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Abstract—The structure and operating principle of semiconductor devices are a central topic in teaching electronics,
both in universities and in two-year colleges. Teachers
teaching this subject normally run into substantial difficulties stemming from the fact that a major part of the concepts and processes that are relevant to understanding these
devices are abstract. In light of the advantages of multimedia in illustrating dynamic processes, the chapter covering
the field effect transistor (FET) has recently been taught
through animation at a two-year college in Israel. The study
presented here has examined, through quantitative tools,
whether animation-based teaching of the FET had any effect
on students’ achievements in the subject of basic electronic
devices. Forty electronics students have participated in the
study. Its findings indicate that in the short and long term
alike, the achievements of students who studied the transistor through animation were significantly higher than those
of their peers who studied it through a traditional method.
Additionally, the effect size was very large.
Index Terms—Animation-based learning, electronic devices,
long-term effect, two-year colleges

I.

INTRODUCTION

The structure and principle of operation of semiconductor devices are one of the basic topics in electrical engineering. This subject is taught, at varying levels, both in
universities and in two-year colleges. Transistors1 are a
central part of the curriculum, in light of their importance
as basic devices in the different areas of electronics –
analog and digital alike. However, in order to understand
the operating principle of these electronic devices, the
students are in need of broad knowledge in physics – a
situation which poses a real challenge to teachers [1].
Further, some of the relevant concepts and processes such
as holes, depletion region, drift and diffusion are particularly difficult to understand, as they are abstract [2].
As a possible solution to the above difficulty, teachers
and researchers have developed animations illustrating
central processes occurring in electronic devices. As in
other areas of electrical engineering where educational
animations have been developed – such as electromag1

A transistor is a basic electronic device used as an amplifier or switch.
There are different types of transistors. The most important of them are
the bipolar junction transistor (BJT), which is relatively complex, and
the field effect transistor (FET), which is relatively simple.
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netism [3], electro-optics and acousto-optics [4] and power electronics [5] – the basis for such development has
been the intention to utilize the advantages of animation in
cases where processes are difficult to demonstrate in the
classroom or even the traditional laboratory [6]. It should
be noted, however, that remote control and virtual laboratory practices enable students to visualize abstract concepts and as a result their understanding is enhanced [7][9]. The vast majority of animations covering electronic
devices are intended for university students [10]-[13] and
a minority for two-year college students [2]. Thus, for
example, Lundgren & Jonsson [10] have developed an
animation describing drift and diffusion processes in semiconductors and found a considerable improvement in
students’ level of interest, but not in their degree of understanding. In comparison, Sihar et al. [11] and Gero et al.
[2] found improvement in the achievements of students
who had studied electronic devices through animation.
These results contribute to the continuing debate – so far
remaining unsettled – on whether the use of computer
animation is preferable to traditional teaching methods
[14]-[15].
It is important to note that reading the extensive literature covering the above issue reveals that the number of
educational studies examining the long-term effect of
animation-based learning is quite small [16]. One study
examining the long-term effect of educational animation
has shown that over a period of one year, the academic
achievements of students who studied the subject of the
bipolar junction transistor (BJT) through animation remained significantly higher than those of their peers who
studied through a traditional method [17].
The current study focused on a device from the second
family of transistors – the field effect transistor (FET) –
examining whether animation-based learning of the FET –
a simpler device than the BJT – has an effect on students’
achievements over varying time periods.
The paper begins with a concise review of long-term
effects of learning in general, and specifically in the context of animation. Then, the goal of the study and its
methodology are presented. Finally, the findings are discussed.
II.

