The use of a laser line filter was sufficient to 

remove the peaks, although it was done after these measurements 

were taken. 
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The first general observation that can be made is that the samples with a 

lower amount of ions had an increase in the photoluminescence intensity. This is 

especially true for the 175W, 0.8 sccm condition; however, this trend was not 

observed for the high ion condition (425W, 0.4 sccm). It was shown earlier in this 

work that: (1) a greater number of ions, and greater ion energies, were measured 

from the plasma conditions for the one percent nitrogen in argon gas mixture (see 

Chapter 3), and (2) the use of -800V was sufficient to deflect all of the measurable 

ions away from the substrate position (also see Chapter 3). In other words, at -800V 

applied DC-bias, there should be no ions reaching the substrate position. Since it 

was also measured that the 425W- 0.4 sccm condition led to the most amount of 

ions, and the 175W-0.8 sccm condition led to the least, there is clearly not a 

proportional impact of removing the ions. 

 

There are several possibilities that cause the observations seen in Figure 36. 

The first possibility is gas contamination. This trend is seen in the mass 

spectrometry data, where the observed trends in Figure 36 demonstrate the opposite 

behavior (i.e. a degradation in the optical properties for lower gas flow rates). As 

will be explained in Chapter 6, increased ion fluxes and ion energies are expected 

to occur with the lower flow rate. It will also be explained later in this chapter that 

other gas-related impurities, such as water and oxygen – it was only the water that 

was observed to increase with increasing gas flow rate.138 However, the opposite 
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trend was observed; thus suggesting that the ions are directly responsible for the 

photoluminescence properties of the material, specifically by causing an ion-

damage related degradation. 

 

 The second possibility is that the ion-related degradation is only manifested 

through the post-grown annealing of the samples. It may be possible that there are 

different “types” of ion damage. In other words, the ions and/or nitrogen species 

damage different aspects of the crystalline lattice, such that pre-annealing samples 

show one type of characteristic, whereas post-annealed samples show a different 

characteristic. I do have evidence for this, as I will present in Chapter 6 the 

different types of annealing trends that were observed upon annealing as a function 

of ion energy/flux conditions. 

 

Effects of Substrate Orientation 

The growth of dilute nitrides requires the use of a plasma source to generate 

the nitrogen species. In MBE, all eight sources in general, are located on the growth 

chamber source flange point at a 45 degree angle with respect to the normal of the 

substrate. When a (001) substrate is rotated, the [110] and [111] directions will face 

the plasma source four times every revolution. The [110] direction is particularly 

interesting, since the greatest amount of ion and/or fast neutral channeling can 

occur due to its open-nature. On the other hand, the [111] direction is the most 
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“closed” direction, by which the likelihood of ion and/or fast neutral channeling is 

significantly reduced. 

 

It has been demonstrated through simulations by Yu et al.139 that Ar ions 

with an energy of about a 100 to 200eV can implant themselves, 5-10 nm into the 

material. The important thing to note with this simulation, with regard to the 

plasma-assisted molecular beam eptiaxy growth of GaAs, is that the effective 

“implantation” depth could be indefinite when the material is actually being grown, 

such as during the growth of the dilute nitride material. This is expected to occur 

with the [110] direction, and not the [111] direction. Therefore, when the substrate 

is being rotated during the growth, it experiences both a period of relatively easy 

channeling and a period of relatively difficult channeling. A sample was grown 

under the identical conditions by which theother sample’s [111] direction would be 

exposed to the plasma source. The results are shown in Figure 26 below. 
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Figure 26 Photoluminescence measurements of standard InGaAs growth, 

without the plasma source being on. The sample was grown under 

identical conditions and orientation as the samples that would later 

be grown to specifically probe the effects of the plasma species on 

the substrate’s growth orientation. 

 

 The purpose of this growth and measurement is to separate out the effects of 

the plasma source with that of the rotation. As a result, it can clearly be seen that 

there is a significant variation between the top of the sample, which was closest to 
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the plasma source, from that toward the bottom, which was not only farthest from 

the plasma source, but also closest to the gallium. This not only demonstrates the 

necessity for rotation to obtain uniformity, but also gives an indication of the 

degree of variation between the different points of a non-rotated InGaAs sample. 

This growth also serves the purpose of allowing for a “calibration” of the non-

rotation samples by using the center of the sample as a reference point. 

 

 By knowing what the effects of no rotation is on the InGaAs quality without 

the influence of the plasma species, the next step is to better understand the effects 

of the plasma itself. It was shown earlier in this subsection what the effects of the 

one percent nitrogen in argon gas mix was on the photoluminescence properties of 

the as-grown dilute nitrides. In an effort to help back out the individual effects of 

the N incorporation into the dilute nitride material, the feed gas mixture was then 

supplied to the plasma source as pure Ar. This effectively allows – to within the 

experimental variation in our system – comparable plasma dynamics as with the 

one percent nitrogen in argon gas mixture. The results are shown in Figure 27 

below, there is the identical trend/correlation between the ion energy distribution 

and ion flux, with that of the photoluminescence properties. The sample that 

exhibited the best photoluminescence intensity was the sample that experienced the 

lowest total ion flux and lowest ion energy distributions (175W, 0.8sccm). The 

trend further continues to the next plasma condition (at 300W, 0.6sccm), which 
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exhibited the next highest photoluminescence intensity. Therefore, Figure 27 

demonstrates that the ion species are directly responsible for the degradation of the 

photoluminescence properties of the dilute nitride materials. Although my 

experiment only suggests that either: (a) argon ions are responsible, (b) argon and 

ion species are responsible, but not necessarily (c), only nitrogen species are 

responsible. Similar experiments conducted by others, demonstrated a similar 

behavior when pure nitrogen plasmas were used.140 I can therefore conclude that 

the actual ionic species are responsible for the degradation – both argon, nitrogen, 

and any combination thereof. The only question remaining: Is the 

photoluminescence degradation a cause of the actual electronic configuration of the 

ionic species (i.e. electronic damage due to potential electronic energy), or the 

because of the high velocity of said species (i.e. physical damage due to the high 

kinetic energy)? This question will later be answered in Chapter 6. 
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Figure 27 InGaAs structures, without the nitrogen incorporation, for the three 

different standard iso-nitrogen combinations. Samples were rotated 

at 5RPM under the identical conditions by which the dilute nitrides 

were grown. 

 

 The data shows that the effects of the ions, and the effects of the substrate 

orientation are related. Namely, species that the ions collide with and transfer their 

kinetic energy to may also pose a factor in terms of  “ion implantation.” These  
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implanting species are neutral species, fast neutral species to be specific. The only 

way to determine the effects of the fast neutrals, is to grow samples with and 

without ions, and with and without rotation. This subsection is going to focus on 

the growth with and without rotation. The samples studied with and without ions 

are discussed in the next subsection. 

 

 The photoluminescence spectra is shown below in Figure 28. Although a 

wavelength shift is observable in the figure, it is due to the small calibration drifts. 

In order to help minimize measurement-to-measurement variation, I measured the 

photoluminescence from the center of each sample.  Interestingly, the samples were 

not rotated, exhibited better photoluminescence intensities. Although further 

studies need to be done, to determine the extent of Ar impanation, this preliminary 

data certainly suggests either the implantation of ionic argon species significantly 

influences the photoluminescence intensity of the as-grown material. It is expected 

that similar growth conditions for dilute nitrides will show the sampe impact on the 

optical properties. 

 

 My experimental methodology does not take into account the individual 

effects of implantation onto the [110] direction, and other directions other than the 

[110] and [111] during the rotation of the sample. Therefore, it is important to note 

that the 5RPM rotation sample shown below in Figure 28 represents a summation 
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over all of the possible incident angles that are possible during the plasma-assisted 

molecular beam epitaxy growth of the dilute nitride materials. 
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Figure 28 Photoluminescence spectra for two samples grown with pure argon 

gas plasma operating at 300W, 0.6 sccm. One sample was rotated at 

5 revolutions per minute, while the other had the [111] direction 

pointing toward the plasma source during the growth. 
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 The most striking comparison between the rotation and non-rotation 

samples is observed with the condition by which the least amount of ions was 

subjected to the sample, but also had the highest flow rate to cause a higher 

pressure. This higher pressure does increase the probability for greater ion-neutral 

collisions. Figure 29 below shows the photoluminescence properties for the 175W-

0.8sccm condition, also with the pure argon gas. 
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Figure 29 Photoluminescence spectra for two samples grown with pure argon 

gas plasma operating at 175W, 0.8 sccm. One sample was rotated at 
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5 revolutions per minute, while the other had the [111] direction 

pointing toward the plasma source during the growth. 

 

 Note that the difference between the rotation and non-rotation sample is 

much greater with the “low” ion condition of 175W-0.8sccm. Clearly, the 

incorporation of the InGaAs is not being affected, as the emission wavelength is 

identical between the rotation and non-rotation samples. Furthermore, the growth 

temperature, and in particular, the plasma conditions, were all kept to be identical 

between the two samples. The only difference was that one as rotated, and the other 

sample was not. 

 

 The fact that the difference between the rotation sample and non-rotation 

samples differs so drastically between the 175W-0.8sccm and 300W-0.6sccm 

condition is noteworthy. There are two key variables worth mentioning: ions, and 

pressure. In terms of the ions both the rotation and non-rotation samples are 

subjected to an identical ion flux. Although a degradation between the sample(s) 

that had a greater ion flux can be expected (see Figure 29 above), clearly the 

influence of ions for each of the rotation vs. non-rotation samples in Figure 28 and 

Figure 29 above is not a factor. The second possibility is the pressure. An increased 

pressure is certainly expected with the higher flow rates, both in the chamber and in 

the plasma bulb. Although the effects of vacuum chamber pressure was discussed 
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earlier in Chapter 3, it is expected that the primary influence of the increased flow 

rate resides in the plasma dynamics that are being influenced inside of the plasma 

source. To this end, it should be noted the ion energy distribution previously 

measured certainly suggests a collisional plasma, due to the Boltzmann-like nature 

of the ion energy distribution.141 Since increased collisions are more likely due to 

the higher pressure, for the photoluminescence spectra shown in Figure 29, it is 

likely that various angles of incidence, which were not available to the system with 

the more directional, less collisional plasma (300W, 0.6sccm), may have allowed 

other channeling or implantation paths to become available for the higher flow 

condition. This thus accordingly allows a greater influence of the Ar species on 

incorporation pathways that would otherwise not be available.  

  

Summary: 

This chapter discusses the effects of ions on material growth. I first 

provided an introductory background on the impact of ionic species on the optical 

properties of dilute nitride materials. In order to study materials with and without 

ions, the ion parallel DC-biased ion deflector plates previously described in 

Chapter 2 were used. In order to elucidate any effects of ion implantation and/or 

channeling effects, I had grown some samples that were rotated, as well as some 

that were left with [111] direction facing the plasma source. And finally I compared 

and contrasted the samples grown with and without ions. There was an observed 
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improvement of the dilute nitride materials upon removal of the ions; however, 

removing the ions with the InGaAs samples did not cause an improvement. It may 

be possible that the impact of nitrogen ions may be greater than that of the argon 

species, or the argon ions were influencing the indium incorporation more than 

incorporation of the nitrogen with the dilute nitride samples. 
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Chapter 5:  Effects of Pure Argon Plasma 

  

 This chapter will discuss the effects of argon plasmas. Due to argon’s 

abundance in air at slightly under 1% (0.00934),142 Ar is readily available at a 

reasonable cost. It also has the added advantage of being experimentally easy to 

work with for a couple of other reasons. First, it is a noble gas, which makes it 

chemically inactive so that it does not react with other process gases unless the 

argon is in its excited state, of which this chapter focuses further study thereto. 

Second, plasmas based on argon are much easier to initiate (a.k.a. “strike”) and to 

subsequently sustain. Mainly for these reasons, our group first began using mixed 

gas precursors consisting of argon and nitrogen for the growth of dilute nitrides.143 

These N2/Ar mixed gas precursors also demonstrated the advantage of nitrogen 

composition tunability by varying the nitrogen in argon gas composition. It has 

been demonstrated by our group144 and others145 that the nitrogen incorporation into 

dilute nitrides is linearly dependent on the nitrogen concentration of the nitrogen in 

argon gas mix, at least for nitrogen incorporation on the order of a few atomic 

percent. 

 

 However, there are possible drawbacks associated with the use of argon-

based plasmas. There is a potential for increased activity of Ar plasmas when 

compared to pure N2 plasmas, as demonstrated by argon’s higher electron 
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temperatures.146 This can certainly translate to an increased likelihood for creating 

plasma-related degradation of the dilute nitride’s material quality. This problem is 

further exacerbated by the need to use higher operational gas flow rates since the 

nitrogen incorporation into dilute nitrides is proportional to the amount of nitrogen 

within the N2 in argon gas mix, and therefore for a given flow rate of gas, there is a 

lesser amount of nitrogen that gets incorporated using a dilute nitrogen in N2/Ar gas 

mix when compared to using a pure nitrogen plasma. Therefore, this chapter will 

help to determine the effects of argon plasmas on the material properties without 

the effects of N2 gas or nitrogen incorporation into the dilute nitride materials, thus 

allowing a better understanding from only the effects of argon alone. 

