
 

 

 

Abstract—An IC is one of the most important electronic 

components, but many people do not know how it is manufactured. An 

educational program of IC design and its related fields is mainly 

conducted at a university in Japan. Unfortunately, a similar program is 

still not conducted in Japanese high school. We conducted two trial 

courses for high school education to understand IC design visually and 

intuitively. The course X was comprised of making of a large size FET 

model, designing an IC by a group, visualizing student-made IC 

component materials by SEM and EDX, and manufacturing by using 

it. In the course Y, customizing geometric parameters of a MOSFET 

was added to the course X instead of manufacturing. In the last of the 

practices, we took the questionnaire and its result was verified by 

t-test. Consequently, we suggested the effective educational IC design 

program for high school education. 
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I. INTRODUCTION 

ECENTLY, a lot of Integrated Circuit (IC) devices have 

been used in a personal digital assistant (PDA) and/or in a 

personal computer. However, an IC device has become even 

more a black box as the integration of an IC chip goes up. As an 

IC device is treated as a black box, manufacturing in high 

school has become similar to plastic model assembly, which is 

made without careful consideration for a mechanism of 

behavior. Therefore, we consider that a student should study IC 

behavior from more early age. 

Building a large size system on a single chip as a system LSI 

has become an important means to enhance the value of a 

product. In this situation, a design engineer who knows the 

overall operation (i.e. from the system design to the process 

engineering) is awaited [1]. But now, effective engineering 

education following to the advancement of large scale 

integration (LSI) has gradually become difficult [2]. So, we 

consider that practical training of IC design should start as early 

as possible, for example, from high school phase, to develop 

student's faculties for advanced specialized instruction and to 

promote understanding of IC technology. 
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Unfortunately, only a few of the educational programs were 

conducted for high school. As the examples of a IC design 

learning program for a high school student, there were the Very 

Large Scale Integration (VLSI) course of the Partnership for 

Engineering Education in the Rockies (PEER) [3], and the 

design of LSI chips in the Stanford Educational Studies 

Program from 1992 to 1994 [4]. In PEER, electricity basics and 

layout design of a transistor were taken up as an educational 

theme for local high school students.  

In Japan, an educational IC design program is mainly 

conducted in a university, a graduate school, and a technical 

college, but still not conducted in high school. The reason is 

that the equipment and facilities for practicing IC 

manufacturing are not provided in a high school, and the 

studying level of a high school student remains at conceptual 

learning and/or outline of semiconductor devices. 

In our precedent study [5], the design education by using a 

field programmable gate-array (FPGA) was executed in high 

school and hardware description language (HDL) was used to 

program a FPGA. The design by using FPGA and HDL is 

effective and flexible in a university [6], [7], but this method 

was abstract for a high school student who had a less experience 

and knowledge of semiconductor technology. Accordingly, 

they had consumed much time for learning HDL and its related 

field. It is difficult for the IC design education in high school to 

use the device which can reconstitute the hardware in an IC 

such as a FPGA. 

However, along with the development of semiconductor 

technology in recent years, even a high school student is able to 

perform layout, placement and routing under the condition that 

the semiconductor processes and the IC design rules etc. are 

fixed [8]. Moreover, the high school students were able to 

obtain the opportunity using the commercial computer-aided 

design (CAD) software, α-SX (Japan EDA Technologies Ltd.) 

[9]. They became accustomed to a Windows-like user interface 

on the CAD software in a short time and were able to operate 

basic commands easily. In addition, they were able to correct 

their layout design by themselves with strong debugging tools 

in α-SX. And now, it has become possible to use a part of 

(commercial) experimental processes for trial IC manufacture 

[10]. In our pre-research stage [11], it was found that learning 

IC layout design, producing a trial IC (a student-made IC) and 

using this student-made IC for manufacturing were the most 

effective learning practice for a high school student to  

understand the mechanism in an IC chip. 

In this study, two courses for practicing IC layout design 
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were provided to high school students. The purpose of the first 

course is to put a higher logical function circuit in an IC by 

group working. In fact, an IC design program for a 7-segment 

LED recorder circuit was carried out. And the idea of second 

course is to customize the metal-oxide-semiconductor 

field-effect transistor (MOSFET) which has the various W/L 

ratio of the gate width (W) to the channel length (L) (i.e., the 

customized MOSFET) and to observe physical and electronic 

characteristics. In the last part of each course, we took the 

questionnaire, and its result was verified by t-test. Based on the 

result of t-test, the more effective learning program for IC 

layout design in high school education has been suggested. 

