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CHAPTER 1 

INTRODUCTION 

Metalorganic chemical vapor deposition (MOCVD) is the technique of choice in 

the preparation of devices based on Ill-nitride semiconductors, Davis et al. [1]. Molecular 

beam epitaxy (MBE), with its relatively simple surface chemistry, offers advantages in 

terms of growth precision that are important in materials research, Marko9 [2], Panish 

and Temkin [3]. Hybrid techniques that combine some of the features of these two 

methods, such as gas source MBE with ammonia, have also been successfully used, 

Nikishin et al. [4], Semond et al. [5]. Growth of GaN by a hybrid MBE method in which 

Ga is derived from triethylgallium, known as MOMBE, has been described recently, 

Campion et al. [6]. The MOMBE method promises a combination of high materials 

quality, in-situ diagnostics, and growth precision that are needed in advanced devices. 

Despite these potential advantages, very Httle is known about MOMBE growth of 

nitrides, MacKenzie et al. [7], Jain et al. [8]. In fact, the literature does not mention any 

growth study of AIN from trimethylaluminun and ammonia nor studies of the GaN 

growth fî om trimethhylgallium and ammonia. 

This work presents MOMBE growth of high quality AIN and GaN on Si(lll). 

AIN is the buffer layer of choice for the growth of GaN, and the AIN crystal quality and 

surface morphology influence the properties of the entire epitaxial structure. The ability 

to grow high quality AIN is thus crucial to these growth methods. At the same fime, GaN 

is the indispensable ingredient that, in combination with Al, allows the selecfion of the 

light wavelength fi-om blue towards the UV side of the spectrum. The growth efficiency, 

crystalline, opfical and electrical properties of the basic GaN become crifical and need 

optimization if high performance electronic devices are to be produced. 

In this dissertation, both the growth of AIN fi-om trimethylaluminum and 

ammonia and the growth of GaN from trimethygallium and ammonia are investigated in 

a systemafic manner. The academic research environment, together with the investigative 

tools that promote problem solving and experiment planning are briefly described and 



analyzed. The influence of the growth parameters on the quality of AIN and GaN is 

analyzed and the importance of hydrogen presence in the MOMBE process is stressed. 

Based on the analysis of kinetic processes during the growth, models that account for the 

mechanism of the MOMBE growth of AIN and GaN are derived. 



CHAPTER II 

INDUSTRIAL ENGINEERING VIEWPOINT ON ACADEMIC RESEARCH 
ENVIRONMENT 

2.1 Challenges of Research Work Management 

The Research and Development (R & D) activity represents nowadays, more than 

ever before, the only mean through which the producfion organizations, the economy and 

the society as a whole advances. Maintaining a technological advantage in a very 

competitive market, responding to societal pressure for improving the quality of life, 

picking up scientific challenges brought by governmental and/or non-governmental 

organizations are among the most important drives that shape continuously the structure 

and the behavior of R & D organizations. At the same time, a gradually increasing effort 

has been laid by scholars and experienced managers towards understanding of the 

operation and the particularities of such organizations. The aim of this effort is to 

promote smooth and efficient performance, while retaining the ability to adapt to swift 

changes of the research focus. As a result, early recognifion had to be given to the fact 

that such organizations are special in two major aspects: their goals and their means. As 

Jain & Triandis [9] note, "Managing R&D organizations and focusing on their 

productivity and excellence presents unique problems and unusual challenges. This 

uniqueness steam fi-om two basic reasons: (1) the character of the enterprise and (2) the 

type of people involved in R&D" (p. xiii). Here, the appropriateness of the Industrial 

Engineering approach to this environment becomes obvious, if we consider the 

fundamental aim of this science: to connect people and processes. 

As the individuals involved in the R & D activities had the chance to notice, the 

character of this environment evolved considerably for the last three decades. From fewer 

and relatively disconnected research institutions, today, alliances based on core 

competencies have to be stirred and people with competitive knowledge and skills have 

to be embarked in order to successfully compete in the national R & D market. In 

concrete terms the evolution of this market can be described as follows: United States 

expenditures for R & D (including Federal and Private Industry sources) almost tripled. 



from about $ 105 billions in 1973 to about $ 290 billions in 2003, [10]. At the same time 

Federal R & D funding to Colleges and Universities increased also almost three fold, 

from about $ 7.2 billion in 1973 to about $ 20.3 billion in 2001. 

Industrial Engineering has the ability to bring in a systemic view, describing an 

organization as a complex structure composed of "hard" and "soft" processes in 

interaction. In this context the term of "process" defines successive events that take place 

within a time frame, producing a transformation. It also implies the existence of an input 

and an output. In systemic terms, the process can be described through an initial state that 

evolves towards the final state over a limited time span. Hard and soft processes/systems 

as described by Kirby [11], are differentiated by the ability to adhere to rigorous 

description or not. Thus, hard processes encompass a low level of human activity, while 

their structural elements and boundaries are explicit. In contrast, soft processes involve a 

high level of human activity but their elements and boundaries are fuzzier and harder to 

define. 

2.1.1 Organizational Structure and Job Design 

Organizational structure design has been an essential part of the knowledge of 

human society for at least a couple of thousand years. The hierarchical structure was 

early adopted and the most common for at least three major reasons: (1) It can provide a 

tight control over a very large number of members or components, (2) it has a built-in 

robustness and (3) it can provide a special treatment for the members at the top of the 

hierarchy. Not much has changed today. An overwhelming majority of the large 

organizations enjoy a tall and very well structured hierarchy that develops with 

predilection in stable economic or social environments. However, the very same 

characteristics that have been promoting the structure, posses at least the same number of 

downsides, when extrapolated to less stable environments. Thus, in less stable conditions, 

decisions regarding the business course of action have to be made on short notice and 

often based on incomplete information. A timely response to such demands would imply 

the decisional empowerment of the lower levels of the hierarchy. This delegation of 



decisional ability toward lower levels of the hierarchy is strongly resisted by the top 

members, because it deprives them of the main justificafion of their existence. The 

robustness of the control chain that provides the clock-work operation in stable 

conditions is source of operational inertia that has been proved very costly in rapidly 

fluctuating markets. The length of the control chain and formalities associated with each 

level of the hierarchy, make the adoption of a flexible decisional process, virtually 

impossible. And finally, the top of the hierarchy suffers to a large extent from isolation. 

The isolation is manifested with respect to the problems and disfunctionalities of the base 

levels of the hierarchy, but also may manifest with respect to the evolution of the market, 

leading to distorted perceptions about both. In the same context, questions regarding the 

ethics of the executive compensation represent a current issue. 

In addition, the evolution in customer demand reached a threshold leading to a 

change in the production paradigm from mass production to mass customization. Thus, 

downsizing, downscoping and the transformation of the unique structure into business-

oriented modules with reduced number of management layers represented a steady trend 

for the economy of the 1990's. All these characteristics and trends are well illustrated in 

the context of competitiveness and globalization and augmented with many examples by 

Hittetal. [12]. 

Opposed to tall, hierarchical structures, flat and decentralized organizations 

developed as well. Such organizations are able, by design, to overcome many of the 

problems outlined above. Thus, they can deal successfully with less structured products, 

can adapt faster to swift changes of the market volume and structure and operate, at least 

initially, with far less capital. They have the abihty to quickly upsize, if the right demand 

is forecasted and also can dismantle without creating social waves, when the market 

shrinks. These characteristics made the flat structure, the natural choice for the R&D 

organizations. The structure does not represent, merely, a group of people, but it is 

assembled out of teams. Each team has to have a well defined area of research 

represented by a research project. Adaptability of a research organization to various 

changes, as well as the ability to evolve, can be ensured to a large extent, through the 



skillfulness of its members. Sapientza [13] notes with respect to the operation of this type 

of organization that: "hi a lateral structure, people relate to each other as peers and, 

because of this, are more apt to collaborate...". She also defines that: "Lateral structure is 

appropriate under turbulent operating conditions ... and in work processes for which few 

rules and established procedures exist" (p. 87). 

Every organization is concerned along its entire existence with job design and re

designs. The degree of formalism associated with this activity stands in a direct 

relationship with the nature of the product(s), organizational structure and size. No matter 

at what side of this spectrum the job design situates, it has to encode the organization's 

goals. At the same time, the design of the job has to provide sufficient freedom, allowing 

the "owner" to make adjustments toward his or her convenience and toward a smoother 

integration within the system. Such attributes are described by Hackman and Oldham 

[14] as job variety and autonomy, task identity and job feedback. The variety provides the 

ability of performing different activifies while the autonomy allows for the definition of 

what, how and when something should be done. Task identity refers to an individualized 

job that is distinguishable in the organizational structure. In this respect Jain and Triandis 

[9] note : " The individual's freedom, on the other hand, cannot be unlimited, so jobs 

have to be designed in such a way that a balance is achieved between the needs of the 

organization and the needs of individuals." (p. 63). Finally, the feedback ensures that the 

work is not performed in isolation with respect to organizational goals and deadlines. 

Within this context the manager has to determine the match between candidates and the 

specifics of the job. Personal abilities as well as individual needs and individual character 

have to be judged against the job's requirements and attributes. 

One attribute of the job design often receives a separate attention, not because of 

the higher importance among the other attributes, but because the failures and the 

problems that historically have been associated with it. This is the job reward system. The 

reward system is meant to determine the metrics used in characterizing the successful 

employee, and to provide an established path toward career accomplishment that would 

mofivate individuals in their activity. Generally, the formal rewards consist from a 



combination of ascension on the organizational hierarchy and correspondingly higher 

financial rewards. However, such promotions while enlarging the decisional ability bring, 

at the same time, increased accountability and responsibility. This conjunction represents 

one of the main problems of the single hierarchy R & D organizations. As stressed by 

Jain and Triandis [9], "... the problem still remains of providing promotion opportunities 

for technical personnel, who may not want management responsibilities at higher levels 

where they can no longer contribute directly to R & D." (p. 70). 

A solution was considered for a while, the development of dual hierarchy 

organizations. Such an organization would posses on one side a managerial-bureaucratic 

hierarchy that would deal largely with the financial aspect of the business, and on the 

other side, a duplicating, professional hierarchy, meant to deal with the technical aspect 

of the business. Even a summary analysis would reveal that such an organization 

resembles, in fact, the communion of two separate structures with mostly different 

business goals. On the bureaucratic side, cost reduction and financial accountability were 

the main focus (it controls the outflow of cash and not the inflow), while on the 

professional side, the convenience of large human resources, abundance of material 

means, and spending easiness would be first choice targets. None of the two structures 

would be able to concentrate and control the business efficiency and profit maximization. 

Besides such structural problems, in fime became apparent that the professional positions 

were not equivalent to the bureaucratic ones, stirring fi-ustration among the people on the 

technical side. This came as a consequence of a simple truth: only who controls the 

financial resources has the effective control over organizational operation. 

Schriesheim et al, as cited by Jain and Triandis [9], are credited with proposing a 

better alternative: a triple hierarchy organization. This type of organization would offer 

management opportunities to those professionals that have necessary qualification and 

desire, while maintaining the availability of pure professional hierarchy to those who 

would like to remain closely connected to the research work. The third hierarchy, in this 

case, offers to professionals, key posifions with mixed duties regarding administrative 

and technical aspects. A considerable number of studies in the specialized literature. 



analyze the operation of such organizational structure and, based on results, i.e. Roberts 

[15], conclude tliat they appear to represent the most balanced and successfial business 

model. 

The informal rewards must not be forgotten. In fact, they are an important part of 

the overall rewarding system. This mode of rewarding is the exclusive attribution of the 

manager and bears significant social importance, ft shapes the interpersonal relafionships, 

communication behavior, and the approach to the research work, all at the same time. 

Sapienza [13], finds that at least four components need to be adopted as reward criteria of 

an informal reward system: "First, you must reward collaboration....Second, you must 

reward intellectual challenge....Third, you must reward candid and transparent 

communication.", and "Finally, you must reward willingness to take risks." (p. 92). 

Collaboration can ensure the participafion of the individuals to a work that has a common 

goal. This may take place through sharing of knowledge and/or distribufion of tasks 

according to individual skills. However, if the goals are not perceived as common, the 

collaboration may not take place or can be only of marginal effectiveness even when the 

manager stresses it as a project requirement. Intellectual challenge must be seen as a 

constructive scrutiny over the peers work, and at the same time, as a self acknowledged 

mean of enlarging the cognitive limits. If group reviews of the project status are part of 

organizational culture, then the intellectual challenge has the field set for manifestation. 

In return, new solutions, less obvious consequences and hidden flows may be more easily 

evidenced. Moreover, such discussions, assuming they are carried in good faith, would 

foster the sense of common goal and harness a team spirit, while encouraging the sharing 

of knowledge and experience. This would, in fact, account for a good part of the 

communication that has to take place within the organization. Openness would allow for 

faster definition of the problems and set efficient collaboration in a timely manner. 

Risk taking appears often as exotic experimentation that lacks, at best, the focus 

on the current objectives. Worst, it appears to waste experimental resources and money 

starting on unverified or false premises, in pursuit of fantasies. Yet, they have the 

potential of producing resufts that would not have been attainable through evolutionary, 



predictable pathways. Such changes have also the ability of resulting in a sizable impact 

on the business operation and the personnel involved. Sapientza [13] notes: "... (To) 

reward willingness to take risks ... implies that you are willing to reward people for what 

might appear to be poor results (not, of course, poor judgment)..." (p. 92). Obviously, for 

the real organization, the right mix between planned effort and risk taking must be 

maintained in order to accomplish objectives with predicted physical and financial 

outcome. 

In pursuit of successful organization, both managerial science and managerial art 

are needed. The science would point toward what values have to be promoted as 

behavioral metrics, while the art would be required to act in a fair and balanced manner. 

One of the purposes of the academic research is to allow the early involvement of 

the students in the research activity. On the educational side this approach provides 

direct contact with the research means and methods, and the possibility of collecting 

experience-based knowledge, directly from accomplished researchers. For the 

researchers, the existence of this relationship introduce one more attribute of the job, 

knowledge sharing. The knowledge sharing is an important part of the communication 

process and although it is common for all business organizations, it has a special 

importance for educational institutions. That is why the extent to which it has to be 

formalized should be larger. For instance, if the activity is structured in projects and 

project tasks, the small groups (or individuals) executing a task may need a brief activity 

review at the end of each work day, since the time span of the tasks themselves is short. 

This review, would allow determining if the activity is developed on time, or if the partial 

results are within the expected range. It would also allow students to express their 

concerns and understanding of the work done, while setting new targets for the next step. 

For the whole project group, weekly reviews are more appropriate, since overall activity 

can be evaluated in a meaningful way only after a number of tasks have been 

accomphshed and their results assembled. On the informal side, the manager may need to 

ensure that communication develops and may suggest topics along which it may develop 

further. A complete picture of the activities that are conducted in a larger research 



organization cannot be obtained unless periodical presentations are included. Thus, 

students, besides the scientific information to which they would be exposed, would have 

the opportunity to understand the whole range of research interests and research 

capability of the organization. 

2.1.2 Conflict Management 

The conflict is an unavoidable aspect of interpersonal relationships. Because the 

effects of the conflict are always damaging the organizational effectiveness, the conflict 

as a social phenomenon, has been under constant analysis. No matter the granularity of 

the under laying analysis the conflict, as a phenomenon, can be described by three 

generic stages: (1) source of conflict, (2) evolution and (3) resolution of the conflict. 

Obviously, the easiest way to avoid conflicts is to identify and reduce the number of 

potential sources of conflict. The most common sources of conflict, as reflected by 

specialized literature, fall into three large categories: (1) personality related, (2) diversity 

related and (3) organization related. However, among these sources of conflict only 

organizational issues can be, largely, addressed in advance without being presumptuous. 

The approach for the other two has to be more cautious and may regard the incipient 

stages of the evolution, if any. This would be possible if we see the evolution of the 

conflict as a succession of events starting from debate, going through disagreement and 

ending in open conflict. The cautiousness has to be exercised, mainly because not all 

debates and disagreements are ending in conflict. They are also part of the cognitive 

process and may very well end peacefiilly, if there is no other substrate than professional. 

Suggested approaches to the conflict resolution are smoothing, compromise, forcing, 

avoidance and confrontation, Sapientza [13]. 

Regarding university research facilities a source of conflict pertaining to the 

organizational category can be identified as the sharing of investigative and processing 

resources. This situation arises when delicate measurement systems or processing 

systems and means, have to be used by different individuals. The prevention may 

encompass actions as: delegation of accountability to certain individuals, selection of the 
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personnel for which access is granted, periodical training regarding the use of these 

resources and limiting/securing access to the critical components. Of special importance, 

is the collective review of the potential implications of non-conform utilization, over the 

research activity of the organization. 

2.2 Quality Concepts and Tools for Experimenter 

Quality concepts and tools represent a number of simple, graphic aids and 

analytic procedures meant to address systematically the quality improvement and process 

investigation/optimization in the industrial environment. The effectiveness of these tools 

regarding their original application may be judged by evaluating the resuhs of their 

promoter, Japanese industry. One of the most famous quality innovators, Ishikawa [16], 

notes that the adoption of these quality tools may be responsible for the resolution of as 

many as 95% of the quality related problems in the Japanese factories. However, there is 

no reason for which their use may be limited to the quality improvement domain and 

proving their usefulness for the R&D area may be just a matter of consistent deployment. 

1. Cause-Effect Diagrams represent graphically known and/or presumptive 

relationships between observed effects and possible causes. It represents an 

investigative tool that would help to visuahze, in a concise way, the relational 

structure from effect to all possible causes devised. 

2. Pareto Analysis is a natural follow-up for the Cause-Effect analysis. It is based 

on the conjecture that among all elements participating in a process or 

phenomenon, only few are genuinely important, the rest being trivial. Generally, 

it helps by prioritizing the investigative effort, but has to be used as a "rule of 

thumb". 

3. Stratification Analysis represents a consistent method of collecting data through 

which the circumstances surrounding the observation are rigorously documented 

(i.e. time, temperature, fluxes, raw material, etc). The method, often, provides the 

only way of tracking back biased measurements, experimental resuhs or process 

related abnormalities. Its application in collecting growth data and summarizing 
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process parameters and results has been consistent throughout the growth of 

nitrides. 

4. Check Sheets provide a visual aid in planning and accomplishing activities. 

These are common tools nowadays, their sophisticated counterparts being the 

computerized agendas. 

5. Histograms and Scatter Diagrams offer synthetic depiction of population 

categories and correlations within data sets, respectively. Their use is facilitated 

by the current capabilities of the data processing software (i.e. Excel, Origin, etc) 

and represents basic investigative tools. 

6. Failure Mode and Effect Analysis (FMEA) is a proactive tool that "...seeks to 

identify possible failure modes and mechanisms, the effects or consequences that 

failure modes may have on performance, methods of detecting the identified 

failure modes, and possible means for prevention.", Kolarik [17], (p. 243). It can 

be also reactively involved in the determination of the most likely cause, when 

the mode of failure has been reliably documented. The use of FMEA is 

documented in the Chapter 3, with respect to the development of a high 

temperature sample heater. 

2.3 Experimental Design Apphcation 

The Design of Experiments (DoE) is a collection of systematic methods of 

exploration of various phenomena, based on assumed cause-effect relationships. These 

methods form a body of techniques that in the long run, enable the experimenter to 

acquire and analyze data efficiently. Introducing the design of experiments as a common 

tool of investigation generally pays off in several ways: 

a. Reduces the amount of experimental material needed, compared to those 

situations where rigorous experimental procedure is not followed; 

b. Provides a coherent set of data that may be expanded by follow up 

experiments; 
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c. Gives an estimate of unknown or uncontrollable factors that play a role within 

the phenomenon (error term); 

d. Quantifies and relates effects to causes (factors) in a defendable manner, 

providing support (within some confidence limits) for further inferences; 

However, to benefit from all possible advantages requires a disciplined protocol 

and in most cases, the initial understanding of the procedure. 

The experimental problems related to the experimental design are broadly divided 

into four categories: 

1. Treatment Comparisons. Have as the main purpose the comparison of several 

treatments (particular combinafions of factor levels) and the selection of the best one 

according to the experimental goal (bigger/smaller/nominal is better). The observations 

resulted, are samples of the population of values that, presumably, maybe obtained if the 

input factors (the treatments) would be varied with high enough granularity. If random 

sampling techniques are used, the sample elements may be considered random variables. 

Thus, following the data collection, we end up with a number of samples that, although 

represent different conditions of the same process/phenomenon, are characterized, 

ideally, by the same statistical distribufion. Since the outcome of the experiment analysis 

is the treatment comparison, the experimenter needs, essentially, to compare the resulted 

populations or, in fact, their sampled members. This can be done using some statistical 

descriptors of respective populations such as mean (|i) - measure of central tendency or 

location and variance (a^) - measure of spread of the values and some form of a 

probability distribution. However, since one considers the same probability distribution 

function for all populations, attention has to be paid only on the other two statistics, mean 

and variance. The two statistics, obviously, are not known to the experimenter. Instead, 

their estimators given by the samples extracted are. These estimators are sample mean 

( y ) and sample variance (S^) or standard deviation (S). The expected values of the un

biased estimators are, precisely, the descriptors of the sampled populations. The choice, 

in this case, is to use for the purpose of comparison, the estimator of the population mean. 