 

Section 1: Effects of Excited Argon Gas 

 This section will focus solely on the effects of excited Ar species on the 

optical properties of dilute nitrides. There are different types of excited argon 

species can be expected to result from the different iso-nitrogen plasma conditions 

– a further detailed analysis can be found in Appendix C. Although there was no 

nitrogen in the N2/Ar gas mix, the predominant gas balance is argon, therefore, I 

am making the assumption that the same iso-nitrogen combinations typically used 

for the incorporation of nitrogen can also be similar to the argon plasma conditions 

used in this chapter. 
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Growth Under Different Argon Plasma Conditions 

A study of the plasma-assisted molecular-beam epitaxy growth of dilute 

nitride materials using a pure argon plasma and comparing it to similar growths 

involving a one percent nitrogen in argon gas mix has a key intrinsic advantage: it 

does not involve nitrogen incorporation into the grown material, which can cause 

nitrogen-related degradation of the optical properties. There are two counteracting 

effects: first is the effects of ionic species from the plasma source, and the second is 

the effects of non-ionic species – the effects of nitrogen incorporation can now be 

avoided by using the ion deflector plates. Therefore, I had grown InGaAs quantum 

well samples under the identical conditions – both structurally and compositionally 

– as with the standard dilute nitride samples studied in this work. By not 

incorporating the nitrogen, I can back out the effects specific to that of the plasma. 

The figure below shows samples grown at the standard iso-nitrogen combinations, 

with and without the ions. 
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Figure 30 Photoluminescence spectra of triple InGaAs quantum wells (without 

nitrogen incorporation) grown in the presence of pure argon plasma 

at the three standard iso-nitrogen combinations typically used for the 

growth of dilute nitride materials. 

   

 Interestingly, the samples grown without the ions actually represented better 

photoluminescence properties. This is completely contrary to the standard notion of 

“ion damage” typically used in the dilute nitride literature. This has significant 
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implications, at least with regards to the dilute nitride materials grown using 

nitrogen in argon gas mixes, since the removal of the ions from the pure argon 

plasma actually causes a degradation of the material properties. Assuming that the 

plasma dynamics are comparable between a pure argon plasma and that of a one 

percent nitrogen in argon gas mix, it essentially says that application of a deflector 

plate bias to remove the ions may cause a dual effect: first, it causes the degradation 

of the optical properties by removing the argon ions; and secondly, it improves the 

material properties by removing the nitrogen ions, as will be explained in further 

detail in the next chapter. 

 

Section 2: Effects of Non-Excited Argon Gas 

This section focuses on the effects of the gas species that are not excited. 

There are essentially three components of the plasma source that I am studying in 

this work: (1) ions, (2) excited species and fast-neutrals, and (3) the effects of the 

non-excited process gas. This section focuses on the last of the three components 

that I am investigating. I will therefore open this section with some relevant work 

previously conducted by J. Reifsnider et al.147 involving a growth chamber 

pressure-dependent optical properties. The discussion of our earlier work is 

important since it had originally not included a correlation to the effects of plasma 

species, of which I am discussing in my work herein. 
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Growth Under Different Gas Flow Conditions without a Plasma 

Samples were grown under the typical iso-nitrogen conditions (i.e. 425W-

0.4sccm, 300W-0.6sccm, and 175W-0.8sccm), but without striking the plasma. 

This accordingly led to the growth of InGaAs samples under the identical structural 

and growth conditions as for the dilute nitrides, but without the plasma. Since the 

gas flow rate was the same for the different growth conditions, this therefore allows 

me to determine what the effects of the gas flow rate are on the optical properties of 

dilute nitride materials.  
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Figure 31 Photoluminescence intensities of samples grown in the presence of 

only the argon gas, without the plasma, for the three typical gas flow 

rates used. A comparison is made to the InGaAs grown without any 

gas flow. 

 

 Figure 31 above shows the photoluminescence intensities of four samples: 

one grown without any gas flow rate, and the other three grown under the standard 

iso-nitrogen combinations, but without the striking of the plasma. Note that there is 
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a pressure-dependent photoluminescence intensity. As the gas flow rate increases, 

and hence the growth chamber pressure increases, the photoluminescence peak 

intensity degrades. Although I will present some mass spectrometry data in the next 

section that suggests the cause of this pressure-dependent photoluminescence 

degradation may be due to impurities,148 the results of Figure 46 has substantial 

implications on better understanding the effects of the actual plasma species on the 

optical properties of dilute nitride materials. 

 

 It was previously shown in Chapter 4 that a greater amount of ions (which 

occur at the lowest flow rate) caused the worse photoluminescence intensities. 

However, the results in Figure 31 above show that the lowest flow rate led to the 

best material properties, when compared to the other iso-nitrogen gas flow rate 

conditions. Therefore, this demonstrates that the ions and/or fast-neutral species 

from the plasma source are directly responsible for the degradation in the optical 

properties observed with the dilute nitride materials. 

 

Section 3: Discussion of Results 

This section will involve a discussion of the results presented in the 

previous two sections. The purpose of this section is to discuss alternative reasons 

that may help explain the increased degradation of the optical properties of the 

InGaAs samples when only an argon inert gas was being flowed. There are a 



 

 133

couple of leading possibilities that may cause this. First, since molecular-beam 

epitaxy is typically done at low chamber pressures, it may be possible that the 

increased chamber pressure due to the higher gas flow rate was interfering with the 

surface mobility of the ad-atoms. This may have preventing the “traditional” step-

layer growth mechanisms of the various In, Ga, and As species into the material. 

The second possibility, and most likely candidate, is an increase in the background 

and/or source gas feed impurities. In order to help identify the effects of each of 

these potential candidates, a mass spectrometry measurement was taken of the 

growth chamber during the InGaAs growths. The results are shown below in Figure 

31. 
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Figure 32 Mass spectra of the growth chamber taken under different gas flow 

rates. Note the increasing presence of water at 18 amu for the higher 

gas flow rates. Also note that there is a linearly-dependent offset in 

the amu scale of the mass spec, as previously described in Chapter 

2. 

 

 To this end, there are two types of species commonly considered to be 

“impurities,” both are oxygen-containing species. The first is water (H2O), and the 

second is oxygen (O2). Where these species are coming from, I do not know; 

however, I do measure these species to linearly increase as the gas flow rate is 
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linearly increased from 0.4 to 0.6 to 0.8sccm. Since the photoluminescence 

degradation of the samples grown at the different gas flow rates also exhibit a flow 

rate-dependent degradation, the most likely culprit for the observed degradation 

may be impurities in the gas lines. Figure 32 is also important as it also quantifies 

the extent of impurity contamination into the growth chamber.  

 

Summary: 

This chapter focuses on the effects of argon gas species on the optical 

properties of dilute nitride materials. Since our group bases the dilute nitride 

growth on nitrogen in argon gas mixtures (with a predominant argon balance), the 

growth of InGaAs samples that are identical to the dilute nitride samples, but 

without the nitrogen incorporation, are valuable to help elucidate the effects of the 

plasma species. It was observed that InGaAs samples grown under the same 

conditions as the dilute nitrides exhibited better photoluminescence properties 

when ions were removed. This is contrary to the growth of GaInNAs samples when 

ions were removed. This suggests that removing nitrogen ions are beneficial to the 

growth of dilute nitrides, but the presence of argon ions actually help improve the 

material properties. In order to help elucidate the effects of excited argon species 

(i.e. plasma) from the non-excited species, I had also grown InGaAs samples in the 

presence of the only the argon gas. I had observed a degradation of the 

photoluminescence properties as a the gas flow rate was increased, and accordingly 
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with an increase in the impurities. However, since the trend of decreasing 

photoluminescence intensity with increasing gas flow rate is opposite of when 

growing materials in the presence of a plasma, it does not take away from the fact 

that samples grown under conditions where the lowest ions were present (at the 

highest gas flow rates used for this work), still exhibited the best 

photoluminescence properties. This still suggests that ions and/or fast neutral 

damage occurring with the lower gas flow rates into the plasma source are still a 

more greater deleterious factor than the result of any impurities in the gas line. 

 

References: 

                                                 
142 R.C. Weast (Ed.), CRC Handbook of Chemistry and Physics, 1st Student  

Edition, CRC Press, Boca Raton, FL, pp. E150-E276 (1988). 

143 D.W. Gotthold, S. Govindaraju, T. Mattord, A.L Holmes, and B.G. Streetman,  

“Growth of GaNAs by molecular beam epitaxy using a N2/Ar rf plasma,” J. 

Vac. Sci. Technol. A 18, 461 (2000). 

144 D.W. Gotthold, “Molecular Beam Epitaxy of Gallium Indium Nitride Arsenide  

for Optoelectronic Devices,” Ph.D. Dissertation (Texas, 2000). 

145 J.A. Gupta, 2005 Electronic Materials Conference; University of California  

Santa Barbara, Santa Barbara, CA (2005). 

146 Y.-K. Pu, Z.-G. Guo, A. Rehman, Z.-D. Yu, and J. Ma, “Tuning effect of inert  

gas mixing on electron energy distribution function in inductively coupled  



 

 137

                                                                                                                                        
discharges,” Plasma Phys. Control. Fusion 48, 61 (2006). 

147 J. Reifsnider, M.M. Oye, S. Govindaraju, and A.L. Holmes Jr., “Critical RF  

Damage Conditions for the Plasma-assisted Molecular Beam Epitaxy Growth of  

GaInNAs with Dilute N2/Ar Gas Mix,” J. Cryst. Growth 280, 7 (2005). 

148 S. Bank, Private Communication (2006). 



 

 138

Chapter 6:  Effects of N2/Argon Mixed Gas Plasmas 

  

 This chapter will primarily focuses on the application of dilute nitride 

materials from the “standard” growth conditions involving one percent nitrogen in 

argon gas mix. The first section will lead into this chapter with background 

reasoning for the use of the nitrogen in argon gas mix – both advantages and 

disadvantages – on optoelectronic device applications, such as for lasers and solar 

cells. The following section will then tie the first section together with the growth 

of the materials under the “standard” conditions by presenting pre-annealing 

photoluminescence properties. Most of the dilute nitride devices reported in the 

literature perform an annealing step in order to improve the device performance,149 

therefore the final section provides an annealing study of samples grown under the 

different iso-nitrogen plasma conditions. 

 

Section 1:  Background, Motivation, and Discussion on 

Advantages/Disadvantages of N2/Ar gas mixes 

There is some debate between the use of a pure nitrogen plasma, and that of 

gas sources involving mixtures of an argon/nitrogen plasma. Both have been 

successful in demonstrating high-quality devices.150,151 Although the majority of 

the dilute nitride community seems to favor the use of pure nitrogen plasmas, the 

use of an argon/nitrogen gas mixture does have inherent advantages, such as being 
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able to tune nitrogen incorporation without significantly altering the plasma 

dynamics, as well as possibly allowing for a higher “activation” efficiencies of the 

nitrogen species. On the one hand, a pure nitrogen plasma may allow lower 

chamber pressures to be achieved, which may have some impact in terms of 

material quality based on previous work by J. Reifsnider of a growth chamber 

pressure-dependant impact on the material properties of dilute nitrides.152 On the 

other hand, lower plasma pressures can certainly increase the ion generation from a 

plasma source.153 Taken in combination – in terms of ion generation – I have 

previously shown in Chapter 3 that the dominating ionic species (argon or nitrogen) 

actually depends on the operating conditions of the plasma. Therefore, the generic 

use of the statement involving the ionic species from one type of gas dominating 

over the other cannot be made. There may also be advantages of argon-based 

plasmas with regard to improving solar cell performance, which I will discuss 

further in the next chapter under the future works section. 

 

Section 2:  Growth with Nitrogen/Argon Mixed Gas Plasmas 

 The growth of dilute nitrides via nitrogen/argon gas mixes was first 

introduced by D. Gotthold.154 It has been previously demonstrated that the nitrogen 

incorporation into the dilute nitride material increases with either: (1) an increase in 

the applied RF power, or (2) an increase in the gas flow rate, or (3) an increase in 
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the concentration of the nitrogen in the nitrogen/argon source gas 

mixture.155,156,157,158  

 

PL Measurements of samples grown with different “Active” Species 

Samples were therefore grown at the three iso-nitrogen combinations. 

Photoluminescence measurements were taken of quantum well samples previously 

described in Chapter 2. The photoluminescence spectrum are shown below in 

Figure 33. 
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Figure 33 Photoluminescence measurements of the samples grown at the three 

iso-nitrogen combinations without deflector plates. 

 

I had previously shown in Chapter 3 that the ion flux and ion energy 

increases in the following order: 175W-0.8sccm 300W-0.6sccm 425W-

0.4sccm. Therefore, the notable observation is that the peak of the 

photoluminescence intensity decreases as the ion flux and ion energy increases. 