II.  TWO CONDUCTED COURSES FOR IC LAYOUT DESIGN IN 

HIGH SCHOOL EDUCATION 

A.  Overview of two conducted courses 

Two trial IC design courses conducted in high school is 

shown on Table I. Each course was mainly consisted of prior 

learning (Step 1), IC layout design (Step 2), the student-made 

IC manufacture (Step 3) and the evaluation of the student-made 

IC (Step 4 & 5). 

As for IC layout design, collaboration of students was 

conducted in both courses. Ten students in total (two third 

graders, eight second graders) participated in the course X. This 

practice was carried out for eight hours in total on June 23 and 

July 14, 2012. They practiced the layout design of a 7-segment 

LED decoder to confirm the IC behavior. Eleven students (one 

third grader, six second graders, and four first graders) took part 

in the course Y, and laid out inverter circuit by using 

customized MOSFETs in September, 2013 to verify the 

electronic characteristics. 

 
TABLE I 

THE DETAIL OF IC LAYOUT DESIGN PROGRAMS 

 

B.  A prior learning program (Step 1 on Table 1) 

As a prior learning program of IC layout design, we 

conducted a practice of making a large size FET model and 

learned about three-dimensional FET structure throughout this 

practice. Polyurethane form boards or corrugated fiberboards 

were cut, laminated, and piled by the students. In this way, a 

large plastic FET model was made (Fig. 1). 

C.  Layout design of a 7-segment LED decoder with 

commercial CAD software in the course A (Step 2 on Table 1) 

A CAD system is necessary for IC layout design. Though 

free CAD software had been used in some researches [12], 

commercial CAD software, α-SX was adopted in this practice 

for the reason of the data interchangeability with the outside 

manufacturing service. Another reason was that α-SX had 

provided the rich debugging tools for users. The layout editor 

"Ismo", the schematic editor "Asca", and the validator on α-SX 

were used (Fig. 2). 

The layout of a 7-segment LED decoder was designed in a 

group. Ten participants were separated into two groups named 

 

  
Fig. 1 (a) The production scene of making a large size FET model from 

polyurethane form boards 

 

  
Fig. 1 (b) The FET model made from polyurethane form boards 

 

  
Fig. 1 (c) FET models made from corrugated fiberboards 

 

 

Fig. 2 The layout editor “Ismo” on α-SX (JEDAT Ltd.) 

course 

(Participants) 

X 

(10) 

Y 

(11) 

Step 1 

A Prior learning program  

     (Practical learning of laminated structure 

 by making a large size FET model) 

Step 2 

IC layout design for a 

7-segment LED decoder 

IC layout design for an 

inverter circuit with various 

W/L ratio 

Step 3 Trial IC (student-made IC) manufacture 

Step 4 Evaluation of physical characteristics 

Step 5 
Confirmation of the 

student-made IC behavior 
Measurment of electronic 

characteristics of the 

customized MOSFET 
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A and B. Each group consisted of five students, and each 

student designed a portion of a 7-segment LED decoder layout. 

Two third graders had more IC layout design experience than 

others. They were selected as the leaders for group A or B. 

First, each group leader divided a logic diagram of a 7-segment 

LED decoder into four parts (Fig. 3). Second, members from 

each group took charge of each part (Fig. 4). The leaders were 

primarily responsible for the connection between blocks 

designed by other members. Third, the united IC layout design 

was verified by the Design Rule Check (DRC) tool, and 

debugged with the Layout Versus Schematic (LVS) tool. These 

three steps were repeated until the design had become 

error-free. At the final step, the layout for a 7-segment LED 

decoder was arranged on an IC die (Fig. 5) and the completed 

layout design was converted into a Graphic Database System 

(GDS) stream format file. Then, GDS data was sent to the 

outside manufacturing service in Japan, which has the 60nm 

node processes. A supply of bare chips and assembling to quad 

flat packages (the student-made QFP ICs) were requested to 

this service. 

D.  Layout design of an inverter circuit by using customized 

MOSFETs in the course B (Step 2 on Table 1) 

An IC which is put an optimized circuit on is commercially 

used, but now, because we can design a simple circuit and fit it 

to an IC, we can originally determine the W/L ratio and lay out 

to an IC, we can originally determine the W/L ratio and lay out 

an IC for observing electronic characteristics of MOSFET 

carriers (electrons and/or positive holes) based on (1).  

