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Abstract: The integrated circuit (IC) is a subject for which researchers need practical experience, but
its experiment cost is high, the risk involved is high, and it is not easy to carry out experiments on a
large scale. This paper designs a three-dimensional integrated circuit virtual experiment platform
based on Unity3d. The platform uses the Unity3d and 3ds Max tools to build a three-dimensional
model of instruments, equipment, electronic components, and ultra cleanroom laboratory scenes in
an integrated circuit experiment. In addition, it uses C# script to develop the functions and three-
dimensional simulation of general virtual instruments and equipment and deploys the experimental
website using the frame of the jspxcms open source website. The experimental platform arranges
the three-dimensional web file WebGL file in the cloud. Students can use video and text materials to
acquire basic IC knowledge at any time and conduct IC virtual experiments safely, efficiently, and
without constraints. At present, the platform has been tested and used in teaching and has received
high praise and recognition from students.

Keywords: 3D virtual experiment; integrated circuit course; Unity3d; WebGL

1. Introduction

With the rapid development of the microelectronics industry, there is an urgent need
for a large number of people with excellent and high-quality integrated circuit skills. An
excellent integrated circuit design engineer not only needs to possess rich theoretical
knowledge, but also must have extensive experimental and practical experience in order
to design an integrated circuit chip with superior performance [1]. In order to cultivate
students’ abilities in integrated circuit design, students usually take courses such as analog
integrated circuit analysis and design, fundamentals of integrated circuit layout design, and
semiconductor integrated circuit technology. However, these courses are very practical and
focus on engineering and technical aspects, requiring teaching conventional and traditional
classroom theoretical knowledge and supplementing it with a large number of experimental
and practical courses [2,3]. However, due to the large size of the experimental site required
for the IC manufacturing and packaging test processes, expensive equipment cost, complex
operation process, and high experimental loss cost, the supporting experiments offered in
IC courses in most colleges and universities are often limited to IC design [4,5]. Therefore,
this paper proposes a three-dimensional virtual simulation experiment platform for use
in integrated circuit courses, which can make up for the lack of practical operation of
traditional integrated circuit experiments.

The platform is presented in the form of web pages and can be accessed and used
through the Internet. There is no need to consider the burden of equipment, laboratory
capacity, student site management, and other issues in the real experiment. It is convenient
for carrying out large-scale class experiments and open to society. The platform can support
all current mainstream browsers, and the website of the experimental teaching manage-
ment platform can be accessed through the browser. Students can carry out interactive and

Electronics 2022, 11, 1437. https:/ /doi.org/10.3390/ electronics11091437

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics11091437
https://doi.org/10.3390/electronics11091437
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0003-0222-3665
https://orcid.org/0000-0003-3988-001X
https://doi.org/10.3390/electronics11091437
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics11091437?type=check_update&version=1

Electronics 2022, 11, 1437

2 of 28

autonomous learning on the platform, including downloading materials, watching videos,
interactive discussion, completing virtual experiments, etc. The instructor of the experimen-
tal course can guide, score, and manage tasks on the platform [5]. The platform integrates
remote desktop technology, 3D graphics development technology, human—computer inter-
action technology, and website construction technology in four modules: integrated circuit
design and manufacturing, packaging, and testing [6]. The complete experiment includes
26 large steps and 166 small steps.

For the development and design of the integrated circuit design module, remote
desktop technology is mainly used, and VNC (virtual network console) technology is used
for development. This module includes the content of the traditional integrated circuit
experiment simulation course. Through VNC, the experimenter can carry out the integrated
circuit design simulation experiment on the remote desktop through the browser.

The manufacturing, packaging, and testing of integrated circuits is the most impor-
tant module of the platform. It is also the most different from the traditional integrated
circuit experiment course. This is a three-dimensional virtual simulation module involving
three-dimensional modeling technology, human-computer interaction technology, network
communication technology, and so on. For the modeling of the equipment required for the
experiment, 3ds Max and PS software are used, which are based on the real equipment
mode as the reference to model the chip, lithography machine equipment, gas washing
cylinder, oxidation furnace console, and other devices, and make corresponding maps. Af-
ter importing the model into Unity3d, Unity3d is used to realize interactive functions, such
as experiment guidance, simulation logic, process control, and intelligent scoring. Finally,
it is compiled, packaged, and exported as a WebGL project and deployed to the website. In
the three-dimensional virtual laboratory, the experimenter can roam the laboratory at will
and operate and control the experimental equipment according to the laboratory rules.

Moreover, as the carrier and supplement of the experimental platform, the website can
be developed and configured specifically according to different actual needs by arranging
it in the website cloud to meet different teaching needs. The website construction adopts
jspxcms open-source network architecture, which has strong compatibility and good expan-
sibility [7]. In addition to completing the simulation experiment, the website also includes
report submission, teaching resource management, teacher scoring, user login and manage-
ment, and other content and modules. For website layout, the front-end designs the page
layout of the web front-end in the order of “design — manufacturing — packaging — test”
according to the whole integrated circuit to be clear and easy to understand and meet the
experimental requirements, while the back-end mainly builds the basic server environ-
ment and maintains the development database and communication port to provide strong
support for the front-end [8].

2. Related Work
2.1. Current Situation of 3D Virtual Simulation

With the continuous development of computer graphics technology and network
technology, 3D virtual simulation has progressed and developed. 3D virtual simulation
technology has been applied in many fields, especially in teaching. In contrast to the tradi-
tional two-dimensional simulation, three-dimensional simulation has strong interaction
and authenticity. The use of three-dimensional simulation in teaching can greatly improve
students’ learning. Kanghyun Choi of Sejong University in Korea has developed a virtual
experiment platform for marine biology education. The platform is dedicated to a higher
level of immersion to improve the teaching effect. Kanghyun Choi and others found that
by providing audio effects and animation effects, mutual inductance and immersion can be
improved, which is helpful to stimulate students’ interest in learning [9]. Xiaoting Zhang
of Jiangnan University has developed a set of 3D virtual weft knitting engineering learning
systems using the Unreal4 engine. The system has significantly improved students’ mastery
of knitting technology, and students’ scores have been greatly improved compared with
traditional knitting teaching [10]. Mengying Hu of Xi’an University of science and technol-
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ogy has developed a set of wind power virtual simulation experiment systems which not
only train students to master wind power technology but also improve students” ability to
solve complex problems. The excellence rate of students’ graduation projects was greatly
improved after using the system [11]. Xi Deng studied the application of VR teaching
in animation art experiments. His research shows that the VR animation art experiment
education system greatly stimulates students’ learning enthusiasm and promotes students’
independent creation, which is of great help to improve their professional skills. Moreover,
they also emphasize that strengthening experimental assessment is an important means to
ensure the experimental effect [12].

At the same time, compared with the traditional real experiment, virtual simulation
can avoid the security risks brought by the real experiment and reduce the experimental
cost to a great extent. Sejong University in South Korea has developed a multi-user UAV
flight training system in hybrid reality. The system uses Microsoft hololens for access
and interaction, which can help inexperienced novices master the operation skills of UAV
through remote learning guidance, which greatly reduces the frequency of accidents caused
by collisions in real training [13]. Yunli Nie used virtual reality technology to build a
virtual marine environment for marine experiments, avoided the problems of complex sea
conditions, painful process experiment and high cost in the sea experiment, and provided
repeatable, controllable and safe experimental conditions for marine aircraft [14].

