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Abstract

This report presents the results of a study of the web start process for dendritic silicon
web manufacturing. The main objective of this project was to investigate the extent to which
purely statistical analysis of web start data could be used to develop systematic methods for
setting and controlling web start parameters with the end in view of improving production
throughputs. This work was undertaken on an actual dendritic web manufacturing facility where
process data were analyzed and characterized. Design of experiments and statistical analyses
provided concrete results on parameters for the development of automated systems to improve
overall productivity, and gave a better insight on web growth control. This report describes the

work accomplished during the period August 1995 to July 1996.
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1. Introduction

1.1. Motivation

With the rate technology is changing in the semiconductor industry and the stringent demands for better
product quality and higher volume, manufacturers are increasingly challenged to continuously improve
their processes. In the field of manufacture of photovoltaic solar cells, the need for cost effective
production and high productivity are two of the main requirements to remain competitive. Since the
beginnings of this industry, the challenge has been to bring the productive capacities up and price of
photovoltaic systems down [1], and subsequent appraisals on viability of photovoltaic cell manufacturing
indicate that improved throughput and adoption of automation strategies are primary concerns that need
to be addressed in reducing costs of silicon sheet [2],[3].

In photovoltaic dendritic silicon web technology, the most critical area for improvement has
been determined to be in the web growth stage of developing silicon sheet crystals [4],[5]. In this process
stage, the potential for improvement is evident: there are large production variances between product
runs and weekly campaigns, low capacities of production equipment, and crystal grown are consistently
half of the maximum attainable crystal length. Thus, improvements introduced in web growth will have
immediate impact on overall throughput.

Our work concerns productivity improvement through better automation techniques and has
focused on web growth process as target implementation. To improve automation, detailed analyses and
characterization of the process need to be done and parameters need to be developed as integral part of
the automation system. This research project uses statistical analysis tools to characterize and evaluate
the web growth process with the end in view of integrating the parameters with projected automation set-

ups. The overall goal is to improve manufacturing efficiency.

1.2. Objective

The objective of this project is to investigate the extent to which statistical analysis of process data may
be used to improve web growth in photovoltaic cell manufacturing. The result in this study is intended to
determine parameters to be adopted in automating the web growth process and to identify areas for
improvement. This study complements and serves as precursor to the overall goal to introduce new
control methods in semiconductor manufacturing processes through the combined use of statistical

process control and automatic control techniques.
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Given this overall objective, this research work was conducted in an actual semiconductor plant
which pioneered the development of dendritic silicon web manufacturing technology, Ebara Solar
Incorporated (ESI) located in Southern Pittsburgh. The production processes of silicon web in the plant
are currently experimental and are continuously being improved with the objective of attaining fully
commercialized production. The setting therefore offers vast opportunities for developing and

introducing improvements for more organized and efficient control techniques in solar cell production.
1.3. Scope

This research focused on major areas affecting dendritic web growth performance. A background review
of the photovoltaic manufacturing process and related research on use of statistical methods for
developing new control systems in this field is first described in Section II of this report. Detailed
evaluation of the process and identification of control parameters based on computer and operator data is
covered in Section III, which aimed to characterize the process and identify specific areas to focus
improvements. Section IV covers statistical analysis of early web terminations using programmed data
analysis algorithms and commercially available statistical analysis tools to evaluate process data, the
results of which were used to determine critical areas that need to be addressed to improve yield. In
Section V, designed experiments for optimal web start parameter settings were conducted on parameters
hypothesized to have the most impact on success of web starts, in order to identify statistically
significant parameters and optimal values that show potential for higher crystal yield. Section VI covers
statistical analysis of parameters and experiments for full web start automation, where fixed settings in
the control algorithms were determined from the statistics of successful starts. Section VII is a Time
Series analysis of web lengths for data covering a 3 1/2 month period on each of the experimental
furnaces to determine trends and correlation with other process parameters. The objective is to provide
an overall view of the sequential behavior of the manufacturing process to suggest future improvement

efforts. Section VIII gives our conclusions and recommendations for future research.