Although the growth chamber pressure increases for the higher gas flow rates, the 

trends are opposite of that which is being observed, therefore, the effect of the 
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plasma on the optical properties of the dilute nitride materials seems to be directly 

correlated to the ionic species. In the last chapter, I had studied the effects of 

samples grown with removed ions, the trend still remained even with samples that 

had ions removed. This therefore suggests that other factors – such as fast-neutral 

species – may also be playing a factor. Although the emission wavelength differs 

slightly from that of an iso-nitrogen combination, and although the 

photoluminescence intensity can be expected to decreases as the nitrogen 

incorporation increases, the differences in the nitrogen incorporation cannot be 

solely responsible for the variation in the peak photoluminescence intensities 

shown in Figure 48. This is especially true since the 425W-0.4sccm condition is 

expected to have the highest amount and energies of the ions, but also seems to be 

short on the nitrogen incorporation. Being short on nitrogen incorporation should, 

in theory, cause an increase in the photoluminescence peak intensity; but since the 

sample with less nitrogen and most ions had the worst photoluminescence 

properties, it suggests that the ions and/or fast-neutrals were in fact responsible for 

the degradation of the optical properties of the dilute nitrides. 

 

Section 3: Annealing Recovery 

Post-growth annealed samples have been previously demonstrated to 

improve the optical properties of dilute nitride materials. As such, samples in this 

work were annealed. The annealing that was performed for as part of this work 
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were not done to better understand the fundamentals relating to the annealing 

process, nor to try and use the samples to determine the various mechanisms of 

annealing (the effects of annealing on various diffusion mechanisms are discussed 

in the Future Work section in Chapter 7). But rather, the samples in this work were 

annealed to provide a connection between the various effects of plasma species on 

the optical properties of dilute nitride semiconductors for optoelectronic device 

applications. 

 

 Since the objective is investigate the effects of plasma species on the optical 

properties of dilute nitrides, a multi-dimensional matrix of time temperature 

combinations was not selected; but rather, one-dimensional matrix of involving one 

time (180 seconds) and a variation of temperature combinations were used (750, 

850, and 950oC) throughout this chapter for all of the dilute nitride samples. This 

time/temperature combination was selected based on our earlier work to optimize 

the annealing conditions for identical Ga0.8In0.2N0.01As0.99 samples.159 In our 

previous work, this time-temperature annealing condition demonstrated an optical 

gain factor of approximately 60, little to no change in the Full-Width at Half 

Maximum, and a 40 nm blue-shift, which was relatively low with respect to the 

other combinations studied in that work. 
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Background and Motivation 

 The post-growth rapid thermal annealing of plasma-assisted molecular-

beam epitaxy-grown samples has become a well-established method to help recover 

the optical response of the dilute nitrides.160,161,162,163,164 The rapid thermal 

annealing has been demonstrated to improve the optical properties of N-containing 

compounds – whether it be GaNAs165 or GaInNAs.166 The typical annealing 

temperatures are from 500 to 900oC, and annealing times any where from 10 

seconds to an hour.167,168 Both in situ annealing procedures inside of an MBE 

chamber, and ex situ annealing processing have been attempted.169 The typical 

improvements that are observed is usually an improvement in the optical intensity 

by 8 to 80-fold improvements.170,171,172 In addition to the optical intensity 

improvement, there is typically also a blue-shift that is observed with the peak 

emission wavelength.173,174 Since the as-grown InGaAs materials have typically 

much brighter photoluminescence and optical responses, it is difficult to easily state 

whether the nitrogen outdiffusion from the quantum wells, and thus forming a 

quantum well more closely resembling that of an InGaAs quantum well, is actually 

responsible for the improvement. Further analysis of the diffusion mechanisms175 

and the various study associated therewith is discussed later in this dissertation. 

However, it is generally considered that the annealing step helps to remove a non-

radiative trap or other crystal defects associated with the nitrogen 

incorporation176,177,178 There are certainly other possibilities as well, such as a 
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uniformity improvement within the QW through intra-diffusion179 redistribution of 

the atoms.180 However, there does appear to be some effect specifically involving 

the indium with regard to the blue-shift, since the a peak wavelength shift is not 

necessarily observed with the GaNAs material after annealing.181,182 The standard 

procedure to perform the in situ annealing is with an arsenic overpressure to help 

prevent As outdiffusion at the elevated temperatures. Following this paradigm, the 

standard procedure to therefore perform ex situ annealing in a rapid thermal 

annealing furnace is to therefore cap the samples with a surface-to-surface mating 

of the polished side of a GaAs substrate The anneals are usually also done in a 

nitrogen gas ambient to prevent oxidation of the GaAs capped layer. However, 

other reports have also been done with an ex situ arsenic flux using sealed ampules 

of arsenic powder,183 or with flowing arsine gas.184 

 
Post-Anneal PL Measurements 

 In order to maintain consistency, the post-anneal photoluminescence 

measurements were performed on pieces cleaved out of samples from the same 

growth run. The objective here was to minimize run-to-run variations into the 

photoluminescence measurements. The photoluminescence measurements were 

done according to the procedures previously described in Chapter 2. Both pre- and 

post-anneal photoluminescence measurements were performed on each piece to 

help further minimize variations across the surface of each sample. Pieces of 

approximately 0.5 cm x 0.5 cm square were cleaved off using a diamond scribe, 
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and placed face-to-face with brand new GaAs surface during the annealing 

procedure. 

 

Section 4: Results and Discussion 

Samples were annealed, and the peak photoluminescence intensities are 

discussed in this section. Figrue 34 below shows the results for three standard iso-

nitrogen combinations studied for this work, annealed at different temperatures for 

the same time. The same set was also grown with deflected ions using a deflection 

voltage of -800V – as previously explained, this voltage is more than sufficient to 

deflect all of the ions. Also previously discussed, the samples grown at 425W-

0.4sccm have a greater ion flux and ion energies than samples grown at 300W-

0.6sccm, than 175W-0.8sccm. 
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Figure 34 Peak photoluminescence intensities of samples rapid thermally 

annealed at different temperature-time combinations for the three 

different iso-nitrogen combinations. 

 

 Note the general involving annealing behavior. The brightest sample 

appears to either be from either the 300W-0.6sccm condition, or the 425W-

0.4sccm. Note that two iso-nitrogen combinations had a greater amount of ions 

and/or ion energies than with the 175W-0.8sccm condition. The second observation 
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is that the optimal annealing point appears to increase as the greater the sample is 

subjected to a greater amount of damage.  The effects of ions can clearly be seen. In 

all samples, the removal of the ions using the deflector plates improves the optical 

properties of the dilute nitride materials. 

 

Comparing Effects of Various “Active” Nitrogen and Argon Species 

It is important at this point to not only consider the effects of the charged 

species, but also the type of activated species. As was explained earlier, there are 

different types of activated species that are dominant under the different iso-

nitrogen combinations. The optical emission spectrum demonstrates that atomic N 

species are more active for the 425W-0.4sccm conditions (and hence, the 

metastable N2
* is least active), whereas the opposite is true with the 175W-0.8sccm 

condition. By looking at the annealing properties of Figure 34, and comparing 

samples without any ions (i.e. samples that had the ions deflected away), 

demonstrates that samples grown at 425W-0.4sccm had more “damage” than the 

the samples that were grown at the lower ion condition. In fact, the separation 

between the samples grown with and without deflector plates is the greatest for the 

425W-0.4sccm condition. Since fast-neutral damage, if present, is expected to be 

more dominant for higher gas flow rates (i.e. for the 175W-0.8sccm condition). 

Therefore, the results of Figure 34 suggest that the atomic N species, although more 
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efficient in nitrogen incorporation, may be more damaging than the incorporation 

of the metastable species. 

 

Summary: 

This chapter summarizes the applications of the dilute nitride materials 

toward device applications. As part of this application, the rapid thermal annealing 

is a crucial step. In recent work, Bank et al.185 had presented the effects of optimal 

annealing conditions and their importance to laser applications. I therefore began 

the section with a background of nitrogen in argon mixed gas plasmas and the 

effects of annealing. I then discuss the active nitrogen species that may be a factor 

on the optical properties of dilute nitrides. This was done by presenting rapid 

thermal annealing data of samples grown under different ion and plasma 

conditions. There is clearly a factor of ions, as all samples that were grown with 

lower amount of ions exhibited a greater photoluminescence intensity. However, 

even samples that had ions removed demonstrated a dependence on which iso-

nitrogen plasma condition was used. Since each of the different iso-nitrogen plasma 

conditions generate a different proportion of activated species, my work herein 

therefore suggests that the incorporation of nitrogen via various activated species 

may also influence the optical properties of the dilute nitride materials. 
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Chapter 7:  Conclusions and Future Work 

 

This chapter will wrap up, summarize, and expand up the work presented in 

Chapters 1 through 6. I will first present in Section 1 a summary and concluding 

statements for this work. Since I had also performed related work, which can be 

directly applied to the effects of plasma species, I will present in Sections 2 and 3 

the potential extenstion of some earlier work. The results of my previous work 

involving diffusion mechanism that I had recently published186 is presented in 

Section 2. I will also discuss some ideas in Section 2 for work that may be directly 

correlated to diffusion mechanisms (i.e. the effects of plasma species on atomic 

diffusion mechanisms). In Section 3, I present some recent work I had done in 

collaboration with A. Ptak et al. involving Ca incorporation into dilute nitride 

materials, and I believe that there is an effect of plasma species on this Ca 

incorporation. Therefore, I will first present some background information on this 

Ca incorporation in this section, and then how I believe my work herein involving a 

study of the plasma species can help further investigate it. And finally in Section 4, 

I will briefly discuss other future characterization that may be relevant to better 

understanding the effects of plasma species on the optical properties of dilute 

nitride materials for optoelectronic device applications. 
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Section 1:  Summary and Concluding Statements 

This work investigated various plasma species emanating from the plasma 

source during the molecular-beam epitaxy growth of dilute nitrides. The 

contribution of my work to the dilute nitride community is the correlation of 

measurable plasma species (ions in particular) to the optical properties of dilute 

nitride materials. The ions were measured in a separate vacuum chamber under 

identical conditions, with respect to the ionic species, as it would be in the growth 

chamber under actual growth conditions. From these ion measurements, I was able 

to determine the ion energy distribution for different iso-nitrogen plasma operating 

conditions that we typically use in our laboratory. I observed that for greater 

amount of ions and greater ion energies, the optical properties of the dilute nitride 

materials degraded. Furthermore, it is possible to remove these ions using parallel 

DC-biased ion deflector plates, although it is important to consider both the voltage 

and polarity of the applied bias. I have observed that negative biases can actually 

increase the ion flux and ion energies from the plasma source, and that if a 

sufficient bias is not applied, these increased ion fluxes and ion energies can cause 

increased damage to the optical properties. To help elucidate the effects of plasma 

species, in particular the nitrogen, I had also grown some InGaAs samples that 

were of identical growth and structural compositions as the dilute nitride samples, 

with the exception of the nitrogen incorporation. The objective of this was to 

determine what the effects of the plasma species were, in particular the argon. This 
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is made possible with the assumption that a pure argon plasma behaves measurably 

similarly to that of a one percent nitrogen in argon gas mix. Interestingly, InGaAs 

samples that were grown at the three standard iso-nitrogen combinations, but 

without the ions exhibited photoluminescence properties that were worse than 

when the samples were subjected to ionic species. The opposite trend was true with 

the dilute nitride samples. This suggests that it may be possible that there is a 

competing effect between beneficial argon ions, with that of deleterious argon 

and/or nitrogen ions for the dilute nitride growth. I also investigated the effects of 

ion and/or fast-neutral implantation by growing samples that were either rotated, or 

not rotated (with the [111] direction facing the plasma source). As expected, the 

samples without the rotation (i.e. [111] facing the plasma source) did exhibit 

improved photoluminescence properties, thus suggesting that implantation of the 

plasma species may also be playing a factor, although SIMS would be necessary to 

provide a definitive conclusion. And finally, the in situ use of optical emission 

spectrometry allows me to determine relative concentrations of atomic N and 

metastable N2
* species. Both species are expected to be the “active” nitrogen 

species that lead to the nitrogen incorporation into the dilute nitrides. It appears that 

for the different iso-nitrogen combinations, as determined by looking at the peak 

photoluminescence emission wavelength, that the nitrogen incorporation is a 

summation of the two types of active nitrogen species. However, it does appear that 
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the presence of atomic N species incorporating more efficiently than the metastable 

N2
*. 

 

Section 2:  Atomic Diffusion Mechanisms 

This section discusses various atomic diffusion mechanisms. The initial 

work that was conducted did not take into consideration any effects of the plasma 

species; but rather, the effects of diffent annealing conditions and the various 

atomic diffusion mechanisms that occur during the annealing. All of the samples 

previously investigated were done under the identical plasma operating conditions, 

which means that they all experienced essentially identical plasma species during 

the growth. Since there is direct correlation to the ion-related damage causing a 

degradation to the photoluminescence properties, it can be expected that the 

material is being damaged. If this is so, it can therefore be expected that the 

samples grown under more damaging condtion should lead a lower activation 

energy barrier for diffusion. It would be nice to investigate this. Therefore, I first 

present some background in this section about the various atomic diffusion 

mechanisms that I identified, and then I will discus some ideas that might be worth 

trying to better understand the effects of the plasma species on the atomic diffusion 

mechanisms of indium and nitrogen upon rapid thermal annealing. 
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Background from M.M. Oye et al., Appl. Phys. Lett. 86, 221902 (2005) 

A post-growth anneal of plasma-assisted molecular-beam epitaxy grown 

materials is often necessary, but results in an undesirable blue-shift of the peak 

emission wavelength. Therefore, much work has been done to elucidate the 

mechanisms responsible for this blue-shift, and the literature has thus become filled 

with conflicting explanations. Some reports suggest that neither indium nor 

nitrogen diffuse out of the QW, 187,188,189 while others propose that both atoms 

do.190,191,192 There are also studies that show only the In diffuses out of the 

QW,193,194,195 while other observations support only N.196 To further complicate the 

issue, there is also an uncertainty as to whether diffusion occurs entirely within the 

QW on the order of a few atomic lengths,197 or through a nearest-neighbor 

relaxation involving interstitial–substitutional positions.198,199 The majority of In 

and N diffusion studies have involved GaInNAs QWs with barriers consisting of 

either GaAs or GaNAs. Relatively less work has been done for InGaAs QWs with 

GaNAs barriers,200 and strained diffusion-suppressing layers (DSL)201 or “spacer 

layers” in between GaInNAs QWs and barriers. Diffusion studies involving GaAs 

spacer layers between InGaAs QWs and GaNAs barriers202  have yet to be 

conducted. 

