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A Simulation-Based LED Design Project
in Photonics Instruction Based on
Industry—University Collaboration

Shu-Hsuan Chang, Mei-Ling Chen, Yen-Kuang Kuo, and Yung-Chi Shen

Abstract—In response to the growing industrial demand for
light-emitting diode (LED) design professionals, based on in-
dustry-university collaboration in Taiwan, this paper develops a
novel instructional approach: a simulation-based learning course
with peer assessment to develop students’ professional skills in
LED design as required by industry as well as to enhance cog-
nition and metacognition in students in higher education. The
simulation-based learning course enables students to understand
the influences on LED performance of the variation of different
parameters and to seek the best design through comparing the
effectiveness of different combinations of parameters. The evalua-
tion results of pre- and post-test knowledge maps and a photonics
scoreboard indicate that this project-based instruction may help
students understand the operating principles of LEDs and en-
hance their skill in LED design. The Constructivist Project-based
Learning Environment Survey is adopted to demonstrate that the
proposed project-based learning environment is beneficial in cul-
tivating student inquiry learning, reflective thinking, teamwork,
and skills in creative problem solving.

Index Terms—Light-emitting diode (LED), peer assessment
(PA), project-based learning (PBL), simulation-based learning
(SBL).

I. INTRODUCTION

IGHT-EMITTING diodes (LEDs) are devices made from
L semiconductor materials that convert electric energy into
light through recombination of electrons and holes. The applica-
tion scope of LEDs has widened recently. LEDs are mainly ap-
plied to instruments that need a point or planar light source, such
as electronic products, home appliances, automobiles, traffic
signals, and signboards. Taiwan has gained the second largest
market share in the global LED market since 2002 [1]. Ac-
cording to the 2009 LEDinside Report, Taiwan’s market size for
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Fig. 1. Required prior knowledge for LED design.

LEDs will be NT $540 billion in 2015 [2]. Efficiently fostering
LED design professionals has become an issue in higher educa-
tion so as to satisfy the growing need for workers in Taiwan’s
LED industry.

The production of optical semiconductor devices requires re-
peated iterations of the steps of design, crystal growth, and test
to achieve the desired performance, which can be very time-con-
suming and expensive. If the optimized design can be achieved
by using simulation software before the start of mass produc-
tion, the time and cost required for the development of the de-
vices can be markedly reduced by the elimination of unneces-
sary trial fabrications. Therefore, some companies in Taiwan
have adopted the following procedures for research and devel-
opment. First, the structure and characteristics of a preliminary
LED prototype, or an LED whose detailed structure and char-
acteristics have been published in a journal, are duplicated and
simulated. Second, optimal design is attempted by adjusting the
design parameters to achieve the desired characteristics. Finally,
the resulting higher-performance LEDs can be fabricated for
mass production. An industry—university collaboration model
has been developed in such a way that the university partner car-
ries out the first and second of these steps to develop an optimal
or satisfactory device design, and then the industry partner com-
pany implements the device design to fabricate the products [3].

For a student in higher education to successfully complete
an LED design requires prior knowledge of semiconductor
physics, quantum mechanics, optoelectronics, and material
science, as shown in Fig. 1. Universities need to offer an inter-
disciplinary curriculum that combines theory and practice to
engage students in authentic real-world tasks [4] and to develop
their skills in creative problem solving [5].

Problem-oriented and project-based learning (POPBL) is a
learning approach that integrates and applies knowledge in real-
world tasks for technical as well as nontechnical fields [4], [6].
Project-based learning (PBL) starts with an assignment to un-
dertake one or more tasks, which might be to create a model,
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a device, or a computer simulation [5]. The learning process
adopts a question or problem that guides students to design the
study process, solve problems, make decisions, and conduct re-
search. Students autonomously engage in relevant work to com-
plete a real product and to present their research results when the
assignment is completed [4], [7], [8]. Students develop not only
their knowledge of and skills in the given study subjects, but
also their abilities in self-regulated learning [9], teamwork, and
dealing with interdisciplinary issues [10], [11].