 

 

Fig. 3 The logic chart of a 7-segment LED decoder assigned for 

members 

 

 

   Fig. 4 (a) Layout work                Fig. 4 (b) Confirmation work of wiring 

 

Fig. 5 The arrangement of 7-segment LED decoder circuits in a die 

Upper: group A layout, Down: group B layout 

 

β=(μ∙(ԑ_ox/t_ox ) ) (W/L)                        (1) 

β is a gain coefficient, μ is electron mobility in a 

semiconductor, ԑ_ox is a oxide  relative permittivity, and t_ox is a 

oxide thickness. Then, a oxide capacitance of a MOSFET is 

shown by (ԑ_ox/t_ox). These parameters are essentially 

independent of W and L. Therefore, the W/L ratio is the 

important design parameter of a MOSFET [13].  

In this practice, we varied the W/L ratio from 4.7 to 46.7 for 

n channel MOSFET (Table 2). The gate width of a p-channel 

MOSFET was designed to double that of an n-channel 

MOSFET to make the current of the p-channel the same as 

n-channel.  

The inverter circuits were consisted of two customized 

MOSFETs, and 5,000 inverter circuits were connected in series 

(i.e. the cascade driver). Collaboration was partially adopted for 

these layout works. These circuits were arranged on an IC die 

(Fig. 6). Then, GDS data was sent to the outside manufacturing 

service in Japan in a similar way of the course X. 

 
TABLE II 

W/L RATIO OF THE CUSTOMIZED MOSFET  

Type of 

MOSFET 
Practice 2-1 Practice 2-2 Practice 2-3 Practice 2-4 

p 5.6 / 0.6 28.0 / 0.6 56.0 / 0.6 56.0 / 6.0  

n 2.8 / 0.6 14.0 / 0.6 28.0 / 0.6 28.0 / 6.0 

 

 

Fig. 6 The arrangement of logic circuits in a die 

(Inverters modified by W/L ratio were put on the right side, and the 

cascade driver was laid out on the left side.) 

   

Part1    Part2    Part3    Part4  
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E.  Evaluation of physical characteristics by using the bare 

chip in the course X & Y (Step 4 on Table 1)  

Aiming to understand more deeply about laminated structure 

and a shape of the student-made IC chip, we conducted 

observation with the scanning electron microscope (SEM) (Fig. 

7) and energy dispersion X-ray spectrum (EDX) analysis (Fig. 

8). Accuracy of layout, placement and routing was reconfirmed 

and physical characteristics such as the stroke-width were 

measured with SEM image of the bare chip. And the 

component of the student-made IC was characterized by EDX 

analysis. The distribution of aluminum and silicon dioxide on 

the bare chip was able to be visualized by EDX mapping 

analysis.  

 

 

Fig. 7 SEM (JSM-6490LA, JEOL Ltd.) image of layout, placement 

and routing for the 7-segment LED decoder. SEM operating condition 

was 30 kV accelerating voltage and 40mm working distance. A scale 

bars (yellow) was 50 µm. 

 

 

Fig. 8 (a) EDX line analysis of the bare chip 

 

  
Fig. 8 (b) EDX mapping analysis of the bare chip 

F. Confirmation of the IC behavior or measurement of 

electronic characteristics of the customized MOSFET by using 

the student-made QFP IC (Step5 on Table 1)  

The student-made QFP IC, a detachable IC socket, and an 

electric circuit substrate were prepared to conduct physical 

property test. In the course X, the students made a simple circuit 

for lighting a 7-segment LED display on the electric circuit 

substrate, and drove this circuit with the installed student-made 

QFP IC (Fig. 9). The ON/OFF level that the student inputted 

from the switches was directly displayed on a 7-segment LED 

display. The behavior of the student-made IC was confirmed. 

On the other side, electronic characteristics such as response 

delay time were measured by the student-made QFP IC in the 

course Y. The diagram for observing response delay time was 

shown in Fig. 10. It is difficult to measure the response delay 

time of an IC in high school because most of high schools own 

only low performance equipment. Then, 5,000 inverter circuits 

were connected in series and the response delay time through it 

was measured by a low performance oscilloscope. The 

response delay time of the cascade driver was approximately 

700ns (Fig. 11). Therefore, response delay time of the inverter 

circuit was roughly estimated to be 140ps. Similarly, the gate 

delay time was inferred to be 70ps. We were able to conduct the 

measurement of the response delay time for high school 

education with sufficiently high accuracy. We were also able to 

confirm the difference between the rise time and the fall time of 

switching for the MOSFETs with each W/L ratio, but no 

difference in frequency characteristics by the gate width was 

unfortunately observed.  