 

This section further describes the results and conclusions of work I had 

published in Applied Physics Letters, Volume 86, page 221902 (2005). We attempt 
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to shine some light on the conflicting reports in the literature regarding blue-shifts 

due to In and N diffusion. I and my coauthors showed the effects of diffusion on 

the photoluminescence (PL) peak emission wavelength for three growth structures 

rapid thermally annealed (RTA) in a matrix of time-temperature combinations of 

20, 60, and 100 seconds at 750, 850, and 950oC. The active region in all samples 

comprised two 4 nm-thick InGaAs QWs with 5 nm-thick GaNAs barriers. The 

QWs and barriers were grown at 480oC, while the remainder of the structure was 

grown at 580oC. Each structure comprised different In compositions of InGaAs 

QWs, which varied from: (1) Structure A with ~22% In, (2) Structure B with ~26% 

In, and (3) Structure C with ~18% In. The structures were grown in a Varian Gen-II 

MBE chamber equipped with an EPI UniBulb™ RF plasma source. The source was 

operated at 300 W with a 1% N2 in Ar source gas mix. A flow rate of 0.6 sccm was 

used for Structures A and B with ~0.6% N in the GaNAs barrier, while 1.2 sccm 

was used for Structure C with ~1.2% N. Each structure was diced into multiple 

smaller pieces prior to annealing and placed face down on an unused GaAs 

substrate during annealing in a N2 ambient. Pre- and post-anneal PL measurements 

were done on each of the pieces with a 488 nm Ar+ laser line, a one-meter SPEX 

1704 spectrometer, and a LN-cooled Ge detector. High-resolution x-ray diffraction 

(HRXRD) was used to substantiate pre- and post-anneal compositions, with 

simulations performed by Bede RADS Mercury.™ 
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Upon RTA, our HRXRD shows that most (>90%) of the N atoms from the 

GaNAs barriers diffuse into the InGaAs QWs. This is in accordance with recent 

work by Bian et al.203  A few time-temperature combinations that represent the 

general annealing behavior of all samples is shown in Figure 35.  
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Figure 35 High-resolution x-ray diffraction (HRXRD) scans showing the 

annealing progression for Structure B with ~26% In. The other 

samples studied in this work could not be shown due to space 

limitations; however, each exhibited a similar annealing behavior. 
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Upon anneal, all samples exhibited a slight shift in the Pendellosung fringes 

(~200–300 arcsecond) toward that of a higher compressive strain. The HRXRD 

simulations (not shown) from Bede RADS Mercury™ indicates this shift is due to 

N diffusion from the GaNAs barriers to the InGaAs QWs. Future work with lower 

annealing temperatures will be necessary to better understand these N diffusion 

mechanisms. It is however referenced in the literature that minimal N diffusion 

should occur out of the GaInNAs QWs due to the relatively strong N–As 

bond;204,205 but the extensive N diffusion that we observe from the GaNAs barriers 

to the InGaAs QWs suggests an alternative explanation: A strain relaxation 

mechanism, involving an In–N bonding configuration,206,207,208 which may instead 

be responsible for the limited N diffusion frequently observed with GaInNAs 

QWs.209,210,211,212,213,214,215,216  The lowering of the misfit strain energy 

accompanying the In–N configuration may be the “driving force” for the N 

diffusion and subsequent binding to InGaAs.217 

 

With regard to In diffusion, the HRXRD and PL analysis reveals two 

diffusion mechanisms. The dominating mechanism depends on the amount of 

applied thermal energy. In–Ga intra-diffusion (i.e. diffusion of indium only within 

the QW) was dominant at our lower thermal energies (annealing times and 

temperatures of approximately 20 s at 750oC), while In–Ga inter-diffusion (i.e. 

diffusion between the QW and barriers) was dominant at the higher energies 
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(annealing times and temperatures of approximately 100 s at 950oC). The Bede 

RADS Mercury™ simulations of the HRXRD data confirm these two diffusion 

mechanisms. At lower thermal energies, less than 5% of the indium in the QW’s 

diffused into the barriers; whereas ~40–50% of the In diffused at the higher thermal 

energies. 

 



 

 166

(a)

(b)

(c)

Ti
m

e 
[s

ec
]

20

60

100

14001200
1000

1000
800

800
600

600
400

400
200

200

Temperature [oC]
750 850 950

Ti
m

e 
[s

ec
]

20

60

100

1400
1200

1200
1000

1000
800

800
600

600

40
0

Ti
m

e 
[s

ec
]

20

60

100

1000
1000

800

800
600

600
400

400
200

200

 

Figure 36 Peak emission wavelength blue-shifts in the PL, given in angstroms, 

for various annealing time-temperature combinations. The plots 

correspond to: (a) Structure A, (b) Structure B, and (c) Structure C. 
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The blue-shifts in the PL peak emission wavelength for all annealed 

samples are shown in Figure 36. Although N diffusion indisputably influences the 

peak wavelength, our HRXRD simulations show that all time-temperature 

combinations studied in this work resulted in a nearly complete diffusion of N out 

of the GaNAs barrier, and into the InGaAs QW. Therefore, any nitrogen-related 

wavelength shifts are considered to affect each of the time-temperature 

combinations, for a particular structure, in a consistent fashion. The PL analysis 

herein accordingly assumes that the blue-shifts are a sole result of In atom 

diffusion, unless otherwise specified. 

 

Structure A (~22% In) in Figure 36(a) has a 1 nm-thick GaAs spacer layer 

between the QW and barrier. It also has a lower as-grown In composition in the 

QW than Structure B (~26% In). Note that the blue-shifts at our lower thermal 

energy anneals are essentially identical in Figures 36(a) and 36(b). This suggests 

that In–Ga intra-diffusion (i.e. diffusion entirely within the QW) is dominant in 

both samples for our lower thermal energy anneals. This In–Ga intra-diffusion 

mechanism would be similar to what Chauveau et al. recently reported.218 Since 

Structures A and B had different as-grown In compositions, the similarity in the 

blue-shifts at these lower thermal energies appear to contradict the common notion 

of an In-content dependent activation energy barrier for diffusion;219,220 but most of 

these reports relate to as-grown GaInNAs QWs. The as-grown InGaAs appears to 
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exhibit a lower dependency on the In-content than GaInNAs. Although additional 

work is needed to better understand this dependency, one of the possible 

explanations may be related to ion damage associated with the growth of the 

GaInNAs QWs, where ion damage has been reported to cause an increase in the 

defect-enhanced diffusion of In atoms during annealing.221,222,223,224 

 

In–Ga inter-diffusion between the QW and barrier is more dominant in 

Structure B (~26% In) for our higher thermal energy anneals. Structure B does not 

have spacer layers in between the QW and barrier, which indicates that the GaAs 

spacer layers in Structure A is preventing the inter-diffusion of In out of the QW at 

the higher annealing times and temperatures. The HRXRD data shows that 

approximately 40% of the In diffused out of the QW in Structure A, when 

compared to ~50% for Structure B. Therefore, In–Ga inter-diffusion out of the QW 

appears to be dominant at our higher thermal energy anneals. Since Structure B 

(x=0.26) has a higher In composition than Structure A (x=0.22), one may argue that 

an In-content dependent lowering of the activation energy barrier for diffusion may 

be playing a role. However, the suppression of In diffusion out of the QW with our 

GaAs spacer layers is in agreement with analogous work done by Peng et al.225 

involving their diffusion-suppressing layers (DSLs). In addition, the 

aforementioned blue-shifts that were comparable at our lower time-temperature 
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combinations also indicate a minimal dependency on the indium content. This In-

content dependency will become more evident as we next discuss Structure C. 

 

Structure C (x=0.18) shown in Figure 36(c) is equivalent to Structure B 

(x=0.26), except for a lower In composition in the QW and an increased N 

composition in the barriers. Structure C has a GaNAs barrier composition of ~1.2% 

N, compared to Structures A and B with ~0.6% N. The first notable feature in 

Figure 36(c) is a similar wavelength blue-shift as Figure 36(b) at the higher 

annealing times and temperatures, thus suggesting that the extent of In–Ga inter-

diffusion between the QW and barrier is comparable. The HRXRD reveals ~50% 

of the indium in the QW’s diffused into the barriers for Structures B and C, while 

~40% diffused in Structure A with the spacer layers. Upon annealing, all of the 

GaNAs barriers in each of our samples became N-deficient, thus making the 

indium in the QW inter-diffuse into a GaAs-like barrier. Structures B (x=0.26) and 

C (x=0.18) have disparate as-grown QW indium compositions, but shows a 

comparable blue-shift at our higher annealing times and temperatures. This further 

implies that the In-content dependent diffusion, commonly cited with the 

quaternary GaInNAs QWs, may not be as strongly dependent on In, but rather on 

the presence of N atoms, which will be discussed next. 
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The second notable feature in Figure 36(c) is an approximate two-fold 

increase in the blue-shift at our lower time-temperature combinations, when 

compared to Structures A and B. This larger blue-shift in Structure C is a result of 

the increased In–Ga intra-diffusion within the QW. The HRXRD simulations show 

that N readily diffused into the QW upon annealing in all of our samples. Structure 

C will therefore have a higher N concentration in the QW than Structures A or B, 

since Structure C had a higher as-grown N composition in the barrier. The defect-

enhanced atomic diffusion that is associated with the sheer presence of N 

atoms226may be responsible for the increased In–Ga intra-diffusion in Structure C. 

 

In conclusion, we have observed that nitrogen readily diffuses from the 

GaNAs barriers to the InGaAs quantum wells. This is most likely attributed to the 

strain relaxation involving the In–N bonding configuration. The indium atoms 

diffuse via two mechanisms, which depend on the amount of thermal energy 

applied during the annealing process. In–Ga intra-diffusion entirely within the QW 

is dominant at our lower annealing times and temperatures, while In–Ga inter-

diffusion between the QW and barrier is dominant at the higher thermal energy 

anneals. Our results also suggest that an indium-content dependent diffusion is not 

significant for our InGaAs/GaNAs structures, although we did observe a 

dependency on the nitrogen content.  
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Applications to Future Work involving the Effects of Plasma Species on Atomic 

Diffusion Mechanisms 

Since “plasma damage” is considered to cause deleterious crystal defects, I 

would therefore expect the a greater degree of damage from the plasma operating 

conditions that led to the most number of ions, as well as the most energetic ions. 

Therefore, future work will involve growing samples under different iso-nitrogen 

combinations, and seeing what effect these different iso-nitrogen combinations 

have on the various atomic diffusion mechanisms. 