I1. Background

2.1. Photovoltaic cell manufacturing process

In the late 1960’s the anticipated solar cell market for space applications failed to develop and the thrust
of silicon device development was turning to integrated circuits. However, fuel shortages of the mid

1970s revived interest on solar energy with terrestrial applications [6] and has since increased
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development in photovoltaic industry up to present times. Several silicon sheet production processes as
alternative to the conventional Chzochralski method emerged and innovations continue up to this time,
most notable of which are the Edged-Defined Film-Fed Growth (EFG) method, Silicon-on-Ceramic,
ingot casting by Heat Exchanger Method, and Dendritic Silicon Web. A general overview of these
processes and assessment of their respective performances are described in [2],[7]. Among the oldest of
silicon solar cell production processes is the dendritic web technique first developed in the 1960’s and
used in the mid 1960’s for pilot line production of solar cells for space applications [8].

Dendritic web crystals were first discovered during the investigation of a technique called
controlled dendritic growth which was thought to hold promise for the production of ribbon-like
semiconductor crystals [9]. During attempts to grow silicon in the controlled dendritic mode, branching
of crystal accidentally occurred and a web crystal was grown [10]. This technology produces rectangular
shaped thin silicon ribbon with mirror-like surface from liquid silicon and has the inherent advantage
over traditional wafers since it is grown in the correct thickness with good surface quality so that it is
ready to be processed. It does not need to undergo sawing which etches the sawed portion and its
rectangular shape permits efficient packing of cells into modules. Tests have indicated that cells
fabricated on web material are equivalent in performance to cells grown through the more popular
Chzochralski method [8].

The most critical part of this process is growing of crystal since meticulous manual operation is
employed to successfully grow web, and this is the focus of this study. In this manufacturing stage,
molten silicon is “undercooled” to a temperature slightly below its freezing point. A “seed” made from
thin dendrite is made to touch the melt which freezes locally around the seed. The seed provides a
template for the crystal structure that forms as freezing begins and as it continues, a single crystalline
structure results. Once the crystal spreads horizontally in both lateral directions to an adequate width, the
seed is slowly withdrawn from the melt. Local freezing continues at the withdrawal site and a dendritic
web follows the seed as it is pulled out of the furnace[11].

The major process elements for web growth include preparation, establishment of hold
temperature, start and growth of laterally grown seed called “button”, and actual growing of the web.
Preparation involves the cleaning of the seed, furnace, and other equipment. The thin dendrite seed is
etched until a fine needle-like point is achieved, and this is then installed in a take up wheel. The dendrite
seed is lowered into the melt until it touches the melt surface. If the seed’s tip melts off, which is typical,

the melt temperature is lowered and this is repeatedly done until the melt neither melts nor freezes and

holds onto seed.
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When hold is established, the control point of the melt temperature is decreased by about one °C,
and as actual temperature drops in response to the control change, the button spreads laterally, or “wings-
out”. As soon as this occurs, the temperature is lowered another two °C and the button is allowed to
grow 2.5-3 cm wide. A pull mechanism is then started and the button is withdrawn from the melt at a
preset pull speed. The melt temperature at this point is very critical: if there is insufficient undercooling
only one dendrite may grow, and if the melt is excessively undercooled, extra dendrites may grow. If
seeding is successful, a film of silicon is pulled in the frame formed by the button and two bounding
dendrites, from which a web crystal is formed as this film freezes. The meniscus formation is then
observed, and once formed, the growth speed is quickly reduced to a lower preset speed. When the
dendrites appear to thicken enough, the speed is increased until the target run speed is reached. The speed
is then lowered by .05 cm/min every 45 minutes to keep web thickness constant, and processing
continues until a length of about 4 meters is reached. To compensate for changing conditions in both the
crystal and the liquid melt, pull speeds and set temperature may be adjusted. The magnitude and timing
of these changes depends largely on the exact thermal geometry and response characteristics of the

system [6].