This is justified by the fact that, in this case, comparison of the location of experimental 
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outcome is desired. In that case where one would try to determine the combination that 

would generate the most stable response (minimal variability), the measure of spreading, 

the variance, corresponding to each sampled population would have to be compared. That 

is why, generally, we use the sample mean comparison for judging the treatment 

significance. Besides the logic motivation, toward the use of sample mean as comparison 

parameter, some other desirable statistical properties can be underlined. Such sample 

means are sums of random variables, if random sampling takes place: 

1 
y = -iy^+y2+y^+••• + yn)• ( i ) 

Central limit theorem (CLT), states that sums of independent and identically 

distributed random variables are normally distributed and the distribution is better and 

better approximated with increasing number of sample means, Montgomery [18]. It can 

be shown that departures from normality of the parent distribution produce little deviation 

of the population mean estimator, as an effect of the CLT, Box, Hunter and Hunter, [19]. 

That is why statistical procedures that rely on sums of sample means are insensitive to 

deviations from normality. Ultimately, the significance of the normality of the 

distribution of the sample means is that their mean is an ideal descriptor of the central 

location of the sampled population. This population mean indicates what values should 

be expected in the case of lack of factor effect. 

2. Variable Screening. Represents a method of selecting, from a large number of 

variables, only a relatively small number that has a significant influence over the 

investigated process. 

3. Response Surface Exploration. Once a small number of variables are identified 

as important, their effect on the selected response may be quantified based on a 

simphfied physical model i.e.: 

fi = a + bT + cH + dTH + eT'-+fH\... (2) 

where T and H are variables. 
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Following the model validation, based on the collected data (within certain limits 

of variation), a response surface can be graphically depicted (for no more than two 

variables). This surface will now provide information abut the process response in those 

domains of variation, of the controlled factors, which were not explicitly explored. 

4. System Robustness. The purpose of this type of experiment is to define the 

combination of input variables (treatment) that would result in the lowest process 

sensitivity to noise input. The result of this type of optimization is a robust process that 

can deliver constantly results in the desired range of variability despite the presence of 

inherently uncontrollable variables. 

2.3.1 The Basic Steps of Experiment Planning 

The design of an experiment presupposes the existence of basic knowledge 

regarding the processes taking place, which would allow the experimenter to define the 

input-output parameters and their plausible range of variation. A well designed 

experiment involves six basic steps, as outlined by Kolarik [17]: 

1. Establish the Purpose: This is the most basic condition that has to be 

accomplished starting an experiment. At this step the experimenter has to clearly define 

the problem at hand. The definition of goals, objectives and targets relative to what is 

needed and expected from each experiment is indispensable. 

2. Identify the Variables: At this step controllable and uncontrollable variables 

together with the expected responses have to be delineated. Here the selection of the 

meaningful responses, the factors to control and the factor levels, has to be done. With 

respect to data collection procedure, one needs to determine the timing of the monitoring 

action (ideally continuous), and the location of the detection devices, according to the 

physical nature of the experiment. 

3. Design the Experiment: Here, the appropriate randomization and replication 

structure has to be chosen. This would allow the deployment of unbiased statistical 

analysis. The choice of the experimental plan is again a sensitive point. A poor design 

may capture little information which no analysis can rescue. 
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4. Execute the Experimenl: At this stage the planned experiment has to be put into 

practice. The change of the variables has to be controlled carefully, and the results have 

to be recorded and documented. Data reliability has to be ensured by the proper selection 

and calibration of the measurement instrumentation, so the validity of the resuhs can be 

defended. 

5. Analyze the Results: The data analysis starts with data arrangement according 

to the designed experiment. Here, statistical analysis represents the main tool of 

information extraction. Based on the statistical resuhs, descriptive, inferential and 

predictive components of the analysis should always be derived. 

6. Interpret and Communicate the Analysis: In the final stage "...we put our 

findings in perspective and defend our methodology in terms of its conformance to good 

statistical practices as well as its physical relevance.", Kolarik [17], (p. 443). 

2.3.2 Single-Factor Experiments 

The simplest type of experiments, concerned with the investigation of only one 

factor, are singlefactor experiments. They are of limited value, since most processes 

involve a multitude of variables that influence the results. However, even using a single 

factor there are several designs that may be selected according to the investigation 

purpose. These experimental designs are based on three fundamental principles: 

randomization, replication and blocking. 

The randomization is applied when the experimental units are allocated to the 

treatments they have to endure, when the order in which the treatments are applied in 

performing an experiment is established and when the order in which the responses are 

measured is determined. The randomization represents a safety measure we take to 

protect the experiment development against the effect of unknown variables that may 

produce a significant response (i.e. progressive depreciation of measurement conditions -

wearing, heating, etc), and against subjective judgment in treatment allocation. Overall, 

the randomization ensures the statistical validity of the experimental error estimates, thus 

providing a solid ground for further inferences. 
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The most noticeable effect of randomization is that it enables the use of t-distri-

bution - since it can be shown that a randomization reference distribution approximates 

close enough the appropriate scaled t-distribution - regardless of the statistical 

distribution of the sampled population, Box, Hunter and Hunter [19]. Because for t-

distribution as for normal distribution, the mean describes the central tendency of the 

values, it justifies the use of averages for the purpose of location comparison that is 

performed when treatments are contrasted. 

In many situations the experimenter does not want to study the variability of the 

response for randomly selected values of the input variable, but he or she wants to study 

the influence over the response of a number of rationally chosen values of that input 

variable. In this case, one deals with a fixed-effects experiment. However, even if the 

factor levels here are not randomly selected, the assignment of the experimental units to 

treatments has to be done randomly. 

The replication represents the gauge needed to determine the magnitude of the 

experimental error (i.e. the error variance). In turn, the experimental error allows for the 

determination of the statistical significance of the observations collected. In other words, 

the experimenter may be able to determine if the variation associated with these 

observations can be correlated with modification of an input variable, or it pertains to 

"chance". An increased number of replicates allow for the computation of more reliable 

treatment effect estimates. Thus, one is able to make a better distinction between 

treatments effect and, in addition, manifestations of unknown variables may become 

observable. The replication signifies the application of the same treatments to different 

experimental units in accordance to the randomization principle. In this way the unit-to-

unit variation of the response can be measured. It should be underlined here that the 

repetition of the measurement which will only quantify the variation due to reading 

errors - is not the replication purpose. 

Blocking represents a method of grouping homogeneous units. In many instances 

this homogeneity is given by factors whose influence cannot be avoided although is not 

of primary interest for the experimenter. Thus, by blocking the experimenter manages to 
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eliminate, to the extent possible, that part of the response variance they cause. For 

instance, if the investigation of the items produced during a 2-shift workday is intend, the 

items produced during the first shift must be assigned to one block, and the items 

produced during the second shift to another block. Thus, supposing that the ambient 

temperature varies from one shift to another, we will be able to quantify the response 

variation due to the ambient temperature, through the difference between the averaged 

responses of the two blocks. 

ft must be emphasized that the response nature and the place where the response 

is to be measured must be carefully selected to ensure that they are representative and 

describe accurately the parameter we want to study. 

Generally, the single-factor experiments can be designed according to the Table 
2.1 

Table 2.1 Single-factor experiment characteristics summary. 

CRD - Completely Random Design 

Initially, each experimental unit has an equal chance of being selected for each treatment 
level. 

Random Effects Model Fixed Effects Model 

- Generates a dispersion-oriented - Generates a location-oriented experiment; 

expenment; _ ^^^^^ ^^ identify a best average level of 
Estimates components of variation the response, relative to the levels of its 

associated with our process factors; causal variables; 

Factor levels are selected randomly from - The factors and their levels are rationally 
a population of possible levels. selected, based on our process experience 

and purpose. 

Blocking / No blocking 

Balanced / Unbalanced 

A balanced experiment contains the same number of observation for each treatment. 

Replications / No replications 
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To provide a better understanding of the data treatment following the data 

collection we have to take a brief lock over a simple single factor experimental design 

CRD fixed effects design. Table 2.2 describes the ANalysis Of VAriance procedure 

(ANOVA) used for single-effects CRD experiments. 

Table 2.2: Fixed Effect Model ANOVA 

Model: 

Yij = n + ti + €ij 

Source 

Total 

Corrected 

Treatment 

(between 
trt's) 

Experimental 
Error (within 
trt's) 

Note: O, = 

£ 

a 

(=1 

df 

an - 1 

a - 1 

i ( n - l ) 

Aa- 1) 

SS 

Y^ 

ij an 

t^' y. 
n an 

obtc - oOtrt 

/ = 1,2,... a • 

j = 1,2, ...n 

MS 

ss,„ 
MS,,, - ;• 

4ftr, 

SS,, 

• number of treatments; 

- number of replications; 

F P 

MS,,, P,r, 

MS,,, 

EMS 

a'; + nO 

1 

Of 

Using the Complete Randomized Design, CRD, model we assume that the 

measured response (Yy ) has a structure that includes an overall mean ( jU ), a treatment 

effect (t i) , and an experimental error ( eij). 

Yij^H + ti + €ij (3) 
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The ANOVA procedure is based on the initial development of some Sum of 

Squares terms. The Total Corrected (SS,, ) row measures the failure of each experimental 

unit to respond the same. 

SSTC = SStrt + SSer (4) 

Thus, one could have SStc = 0 only if all measured responses are identical. 

In the CRD model Total Corrected term is partitioned in two parts: 

1. The sum of squares associated with the treatments that constitutes the treatments row 

and measures the failure of the experimental units to respond the same - on average 

under different treatments. The failure is judged relative to the overall mean. 

2. The sum of squares associated with experimental error that constitutes the 

experimental error row, and measures the failure of each experimental unit within a 

treatment to respond the same. 

Here, the expected mean square (EMS) represents the sum of the variances related 

to the terms of our model. Thus, the overall variance has a component $t that represents 

the variance due the change in factor level, plus another component a^ that represents the 

variance due to all other uncontrollable factors. 

Practically, we estimate the EMS (expected variance) by computing mean squares 

according to the relations of the Table 2 (sums of squares divided by degrees of freedom). 

The number of independent pieces of information that compose the estimate of a 

parameter is called the degrees of freedom (df). In general, the degrees of freedom of an 

estimate are equal to the number of independent elements that go into the estimate minus 

the number of parameters estimated as intermediate steps in the estimation of the 

parameter itself For example, if the, variance o^ , is to be estimated from a random 

sample of N independent elements, then the degrees of freedom are equal to the number 

of independent elements (N) minus the number of parameters estimated as intermediate 

steps (one, /x) and is therefore equal to N-1. 
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The experimenter resorts to these statistical means with the purpose of testing the 

relevance of two basic alternative hypotheses that are devised in relation to the 

experiment. For the fixed effects model these are: 

Ho : The variation of factor levels do not impact the response. Or 

expressing by means of the model terms: all ti = 0 or all jÛ  are equal. 

Ml = 1̂  + ti (5) 

Hj : At least one factor level produces a response that is significantly 

different from all others. Or again, in terms of the model: at least one ti j^ 

0, or at least one \i\ not equal to the others. 

The assessment of these hypothesis is done using the overall F test which is 

computed based on the mean square ratio {MSm over MSerr )• The usage of the F stafisfic 

is explained by the fact that the mean square ratios are distributed following an F 

Distribution. The shape of the F distribution depends on the degrees of freedom of the 

numerator (n) and on the degrees of freedom of the denominator (d). The lower the 

degrees of freedom, the larger the value of F needed to have a significant test, given that 

a probability level is chosen. 

Relatively large values of the F ratio signal the presence of large treatment effects 

with respect to the experimental error magnitude. In this case the null hypothesis HQ is 

rejected, based on evidence at hand. In any other cases the F ratio will be <1, and the 

ahemative hypothesis Hi should be rejected. A detailed discussion can be found in texts 

such as Montgomery [18], and Kolarik [17]. 

The P value, or the significance level, gives the probability under the null 

hypothesis that the F test value for an experiment conducted in similar conditions will 

exceed the observed value Fobs • The smaller the P value, the stronger is the evidence that 

the null hypothesis does not hold. Hence, P value provides a quantitative measure of the 

significance of treatment effects in the experiment under study. In other words, P value 

bears information about how representative is the experiment. For instance, at a P value 
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of 0.05 it can be assumed, that following experiments conducted in comparable 

conditions, one may get an F > Fobs in 5 cases out of 100. hi other words, there is a low 

probability to find treatment levels or new variables able to produce a more pronounced, 

and thus a more significant effect, than the ones used in the current investigation. 

Occasionally, P value is replaced by a. These are the situations when one wants to 

impose a threshold value concerning the risk he or she are willing to assume. 

Corresponding to a, the critical F value can be determined, based on tabulated values of 

F-Distribution. The values of F are parameterized with respect to o; n - degrees of 

freedom of the numerator, and d - degrees of freedom of the denominator, as Fa, „, d • 

Once a and the value of F are chosen, the observed (calculated) value of F is then 

compared against the critical value (the one determined from tables). Typically, a = 0.05 

and o; = 0.01 are used to determine the F value. For instance, choosing a = 0.05 and with 

n = 2, d = 9 degrees of freedom one can determine from tables F = 4.26. Assuming that 

the observed F value is 5.99 (P = 0.0222) the comparison results in: 

FOBS > FCR • (6) 

In this case, it can be clearly stated that at a = 0.05 level of significance, there is 

strong evidence to reject the null hypothesis (of no significant effect), based on evidence 

at hand. 

Nowadays, most of dedicated software packages provide directly the value of P. 

Hence, the inferences relative to the null hypothesis can be made based on the 

comparison of a and P values. According to the above example (P = 0.0222) the 

comparison would result in rejecting the null hypothesis: 

P<a. (7) 

The Figure 2.1 is a generic representafion of the F-Distribution and of the para

meters involved. 

22 



0 Fo.OS.n.d FoBS,n,d 10 

Figure 2.1 Representation of F-distribution. 

Concluding, it should be noted that a and P are denominations of the same 

parameter and the fact that the validity of the F test in the ANOVA analysis is based on 

the assumption that the residuals Cij are normally distributed with /x = 0 and â  . However, 

the graphical analysis and even the ANOVA SS and MS calculations can be made 

without regard to the normality assumption. 

At this point, the contrast between the usual data collection and interpretation, on 

one side, and the experimental design analysis, on the other side, can be done. For the 

case of single factor experiments, the experimenter collects one value for each setting of 

the control factor. Based, on the set of values obtained, then, conclusions about the 

process behavior, with respect to that parameter variation, are drawn. This situation is 

illustrated in Figure 2.2 a. With just one measurement to represent the central location of 

each population, the deviation can be so significant that would lead to the wrong 

conclusion. In this case, the conclusion could be that there is a downtrend with the 

increase of the input value. 

Figure 2.2 b presents the case in which one replication is obtained. The chances to 

approach the real trend, by averaging each group of measurements, increase considerable. 
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Figure 2.2 a). Measurements without replication, b). Measurements with one 
reolication. c). Consistent samolina of the nonulation. 
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Finally, the Figure 2.2 c presents the real trend of the phenomenon evolution for changes 

of the input variable. This trend is what the other two experimental situations struggle to 

reveal. 

However, the question of, how so many experiments are conducted without 

replication, and still seem to lead, for the most part, to valid conclusions, appears 

legitimate. The answer lays with the structure of the values distribution. If we can assume 

the possible population of measurements normal distributed, as illustrated in Figure 2.2, 

then 68.27% of the values are located within an interval of ± la around the sample mean, 

and 95.45% are located within ± 2o. Thus, if the input values are selected such a way that 

the means (|i) of real process responses would differ by more than 2o then, with a 

probability of about 70%), we would be able to determine, qualitatively, the real process 

trend. That is why, knowledge about the process/phenomenon behavior, and sometimes 

intuition, are prerequisites of successful experimentation. In addition, balancing the 

accuracy of the determination, the experimental cost, and the cost of the experimental 

failure have to be carefully considered when deciding which experimentation path should 

be selected. 

2.3.3 Multiple-Factor Experiments 

Multiple factor experiments are, in fact, planned series of single-factor 

experiments. When the simultaneous effect of the variation of several factors has to be 

analyzed, the procedure termed "Factorial Arrangement of Treatments" (FAT), has to be 

used. 

There are two basic reasons for developing multiple factor experiments. First, by 

developing an experiment in which all relevant factors are controlled and varied 

simultaneously, time and experimental material could be saved, in comparison to single 

factor experiments. Second, and more important, analyzing factors in isolation would not 

allow the identification of that part of variation due to the interaction between factors 

levels and it would be lost under the umbrella of an unexplainable high experimental 

error. Here, the multiple factor experiment is the one that offers the opportunity to 

analyze the process as whole, and to isolate those parts of the variation that pertain to the 
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main factors and their interactions as well. The downside of the interaction presence is 

discussed following the model and formal analysis description. 

In a full factorial arrangement, all possible treatment combinations (of factor 

levels) are observed and their responses recorded. When two levels of each factor are 

investigated, the arrangement is termed 2^ FAT, where/represents the number of factors. 

For three levels of each factor the arrangement is termed 3^ FAT, where/represents the 

number of factors, and so on. A full N FAT requires N^ factor level combinations. 

More than two levels for each factor may also be used, and in this case the 

experiment is termed using the number of levels for each factor. For instance, 3 x 4 x 2 x 

5 FAT represents an experiment where 3 levels for the 1̂ ' factor have been chosen, 4 

levels for the 2"'^ factor, 2 levels for the 3'̂ '̂  factor and 5 levels for the 4* factor. Such an 

experiment would contain 120 factor level combinations. 

Noticeably, the ftiU factorial experiment execution may require a relative large 

quantity of experimental material, even if no replication is included. That is why, before 

starting such an experiment one may want to analyze in some maimer, the possible 

significance, relative to the magnitude of the process response, of the "first glance" 

factors. 

In this case a trade of the sensitivity of the experiment for the amount of 

experimental material has to be done. Judging that significant factors will strongly impact 

the process responses, the experiment sensitivity may be reduced in a controlled manner. 

Such experiments are termed Fractional Factorial and they provide an efficient screening 

tool with respect to the significance of those factors. Once such an experiment has been 

executed and the number of factors reduced, more effective full factorial experiments can 

be developed. In fracfional designs "opfimal" fracfions are chosen according to resolution 

and minimum aberration criteria. A commonly used type of experiment is half- factorial 

denoted by 2^"' where /stands for the full factorial form, and 2 '^ denotes the fraction. 

Detailed description about the development of fractional factorial designs can be 

found in Montgomery [18], Kolarik [17], and Wu and Hamada [20]. 
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In factorial experiments the fundamental principles outlined with single - factor 

experiments apply (randomization, replication, blocking) in general; however additional 

principles are involved. They would help to justify the selection of certain design and 

data analysis strategies. Generally, three principles are involved. 

Hierarchical Order Principle. It is an empirical principle whose validity has been 

derived from the real experimentation. 

1. Lower order effects are more likely to be significant than higher order effects; 

2. Effects of the same order are equally likely to be significant. 

Besides the main effects, a factorial design analyses the interaction effects. Higher 

order effects represent those interactions concerning large number of factors (i.e. 

ABODE), while lower interactions are termed those where just few factors are involved 

(i.e. AB, AC, BC. etc, are the lowest order interaction effects). 

This principle suggests that when resources are scarce, priority should be given to 

the estimation of lower order effects. 

Effect Sparsity Principle. The number of relatively important effects in a factorial 

experiment is relatively small. This principle suggest, relative to the factors and their 

effects, that we should focus the analysis on the "vital few" instead of the "trivial many". 

Effect Heredity Principle. In order for an interaction to be significant, at least one 

of its parent factors should be significant, (i.e. supposing that A effect is significant, than 

ABC interaction may be significant too, while BCD will not be if any of B,C,D effects is 

not significant). 

2.3.4 Multiple-Factor Analysis of Variance 

With multiple factors one has to multiply the treatment row used in single factor 

ANOVA according to the number of main factors and their interactions. For a two-factor 

FAT-CRD the representative model would be: 

Yyk = M + Ai + Bj + ABij + 6k(ij) (8) 

where: Yijk - represents a response observation; 
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fi - the overall mean; 

Ai - factor A main effect, i = 1,2, ..., a; 

Bj - factor B main effect,y = 1,2, ... , b; 

ABij - factor A - factor B interaction effect; 

6i<(ij) - random error associated to our experiment, k = 1,2, ..., n 

replications. 

Based on this model, the simplified ANOVA row calculations are developed in 

the Table 2.3, resorting again to the fixed effects factors design. As in the previous case, 

each row of the ANOVA table provides a measurement. 

Total Corrected: Measures the failure of each e.u. to respond the same relative to 

the overall mean. 

Main Effects (A/B): Measures the failure of the average responses of e.u.'s treated 

at each level of factor A/B, to be the same, when averaged over factor B/A and 

the replications. 

