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     Abstract 
We have developed a laboratory exercise that teaches students the method of RF sputter 
deposition for coating both metals and dielectric materials onto silicon wafers. Since the 
sputter system involves the rather complex structure of two-stage vacuum system including a 
diffusion pump, we have created a virtual reality (VR) simulation that reproduces the operating 
sequence of the system with high fidelity. This simulation requires students to perform the 
entire sequence of operation, including the correct protocols for the pumping sequence as well 
as operation of the RF system, before they encounter the equipment for a real experiment. As a 
result, the students feel more confident with the system when they actually encounter it and 
are much less likely to make mistakes which could damage the equipment. After sufficient 
training with the VR simulation, the students complete a laboratory which requires them to 
complete fabrication of thin coatings of gold and of silicon dioxide, and to determine the 
thickness of the deposited films using profilometry and optical methods. This laboratory and 
simulation are included in the hands-on portion of an introductory nanotechnology course. 
 
Sputter deposition methods, as well as two stage vacuum systems are ubiquitous in research 
and industry, and proper training in their use is essential for all students wanting to work in 
cleanroom and nanofabrication facilities. We discuss the details of the laboratory and the 
sputter deposition steps as well as to show results obtained by students who completed the 
exercises. We discuss the strengths that a virtual reality exercise brings to this laboratory, as 
well as challenges faced in the construction of our system, and student comments on the 
effectiveness of the exercise. 
 
Introduction 
 
Sputter deposition is the process by which thin coatings of materials are applied to surfaces, by 
using a plasma (typically ionized argon) to remove material atom-by-atom, or molecule-by-
molecule from a “target” of a material and depositing them onto a “substrate.” It is a 
commonly used technique with a wide range of applications, such as production of computer 
hard disks, deposition of contact metals for thin-film transistors, thin antireflection coatings on 
glass, and deposition of the metal layer during the fabrication of CDs and DVDs, among many 
others. Because of its great important in modern technology and nanotechnology processes, it 
is essential for students to become familiar with the process through direct encounter and 
experimentation. 
 
As a laboratory for an introductory nanotechnology course, we have developed an exercise that 
teaches students the method of RF sputter deposition. The sputter system involves the rather 
complex structure of two-stage vacuum system, including a roughing pump and a high-vacuum 
diffusion pump. In order for students to learn the operation of this system efficiently (there is 



only one sputter deposition system at our university) we developed a virtual reality simulation 
of the system to initiate the students in the correct and safe operation. This VR simulation 
reproduces the operating sequence of the system with high fidelity. We require students to 
perform the entire sequence of operation, including the correct protocols for the pumping 
sequence as well as operation of the RF system, before they use the equipment for a real 
experiment. As a result, the students feel more confident with the system when they actually 
encounter it and are much less likely to make mistakes which could damage the equipment. 
 
There are many practical and pedagogical advantages to begin student training with the VR 
simulation. There is no risk of students damaging expensive equipment as they learn the 
controls of vacuum system and the sputtering machine. Nor is there a risk of lost or damaged 
substrates, tools, or other equipment. Multiple students can practice using the system 
simultaneously, in preparation for the actual experimental laboratory they are ultimately 
required to complete. And because of the “game-like” environment, students feel much less 
intimidated by the simulations of equipment and therefor are quicker to delve into the process 
and to practice it. The simulation is also much more efficient – a student can perform the entire 
simulation process in 15 minutes, whereas the actual laboratory takes about two hours.  
 
Instructors are freed up to provide more instruction and in-depth learning as they don’t have to 
carefully monitor the students in the lab to preclude them from making costly mistakes. This 
freedom, for both instructors and students, creates a unique learning atmosphere that would 
not be possible otherwise.  
 
Sputter Deposition and Vacuum System 
 
Before entering the virtual reality module, students are instructed in the functionality and use 
of the sputtering system as well as the vacuum system through lectures and homework. 
 
Sputtering System 
DC sputtering systems are composed of anode and cathode electrodes [1, 2]. The front surface 
of the cathode is covered with the target material to be deposited. The substrates are placed 
on the anode. The sputtering chamber is filled with sputtering gas, typically argon gas at 6 -12 
mTorr pressure. The glow discharge is maintained under the application of DC voltage between 
the electrodes. The Ar+ ions generated in the glow discharge are accelerated toward the 
cathode target, and the bombardment dislodges atoms/molecules from the target resulting in 
the deposition of the thin films of the cathode target on the substrates [1]. 
 
When the target in the DC sputtering discharge system is an insulator, the sputtering discharge 
cannot be sustained because of the immediate buildup of a surface charge on the insulator and 
therefore could damage the unit. To prevent this, alternating radio frequency (RF) voltage is 
supplied to the target. This system is called RF sputtering (Figure 1). 



 
Figure 1. Sputtering system. 