 

Section 3: Potential Impact of Plasma Species on Ca incorporation 

 The following work some recent work I had done on Ca incorporation with 

Aaron Ptak and Bob Reedy with the National Renewable Energy Laboratory in 

Golden, CO, as well as Jeff Hurst and Shannon Lewis here at The University of 

Texas at Austin. The conference paper that was submitted with this work was to the 

North American Conference on Molecular Beam Epitaxy, for publication in the 

May/June 2007 issue of the Journal of Vacuum Science and technology B. This 

work demonstrates the Ca on the surface of as-purchase substrates poses a problem 

for dilute nitride materials involving solar cell applications. The background work 

presented herein demonstrates the significance of this problem. 
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Background from Hurst et al.,Submission to J. Vac. Sci. Technol. B (2007) 

 The motivating work for is that the conversion efficiency of commercially-

available 3-junction GaInP/(In)GaAs/Ge solar cells can be increased through the 

insertion of a suitable 1eV material below the GaAs sub cell. Ga0.9In0.1N0.03As0.97, 

which is lattice matched to GaAs, is the leading candidate material for this 

application.227,228 Since thick stacks of material is needed for adequate collection of 

the solar radiation, it is necessary to lattice-match to mature technology, such as the 

GaAs. However, GaInNAs suffers from low minority-carrier diffusion lengths 

compared to GaAs. Therefore, although the electron-hole pairs may be generated, 

the diffusion lengths are not long enough such that they actually get out of the 

dilute nitride sub-cell region.229 This necessitates that unintentionally-doped 

GaInNAs must have a net background carrier concentration of less than 

approximately 2x1014 cm-3, which enables depletion widths to be in excess of 2 μm 

for the generation of sufficient photocurrent. Solid-source molecular-beam epitaxy 

(MBE) was previously demonstrated to be capable of such wide depletion widths 

since metalorganic and hydride precursors that are used in metalorganic chemical 

vapor deposition (MOCVD).230,231  This is because carbon acts as an acceptor and 

hydrogen stabilizes the formation of gallium vacancies, which also act as 

acceptors.232 Because of these impurities, it is difficult to realize depletion widths 

greater than 0.5 μm in MOCVD-grown GaInNAs.233,234,235,236   However, even 

when GaInNAs is grown in the absence of carbon and hydrogen by solid-source 
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MBE, a background p-type impurity has still been observed to be present and 

preferentially incorporating into the GaInNAs layers.  It was previously shown that 

Ca impurities from the as-purchased GaAs substrates – acquired from multiple 

commercial vendors – are responsible for this additional background acceptor 

concentration.237  Based on discussions with the wafer manufacturers, the Ca 

impurities are suspected to be a result of the wafer polishing process. This resultant 

unintentional Ca incorporation into GaInNAs was also observed in samples grown 

in multiple laboratories and by different growth techniques (i.e. MOCVD and 

MBE). Here, we focus on the incorporation of Ca into materials other than 

GaInNAs to help elucidate the causes and conditions by which Ca is incorporated 

into these materials. We find that Ca is incorporated in low-temperature (LT)-

grown GaAs, which is particularly important as a comparison study since GaInNAs 

typically requires low growth temperatures. Also discussed herein are our attempts 

to either trap or remove this Ca using Al(Ga)As/GaAs heterostructures and surface 

pre-treatment cleaning procedures, each of which led to defective material. We do 

not observe Ca incorporation in high-quality GaAs, but incorporation appears to 

“turn-on” in the presence of either nitrogen or crystal defects. This suggests that the 

Ca is riding on the growth surface until a material or growth conditions that 

supports Ca incorporation is grown. To date, no work has been done to better 

understand the growth conditions and/or mechanisms through which Ca prefers to 

incorporate into GaInNAs or other defected materials. Since plasma-assisted MBE 
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has been considered to possibly lead to an increase the observed defects, then one 

of the future projects can involve studying the effects of plasma species (Ar or N-

based species) on the extent of subsequent Ca incorporation.  

 

We essentially grew two different structures to help elucidate the effects of 

defects and possibly plasma damage. Additional details can be found in the 

submitted paper to J. Vac. Sci. Technol. B by (J.B. Hurst, S.D. Lewis, M.M. Oye, 

A.L. Holmes, A.J. Ptak, and R.C. Reedy.) But briefly, all growths comprised of a 

high-quality 250nm GaAs buffer layer grown at 580oC under growth conditions 

typical for GaAs. For Samples A-C, this layer was followed by a “test” region in 

which we studied the conditions for Ca incorporation due to various materials 

and/or temperatures. All samples were terminated with a high-quality 250nm-thick 

GaAs cap layer grown at 580oC. The “test” layers for the UT-grown structures are 

shown in Figure 37.  
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Figure 37 Schematic illustrating the different test structures in this work. This 

figure was also submitted for publication in J. Vac. Sci. Technol. B 

(2007) NAMBE Conference Proceedings. 

 

 

 

Sample “Test” layer Growth Temperature 
[°C] 

A LT GaAs ~400 
B GaAs 580 
C AlGaAs 580 
D 5x AlGaAs/GaAs 620 
E 5x AlAs/GaAs 620 

 

Table 4 Table illustrating the various samples studied in this work. This 

table was also submitted for publication in J. Vac. Sci. Technol. B 

(2007) NAMBE Conference Proceedings. 

p-type GaAs substrate 

250nm GaAs 

50nm GaAs 

50nm Al(Ga)As 

250nm GaAs 

500nm LT GaAs 

250nm GaAs 

5x

p-type GaAs substrate 

250nm GaAs

250nm GaAs

“test” layer 

(a) (b) 



 

 176

The "test" region in Sample A was a 500nm-thick LT-GaAs grown at ~400 

°C. This temperature was chosen as the LT-GaAs for this work because ~400oC is 

on the lower end of the growth temperature range that is typically reported in the 

literature for growth of GaInNAs.238,239,240 The “test” region for Sample B was 

500nm of GaAs grown under typical conditions for GaAs growth at 580oC. A 5 

minute pause was used before and after this test layer in Sample B to simulate the 

temperature ramp necessary for LT GaAs growth in sample A and in other samples 

that also required a temperature ramp (for example, such as when growing MBE 

GaInNAs).  The Sample C "test" layer consisted of 500nm Al0.3Ga0.7As. Figure 37b 

shows the growth structure of samples D & E, which contain 5x {50nm 

Al(Ga)As/50nm GaAs} superlattice (SL) structures followed by 500nm LT GaAs. 

The purpose of this 500nm LT GaAs layer is for comparing the Ca incorporation to 

Samples A-C, which do not have this Al(Ga)As/GaAs SL structure.  

 

To determine the extent of Ca incorporation, secondary ion mass 

spectrometry (SIMS) was used to measure Ca concentrations. Additional details 

relating to the experimental measurements will be found elsewhere.241 The SIMS 

measurements were used to investigate the roles of the epitaxial growth conditions 

and different materials in the incorporation of Ca. By observing where in the growth 

structure Ca incorporates, we can help identify possible mechanisms for the 

incorporation of Ca, such as crystal defects, nitrogen incorporation, or both. This is 
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an important precursor to help understanding the conditions in which plasma species 

may play a role in this Ca incorporation. 
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Figure 38 SIMS depth profiling for Samples A. The figure shows the basic 

trends of Ca incorporation involving a spike at the 

epilayer/substrate interface (right) and the Ca incorporation at the 

growth of the low temperature GaAs. Sample B showed no Ca 

incorporation in the “test” region. This figure was adapted from 

the submitted publication in J. Vac. Sci. Technol. B (2007) 

NAMBE Conference Proceedings. (SIMS courtesy of R.C. Reedy, 

NREL) 
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The figure above shows the Ca that always incorporates at the 

epilayer/substrate interface, but also whether or not any Ca was being incorporated in 

the “test” regions. Note that in Sample A, there was incorporation for the low 

temperature GaAs growth (which is probably full of defects), whereas the high 

temperature region (Sample B) is not. The reason for the low temperature study in 

Sample A was to compare with GaInNAs, which isusually grown at ~400oC, 

although much higher growth temperatures are possible.242,243,244 The lack of Ca 

incorporation in high-quality GaAs and the subsequent incorporation of Ca into LT-

GaAs is consistent with the work of Ptak et al.,245 but this is the first evidence of Ca 

incorporation in a material other than GaInNAs. Additional detals relating to the 

growth of Al(Ga)As/GaAs, since they should be full of defects,246,247 can be found 

elsewhere.248  

 

Applications to Future Work involving the Effects of Plasma Species on Ca 

Incorporation 

The removal of the using an ex situ plasma procedure was also tried. The 

sample was pretreated with an NH4OH etch to remove any oxides, and an O2 to 

form (and hopefully) bury the oxide. Furthermore, the oxides of the Ca (i.e. CaO or 

Ca2O3) are considered to possess relatively low vapor pressures, which means they 

would be difficult to remove since even high temperatures would cause them 

“stick” the substrate. Therefore, since plasmas offer the advantage of a high 
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temperature chemistry at low temperatures, the possibility of using a plasma 

provides two benefits. The first is that energies necessary for the Ca species to 

depart from the surface may be sufficient to overcome the necessary activation 

energy barrier, and secondly, the oxygen plasma – in combination with the NH4OH 

etch – may help to bury the Ca inside of an oxide that can be readily etched away. 

However, one of the things that we took away from this is that we saw more Ca 

incorporation at the substrate/epilayer interface, and none in the ‘test” region 

previously mentioned. All of the oxide was removed, as determined by in situ 

RHEED measurements. This suggests that a “damaged” surface, either by plasma 

damage249,250 or wet etching, or both trapped the Ca. The additional Ca trapped at 

the substrate/epilayer interface can be seen in Figure 38. Certainly, the effects of 

the plasma damage itself needs to be further studied. 
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Figure 39 SIMS depth profiling showing the Ca incorporation at the 

substrate/epilayer interface, but no Ca incorporation elsewhere. 

(SIMS courtesy of R.C. Reedy, NREL) 

 

The work that we submitted to J. Vac. Sci. Technol B by J.B. Hurst, S.D. 

Lewis, M.M. Oye, A.J. Ptak, and R.C. Reedy demonstrated the first evidence of Ca 

incorporation in non-nitrogen-containing material, which shows that defects 

generated by low-temperature growth, mismatched interfaces, and the incorporation 

of nitrogen in GaAs are likely to cause the Ca incorporation. We found that the likely 
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causes of Ca incorporation into GaInNAs are a Ca-N affinity, defects generated by 

low temperature growth, defects generated by the N incorporation into GaAs, or 

some combination thereof, which suggests that further study involving growths with 

pure Ar, with and without deflector plates, may help elucide the individual effects of 

Ca incorporation due to N species, plasma ions, and damage due to fast neutral 

species. 

 

Section 4: Outline for Additional Work 

This section briefly outlines some additional work that could be done, in 

particular with regards to a variation in the composition of the nitrogen in argon gas 

mix. Assuming that the plasma dynamics are similar for small changes in the 

nitrogen in argon gas mix (<10%)251, the same plasma conditions should exist for 

different nitrogen incorporation into the material. Therefore, this should help back 

out the effects of the plasma species from that of the nitrogen incorporation in the 

material. 

 

3% N2/Ar Gas Mixture 

The samples with the higher gas flow rates, and hence higher nitrogen 

incorporation had the PL spectra that was observed within the plasma emission 

from the laser. Although subsequent scans and measurements were done through 

the use of a laser line filter specifically aimed at both: (1) removing emission from 
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any wavelengths greater than 1 micron, and (2) the use of a second laser line filter 

to let only a small band of wavelengths pass between 510 and 520nm, there was 

still a broad emission from the samples at higher wavelengths on the order of 1200 

to 1300nm. Since the emission wavelength of a three percent nitrogen in argon gas 

mix would be expected to lead to a photoluminescence emission within this range 

of the emission, the low photoluminescence efficiency was therefore not observable 

in the pre-annealed scans. 

 

Summary: 

 This chapter summarizes, concludes, and presents some related work that 

was previously done, which could be investigated in the future in order further 

elucidate the effects of plasma species on the material properties. In particular, the 

effects on diffusion mechanisms and calcium incorporation would be interesting. 

Since ions are expected to cause more damage the as-grown material, the atomic 

diffusion mechanisms would be expected to be alterered; furthermore, we have 

found that crystalline defects are related to the incorporation of calcium impurities 

from the substrate, which is known to degrade the material properties of dilute 

nitrides. Therefore, it would be interesting to see what effects plasmas have on the 

optical properties. 
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Appendix A:  Estimated Plasma Source Pressure 

There are several things to consider when doing these pressure estimate 

calculations. The first is that even an atomically-smooth surface still has an atomic 

roughness.252,253,254,255,256,257 This means that there is a certain fraction of 

backscattering that may be possible from the surface of the walls,258 which will 

affect the transmission probability for molecular gas flow through any tube.259 A 

good discussion that involves methods to estimate the pressure can be found in a 

book by J.F. O’Hanlon.260 Estimations methods are compiled from the 

literature261,262 to determine a best guess estimate. However, it should be noted that 

these calculations still assume that the scattering surface is not macroscopically 

rough.263 For example, take the extreme case of an atom traveling through a tube 

with walls that have rough surfaces: 

 

 

Figure 40 Schematic illustration of an atom being backscattered through one of 

the milled holes on the outlet of the plasma source. 
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There is a certain probability of the atom being backscattered due to the 

surface roughness, which will accordingly increase the backside pressure. 

However, it is almost impossible to determine the extent of this backscattering for 

equipment,264 therefore, the following calculations primarily based on Molnar265 

and O’Hanlon266 will unfortunately be an overestimate of the actual pressure. 