Interaction Effect AB: Measures the failure of e.u.'s treated at each A (or B) level 

to respond the same over all levels of B (or A), when averaged over replications. 

Experimental error: Measures the failure of e.u.'s treated alike to respond the 

same. 

For the experiment development a planning matrix should be prepared to allow 

the display of the experimental design in terms of actual factor levels. Using a planning 

matrix the experimenter can avoid any misunderstanding of what the experimental factors 

are, and what levels should be used for each experimental run. 
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Table 2.3 Two-factor FAT-CRD ANOVA for Fixed Effects. 

Model: / = 1,2,..., a; 

Yijk = /t + A, + Bj + ABij + Ckdj) ./• = 1,2,..., b; 

k = 1,2,..., n 
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To make possible a balanced evaluation of the usefulness of one or another 

experimental design (simple-factor vs. multiple-factor), a note has to be added with 

respect to the presence of interaction. The presence of important interacfion effects, as 

can be determined from the computation of appropriate sum of squares, disturbs the 

significance tests that are performed on main effects. This happens because the difference 

between the averages of the main effects, include also an averaged interaction effect. 

Assuming, for instance, A and B factors, each at 3 levels, the form of averaged values of 

A over all values of B would be described by the relationships (9): 
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Y3 - - ( 3 / / + 3 ^ 3 + 5 , + ^ 3 + 5 3 + ^ ^ 3 , + ^ ^ 3 , +^^33 +£3, +63, +£33) 

To deal with this situation one approach would be to analyze and contrast the 

main effects as we would do for a single-factor experiment, but using the error variance 

determined form the ANOVA of multiple-factor experiment, Montgomery [18], (p. 208). 

When we can determine that the amount of interaction is not statistically 

significant (by comparison with the experimental error), then the comparison of main 

effects becomes straightforward, since all AB terms would vanish in the relationships (9). 

The error terms are assumed, generally, not to influence the resuh of comparison 

as long as they are random in nature and small enough. The validation of these 

assumptions is done through the model adequacy check. 

2.3.5 Model adequacy 

One of the first indices regarding the experimental model adequacy is the rafio 

between the experimental error variance and the overall variance exhibited by the rest of 

the factors and their interacfions. As smaller this ratio as better the model is believed to 

be in explaining the process behavior. This ratio is expressed as: 

SSe,T/SStc = MSe^/ (MSA+MSB+MSAB-^MSe^) (10) 

For instance, if the result of the computation would be 0.00725 it can be stated 

that from the total variance encountered, 99.275% is associated with the variation of the 

input factors, while only 0.725% can be associated with the experimental error. This 

would indicate first, that no uncontrolled factors (or at least no significant ones) where 
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acting during the process, and second, that the measurement procedure was fairly 

accurate. In other words, it would be appropriate to consider the model as structurally 

adequate for describing the investigated phenomenon. 

However, there are a couple more concerns that should be addressed. In order to 

support our hypothesis testing (using F statistics) we assumed that the residuals €,jk are 

independent and normally distributed with ^ = 0 and o^ = a ^ . This assumption can be 

tested in two ways: (1) with a probability plot or (2) with a goodness-of-fit test. 

Dedicated software packages usually generate both test results. For the probability plot, 

the residuals (cij) are calculated as the difference between the observed value and the 

predicted one. Starting with the model assumed for the single-factor experiment, the 

following relationships can be derived: 

/i = F.. 

\=Y.,-Y.. (11) 

iiij=ii+\ = Y,. 

g =Y..-u- = Y.-Y. '^ij ^ij r-ij ^u ' 

If the residuals are normally distributed they are going to be placed along a line 

on a logarithmic paper. For the purpose of exemphfication the plot of residuals in Figure 

2.3 has been included. This plot is an equivalent that test the normality of residuals 

obtained with STATISTICA software. The residuals appear to be independent and 

normally distributed. 

Throughout the experiment a good practice is to register the order of 

experimentation. The plot of the residuals versus the order sequence would allow the 

detection of any unwanted changes or biases that might take place during the experiment. 

An unaffected experiment would generate a more or less random signature, any other 

pattern indicating that the results may be misleading. 

The homogeneity of variance assumption has to be checked as well. For this 

purpose a plot of residuals vs. predicted values may be done. If the homogeneity of 
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Figure 2.3. Normal probability plot of residuals. 

variance throughout the data holds, than the plot should not display any obvious pattern 

(i.e. large difference in the spread of points from treatment to treatment). 

The treatments mean comparison cannot be done m a meaningful way without 

developing confidence intervals around these values. This is a measure of the variability 

that is associated with the computation of the mean. Anderson and McLean [21], 

determine that for the fixed effect treatment mean the appropriate standard error interval 

is: 

S.E.I. 
MS,,, (14) 

where n is the number of observations in the treatment mean for which the estimation is 

done. Assuming a normal population we can introduce the t-statistic and develop a 

(1 - a) 100 percent confidence interval on the treatment mean, Kolarik [17]: 
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where a is the level of confidence for which we compute the interval. 

2.3.6 Dealing With Lack of Replicafion 

Often, the experimenter is confronted with the practical impossibility of making 

consistent replications or replications carmot be made at all. In such a case the 

experimental error term cannot be estimated directly and only few choices are available. 

One possibility arises if we are dealing with a multi-factorial experiment for 

which one or more of the factors can be considered as having no significant effect on the 

output, based on the practical experience. This is a subjective determination, and caution 

has to be manifested in making it. As the result a pseudo error term is computed 

according to a pooling scheme, using those higher-order interactions which, judged with 

respect of their mean square, appear not to be significant. Actually, the upper limit of 

pooling procedure is detected using successive comparisons of the resulted F value 

against the F value corresponding to a chosen a (i.e. a = 0.05). Typically, we will not 

include into the poohng procedure any of the main effects mean squares. A detailed 

description of this procedure can be found in Kolarik [17], (p. 513). 

Another approach underlined by Montgomery [18], (p. 218), addresses two-factor 

experiments. In this case the error variance cannot be estimated unless the factor 

interaction is zero or negligible. 

Finally, a method of developing an error variance term can be based on the 

assumption of homogeneity of variance throughout the experimental range. If such a 

supposition holds, then it can be argued that is not necessary to produce replications for 

all locations of experimental matrix and instead would be sufficient to produce a number 

of replications -minimum 2 observations- for just one point, conveniently chosen. The 

same idea is used for the development of factorial designs with a "center point", Kolarik 
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[17], (p. 557). In this case the error is developed using multiple observations in the center 

point based on the following computations: 

ss„,=t{y,-K) 
i=\ 

dfen- = n - l a n d MSerr = SSen-/ dferr (16) 

All these techniques, while far from ideal and needing substantial caution, are 

better approaches to the estimation of factor effect, than the complete disregard for any 

replication and statistical evaluations. 
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CHAPTER III 

INSTRUMENTATION 

3.1 MOMBE System 

The growth experiments of nitride semiconductors were carried out in a compact 

MOMBE system, originally designed for growth of III-V semiconductor compounds like 

InGaAs, InGaAsP, etc. The description and the details of the system can be found in the 

paper by Hamm, et al. [22]. Figure 3.1 presents a schematic view of the growth chamber. 

For the growth of nitride based semiconductors a number of modifications to the 

original system have been performed of which two were critical in obtaining a reliable 

operation. 
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Figure 3.1. Schematic view of the MOMBE growth chamber. 
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The sample heater is one of those critical components because of the high 

temperature required in nitride growth that can reach 950°C for relatively long periods of 

time. Priority has been given to the replacement of Mo fixture parts with more reliable 

ones that would sustain high temperature operation without generating contamination 

problems. At the same time they had to allow repeated assembly-disassembly operafions 

associated with the heater maintenance. 

Heater energy exchange with the base plate and the surroundings had been 

reduced by the use of layered thermal insulators and by providing adequate shielding. 

Ultimately, the heating element itself has been designed and redesigned until the 

reliability issues have been resolved. Figure 3.2 suggests a number of stages that had 

been passed during the heater use. 
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Figure 3.2 Stages of the high temperature heater design. 
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The life times and the failure modes have been recorded for a number of 10 

resistors. Thus for Ta resistive elements lifetimes of about 400 h had been achieved 

while for W resistor the life time increased to more than 800 h. All the changes have been 

done along with the nitride growth experiments. The observations have been analyzed 

and possible failure mechanisms identified. Upon identification, the cause elimination has 

been tried on the following heater version. Figure 3.3 depicts the synthesis of the failure 

analysis procedure. 

H vdino / ManiAduiing 
Process 

Figure 3.3 Synthesis of failure analysis. It produces a list of most probable causes and 
their relation with physical parameters. Main failure mechanism encountered was hot 
spot formation. 

The heater used currently is a boron nitride covered carbon resistor that proved 

good thermal performance and cost effectiveness. 
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The other critical modification was the reconfiguration of the control system that 

had to be done to provide a more reliable control of temperature and fluxes. The control 

software has to be updated as well, to a more flexible and manageable LabView control, 

from the old C-language version. A general schematic of the control system hardware is 

presented in Figure 3.4. 
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Figure 3.4 Block diagram of the control system. 
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The control system has to accomplish 4 basic tasks: 

A. Monitor, record and regulate the temperature; 

B. Monitor and record the chamber pressure; 

C. Monitor and regulate the MO flows; 

D. Monitor record and regulate the Ammonia flow. 

Temperature control is performed for 3 elements: substrate heater, ammonia 

cracker and one effusion cell. As control devices, programmable process controllers CAL 

9500 have been chosen. The input of these controllers is configured in the Linear mode 

while the output is an analog 0 - 10 V signal. Power sources EMS and Sorensen are con

figured to accept voltage remote control, with the input in the specified range (0-10 V). 

Further, the linear input of the temperature controller has been calibrated to match a C 

type thermocouple characteristic within +/- 1°C in the interval 700°C to 860°C. The CAL 

9500 controllers are also provided with a communication module that uses RS 485 serial 

protocol to exchange data with the control computer. Process temperature, temperature 

Set Point, PID constants and the state of the controller output are among the main 

parameters exchanged. The PID constants have been determined using a variant of 

Ziegler-Nichols tuning method that relies on the measurement of the closed-loop system 

oscillafions at the limit of stability. In this way the "uhimate period" and the "ultimate 

gain" can be determined. With the period of oscillation T given in minutes the values of 

the Integral time (Reset) and the Derivative time (Rate) are computed using the following 

relations: 

8 1 r x 6 0 , . , , , 
A:, = - x - [min] and K, =— -— [sec] (3.1) 

' 5 T ^ 10 

The sample is heated fi-om the heater by radiation. The process temperature is 

measured using type C thermocouples and recorded on the temperature chart. The sample 

surface temperature is measured using a Quantum Logic pyrometer and the temperature 

output of the pyrometer is recorded on the same chart. For the pyrometer an emissivity 
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coefficient of 0.68 has been selected, and Si(l l l) surface reconstruction transition at 

825°C, from (1x1) to (7x7) has been used for the temperature calibration. 

The chamber pressure is measured using a Bayard-Alpert ion-gauge and a 

vacuum gauge controller Grandville-Phillips 340. 

The flow of 6 metalorganic lines is regulated using pressure control with 

baratrons and control valves. The fine adjustment of the flow is done with leak-valves. 

For the ammonia flow two lines are used provided with mass flow controllers whose set 

points and output values are exchanged with the control computer. 

The growth chamber is equipped also with a residual gas analyzer that has been 

used to probe the gas background composition and the direct molecular fluxes as well. 

Typical configurations and basic requirements for MOMBE are presented by 

Foordetal. [23]. 

3.2 Choice of Elemental Sources 

Two types of sources have to be provided for the MOMBE growth of the nitrides 

semiconductors: a source for group III element i.e. Al, Ga or In, and a nitrogen source. 

The literature shows that almost all N sources (n-plasma, ammonia, hydrazine, t-

butylamine, hydrazonic acid) have been tested and used for the growth of nitrides. 

Ammonia has been selected for the MOMBE growth for a couple of reasons. The 

less hazardous nature of the ammonia as compared with hydrazine has been one of the 

reasons. The quahty of the purified ammonia was another reason. Currently, high purity 

(ULSI) ammonia 99.9995 is available from Matheson for less than $400/5 lbs while Blue 

Ammonia 99.99994 fi-om Air Products is available for about $1100.0/15 lbs. Ultimately, 

the molecule has been known and used in chemical processes for a long time and its 

structure and reactivity are better understood than other more exotic sources. 

For delivering the group III elements, trimethylgallium (TMGa) and 

trimethylaluminum have been selected. At the time when the experiments were started, 

scarce information was available regarding the MOMBE growth with TMGa, Abemathy 

et al. [24], Saxler et al. [25]. The selecfion has been done because the successful use with 
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MOCVD nitride growth and lack of systematic studies on MOMBE GaN growth. The 

high vapor pressure that allows the flux adjustment in a large range without 

supplementary heating of the bubbler was another reason for selecting TMGa as Ga 

precursor. 

MacKenzie et al. [7], studied the growth of AIN but using trimethylamine alane 

(TMAA) and dimethylethylamine alane (DMEAA). No information regarding details of 

AIN growth from TMAl was found. 
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CHAPTER IV 

AIN GROWTH ON Si( 111) USING TRIMETHYLALUMINUM AND 

AMMONIA 

4.1 Role of AIN Layer and Substrate Preparation 

Among all nitride semiconductors, AIN has the largest band gap (6.2 eV @ 300K) 

and plays a central role together with GaN in the modulation of optical emission in the 

UV range. Highly insulating AIN layers provide the opportunity for growth of a variety 

of Field Effect Devices for high power applications. Further more, AIN constitutes the 

buffer of choice for the growth of GaN on all common substrates: SiC, AI2O3 and Si. The 

crystalline quality and surface morphology of the AIN layer influences many of the 

properties of the overgrown GaN. Thus, the main role of AIN buffer layer is to provide a 

transition domain between largely unmatched materials with respect to their lattice 

constants and thermal expansion coefficients. 

Silicon is by far not the best substrate for the epitaxy of nitride semiconductors. 

Plane (111) of the silicon that is used for the growth of hexagonal nitrides, has a six-fold 

symmetry and a spacing a = 3.84 A between any two closest neighbors, while the plane 

(0001) of wurtzite AIN (w-AlN) has a spacing of a = 3.112 A. Thus, the mismatch of 

silicon and AIN would be: 

^[0/0] = ^ ^ ^ 
a a. 

asi xlOO 
3.112 3.84 

3.84 
X100 = 18.96 %. (4.1) 

The larger spacing of Si (111) plane, resuhs in w-AlN growing under tensile 

stress that may result in the cracking of overgrown layers, unless special measures are 

taken. Despite the very large misfit the epitaxy sfiU occurs with relatively good quality. 

Bouret et al. [26], suggested that the formation of a commensurate interface with 

geometric relationship 4 x asj = 5 x aAiN reduces the misfit to just about -1.2% and allows 

the accommodation of the misfit within the first few monolayers. 
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Its attractiveness is still justified by the availability of high quality surface 

substrates with relafively low prices (~$21.0/pc.) and also because the possible 

integration with Si-based processes. 

Initiation of AIN deposition requires the bonding of the incoming species of the 

clean silicon surface. To ensure this cleanliness, the silicon wafers were prepared using a 

modified Shiraki etch terminating in an HF:methanol (1:4) rinse. This treatment results 

in a hydrogen terminated surface that protects the surface of silicon against re-oxidation 

during handling in air, Higashi et al. [27]. 

4.2 Growth Initiation and Surface Processes 

Upon surface preparation, the silicon wafer was introduced in the growth 

chamber, and heated at a rate of ~200°C/min to minimize the exposure time to residual 

ammonia and metal-organic radicals. Experiments regarding the inifial stages of 

nitridation of Si(l l l) using ammonia, performed by Yoshimura et al. [28], showed that 

nitridation may be initiated at about 600°C following an ammonia exposure of 2 

Langmuir (2L) and subsequent annealing. The nitridated silicon surface, in such a case 

contains many vacancies. In contrast, at 50L and 800°C, almost complete nitridafion of 

the Si(l 11) surface takes place. In the case of AIN deposition initiation, surface hydrogen 

desorption starts around 450°C and continues up to 600°C as reported by Koehler et al. 

[29], [30]. Thus, between 600°C and 700°C there is a window of opportunity for partial 

surface nitridation fi-om exposure to residual ammonia since the background pressure is 

about 3 X 10"̂  Torr and the temperature ramping up process takes an average of 30s. The 

equivalent exposure would be then, similar to that used by Yoshimura et al. [28], i.e. 9 x 

10'̂  Torr s. Under these conditions it is likely to have some degree of silicon nitridation. 

Once the wafer reached a temperature of 715±10°C it was exposed, for 6-8 sec, to the 

TMAl flux admitted into the growth chamber at beam equivalent pressure (BEP) of 1.7 x 

10"̂  Torr. The process sequence is depicted in Figure 4.1. The resuhing A1(CH3)3 

coverage reacts with nitridated surface according to the following reaction: 

Si-N* + A1(CH3)3 ̂  Si-N-A1(CH3)2* + CH3 (4.2) 
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and inhibits further Si reactions with residual ammonia. First-principle calculations based 

on density functional theory carried out by Halls and Raghavachari [31], found that the 

reactions occuring on silicon surface exposed to TMAl are the bonding of A1(CH3)2 and 

the surface methylation that has -0.1 eV higher activation energy. Thus it appears that the 

most likely reaction to occur at the silicon surface, leading to the growth initiation would 

be: 

Si * + A1(CH3)3 - Si A1(CH3)2* + CH3 (4.3) 

and 

Si - H* + A1(CH3)3 ̂  Si A1(CH3)2* + CH4 (4.4) 

where the surface species are denoted by asterisk. 

The temperature increase, continued for about 90-120s and after the wafer 

temperature reached 790±10°C, the TMAl was turned on again, at BEP 3.8 x 10'̂  Torr. 

Ammonia was admitted into the growth chamber at this point, with a delay of 2-3 

seconds, at a BEP of 4.0 x 10"̂  Torr. Two minutes latter the TMAl flux was interrupted 

and the wafer temperature was ramped in about 6 minutes to the growth temperature of 

860-870°C. This set of parameters for the initiation of the AIN growth has been selected 

based on our previous studies of gas source MBE growth, Nikishin et al. [4], and 

optimized for MOMBE. Once the growth temperature stabilized, TMAl flux was re

admitted in the chamber and the AIN growth resumed. 

Regarding the growth initiation stage, a number of experiments have been carried 

out with the intent of determining the effect of ammonia injector temperature over the 

surface microstructure of the AIN. It has been determined that the injector temperature 

strongly impacts the growth mode, as seen in reflection high-energy electron diffraction 

(RHEED) experiments of Figure 4.2. All three panels show RHEED images obtained at 

the end of the growth initiation period, i.e. after 35 60nm of growth. Layers of AIN 

illustrated here were grown at 865°C, under TMAl BEP of 3.8 x lO"*̂  Torr, and the 

ammonia pressure of 5 x 10"̂  Torr. Growth carried out at a low injector temperature 

(150°C) always resulted in a spotty, 3D-like, RHEED pattern. Figure 4.2(a). This pattern 
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Figure 4.2. The change of the RHEED pattern with the increase of the injector temperature. 
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was seen from the early stages of AIN nucleation, from the first few monolayers. Higher 

injector temperatures resulted in a gradual transition to the 2D growth mode. 

A mixed 3D-2D growth mode could be seen with the injector temperature 

increased to 410°C, as shown in Figure 4.2(b). Further increase in temperature, to 510°C, 

resulted in well defined 2D growth mode that could be seen from the onset of growth. 

Figure 4.2(c) shows a RHEED image obtained on a ~35nm thick layer of AIN grown 

with the injector temperature of 510°C. Well defined 2D growth was seen on the entire 

surface, indicating complete coverage of the silicon substrate. The 2D mode was 

maintained throughout the growth of the 600 nm thick layer of AIN. 

Experiments with a residual gas analyzer, with which our MBE system is 

equipped, showed that increased injector temperature resulted in release of molecular 

hydrogen. No cracking of ammonia was observed for injector temperatures up to 300°C. 

For the injector temperatures increasing from 300°C to 600°C the measured partial 

pressure of molecular hydrogen increased about 15 times, indicating the onset of 

ammonia cracking. Similar findings regarding catalytic cracking of ammonia in the 

growth of GaN were presented by Kamp et al. [32]. Hydrogen thus appears to have a 

significant role in the 3D to 2D growth mode transition observed in MOMBE of AIN. 