Based on the above examples, 3D virtual simulation has been more and more widely
used in the field of teaching and skill training, which will promote the progress and
development of education. The three-dimensional integrated circuit virtual experiment
platform is compatible with all the above advantages, and is committed to improving
students” interactive experience, improving students’ learning efficiency and reducing the
experimental cost of real experiments.

2.2. Advantages of Web-Based Virtual Simulation

One obvious difference between the above virtual simulation experiments is that
the terminals used in the experiments are different [9-12,14]. Fuan Wen investigated and
counted the common experimental forms; an ordinary web interface, a head-worn device
screen, a three-dimensional desktop display, a mobile terminal device screen, naked eye
three-dimensional screen, etc. This platform is a three-dimensional simulation, based on the
web, which uses a mouse and keyboard to interact [15]. Compared with other simulation
forms, web-based 3D interactive immersion is low [16]. However, the advantages of a
three-dimensional simulation in the form of a website are obvious. Heavy VR devices are
not needed, and one does not need to consider the configuration of devices too much. It
has a lower cost and is more convenient to share and access [17]. Chang’an University has
developed a three-dimensional virtual interactive platform for college physics, which can
be accessed quickly through web pages that helps students better master the operation of
physics experiments. After using the virtual platform, students’ academic performance
greatly improved [17]. Beijing University of Posts and Telecommunications has developed
a cross-platform VR electronic circuit laboratory, which not only uses VR headgear for
immersive learning but can also quickly access learning through the web. Moreover, the
laboratory has been used for teaching during the epidemic period, which has greatly
alleviated the experimental teaching pressure brought by the epidemic [4]. At the same
time, this cross-platform method integrates the advantages of different virtual simulations
and has a good reference significance.

2.3. Technical Support
2.3.1. 3D Simulation Technology

The three-dimensional simulation module of this platform mainly involves Unity3d,
3ds Max, and WebGL.
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Unity3d is a mainstream cross-platform game development engine with an advanced
and efficient graphics rendering engine and physics engine. Unity3d has the following
advantages in developing a 3D virtual simulation laboratory [18-20]:

(1) Unity3d supports the import of models required by projects created by many main-
stream 3d modeling software, such as 3dsmax, Maya, C4d, etc.;

(2)  Unity3d optimizes the graphics rendering channels of OpenGL and DirectX, which en-
ables it to ensure a certain quality of smooth virtual simulation even on low-end hardware;

(3) After packaging and compiling, Unity3d can not only run on traditional systems such
as Windows and macQOS, but also on mobile devices such as IOS and Android. Most
importantly, it also supports web platforms based on WebGL technology;

(4) Unity3d has a built-in powerful mecanim animation system which can easily add
smooth and realistic animation to various objects. It has a built-in editing controller
and state machine, in which users can edit and use animation directly. Through script
programming control, good animation effects can be created.

These advantages of Unity3d make it the best tool for developing a 3D virtual simula-
tion laboratory [18-20].

3ds Max is an excellent 3D modeling and animation rendering software that can create
real instrument models. It has many characteristics, such as advanced rendering and
simulation functions, a powerful drawing, texture, and modeling toolset, and smoother
multi-application workflow. At the same time, 3ds Max has a very good performance-price
ratio, relatively low requirements for hardware systems, and low development cost [21].

WebGL is a javascript-based graphics API. WebGL technology can help developers
present 3D graphics on web pages with high efficiency. Most of the previous virtual test
experiments developed by Unity3d require users to download plug-ins when the browser
loads web pages, such as the flash plug-in and web player plug-in of 3d [22]. Using
WebGL technology, users can directly run virtual test experiments by directly entering the
address of relevant web pages without downloading any plug-ins [23]. Moreover, WebGL
interacts directly with the system’s graphics card without secondary rendering through the
browser, which improves its running performance [23]. The WebGL files required for 3D
virtual simulation are generated by packaging and compiling Unity3d. Unity3d through
il2cpp, emscripten, and Asm. js are three key technologies to realize WebGL. The packaging
principle is shown in the following Figure 1 [20,24].

Y

> C++code P Emscripten »  JavaScript OpenGL

Figure 1. The Unity3d package WebGL compilation principle.

2.3.2. Remote Desktop Technology

The integrated circuit design module mainly adopts remote desktop technology.

VNC is an excellent remote control tool software. VNC is a free, open-source software
based on the UNIX and Linux operating systems. It has strong remote control ability, high
efficiency, and practicality. Synopsys is an excellent EDA software tool [25]. Synopsys pro-
vides advanced IC design and verification functions and is committed to the development
of complex systems on chip (SOCS) [26]. Synopsys is equipped with a remote desktop, and
students conduct integrated circuit design experiments in Synopsys through VNC.

2.3.3. Website Construction Technology

Jspxcms is an open-source, Java-based content management system (CMS). Technically,
JavaEE is selected as the mainstream and stable technology in the industry, which is suit-
able for secondary development, function expansion, and plug-in development. Jspxcms
integrates many excellent front-end and back-end frameworks, which means that it has
many excellent designs based on templates, which can accelerate the speed of website
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development and reduce the cost of development [7]. Jspxcms uses Mysql to store data,
tomcat as the server, and JDK as the script compiler [7].

2.4. Experiment Contents and Goal

The platform adheres to the teaching idea of improving skills, consolidating the
foundation, and following the industry. At the same time, it is committed to refining the ex-
perimental content, optimizing the experimental process, and improving the experimental
efficiency. The experimental content of the platform draws lessons from the achievements
of international engineering education reform—CDIO (coherent, design, implement, op-
erate) mode and OBE (output-based education) idea, and takes the knowledge chain and
industrial chain of “design — manufacturing — packaging — test — finished product”
of integrated circuit inverter as the development reference object [6,27]. After refining the
content of the IC knowledge chain and industrial chain, a total of 26 steps are designed,
which basically cover the whole process of IC. The whole experiment integrates the tradi-
tional IC design simulation and runs through the whole process of the IC knowledge chain,
which is also an important advantage of the platform. Other IC simulation experiments
often involve only part of the process content, such as the CVD experiment and magnetron
sputtering experiment, but fail to achieve full coverage [28]. Compared with other IC
virtual experiments, the coverage of the whole process of IC can enable students to master
IC knowledge and cultivate corresponding abilities more comprehensively.

Table 1 shows the entire experiment content and process. Steps 1-4 belong to inte-
grated circuit design, focusing on cultivating students” design ability. Integrated circuit
manufacturing is divided into steps 5-23, focusing on cultivating students’ realization and
operation ability, which can be further divided into 158 small steps. Step 24 is integrated
circuit packaging, which focuses on cultivating students’ implementation and operation
ability, and can be further divided into six steps. Step 25 is integrated circuit testing, fo-
cusing on cultivating students” implementation and operation ability. Step 26 is the report
submission, focusing on cultivating students” design and implementation ability.