2.2. Automated control of semiconductor processes

Semiconductor processes are normally controlled through different levels of automation, each with
specific features and objectives. The basic and lowest level is regulatory control or dynamic feedback
control which deals with direct control of equipment, and closes the loop among different process
variables such as temperatures, pressures, gas flows, and others [5]. The next level in the control
hierarchy is supervisory control which determines the setpoints for the regulatory controllers to produce
the desired results. In semiconductor manufacturing, these are known as recipes or settings, and
supervisory control, when applied, is known as run-by-run control because control action is taken once
for each production piece [12].

At present, basic control operations, particularly in the web growth process, are essentially
manual with many stages achieved by operator adjustments on temperature and speed, at specific times.
More advanced control systems under development employ sophisticated in situ sensing devices, such as
optical monitoring equipment, but these are designed to assist in steady-state growth only, and tasks of
starting growth and establishing control points are left to a human operator [13]. Attempts are being
made to at least semi-automate the growth steps, where redundant stages are given to sequence control,

leaving the operator to attend to more critical stages that require meticulous human observations.
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The control system at the supervisory level is normally developed through off-line optimization
techniques using methods of statistical design of experiments to determine the best area of operation.
Response Surface methods and the Taguchi method are examples of these methodologies based on
design of experiments [14]. Data from regulatory controllers are used to create predictive models which
describe future process performance as a function of regulatory control setpoints [15].

In the on-line mode, semiconductor manufacturing processes are typically monitored using
statistical process control (SPC) techniques, and adjustments are made in operating setpoints only when
out-of-control conditions are detected [16]. Since systematic parameter variations such as drifts in the
process operating environment, material properties, or equipment conditions are not addressed, methods
for adjusting the process operating point from run to run are needed to improve the quality and yield of
semiconductor manufacturing processes when it is too costly or physically impossible to eliminate
systematic variations. In current practice, processes are retuned only when SPC indicates a large

departure from routine operation and retuning is based on operator experience.

2.4. Related research on control of semiconductor process through statistical techniques

Several projects on control of semiconductor process have employed statistical techniques in developing
newer control algorithms for semiconductor processes. Most of these studies were directed towards a
new paradigm in control which propose to combine the methods of SPC and automatic process control to
exploit the strengths of both methods [17]-[19]. Consequently, much of the research has focused on tools
for design of experiments, statistical data analysis, simulation and non-linear optimization to obtain
process settings [20].

Research along this direction include studies by Rezayat [21] who proposed a system that
concurrently uses special-cause control charts, a statistical technique, and the simultaneous perturbation
neural network controller, an adaptive control technique, to reduce variability in product and process
performance. The approach is unique in the way that it assumes no knowledge of exact process
dynamics. The work of Sachs et al. [22] aimed to combine feedback control with SPC, and presents an
overall framework for a process control system that would automatically and continually tune the process
setpoints from run to run based on sophisticated equipment and process models developed from
extensive statistical characterization of the process. The goal is that the run-to-run controller will be able
to compensate for the types of process disturbances that are drifts of equipment conditions and materials.
Mozumder and Barna [23] reported on an implementation of a run-fo-run feedback controller for a

plasma etch process that computes process setpoints from a response surface model that is modified
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automatically when statistically significant deviations in the process performance are detected. Response
surfaces were developed to obtain quadratic relationships between the controlled variables and the
observed variables. Run to run adjustments occur when the observed measurements are deemed to be
statistically out of control, at which points the constant terms in the response surface models are
adjusted by making predetermined incremental changes for the next process run.

The research described above are generally based on response surface modeling and use of SPC-
type data analysis. Since dendritic web growth is relatively new to the industry, the techniques in these
research projects are viable opportunities to be adopted for application into the process. It is the intent of
this study to aid in the development of such control systems for application in photovoltaic processes,
and to build a foundation for eventual application in dendritic web manufacturing. As an initial step
toward this direction, this work shall provide the basis for development of semi-automatic start-up
recipes for web growth that would eventually automatically adjust recipe parameters from run to run to
compensate for furnace aging, changes in melt level and variations in button growth. This project shall
help determine parameters to be introduced in the automation of the process using methods for
statistical and physical modeling for eventual development of a system that would perform effective run-

to-run control of key processes in a commercial photovoltaic manufacturing facility.
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