4.3 Effect of Growth Conditions on Structural Properties of AIN 

To determine the growth characteristics of AIN, an experiment covering 

reasonable ranges of the most significant growth parameters has been designed. Thus, 

the growth temperature was varied from 760°C up to 865°C, while for the TMAl flux 

three distinct settings, expressed as beam equivalent pressure were used: 3.8 x 10", 5.6 x 

10'*̂  and 7.5 x 10"̂  Torr. For all these TMAl settings, constant ammonia BEP of 5.0 x 10"̂  

Torr, was used. This beam pressure of ammonia was obtained at a flow of 35 seem into 

the chamber. During the experimentation the injector temperature was kept at 150°C. The 

parameters measured during or following the growth were the growth rate, the surface 

roughness, and the 26-0) FWHM of the (0002) diffi-action peak. 
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4.3.1 Growth Rate Characterization 

Growth rates of AIN are plotted in Figure 4.3 as a fimction of the growth 

temperature and the TMAl flux, for constant ammonia BEP of 5.0 x lO"*" Torr. In the 

temperature range of 760-865°C the growth rate was weakly temperature dependent with 

a slight maximum near 800-810°C. A notable feature is the scaling of the growth rate 

with the TMAl flux. Thus, increasing the BEP from 3.8 x 10'*̂  to 7.5 x 10'̂  Torr the 

growth rate increased from 200 to 520 nm/hr. The linear dependence on TMAl flux 

shows that the growth proceeds in the Al-limited regime, and that the nitrogen is released 

primarily through catalytic dissociation of ammonia in the presence of aluminum. The 

relative lack of sensitivity of the growth rate on temperature is consistent with previous 

studies of the growth of AIN by plasma-assisted MBE by Calleja et al. [33], and it may 

be due to an almost constant sticking coefficient value of Al, over the temperature range 

employed. This assertion is supported by the experiments on Al sticking coefficient for 

AIN, performed by Fan et al. [34]. Their determinations showed an almost constant 

sficking coefficient of Al up to about 1050°C. At around 1225°C the Al sticking 

coefficient is found to be zero. However, at lower temperatures, around 730°C, the 

growth rate was reduced by about a factor of 2 presumably due to lower efficiency of the 

TMAl decomposition, which in turn diminishes the catalytic NH3 dissociation. 

The MOMBE growth rate of AIN also depends on the temperature of the 

ammonia injector, as determined for a growth temperature of 865°C, TMAl BEP of 3.8 x 

10"*̂  Torr and NH3 BEP of 8 x 10"̂  Torr (47 seem). For injector temperatures up to 200°C, 

the growth rate did not change and was -200 nm/hr. The growth rate of 230 nm/hr was 

obtained for injector temperatures of 510-540°C. For higher injector temperatures the 

growth rate decreased markedly, down to 120 nm/hr at 810°C. The down-trend that can 

be seen with injector temperatures higher than 545°C is attributed to the increase of 

ammonia cracking efficiency that leads to less ammonia and more H2 and N2 being 

delivered to the growth surface. The measured growth rates are depicted in Figure 4.4. 
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For the injector temperature yielding the highest growth rate, experiments have 

been carried out, in which injector temperature was maintained constant at 545°C while 

the ammonia flux was varied from BEP of 2.3 x 10"̂  Torr up to 8.2 x 10"̂  Torr. 

The results obtained during these experiments were included in the data of Figure 

4.5. During the growth the beam equivalent pressure of TMAl was maintained at 3.8 x 

10"̂  Torr. 
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The growth rate increased initially with the flux of ammonia, saturated, and decreased 

rapidly with further increases in the flux. This general behavior was observed for all 

TMAl fluxes used. With lower injector temperatures the growth rate did not increase 

over -200 nm/hr in the mid ammonia range, while the decrease at high ammonia fluxes 

was less pronounced. The behavior observed in Figure 4.5 contrasts with the growth rate 

saturation and plateau seen with the growth with solid group III source and reported by 

Nikishin et al. [35], and Mersine et al. [36]. 
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Based on the data collected, a model for growth rate variation with the contiolled 

parameters can be derived using multiple Regression Method, and visualized as a 

Response Surface. The following parametric relationship has been found to adequately 

describe the growth rate (GR) data: 

GR = -175.178 + 0.030T + 76.57SP (4.5) 

Hhere: GR - is the growth rate [nm/hr], T - is the growth temperature [°C] and SP - is 

the Set Point of the TMAl flux control. The goodness of fit is evaluated by R̂  = 0.98733, 

Kolarik [17], while ANOVA analysis shows that 98.7 % of the data variation can be 

reproduced with the parametric model. Response Surface obtained is presented in Figure 

4.6. 

Growth Rate Response Surface 

4 5 760 

Figure 4.6. Growth rate response surface. 

51 



4.3.2 Surface Roughness Characterization 

The surface roughness of samples grown by metal-organic MBE technique, 

exhibited behavior very different from that seen in gas source MBE, i.e. MBE carried out 

with solid group III sources and ammonia. There, the surface roughness decreased at 

higher growth temperatures, consistent with increased surface mobility. In contrast, the 

low temperature MOMBE growth, at -760°C, resulted in low roughness values that 
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ranged fi-om -12 A rms to -23 A rms as the flux of TMAl was increased, fi-om 3.8 x 10"' 

to 7.5 X 10-̂  Torr. At high temperatures, 865°C, the overall roughness increased from -33 

A rms to -53 A rms, as expected. The roughness evolution is depicted in Figure 4.7. 
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4.3.3 AIN Formation Energy 

AIN formation requires the reactant molecules to undergo a series of surface 

transformations and to diffuse to a lattice site where it can chemisorb. In the case of 

relatively large density of reactants, the collision among molecules would be the 

primarily event taking place, and thus the rate with which the reactants transform would 

depend on the actual reaction kinetics. These collisions are thermally activated, and the 

fractional number of reacted molecules -those with enough energy to bond - involves the 

Boltzmann exponential factor. 

Regarding the growth process, a heterogeneous growth surface is assumed, that 

presents at least 2 layers of partially chemisorbed species at vacuum interface: N and Al. 

Thus the coverage of one or other specie cannot constitute in a rate limiting process. It 

is also assumed that the surface reactions are dependent on the incident fluxes and thus 

the reactions leading to growth are First-order Reactions. 

Incorporation develops through two stages: physisorption and chemisorption. 

Typically, molecules arriving on the surface would form an activated state with weak, 

van der Waals binding. This forms the physisorption process. A physisorbed specie has to 

overcome an energy barrier in order to chemisorb. This is the activation or formation 

energy, Ea. The strength of the interaction between molecules and surface, as a function 

of the distance to surface, is depicted in Figure 4.8. 

For low growth temperatures it is assumed that the residence time on the surface 

is long enough for molecules to reach an incorporation site and the fraction of molecules 

that would actually incorporate is given by Arrhenius rate equation: 

GR = F exp(-Ea/RT). (4.6) 

Here: 
.2 GR - is the growth rate, [atm/cm s]; 

F - is the flux of molecules that impinges the surface, [atm/cm' s];; 

Ea - is the energy spent with the creation of dangling bonds for the reactants, 

[energy/mol]; 
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R = 8.315 [J/K*mol] - is the universal gas constant. 

T - is the surface temperature, [K]. 
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Arrhenius plots are produced by applying natural logarithm and differentiating 

both sides of the equation (4.6) and then tracing GR as a linear function of 1/T, where the 

slope is -Ea/R: 

d{\IT) R "̂̂ -̂ ^ 

Thus, the slope of the plot of In(GR) versus 1/T would allow one to determine the 

formation energy. 

To ensure to the extent possible that only the exponential behavior is observed, 

only the first 3 or 4 data points of the growth rate were fitted, for each level of the TMAl 

flux. For the lowest TMAl flux, BEP 3.8 x 10"̂  Torr, the first 4 data points have been 

fitted, and the first pair (xi, yi) together with the last pair (x2o, y2o) of the fit data, have 

been used to determine the slope: 

y,,-y, 5.40238-5.15624 0.24614 ..^.^^ 
m, - °̂ ' = = = -3.1177 

Xjo-x, 1.24342-1.32237 -0.07895 

^^^^^^^ =m, xlOOO= 3.1177xl000 = -3117.7[K] (4.8) 
d{l/T) 

^^ =-3117.7[K] R = 8.315 ^ 
R K X mol 

E^ = 25,923.4 [J/mol] = 6.193 [kcal/mol] 

For one molecule of TMAl: 

^E^^ 25923.4[J/mol]x 6.24151 xlO'^[eV/J] ^ ^^69 ^ 0.27 eV (4.9) 
E'^ -

" N, 6.0221415x10''[1/mol] 

The results of the fit and energy calculation are presented in Figure 4.9. 
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The highest formation energy, Ea = 0.27 ± 0.04eV (6.19±1.3 kcal/mol) has been 

determined for the lowest TMAl flux, 3,8 x 10"̂  Torr. For the intermediate TMAl flux of 

5.6 X lO"*" Torr the formation energy determined was Ea = 0.08±0.02eV (1.92±0.46 

kcal/mol), while for the highest TMAl flux the formation energy determined was 

Ea = 0.047±0.014eV (1.1 ±0.3 kcal/mol). The error has been determined assuming that the 

measurement of one extreme data point of the growth rate may be in error by ± 5nm/hr. 

The evolution of the formation energy, exhibiting the highest value for low Al 

flux and the lowest value for the largest Al flux suggests a contribution of aluminum to 

the energy balance of the formafion reactions. In other words, the inverse proportionality 

between formation energy and aluminum flux supports the assumption that Al provides a 

catalytic effect during the surface processes of the AIN growth. 

56 



5 40-

5.35-

ro 

£ 5.30-

1 
^ 5.25-

5.20-

' 1 ' 

• 

1 1 '- 1 T ' 1 ' 1 1 

• Low TMAl Flux: 33 X 10-6 Torr 
• Linear Fit of Data 

• 
• ' ' 

• 
• 

• 
• 

• 

E^=6.19 1.3 kcal/mol 
E=0.27 0.04 eV 

a 

' 1 

' 
1 

' • 

• 

• 

• 
1 1 1 i 1 1 [ -1 1 . 1 1 1 1 

1.24 1.25 1.26 1.27 1.28 1.29 1.30 1.31 1.32 

1000/T 

5.82-

5.81-
v, 

-S 5.80 H 

-g 5.79 
o 
CD 
c' 5.78 

5.77 

5.76 

• \ 

Intermed. TMAl Flux: 5.6 x 10-6 Torr 
• Linear Fit of Data 

N. 
• v . 

E = ^.92 0.46 kcal/mol 
E'= 0.08 0.02 eV 

• \ , 
V , j 

1.26 1.27 1.28 1.29 1.30 1.31 1.32 

fi 9*^0 -

6.225-

ro c oon -

1 6.215-

_5 6.210-

6.205-

6.200-

• 1 

• 
• 

1000/T 
1 1 • 1 ' 1 • 1 

• High TMAl Flux: 7.5x10-6 Torr 
• LinearFit of Data 

• 
• 

• 
• 

• 
• 

• 
• 

E=1.1 0.3 kcal/mol 
E'= 0.047 0.014 eV 

a 

- | > 1 r , , 

• 

• 

• 
• 

•m -
m 

— 1 1 ' 

1.26 1.27 1.28 1.29 1.30 1.31 132 

1000/T 

Figure 4.9. Arrhenius plots for the growth rate of AIN. 
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4.3.4 Crystalline Structure Characterization 

Generally, to characterize the crystalline structure of the epilayers, lateral 

coherence length, vertical coherence length, the twist and the tilt of the mosaic blocks 

need to be determined. With respect to the (0001) growth plane of AIN, the tih (out of 

plane misorientation) and the coherence length parallel to this plane can be determined 

from the broadening of the rocking curve (w - scan) of the symmetric (0002), (0004), and 

(0006) diffraction peaks. Thus, the number of screw dislocations with a Burgers vector 

bsc= <0001> can be estimated due the tilt in the lattice planes parallel to (0001) plane that 

are introduced by the dislocations presence. 

A similar procedure is involved for the determination of the vertical coherence 

length, parallel to the growth direction, by the measurement of the broadening of the 26 

w scans of the symmetric (0002), (0004) and (0006) diffraction peaks. 

Edge dislocations for nitride lattices are known of possessing a Burgers vector 

bE= <11-20>/3, Wright and Furthmuller [37], and they introduce an azimuthal rotation of 

the crystallite domains around the surface normal. The density of such dislocations can be 

estimated by measuring the broadening of (11-24) asymmetric diffraction peak. 

If the crystalline coherence is considered as a measure of the optimal balance of 

the reacted species, i.e. structure stoichiometry, then the type of coherence (lateral versus 

vertical) has to be carefully chosen as to represent to a lesser extent other growth 

conditions. Thus, because the lateral coherence is affected to a higher degree by 

nucleation conditions and by the stress associated with the lattice mismatch, we have 

chosen the vertical coherence, represented through the FWHM of the 26-^ diffraction 

peak, as a measure of the growth stoichiometry. The same line of reasoning is suggested 

by Kapolnek et al. [38], for their characterization of GaN crystalinity. 

Figure 4.10 summarizes the dependence of XRD data on the TMAl flux and 

growth temperature. The layers with the highest crystalline quality, as measured by the 

hnewidth of the 2^-w scan of the (0002) diffraction peak, were prepared at a growth 

temperature of 780°C and a TMAl beam pressure of 5.6 x 10"̂  Torr. 

58 



Under these conditions the (0002) linewidth was only 0.0393° ( 141.4 arcsec), as shown 

in Figure 4.11. 
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Figure 4.10. AIN FWHM of 2e-co (0002) diffraction peak as a fimction of TMAl 
flux and substrate growth temperature. Lines are guides for eye. 

Once the optimum parameters, fluxes and injector temperature, were established 

high quality samples with the XRD linewidth below 200 arcsec could be grovm 

reproducibly in a temperature window of about 70-80°C, i.e. from 780°C to 865°C. The co 

scan of the (0002) diffraction peak, presented in Figure 4.12, showed a FWHM of 0.621° 

(37.27'). The lowest FWHM linewidth for the co scan, 25.6', was obtained in a sample 

grown at 800°C. The screw dislocation density that corresponds to this value is 7.8 x 10 

cm'^. Lower values (co and co/2G scan) have been obtained for the growth of AIN on 

sapphire and SiC by plasma-assisted MBE, [39], [40], [41]. The best value obtained 

previously by our group, with gas source MBE on Si(l 11), was -100 arcsec, [42]. 
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To account for the density of edge dislocations, the linewidth of the co scan for 

(11-24) asymmetric diffraction peak has been determined and its value was found to be 

800 arcsec. The edge dislocation density that corresponds is 2.1 x 10̂  cm"̂ . 

Figure 4.10 also plots the XRD linewidths for TMAl beam pressures higher (7.5 x 10"̂  

Torr) and lower (3.8 x 10"̂  Torr) than the optimum. The line-width increases (decreases) 

with temperature for the lower (higher) flux. As has been mentioned before, since the 

minimum in the co/26 XRD curve of the (0002) reflex is believed to reflect stoichiometric 

conditions at the growth surface, the data could be interpreted as indicative of a shift in 

the stoichiometric condition to higher temperatures with increasing flux of TMAl. 
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4.3.5 Stress Determination From X-ray Diffraction and Micro-Raman Measurements 

The lattice constants of samples grown under stoichiometric conditions were 

measured from symmetric (0002) and asymmetric (11-24) XRD reflections. For these 

samples we found the values of lattice parameters c = 4.971 A and a = 3.121 A. 

Comparing these values with those of bulk AIN, suggested by MacKenzie et al. 

[7], and Jain et al. [8], co = 4.982 A and ao = 3.112 A we find the presence of an 

expansion of the unit cell in the growth plane, associated with the contraction of the unit 

cell along c axis. This situation appears consistent with un-relaxed material under tensile 

stress in the growth plane, typical for AIN grown on Si(l 11). 

To calculate the residual stress, the bulk parameters co and ao were used to 

determine the strain tensors. We consider the equilibrium of the bulk material disturbed 

by biaxial sfress placed in the plane perpendicular to c axis. This stress corresponds to the 
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lattice mismatch between Si(l l l) and AIN, in c plane of the wurtzite. In this case the 

strain tensor e is diagonal having only three components: 

Sa = (a - ao) / ao = Sxx'= Syy' (4.10) 

and 

Sc = ( c C o ) / C o = Szz' ( 4 . 1 1 ) 

The homogeneous biaxial stress in the c plane of the wurtzite lattice can be 

described by equal forces acting along xx' and yy' axes, while along c axis we assume 

totally relaxed material, that is: 

Cfa = Cfxx- = CTyy- (4.12) 

and 

crzz' = 0 (4.13) 

With these assumptions, and considering only small deformations we can make 

use of Hooke's law to determine the in-plane stress a3. 

aa = (Cn + C,2)Sa + C138C (4.14) 

Using the lattice values in our experiment and the AIN bulk material stiffness constants 

as outlined by Levinshtein et al. [43]: Cu=410±10 GPa, Ci2=149±10 GPa, Ci3=99±4 

GPa, C33=389±10 GPa, C44=125±5 GPa, YQ = 308 GPa we determine strain in the growth 

plane to be Sa ~2.8 x 10"^ and the strain along c axis Sc =^-2.2 x 10" . The 

corresponding Poisson ratio is then v =0.28. The typical value of the biaxial tensile stress 

resulted from the X-ray measurements is ~ 1.3GPa. 

The stress was then evaluated by Raman measurements. The micro-Raman stress 

measurements were obtained with 488 nm laser excitation focused to a spot size between 

1-2 pm. Red shift (peak position is less than the stress-free value) was observed in 

Raman active E2 phonon and this shift was converted into biaxial stress using Raman 
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stress factor -6.3 cm'VGPa reported by Prokofyeva et al., [42], and the relationship 

between the measured shift of the phonon line AE2 and the stress in the layer determined 

in [44]: 

AE2 = Ga X (-6.3 cm'VGPa) (4.15) 

The stress was evaluated by Raman measurements and the values ranged from 

0.9GPa to 1.1 GPa, showing no significant lattice relaxation of samples less than 1 |im 

thick. These stresses are in reasonable agreement with the X-ray strain determination, 

and are attributed to differences in the thermal expansion coefficients of AIN and sihcon, 

and residual stress during growth, [42]. 

4.4 Discussion 

The MOMBE growth experiments reveal a number of differences with the growth 

of AIN by gas source MBE. First, a strong decrease in the growth rate at high fluxes of 

ammonia it is observed. This decrease is accelerated with higher injector temperatures. 

Second, the roughness of AIN samples increases with increasing growth temperature. 

Third, a 3D to 2D transifion has been observed, with increased ammonia injector 

temperature. These observations are discussed in the context of growth on a hydrogen 

passivated surface. 

4.4.1 Growth on Al-Terminated Surfaces Versus N-Terminated Surfaces 

At any time during the growth process, the growth surface would exhibit a 

heterogeneous character. Partially chemisorbed nitrogen and aluminum would form a mix 

of N-terminated islands on Al-terminated surfaces and vice versa. A reduced number of 

layers at vacuum interface would be indicative of high kinetics of the surface, leading to 

the 2D growth mode, while with the increase of the number of layers present at the 

interface, a transition from 2D to completely 3D growth mode would be seen. Based on 

simple electronic considerations, the nitrogen terminated surfaces would have to be 
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chemically more active than the aluminum terminated surfaces. However, the hydrogen 

presence reverses the balance, allowing the aluminum terminated surfaces to play the 

leading role in the growth processes. 

For the range of growth temperatures used in our experiments the N-stabilized 

surfaces of AIN, are known to be hydrogen passivated with Edes(HN)=55 kcal/mol. King 

et al. [45]. The presence of NH group at the vacuum interface of AIN has been 

demonstrated by Liu et al., [46]. Their XPS study showed that the vacuum interface of 

AIN, deposited from TMAl and NH3 was NH-terminated up to ~780°C. Such NH-

terminated surfaces do not promote the decomposition of the species arriving on the 

surface and the desorption of the hydrogen and/or methyl groups does not appear to be 

significant even at high growth temperatures (i.e. 865°C). If such desorption would take 

place, then we would expect to see a significant increase of the growth rate, based on the 

increase of the reactant surface brought by freed nitrogen bonds. 

Instead, Al-stabilized surfaces provide for optimal decomposition of TMAl and 

NH3 alike, since such surfaces are not passivated by hydrogen within the growth 

temperature range investigated. The hydrogen desorption energy on such a surface is 

Edes(HAi)=17 kcal/mol. King et al. [45], three time lower than that on N-stabilized 

surface. That is why growth rate behavior is governed by the kinetics of TMAl and Al on 

the surface. A slight increase of the growth rate is seen in the low range of the growth 

temperature where the encounter between Al-precursor molecules and NH sites is the 

dominant event. These phenomena are depicted in Figure 4.13. 

In MOMBE, in order for Al to form a strong bond with the surface it has to lose at 

least one of the methyl groups. The desorption energy of methyl radicals Edes(CH3Ai), as 

determined by Squire et al. [47], is about 13 ±2 kcal/mol. However, such low energy has 

been observed only at metal surfaces that would easily lose an electron (such as Al), or in 

the presence of more electronegative elements (such as N). On passivated surfaces, such 

as NH-terminated areas, the Al-C bond breaking energy is much higher, in the range of 

50-70 kcal/mol, Squire et al. [47], Jagannathan et al. [48], and Al can be released only 

through pyrolitic dissociation. 
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Figure 4.13. Growth processes on Al and NH - terminated surfaces. 