Table 1. Knowledge chain of inverter.

1 Reverter schematic design

2 Inverter schematic diagram function simulation
3 Inverter layout layout

4 Layout parasitic parameter after simulation

5 Wafer cleaning experiment

6 Photolithography experiment

7 Double well process experiment

8 LOCOS isolation process experiment

9 Experiment of threshold injection technology
10 Polycrystalline silicon gate technology experiment
11 LDD injection process experiment

12 Side wall technology experiment

13 Source drain injection process experiment
14 ILD process experiment

15 Contact hole process experiment

16 Metal layer 1 process experiment

17 IMD1 process experiment

18 Via hole 1 process experiment

19 Metal layer 2 process experiment

20 IMD2 process experiment

21 Via hole 2 process experiment

22 Top metal process experiment

23 Passivation layer process experiment

24 Integrated circuit packaging experiment

25 Integrated circuit characteristic test experiment
26 Write and submit experiment report
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As the whole integrated circuit process steps are composed of the most basic processes,
this provides a theoretical basis for the later functional module design [6,29]. Therefore, it is
the focus of the experiment to let students master the principles and methods of these most
basic processes, which are shown in Table 2 below. In addition, while mastering knowledge,
students will also improve their ability to solve complex engineering problems, promote the
integration of theory and practice through interactive experiments, and self-study through
a large number of learning materials. Finally, the platform will also combine teachers’
offline teaching, improving the overall teaching effect of the integrated circuit course [4,5].

Table 2. Basic technology of integrated circuit.

Integrated circuit schematic design and simulation
IC layout design and parasitic parameter simulation
Integrated circuit manufacturing and cleaning process

Integrated circuit manufacturing process

Integrated circuit manufacturing lithography process
Integrated circuit manufacturing and etching process

Integrated circuit manufacturing diffusion process

Integrated circuit manufacturing metal interconnection process
Integrated circuit packaging process
Integrated circuit performance test technology

O O N ONUTHWN -

[y
o

2.5. Development Process

The overall development process scheme of the virtual simulation platform is shown
in Figure 2 below.

FBXfile WebGL file

JIExttire map Programmin
Model mapping intgeractiong »  Site layout
Synopsys
Photo Shop . .
installation

Figure 2. Overall design process scheme of virtual simulation platform.

For the 3D simulation module, first, import the model made by 3ds Max and the texture
map processed by PhotoShop into Unity3d [4]. Then, the programming and interactive
development of the experimental process is carried out in Unity3d. After the interactive
function is completed, package the project into a WebGL file in Unity3d and then embed
the WebGL file into the front-end website [24]. The integrated circuit design module installs
Synopsys software on the remote desktop and then arranges it to the website through
noVNC [25,26].

3. Method
3.1. Overall Framework

Relying on computer simulation technology, multimedia technology, and network
technology, the three-dimensional virtual simulation experiment platform of the integrated
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circuit course is developed with service-oriented software architecture, integrating physical
simulation, innovative design, intelligent guidance, automatic correction of virtual experi-
ment results, and teaching management. It is a virtual experiment teaching platform with
good autonomy, interactivity, and scalability [30-32].

As shown in Figure 3, the platform supporting the project operation and the architec-
ture of the project operation are divided into three layers, and each layer provides services
for its upper layer until the construction of the three-dimensional virtual simulation experi-
ment platform environment of the integrated circuit course is completed. The 3D support
layer is the most important module of the platform [30-32].

Functional service layer

3 D simulation experiment Integrated circuit design The experimental evaluation Open and Shared projects
Experimental intelligence guidance Theoretical knowledge learning Test score The user login

Experimental procedure management Experiment report management Experimental resource management User management

Website support Layer Three-dimensional Remote desktop
support layer technology

The safety Service Data Domain 3 D simulation
management management management management analysis
Synopsys
Password Service deployment | | The data access Monitoring analysis Scenario construction
%ae"%%i’;‘gm Update service Data cache Log statistics and modeling

I Interface services Data conversion System
authentication management N OVN C
Access control 3D graphics API

e AW . = @O

Figure 3. Project system architecture.

3.1.1. Foundation Layer

The basic layer provides the most basic data resources and software and hardware
support for the three-dimensional virtual simulation experiment platform of the integrated
circuit course [30-32]. The data resources of the platform include at least the most basic user
information, course resource database, and experimental data. In addition, the platform
also needs the hardware equipment support of a server, computer, and the Internet, and
users need to access the platform through a browser.

3.1.2. Support Layer

The support layer is responsible for the operation, maintenance, and management
of the whole basic system. The website support layer should support the whole website
and ensure the service operation of the website, including security management, service
container, data management, and domain management [30-32]. The three-dimensional
support layer is responsible for supporting the operation of the three-dimensional simu-
lation module, including three-dimensional simulation analysis, scene construction and
modeling, and three-dimensional graphics API. Remote desktop technology supports the
operation of integrated circuit design. The design simulation software is Synopsys(Version
N-2017.12-SP1-2 Synopsys, Inc. Mountain View, CA, USA), which is remotely connected
and controlled through noVNC.



Electronics 2022, 11, 1437

8 of 28

3.1.3. Function Layer

The function layer is the final presentation, and use of the developed platform func-
tions and services and generally includes the experimental function, experimental teaching
management, theoretical knowledge learning, experimental resource management, ex-
perimental report management, teaching effect evaluation, project opening and sharing,
etc. [30-32].

3.2. 3D Modeling

The model-making process of the experimental site, virtual equipment, and various
components in the platform mainly includes real model data acquisition, modeling, scene
material setting, and texture mapping. The quality of the 3D model will directly affect the
rendering effect of the virtual laboratory scene. The following Figure 4 is the model-making
flow chart [15,33].

Laboratory S
scene, N
Instrumentation, Q}
Basic
Laborator components Initial texture acquisition
y drawing

! I

3Dmax Modeling
(geometry creation,
polygon modeling))

nER 4

Desk chair

Potoshop
processing

The wafer  chip

lithography
The Object mod\ Texture mapp|ng Textures,

Final 3D model

Figure 4. Production process of laboratory 3D scene.

The modeling development adopts the 3DS Max modeling tool and strives to restore
the real scene of the laboratory one by one according to the principle of from large to
small and from simple to complex. All models of the platform are modeled according to
the structure and proportion of the actual model. The main instrument models include
a cleaning tank, drying machine, oxidation diffusion furnace, glue homogenizer, glue
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dryer, lithography machine, hot acid tank, oven, dry etching machine, plasma degum-
ming machine, wet etching machine, annealing equipment, deposition equipment, ion
implantation machine, CMP equipment, dispensing machine, oven, bonding machine,
injection molding machine, laser engraving machine, wafer cutting machine, oscilloscope,
DC voltage stabilizing source, and function signal generator. Figures 5 and 6 show the
laboratory model.

Figure 5. Integrated circuit clean room.

@antuu-nu

Figure 6. Electronic Circuit Laboratory. The non-English part is the emblem, name or the website
title of BUPT.

There are two points to note when importing the model into the unit.