Simulation-based learning (SBL) is intended to imitate real-
world phenomena to prepare students for future industrial prac-
tice [12]. It helps students to understand the real world, be able
to explore and test hypotheses, and come to a reasoned expla-
nation of the phenomenon in question [13]. Therefore, com-
puter simulation has been adopted in an increasing number of
fields in engineering education, including electronics, automo-
tive power systems, induction motors, and photonics instrumen-
tation [14]-[17]. However, SBL has some limitations. Some
investigations have found that while students master the op-
eration of computer simulation software, they do not properly
understand the subject concepts [18], [19]. Additionally, some
studies have revealed that the simulation itself cannot provide
an abundant learning environment and that one-on-one simu-
lation-based instruction cannot enrich knowledge acquisition
[20]. In general, it is still a challenge to integrate course design
and instruction with computer simulation so as to enhance stu-
dents’ cognition and metacognition in higher education.

In order to avoid the aforementioned problems, this paper
develops a novel instruction approach from the viewpoint of
constructivism. The philosophical concepts of constructivism
emphasize the importance of meaningful, authentic activities
that help the learners construct understandings and develop
skills relevant to solving problems [21]. Although there may
be many forms of constructivism, the constructivists generally
assert that knowledge is actively constructed by individuals
and that social interactions with others also play an important
role in the construction process [22]-[25]. The designers of
constructivist learning environments adopt seven pedagogical
goals [26], [27]: 1) to provide experience with the knowl-
edge construction process; 2) to provide experience in and
appreciation for multiple perspectives; 3) to embed learning
in realistic and relevant contexts; 4) to encourage ownership
and voice in the learning process (i.e., student-centeredness);
5) to embed learning in social experience; 6) to encourage the
use of multiple modes of representation; and 7) to encourage
self-awareness of the knowledge construction process (i.e., an
extension of meta-cognitive and reflective activities).

Topping [28] claims that through a peer assessment (PA)
learning activity, learners’ thinking skills may be enhanced. On-
line PA (Internet-assisted PA) has been a success [29], providing
a more comfortable learning environment that is free from ge-
ographic and time constraints and that allows participants to
work and be graded anonymously. Its active computer-sup-
ported collaborative learning environment promotes critical
thinking, planning, monitoring, and regulation [30].

Based on the industry—university collaboration in Taiwan,
the work presented here adopts the aforementioned seven
goals of constructivist learning environments as design prin-

ciples to develop a SBL course with online PA. The goals
are to enhance students’ professional skills in LED design
as required by industry and to enhance their cognition and
metacognition. Knowledge maps, a photonics scoreboard,
and the Constructivist Project-based Learning Environment
Survey (CPLES) [31] were conducted to demonstrate the
success of this learning course.

II. PROCEDURE OF THE PROJECT-BASED COURSE

The objectives of the project-based course were: 1) to un-
derstand the theoretical and practical concepts of LED design
engineering; 2) to obtain hands-on experience of LED design
during the course project using APSYS computer simulation
software; and 3) to enhance metacognition of engineering stu-
dents in higher education. To perform the simulation success-
fully, students must thoroughly learn the subject material.

This study involved a one-term project designed for an exper-
imental physics class for junior students in the Department of
Physics, National Changhua University of Education, Taiwan,
where the material science module is run in the sophomore year
of the curriculum. The semiconductor physics, optoelectronics,
and quantum mechanics modules are run in the junior or senior
year. Therefore, students had to acquire this knowledge that they
had yet to be taught through teamwork, online PA, and computer
simulation—the distinct features of this course. They had to try
to clarify their concepts and complete the LED design with lim-
ited prior knowledge. The instructor and the teaching assistant
were simply facilitators in the class.

Fig. 2 gives the procedure for the project-based course. The
steps of the procedure and their design concept are explained as
follows.

Step 1) The instructor explained the objective and syllabus of
the course and the LED design project, including the
knowledge map and the simulation software. More-
over, the professor introduced and explained basic
LED knowledge, including the basic structure of an
LED and its operating principle, LED materials, the
emission spectrum, the structure of quantum wells,
internal quantum efficiency, spontaneous emission,
and the factors affecting LED performance.