Thus, the decomposition of TMAl is unlikely to take place on NH-terminated 

surface but rather on Al or N-terminated surfaces. The following reactions are proposed 

as appropriately describing part of the surface processes: 

N-Al* + A1(CH3)3 -^ NAl - A1(CH3)2 (ad) + CH3 (ad) - no growth, only diffusion (4.16) 

Al-N-H* + A1(CH3)2 (ad) -^ A1-N-A1(CH3)2 + I/2H2 (ad) - growth of AIN (4.17) 

N-Al* + NH3 -^ N-AI-NH2 + I/2H2 -growth of AIN (4.18) 

Al-N-H* + NH3 -^ Al-N-H* + NH3 (ad) - no growth, diffusion of activated NH3 (4.19) 
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Al-N-H* + A1(CH3)3 - Al-N-H* + A1(CH3)2 (ad) + CH3 (ad) (4.20) 

- no growth, diffusion of activated TMAl, pyrolisis. 

Al-N* + NH3 ^ Al-N-H* + NH2 (ad) (421) 

no growth, surface hydrogenation, diffusion of activated NH2 

Al-N* + A1(CH3)3 -^ A1-N-A1(CH3)2 + CH3 (ad) - growth of AIN (4.22) 

Al-N* + H2 ̂  Al-N-H + I/2H2 - surface hydrogenation (4-23) 

The hydrogenation reactions formulated above are supported by the analysis of 

the RGA spectrum for ammonia cracking in the heated injector, depicted in Figure 4.14. 

The molecular hydrogen observed at the output of the injector is the resuh of a surface 

dissociation process of ammonia, similar to that described by the equation (4.21), and 

subsequent recombination of hydrogen atoms, followed by desorption. The literature 

offers clarificafion in regard to this process. Wicks et al. [49], have shown that thermal 

cracking of H2 occurs only at high temperature, with -30% efficiency at 2225°C. 

However, many other studies show that catalytic dissociation of H2 requires 

energies not different of those found in other processes of the MBE growth (i.e. Al-C 

dissociation on Al surfaces -13±2 kcal/mol). Thus, Diirr et al. [50], found dissociative 

adsorpfion of H2 on Si(OOl) with a barrier of 0.8±0.2 eV, (18.4±4.5 kcal/mol) that can be 

reduced to 0.15-0.2 eV (3.5-4.5 kcal/mol) by the presence of Si surface defects. 

For Si(ll l) , Mao et al. [51], found a dissociative adsorption barrier of 

0.94±0.1eV (21.7±2.3 kcaVmol). On Cu (111), Murphy and Hodgson [52], found that 

both H2 beam energy and surface temperature affect the dissociation energy of H2. They 

observed that "... thermal excitation of the surface is most important when the molecules 

have no translational energy but becomes unnecessary when adequate kinetic energy is 

available to induce dissociation on the static surface"(p. 4204). 
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Figure 4.14 Effect of ammonia injector temperature on dissociation products. 

Thus, the activation energy for H2 dissociation by thermal excitation of the surface (~ 

630°C) has been found as 0.54 eV (12.45 kcal/mol). Quantum dynamic calculations 

performed by Xie and colleagues [53], determined a dissociation barrier for H2 on perfect 

Cu(lOO) surfaces of 0.57 eV (13.1 kcal/mol). However, vacancies on Cu surface reduced 

the barrier to 0.47 eV (10.8 kcal/mol), while the presence of impurity Ni atom reduced 

fiirther the barrier to 0.22 eV (5 kcal/mol). Based on these findings we may assume safely 

that the molecular hydrogen produced by the ammonia injector, dissociate and passivate 

Al and N terminated surfaces during MOMBE growth. The activation energy would 

depend on the type and particularities of the surface on which H2 arrives but it would not 

be unreasonable to assume that is < 20 kcal/mol. 
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The growth rate, in the temperature range from 760°C to around 800°C, is dictated 

by the kinetics of the reaction. With further increase of the growth temperature, 

recombination and desorption processes start to influence the growth rate, the slight 

decrease at high growth temperatures being attributed presumably to the decrease of the 

sticking coefficient of Al. This assumption is supported by the decrease of AI sticking 

coefficient with the increase of growth temperature determined by Fan et al., [54]. 

A primary proof of NH3 dissociation in presence of Aluminum is given by the 

linear increase of the growth rate with the increase of TMAl flux, at constant Ammonia 

flux, reflected in Figure 4.3. A direct measure of the Al effect on the NH3 dissociation is 

given through the formation energies of AIN derived from the Arrhenius plots at 

increasing TMAl fluxes. Thus, the formation energy of AIN for the lowest Al flux 

BEP=3.8xlO"^ Torr, is Ea = 0.27±0.04 eV. R decrease almost 6 times to Ea = 0.047±0.014 

eV when the Al flux increase to BEP=7.5xlO"^ Torr. In other words, with the increase of 

Al flux, the thermal energy absorbed from the surface for reacting the precursors, 

decreases about 6 times, based on the weakening of the reactant bonds in the presence of 

Aluminum. 

The decrease of the growth rate of AIN presented in Figure 4.4 has its origin in 

the increase of ammonia flux. Considering stoichiometric growth of AIN and assuming 

an N incorporation efficiency of about 10%, we estimate that for NH3 BEP of 8 x 10'̂  

Torr, the resulting flux that impinges the surface would be - 0.4 x lO'^ /cm^ sec. At 

growth temperatures around 840°C, the fractional surface coverage of ammonia would be 

negligible, according to King et al. [45], and could not constitute a rate limiting process. 

On the other hand, hydrogen could provide significant coverage of the growth surface. 

The degree of hydrogen passivation, or the fractional surface coverage of 

hydrogen, is lower at higher temperatures. At high ammonia fluxes, and in particular at 

high injector temperatures, the hydrogen surface coverage increases resulting in reduced 

growth rate. This means that Al has to compete with the residual hydrogen for the N 

bonds at the surface. It is that competition that reduces the growth rate with increased 

ammonia flux. The three growth regimes apparent in Figure 4.5 correspond to different 
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rate-limiting processes at the growth surface. The first region, at low ammonia fluxes, 

reflects the ammonia-limited growth. In the second region, defined by mid-range 

ammonia fluxes, growth rate is limited by the flux of Al. The growth rate in the third 

region, of high ammonia fluxes, is limited by the degree of hydrogen passivation and the 

nitrogen bonds available at the growth surface. This growth region could be called N-

limited. 

Generally, low roughness of the growth surface is related to high mobihty of the 

species involved and that requires high temperatures. The temperature is related to 

surface mobility through the surface diffusion coefficient: 

Ds = exp (-Esd/kT) (4.23) 

The presence of surfactants, however, can alter such considerations, facilitating 

2D growth at low temperatures. In such a case the parameter responsible for the increased 

mobility is Esd, the activation energy for surface diffiision. The passivation of the 

dangling bonds by hydrogen is the mechanism that allows the decrease of the activation 

energy for surface diffusion. For instance, atomic hydrogen acting as surfactant in the 

growth of GaAs promotes 2D growth mode, as reported by Okada et al. [55]. The same 

surfactant effect is observed by Sakai and his colleagues [56], with the hydrogen assisted 

growth ofGe on Si (111). 

There are two major sources of hydrogen in MOMBE growth of AIN. One source 

is the decomposition of NH3 molecules at the surface. Since the growth rate of AIN 

shown in Figure 4.2 is only weakly dependent on temperature, we assume that the 

cracking rate of source molecules has the same weak dependence. That is, with the 

increase of growth temperature the supply of H remains limited while the desorption of 

hydrogen from the surface is enhanced. In this case, the lower fractional surface coverage 

of hydrogen allows clustering to take place and the surface roughness increases at high 

temperatures. This appears to be the case of AIN growth by MOMBE. 
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A schematic representation of the surface processes leading to the surface roughening is 

provided in Figure 4.15. 

© O H 

[0001] 

Clustering 

[1-100] 

Figure 4.15. Hydrogen desorption and clustering processes at high temperature growth. 

The other source of H is the injector of ammonia. At higher injector temperatures 

the amount of hydrogen available increases, resulting in rapid transition to the 2D growth 

mode seen in Figure 4.2. This observation is also consistent with the H-mediated growth 

model proposed for GaAs, Okada et al. [55]. 

4.5 Conclusions 

In summary, AIN with excellent crystalline quality (co/2e, 140 < FWHM <200 

arcsec) could be obtained by MOMBE under stoichiometiic conditions. The number of 

edge dislocations as resulted from the co-scan of the (11-24) diffraction peak is 2.1x10". 
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The mechanisms invoked to account for MOMBE growth behavior slow removal of 

methyl groups, catalytic dissociation of ammonia and hydrogen passivation of surface 

nitrogen can account for increased mobility of Al on the growth surface, growth rate 

evolution and good quality of layers grown at low substrate temperatures. 
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CHAPTER V 

GaN GROWTH USING TRIMETHYLGALLflJM AND AMMONIA 

5.1 Introduction 

Gallium nitride is the basic ingredient on which the nitride semiconductors 

engineering relies to obtain controllable carrier concentrations and to tailor the 

wavelength of the light output. That is why the efficient growth of GaN and good 

material quality are prerequisites in the pursuit of high performance devices. 

Growth of GaN has been performed in a large variety of substrate-growth system 

configurations. By far, the best films were grown on GaN single crystal substrates by 

MOVPE, with density of dislocafions as low as lO" cm'̂  , FWHM of the X-ray 

diffraction rocking curves of 20 arcsec and band edge luminescence with linewidth as 

narrow as 95)ieV, reported by Davis et al. [1]. On lattice mismatched substrates as 

sapphire (a-Al203) or silicon carbide (SiC), the MOVPE and MOCVD heteroepitaxy of 

nitride still delivers the best results especially if growth techniques as lateral epitaxial 

overgrowth (LEO) or pendeoepitaxy (PE), are employed. However, they also exhibit a 

number of drawbacks with respect to their industrial application as: inefficient material 

consumption, non-planar surfaces and inhomogeneities, high growth temperature, 

difficulties in ensuring precise control and limited ability of in-situ analysis and 

monitoring, all outlined by Veuhoff [57]. 

The growth of nitrides by MBE, on the other hand, improved continuously, and to 

date delivers material quality and state-of-the-art devices that approach closely the ones 

resuhed from CVD processes. Among MBE techniques, the technological advantages and 

the versatility provided by MOMBE make it very attractive for research, Hamm et al. 

[22], and in up-scaled versions, for production purposes, advocated by Veuhoff [57], and 

Panish and Temkin [3]. 
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5.2 Device Grade GaN 

Growth of GaN by all methods results in material that is n-type doped. The un

intentionally GaN is considered of high quality, from electrical standpoint, if the 

background n-doping is in the mid-to-low lO"̂  cm'̂ and furthermore if the electron 

mobility is above 300-400 cmVv s, Torvik [58]. If in addition, the luminescence 

spectrum is characterized of band-to-band transitions with main peak at room 

temperature at 3.404 eV and no Yelow band luminescence (2.2-2.3 eV), then the growth 

is considered optimized and the material ready for doping. 

For the purpose of transistor and optical device fabrication a couple of properties 

must be achieved consistently, Pearton et al. [59]: (1) high resistivity buffer layers (non

compensated); (2) controllable n-type doping for conduction channel with electron 

density of about IxlO'^ cm"'' and doping in excess of lO'" cm"̂  for contacting purposes; 

(3) abrupt interfaces; (4) modulation doping of AlGaN, (5) doping of AlGaN with high 

Al concentration and (6) low trap densities. P-type doping for bipolar devices needs 

further improvement regarding acceptor activation, reduction of lattice damage and 

contact processing. 

5.3 MOMBE of Hexagonal GaN 

Metalorganic MBE growth of nitrides starts being explored beginning with 1992. 

Abemathy [60], reports ECR-MOMBE experiments for deposition of GaN, on GaAs and 

sapphire substrates, using TEGa. The semi-insulating character of the material is 

attributed to the good growth stoichiometry that eliminates the point defects responsible 

for the auto-doping seen with other methods. The C and O dopings were found to be low, 

both falling below the sensitivity of Auger electron spectroscopy. They mention that 

TMGa that was the standard precursor in MOCVD, exhibited poor decomposition 

efficiency in ECR-MOMBE growth. 

Structural quality of GaN grown from TEGa is analyzed by Abemathy et al. [24], 

in a comparafive study of ECR-MOMBE, ESMBE and MOCVD growth. They found the 

crystalinity, as measured by u rocking curve, improving from around 42 arcmin at 720 C 
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to -15 arcmin at 925°C. In the same temperature range, the RMS surface roughness 

decreased from -210 A to -175 A at high temperature. Comparing their best results with 

those obtained by ESMBE and MOCVD, they report linewidth for w rocking curve as 

low as 7 arcmin, and linewidth for 2(9-co around 45 arcsec, both approaching the best 

results obtained by MOCVD. Optical quality is reported of improving with the use of 

higher temperatures. Growth rates lower than 400nm/hr were used to maintain good 

crystalinity and surface morphology. 

Kim E. et al. [61], used MOMBE to grow GaN from TEGa and ammonia, on 

sapphire substrates, in the temperature range from 700°C to 850°C. Mass spectroscopy of 

recoiled ions was used for surface element monitoring. Two-dimensional growth was 

obtained only in a temperature window from 800°C to 825°C. At 800°C, the surface 

morphology was characterized by hexagonal hillocks with surface roughness measured 

over 1.5pm^ of 70A. The low temperature photoluminescence (lOK) displayed strong 

band edge signal at 3.47 eV with linewidth of 50 meV. At 825°C the surface was 

dominated by triangular pits with a depth of several hundred angstroms. The 

photoluminescence is reported as vanishing for these samples, with sharp increase in 

yellow band intensity that authors attributed to the carbon incorporation. 

Yaguchi et al. [62], report on the growth of GaN from TEGa and N-plasma and 

monomethyl-hydrazine as nitrogen source. Using GaAs (001) substrates they obtained a 

mixture of h-GaN and c-GaN, with cubic component increasing with Ga flux. 

Yoshimoto and colleagues [63], used ECR-MOMBE with TEGa to grow GaN on 

sapphire (0001) and SiC (0001) substrates. They obtained n-type GaN with resistivity of 

10 Ohm cm, measured by 4-terminal method. On sapphire the w rocking curve of (0002) 

diffraction peak showed FWHM of 29.3 arcmin with 26-0) FWHM of 720 arcsec. On 

silicon carbide the same 26-0) FWHM was in the range from 1500 to 2300 arcsec. 

Honda et al. [64], report on the growth of GaN on (0001) 6H-SiC, from TEGa and 

ammonia. The growth rate used was of 100 nm/hr. At 772°C they obtain mixed h-GaN 

and c-GaN, while at 814°C, while the growth starts with the same mixed phase, becomes 
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changes to h-GaN after 3 hours. Lattice constants of both h-GaN and c-GaN were 

measured by RHEED. 

Kim M. et al. [65], grew GaN on Si(l 11) from TEGa and NH3. They used an AIN 

buffer layer grown at 830°C with TMAl. Then, 1.5)im of GaN was overgrown at 800°C 

with a growth rate of 1000 nm/hr. The XRD measurements showed a rocking curve of 

(0002) diffraction peak of 16.7 arcmin. The room temperature photoluminescence 

exhibited dominant emission peak at 3.4 eV (FWHM 33 meV) with much weaker yellow-

band emission centered at 2.3 eV. 

Li et al. [6], investigated the chemistry involved with the MOMBE growth of 

GaN from TEGa and N-plasma and ammonia. Growth was performed at 800°C. They 

suggest that based on decomposition efficiency of both nitrogen sources (>3% plasma 

and -4% NH3), there should by enough active nitrogen to achieve growth rates as high as 

10)im/h, but in practice these are much lower because the loss of nitrogen trough parasitic 

reactions. Based on mass spectrometry measurements they suggest the formation of three 

compounds able to remove active nitrogen from the growth surface. Those would be 

CH =C-NH2 - ethenylamine (amu 41), ~CH=C='̂ NH2 - vinylideneamine (amu 41), and 

HCN (amu 27), all volatile species. 

In conclusion, while good crystalline and optical GaN material appears possible to 

be grown by MOMBE, there is no systematic study on the influence of the growth 

conditions on material properties. Moreover, all growth was performed using 

tryethylgallium as Ga source with disregard for trimethylgallium that offers 10 times 

higher vapor pressure at room temperature. 

The growth experiments of GaN, described in the following sections, carried with 

TMGa and ammonia, and were aimed at obtaining: 

Reasonable growth rate; 

Low roughness of the surface; 

- Good crystalline quahty, as judged by symmetric diffraction measurements; 

Optimization of the growth conditions with respect to the Room Temperature 

Optical Emission of the material; 
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General understanding of the growth conditions of GaN from TMGa and 

Ammonia and their influence on the optical and electrical characteristics of GaN. 

5.4 Growth Initiation and Grovyth Rate Characterization 

Growth initiation of GaN is performed after the growth of a buffer layer - 80nm 

thick. At that moment the flow of TMAl is stopped and the growth temperature is 

adjusted for GaN growth under continuous flow of ammonia. When the sample 

temperature stabilizes, the gas line is opened and TMGa is admitted into the growth 

chamber. 

Following this initiation procedure a number of experiments have been carried at 

growth temperature of 830°C, injector temperature 470°C and beam equivalent pressure 

of TMGa flux of 2.1 x 10"̂  Torr. The growth rate has been measured as ammonia flux has 

been varied from 10 to 170 seem. The results obtained are depicted in Figure 5.1. 
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The growth rate increases with the flux of ammonia up to about 40 seem. In this 

region the growth rate is limited by the availability of the nitrogen (ammonia) at the 

growth surface and is known as NH3 - limited regime. A brief saturation region, between 

40 and 60 seem, characterize the Ga-limited regime. The growth rate decrease that 

follows has not been described yet in literature for the growth of GaN. The usual 

behavior of the growth rate for ESMBE grown GaN, following the saturation in the Ga-

limited regime, is described by a flat evolution, Nikishin et al. [35], and Mersine et al. 

[36]. A similar dependence of the growth rate on ammonia flux was found for the growth 

of AIN from TMAl and NH3 and discussed in the precedent chapter. The decrease of the 

growth rate in this region was attributed to the H-passivation of nitrogen bonds, and 

termed N-limited growth regime. 

The growth rate dependence on the TMGa flux was also determined at constant 

growth temperature, 800°C, and a constant ammonia flux of 30 seem. This evolution is 

depicted in Figure 5.2, and is characterized by the increase of the growth rate, followed 

by saturation. 
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T = 470°C 
NHS Hux = 30 scorn 

— 1 1 ' 1 

3.0 3.5 

1 

• 

-

-

~ 

• 

4.0 

TMGa Flux [X 10 -6 Torr] 

Figure 5.2 Growth rate dependence on the TMGa flux. Lines are guides for eye. 

77 



A similar behavior is described by Held et al. [66], for their solid source MBE. 

The growth rate saturation in that case, is followed by growth rate decrease, attributed to 

weakly adsorbed Ga blocking the nitrogen incorporation on Ga sites. 

The growth rate dependence on the growth temperature completes the 

characterization. Figure 5.3. The temperature was varied in a range from 770°C up to 
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865°C while ammonia and TMGa fluxes were maintained constant. The growth rate is 

seen to increase with the temperature up to 800°C presumably due the thermal activation 

of GaN formation. In this region the Arrhenius behavior determines the growth rate 

evolution. Following the grov^h rate saturation, the decrease of the growth rate is 

attributed to Ga desorbtion from the growth surface, at high temperature. Again, the 
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behavior exhibited by the growth rate of GaN grown by ESMBE and reported by Held et 

al. [66], does not differ from that seen with MOMBE growth. 

5.5 GaN Formation Energy 

The understanding of the growth phenomena at surface, over a range of growth 

temperatures and ammonia fluxes would be enhanced if activation energy for the 

formation of GaN is extracted from the experimental data. Toward that goal, the low 

temperature growth regime that suggests a growth dominated by the reaction kinetics is 

selected to be fitted by an Arrhenius rate equation: GR = F exp(-Ea/RT). The significance 

of the factors in the equation, and the fitting procedure have been explained and 

exemplified in the preceding chapter. The experimental data that is analyzed further is 

presented in Figure 5.4. 
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Figure 5.4. Growth rate dependence on growth temperature and ammonia flux. Lines 
are guides for eye. 
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At low growth temperature, a good approximation is to consider only one-step 

reactions on the surface. These are of the first-order, and the growth rate is proportional 

to the fluxes impinging the surface. 

The growth rate behavior with the increase of the temperature, at ammonia flux of 

30 seem, appears to embraces the entire set of phenomena that can take place during the 

growth. Three regions, with specific growth phenomenology can be distinguished along 

the Temperature coordinate: 

1. At low Temperature a Reaction Limited Growth region can be defined. The 

presumed exponential dependency is justified by the high surface density of the 

precursors, whose energefic behavior can be represented through Boltzmann 

distribution. The residence time on the surface is considered long enough for 

adsorbed specie to reach, through diffusion, an incorporation site. Then, the 

growth rate evolution is described, to a large extent, by the speed of the GaN 

formation reaction. 