 

Derivation of Estimated Pressure 

First, the thermal velocity of the atom needs to be calculated, which is given 

by: 

Equation 3 21 mv =kT
2

 

where m is the mass of the atom. Since our operating gas is at least 97% Ar, I will 

assume that m=40amu. v is the velocity of the atom, k is Boltzmann’s constant, and 

T is the temperature. Since the non-excited species in a plasma have temperatures 

gas temperature,267 we’ll assume 300K for simplicity. Therefore, the mass and 

temperature are given by: 

Equation 4 
26

23

40 1 6.64 10
6.022 10 1000

g mol kg x kgm
mol x atoms g atom

−

= • • =  

Equation 5 23 21(300 ) 1.3806 10 300 4.14 10JKT K x K x J
K

− −= • =  

This gives the argon velocity to be: 
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Equation 6 
21

26

2 2 4.14 10 353
6.64 10

KT x J mv sm x kg

−

−

•= = =  

The conductance of an orifice can be described as: 

Equation 7 v
4

c A= •  

where A is the area of the orifice opening in which the gas flows through. Our 

holes are 0.2mm in diameter, and accordingly, A is given by:268 

 

Equation 8 4 2 8 2(1 10 ) 3.14 10A x m x mπ− −= =  

 

Plugging in for the conductance, we get: 

 

Equation 9 
38 2 6

353
3.14 10 2.77 10 0.00277

4

m
s m Lc x m x s s

− −= • = ⇒  

 

For short tubes, the transmission probability needs to be taken into account, 

which considers surface scattering from atomically-smooth walls. Note that even 

though a wall can be atomically-smooth, a certain amount of backscattering can 

occur because the variation in the roughness of the wall is on the order of the 

atomic diameter of the inbound gas atom. Transmission probabilities are tabulated 
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in O’Hanlon. Assuming that the thickness of the plasma bulb is ~1 mm, this means 

that the length of the orifice is also ~1mm. Therefore, the length/diameter ratio is 5, 

and the transmission probability is 0.19. The conductance of a short tube that 

considers the transmission probability is given by: 

 

Equation 10 
4
vc aA= •  

Equation 11 
38 2 7 4

353
0.19 3.14 10 5.26 10 5.26 10

4

m
s m Lc x m x xs s

− − −= • • = ⇒  

 

The series conductance takes into account the conductance due to the orifice and 

the conductance due to the short tube. This series conductance is given by: 

 

Equation 12 1 1 1

Total Tube OrrificeC C C
= +  

 
Plugging in the conductance of the short tube and the conductance of the orifice 

calculated above: 

 

Equation 13 
4

1 1 1
5.26 10 0.00277Total

L LC x s s
−

= +  
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Equation 14 44.42 10Total
LC x s

−=  

 

This is the total conductance of each hole. To estimate what the flow rate is 

through each hole, the total flow rate is divided by the number of holes, which are 

253. I will assume the highest possible flow rate that I will use, which is 0.8 sccm. 

Therefore, the flow through each hole is:  

 

Equation 15 0.8 0.00316
253
sccm sccm

hole=  

The pressure is related to the gas flow rate by: 

 

Equation 16 2 1( )Q C P P= −  

 

where Q is the flow rate, C is the conductance. The P2 and P1 represent the pressure 

inside of the plasma source and in the growth chamber. Since the growth chamber 

is operating at ~1x10-5Torr, and well into the molecular flow regime, P1 is 

essentially negligible because there should not be any equilibrium pressure effects 

coming from the growth chamber pressure. Therefore, following the example by 

Molnar et al.269 
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Equation 17 2 1( ) FlowrateP P P
C

− = Δ =  

There are three ways in which we can estimate the plasma pressure. The first are 

underestimates by assuming that the only contribution to the conduction comes 

from either the orifice or the short tube, but not both. In this case, the calculations 

are as follows, first for just the orifice: 

 

Equation 18 

3

3

1min 760
0.00316 60sec 1min

10000.00277
1

Torratom cm
atmP L cm

s L

⎛ ⎞ ⎛ ⎞−
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠Δ = • •
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 

Equation 19 0.0145 15Torr mTorr= ⇒  

 

and for the short tube: 

Equation 20 

3

3
4

1min 760
0.00316 60sec 1min

10005.26 10
1

Torratom cm
atmP L cmx

s L
−

⎛ ⎞ ⎛ ⎞−
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠Δ = • •
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 

Equation 21 0.076 76Torr mTorr= ⇒  
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But using the value for the series conductance, which takes into account both the 

orifice and short tube, I can make an approximate upper estimate as: 

 

Equation 22 

3

3
4

1min 760
0.00316 60sec 1min

10004.42 10
1

Torratom cm
atmP L cmx

s L
−

⎛ ⎞ ⎛ ⎞−
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠Δ = • •
⎛ ⎞
⎜ ⎟
⎝ ⎠

 

 

Equation 23 0.091 91Torr mTorr= ⇒  

 

This of course assumes that the macroscopic surface roughness effects are not an 

issue. If they are, then the actual pressure at 0.8 sccm gas flow will be slightly 

higher. However, it should be safe to assume that an upper estimate for the 

operating pressure inside of our plasma source is ~100mTorr. 

 

Knowing the approximate plasma pressure, it will also be helpful to have an 

estimate of the mean free path is inside of the UniBulb plasma source. This will be 

useful for assumptions regarding the plasma dynamics that will be further discussed 

in this work. The mean free path is given by: 
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Equation 24 
2

1
2 d
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ρπ
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where d is the collision diameter,270 which is 3.62x10-10 m for Ar, and ρ is the 

density. The densities for the various estimations of the plasma pressure are: 
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This allows for the calculation of the mean free path: 
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Equation 28
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The lowest flow rate that we would ever operate our plasma source is 0.4 

sccm. Since these calculations assumed a flow rate of 0.8 sccm, this means that 

these calculations would need to increased by a factor of 2. Therefore, it can be 

expected that the mean free path should be on the order of about ~1mm.  
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Appendix B:  Baffled Effusion Cell 

 This appendix will describe the equipment and procedures involving a 

baffled molecular-beam epitaxy Knudsen effusion cell. The design was based on a 

standard effusion cell, but with baffling arrangement that prevents high sticking 

coefficient materials from outgassing, it thus selectively allows for species with a 

lower sticking coefficient to come out of the cell. This was used for both better 

understanding the effects of nitrogen species on the growth of dilute nitrides, as 

well as preparing substrates, namely sapphire, for other related optoelectronic 

device applications  

 

Section 1:  Growth Attempts Involving a Solid Nitrogen Source 

 This section involves our growth attempts to incorporate nitrogen into GaAs 

using alternative nitrogen sources (i.e. other than conventional methods involving 

either a plasma or chemical-based precursors). I originally presented this work at 

the North American Conference on Molecular-beam Epitaxy in Santa Barbara, CA 

in 2005. I begin this section with a brief motivation for our efforts in this work. 

Then I will discuss the growth procedures and the subsequent results. Finally, I will 

summarize this section. 
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Motivation for Equipment Design 

The design of the baffled effusion cell is rather simple. It is based on a 

standard Knusden effusion cell, but with tantalum foil arranged as a baffle at the 

opening. Although these baffled sources are commercially-available – mostly based 

on pBN baffles, the cost of these commercially-available sources may not always 

be amicable toward experimental investigations, such in this work. The baffles 

were constructed by T. Mattord using spot welding techniques. A schematic of the 

baffling arrangement is shown in Fig. 41 below. 
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Figure 41 Figure illustrating the baffled effusion cell loaded with GaN 
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 The baffling arrangement involves tantalum skirt that covers a tanatalum 

disk, all of which were cut out of tantalum foil. The arrangement was designed to 

cover the opening of a 40cc crucible, loaded with solid GaN powder. The insert of 

Figure 41 illustrates the path of the species with the lower sticking coefficient (i.e. 

nitrogen species) as it travels out of the baffling arrangement. Since gallium has a 

higher sticking coefficient, and since the baffling arrangement is cooler than the 

shaft of the cell, the gallium is expected to condense and trickle its way down the 

cell, and collect, as illustrated in the insert of Figure 41. This arrangement therefore 

allows nitrogen species (either atomic N or N2 to exit). 

 

 The active species generation mechanism is effectively thermal. The 

baffling arrangement also has the attribute of causing species to bounce off of the 

walls, similarly to when the shutter to the plasma source is closed. The idea is that 

the GaN will decompose into Ga and N species, and that although some N species 

may recombine with each other to form N2, that some of the atomic N species will 

exit the baffled effusion cell and make its way toward the substrate to incorporate 

into the material. The work in this appendix therefore investigates this procedure, 

as well as the results thereof. 
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Growth Procedure involving the Thermal Cracking of GaN 

The attempts to grow dilute nitrides were done under similar conditions as 

that of a plasma, so that the comparisons can be made to those species that are a 

result of the plasma excitation. The growth of the GaAs was done at 1ML/s. Since 

the incorporation of the nitrogen increases as the growth temperature is 

decreased,271 low growth temperatures were used for this appendix section. Growth 

temperatures of ~300-350oC were used. GaN cell temperatures of 1000oC and 

1400oC were used, and mass spectrometry readings using a UTI 100C Model 

residual gas analyzer was used to track the atomic N (amu: 14) and N2 (amu: 28) 

peaks. It is expected that a certain amount of cracking of the N2 should occur by the 

mass spec, since this is how it essentially analyzes the species; therefore, it was 

important to do a statistical analysis of the data taken at the 1000oC and 1400oC 

GaN cell temperatures. The readings are tabulated below in Table 5. 
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Reading  
Number 

UHP N2  
N/N2 Ratio 

1000oC GaN 
N/N2 Ratio 

1 19.7% 18.2% 
2 18.5% 20.0% 
3 18.4% 18.3% 
4 17.9% 17.1% 
5 18.3% 18.2% 
6 20.1% 18.4% 
7 17.9% 17.4% 
8 18.6% 18.4% 
9 17.6% 18.1% 
10 19.1% 19.1% 
11 - 18.2% 
Average 18.6% 18.3% 
Standard 
Deviation 

0.76 0.77 

 

Table 5 Table illustrating the readings for 1000oC GaN cell. 
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Reading  
Number 

Atomic N 
Mass spec 
Intensity [arb. 
units] 

Molecular N2 
Mass 
Spectrometry 
Intensity  
[arb. Units] 

Ratio of  
atomic N to 
molecular N2 

1 6.7399 19.096 35.29% 
2 6.6911 19.316 34.64% 
3 6.6178 18.095 36.57% 
4 7.2772 19.389 37.53% 
5 7.2772 20.147 36.12% 
1400oC GaN 
Average 

  36.03% 

Reading  
Number 

Atomic N 
Mass spec 
Intensity  
[arb. units] 

Molecular N2 
Mass 
Spectrometry 
Intensity  
[arb. Units] 

Ratio of  
atomic N to 
molecular N2 

1 6.4957 20.024 32.44% 
2 6.8132 21.343 31.92% 
3 6.9841 22.002 31.74% 
4 6.9841 21.221 32.91% 
5 6.6667 19.292 34.56% 
UHP N2 Avg.   32.71% 

 

Table 6 Table illustrating the various readings for 1400oC GaN cell. 

 

 The values tabulated above represent the peak intensities as measured 

through the mass spectrometer. As an illustration, Figure 41. shows a representative 

of the N2 vs atomic N, with the axis shifted for a comparison to pure N2 gas. The 

pure N2 gas was flowed into the growth chamber through one of the source ports of 

the molecular-beam epitaxy growth chamber until the growth chamber pressure 

was identical to that of which was measured when the GaN cell was at its desired 
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temperature. The comparison with the pure nitrogen gas flowing through is critical 

because the nitrogen gas is not expected to be “cracked” before it goes into the 

growth chamber, but rather, the only cracking that is to be expected would be that 

which occurs inside of the residual gas analyzer filament. 
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Figure 42 Figure illustrating the slighter larger N concentration for the higher 

temperature GaN cell. 
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Growths of Samples with Atomic N Only 

 In order to statistically resolve growths with only atomic N, and the results 

thereof, multiple measurements needed to be taken of the data presented in Table 5 

and 6. I determined the t-score,272 as follows: 
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Where t is the t-score, 1x  and 2x  represent the averages of each set (i.e. 1000oC and 

1400oC set), s1
2 and s2

2 are the respective variances, and the n1 and n2 represent the 

number of data points in each set. The degrees of freedom, df is given by: 
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Therefore, in order to statistically compare difference between GaN cracked at 

1400oC with that of pure N2 gas, it turns out that the average N/N2 ratio is 36.03%, 

which gives a standard deviation of: S=1.12; while the ultra-high purity N2 gas 

ratio of N/N2 is 32.71%, which gives a standard deviation of S=1.13. The degrees 
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of freedom is 7, which gives a t-score 4.666. Therefore, I can be 99.8% confident 

that there is a difference between the N/N2 ration for the GaN source cracked at 

1400oC. 

 

To compare with the GaN source cracked at 1000oC, a two-sided 

Confidence level (assuming normal distribution), the degrees of freedom=18.86, 

for a t-score of 0.898. The t-score at a 99.9% confidence level is 3.922, therefore 

with 99.9% confidence there is no difference between the mean measurements of 

N/N2 for the GaN cracked at 1000oC with that of ultra-high purity N2 gas. 

 

Therefore, when GaN is cracked at 1400oC in the baffled effusion cell, there 

is a statistically different N/N2 ratio when compared to ultra-high purity N2 gas; but 

when GaN is cracked at 1000oC, there is statistically no difference between the 

N/N2 ratio between the cracked GaN at 1000oC and that of ultra-high purity N2 gas. 

Therefore, at 1400oC, there is some atomic N coming out of the baffled solid-

source GaN effusion cell. The effects of the atomic N, will be discussed next. 

 

Results and Discussion 

The attempt of the work presented in this appendix was first to try and 

incorporated nitrogen into the dilute nitride material without having the presence of 

the plasma, of which can cause additional plasma-related damage to the higher 
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energy species that exists with the plasma. Since we believed the that the formation 

of “active” nitrogen species comprising atomic N was possible through the 

cracking of the GaN into its constituent species, we attempted to grow dilute 

nitrides using only the atomic N as the nitrogen source. Since additional energies 

would be required to either form N2
+,(~15eV) we can essentially rule out the effects 

of excited diatomic N species. Furthermore, I will make the assumption that excited 

metastable species of the N2 molecule, as described previously in Appendix x, are 

not possible for two reasons, first any excited metastable species would be expected 

to experience multiple collisions as it exits the baffled effusion cell, and therefore, 

would be not be allowed to exist after these collision, and secondly, the thermal 

energy necessary to create an excited N2
* metastable species (even at ~6eV) cannot 

be generated thermally – and if so, it would still not be expected to survive the 

multiple collisions of the walls as previously explained. 