Step 2) Students were grouped into heterogeneous teams ac-
cording to their grades in the sophomore year. Each
group was requested to select one industrial LED ap-
plication, such as displays or traffic signals, as the
topic of a case study and to research the relevant in-
formation to provide a verbal report discussing the
operating principle of an LED and the factors af-
fecting its performance. The aim of this report was
to stimulate students to learn for themselves the op-
erating principle of LEDs and other fundamental
knowledge. In this step, the instructor and teaching
assistant discussed the students’ reports with them.

Step 3) The third step was the pretest of the study, in which
students’ concepts were surveyed at the LED design
stage by a knowledge map pretest before they started
the two-stage simulation.

Step 4) This step involved project implementation with
the two-stage simulation. The first stage of LED
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Fig. 2. Procedure of the project-based course.

simulation aims to train students to use the computer
simulation software APSYS. The second stage of
LED simulation aims to train students to improve
their ability to design an LED. Each group was re-
quested to design an LED. If the performance of the
device did not meet the given specifications, then
the teammates should correct either the parameters
or the structure of the LED to reach or be closer
to the project specifications. During these steps,
teammates engaged in discussions and exchanged
information and experience to clarify their concepts.
Moreover, with the team online PA, each team was
able to review the other three teams’ projects and
give review comments. Therefore, each team re-
ceived review comments from three teams to help
clarify their concepts and correct the parameters of
their LED.

Step 5) The final step was the PBL evaluation, involving the
knowledge map post-test, the photonics scoreboard,
and the CPLES.

III. LED SIMULATION PROJECT

Fig. 3 illustrates the two-stage simulation process for the
LED. First, the instructor assigned a project to all the teams.
Second, the students discussed this between themselves and
researched information online and in textbooks or technical
journals to form their initial ideas. Third, students performed
simulations to clarify their concepts and ideas. In this step,
the instructor and the teaching assistant taught students how
to operate the simulation software to help them resolve any
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Fig. 3. Process of simulation-based learning with peer assessment.

operational difficulties. The teammates were expected to pro-
duce a solution to their set project following the simulation.
In the fourth step, students checked if their solutions met the
aim of the project. Students who had met the objective at this
stage finished the simulation. Students who had not achieved
the project goal were required to repeat steps 3—5. Repeating
steps 3-5 helps students to build their concepts of the operating
principle of LEDs. In the sixth step, all teams compared their
results when they had achieved the objective. The team online
PA step enabled the students to examine each others’ results
to understand how to gain better results by using different
parameters.

APSYS, developed by the Crosslight Software, Inc., Burnaby,
BC. Canada, was adopted in the project-based instruction.
APSYS can be used to simulate several semiconductor de-
vices, including LEDs, organic light-emitting diodes (OLEDs),
photo-detectors, solar cells, electro-absorption modulators,
high-electron mobility transistors, heterojunction bipolar tran-
sistors, metal-oxide-semiconductor field effect transistors,
resonant tunneling diodes, and traveling wave semiconductor
optical amplifiers. Fig. 4 shows the APSYS interface.

Fig. 5 displays the two simulation stages in this project-based
instruction. In the first stage, the students were asked to design
an InGaN blue LED with a wavelength of 450—480 nm. The aim
of this stage was to help students to learn how to operate APSYS
and to realize how the different parameters influence the perfor-
mance of an LED. In the second stage, students were asked to
adjust the parameters to achieve an optimal LED performance
with a given wavelength, current, and power. The objective of
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Fig. 6. Structure of a blue LED.

this stage was to help students understand that several parame-
ters need to be adjusted to satisfy the wavelength, current, and
power requirements and that an optimal solution would yield the
correct settings.

Fig. 6 shows the structure of a blue LED used in this study.
Students were required to adjust the InGaN well layer, the
Shockley—Read—Hall (SRH) lifetime, and the internal loss in
order to learn how these parameters influence the performance
of the LED. For instance, increasing the indium (In) com-
position in the InGaN well layer lengthens the wavelength;
decreasing the thickness of the InGaN well layer shortens the
wavelength; reducing the internal loss can raise the output
power and internal quantum efficiency.