2. At intermediate Temperature a Formation-Desorption Balanced Growth region is 

defined. The exponential increase of the growth rate vanishes gradually. The 

growth rate reaches its maximum. The residence time on the surface does not 

change significantly. Recombination/desorption processes balance the formation 

reaction of GaN, and become increasingly important with the temperature 

increase. The result is that little change of the Growth Rate with the Growth 

Temperature occurs. 

3. At high Temperature a Desorption Limited Growth region is defined. The 

residence time starts to decrease. Frequently, the adsorbates recombine before 

reaching an incorporation site. The density of precursor molecules, reacting with 

the lattice sites, reduces with fiirther increase of temperature and the resuh is the 

decrease of the Growth Rate. 

Kim W. et al. [77], performed MBE growth of GaN from solid sources and 

ammonia and found a similar behavior of the growth rate with the increase of temperature 

and ammonia flux. Analyzing the growth kinetics, they have outlined the reaction 
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controlled growth associated with the growth rate increase, and the desorption reaction 

dominance that determines the growth rate decrease. However, their experiment did not 

revealed the existence of any constant growth rate region between the two. 

Based on the above arguments, the growth rate for the 4 values of ammonia fluxes 

has been fitted at low growth temperature, and the activation energy of ammonia 

formation extracted from the slopes. The results of the fitting procedure are presented in 

Figure 5.5 and Figure 5.6. 

For ammonia fluxes of 30 seem and 50 seem, the formation energies determined 

were 0.17 eV (-3.9 kcal/mol). For ammonia flux of 90 seem the formation energy was 

just slightly higher: 0.18 eV (4.1 kcal/mol). The highest formation energy has been 

determined for ammonia flux of 150 seem and was 0.56 eV (12.9 kcal/mol). Similar 

formation energies have been determined by McGinnis et al. [67]. In their growth of GaN 

experiments, by supersonic jet epitaxy they have found 2 growth regimes. The activation 

energy found for GaN growth at high temperature regime was 0.52 eV, while for low 

temperature regime the energy found was 0.34 eV. In a theoretical study regarding GaN 

growth using ammonia and elemental Ga, Fu and colleagues [68], calculated an 

interaction energy for the Ga-N pair of 0.92 eV. Based on a physisorption-chemisorption 

growth model this energy would be somewhat larger than the activation energy for 

adsorption, Ea < 0.92 eV. 

For metalorganic vapor phase epitaxy (MOVPE) such growth phenomena are well 

documented, Briot [69], Herman et al. [70]. They involve not only surface kinetics and 

reactions but also reactant mass transport processes, that occur in the gas phase, in the 

vecinity of the growth surface. Using MOVPE of GaN from TEGa and ammonia, Briot 

found two growth regimes, for low and high temperature, and he determined an 

activation energy for GaN formation of 3.8 kcal/mol. 
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5.6 Surface Roughness Characterization 

The surface roughness has been characterized as fianction of ammonia flux and 

also, as a function of growth temperature. Figure 5.7, presents the evolution of surface 

roughness with ammonia flux at constant growth temperatiare of 830°C and TMGa flux of 

2.1 X 10' Torr. The surface roughness increases with the amount of ammonia and reaches 

the peak value for 90 seem. Upon reaching the maximum, the roughness appears to 

decrease with the further increase of the ammonia flux. The surface roughness was also 

measured with respect to the growth temperature while keeping ammonia and TMGa 

fluxes constant. These measurements are presented in Figure 5.8. 

Contrary to the behavior seen with ESMBE, the low roughness is associated with 

the low temperatures and increases with the increase of temperature. However, here it has 

to be imderscored that unlike in the Al case, were the sticking coefficient is constant, in 

case of Ga growth, the shift towards rougher surface morphology is due, in part, to the 

N-rich conditions determined by the desorption of surface Ga at high temperature. 
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Figure 5.7 Dependence of the RMS surface roughness on the ammonia flux. 
Lines are guides for eye. 

84 



400-

350-1 

ui 300 

^ 250 

S. 200 

I 150 
CO 
CO 100 

50 

T^, = 470"C 
Inj 

NHS Flux = 30 seem 
TMGa Flux = 2.1 E-6 Torr 

/ 

^ ^ ' 4 - - ^ ^ 

760 780 800 820 840 860 880 

Growth Temperature [ °C] 

Figure 5.8 Dependence of the RMS surface roughness on the growth temperature. 
Lines are guides for eye. 

Figure 5.9 presents the surface morphology of a three samples that have been 

grown under different III/V ratios at a temperature of 830°C and TMGa flux of 

0.5 x 10 cm" s' . The images have been produced by atomic force microscopy (AFM), 

and represent a (10 x 10)pm area scan. The sample in Figure 5.9 A, has been grown 

under Ga-rich conditions with ammonia flux of 20 seem. The surface morphology 

exhibits multiple terraces irregularly shaped, with a tendency towards formation of larger 

nuclei. The overall RMS roughness is 40 A. The literature documents the smoothness and 

featureless morphology of the surfaces grown under Ga-rich conditions, and the 

roughening of the surface imder N-rich conditions Romano and Myers [71] and Held et 

al, [72]. With the shift towards the higher ammonia fluxes, a surface dominated by high 

density of hexagonal growth pits can be seen. Figure 5.9 B. The growth has been 

developed under slightly Ga-rich conditions at ammonia flux of 40 seem. The overall 

RMS roughness is 208 A due the pits, but the roughness of the areas between pits is 

actually low, in the range of 15-25 A. 
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A 

B 

Figure 5.9 AFM images, (10 x 10) |im, of samples grown under different III/V 
ratios at 830°C. A). Ga- rich conditions with RMS surface roughness 40 A. B). 
Sligthly Ga-rich conditions with RMS surface roughness 208 A. C) N-rich 
conditions with RMS surface roughness 156 A. 
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The sample in Figure 5.9 C has been grown under N-rich conditions with 

ammonia flux of 150 seem. The RMS roughness of 156 A accompanies the formation of 

granular structures that have been developed around small vortexes believed to be screw 

dislocations. Such structures originating from screw dislocations cutting the surface are 

known in literature, Pimpinelli and Villain [73], (p. 77). They are often encountered in 

liquid phase epitaxial (LPE) processes and often such dislocations are grouped into pairs 

of opposite sign known as Frank-Read sources. 

5.7 Crystalline Structure Characterization 

X-ray diffraction has been employed for determination of the crystalline structure 

of GaN. Rocking curves of co scan and 26-a) scan for (0002) diffraction peak have been 

measured when the ammonia flux has been varied from 10 seem to 150 seem at constant 

growth temperature. The results are depicted in Figure 5.10 and Figure 5.11. 
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For 26-co scan the lowest value obtained was of 121 arcsec, while for co scan 

19.8 arcmin was the lowest value. Crystallographic characteristics such as vertical 

coherence length and c parameter of the wurtzite lattice can be extracted from the 

measurement of the Bragg angle 0BR and FWHM of 29-co scan of (0002) diffraction peak. 

The screw dislocation density and the lateral coherence length are determined using the 

FWHM of CO scan. The following calculations were performed to characterize the best 

sample of the set. 

The vertical and lateral coherence lengths were determined using: 

D, 
0.1*1 •Cu 0.1*166225 

COH VERT 2 * coŝ BR * FWHM[rad] FWHM,,^ [arc sec] 

166225 _ 
= 0.1 = 137nm 

121.248 

(5.1: 
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O Q-'*^> 0.1*534000 _ 534000 
'''"''''' 2*sme^^*FWHM[rad] FWHMJarc'^] ~ ^ ' ^ 1 1 8 8 : ^ ^ "̂ ^ "™ (5-2) 

For the evaluation of c lattice parameter, the spacing of (0002) planes has been 

determined first: 

d(ooo2)=Acu/(2*sin^BR) ~2.589lA (5.3) 

Thus: 

c = 2xd(ooo2) = 5.17827A 

And the screw dislocation density is given by, Wang et al [74]: 

NsD = (FWHM [rad]/(4.35*|BsD|)^ - (57.5 * FWHM„ [arcsec])' = 4.7 x 10̂  (5.4) 

Here BSD is the modulus of the Burgers vector l/3[ll-20] characteristic of the 

screw dislocation seen with GaN growth. 

The a parameter of the wurtzite lattice has been determined as a = 3.196 A, from 

the 29-0) scan of the (11-24) diffraction peak using: 

1 4 h^+hk + k- I 
+ -7 -J 2 2 

'^(11-24) J a c 
(5.5) 

Here (hkl) are the indices of the 3 index notation of the planes of hexagonal lattice. 

The data point trend evidenced with the increase of ammonia flux shows an 

apparent downward path based on which it can be suggested that the stoichiometric 

growth has not been reached yet. 

For the growth temperature range from 770°C to 865°C, rocking curves of co scan 

and 26-0) scan for (0002) diffraction peak have been measured at constant ammonia flux 

of 30 seem and TMGa BEP of 2.1 x 10"̂  Torr. The results are depicted in Figure 5.12 A 

and Figure 5.12 B. 

89 



300-

• Q ' 

0) 

o 250-

I 
^ 200-
LL 
D) 
E 
O 
jC 150-
CM 

100-

V, 

• 

X 

1 ' -

r - . 

I — 

T'"J = 470''C 
NHS Flux= 30 scorn 
TMGa Flux = 2.1 E-6 Torr 

• • 

_ 

1 
. 

1 
.. 

1 • 1 ' 1 ' 1 ' 

760 780 800 820 840 860 880 

B Growth Temperature [ C] 

55 

r 

i _ 

jD^ 

^ 
X 
^ 
LL 

O) 
F 
O 

50-

45 -

40 -
• 

35-
• 

30-

25-
• 

20-

15-

10 

T'"' = 470°C 
NHS Flux = SO seem 
TMGa Flux =2.1 E-6 Torr 

>v 

"S. 

760 780 800 820 840 860 880 

Growth Temperature [ °C] 

Figure 5.12 Dependence of the linewidth of A) 2e-co scan and B) co scan of (0002) 
diffraction peak on the growth temperature. Lines are guides for eye. 

90 



The downtrend of the data evolution would suggest that the FWHM would 

decrease if the growth temperature would be increased further. Assuming that the 

stoichiometric growth is marked by the turning point of the FWHM behavior, it would be 

reasonable to imply that the stoichiometric growth has not been reached yet. 

The evolution of crystalline quality with both growth parameters, ammonia flux 

and sample temperature, strongly suggests that not enough nitrogen is incorporated 

during the growth, even when an ammonia flux as high as 150 seem and 865°C growth 

temperature were used. The further increase of those parameters, while able to improve 

the quahty, would not accomplish the goal of efficient growth that should be associated 

with MBE. 

Typical stress in the GaN samples was determined using the lattice parameters 

determined, and GaN bulk material stiffness constants as outlined by Levinshtein et al. 

[43]: Ci,=390 GPa, Ci2=145 GPa, Ci3=106 GPa, C33=398 GPa, C44=105 GPa, Using 

Hooke's law to determine the in-plane stress: aa= (Cn + Ci2)Ea + C^ScWe determine first 

the strain in the growth plane to be Sa ~2.2 x 10"^ and the strain along c axis Sc —2.0 x 

10"l The corresponding Poisson ratio is then v «0.31. The typical value of the biaxial 

tensile stress resulted from these calculations is then aa ~ 1 -0 GPa. 

5.8 Optical and Electrical Characterization of GaN 

The optimization of GaN growth has been carried relying on the stimulated 

luminescence of the material as the figure of merit. Measurements have been performed 

using an electron beam with maximum acceleration voltage of 9 kV and a diameter of 

~lmm. Systemafic measurements meant to explore the relationship between 

luminescence and ammonia flux and luminescence and growth temperature have been 

recorded. The data depicted in Figure 5.13 A and Figure 5.13 B represents the ratio 

between the band edge luminescence and the maxima of the Yellow band luminescence. 

The overall characteristic of the luminescence spectra of GaN obtained from TMGa and 

NH3 is low intensity of the Band Edge luminescence and high intensity of the Yellow 

Band luminescence. 
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From these graphs it can be noted that the increase of temperature yields only 

non-significant increase of the Band Edge luminescence. The increase of ammonia flux 

appears be effective for the increase of Band Edge luminescence. Increasing the NH3 

flux from 40 seem to 170 seem a 10 times increase of the BE / YB ratio is observed. 

With the increase of Ga flux from 2.1 E'̂  Torr to 2.9 E'̂  Torr at 90 seem of NH3 

and 860°C growth temperature, an improvement of Band Edge luminescence has been 

obtained. Samples grown with the higher TMGa flux, showed 10 times higher light 

output over the whole spectrum. However, more experimentation would be needed to 

determine the reason for this improved luminescence. The luminescence spectrum of a 

sample grown under such increase Ga flux is presented in Figure 5.14. The crystalline 

quality of this sample was noticeably low, with 26-0) FWHM of 326 arcsec and co 

FWHM of 52.6 arcmin. This would indicate that there is no direct relationship between 

crystalline quality assessed by the rocking curves and the efficiency of the tight output, as 

reported earlier by Nakamura [75]. 

Optical reflectivity measurements on the GaN samples grown in various 

conditions show a narrower bandgap for those samples grown under Ga-rich conditions: 

EG = 3.27 eV (NH3 = 10 seem, TMGa BEP = 2.1 x 10"̂  Torr), with an increasing trend 

that accompanies the ammonia flux increase: EG =3.39 eV (NH3 = 110-150 seem, TMGa 

BEP = 2.1 X 10"̂  Torr). 

The band gap of the GaN grown under large ammonia flux exhibits values close 

to that determined from first-principle calculafions for room temperature GaN: EG = 3.39 

eV, Suzuki et al. [76]. This is in contrast with typical values reported for of GaN obtained 

by MOCVD (3.493 eV) and MOVPE (3.473 eV), Bernard [69]. 
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Figure 5.14 Luminescence spectrum of a sample grown with ammonia flux of 90 
seem, TMGa BEP of 2.9 x 10"̂  Torr and sample temperature of 850°C. 

The wavelengths in the Table 5.1 are characteristic for spectra of the MOMBE 

grown GaN. 

Table 5.1 Typical wavelengths for MOMBE GaN. 

Typical wavelengths of the Cathodoluminescence spectrum for MOMBE GaN 

Edge 

Luminescence 

Yellow Band 

Luminescence 

360 nm 

3.446 eV 

550 

2.256 eV 

363nm 

3.418 eV 

555 

2.235 eV 

366nm 

3.39 eV 

560 

2.215 eV 

367nm 

3.38 eV 

590 

2.10 eV 

368nm 

3.37 eV 

600 

2.068 eV 

-

-

610 

2.034 eV 
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Figure 5.15 presents the impurity levels compiled from literattire, that lay within 

the band gap, Levinshtein et al. [43], Manasreh O. [58], Bernard G. [69]. To account for 

near band gap transitions, nitrogen vacancy or oxygen should be considered, together 

with a shallow acceptor level, closer to the valence band than the Ga vacancy. 

Si(33 = 0.02eV. 
0.12 eV-

E = ch/A 

VGa = 0 - 1 4 e V ^ - ^ 

• • • • • • # • 
'^ ON = 0.03eV 

-0(33 = 0.11 eV 
0.14 eV 

Eg = 3.39eV 

CN = 0.22eV 

0 0 0 0 0 0 0 0 

Conduction Band 

^ 

i/N = 0.03eV 
0.1 eV 

GaN = 1.09eV 

CN = 0.89eV 

GaN = 0.59eV 

SiN = 0.19eV 

Valence Band 

Figure 5.15 Energy levels introduced by impurities and point defects within the band gap. 

The Yellow Band levels may be accounted for only by the deepest acceptor and 

donor levels, i.e. Ga on N site and N-vacancy. 

Aluminum-gallium nitride has been grown for a range of Al concentration (x), 

from 56 % up to 90% determined by XRD and optical reflectivity. The growth 

temperature was 840°C and ammonia injector temperature 470°C. The edge luminescence 

wavelength did not decreased with the increase of the Al concentration, as one would 

expect. Instead the wavelength had very liti;le variation with 285 nm (4.35 eV) at x=56% 
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and 275 mn (4.51 eV) at x=90o/o. The relative lack of change of the wavelength, strongly 

suggests the presence of a stable pair donor-acceptor that exhibits transitions around 280 

nm (4.43 eV). However, more experimentation would be needed to accurately determine 

the character of MOMBE AlGaN luminescence. The CL spectrum of such AlGaN sample 

with X ~ 87% is presented in Figure 5.16. 
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Figure 5.16 Luminescence spectrum of AlGaN sample grown with ammonia flux of 75 
seem, TMGa BEP of 7 x 10'^ Torr, TMAl BEP 3.8 x 10'̂  Torr and sample temperature of 
840°C. 
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5.8.1 The Effect of Rapid Thermal Annealing on the CL Spectrum 

Rapid thermal annealing (RTA) processing is known to produce the activation of 

Mg acceptor in p-doped Ga presumably by the dissociation of the Mg-H complexes. Kim 

W. and colleagues [77], report that although RTA did not changed the electrical 

characteristics of Mg doped GaN grown by reactive MBE, the amount of H in the fihn 

decreased about 3 times after 2 min annealing at 900°C. Zavada et al [78], found that 

GaN exposed to deuterium plasma incorporate D to depths higher than 1 |am. Subsequent 

annealing in N2 at 900°C for 20 min produced an almost complete loss: ~ 99% of 

deuterium. In both cases the hydrogen diffusion appears to start above 800°C. More 

important, the post-growth anneahng of GaN grown by GSMBE or PA-MBE showed an 

improvement of the luminescence spectrum, Bernard G. [69], (p. 56). 

In view of this information, RTA was performed in vacuum at 840°C for 30s. The 

effect was assessed using the cathodoluminescence spectrum of a GaN sample exhibiting 

higher band edge luminescence than Yellow band luminescence, as grown. The results 

are presented in Figure 5.17 A, B and C. 

The voltage under which the electron beam is accelerated is a measure of the 

penetration depth, knowing that for 9 kV the electron beam reaches a depth in GaN of 

about 500 nm and at 5 kV a depth abut 150 nm, Schroder D. [79]. The thickness of the 

GaN layer for the sample investigated was ~ 650 nm. 

In all spectra the intensity of the band edge luminescence decreases after the RTA 

process. However, for the 5 kV spectra the intensity decrease is 6 fold compared with 3 

fold decreases seen with 7 kV and 9 kV spectra. Even more interesting is the evolution of 

Yellow band luminescence. For 9 kV spectrum the intensity of The Yellow luminescence 

increases. It can be speculated that towards the probing limit of the electron beam, defects 

producing Yellow luminescence are activated through annealing. 

Regarding the 7 kV spectrum the density of such defects appear to remain 

unchanged since the intensity does not changes with RTA. Finally, the 5 kV spectrum 

shows a decrease of Yellow band luminescence, consistent to a decrease of the number of 

defects generating the luminescence. 
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Figure 5.17 The effect of RTA on GaN CL spectrum. A) The evolution of 
luminescence for A) -5 kV, B) -7 kV. C) 9 kV electron beam. 
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an 
The whole picture can be brought together if we assume that the hydrogen has 

active role in this process and can passivate "deep" point defects, hi this case, the 

decrease of band edge luminescence in all spectra would suggest that edge transitions 

take place between hydrogen complexes formed during the growth, that are dissociated 

during the RTA. The evolution of the Yellow luminescence, throughout the depth of the 

sample, suggests a diffusion process of the hydrogen towards the surface. Thus, deep in 

the material the hydrogen density decreases at the same time with the defect activation, 

while close to the sample surface the hydrogen density increases reducing the number of 

active defects generating Yellow luminescence. 

The typical GaN sample exhibits n-type un-intentional doping. The source of 

excess carriers is still a subject of debate. On one side nitrogen vacancy is considered by 

a large number of researchers as the most plausible candidate based on theoretical and 

experimental results, Popovici et al. [69]. On the other side, first-principles calculations 

performed by Neugebauer and Van de Walle [80], suggest that N-vacancy formation is 

energetically too costly. In stead, in their opinion, oxygen could provide the electron 

excess. In their support, high pressure experiments performed at Berkley National 

Laboratory, showed that un-intentionally n-doped MOCVD GaN samples exhibit the 

same decrease in electron concentration at large applied pressure as the intentionally 

oxygen-doped samples, [81]. 

Electrical measurements have been performed on all GaN samples. An initial 

screening has been performed using thermo-probe measurements. Most of the GaN 

samples grown are insulating with a thermal current at 100 V bias, of about 10-50 nm. 