First, the unit proportion, and by default, the proportion of the 3DS MAX models
imported in Unity3d is 0.01:1. In addition, there are three conditions when importing
Unity3d from the 3DS MAX model: the 3DS MAX unit setting, the exported 3D file format,
and the scale of Unity3d. In 3DS MAX, you need to set the model units to 1 m and set the
export format to FBX, while setting the zoom ratio to 1 in Unity3d [34].
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Secondly, it should be noted that various model resources made by 3ds MAX must be
“ungrouped” in the export process. After ungrouping, the 3D model will become a tree
structure model. At this time, the 3D model is composed of sub-models in the tree model,
and the sub-model may contain sub-models, as shown in Figure 7. At this time, each node
in the model is closely connected and contains its own model information. Only the tree
structure model can add corresponding functions to each part of the virtual instrument [20].

Parent model node

_
_—

Child model node1 Child model node2 Child model node3 Child model node4

/\

Grandson model node 1

AL

Grandsen model node n

Figure 7. Tree view of 3D model disassembly.

3.3. 3D Simulation Development

The Unity3d engine is used for 3D simulation development. The overall 3D devel-
opment is divided into the presentation layer, application layer, and resource layer. The
overall architecture of the 3D simulation module is shown below in Figure 8 [14,35]. The
bottom layer is the most basic resource and presentation layer. The presentation layer
provides us with visual effects, auditory effects, and human-computer interaction. The
application layer is a logic control module which generates corresponding feedback to the
interaction, controls the resource allocation of the whole three-dimensional virtual simula-
tion experiment, and records the experimental steps through network communication. The
presentation layer provides corresponding resources and effects for the application layer,
and the application layer will control the presentation effect of the presentation layer.

The presentation
layer The application layer

AUtomaticgrading
Animation Special effects S|mu|at|on. Process control
parameter design
Netw.ork. Instrument function
communication

Resource layer

Figure 8. Overall architecture diagram of the 3D simulation module.

3.3.1. Design of Presentation Layer

The interaction layer greatly affects the immersion of the experiment, which will
greatly affect students’ learning efficiency and passion [12]. In order to improve the
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interactivity, the system uses the first person plug-in first-person exploration kit (fpek) in
the interaction design module. Fpek is the first-person functional plug-in of 3D, which
has strong interactivity and expansibility, which is very conducive to expansion and
development. Fpek has complete functions and the strong expansibility of the Ul system,
which can completely save and read the game. On the basis of fpek, the platform further
develops and expands the original UI and related interactive settings of fpek, including a
multi-level menu system, role controller (can walk, run, jump, squat), etc. In addition to
fpek, the platform also develops an object highlighting function, instrument panel, task box,
prompt text, current step prompt, light effect, liquid effect, and other display effects [36].
The overall functional structure of interaction design is in Figure 9.

Mouse click

Keyboard input

1/0 system

Mouse moves

Role rotation

Role Moves

Role control

Pick up objects

Role of interaction

Presentation layer| |
design Multilevel menu

Instrument panel
ul P

Prompt words

Wafer profile

Highlighting effect

Liquid effect

Effect display

Lighting effects

Audio effects

Animation effects

Figure 9. Overall functional structure diagram of the interaction design.

Animation is the most important presentation effect in the system. Most of the interac-
tive effects in the system are presented through animation. Two animation implementation
methods are used in the platform; one is the animation plug-in dotween, and the other is
the animator provided by Unity3d [37].

Dotween is an excellent animation plug-in. When using the plug-in function, you
need to add “using DG.tweening;” in the script, indicating that the library file is ref-
erenced. The dolocalmove function is mainly used in the script. For example, execute
“g transform.dolocalmove (New vector3 (0.1f,—0.1f,—0.1f), (1);” Statement, the object bound
by the g variable will move from its current position to the position of the coordinate point
corresponding to (0.1f,—0.1f,—0.1f) within 1 s. In addition, other practical functions of the
dotween plug-in are also used, such as doplayforward() forward animation; Doplayback-
wards(); Dotext() text printing effect; Docolor() modifies the color; Dofade() transparency
gradient; Doshakeposition() vibration effect; Setease() sets the animation curve; Setloops()
sets the number of playback cycles; Oncomplete() is an event function that runs when the
animation ends; Onstart() is the event function when the animation first runs.

Compared with the dotween plug-in, animator is the most basic animation develop-
ment system of Unity3d [37]. Trigger is commonly used in animator to switch from one
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animation state to another. The first is the add animation event. Enter the animation panel,
select the animation clip you need to monitor, select the triggered key frame, right-click
to add the animation event, and then select the function you need to trigger. In this way,
when the animation plays to this frame, it will trigger the function you choose.

Other corresponding performance effects can be seen in Figure 10 below.

con box in the
ning table

|

Interactive instructiof

the corresponding water bath temperature and cleaning
. 3

A

Main Menu

ature (° 0):

Click wafer fabrication and select pr

Upload successfully, you are in 1step

please put the silicon box in the
ed area of ng table

the resistivity s B~12 0 - on the crystal
o

4 inchmel
diraction is <100, tha wafar dismeter s 100m, snd
thickneas 18 400~500um

Mo
the reslstivity s 12 D+ on the

i
erystal diraction i <100, the wefer disseter is
B0m, e the thlshness |n 40050

Right:

i o) . esitiviy s 812 0 om che
highlight effect and o T BT B =
intercative text prom —

s Fﬂ—h;i

The cle

T — 1.First cleaning: remove particles and organic pollutants. Particles and
organic pollutants will oxidize to form gaseous (such as carbon

EroRR ooy monoxide) or soluble by-products (such as water)
Double Well
Fabrication

Isolation|

Click wafer fabrication and select process

Figure 10. Other performance examples. The arrow points to the explanatory text.

3.3.2. Function Development of Instruments and Equipment

The manufacturing process of integrated circuits usually includes the following pro-
cess technologies: the deposition process, the silicon thermal oxidation process, the silicon
wafer lithography process, the etching process, the diffusion process, and the IC packaging
process. The 158 small steps in the integrated circuit manufacturing process are composed
of the above basic process technologies [6]. Therefore, in order to improve the reuse rate of
instruments and equipment and reduce the coupling degree, the function of the equipment



Electronics 2022, 11, 1437

13 of 28

is developed with the process technology as the module. Equipment functions are further
divided into input functions: button click and parameter input. The output function is to
present the animation effect and sound effect of the corresponding model materials and
the feedback of UI text. Table 3 takes the film preparation in the oxidation process as an
example to illustrate the scientific principle of the design, the required equipment, and the

corresponding parameter design [38].

Table 3. The oxidation process as an example to illustrate the functional principle of the instrument

and equipment development.