THEORETICAL BACKGROUND

It is customary to define “retention” as the ability to
remember information or skills formerly learned at a later
point in time [18]. From this very definition becomes
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apparent the great importance of retention in education at
large [19] and particularly in engineering education [20]
where one of the basic assumptions is that knowledge and
skills attained at a given point should serve the student on
later stages of learning as well.
Studies on retention can be classified into three groups:
laboratory experiments, educational studies and naturalistic studies [16]. Laboratory studies, beginning with the
famous work of Ebbinghaus [21], examine retention under
controlled laboratory conditions over a characteristic time
period of hours or several days. In comparison, in naturalistic studies occurring in the natural environment, such
period can be several years. Educational studies occurring
in the classroom – the kind on which we will focus below
– examine retention over a period of several months. Studies in this category have examined retention in a variety of
areas of learning such as psychology [22], chemistry [23]
and medical sciences [24]-[25]. The results of most of
these studies can be explained through the Ebbinghaus
curve according to which the rate of loss of knowledge is
relatively high at the end of the learning process and becomes more moderate later.
In light of the importance of promoting retention among
students, researchers suggest a variety of means to assist
retention. Ausubel [26], for example, recommends the use
of “advance organizers” – cognitive tools connecting new
knowledge to knowledge learned earlier. Others claim that
retention can be improved by learning through nontraditional methods [27]. Among these methods are project-based learning [28], problem-based learning [29] or
the use of educational technology [30]. Dori et al. [31]
even propose combining several methods, such as using
educational technology in an active learning environment.
As mentioned at the beginning of this paper, the number of studies examining the long-term effects of animation-based learning is quite small. These studies indicate,
among other things, a significant improvement in the
retention ability of engineering students studying a course
in electromagnetism in an active learning environment
including multimedia [31], and a significant gap between
the achievements of students in a two-year college who
studied the BJT through animation and those of students
who studied it through a traditional method. This gap, in
favor of the first group, was maintained for a year after the
learning process had ended [17].
The positive effect of animation can be explained in
light of the dynamic hypothesis claim [32] based on the
cognitive theory of multimedia learning [33]. According
to it, by animation illustrating motion, it reduces the students’ cognitive load – a load stemming from the need to
construct a dynamic image necessary in order to understand the process being learned. Therefore, animation
promotes better learning that is also reflected in improved
retention ability.
As a balance, the opposite hypothesis should also be
mentioned, i.e., the static hypothesis [34] claiming that
actually static means, such as a written text and diagrams
are those leading to better learning. According to the supporters of the static hypothesis, since static means only
present the key stages of the process being learned, the
student can focus on the most important information thus
reducing his/her cognitive load. As covered above, unambiguous findings supporting this approach or the other
have yet to be attained [14]-[15].
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III.

GOAL AND METHODOLOGY

The aim of this study was to examine whether animation-based learning of the FET had an effect on students’
achievements in the short and long term. Forty students of
electronics in a two-year college in Israel took part in the
study. The electronics program focuses on the practical
aspect rather than theory, and trains students who are
relatively low achievers and who attain technical jobs in
industry after graduating.
The students attended a basic course on electronic devices. The course covered the following devices: the diode, FET (JFET and MOSFET), BJT and amplifiers. At
the end of the course students are expected to be able to
solve problems involving the structure and operating principle of these devices, modes of operation, operating point
analysis and small signal equivalent circuits.
At the beginning of the course the students studied the
diode together in one classroom by using static diagrams
drawn on the board. When learning was completed, students were randomly assigned into two equal-sized groups
– an experimental group and control group. The members
of each group were tested by an identical achievement test
on the subject of the diode (Test 0). Later, the experimental group studied the structure and operating principle
of the FET for eight hours through animation presented by
the teacher.
The animation had been developed by the Multimedia
Group of the Department of Engineering at the University
of Cambridge [35]. This animation had been selected out
of many animations available in databases, being relatively simple and not requiring any advanced knowledge of
physics that had not been attained by the students, such as
Fermi levels. Another consideration for its selection had
been its development in light of design principles [36]
intended to enhance meaningful learning. Thus, for example, a relevant text is shown in proximity to the animation
(spatial contiguity principle). Additionally, the animation
refrains from excessive use of text or images that may
divert the student’s attention off the main issue (coherence
principle). The teacher accompanied the animation with
his explanations, brought the important points to the students’ attention, and emphasized the animation’s limitations in order to prevent the development of misconceptions among the students [37].
The control group was taught the same subject by the
same teacher and for the same number of hours, through
static diagrams drawn on the board. It should be noted that
the diagrams represented central points of the processes
occurring in the device and were as similar as possible to
the ones shown in the animation. Additionally, the explanations provided by the teacher to both groups had been
prepared in advance and were therefore as similar as possible.
At the end of this period, both groups were tested by an
identical achievement test on the structure and operating
principle of the FET (Test 1). Later, the separation between the groups was cancelled, and their members studied together in one classroom the remaining contents of
the course, as mentioned above, through static diagrams. It
should be emphasized that these contents are based on the
contents studied on the first part of the course. At the end
of the course, ten weeks after Test 1, the students were
tested by an achievement test on all of the course contents,
including those tested earlier (Test 2).
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Each of the three tests was validated by two experts in
electrical engineering education. To ensure objectivity,
each test was graded with a rubric. Additionally, the tests
did not contain the student’s name but only his/her ID, and
were graded in random order after mixing members of the
experimental group with the control group, to ensure the
person grading them would not be aware of the group to
which each test belonged. Selected questions out of the
various tests are provided in the Appendix.
IV.

FINDINGS

Table I shows the score (out of 100 points) obtained on
the three achievement tests and the corresponding pvalues obtained on t tests (a higher-powered analysis is
ANCOVA, with the scores of Test 0 as a covariant; however, due to the inequality of variances, this type of analysis could not be done in this case). In reading the table it
can be seen no significant difference was obtained between the experimental group and control group prior to
studying the FET (Test 0), but after studying it (Test 1) the
mean score in the experimental group was significantly
higher than the control group. A significant difference was
observed at the end of the course as well (Test 2).
Table II shows the effect size for each test, and indicates very high effect size values after the intervention
although they reduced with time.
V.