This is indicative of compensated material where both electrons and holes are generated 

in similar amounts. The GaN/Si(lll) samples exhibiting larger band edge luminescence 

than Yellow band luminescence, show a thermal current of about 1mA and an electron 

concentrafion determined by Hall measurements of mid 10 cm' . A number of 5 

samples of GaN have been grown on sapphire. Among those, 4 exhibit thermal currents 

around 1mA, electron concentrations of mid lO'^ cm"̂  to low lO'̂  cm"̂  and electron 

mobilities at RT around 10 cm^ / V s . 
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Chin et al. [82], have been calculated and experimentally determined electron 

mobilities as a function of carrier concentration, for nitride materials. Their resuhs are 

reproduced in Figure 5.18 

10 

Wurtzite 

• • • Hii'l i u titul I I until L. t uiui. 
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3 - ^ = 0.30 

4-6 = 0.45 

5 - ^ = 0.60 

6-5 = 0.75 
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Figure 5.18 Electron mobilities at room temperature for Wurtzite GaN as 
determined by Chin et al. [78]. 6 is the carrier compensation ratio. 

Placing the coordinates of electron mobility and carrier concentration of MOMBE 

samples on their graph the carrier compensation degree can be determined as >with 90%. 
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5.9 Growth Mechanism of MOMBE GaN 

The growth of MOMBE GaN exhibits a number of particularities compared with 

the MBE growth from solid sources. Most notable, the growth rate of the MOMBE 

grown GaN has been shown to decrease with the increase of ammonia flux. Moreover, 

low values for the surface roughness have been found at low growth temperatiires, while 

it has been determined that the roughness increased with the increase of the growth 

temperature. 

These findings are discussed in the framework of two different GaN surfaces that 

coexist throughout the growth: Ga-terminated and N-terminated. 

5.9.1 Growth on Ga Terminated Surfaces 

The main feature of the Ga surface is the low acfivation energy of hydrogen 

desorpfion. It has been determined by Chiang et al. [83], that the deuterium desorption 

from polycrystalline GaN is second order, and has an activation energy of 9 kcal/mol. 

A slightly higher value has been reported by Mokwa et al. [84], for the hydrogen 

desorption from Ga surface of GaAs. They found the activation energy of 13 kcal/mol 

and the desorption being a second order reaction. In this case, a second order reaction, 

exhibits a desorption rate that is proportional to the square of the hydrogen surface 

coverage. Bartram and Creighton, [85] found that D2 dissociate on Ga surface and diffuse 

within GaN volume for an exposure of 2 min at about 900°C. Upon cooling and 

subsequent heating the hydrogen desorbed at about 550°C. King et al. [45], determined 

that based on hydrogen desorption energy, the hydrogen desorption from Ga surface of 

GaN, is complete for temperatures higher than 600°C even for H fluxes as high as 

10̂ /̂cm^ s. 

Thus, for the range of growth temperatures under which GaN has been grown 

(770 to 865°C), and for the range of ammonia fluxes used (FMAX = 170 seem =2.1 x 

lO'Vcm^ s) Ga- terminated surface remains free of hydrogen. Its surface provides the 

place where most low temperature decomposition reactions take place. 
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On Ga surface, the TMGa molecules physisorb and, eventually, lose a methyl 

group. The activated molecule then, diffuse on the surface until N-terminated surface is 

encountered. 

Ammonia molecule on the other hand, partially chemisorbs on Ga surface, using 

nitrogen's 2 electrons on the 2s level to bond to the surface. The hydrogen is later 

pyroloyticaly released. Nitrogen becomes completely chemisorbed only in the bulk of 

GaN. Pignedoli et al. [86], performed ab-initio calculations in the frame of density 

functional theory regarding the dissociative chemisorption of NH3 molecules on Ga 

surface of GaN. Their study showed that the ammonia molecule dissociate in NH2 that 

bonds to a substrate Ga atom, and hydrogen 

These phenomena are depicted in Figure 5.19 and described by the relationships 

bellow: 

N-Ga* + Ga(CH3)3 -^ NGa - Ga(CH3)2 (ad) + CH3 (ad) - no growth, only diffusion (5.6) 

N-Ga* + NH3 ^ N-Ga-NH2 + I/2H2 -growth of GaN (5.7) 

Chemisorption 
without Diffusion 

Ci Desorption 

U Physisorption Growth takes place 
after Physisorption 
and Diffusion. 

[0001] 1 ^ [ ^ 

i ^ ^ ^ ^ ^ 

— • [1-100] 

l ^ a j 

rafc "SJIIu 

Figure 5.19 Surface phenomena at Ga-terminated surface of GaN. 
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Incorporation of carbon-hydrogen complexes bonded on Ga as GaCHj is 

proposed by Sato [87], as an explanation for resistive GaN grown from TEGa and N-

plasma in a low pressure CVD process. 

The low roughness al low temperature is associated again with high surface 

mobility. The increased mobility is provided by the decrease of the diffiision activation 

energy on H-passivated surfaces, hi this regime, i.e. at low growth temperature and low 

ammonia flux, the Arrhenius behavior dominates, and the time spent with the diffiasion is 

shorter than the time it takes for the precursors to react. At higher temperature, the 

desorption of hydrogen promotes the clustering opportunity. However, here the 

desorption of incomplete chemisorbed Ga shifts the III/V balance towards more N-rich 

conditions and, thus, contributes to the roughening of the surface. 

In Figure 5.2, the saturation of the growth rate with the increase of the TMGa flux 

is seen. The rate limiting process that is believed responsible for this saturation is the 

accumulation of incomplete dissociated TMGa sub-products such as dimethylgallium 

(DMGa) and monomethylgallium (MMGa). Thon and Kuech [88] found that the energy 

of dissociation of Ga-CHs bond in presence of nitrogen depends on the number of CH3 

radicals removed. Thus, the apparent activation energy for the removal of the first and 

second methyl groups have been determined as 58-60 kcal/mol and 35.4 kcal/mol, 

respecfively. For the elimination of the last methyl group the activation energy found was 

~ 48.7±5.3 kcal/mol. This dissociation energy of Ga-CH3 bond is 4 times higher than the 

energy needed for the nitrogen assisted dissociation of Al-C bond (~ 13 kcal/mol). For 

the case of Ga-CHs dissociation on Ga-terminated surfaces, this activation energy is most 

likely higher than in the case of nitrogen assisted dissociation. The resuhing slow 

removal of the CH3 radicals is responsible for the accumulation of Ga precursors which, 

in turn, blocks the chemisorbed Ga sites, and limit the rate of ammonia dissociation. 

Similar findings, but related to the ESMBE, have been reported by Held and his 

colleagues, [66]. This sitiiation is described by the reaction (5.6) where the diffusion of 

adsorbed radical is greatly diminished. The increase of the growth temperature improves 
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the Ga-CH3 dissociation rate and the surface diffusion of Ga, allowing high temperatiare 

growth techniques such as MOCVD to maintain high dissociation - diffusion 

coefficients, and as a result, high growth rates. 

5.9.2 Growth on N Terminated Surfaces 

The decrease of the growth rate seen in Figure 5.1 for the growth regime with 

large ammonia fluxes is governed by another rate limiting process. For the highest 

ammonia flux used, of 170 seem, a flux that impinge the surface of 2.1 x lO'̂  molec/cm^s 

corresponds. According to the fractional surface coverage calculations of King et al. [45], 

at this flux and 830°C growth temperature, there is no ammonia accumulation on the 

growth surface, and thus ammonia would not participate in a rate limiting process. 

Hydrogen instead, can block the nitrogen bonds at this temperature, King et al. 

[45], and thus delay the incorporation of Ga. These surface phenomena are depicted in 

Figure 5.20, and described by the relationships below: 

Ga-N-H* + Ga(CH3)2 (ad) -* Ga-N-Ga(CH3)2 + I/2H2 (ad) - growth of GaN (5.8) 

Ga-N* + Ga(CH3)3 ^ Ga-N-Ga(CH3)2 + CH3 (ad) - growth of GaN (5.9) 

Ga-N + Ga(CH3)2 ^ Ga-N-Ga(CH3)2 - growth of GaN (5 T 0) 

Ga-N-H* + NH3 ̂  Ga-N-H* + NH3 (ad) -no growth, diffusion of activated NH3 (5.11) 

Ga-N-H* + Ga(CH3)3 ^ Ga-N-H* + Ga(CH3)2 (ad) + CH3 (ad) (5.12) 

- no growth, diffusion of activated TMGa. pyrolisis. 

Ga-N* + NH3 ̂  Ga-N-H* + NH2 (ad) ^̂ • ̂  ̂ ^ 

no growth, surface hydrogenation, diffusion of activated NH2 

Ga-N* + H2 ̂  Ga-N-H + 1 /2H2 - surface hydrogenation (5 14) 
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Figure 5.20 Surface phenomena at N-terminated surface of GaN. 

It has to be underlined that newly formed nitrogen layers are readily H passivated. 

The dissociative chemisorption of ammonia on N surfaces of GaN or GaN(OOO-l), has 

been documented through ab-initio local-orbital calculations performed by Fritsch and 

colleagues [89]. They found that the ammonia molecule splits into NH2 that binds to two 

of the three second-layer Ga atoms neighboring the vacancy, and H that binds to the first 

layer of nitrogen. Their calculations show that this reaction lowers the total energy of the 

system by 2.05 eV. The stiidy also determine that the energy barrier estimated for 

dissociative adsorption of NH2 and H on the vacancy pi2x2) reconstruction of the 

GaN(000l ) surface is 0.5 eV. However, at high temperatures the hydrogen may desorb. 

Once nitiogen dangling bond is exposed re-hydrogenation of the surface can occur 

through the catalytic decomposition of molecular hydrogen. 

On H-passivated nitrogen surface, Ga precursors would need to dissociate by 

pyrolysis, first, and only then they would partially chemisorb by displacing the hydrogen. 

The methyl radicals could adsorb and diffiise on surface until hydrogen can be acquired. 
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and then would desorb the surface, as methane is more volatile specie. A different 

possibility is that the CH3 would bond on a free nitrogen site and then it would be 

incorporated as a CH^, after losing more hydrogen and bonding with neighboring Ga 

adatoms. This happens mostly in slightly Ga-deficient conditions and low growth 

temperature as suggested by doping studies of Abemathy et al, [90] where 

unintentionally p-doped GaN from TEGa and N-plasma is reported. 

At high ammonia fluxes and low temperatures, the surface phenomena are 

dominated by collisions and dissociation-recombination processes as suggested by the 

growth rate evolution with the growth temperature. They provide a supplementary 

contribution to the decrease of the growth rate already induced by H-passivation. This 

becomes especially evident at low temperatures where both factors provide maximum 

effect. Here the growth rate decreases more than 50%), from a maximum of 207 nm/hr to 

about 96 nm/hr. Similar phenomenology is described by Kamp et al. [32] for catalytic 

dissociation of ammonia at high fluxes. 

The energetic cost of GaN formation is quantifiable through the use of Arrhenius 

plots. Thus, it is seen that at low ammonia flux regime, 30 seem, the apparent activation 

energy for GaN formation was about 0.17 eV (3.87 kcal/mol) while with the high flux 

regime, 150 seem, the activation energy increased to 0.56 eV (12.9 kcal/mol). The 

activation energy value at 30 seem is in good agreement with the activation energies 

found by other researchers, McGinnis et al. [67] and , Briot [69]. hi both cases the Ga and 

N precursors were TEGa and ammonia respectively. As a direct consequence, is the 

conclusion that the efficiency of ammonia decomposifion by TMGa is no different from 

that seen with TEGa. This comes as no surprise if we consider that ammonia 

decomposifion takes place on Ga and N-terminated surfaces, which are identical, either 

one uses TEGa or TMGa. The real difference resides with the nature of radicals relised 

by the dissociation of metalorganic Ga sources. Thus, C2H5 has a much weaker bond with 

its Ga core, 17.9 to 32.5 kcal/mol, McCaulley et al. [91], than CH3, 35.4 to 60 kcal/mol, 

[88]. For this reason TEGa dissociate easily with the ethyl and ethylene byproducts being 

volatile species, hi turn, CH3 once adsorbed on growth surface, would not desorbe as 
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easily. It may desorbe as CH3 if enough energy is provided (Ga-CHj last bond =49 

kcal/mol), or it would need to encounter an activated H2 molecule in order to aquire one 

hydrogen and desorbe as CH4. However, studies of Squire et al. [47], did not find a 

significant drive for CH3 radical to react with surface hydrogen and form methane. On N-

H surfaces CH3 is not able to scavenge the hydrogen and the desorption depends again 

on the thermal energy received from the surface. This is the set of phenomena that makes 

TMGa a less efficient Ga source for the MOMBE growth of GaN. 

5.9.3 Growth Rate Model of GaN 

The formulation of an analytic model has at least a two fold motivation. First it 

has to allow the association of macroscopic observations to fimdamental physical 

concepts, and second, it has to provide the ability to predict in both qualitative and 

quantitative terms. 

The modeling of the GaN growth by different techniques has been attempted by a 

number of authors. 

Powell et al. [92], used rate equations to describe the reactive ion MBE of GaN. 

As the authors note, their model is only partly successful, being able to reproduce trends 

but not to fit experimental data. 

Brandt et al. [93], studied the relation between surface reconstruction transitions 

and surface kinetics for cubic GaN grown by PAMBE. Using rate equations and an 

adsorption-diffusion-desorption model, they succeed in simulating observed RHEED 

transients characterizing changes in surface reconstruction. Their experiment reveals that 

desorption of both N and Ga is first-order process, and also a large activation barrier for 

surface diffusivity, 2.48 eV. Activation energy for Ga desorption was found to be -2.69 

eV and for N desorption, -6 .1 eV. 

Held et al. [72], proposed a model for GaN growth, for a regime where 

decomposition could be neglected and were the morphology, supposedly, remained 

constant. The underiying phenomenology of this model approaches the most the 
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phenomenology proposed in this work, in that it describes the vacuum interface as a 

mixture of two layers: Ga terminated and N terminated. 

Fu and Venkat [94], proposed a model that describes the growth with a bilayer of 

Ga and N at top. From physisorption, NH3 molecule would either chemisorb or desorb in 

to vacuum. The system of differential equations resuhed, some of which are very 

complex, were integrated by Runge-Kutta method to obtain Ga and N layer coverage as a 

function of time. The model parameters were obtained by fitting the results with the 

experimental data of Held et al. [95]. As a general observation, the model could have 

been yielded better results if a more accurate phenomenology would have been included. 

The disregard of surface hydrogen when determination of surface coverages is the 

modeling goal is especially notable, as well as the use of limited experimental data. In the 

end, some of the results following the fitting procedure appear troublesome. Thus, the 

activation energy for the diffusion of isolated Ga or N atom a value of 1.2 eV has been 

determined, while the evaporation of the same atoms seems to require only a maximum 

of 0.24 eV. 

Koleske et al. [96], suggested a kinetic model to explain MOVPE growth of GaN 

with ammonia. Unfortunately, the rate equation model is not directly compared to 

experimental growth data, but only to material quality determined through parameters 

such as surface roughness, XRD linewidth and PL intensity. However, a number of initial 

assumptions appear to be questionable. Thus, for GaN decomposition and desorbtion, the 

activation energies proposed as adequately describing MOVPE conditions, were similar 

to those for vacuum processes. This conclusion was based on experimentation with GaN 

decomposition under flow in H2 at a pressure of 50 Torr. The decomposition rate 

determined for this experiment was comparable to that found from thermogravimetric 

measurements at 1030°C, by Munir and Searcy [97], with vacuum conditions. The 

problem is that, hydrogen is not an element of the decomposed molecule (GaN), thus 

does not play a direct role in the balance equations of the decomposition, histead, it can 

act as a recombination suppressor, increasing the decomposition rate. The experiments of 

GaN growth described in the present work show that with the increase of ammonia flux 
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from 30 seem to 150 seem the apparent formation energy of GaN increased more than 3 

times, from 0.17 eV to 0.56 eV, while from the simulation of data based on the model 

presented, an increase of the desorption energy of a little more than 2 times to -5.2 eV, 

can be determined. Similariy, the desorption experiments described by Held [98], found 

that under a Ga flux of 0.61 ML/s, the desorption energy increased considerably to 5.8eV. 

Thus, for MOVPE conditions this energy should be determined accordingly. 

Another problem is represented by the assumption that the desorption processes are of 

first order. In other words, the desorption rate is proportional to the instantaneous surface 

coverage. This process pathway is indicative of very low interaction among surface 

species and is characteristic for non-dissociative molecular desorption: AB(ad) -» AB(g). 

However, this is not an appealing picture for GSMBE growth and is even less plausible 

for MOMBE or MOVPE growth. It is much easier to justify a large amount of interaction 

if we consider just the magnitude of the impinging fluxes (10^^ 10̂ ^ atm/cm^s) 

compared with the site density on nitride surfaces (-lO'Vcm^) and the surface diffusion 

of the precursors. That is why, describing the decomposition-desorption that balances the 

growth of GaN, a second-order process appears more appropriate. The second-order 

desorption was observed only for recombinative desorption, A(ad) + B(ad) -» AB(ad) -* 

AB(g), and most of the desorbing species can be described as the resuh of such reactions, 

Sakai etal. [99]: 

Ga-N(ad) + Ga-N(ad) - ^^^TNz (ad) - N2 (g) (5-15) 

N-Ga(ad) + CH3 - N-Ga-CH3 (ad) - GaCH3 (g) (̂  • ^ ̂ ^ 

N-Ga(ad) + NH3 - N-Ga -NH (ad) + 2H (ad) - GaNH (g) (̂  • ̂  ̂ ^ 

This evolution can be explained using a model in which processes such as GaN 

formation reaction, debonding and recombination reactions, and desorption, are thermally 

activated, but they have different pre-exponential factors, activation temperatures and 

109 



m 
activation energies. The interaction potential describing these phenomena is presented 

Figure 5.21. Within the suggested phenomenology, the formation of GaN is hampered by 

thermally assisted debonding and debonding-recombination processes. Here, the de-

bonding is seen as the process that produces the bond breaking of a partly chemisorbed 

atom or radical. The model assumes that the atoms/molecules would have to pass through 

some intermediate level between the physisorbed state and chemisorbed state that is 

called activated state. Ammonia does not need to lose any hydrogen before the partial 

chemisorption on Ga surfaces. 
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Figure 5.21 Interaction potential for MOMBE GaN growth. An activated 
state is included between the physisorbed and chemisorbed states. The 
dashed potential corresponds to the apparent activation energy determined 
from the Arrhenius plots. 
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Complete chemisorption would still require energy for hydrogen dissociation. 

However, reaching N-H surfaces, ammonia is first physisorbed and then it has to diffiise 

to a Ga step edge before Ga-N bonding can occur. At the same time, TMGa after 

physisorption on Ga or N surfaces, has to dissociate pyrolyticaly and diffiase to a free 

nitrogen site before incorporation can take place. 

The activation energy represents the energetic cost of H/CH3 removal for 

ammonia and TMGa, respectively. Once activated, the molecules "fall" in the 

intermediary well, energetically speaking (stronger interaction with the surface species), 

and the energy spent with the surface diffusion is what separates the activated species 

from partial chemisorption. When suhable latfice sites for incorporation are encountered 

the activated species chemisorb without any other energy cost. An atom is totally 

chemisorbed only in the bulk of the material. The reversed process depends largely on the 

thermal energy available. 

Thus, from partially chemisobed states radical molecules (i.e. Ga-CH3, NH2) or 

atoms are thermally excited into the meta-stable state. Further, they would recombine, if 

during the surface diffusion, other activated precursors are encountered, or they could 

chemisob again at another site. At low growth temperatures simple debonding is the only 

significant reverse process. Recombinative desorption, encompasses debondinding 

followed by recombination-desorption and requires a lot more energy. That is why it 

becomes dominant only at high growth temperatures. 

It is also assumed that a heterogeneous growth surface exists, that presents at least 

2 layers of partially chemisorbed species at vacuum interface: N and Ga. Processes that 

allow transition of the precursors between adjacent energy wells, i.e formation of GaN, 

debonding from chemisorbed states, etc., are described by first-order reactions (5.18). 

Second-order reaction formalism according to the relation (5.19) is used to 

describe those processes for which the precursors jump over one or more intermediate 

energy states, i.e. recombinative debonding and dissociation of surface species. 

Rate = A * exp(-E/RT) (5.18) 
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Rate = A * B exp(-E/RT) 5̂ ^g. 

Based on the previous assumptions, the terms corresponding to the surface 

processes are formulated bellow: 

GaN Formation: Rate F = F * exp(-Ef /R(T-Tf) (5 20) 

Debonding: Rate D = D * exp(-Ed / R(T-Td) (5.21) 

Debonding-Recombination & Desorption: 

Rate R = D*R*exp(-Edr/R(T-TO (5.22) 

The model for growth rate is: 

Rate of Growth = Rate F Rate D-Rate R (5.23) 

The results of the rate equations represent populations of precursors in transit 

from one state to another. For instance. Rate D represents all partially chemisorbed atoms 

or molecular radicals that receive enough thermal energy to break their covalent bond 

with the surface specie, and transit to an activated state on the surface. That is why the 

instantaneous populations occupying a state have to be determined from the balance of 

the precursors transitioning out or into a particular state. As an example, the population of 

chemisorbed particles is given by the algebraic sum of the newly formed GaN molecules. 