Principle Description

Design of Equipment and Parameters

The oxidation process thermally grows a uniform
layer of dielectric film on the surface of a silicon
wafer, which is used as an insulating or masking
material. The oxidation process includes
high-temperature dry oxygen oxidation and
high-temperature wet oxygen oxidation. The
oxidation principle equation is as follows:
Si+ 0Oy = S5i0y
The wet oxygen oxidation principle equation is
Si+2H,0 = SiO, + 2H,
Derivation of principle formula:

Through theoretical analysis and mathematical
solution of the oxidation process, a general
mathematical expression reflecting the oxidation law
of thermal growth can be obtained:

X?+ DX =C(t+7) (1)

The solution of the relationship between oxide layer
thickness and oxidation time can be ob-tained from
the above formula:

X _ 4
p/z7 =1+ DZ/ZC -1 &)

For longer oxidation time, ¢t < D?2/4C, the general
relation tends to a
parabola, i.e.: X2 = Ct 3)

For shorter oxidation times, i.e., (f + T) << D?/4cC,
the general relation tends to be linear, i.e.,:
X=(C/D)(t+T) 4)

In the above formula, X is the thickness of oxide
layer, t is the oxidation time, C is the parabolic rate
constant, C/ D is the linear rate constant, and 7 is the
correction of the oxidation time after considering
that there is a 100 ~ 200 A natural oxide layer on
the surface of the silicon wafer stored in the air. For
wet oxygen oxidation, it is negligible.

Equipment: oxidation diffusion
furnaceParameters: silicon oxide film
thickness, oxidation time,

oxidation temperature

In chip manufacturing, CVD equipment is taken as an example to illustrate the equip-
ment operation steps. First, click the switch through the center point and the left mouse
button to start the CVD device and operate according to the contents of the prompt column
above. Then, click the push boat button to exit the quartz boat, pick up the silicon wafer box,
and put it on the quartz boat. Next, click the yellow button to open the equipment menu,
select the materials required for the PECVD process, remaining time, target temperature,
and other indicators, and click the boat entry button to wait for the verification of the
experimental results. If the experimental data is inputted incorrectly, the experiment will
be carried out again [39]. Figure 11 shows some basic operations of the CVD experiment.
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Start the silicon wafer deposition process; put some silicon
wafers into the quartz boat, click the red button to start the artz boat at the bottom on the
deposition furnace, return the-boat first, and then enter the furnace tub

Operation Interface

LPCVD furnace ,,_,,w..| thm— |l<l-l='h'°'" b= "‘“" 8

The experimental results are incorrect,
Please re-enter the relevant parameters and B8
click exit

. A N
-~

Furnace tube status: Standby I

IEx\l Menu|

Select the material or gas combination required for LPCVD:

|siHzcia+nH3) [ siH4_ | | SiH4+WFs | [BPSG Reflux]

ol omaiiog e 0vir, | Torget temperature: 100

(0)

Operation monitoring  Teseswensericon o 4| Boat position:  msice ihe funace

(d)

Figure 11. CVD device operation. (a) Turn on the CVD device switch; (b) Put the quartz boat on the
furnace tube; (¢) CVD device control page; (d) If the experimental results are incorrect, it will indicate
that the experiment has failed.

The experimental objects and parameter designs of other manufacturing process

related process technologies are as follows [6]:

a.

Preset parameters of the virtual simulation experiment of lithography process: mask
selection, number of rotating gluing revolutions, photoresist thickness, exposure
time, development time, etc.;

Preset parameters of the virtual simulation experiment of the etching process: type
of etching gas, density of etching gas, etching pressure, etching time, etc.;

Preset parameters of the diffusion process of the virtual simulation experiment:
implanted ion, implanted energy, implantation metering, etc.;

Preset parameters of the packaging process virtual simulation experiment: wafer
segmentation, chip adhesion, resin curing, pin bonding, chip injection molding, laser
coding, etc.;

Preset parameters of the integrated circuit test virtual simulation experiment: test
circuit, function signal generator, oscilloscope, DC voltage stabilizing source, etc.

For more detailed principle descriptions, please visit the experiment website: “Inte-

grated Circuit Virtual Simulation Experiment Platform, http:/ /www.ilab-x.com/details/
2020?id=6480&isView=true#1001, accessed on 28 April 2022”. On the experimental website,
you can also refer to the specific guidance process of 166 small steps of the whole plat-
form, but the platform is developed in Chinese, and English users may need the help of
translation tools to understand it.
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3.3.3. Step Management

According to the overall process steps, a total of 26 large steps and 166 small steps are
designed. The overall level clearance mode is adopted. The use of levels is of great help to
improve students’ sense of immersion [12]. In order to better control the operation of steps,
each small step needs to be written as a corresponding function module [40,41]. Certain
parameter controls and conditions are set for each step. The next step can be triggered and
unlocked only after meeting the requirements, which also ensures the normal progress of
the virtual experiment. At the same time, in order to better manage large and small steps, a
multi-level menu is introduced. The relationship between large steps and small steps can
be well presented through multi-level menus.

The principle of step control is shown in Figure 12 When logging in, the user needs to
use js front-end technology to store the user ID and then pass the user ID to Unity3d through
the corresponding communication module. Unity3d then obtains the step data from the
remote cloud through the HTTP get request. When receiving the information returned
remotely, it needs to use the litjson plug-in to help parse the JSON data. If the return status
is successful, the step acquisition module returns the global int variable process. Then pass
the process into the step location module to unlock the step. In order to call the step function
in a process, the step function is named in the form of “process1()”, which is convenient to
call the corresponding step function using c#'s reflection feature [40,41]. C #'s reflection
property call statement, such as “this. GetType(). GetField (“process” + i). GetValue (this)
as GameObject”. Triggering the corresponding step function is equivalent to unlocking
a new level. Therefore, in the step function, in addition to the function of initializing the
corresponding equipment, it is also necessary to open the corresponding collision body of
the new step, replace the relevant materials, import the relevant animation, and update the
wafer diagram. Figure 13 shows the change process of the wafer diagram [6].

Browser

)

User input

Get the user

ID with JS

Cloud server data

communication Get request Response
The )
Receive_uesrid Step Location
function receives module
the userid and Get request
returns the userid Return the e
) N Initialization steps
=7
field Statuscode=? global variable Management menu
process
Litjson parses
JSON data
Step to get the module, function getProcess
Click the menu step
button to navigate to
the corresponding
-1 /\ step function
itj 1
) Lﬁj;gr;\lp:;:s statuscode=?
Unity Automatic scoring
module module I Unlock the
: ; equipment
Real-ume grading corresponding to the
Post request according to user new step and start
steps and operation the experiment
specifications
Upload request, Response

Figure 12. Step control flow chart.

Cloud server data
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Wafer bare chip Initial oxidation Double well process LOCOS isolation Threshold into the

|
- Ul LZkZ - LT

LDD injection

Source of leakage into Side walls process Polysilicon gate

Contact hole process Metal layer 1 process IMD1 process Through hole 1 process Metal layer 2 process

Chip packaging Passivation layer process Top metal process Through hole 2 process IMD2 process

Figure 13. Wafer change flow chart. The non-English part is the emblem, name or the website title
of BUPT.

After unlocking the corresponding steps, the automatic scoring module will monitor
the user’s operation specifications and steps in real-time, evaluate and score them, and
then upload the data to the remote cloud through HTTP post request and unlock the
next new step [40,41]. Automatic scoring is an important means to ensure the quality
of teaching [12]. Automatic scoring can greatly reduce teachers’ review workload and
improve the flexibility of teaching. For the scoring rules of steps, please refer to the
experiment website: “Integrated Circuit Virtual Simulation Experiment Platform, http:
/ /www.ilab-x.com/details /2020?1d=6480&isView=true#1001, accessed on 28 April 2022".