G.  Questionnaire survey 

After the practice, the questionnaire and the hearing survey 

were given out to the participants (Table 3). Evaluation of each 

item was given rankings according to the five grade evaluation 

system (1: poor, 2: fair, 3: average, 4: good, 5: excellent). A 

t-test in Microsoft Excel was used in the questionnaire analysis. 

 

 

Fig. 9 The driving test scheme with the student-made QFP IC 

 

 

Fig. 10 The diagram of observing response delay time with the 

student-made QFP IC 
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Fig. 11 The response delay of the cascade driver observed by our low 

performance oscilloscope 

H.  Questionnaire survey 

After the practice, the questionnaire and the hearing survey 

were given out to the participants (Table 3). Evaluation of each 

item was given rankings according to the five grade evaluation 

system (1: poor, 2: fair, 3: average, 4: good, 5: excellent). A 

t-test in Microsoft Excel was used in the questionnaire analysis. 

III. EVALUATION OF THE PROGRAM FOR IC LAYOUT DESIGN 

IN HIGH SCHOOL EDUCATION 

A. Making a large size FET model as perceiving laminated 

structure (Step 1 on Table 1) 

Average evaluation value of each item of the questionnaire 

was shown (Fig. 12). The mean evaluation of each question was 

almost beyond 3.0, and a good evaluation was received. The 

evaluation of the course Y was slightly better than that of the 

course X. 

The questionnaire analysis by t-test was shown (Table 4). 

There were significant differences between the interest in a 

semiconductor (Q3) and Step 1 (Q4) on both courses. It was 

found for students that step 1 (i.e. a large size FET model 

making activity) excited the interest to a semiconductor. The 

students got the clearer image of FET structure and laminating 

processes than before. 

B.  The effect of practicing IC layout design in the course X 

or Y (Step 2 on Table 1) 

As for the course X, no significant differences were found 

between Step 2 (Q5) and the understanding the contents of this 

practice (Q2), and between Step 2 (Q5) and the interest in a 

semiconductor (Q3). So, the IC layout design for a 7-segment 

 
TABLE III 

ITEMS OF THE QUESTIONNAIRE 

No. Items of the questionnaire 

Q1 Were you interested in this practice? 

Q2 Were you able to understand the contents of this practice? 

Q3 Did you have an interest in a semiconductor? 
Q4 Were you interested in step1? 

Q5 

Q6 

Were you interested in step2? 

Was the group activity effective in IC design? 
Q7 Were you interested in step3? 

Q8 Were you interested in step4? 

Q9 Were you interested in step5? 
Q10 How do you think about these works? 

Q11 Please evaluate this practice overall. (Total evaluation) 

  

Fig. 12 Average evaluation for the questionnaire (see Table 3) 

 
TABLE IV 

THE SIGNIFICANCE TEST BY T-TEST BETWEEN THE EACH ITEM 

 Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 Q11 

Q1 - * ** ns ns ** ** ns ns ns ns  

Q2 ** - ns ns ns ** ns ns ns * * 
Q3 ** ns - ** ns ns ns ** ns ** ** 

Q4 ** ns ** - ns ns ** ns ns ns ns 

Q5 ** ns ns ** - ns ns ns ns ns ns 
Q6 ** ** ns ns ns - ns ns ns ns ns 

Q7 ** ns ns ** ns ns - ** ns ** ** 

Q8 ns ns ** ns ** ns ** - ns ns ns 
Q9 ** ns * ns ns ns ns * - ns ns 

Q10 ns ns ** ns ** ns ** ns ns - ns 

Q11 ns ns ** ns * ns * ns ns ns - 

Significant difference; for the course A, for the Course B 

**: p<0.01, *: p<0.05, ns: not significant 

 

LED decoder did not cause the notable enhancement of the 

motivation for learning. For a high school student, it might be 

slightly a complicated design. 

On the one hand, the significant difference was found 

between Step 2 (Q5) and the interest in this practice (Q1) in the 

course B. The layout design of a customized FET was effective 

for the interesting in this practice.  