Rate F, with the number of molecules found for Rate D. In contrast, the physisorbed 

population is more difficuh to determine. Roughly it should be of the order of magnitude 

of the fluxes impinging the surface, with some small contribution from the debonding-

recombinafion process. The desorbed molecules originate exclusively from the activated 

state where energetic collisions determine the recombination and subsequent desorption. 

If a molecule has not enough energy to leave the surface, it will most likely physisorb and 
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dissociate again on the surface. Physisorbed molecules (TMGa, NH3) have a near unity 

sticking coefficient as argued by Koleske et al. [96], and energy from thermal radiation or 

collisions would be absorbed through dissociation rather than desorption. 

Another particular feature of the model is constitiited by the activation 

temperature T, included in the exponent of each factor. This activation temperature 

simply states that the particular phenomenon is not initiated immediately above 0 K, but 

rather at a much higher temperature (usually hundreds of degrees above 0 °C). 

In order to obtain a model with a quantitative relevance, the known physical 

parameters (rates, fluxes, energies) have to be included as constrains of the fitting 

procedure. 

The growth rate measured for ammonia flux of 30 seem over the growth 

temperature range 770°C - 865°C, has values from 2.267 x 1014 to 2.559 x 1014 /cm^ s. 
16 The equivalent of 30 seem of ammonia flux impinging on surface is 0.682 x 10 

molecules/cm s, while for TMGa flux is 2.7 x lO'"* molecule/cm^ s. The sum of these 

two fluxes represents the maximum number of molecules that can participate, at any 

given moment, to the GaN formation: F = 0.685 x lO'*' molecule/cm^ s. 

For the recombinafive desorption energy of GaN, the value determined by Choi et 

al. [100], has been chosen: Edr = 2.61 eV. This energy has been determined at 

temperatures higher than 900°C under N2 flow. Other values do exist. Koleske et al. 

[101], determined a value of 2.68 eV and they noted that the increase in ammonia flow 

partially suppresses the decomposition. For an ammonia flux of 500 seem and at chamber 

pressure of 50 Torr, they found an activation energy for GaN decomposition of 2.66 eV, 

over the temperature range of 820°C to 900°C. Kim W. et al. [102], cites values of 

1.9±0.2 eV obtainned by Evans et al. from temperature programmed desorption 

experiments and 2.05 eV obtained by Bums and his colleagues. Brandt et al. [93], found 

a desorption energy for Ga from GaN of 2.69 eV after Ga pulse that produced up to IML 

coverage. The highest values for decomposition-desorption were reported by Held et al. 

[66], around 3.45 eV. 

The apparent activation energy for GaN formation, determined by the growth data 
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fitting was Eapp=0.168 eV. It corresponds to an exponential that fits only the measured 

growth characteristic of GaN. 

The final constraints relate to the type of surface reactions and the pre-exponential 

factors associated. Thus, the debonding-recombination-desorption processes are 

considered second-order reactions. This is justified by the fact that the debonding process 

releases on the surface 2 atomic species Ga and N, respectively, each with a surface 

density of - 0.6 x 10 /cm'. If the roughness, defects and faceting of the surface are 

accounted, then the surface density of the two elements will likely be higher since more 

than one bilayer participates in the debonding process. Formation of N2, Ga volatile 

species, and hquid Ga results through collisions among these elements, the total number 

of collisions being proportional to the product of surface densities. The rest of the 

processes that develop in one step (formation, debonding) are considered first-order 

reactions. 

Having the variation limits for the fluxes and energies in relation (5.23), defined 

through these constraints, fitting of the experimental growth rate data for ammonia flux 

of 30 seem has been performed. The resuhs of the fitting are graphically depicted in 

Figure 5.22a and Figure 5.22b. 

The modeled curve appears to fit well the 8 data points of the growth rate at this 

ammonia flux. The goodness of the fit is often judged by the coefficient of determination 

R̂  as expressed by the relationship (5.24). ft represents the amount of the data variation 

that can be explained by the model. 

^̂  Y^y.-OA.sf 

" SS^^, + SS„„ - J^iy., -0,J -f S(--- -y-y- ^ ^ ^ 

Here, OAVS is the average of the observed values, o, are the observed values and v, 

are the model predicted values. As a resuh of data fitting the value calculated for R" was 

-0.80. The coefficient has a unity value when the squared sum of the deviations 

approaches zero (0 < R̂  < 1). Thus, the squared sum of deviations is the main indicator 
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that determines the model goodness of fit. 
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Figure 5.22 a). Plot of the GaN growth behavior determined based on relation (5.23). 
Open circles are experimental data for ammonia flux of 30 seem. b). Enlargement of 
the top of the growth characteristic. 

115 



A better visualization of the processes that have been described above, and the 

exponential curves that represent them, can be obtained by transposing and depicting the 

results in a plane where the growth rate is measured in nm/hr and the temperattire in 

Celsius degrees. However, producing such a representation, the amplittides and the 

exponents have to be rescaled. Thus, the features that would be retained as common 

between the new and the original representations are the ratios among the pre-exponential 

factors and the ratios among the activation energies. The scaling of the experimental data 

is used as a starting base of the transposition. The pictorial description of the phenomena 

within the new plane can be seen in Figure 5.23. 

The growth rate trends in Figure 5.23 describe to a good approximation the 

growth rate behavior measured for ammonia flux of 30 seem, while Figure 5.24 describes 

the growth rate at 150 seem of ammonia. F exponential represents the temperature 

dependent formation rate of GaN. 
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Figure 5.23. Model of growth behavior at low ammonia flux. 
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Exponentials D and DRD represent the debonding and debonding-recombination-

desorption processes, respectively, while GR curve is the resuh of the modeling of the 

observed growth rate. The exponential OE determined based on the Arrhenius plot, while 

producing a flt to the data, shows that the energy determined as formation energy has no 

phenomenological correspondence. That is why it was termed as "apparent formation 

energy". At best, it can allow the estimation of the ranges of the acttial energies of the 

growth processes on the surface. 

Finally, at the largest ammonia flux, 150 seem, the desorption from the surface is 

balanced by the incoming molecules. The decrease of the growth rate is more 

pronounced, formation energy increases accordingly, and the growth rate exhibits a more 

linear evolution. 
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Figure 5.24. Model of growth behavior at large ammonia flux. The open circles 
represent the experimental growth rate measurements for ammonia flux ot 15U seem. 
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With the increase of ammonia flux the surface diffiision tends to be suppressed 

due the increased number of collisions, and recombination processes will dommate the 

surface chemistry, with the corresponding decrease of the growth rate. From the 

modeling standpoint, the pre-exponential factor is increased by an amount that accounts 

for the increased flux on the surface, while the formation energy increases accordingly. 

The observed behavior appears linear as it approaches the almost linear increase region of 

the exponential evolution. 
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CHAPTER VI 

CONCLUSION 

6.1 Comparison of AIN and GaN MBE Growth from Trimethyl Sources 

The MOMBE growth of AIN and GaN share important features, some related to 

the specific setup of the growth system and others related to the physical laws driving the 

Ill-nitride growth. 

From the growth system stand point, the most notable common feattires are the 

use of ammonia as nitrogen source, and the presence of molecular hydrogen generated 

during the pre-cracking of ammonia in the injector. 

The presence at vacuum interface of a mixture of two distinct layers along the 

growth period represents the common feature, intrinsically associated to the lll-nitride 

growth. 

Hydrogen has been shown to passivate the N-terminated layers and to reduce the 

grovî h rate for both AIN and GaN, when the fractional coverage becomes significant. 

The same H-passivation decreases the diffusion activation energy at low growth 

temperature for both AIN and GaN, through the reduction of interaction amount between 

adsorbates and first nitrogen layer. 

The Iir'^ group surface of nitrides has been shown to be free of any significant 

hydrogen coverage over the growth temperature range, and ammonia fluxes used. 

However, that does not mean that hydrogen does not exist on that surface. Molecular 

hydrogen generated from ammonia injector reaches the surface and dissociates as well as 

the hydrogen resulted from ammonia decomposition. The atomic hydrogen then, diffuses 

on surface or even incorporates interstitially. RTA experiments suggest that under certain 

conditions, it passivates acceptor-tike bulk defects. Those samples show n-type 

unintentional doping and exhibit edge luminescence. Most often, however, ft recombines 

with other hydrogen and desorbs, being known that for metallic surfaces, for the 

hydrogen in the physisorption state, there is a potential valley that favors recombination 

over chemisorption. 
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Based on RHEED observations it has been suggested that the hydrogen plays a 

surfactant role, very important in achieving the 2D growth mode, during the growth 

initiation period. 

The main differences are related to the same lll"^ group surfaces of the nitrides. 

These surfaces are essential for ammonia dissociation. The formation energies of AIN 

and GaN that have been computed support this observation. Thus for a TMAl surface 

flux of 1.1 X 10 /cm s and ammonia flux of 35 seem, the formation energy determined 

for AIN was of 0.27 ± 0.06 eV (6.2±1.3 kcal/mol), while for a TMGa flux of 0.5 x 

lO'Vcm^s and 30 seem of ammonia, the formation energy determined was of 0.17± 0.036 

eV (3.87±0.8 kcal/mol). Taking into account the measurement error, we cannot make a 

clear difference between the energy of formation of AIN and GaN. Hence, h is 

appropriate to suggest that the efficiency with which Al dissociates ammonia is about the 

same with that for Ga, at low III-group fluxes. 

With the increase of the Ill-group fluxes, however, the picture changes. The 

normal state of the trimethylaluminum is that of a dimmer: 2(A1(CH3)3). The electron 

deficiency of aluminum determine the increase of ligancy from 4 to 5 for itself and for 

the bridging carbons as well, Pauling [103]. Thus, based on the same electronic 

arguments, A1(CH3)3 may be credited with a surplus of reactivity towards the 

chemisorbed Al, with which it would form a 4"" bond. For Ga, the bond is weaker having 

the valence electrons on higher energy shell, and does not form a stable dimmer. 

Accordingly the interaction of Ga(CH3)3 with Ga surface is lower compared to its Al 

counterpart. However, the same reactivity makes the interaction between Al and methyl 

radicals weaker (-13 kcal/mol) than that between Ga and its methyl radicals (-49 

kcal/mol). A primary effect is that of a lower diffusivity coefficient of Ga adsorbate on 

Ga surface, than that of Al adsorbate on Al surface. Practically, the increase of the Ga 

flux, translates in Ga precursor accumulation and the blocking of the active Ga sites. As a 

result ammonia dissociation rate and the nitrogen incorporation are reduced and so is the 

growth rate. For Al this does not appear to happen. The methyl radicals of Al dissociate 

about 4 times faster making available electrons for bonding with the neighbonng Al 
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atoms and allowing faster diffusion. More important, the elimination of methyl radicals 

provides active Al at the vacuum interface of AIN that would continue to react with 

ammonia. For this reason, the growth rate of AIN does not saturate, but increase linearly 

in the range of TMAl fluxes encompassed by the experiments. This activation energy for 

methyl group release makes the difference between the AIN and GaN growth rate 

behavior with the increase of the Ill-group flux. 

Finally, the question of whether or not MOMBE AIN and GaN could be grown at 

lower temperatures worth some attention. The question appears legitimate as long as 

TMGa and TEGa are known to be completely pyrolysed beyond 625°C, Thon and Kuech 

[88], Koleske et al. [96], and knowing that ammonia dissociates mostly catalytically. 

However, the reported pyrolysis was observed in gas phase and in the presence of either 

H2 or NH3, in which situation there are far less concerns regarding the uherior behavior 

of the released hydro-carbon radicals. The surface dissociation of the same metalorganic 

compounds is in a much different position. Here, merely breaking the bond of the carbon 

to the Al or Ga core is not enough to ensure a free metallic surface, since the methyl 

radical would readily occupy the same or a similar place after a short time. Without an 

effective mechanism of surface removal of the methyl groups, the catalytic effect would 

be highly temperature dependent as shown in this work by the dramatic reduction of AIN 

growth rate at 730°C. Thus, on Al and Ga terminated surfaces the formation of a new 

layer of nitrogen is greatly hindered and leads to incorporation of more C and C-Hx with 

detrimental effects for electrical and optical properties of the material. The nitrogen 

terminated surfaces are in no better position since as the growth temperature decrease the 

hydrogen passivation could reach a fractional coverage of around 50% or even higher. 

6.2 Future Work 

A number of issues have surfaced throughout this work and is the belief of the 

author that further research would produce interesting results with certain practical value. 

Trimethylgallium is a Ga precursor that has the advantage of large vapor pressure 

at room temperature (~ 247 Torr). This makes TMGa very convenient for the use in a gas 
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delivery system. However, difficulties related to the effect of its methyl radicals including 

electrical and optical passivation and growth rate saturation make this compound difficuh 

to use in MOMBE. A possible solution to this problem would be to find a way of 

releasing the hydrocarbons before reaching the surface. Such a solution would apply not 

only to TMGa but to TEGa as well and would make both sources highly competitive. The 

premixing with ammonia within the injector appears to be a possible candidate and 

requires further experimentation, [88], [104]. In GaAs growth, experimentation with the 

premixing of TEGa and TMGa showed a reduction of C incorporation by 85%, Kamp et 

al. [105]. The experimentation on AIN and GaN growth using the suggested combination 

may help reduce C-H incorporation and improve the kinetics of GaN growth. 

Experiments with Al doping of GaN and with the growth of low Al content 

AlGaN showed a number of interesting effects such as surfactant effect of Al during the 

GaN growth, considerable stress reduction and the achievement of high electron mobility 

at room temperature (>800 cm^/V s). Recently two studies on Al doping of GaN outlined 

the improvement on GaN mobility and optical properties, Lee et al. [106] and Jeong et al. 

[107]. 

Further experimentation is needed to establish the use of Al doping as a permanent part 

of MOMBE GaN growth, ft may also help to produce the GaN quality necessary for the 

fabrication of HEM devices. 
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APPENDIX 
MAPLE CODE FOR THE GROWTH MODEL 
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> restart; 

>with(plots): 

>R:=8.315: 

>Af:=0.685*(10''16)'^1.0: 

>Adr:=6.0*(10^16)^2.0: 

>Ad:=1.4*(10^16)'^1.0: 

>Ao:=0.30*(10^16)^1.0: 

> 

>Ef:=10660: 

> Edr:=252000: 

>Ed:-14970: 

>Eo:=16213: 

> 

> Gf =APexp(-E^(R*(T-578))): 

>DeRec:=Adr*exp(-Edr/(R*(T-450))): 

> De:=Ad*exp(-Ed/(R*(T-620))): 

> OE:=Ao*exp(-Eo/(R*(T-285))): 

> Y:=Gf-De-DeRec: 

> Digfts := tmnc(evalhf(Digits)-l); 

> mydevice := interface( plotdevice ); 

> 

d:=[[1043.0,2.305*10^14],[1053.0,2.47*10^14],[1068.0,2.533*10'^14],[1073.0,2.559*10 

^14],[1083.0,2.546*10'^14],[1103.0,2.546*10'^14],[1123.0,2.369*10^14],[1138.0,2.267* 

10^14]]; 

>p:=pointplot(d): 
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> display(plot([Gf,DeRec,De,Y], 

T=670..1450,Rate=0..2.8*10-14,linestyM2,2,2,l],thickness=[2,2,2,3],coloHred,blue, 
magenta,black],axes=boxed), plot(OE,T=670.. 1450, thickness=2,color=green),p)-
> 

> display(plot([Gf,DeRec,De,Y], 

T=1020..1160,Rate=2*10-14..2.6*10-14,linestyle=[2,2,2,l],thickness=[2,2,2,3],color=[r 
ed,blue,magenta,black],axes=boxed), plot(OE,T=1020..1160, 

thickness=2,color=green),p); 

> display(plot([Gf,DeRec,De,Y], 

T=600.. 1400,Rate=0. .4* 10^ 1 ,linestyle=[2,2,2,1 ],thickness=[2,2,2,3],color=[red,blue,mag 

enta,black],axes=boxed), plot(OE,T=670.. 1400, thickness=2,color=green)); 

Following, the Goodness of fit of the model is computed : 

> 

T1:=1043:T2:=1053:T3:=1068:T4:=1073:T5:=1083:T6:=1103:T7:=1123:T8:=1138: 

> 

>Gfl:=Af*exp(-Ef/(R*(Tl-578))):Gf2:=Af^exp(-Ef/(R*(T2-578))):Gf3:=Afexp(-

E^(R*(T3-578))):Gf4:=APexp(-Ef(R*(T4-578))):Gf5:=Af^exp(-Ef/(R*(T5-

578))):Gf6:=APexp(-Ef/(R*(T6-578))):Gf7:=Af=exp(-Ef/(R*(T7-578))):Gf8:=APexp(-

E^(R*(T8-578))): 

> 

>DeRecl:=Adr*exp(-Edr/(R*(Tl-450))):DeRec2:=Adr*exp(-Edr/(R*(T2-

=Adr*exp(-Edr/(R*(T4-

=Adr*exp(-Edr/(R*(T6-

=Adr*exp(-Edr/(R*(T8-450))): 

450))):DeRec3:=Adr*exp(-Edr/(R*(T3-450))):DeRec4 

450))):DeRec5:=Adr*exp(-Edr/(R*(T5-450))):DeRec6 

450))):DeRec7:=Adr*exp(-Edr/(R*(T7-450))):DeRec8 

> 

>Del:=Ad*exp(-Ed/(R*(Tl-620))):De2:=Ad*exp(-Ed/(R*(T2-620))):De3:=Ad*exp( 

Ed/(R*(T3-620))):De4:=Ad*exp(-Ed/(R*(T4-620))):De5:=Ad*exp(-Ed/(R*(T5-
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620))):De6:=Ad*exp(-Ed/(R*(T6-620))):De7:=Ad*exp(-Ed/(R*(T7-
620))):De8:=Ad*exp(-Ed/(R*(T8-620))): 

> 

>Yl:=Gfl-Del-DeRecl:Y2:=Gf2-De2-DeRec2:Y3:=GB-De3-DeRec3:Y4:=Gf4-De4-

DeRec4:Y5:=Gf5-De5-DeRec5:Y6:=Gf6-De6-DeRec6;Y7:=Gf7-De7-DeRec7:Y8:=Gf8-
De8-DeRec8: 

> 

Ol:=2.305*10'^14:o2:=2.47*10^14:o3:=2.533*10^14:o4:=2.559*10^14:o5:=2.546*10^14 

:o6:=2.546*10^14:o7:=2.369*10^14:o8:=2.267*10'^14: 

>Om:=(ol+o2+o3+o4-Ho5+o6+o7+o8)/8; 

> 

>SSmod:=((Yl-Om)'^2+(Y2-Om)^2+(Y3-Om)^2+(Y4-Om)^2+(Y5-Om)^2+(Y6-

Om)^2+(Y7-Om)^2+(Y8-Om)^2); 

>SSrerr:=((ol-Yl)^2+(o2-Y2)^2+(o3-Y3)^2+(o4-Y4)^2+(o5-Y5)^2+(o6-Y6)^2+(o7-

Y7)^2+(o8-Y8)^2); 

> SStc:=SSmod+SSrerr; 

>Rsq:=SSmod/SStc; 

> 

> restart: 

>R:=8.315: 

>Af:=0.685*(10^16)^1.0: 

>Adr:=6.0*(10'^16)^2.0: 

>Ad:=1.4*(10^16)'^1.0: 

>Ao:=0.3*(10^16)^1.0: 

> 

>Ef:=10660: 

>Edr:=252000: 

>Ed:=14970: 

>Eo:=16213: 

136 



> Gfi=APexp(-Ef/(R*(T-578))): 

>DeRec:=Adr*exp(-Edr/(R*(T-450))): 

> De:=Ad*exp(-Ed/(R*(T-620))): 

> OE:-Ao*exp(-Eo/(R*(T-285))): 

> Y:=Gf-De-DeRec: 

> 

> GaN_Formation_Rate:=eyal(Gf,T=l 100); 

> Desorbtion_Recombination_Rate:=eval(DeRec,T=l 100); 

> Desorbtion_Rate:=eval(De,T=l 100); 

> Observed_Growth_Rate:=eval(Y,T=l 100); 

> Arrhenius_Exponential:=eyal(OE,T=l 100); 

> 

>Na:=6.0221415*10^23: 

>j_cal:=0.23889: 

>j_eV:=6.241509*10''18: 

>Ef_cal:=Ef*j_cal/1000;([kcal/mol]); 

>Ef_eV:-Ef*j_eV/Na;([eV-GaN_Formation_Energy]); 

> 

>Edr_cal:=Edr*j_cal/1000;([kcal/mol]); 

>Edr_eV:=Edr*j_eV/Na;([eV-GaN_Desorption_Recombination_Effusion_Energy]); 

> 

> Ed_cal:=Ed*j_cal/l 000;([kcal/mol]); 

>Ed_eV:=Ed*j_eV/Na;([eV-GaN_Desorption_Energy]); 

>Eo_cal:=Eo*j_cal/1000;([kcaymol]); 

>Eo_eV:=Eo*j_eV/Na;([eV-GaN_Apparent_Activation_Energy]); 
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