 

 In an effort to help characterize the nitrogen incorporation, at low cost, x-

ray diffraction measurements, as previously described in Chapter 2 were done. As 

was explained previously, a tensile strain should lead to a shift of the x-ray 

diffraction peak to the left of the substrate peak. Since N is a smaller Col V 

material when compared to As, it should cause this shift. Certainly the Fig. x below 

demonstrates this shift of ~50 arcseconds due to a tensile strain. Based on Bragg’s 

Law, this shift corresponds to an incorporation of nitrogen of about 0.2 to 0.25%. 
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Figure 43 Figure illustrating the XRD intensity vs. angle and demonstrating 

the tensile strain that was observed, which can occur with both B or 

N incorporation into GaAs. 

 

 However, in order to verify that the incorporating species was in fact 

nitrogen secondary ion mass spectrometry measurements were conducted. Using 

Cs+ ions, which are more sensitive when looking for nitrogen species, demonstrates 

that the only nitrogen species present in the sample is at the interface between the 

GaAs material and the epi-layer. However, when using O2
+ ions for the presence of 
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boron species, it was observed that boron existed in the material at a little over a 

tenth of a percent, just about what the x-ray diffraction demonstrated to exist. The 

boron was most likely coming from the 40cc pyrolytic boron nitride crucible, of 

which was being decomposed during the high temperature process. Therefore, the 

most likely possibility of incorporating species therefore becomes the boron, as the 

active atomic N species did not incorporate. 
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Figure 44 SIMS depth profiling illustrating the incorporation of B, but not N. 
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 The implications of this two-fold, first it suggests that under comparable 

growth chamber pressure conditions as with a plasma, there was almost no nitrogen 

incorporation into the material. Therefore, it suggests that a plasma is necessary to 

allow nitrogen to get incorporated into the material. Secondly, it gives further 

insight the incorporation “efficiency” of the relevant species (i.e. atomic N vs. 

metastable N2* species). It was shown previously in Chapter 4, through optical 

emission spectroscopy measurements, that both species are responsible for the 

nitrogen incorporation; although it appears that the incorporation of nitrogen into 

dilute nitride materials seems to more track the atomic N than the metastable N2
* 

species. The studies in this appendix is not necessarily comparable in terms of 

determining N incorporation because although the chamber pressure may be 

comparable for both GaN effusion cell and N2/Ar-based plasmas. The generation 

efficiency of the actual active species may be much higher than for the cracked 

GaN cell situation. The only way to properly compare, is to now reproduce this 

experiment, with the plasma source in the growth chamber, and measure the atomic 

N concentration and compare it to that of ultra-high purity nitrogen gas just flowing 

through the plasma source. However, the primary goal of this work is that I was 

attempting to incorporated nitrogen without a plasma, and as a secondary, it helps 

to better insight into the various plasma species that are responsible for the nitrogen 

incorporation into dilute nitride materials, and their influence on the optical 

properties towards device applications. 
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Summary 

This appendix described our attempts to grow dilute nitride materials 

without a plasma source. The purpose of this was to grow the materials without the 

presence of potentially damaging plasma species. Although x-ray diffraction 

measurements suggested that a tensily-straiend material, such as nitrogen, was 

present in the material, the secondary ion mass spectrometry measurements 

demonstrated that the incorporation species was actually boron, which caused the 

tensile strain. Since the mass spectrometry measurements showed the existence of 

atomic N species, but not nitrogen was being incorporated, the implications of this 

is that first, the thermal cracking of the GaN source did not work to accomplish its 

goal, and secondly, the presence of the atomic N did not incorporate. Although I 

had originally thought that this meant the plasma was necessary to incorporate 

material through excited metastable N2
* species, it may actually be possible that the 

absolute amount of atomic N was not sufficient, when compared to that generated 

by the plasmas source to actually cause the sufficient nitrogen incorporation into 

the material. 
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Appendix C:  Basic Plasma Fundamentals 

Plasmas are considered to allow for high temperature processes at low 

temperatures.273 This is because of the dual-nature of the energetic species. On the 

one hand, charged species can be accelerated to high energies by the application of 

the electric field, whereas the rest of the species, which is comprised of neutral 

species, are usually at ambient temperature. Therefore, these energetic species that 

can possibly play a role during the synthesis of the materials. For polymer 

dielectric applications,274 the use of plasmas are need to help synthesize materials, 

and plasma ion damage has been somewhat considered to also be a factor. In the 

semiconductor field, in particular, the III-V Semiconductor field, there have been 

mixed reactions. Although plasma ions have been considered to be a factor in the 

synthesis of pure GaN materials,275 it has been more cited for the dilute nitride 

materials, which encompass small dilute amounts of nitrogen (~1-3%N) 

inGaAs.276,277,278,279,280,281,282,283,284,285 It has been suspected that because the GaN 

material system requires such a high growth temperatures and high growth 

pressures, which by the way are closer to that of MOCVD, that any effects of ion 

damage may effectively be annealed out, or possibly because of the increase 

pressure, the mean free path could be lower, which in turn could be causing the 

ions to disperse away from a line-of-site “molecular-beam” toward the substrate. 

However, in the dilute nitrides, it certainly can still be a factor. The MBE growth of 

these alloys commonly necessitate a nitrogen plasma source for the purpose of 
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activating the N2 molecule into its constituent species, which are then subsequently 

incorporated into the epitaxial layer. Typical nitrogen sources have been based on 

either DC or radio-frequency (RF) plasmas. Unfortunately, both methods involve 

the generation of ions that are inherently associated with plasmas. This section 

focuses on the impact of these ions on the optical properties of the dilute nitride 

materials 

 

The primary way to determine whether the ions are actually making an 

impact on the optical properties of the dilute nitrides, is to simply provide a system 

by which MBE-grown materials are made with and without these ions. Therefore, 

attempts to remove these ions have been made with both of the common types of 

nitrogen sources. In the case of a DC plasma source, Li et al.286,287 made use of a 

magnetic field to remove the damaging ions by placing ion removal magnets 

(IRM’s) at the exit of the plasma source. For the more frequently used RF plasma 

sources that are commercially obtainable through Applied EPI Inc., Reifsnider et 

al.288 have demonstrated the use of DC-biased deflector plates situated at the outlet 

of the RF plasma source with the intention of capturing the exiting ions by means 

of an electric field. However, these DC-biased deflector plates have been operated 

up until now with a limited understanding of the underlying physics that would be 

necessary to take full advantage of their use.  
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Early empirical work involving DC-biased deflector plates have 

demonstrated the promise for higher quality materials. Kageyama et al.289 observed 

an increase in the photoluminescence intensity of GaNAs by utilizing deflector 

plates, but report the use of only one voltage setting, 500V, without a full 

explanation as to the reason for their selection. More recently, in Reifsnider et 

al.,290 we described the use of deflector plates for a range of voltages between 200–

800V. This work was the early empirical measurements of the behavior that was 

taking place within the deflector plates. In later work, I was able to get a better 

understanding of the phenomena occurring with regards to the effects of plasma 

species on the optical properties of the dilute nitride materials. 

 

Relevant Background on “Active” Argon Species 

 In order to better understand the effects of argon plasmas on the properties 

of dilute nitrides, a further understanding of the plasma is necessary. The first place 

to look would be the potential energy diagram of all of the various argon levels. 

Full energy schemes are widely known and tabulated in the spectroscopy 

literature,291 and outside the scope of this work for the various reasons previously 

explained in Chapter 3. There are two points of interest, however, involving all of 

the relevant energy levels for my work, the first are the higher energy levels, and 

the second is the lower energy levels. Although both ranges of energy levels lead to 

energy transitions that are within the wavelength range of our optical emission 
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spectroscopy, I will only consider the lower energy levels for two reasons: (1) since 

the efficiency of the lower energy transitions are several orders of magnitude higher 

than the higher energy transitions, I can only measure the lower energy transitions 

using our optical emission spectrometry card, and therefore I will focus on the 

2p 1s transitions (Paschen notation), and (2) the relevant metastable pooling 

reactions, which involve excited argon species, that may be important in better 

understanding the effects of the argon species involvement with the lower energy 

transitions. 

 

The three relevant lower energy configurations that are important are the 2p 

and 1s (in Paschen notation), and the Ar ground state (Term Symbol: 1S0). All of 

the relevant electronic states for this work are described in Fig. 45. There are ten 

electronic states in the 2p configuration within the energy range of 12.907 and 

13.480 eV, and there are four within 11.548 and 11.828 eV. All of the relevant 

energy states in Fig. 45 are tabulated in a reference by Pokrzywka.292 The energy 

states at the 1s energy level comprise four electronic states, two of which are long-

lived metastables. 
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Figure 45 Argon Energy levels. There are no energy states below the 11.6eV 

series and the ground state; and between the 11.6eV series with the 

2p series at ~13eV. There is no typo with the metastable lifetimes of 

the 1s3 and 1s5 states, they really are on the order of seconds – that 

is, if you leave an argon atom suspended all by itself in an excited 

metastable state, it will take almost a minute for it to decay back to 

the ground energy state. These type of experiments were carried out 

using magneto-traps.293 
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 The first ionization potential of argon is 15.76eV. This means that 15.76eV 

of energy is necessary to strip the electron from the neutral argon atom. There are 

several ways in which this can occur. The first is known as Direct Ionization,294 

wherein an electron with 15.76eV is necessary to directly impact ionize a neutral 

argon atom to generate an extra electron and the argon positive ion. 

 

Equation 33 15.76eV- + -Ar + e Ar + 2e⎯⎯⎯→  

 

For reference, the 2nd and 3rd ionization potentials of argon to rip the second 

and third electron are 27.63 and 40.74 eV, respectively; however, this work will 

only be concerned with the singly-ionized positive Ar+ ion since these species are 

well regarded in the relevant literature to be the dominant active species.295 This 

direct ionization mechanism is mostly dominant in low pressure and high power 

conditions.296 The reason for this is because these plasma conditions allow a 

sufficient mean free path for the electron to accelerate under the applied electro-

magnetic field generated by the plasma (F=ma=qE). As the power is increased, the 

related electric field increases to appropriately also increase the acceleration, but 

for higher pressure conditions, the metastable pooling reactions become dominant 

for ion generation, as previously explained in Chapter 3. 
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Instead of using pure N2 gas plasmas, our group has historically used gas 

mixes of argon and nitrogen.297 Therefore, in order to help elucidate the effects of 

argon in N2/Ar mixed gas plasmas, it is necessary to study the effects from argon 

only. Although argon is a noble gas and assumed to be inert, it may not necessarily 

be so when it comes to plasma-assisted MBE since active Ar plasma species may 

be interacting with the growth of GaAs. One possibility is for low energy Ar ion 

implantation into the GaAs. Another likely event is where excited Ar metastable 

atoms interact with the GaAs growth to generate some localized heating of the 

GaAs, which may affect the MBE growth kinetics. Furthermore, it may also be 

possible that the higher growth chamber pressures due to the argon gas (>1x10-5 

Torr) may affect the classical MBE growth of GaAs. The surface mobilities of ad 

atoms might get reduced, which may translate into different atomic incorporation 

mechanisms that lead to various types of structural defects, such as vacancies.298 

Therefore, I plan to study the effects of pure argon in order to help back out the 

argon’s effects when dealing with N2/Ar mixed gas plasmas. 

 

The Ar species of interest are the Ar ions, metastables, and potentially fast-

neutral Ar atoms. The argon ions can be generated by two key mechanisms, either 

through direct ionization, or through a two-step Penning Ionization mechanism.299 

The direct ionization mechanism is more dominant for a high power and low 

pressure (<1mTorr) regime. This is because these conditions allow the electrons to 



 

 226

accelerate without colliding into other species, which allows it to acquire enough 

energy for ionization. The 1st ionization potential for Ar is 15.76 eV—to satisfy 

curiosity, the 2nd and 3rd ionization potentials are 27.63 and 40.74eV, respectively; 

however, this work will only be concerned with the singly-ionized positive Ar+ ion 

because it is in much higher abundance for the typical plasmas that we use.300 

 

Equation 34 1st Ionization: 15.76eV- + -Ar + e Ar + 2e⎯⎯⎯→  

 

In the two-step Penning Ionization mechanism, argon metastables (Ar*) are 

involved with the intermediate step. There are two long-lived metastables, which 

have energies of 11.55eV and 11.72eV. These two states are the 1s3 (τ=44.9sec.) 

and 1s5 (τ=55.9sec.), denoted in by the “m”.301 These metastable states are also 

known to have impact ionization cross sections that are 2-3 orders of magnitude 

larger than the ground state Ar atom.302  

 

Equation 35 Step 1:  11.55eV or 11.72eV- * -Ar + e Ar + e⎯⎯⎯⎯⎯⎯→  

Equation 36 Step 2:  4.21eV or 4.04eV* - + -Ar + e Ar + 2e⎯⎯⎯⎯⎯⎯→  

 

Therefore, taken in combination, this Penning Ionization mechanism is 

particularly dominant for pressures >1mTorr when electrons are less able to acquire 
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the necessary energy to cause the direct, single-step ionization of Ar. Furthermore, 

the dominant loss mechanism of Ar metastables for this high pressure regime is 

through metastable pooling reactions that generates an Ar+ ion, and a high-energy 

electron, which in turn can cause additional electron impact reactions for the 

generation of even more additional species.303 Note that even when metastable Ar 

species are lost, the Ar metastables still generate other types of excited plasma 

species. 