3.3.4. Compiling and Exporting Scenarios

After the completion of the project of Unity3d programming software development,
due to the cross-platform nature of Unity3d, the project can be easily packaged into various
required formats through the packaging tool. Since the platform is to run on the web, it is
packaged into WebGL format [19].

Optimize the project using Profiler tools before packaging. Profiler is a tool used in
Unity3d to monitor resource consumption in real-time. Users can observe the usage of each
resource in a graphical window and optimize it according to the usage. As the integrated
circuit manufacturing module needs the most resources in the whole 3D virtual experiment,
it is taken as an optimization case.

Run the game first, then click under Memory to select Simple mode, which gives you
a rough view of how much Memory is allocated. After clicking the Profiler at the bottom,
analyze that the total memory occupied by this virtual test experiment was 1.02 GB, among
which 0.74 GB was occupied by Unity3d. Among them, Texture and Mesh resources are
large in number, while Mesh occupies the most resources in the scene. The GameObject in
the whole scene is 6362, and the Object in the whole scene is 26,767. Figure 14 provides us
with CPU usage and memory.
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Figure 14. Unity3d Profiler Tool.

Because WebGL projects work in browsers, and because browsers have other types
of memory overhead, the virtual lab project takes up 0.28 GB of memory. For Texture,
replace the Ul resources in the project with a more streamlined Ul format while maintaining
the appearance. Many maps in this project are in Format format, which occupies a large
amount of memory although the picture is relatively clear. Therefore, using ARGB 16bit
compression for maps reduces memory consumption. Since 3ds MAX was used in the
project selection, the exported FBX file was also a model with a high compression ratio to
reduce the memory consumption, which controlled the memory consumption of the whole
project to be between 0.2 GB and 0.3 GB. Since most computers used for students’ remote
operation experiments have more than 8G memory, browsers can allocate sufficient memory
space for WebGL projects, which can ensure the normal operation of the projects [19,20].
After the scene is optimized, click the Stats button in the Game window to observe the
parameters of each Graphics rendering of the 3D virtual experiment. In this project, the
FPS is 71.8, which is more than 60 FPS, and the refresh rate change is almost imperceptible
to the human eye. The size of Tris and Batch parameters. Tris refers to the current Batches
of fandom. The total number of fandom in this project is 6.3 m, which is 921, both of which
are within the controllable scope of project operation, as shown in Figure 15 below.

Figure 15. Unity3d scene information.
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The following points are worth noting in the export section:

(1) In “other settings”, you need to set color space to gamma correctly. Using gamma
color space, the standard shader will be written into the color cache in Unity3d, and
then visual correction will be carried out in the display stage of the screen and then
displayed on the computer screen in brightness. It will correct the light and objects in
the virtual space, and make the scene brighter and more realistic;

(2) It should also be noted that the default Aerial font should not be used in Chinese
before packaging. Other fonts supporting Chinese packaging should be imported,
such as Simeon. Set the Icon image to the virtual simulation lab logo, which will show
the simulation lab logo when loading;

(3) There are two mainstream package compression methods: Gzip and Brotli. In Brotli
compression mode, the resource compression rate is high after a project is packaged,
and the waiting time during the loading and startup phases is short, but the packaging
process is long. Gzip, on the other hand, is about 2/3 as efficient as Brotli according to
tests by Damiano Perri. However, considering that Gzip supports all major browsers
and the platform updates frequently, Gzip packaging is finally selected [19];

(4) Checking the data caching option during packaging and export enables the fast
loading function during the second loading. Its principle essence is to use the caching
function of the browser [42]. This setting can greatly reduce the waiting time of users.
However, we need to pay attention to the memory capacity allowed by the browser
and reasonably set the browser cache space.

3.4. Integrated Circuit Design Module Implementation

The experimental content of IC design mainly includes chip schematic design, chip
schematic simulation, chip Layout design (Layout), CHIP Layout check (DRC and LVS),
parasitic parameter extraction, and post-simulation. The students complete the design of
the inverter through the above steps. The inverter of the design part is mainly composed of
an nMOS tube connected with pMOS. In addition, students can also design and simulate
other circuits on the IC design platform.

3.4.1. Set up NoVNC

The front-end page of this experimental platform contains the chip design part, which
needs to connect to the remote Linux server through noVNC, and then use the chip design
software. The platform consists of the following five steps [25,26]:

Install the VNC service — Start the VNC service — noVNC deployment — set the
self.pem file — vncserver@.service to start.

3.4.2. Synopsys

It mainly includes the following steps:

Download and install installer — Set environment variables — Set license.

The students need to design an inverter based on p-type monocrystalline silicon
substrate. The target parameters are as follows [43]:

(1) N-groove polycrystalline silicon gate MOSFET: Threshold voltage Vrny = 0.5V, drain-
saturation current Ips,; > 1 mA, drain-source saturation voltage Vpg,; < 3 V, drain-source
breakdown voltage Vps = 35 V, gate-source breakdown voltage Vs > 20 V, transconduc-
tance g, > 2 mS, Cut-off frequency fyax > 3 GHz (mobility p,, = 600 cm? / Vs);

(2) P-groove polycrystalline silicon gate MOSFET: Threshold voltage Vrp = —1V, drain sat-
uration current Ip,,;; > 1 mA, drain-source saturation voltage Vps, < 3 'V, drain-source
breakdown voltage Vps = 35V, gate source breakdown voltage Vs > 20 V, transcon-
ductance g, > 0.5 mS, Cut-off frequency fuqx > 1 GHz (mobility y1, = 220 cm?/Vs);

(38) The chip package adopts diP-8 form, the power supply voltage is 1.8 V, and the chip
power consumption is less than 10 mW;
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3.5. Website Deployment

The overall framework for site deployment is shown in Figure 16 below. The resource
layer is the lowest layer and provides the most basic support and guarantee for the front
and back ends. At the same time, the front and back ends are separated, and the back
end also provides the corresponding interface services and data services for the front
end [30-32,40].

FRont-end Back-end

content
ad justment
Online
instruction
Grade report

Business front

Management
background Database
management
management
experiment management
i
Experimental -
evaluation Log monitoring
R t Service security and
Resource authentication
submition management

Service interface

Simulation file Text information User data

Resource

layer

Audio and Video

resources

Figure 16. Overall framework diagram of the website deployment.

The front end of the web page includes the front end of the business and the back end
of management, as shown in Figures 17 and 18. The front end of the business also includes
the student end and the teacher end, which are controlled by the user’s account. If the user
logs in with the teacher account, the teacher end will be entered, and if the user logs in
with the student account, the student end will be entered. Only administrators can log in
to the management background to view, access data, manage resources, and update the 3d
virtual simulation version. The back-end part provides user security authentication and
service interface such as a step management interface to ensure the normal operation of the
whole website [41].
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super_manager! hello exit

Course Introduction

Experiment Introduction Experlment Help

Interactive Step-By-Step Instructions

Experiment Help
1. Inverter Circuit Schematic Design Experiment

p . The design of a basic digital device CMOS inverter is realized in the virtual simulation experiment platform . Start the integrated circuit
Beginner's Guide o .
design simulation software, create a new inverter schematic diagram editing interface, and edit and simulate NMOS transistors and PMOS

transistors in the schematic diagram, as shown in Figure 1.1 .