At a university, most seminars are individually carried out 

for each engineer. However, because participants in the course 

A, that is to say, the high school students, have little experience 

in circuit design, it was difficult to lay out all the 7-segment 

LED decoder circuit alone [9]. Therefore, we adopted a group 

work of layout design for a 7-segment LED decoder circuit and 

a customized FET. In both courses, significant difference was 

recognized between Q1 and the group activity (Q6) or between 

Q2 and Q6. Practicing by a group was efficient in IC layout 

design practice in high school. 

C.  Understanding the component of an IC from material 

analysis by EDX in the course X & Y (Step 4 on Table 1) 

The bare chips were observed with SEM (Fig. 7) and 

analyzed with EDX (Fig. 8). The distribution of the 

components in an IC was visualized by EDX mapping analysis. 

This analysis was effective to clarify how the logic circuits 

were really assembled in an IC chip. This material analysis was 

also very useful to deepen the understanding of rules for layout 

design and of laminated structure of an IC. 

And, as the result on the questionnaire, there was significant 

difference between Step 4 (Q8) and the interest in a 

semiconductor (Q3). As for interesting in a semiconductor, the 
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material analysis by EDX was one of the effective methods for 

IC design education.  

D.  Confirmation of the student-made IC behavior in the 

course X, and measuring the response delay time of the cascade 

driver in the course Y (Step 5 on Table 1) 

No significant difference was recognized in a t-test result of 

Q9 in the course X. Manufacture by using the student-made IC 

could not be gained a positive evaluation to raise the interest of 

the students related to IC design and a semiconductor. The 

effectiveness of manufacturing by using the student-made 

7-segment LED decoder IC did not become so clear in this 

study. It might be slightly difficult for a high school student to 

make a circuit for a 7-segment LED display. Because it has 

been reported that a pretty simple circuit manufacturing by 

using the student-made IC has been good for a high school 

student [11], simpler IC layout design and manufacturing a 

circuit to confirm the student-made IC behavior might be 

suitable for a high school student. However, in the course Y, 

significant difference was recognized between Step 5 (Q9) and 

the interest in a semiconductor (Q3). Measuring the response 

delay time of the customized FET was effective for the students 

to promote the interest to a semiconductor. 

In the last of the questionnaire, total evaluation of this 

program was asked for. There was significant difference 

between total evaluation (Q11) and production of the 

student-made IC (Q7) on both courses.  It was found that a trial 

manufacture of the student-made IC based on their layout 

design was indispensable to an IC design program in high 

school. 

IV. SUGGESTION OF AN IC LAYOUT DESIGN PROGRAM FOR 

HIGH SCHOOL EDUCATION 

The information provided through trials of the course X and 

the course Y is as follows: 

(1) Making a large size FET model visualized laminated 

structure of a MOSFET, and was effective to image its behavior 

concretely. 

(2) Group working was effective for IC layout design, and 

customizing a MOSFET gave an opportunity to confirm IC 

design contents. 

(3) SEM observation together with EDX analysis was 

efficient to understand physical characteristics and to interest a 

semiconductor. 

(4) Measuring response delay time with the customized FET 

was effective to make more interested in a semiconductor. 

(5) A trial manufacture of the student-made IC based on their 

layout design was indispensable for IC design program. 

Based on those results, we have suggested a practical IC 

design program including these visual and intuitive educational 

methods for high school (Table 5). In our program, making of a 

large size FET model is included in as prior learning and group 

working is adopted for IC layout design. Observation by SEM 

and material analysis by EDX are also added after trial 

manufacture of an IC. At the end, an electronic characteristic 

such as response delay time is measured with the customized 

MOSFET for confirming the IC design contents.  

TABLE V 

SUGGESTION OF A VISUAL, INTUITIVE IC LAYOUT DESIGN PROGRAM FOR HIGH 

SCHOOL EDUCATION 

Step Contents 

1 Prior learning : Making a large size FET model with polyurethane 
form boards and/or corrugated fiberboards 

2 IC layout design for a customized FET in a group 

3 Trial manufacture of a student-made IC by an outside 
manufacturing service 

4 Physical analysis, ex. observation by SEM and/or EDX analysis 

5 Measuring electronic characteristics with a customized FET 
and/or a pretty simple manufacturing by using a student-made IC 
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