TABLE 1
DESCRIPTION OF STUDY EVALUATION TOOLS

Objectlye of Evaluation tool Description
evaluation
To examine student’ concepts of
Knowledge Knowledge map LED design after the project
. Photonics To evaluate the LED design skill by
Skills
Scoreboard expert assessment scores
Constructivist
PrOJegt—based To examine students’ attitudes
Learning toward the project-based learnin
Attitude Environment . proj ung
environment developed by this
Survey (CPLES) stud
and in-depth Y
interview

The second simulation stage had two objectives. The first was
to design an LED with a wavelength of 460 nm, an injection
current of 30 mA, and an output power of 1.5 mW, according
to the study of Oder et al. [32]. The other objective was to de-
sign an LED with a wavelength of 476 nm, an injection cur-
rent of 35 mA, and an output power of 1 mW, after the paper
of Choi et al. [33]. In this stage, students attempted to reach the
given targets based on the concepts that were established in the
first stage.

IV. STUDY EVALUATION

The subjects of this project-based instruction were 69 junior
students of the Department of Physics, National Changhua Uni-
versity of Education, Taiwan. The students were divided into 25
teams of two or three students. As mentioned, the study evalua-
tion tools in this instruction were knowledge maps, a photonics
scoreboard, and the CPLES, listed in Table 1.

The pre- and post-test knowledge maps were applied to help
evaluate the students’ understanding of the principles of LED
operation after the simulation. The photonics scoreboard, built
on an Internet platform, was adopted for peer and expert assess-
ment. The CPLES was developed to investigate the students’
attitude toward the PBL environment [31]. In analyses of the re-
liability and of the exploratory factor of the CPLES, the Cron-
bach « for the whole instrument is over 0.95, and the amount of
explained variance is over 62% for each field test, figures that
are high enough to demonstrate that CPLES can be applied to
assess the students’ attitude [31]. Discussion of the evaluation
results follows.

A. Knowledge Map

A knowledge map is a two-dimensional figure that displays
knowledge construction by nodes and lines [34]. A node denotes
akey concept, and a line represents the relationship between two
nodes. In the project-based instruction procedure, students were
required to present their concepts of the LED via a knowledge
map both before and after the simulation to examine whether the
simulation helped them improve their understanding of the con-
cepts of the LED. An expert in the Department of Physics, Na-
tional Changhua University of Education, graded the students’
knowledge maps based on the linkages between concepts. An
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Fig. 7. Knowledge map example of the LED simulation.

TABLE II
t-TEST OF THE PRE- AND POST-TEST KNOWLEDGE MAPS
Sample Standard
Size Mean Deviation :
Knowledge map pretest 69 2.88 1.52
—6.64*
Knowledge map post-test 69 5.18 1.29

*p < 0.05

incorrect proposition scored zero points, and a correct proposi-
tion scored 1 point. Fig. 7 presents an example of a map of the
LED simulation.

Table II lists the t-test results of the pre- and post-test knowl-
edge maps. The scores of the post-test knowledge map are sig-
nificantly higher than those of the pretest. Comments by stu-
dents included, “This is a difficult project. However, after this
project, we can almost understand the operating principle of
LEDs.” Some students were able to clarify the concept of LED
simulation after the instruction: “First, we should identify the
range of parameters. Second, try to adjust the In composition in
InGaN well layer. Then, change the number of quantum wells
with the fixed SRH lifetime and internal loss. Finally, change
the SRH lifetime with the fixed number of quantum wells and
internal loss.” These student comments indicate that this project
helps students understand the basic knowledge behind, and op-
erating principles of, LEDs.
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B. Photonics Scoreboard

The photonics scoreboard had five rating items: the accuracy
of device structure, originality, parameter adequacy, device per-
formance, and device applicability. Each item was scored on a
scale of 1-6 points. Thus, the maximum score was 30 points,
and the lowest was 5 points.