Chip Design

Chip Manufacturing

Chip Packaging

Chip Test
Figure 1.1 Inverter schematic diagram MOS tube placement

Add nodes and wires to the inverter circuit in the schematic diagram to complete the design of the complete inverter circuit, as shown in
Submit Report Figure 1.2 .

Experiment Submission

Figure 17. Front page of website. The non-English part is the emblem, name or the website title

of BUPT.
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Figure 18. Website back-end management system interface. The non-English part is the emblem,
name or the website title of BUPT.

4. Result and Test
4.1. Testing Configuration Requirements

According to the memory and CPU operating requirements of the project and the
operating requirements of WebGL, the recommended computer configuration is as follows
in Table 4 [4].

Table 4. Recommended computer configuration.

CPU Intel® i5-4590/ AMD FX 8350 same or higher configuration
GPU NVIDIA GT 920 M same or higher configuration
RAM 4 GB or higher

(O] Windows 7 SP1 same or higher version/Mac 0S10.9 or higher

Network speed Higher than2 M
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4.2. Browser Performance Test

The browser is tested on a Windows 10, RAM 8.0 GB, CPUlIntel(R) Core(TM) i7-
4710MQ CPU @ 2.50 GHz, and NVIDIA GT 940 M. The test results are presented in Table 5.
During the test, you do not need to download any plug-ins, just open the web page in
the browser.

Table 5. Performance test results of different browsers.

Browser Name First Loading Time  Secondary Loading Time Compatibility
CHROME9 289 s Less than 10 s Compatible
FIREFOX9 142's Less than 10 s Compatible

EDGE 138 s Less than 10 s Compatible
IE11 NULL NULL Not compatible

Based on the final test results, FIREFOX9 or Edge are recommended for the experiment.
The second load is tested when the browser enables the cache function [42]. Compared
with the first loading time, the efficiency of the second loading has been greatly improved.
Therefore, users are advised to enable the browser cache.

4.3. Experimental Results

The final wafer profile is shown below in Figures 19 and 20:

Figure 19. Final wafer profile.

BUPT
2018111999

P
R —

LEB A

Figure 20. The result is a piece of inverter in a Dip8 package. The non-English part is the emblem,
name or the website title of BUPT.
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Integrated Circuit Test Results

The inverter chip adopts a 1.8 V power supply. Input rectangular wave, corresponding
input, and output information are as follows in Table 6.

Table 6. Integrated circuit test results.

Peak-to-Peak Value

Input Frequency of Input Signal Input Bias The Output Voltage The Output Frequency
1 KHZ 1.8 vpp 09v Reverse to input voltage 1 KHZ
2 KHZ 0.3 vpp 03v 1.8v 2KHZ
2 KHZ 0.2 vpp 20v Ov 2 KHZ

Compared with inverter input and output logic, the inverter chip conforms to inverter
output logic. The final rendered input and output data are shown in Figure 21.

bk bk F T LHEFR

&) unity WebGL iy |

Figure 21. Inverter input/output waveform. The non-English part is the emblem, name or the
website title of BUPT.

4.4. Student Completion and Evaluation
4.4.1. Analysis of Students” Experimental Results

As can be seen from Table 7, the current number of users has reached 1367, and the
passing rate of the whole experiment is 100%, but the excellent rate is only 66%. Most of
the registered users are students from many different universities, of which the number
of students from Beijing University of Posts and Telecommunications is the largest, up
to 70%. The average time for students to complete the whole experiment is 6 to 7 h. The
expected excellent rate of students was 60%, and the completion time was 6 h. Therefore,
the passing rate and excellent rate of students” experiments are kept at a reasonable level,
and the experimental time is moderate. Through the score data of the website background
statistics, because the relevant data is difficult to quantify, the qualitative analysis of
students’ performance is as follows:

(1)  The score rate of the integrated circuit design module is low, and the completion time
is about 2.5 h. However, this part only has four steps, while the whole experiment
has 26 steps, so this part takes too much time. The reason for the poor performance
of this part by students may be that this part belongs to the traditional simulation
experiment, with poor interactivity and high difficulty in using the software. At the
same time, it also shows that students’ design ability needs to be further strengthened.
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(2) The remaining modules are mainly three-dimensional simulation modules. At the
beginning of the module, students’ operation time is longer, while the completion time
of other steps is shorter and shorter. To some extent, this reflects that students” opera-
tion proficiency and knowledge application are getting higher and higher. Students
reported that the sputtering experiment and oxidation experiment in this module is
more difficult, and the failure rate of the experiment is higher. They often have to
repeat the experiment several times to get the correct results.

(3) Because the IC manufacturing module has the most steps, the completion time is also
the longest. This part takes about 3.5 h. The rest is relatively simple, and the students’
completion speed is relatively fast. Finally, most students can get perfect test results
as expected and write experimental reports reasonably.

Table 7. Number of users and completion of experiment.

Pass Rate Excellent Rate . .
Number of User (Score >60) (Score >80) Average Completion Time

1367 100% 66% 6to7h

Figure 22 depicts a scene in which students cannot return to school and instead perform
experiments at home during the epidemic. During the epidemic period, the course was
carried out in the mode of students’ independent learning and completing the experiment
through teachers’ online teaching guidance. Due to the automatic scoring function, teachers
do not need to monitor the students in real-time. Students can also independently learn
the learning materials in the platform and choose the time to complete the experiment and
obtain the corresponding experimental score. This intelligent teaching mode has greatly
improved teaching efficiency during the epidemic.

Figure 22. Student performing an experiment at home.

4.4.2. Analysis of Students” Course Performance

In order to verify the teaching effect after using the integrated circuit virtual experiment
platform, we make a statistical analysis of the final exam grades of the classes that have set
up the integrated circuit courses in Beijing University of Posts and Telecommunications
in the last three years. There are 40 students in the class offering the course, which are
junior college students. The score statistics of students are shown in Figure 23 below. The
integrated circuit virtual experiment platform has been used since 2020, and the integrated
circuit virtual experiment platform was not used in 2019. By observing the figure, it can
be found that after using the integrated circuit virtual experiment platform, the average
score and excellent rate of students (score > 80 is excellent) has been greatly improved.
Compared with 2019, the average score in 2020 increased by 3.37 points and the excellence
rate increased by 17.7%. In 2021, the average score increased by 3.97 points and the
excellence rate increased by 17.2%. The significant improvement of students’ scores in the



Electronics 2022, 11, 1437 24 of 28

integrated circuit course shows that the integrated circuit virtual experiment platform is of
great help in improving students” mastery and understanding of integrated circuit course
knowledge.