 
Vacuum System 
The vacuum system is a two-stage pumping system that is very common in high-vacuum 
designs. A first stage roughing pump takes the vacuum chamber from atmospheric pressure 
down to typically ~10 mTorr pressure. At this point, the second-stage high vacuum pump, which 
in this system is a diffusion pump, takes over. The vacuum level our diffusion pump can reach is 
in the 10-6- Torr range. 
There are no viable vacuum pumps that will take a chamber from atmospheric pressure all the 
way down to the µTorr range. Roughing pumps can only operate down to modest vacuum 
levels; high-vacuum pumps are only effective below some low-pressure threshold. The two are 
used in sequence in a system such as this sputtering unit (Figure 2) [2]. 



 
Figure 2. Schematic of a two-stage vacuum pumping system. The configuration shown here is 
pumping with the diffusion pump. After rough vacuum in the chamber is established, the 
rouging valve is closed and the “Hi-Vac” valve is opened. The diffusion pump is able to maintain 
a small pressure difference between the chamber (µTorr level) and the foreline (~50 mTorr 
level).  
 
Virtual Module 
 
The VR sputter room fully resembles the actual sputter coating room (Figure 3). When the 
student enters the room, they access a tablet with instructions that display the current steps 
they have to follow (Figure 4).  The student can also move the tablet around when doing the 
experiment. For this experiment, the student will be given a time limit of 15-20 minutes, 
depending on the difficulty they are choosing, to finish all the steps. The procedure is 
summarized in Figure 5.   



 

 
Figure 3. Top: Virtual reality sputter coating room. Bottom: Actual sputter coating room.  
 
 



 
Figure 4. The tablet with instructions that displays the current steps the student must follow.  
 
 

 
Figure 5. The sputter deposition process.  
 
The sputter simulation has an average completion time of 10-15 minutes. Students can 
still break wafers in this simulation. Other mistakes relate to not maintaining the correct 
vacuum. These include: trying to open the machine before it is vented, letting the 
diffusion pump overheat, contaminating the sputter chamber, putting too many wafers into the 
machine, trying to pump down the atmosphere while it is venting, incorrectly opening valves 
and causing the machine to “burp” diffusion pump oil up into the chamber, and turning on 
pumps without opening the corresponding valve.  
 
At the end of the experiment, the student receives feedback and a grade based on their 
performance. These are displayed on a black board (Figure 6). To ensure that the students learn 
the correct operation of the system, we require them to pass this exercise with a minimum 
score before they can work with the real machine. 



 
Figure 6. The blackboard displaying the student’s result.  
 

 
Figure 7. Student following through the steps for the sputter deposition virtual reality 
simulation. 
 
 
 



 
Student Experiences 
 
Initial field tests of the VR simulation (Figure 7), not associated with running the actual 
laboratory, have had very positive results. Users report on the fidelity of the environment and 
of being able to immerse in the activity after a very short time period adjusting to the hand 
controls and learning to use the “teleportation” feature to move around (as opposed to walking 
directly!). They become adjusted to the guide menu quickly so that after a few minutes they 
can follow through the remaining steps autonomously. 
 
We have studied the efficacy of initial VR training with a class of twelve students in our 
introductory nanotechnology course, by monitoring their learning in the virtual reality 
simulation with a final-run score for the activity, followed by careful observation of student 
reactions and familiarity when running the actual vacuum system and sputtering machine, and 
by surveying the student experiences afterward. Most of the students had not encountered the 
real machinery until the day of their experiment in the laboratory. It was interesting to observe 
how familiar and confident they felt with the equipment in doing the experiment in real life. 
The initial VR training helps both to overcome intimidation with the equipment, and to save 
time when students carry out the actual sputtering exercise in the laboratory. When freed from 
the learning “overhead” of encountering an intricate procedure for the first time, the students 
showed signs of developing deeper understanding of what was happening and asking deeper 
questions about the functioning of the vacuum system and sputtering process. They felt more 
free to question “why,” and “what is this for,” than students who would simply be trying to 
follow the instructions to complete a laboratory exercise. 
 
The students were divided into six groups of two, each of which was scheduled for a 2-hour 
laboratory period. All groups successfully completed the actual laboratory in the allotted time. 
The experiment time varied between groups, from 1 hour 15 minutes to 1 hour 50 minutes, 
with an average time of 1 hour 35 minutes. There were no major errors that could cause 
damage to the machine. After finishing the experiment, the students were asked to take a 
survey. Their opinion on the effectiveness of initial VR training can be summarized as followed: 

- The equipment in the VR simulation was very similar to the actual counterpart. The 
students knew where all the controls were on the real machine without any problem.  

- Although the students could not remember all the steps of the simulation, they were 
able to remember the outline of the process. When running the actual equipment, they 
still needed to refer to the printed-out instructions.  

- The VR simulation was useful in preparing the students for the actual experiment. It 
made them feel more confident in operating the machine, improve their efficiency, 
effectiveness, and understanding in working with the equipment. 

 
 
 
 



Conclusion 
 
We have presented an implementation of virtual reality for the purpose of training students to 
operate a sputtering system with a two-stage vacuum system. Virtual reality stands in a unique 
place in education because it allows students to take full responsibility for operating complex 
machinery without putting themselves, or the equipment, at risk. This is especially significant in 
cases where hands-on experience is indispensable to truly understanding how to work with the 
equipment to accomplish real tasks. These simulations help to fill the need for experience when 
only one piece of expensive equipment exists, and many students need to be trained. 
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