DISCUSSION

The study indicates a significant gap between the
achievements of students who studied the FET through
animation and the achievements of their peers who used
static diagrams. This significant gap, in favor of the first
group, was reflected in the results of Test 1 focusing on
the FET itself and Test 2 covering all of the subjects
learned on the course and taken ten weeks after Test 1.
The effect size can be seen to have reduced with time,
which can be assigned to the curve suggested by Ebbinghaus [21]. The above difference supports the claim of the
dynamic hypothesis [32] as mentioned in the theoretical
background.
These findings are in line with the results of other studies [30]-[31] showing that the use of educational technology at large and particularly multimedia promotes retention. It is interesting to compare the findings of the current
study to those described in [17] examining the long-term
effect of animation-based learning of the BJT, a more
complex device than the FET. In both cases, a significant
gap was found between the achievements of two-year
college students who had studied the device with the aid
of animation and those of their peers who had studied it
with static diagrams. In both cases, the gap was accompanied by a very large effect size, and the effect size gradually diminished with time. Although both studies examined retention over different time periods (a year in the
case of the BJT compared to ten weeks in the case of the
FET), their findings indicate an advantage in the use of
animation in teaching simple or complex electronic devices in a two-year college. This can be explained by the fact
that dynamic processes that are quite complex occur even
in a relatively simple electronic device, making the student’s understanding more difficult [1]. As covered above,
animation can illustrate these processes and so reduce the
student’s cognitive load, permitting better learning [32].
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TABLE I.
ACHIEVEMENT TESTS: SCORES
Test
Test 0

Test 1

Test 2

Group

Mean

SD

Experiment

79.90

22.32

Control

83.70

15.28

Experiment

85.50

11.39

Control

60.90

25.45

Experiment

83.45

11.08

Control

66.75

21.77

t

p-value

0.61

n.s.

3.85

<0.001

3.06

<0.01

TABLE II.
ACHIEVEMENT TESTS: EFFECT SIZE
Test

Cohen’s d

Test 1

1.25

Test 2

0.97

The study has several limitations as specified below.
Possibly, the teacher’s quality of teaching and his expectations of his students were affected by an unconscious bias
in favor of the experimental group [38]; it is also possible
that the students in the experimental group were more
interested in the subject being learned in comparison to
their peers as a result of the novelty effect [39]; and finally, the study was based on a relatively small sample.
However, we believe that the large, consistent gap obtained cannot only be assigned to these effects.
In spite of the above limitations, the study has significant strengths that reinforce its internal validity: the participants were randomly divided into an experimental group
and control group, who studied the same contents over the
same number of hours with the same teacher who was
meticulous about ensuring the only difference between the
groups would amount to the teaching method (animation
or static diagrams).
The study’s contribution is reflected in showing, for the
first time as far as the authors are aware, that animationbased learning of the FET has a long-term effect on academic achievements. The authors believe that this contribution is significant in light of the scarce of literature
covering the long-term effect of animation- based learning
at large and particularly in the subject of semiconductor
devices [16].
VI.

SUMMARY

The study examined whether animation-based learning
in the subject of the FET had a short-term and long-term
effect on academic achievements. Its findings indicate a
significant gap between the achievements of students in a
two-year college who studied the FET through animation
and those of their counterparts who studied it with static
diagrams. The difference, in favor of the first group, was
maintained over ten weeks, accompanied by a very large
effect size. The size of the effect gradually diminished
with time. The current study’s findings combined with
results of similar studies indicate an advantage of computer animation over traditional methods used in teaching
electronic devices.
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Following are selected questions excerpted from the
different achievement tests.
A. Test 0
Consider the following circuit (Fig. 1). Assume the diodes are ideal.
1. If switch S is in position 1:
• Determine the state of each of the diodes in
the circuit (active / cut off).
• Calculate the current in the circuit.
2. If switch S is in position 2:
• Determine the state of each of the diodes in
the circuit (active / cut off).
• Calculate the current in the circuit.
B. Test 1
Consider the following circuit (Fig. 2).
VP = -6V, IDSS = 12mA.
Determine the operating point of the transistor (ID, VGS,
VDS).
C. Test 2
Consider the following circuit (Fig. 3).
VP = -3V, IDSS = 10mA, rd = !.
All capacitors have negligible reactance at the input signal frequency.
1. Determine RS and RD so that the operating point is
ID = 3mA, VDS = 10V.
2. Draw a small signal equivalent circuit.
3. Calculate the voltage amplification, AV = Vo / Vi.
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