In the comments of students, about 5% of students reported that they would feel
dizzy during the experiment, which belongs to the content of the operation experience.
Dizziness often occurs in virtual, three-dimensional experiences. The main reason is that
the visual information received by students is inconsistent with the sensory information.
This is likely because the rotation speed of the perspective in the three-dimensional ex-
periment is too fast, or the students’ visual fatigue is caused by the too long experimental
time [44]. Students think that the rotation speed of the mouse can be appropriately reduced
to reduce their dizziness. At the same time, we also suggest that students reasonably
arrange the experimental time and do not experiment for too long at one time. Some
students also reported that the network stability is poor, which may be related to the
server arranged on the website. This also shows that the platform needs to strengthen
the network stability when the number of users is large. In addition, some students were
shocked by the complexity and difficulty of the whole chip manufacturing process. Most
students commented that the virtual experiment has a reasonable arrangement, detailed
steps, vivid and interesting experiments, and strong interaction, which can help them
master the theoretical knowledge of integrated circuits [18], which is a new way of teaching.
From the students” high scores and positive comments on the experimental platform, we
can see that students have a high degree of recognition of the three-dimensional virtual
experimental platform, which also shows that the three-dimensional virtual experimental
platform is very helpful in stimulating students’ learning interest and mastering skills and
knowledge. For more comments, please visit: “IC Virtual Experience Platform Student
Message, http:/ /www.ilab-x.com/details /vote?id=6480, accessed on 28 April 2022”.

W 2019 W 2020 = 2021

Excellent Rate(Score=80) Average Score

85.12
0% 80.70% 80.80% 86 84.52

80% 58.10% 57.70% a4
70% 63% 83
50% 82 81.15
22.60% 23.10%

60%
50%
2019 2020 2021
31%
19.40%
15.40%
13%
6%
4%
0% 0% 0% - 0%

0-59.99 60-69.99 70-79.99 80-89.99 90-99.99

2019 2020 2021

Percentage of Population Distribution

Figure 23. Analysis and statistics of students’ scores in integrated circuit course.

4.4.3. Student Evaluation

After the students finish the experiment, they can grade the experiment and leave a
message. At present, our online user evaluation system has received effective evaluations
from 89 students, mainly junior college students in electronic information, who account for
70% of the responses. The evaluation is conducted from three perspectives: experimental
content, operation experience, and support service. The full score of the evaluation is
5 points. The higher the score, the higher the students’ satisfaction with the evaluation.
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The above figure is the average score of the final statistical student evaluation. As shown
in Figure 24, the evaluation items of the experimental content include the rationality of
steps, logical correctness, and the adequacy of prompt information. The evaluation items
of operation experience include experimental loading time, visual effects, auditory effects,
operation fluency, and network stability. The evaluation items of service support include
online guidance service and teaching materials. From the students’ scores, the experimental
content and service content satisfaction are full marks, which shows that the platform
performs very well in the overall content logic and supporting services. However, there
is still room for improvement in the operation experience. From the students’ reflection,
the visual and auditory effects are good, but the first loading time of the experiment is still
long, and there is still room for improvement in operation fluency and network stability.
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Experimental Content Operation Experience Service Support

Figure 24. Students grade the system from three aspects.

5. Discussion and Conclusions
5.1. Advantages of IC Virtual Experiment Platform

The virtual simulation experiment platform effectively overcomes the problems exist-
ing in traditional IC design, manufacturing, and test experiment teaching, such as expensive
IC manufacturing equipment, insufficient experimental space, high experimental consump-
tion, high cost, experimental equipment updates that are not timely, students being unable
to use the fragmented time for experiments, etc. [31,40,41] The experimental teaching
platform also combines the curriculum cloud classroom with virtual reality simulation tech-
nology, breaking through the shortcomings of the traditional virtual simulation technology
such as poor user experience, weak interaction, and a big gap between virtual instruments
and real objects, creating an experience for students in the extracurricular environment as
if they were in the school laboratory. The virtual experiment also integrates the traditional
integrated circuit design experiment and the three-dimensional virtual experiment and
effectively gives full play to the respective advantages of the two simulation forms. From
design to manufacturing to packaging and testing, the full coverage of integrated circuit
content by the platform is more conducive to opening up the students’ integrated circuit
knowledge chain.

The experimental platform closely follows the current educational trend and can
integrate traditional face-to-face learning with online networked learning. Offline support
when online, and online empowerment offline; the advantages of the two complement each
other. Especially under the influence of the current COVID-19 epidemic, many universities
face the dilemma of not being able to take online classes, which greatly affects experimental
teaching [45]. A 3D virtual laboratory can be a good solution to this dilemma. In traditional
offline laboratory teaching, teachers make full use of various teaching platforms in lecture
courses related to knowledge; students learn by platform course content in addition to
finishing the experiment in the lab course time, using an online VR integrated circuit
experiment platform to complete the review tasks such as the experiment preparation



Electronics 2022, 11, 1437

26 of 28

and the experiment itself. The whole process is traceable online, and the offline hybrid
experimental teaching model and experimental platform data provide a strong guarantee
for the improvement of teaching quality [29,31,40,41].

5.2. Cultivation and Promotion of Students” Ability

In addition to enabling students to attain knowledge of and skills in integrated cir-
cuits, the platform is also committed to promoting the cultivation of students” ability and
quality [1,5,11,17]:

(1) Autonomous Learning Ability: The platform contains a large number of video and
text materials through which students independently learn relevant knowledge of
integrated circuits. Moreover, there are three-dimensional interactive experiments
with strong interaction which stimulate students’ interest in independent exploration.
In the process of learning and completing the experiment, it can greatly improve
students’ self-study ability.

(2) Design and exploration ability: Students can independently customize the process
objectives of the inverter and independently design, manufacture, package, and test
the inverter. Students can also achieve their own design goals and verify the results by
operating experimental equipment. In the process of design and verification, students’
design exploration ability and practical ability will be improved.

(3) Ability to analyze and solve problems: Students need to independently analyze the
errors in their operation process and find solutions through the experimental results.
For example, in the film preparation in the oxidation process, the wrong setting of a
parameter may lead to the error of the whole result. Students can repeatedly analyze
the cause of the error according to the wrong experimental results. In the process
of this analysis, students” ability to analyze and solve problems will be exercised
and improved.

(4) Innovation ability: The whole experiment includes three-dimensional virtual simula-
tion, which is highly interactive and interesting and can greatly stimulate students’
interest in learning and desire for exploration. In IC design, students will repeatedly
think about whether the design indicators can be innovated and optimized and con-
stantly improve the experimental optimization results. In the process of independent
learning, independent design, and independent exploration, students” innovative
consciousness and innovative ability can be cultivated.

(5) Emotional attitude cultivation: The experiment covers the whole process of the in-
tegrated circuit. There are many steps, including 166 small steps, and they involve
a lot of integrated circuit-related knowledge. The experiment is challenging. By
completing such a challenging experiment, students’ scientific research ability and sci-
entific research literacy can be improved. Moreover, they can more clearly understand
the complexity and difficulty of the integrated circuit industry. For example, only
one step of film preparation in the oxidation process is needed to do so many steps,
and even repeated failures will be repeated to recalculate the operation. Although
the experiment is very difficult, it also exercises the students’ quality of fearing and
overcoming difficulties in scientific research.
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