The most important objective of this scoring system was to
support open-ended suggestions by allowing students to give
their opinions of other groups’ outcomes, enabling concepts
to be changed. Each team was required to review and assess
the results of the other three teams, including the emission
spectra, current-voltage (/-V) curves, light-current (L-I)
curves, and efficiency curves, as well as the (.layer) and (.sol)
files of APSYS that recorded the parameters. Fig. 8 shows the
emission spectra, -V curve, L—I curve, and efficiency curve
achieved by one team when simulating LEDs with a wavelength
of 476 nm. These curves indicate that the team achieved the
requirement of the second stage simulation with an injection
current of 35 mA and an output power of 1 mW.

Furthermore, the expert assessment scores given by the
teacher were used to evaluate the students’ LED design skills.
A paired t-test was applied to these expert assessment scores
before and after the introduction of PA, as shown in Table III,
which reveals that these before and after scores were signif-
icantly different (t = —8.966, p < 0.001), with the expert
assessment scores after PA (Mean = 22.00) being higher
than those before (Mean = 20.03). Thus, it can be concluded
that the proposed learning course with online PA improved the
students” LED design skills.

“Team online PA” attempts to provide teams with reference
resources that they can use to correct their own parameters by
allowing them to inspect the other teams’ results and feedback.
Team online PA instructs students to learn actively, be respon-
sible, and think reflectively. Student comments on team online
PA were collected in in-depth end-of-semester interviews with
each team. The positive comments include, “Before the second
stage simulation, we evaluated the other teams’ results. Ac-
cording to our results, one team had the best power, so we em-
ulated them to perform our second stage simulation,” and “We
found another team had some wrong results which were similar
to results we had had in the process of searching for the optimal
solution. We were happy to know that we could help them to
correct the answers.” This finding indicates that the team on-
line PA aspect of this PBL course encourages students to un-
derstand where they could improve and to set themselves more
challenging study goals.

C. Constructivist Project-Based Learning Environment Survey

After the project-based instruction, students were sur-
veyed with the CPLES, a 5-point Likert-scale questionnaire
(1 = strongly disagree, 5 = strongly agree) with five or six
questions on inquiry learning, reflective thinking, teamwork,
creative problem solving, open-endedness, and authenticity,
respectively [31]. The inquiry learning subscale measures the
opportunities of students to engage and explore. The reflective
thinking subscale measures the opportunities for students
to reflect on the process of their learning and thinking. The
teamwork subscale measures the opportunities for students
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35 mA, and an output power of 1 mW in the second stage simulation.

TABLE III
t-TEST OF EXPERT ASSESSMENT SCORES BEFORE AND AFTER PA
Sample Standard
Size Mean Deviation ¢

Scores of expert

assessment before PA 25 20.03 132
—8.97**
Scores of expert 25 22.00 0.54

assessment after PA

“*p < 0.001

to work as a team and learn skills including adaptability,
communication, coordination, decision making, interpersonal
relationships, and leadership. The creative problem-solving
subscale measures the opportunities for students to solve prob-
lems creatively. The open-endedness subscale measures the
open-endedness and diversity of approaches used in the study.
The authenticity subscale measures the realism and authenticity
of the problems set in the project. The average scores for each
of these subscales are listed in Table IV, and in each case were
greater than or equal to 3.5.

These results reveal that the proposed course of this study
helps students to be more reflective and curious in their thinking
and in their learning process, to develop teamwork skills, and
thus to solve problems more creatively. The proposed course

also had the features of open-endedness, diversity, and authen-
ticity. Student comments included, “We learned the structure of
an LED and the operation of computer simulation software. Col-
laboration by teammates is important. We discussed enthusias-
tically between ourselves when experimenting. After the class,
we discussed how to improve what we’d done. Every teammate
wanted to do it perfectly.”

V. DISCUSSION AND CONCLUSION

Based on industry—university collaboration in Taiwan, which
has been adopted to cope with the time-consuming and expen-
sive development process of optical semiconductor devices, this
study develops a novel instructional approach—an SBL course
with online PA to develop students’ professional skills in LED
design as required by industry and to enhance the cognitive and
metacognitive outcomes of students in higher education. The
overall results of an evaluation by knowledge maps, a photonics
scoreboard, and the CPLES reveal that the proposed project-
based instruction can fulfill the aforementioned seven goals of
constructivist learning environments.