 

Equation 37 * * + -Ar + Ar Ar + Ar + e  + (~7eV)⎯⎯→  

 

Due to physical and practical limitations, it is difficult to measure the 

operating pressure of our plasma. However, I have estimated the pressure inside of 

our plasma source to be ~15 to 91 mTorr, which puts our plasma into a 

“collisional” regime.304 (see Chapter 2) This high pressure regime not only suggests 

that this Penning ionization mechanism is dominant, but it also increases the 

likelihood of creating “fast-neutral” atoms. Fast-neutrals are created in collisional 

plasmas when an ion is accelerated across the electric field within the plasma 

sheath to cause a subsequent billiard ball type collision with a neutral atom. This 

can cause a transfer of the ion’s kinetic energy to the neutral atom, thus forming the 

“fast-neutral” atom. This proposed work will help to separate the effects of high-

energy ions with that of high-energy “fast-neutrals.”  
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Relevant Background on “Active” Nitrogen Species 

Although the two generic classifications of species for this work are either 

neutrals or ions, there are numerous possibilities of species that can be generated 

within a plasma. An attempt to completely classify and understand all plasma 

species is unnecessary and outside the scope of this work. As such, I will only 

briefly discuss the relevant plasma species that are expected to affect the MBE 

growth of dilute nitride materials. I first begin with the important nitrogen species, 

since N2-based plasmas are needed as the N source for incorporation into dilute 

nitrides. A simplified version of the potential energy diagram for the N2 molecule 

can be seen from literature reports.305 The solid lines represent the various 

molecular bonding and anti-bonding electronic states. Within each “valley” of the 

molecular bonding orbitals are various excited vibrational states, which can be 

solved by the standard harmonic oscillator solution. The tick marks can be 

observed in the original figure in Alberty and Silbey.306 
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Figure 46 Schematized illustration of the potential energy diagrams, as a 

function of interatomic spacing, for the nitrogen molecule (:N≡N:). 

The solid lines represent electronic states, and the tick marks 

represent the various vibrational levels. Figure from Alberty & 

Silbey, Physical Chemistry, 2nd Ed., J. Wiley & Sons (1997).307 
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The set of curves on the bottom half in Figure 46 describes a neutral N2 

molecule, while the singly-ionized +
2N  ion is described by the set in the upper half. 

Labeled to the left of each curve are the various electronic molecular bonding states 

(e.g. 1 +
gX Σ , 3 +

uA Σ , 3
gB Π , etc.), and to the right are the electronic configurations of the 

individual N atoms denoted by “ 4N( S) ”, and the N+ ions denoted by “ + 3N ( P) ”. 

 

The N2 gas, in its ground and vibrationally unexcited state, will not 

incorporate into III-V semiconductors. The nitrogen must first be “activated” in 

order to form the dilute nitride semiconductors. The activated species of interest for 

dilute nitrides are suspected to be from both nitrogen metastables (N2*) and atomic 

N. This suspicion comes from earlier work performed in a related field involving 

the plasma-assisted growth of pure GaN, whereby Ptak et al.308 reported that the 

long-lived 3 +
uA Σ  nitrogen metastable state (located at 6.2eV above the ground 

level309) was more responsible for GaN growth than atomic N. It was also reported 

that ionic species, such as +
2N  and N+ ions, were almost insignificant when it came 

to the growth of GaN.310 (Forward note: as a preface to later in this dissertation, I 

will suggest how this relation to the pure GaN field may not necessarily be 

applicable toward the dilute nitride field.) 

 

However, the effects of neutral (N2*, N) and ionic ( +
2N , +N ) species on the 

growth of dilute nitrides are still unclear. No work to date has been reported on the 
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effects of activated species on the growth of dilute nitrides with the N2 in Ar gas 

mixtures. This proposed work will accordingly study the effects of metastables 

(N2*) and atomic N on dilute nitride growth. In terms of ionic species, we and 

others have previously presented compelling evidence that suggests ionic species 

degrade the quality of dilute nitride materials;311,312 however, it is still unclear as to 

whether this ion damage is a result of ionic species with kinetic energies of up to 

200eV, or whether it is related to the ion’s electronic configuration. Therefore, this 

proposed work will study the importance of nitrogen species from these four types 

of “active” nitrogen species. 

 

There are various generation mechanisms by which these key “active” 

nitrogen species can be genesized. I will only briefly touch on this so that the 

reader can get a basic understanding of the relevant species. But more importantly, 

I will use these various generation mechanisms to help explain the potential energy 

diagram for the nitrogen molecule. A basic grasp of this diagram is absolutely 

crucial to understanding how the nitrogen may relate to incorporation into dilute 

nitrides, as well as knowing how I propose to measure the relevant species with 

optical emission spectrometry (OES).  

 

The nitrogen metastable (N2*) is suspected to be the most important plasma 

species.313,314 The relevant metastables can be formed through electron impact 
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excitation of the N2 molecule’s ground state. The following two metastable 

formation mechanisms are the most relevant: 

 

Equation 38 
Ground State Excitations

6.2 eV- 1 + * 3 + -
2 g 2 ue  + N (X Σ ) N (A ) + e⎯⎯⎯⎯⎯⎯→ Σ  

 

Equation 39 
Ground State Excitations

7.4 eV- 1 + * 3 -
2 g 2 ge  + N (X Σ ) N (B ) + e⎯⎯⎯⎯⎯⎯→ Π  

 

However, the 3
gB Π metastable state has a lifetime on the order of ~10µs, and will 

thus quickly decay to the 3 +
uA Σ  metastable state, which has a slightly lower energy. 

The 3 +
uA Σ  metastable state has a lifetime on the order of 1-2 seconds. Therefore, this 

long-lived metastable will not be expected to decay as it travels from the plasma 

source to the substrate, which is located ~5 inches away.315 

 

Note that it is this 3
uA +Σ → 3

gB Π transition that I expect to measure in our lab 

using optical emission spectrometry. The integrated intensity is assumed to be 

related to the concentration N2
* metastables. 

 

This emission should occur within the 600-700 nm range.316 Recent work 

by Iliopoulos et al.317 and Kikuchi et al.318 has demonstrated that the integrated 
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emission intensity within this wavelength range is directly correlated to the growth 

rate of GaN. As part of this proposed work, I hope to correlate this integrated 

intensity to nitrogen incorporation into dilute nitrides. 

 

N2
+ molecular ions can be created when an electron with 15.6 eV impacts an 

N2 molecule in its ground electronic state (X1Σg
+). An electron gets kicked out to 

form the N2
+ ion, with a ground electronic state of (X2Σg

+), as shown in Figure 46. 

 

Equation 40 
Ground State Excitation

15.6 eV- 1 + + 2 + -
2 g 2 ge  + N (X Σ ) N (X ) + 2e⎯⎯⎯⎯⎯⎯→ Σ  

 

Dissociation of N2 into its constituent species occurs primarily through the 

dissociative ionization of the N2.319  

 

Equation 41 24.3 eV- 1 + 4 + 3 -
2 ge  + N (X Σ ) N( S) + N ( P) + 2e⎯⎯⎯→  

 

Although 24.3eV is the threshold ionization energy, an amount of energy greater 

than 24.3eV is required to transition the electron into a higher energy anti-bonding 

state. The difference in energy between 24.3eV and the higher energy anti-bonding 

state is then transferred to the product species. These species are either the electrons 

or atomic N fragments. Since electrons are lighter, most of the excess energy is 
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transferred to the electrons; however, some energy will still get transferred to the 

atomic N fragments, thus generating “hot” N species with elevated kinetic energies 

(>1eV).320 

 

Note that the potential energy diagram in Fig. x suggests that N2 can more 

easily dissociate into atomic N without having to undergo dissociative ionization. 

(see lower half of Fig. 46) For example, the possible reactions are: 

 

Equation 42 9.8 eV- 1 + 4 4 -
2 ge  + N (X Σ ) N( ) + N( ) + eS S⎯⎯⎯→  

Equation 43 3.6 eV- 3 + 4 4 -
2 ue  + N (A Σ ) N( ) + N( ) + eS S⎯⎯⎯→  

Equation 44 2.4 eV- 3 4 4 -
2 ge  + N (B ) N( ) + N( ) + eS SΠ ⎯⎯⎯→  

 

However, the interaction time for the electron collision is short (~10-16-10-15 

s), compared to the typical time for a molecule to vibrate (~ 10-14-10-13 s). 

Therefore, the individual N atoms do not have enough time to break apart even 

though it may be energetically favorable to do so. (Breaking apart the N2 molecule 

without dissociative ionization would require an unlikely three-body collision to 

occur with another heavy particle.) As a result, the main source for atomic N 

generation remains the dissociative ionization of N2. This an important statement, 
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as I will return to this at the end of this chapter in Section 3 where I describe 

integrated optical emission where the generation of atomic N increases as the 

pressure increases, as was observed by Agarwal et al.321 due to this increased three-

body collisions, but for the typical operating pressures that our plasma sources are 

run at, we (and others) observe a decrease in the atomic N density, which  I believe 

is because we in the plasma-assisted molecular beam epitaxy community are 

operating our plasma source to the left side of the minimum of the atomic N vs. 

pressure curve that was previously reported by Agarwal et al.322 

 

It should be noted that the proportion of N2* with respect to atomic N can 

be controlled by modifying the plasma conditions (i.e. RF power and gas flow 

rate). These different active nitrogen species are suspected to lead to different 

incorporation properties of dilute nitrides; therefore, I adjust the plasma operating 

conditions to get various proportions of these species, and subsequently correlate 

that to the optical properties of dilute nitride materials. 

 

N2/Ar Mixed Gas Plasmas 

Since argon-based plasmas are much easier to initiate and sustain than a 

pure nitrogen plasma, mixed gas precursors involving N2/Ar are arguably 

advantageous since nitrogen acts as the N precursor, and Ar serves as the sustaining 

muscle for the plasma.323 The mixed gas plasmas are also advantageous when it 
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comes to controlling the N incorporation. Previous work by our group has 

demonstrated that N incorporation into dilute nitrides is linearly related to the N2 

concentration in the gas mix for small nitrogen concentrations (~few atomic % N2 

in Ar).324 This therefore allows compositional control of the semiconductor without 

having to drastically modify the key plasma operating conditions (i.e. RF power or 

gas flow rate). This does assume that small changes in the N2 concentration in 

N2/Ar gas mix leads to negligible changes in the properties of the plasma.  
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Figure 47 Electron Energy Probability Functions vs. Electron Energy 

for Ar/N2 Gas Mixture. The solid line represents pure Ar. 

Copied from Pu et al.; Plasma Phys. Control. Fusion 48, 61 

(2006). 

 

Certainly the work by Pu et al.325 does help to shed some light on the impact of 

various concentrations of N2 and Ar. Notice that there is a greater difference 

between the transition between the 90% N2 in Ar to the pure Ar conditions. 
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However, the transition between the pure N2 to ~10% N2 in Ar is much less. 

Therefore, it can be considered that the changes in the N2 in Ar concentrations are 

impacted more toward the higher Ar concentrations, and therefore, the difference of 

±1% in the N2 in Ar concentration should not be as influential. This is also 

comparable to work by others.326 

 

However, there is a drastic difference in the plasma behavior when 

comparing nearly pure argon plasmas, with that of nearly pure nitrogen plasmas. 

The argon plasmas are more active than nitrogen plasmas,327 which is suggested by 

the argon plasma’s higher electron energies shown in Fig. 47. This increased 

activity may certainly be helpful with generating additional “active” nitrogen 

species, particularly the nitrogen metastable (N2
*) described previously in Figure 

46. Tochikubo et al. had suggested that the Ar metastables can help transfer its 

energy to the N2 molecules, thus forming a higher amount of active N2
* for Ar/N2 

mixed gas plasmas.328 Although the increased activity of Ar plasmas have its own 

various advantages, this may also lead to potentially deleterious effects on the 

properties of dilute nitride materials. This work helps to elucidate some of these 

effects. 

 

 Fundamentally-speaking, a great deal of ground work was laid by Wang 

and Olthoff.329 The ion energy distributions for inductively coupled RF plasma 
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sources can be calibrated to gaseous electronics conference radio frequency 

discharge chambers. By doing this, it is noted that the Ar ion flux to the substrate 

will increase monotically as a function of increasing pressure. The increase in the 

argon ion flux, and hence fractional ionization, is because of the mechanism by 

which Ar ions are generated with respect to mechanism by which nitrogen species 

are both generated and consumed. The effects of which were further discussed in 

Chapter 5. 
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