The results of the pre- and post-test knowledge maps and
the photonics scoreboard indicate that this SBL helps students
understand the operating principle of LEDs. Moreover, this
project-based instruction fosters the ability to design LEDs,
to perform experiments, to analyze and interpret data, to com-
municate effectively, and to recognize the necessity of lifelong
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TABLE IV
AVERAGE SCORES FOR EACH SUBSCALE OF THE PROJECT-BASED LEARNING
ENVIRONMENT SURVEY

Score
Mean
(Standard
Deviation)

Questions for each subscale

Upon completion of the project-based learning course,
please answer the following questions.

Inquiry learning subscale - I had the opportunity to:

. Conduct research to find the answers to questions.

. Conduct research to verify my ideas.

. Proceed with further research to solve new problems.
. Design/develop research methods by myself.

. Collect data, analyze data and present the report.

3.53
(0.52)

I N R

Reflective learning subscale - I had the opportunity to:
1. Reflect on how I learn things.

. Deliberate upon my thoughts in detail.

. Learn how to become a better learner.

. Present my areas of uncertainty.

. Criticize my own research results.

3.70
(0.45)

[T RV I ]

Teamwork subscale- I had the opportunity to:

1. Use the information provided by group members to solve
problems.

. Contribute to the group goals.

. Help other group members with their work.

. Be a leader to teach other group members.

. Exchange and share information or opinions with other
students.

AND

6. 1loved working with my teammates.

3.90
(0.50)

(LI VI S ]

Creative problem solving subscale- I had the opportunity

to:

1. Detect errors and confirm that they were properly
corrected.

2. Propose my own creative ideas.

3. Apply my creative ideas into designs or assigned tasks.

4. Evaluate all the possible solutions to problems.

3.65
(0.54)

Open-endedness subscale- The teacher let us:

1. Design methods for problem-solving by ourselves.

2. Present our own project proposals.

3. Use various types of data to solve the same problem in
different ways.

4. Study the particular problems of our own that interested
us.

5. Decide how to proceed with our project.

6. Solve problems from various perspectives.

3.60
(0.63)

Authenticity subscale
1. The problems met in this project indicate the complexity
of practical problems.
2. The information presented in this project is relevant to
authentic real-world problems. 3.50
3. The knowledge and experience provided by this project (0.57)
are relevant to authentic real-world problems.
4. The problems in this project are derived from practical
problems in authentic real-world tasks.
5. Upon the completion of this project, I fully understood its
objective and the subject matter.

learning, which is similar to the results of the studies of Lunette
and Hofstein [13], Stern et al. [12], and Lehmann et al. [6].
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However, the results of this study indicate that the LED designs
generated by the simulation system need to be further verified
by someone with more practical knowledge and experience,
such as the teacher or teaching assistant. Therefore, future
studies of SBL need to discuss how to equip students with
the ability to verify the outcome of their design work and the
reasonable intervals for the parameters.

In terms of the effectiveness of team online PA, the in-depth
interviews with each team indicate that it encourages students
to understand where they could improve and to set higher goals
for themselves. Similar to the viewpoints of Topping [28] and
Wen and Tsai [35], the results of the study show that through
online PA students can observe how their peers think and learn.
Team online PA helps students conduct self-reflective thinking
and clarify their misconceptions. However, the possibility of
plagiarism and the overhead time needed to train students for
PA might be perceived to be a concern [36].

The CPLES was used to demonstrate that the proposed
learning methodology, combined with an open-ended and
authentic leaning environment, can cultivate students’ in-
quiry learning, reflective thinking, teamwork, and creative
problem-solving skills. However, the strategies and arrange-
ments for group-discussion problem solving and for online
PA can influence the effects of learning [36]-[40]. Future
studies might focus on different strategies and arrangements
for group-discussion problem solving and online PA in order to
investigate these PBL effects.
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