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 Thanks to the organizers for inviting me to give this keynote 
address ( reminder to myself ) 
 

 In this talk, I want to illustrate the various ways in which 
NanoHUB, and the variety of tools which are present at the 
site, can contribute to education in the classroom 
 

 I doubt that I, or my courses, are unique, but perhaps some 
of this will be new and encouraging to you 
 

 I will discuss 4 courses: EEE352 (electronic properties of 
materials and devices), EEE436 (semiconductor devices), 
EEE 434 (quantum mechanics), and EEE535 (mesoscopic 
devices) 



EEE 352—Properties of Electronic 
Materials and Devices  



 The course was developed over a great many years, and has 
of course evolved 

We teach a wide range of topics beginning with quantum 
mechanics and ending with a range of devices 

When I last taught it, the lectures included some 15-20 
external web sites and some 70 YouTube videos, all of which 
are embedded in the powerpoint lecture slides, and are 
available to the students on “BlackBoard.”  (All lectures, 
grades, assignments, and solutions are available on 
BlackBoard.) 

 A few years ago, this particular course design was adopted at 
Ohio State University, and parts are used at UC Davis. 



How do atoms arrange 
themselves to form 

Solids? How does bonding occur 
in the solid and how 

does this create different 
Materials? 

How do we make 
materials with 

controlled properties? 

How do we make a 
transistor and 

how does it work? 
What other materials 

are useful? 



In the Fall of 2010, we began to plan for adding a laboratory to the 
course.  But, there was no way we could make a meaningful laboratory in 
which the class had to work in a real lab—the course is about the physics 
of semiconductor devices.  Other courses teach the usage of these 
devices.  Thus, we adopted the virtual laboratory. 

Our solution: 



 
This course has a lab.  The lab is a computational laboratory, 
which you can do at your leisure.  The lab programs are located at 
Nanohub.org, which is at Purdue University, but this is a national 
center funded by NSF.  You need to get a (free) account at this 
site. 
 
All Labs and homework will be due on Mondays, either in class or 
via email to ferry@asu.edu.  The deadline for hard copy is 11:45 
a.m., Mondays, while the deadline for email submissions is 9:00 
a.m. Tuesdays. 

At the beginning of the semester, the students were told about the lab, 
and how to get their accounts—they are also told that they can work the 
labs in their neighborhood pub if they wish. 

mailto:ferry@asu.edu


We had 12 labs during the semester.  These labs involved the 
following tools (some are run under ABACUS): 

• Crystal viewer tool 
• Bound states calculation lab 
• Piece-wise constant potential lab 
• Periodic potential lab 
• Process lab: Concentration-dependent diffusion 
• Carrier statistics lab 
• Drift-diffusion simulator 
• PN junction lab 
• MOSCap 
• MOSFET 
• MESFET 
• Bipolar junction transistor 
• 1D drift-diffusion simulator for solar cells 



Bound States Calculation Lab 

Infinite potential well 
exact solution 



Studies of tunneling through a barrier 



Impurity diffusion studies 



Carrier Statistics Lab 



Drift-Diffusion Simulator 



MOSFET Simulation Tool: 
A study in how the devices perform 



MOSFET Simulation Tool: 
A study in scaling and how the devices perform 

Delay time: 
 
 
 
 
 
 
 
 
 
 
Action: 

Characterization guidelines come from R. Chau et al., IEEE 
Trans. Nanotechnology 4, 153 (2005). 



MOSFET Tool: 
How delay time and action vary with bias 



MOSFET Simulation Tool: 
A study in scaling and how the devices perform 



MOSFET Simulation Tool: 
A study in scaling and how the devices perform 

The Intel curves come from R. Chau et al., IEEE Trans. 
Nanotechnology 4, 153 (2005). 



Solar Cell Simulator 



What did we learn from our experiment? 

 NanoHub is a powerful base for a virtual laboratory for 
semiconductor physics and devices 

 The students reacted in a positive manner—they appear to 
enjoy the laboratories, not the least because they can do 
the labs at their leisure and have more interactions with the 
instructor 

 But, the students are very creative.  As with homework and 
tests, the labs must be changed every semester to avoid 
getting work of previous semesters submitted. 
 

 This was a positive experience, and I use the tools in other 
courses, such as 434 (quantum mechanics), and even in 
graduate courses. 



EEE 436/591 
 

Fundamentals of 
Solid State Devices 

David K. Ferry 
 Arizona State University 

Tempe, AZ 85287 
 

ERC 559 
Office Hours 9:00-10:15 

Daily 
Intel Broadwell 14 nm 



Basically, this senior level course follows the same syllabus as 
the junior level course, except there is much less quantum 
mechanics and band structure.  Instead there is a much deeper 
study into the physics of the devices themselves. 
 
Here, the tools at NanoHUB are used for homework problems 
rather than for labs.  Use of the tools has become an integral 
part of how I teach the course because they provide an ability 
to study variations around a design instead of just looking at a 
fixed set of plots in the book. 



EEE 434/591—Quantum Mechanics 

David K. Ferry 
Regents’ Professor 

Arizona State University 

Vienna State Opera, Austria 



As you may guess, we again use a number of the tools on 
NanoHUB in the lectures and in the assigned homework.  We also 
use some tools not available (to my knowledge) on NanoHub. 
 
For example, we use a simulator for the photoelectric effect that is 
available on a University of Colorado website. 
 
But we go beyond the earlier tools, bringing in some self-
consistent tools such as SCHRED2. 



http://phet.colorado.edu/en/simulation/photoelectric  

The Photoelectric Effect 

Determine the work function of different metals by examing the 
wavelength at which electrons begin to be emitted from the 
metal (as a cathode).  

http://phet.colorado.edu/en/simulation/photoelectric


http://phet.colorado.edu/en/simulation/photoelectric  

The Photoelectric Effect 

Measuring the current at different wavelengths (Pt electrode), one can measure 
current versus kinetic energy of the emitted electrons. 

http://phet.colorado.edu/en/simulation/photoelectric


Bound State Lab Once More 



x 
xEi 

Ei 

We approximate the real potential by a linear potential: 





We use the Bound States Calculation Lab, and select the “triangular” 
potential, and adjust the other parameters. 

Si heavy mass 

Electric field we computed earlier for our density. 



The lowest energy level is at 
94.8 meV, which is right at 
our estimate 
 
The crossing position value is 
about 97.2 nm which leads 
to a well thickness of 2.8 nm, 
as compared to our estimate 
of 2.5 nm. 



So, now we choose the “Schred” tool, which couples the Schrödinger and Poisson 
equations self-consistently. 

Compute the 
potential from 
the density 

Compute the wave 
functions and 
energies from the 
potential 

Compute the 
density from the FD 
statistics 

 
Converged? 

Yes 

Done 

No 





Here we see that the wave 
function for the lowest 
eigenstate extends only 
about 4 nm into the 
semiconductor for a gate 
voltage corresponding to 
our density. 
 
The energy level for the first 
state is about 80 meV, which 
is smaller than the estimate 
of the Airy function (94 
meV). 
 
This is probably due to the 
finite height of the barrier, 
and the penetration of the 
wave function into it. 



EEE 535—Electron Transport in Nanostructures 



This is a course in mesoscopic physics, rather than on 
semiconductors per se, or even quantum mechanics.  
Nevertheless, we use some tools from NanoHUB and 
elsewhere in homework problems and the lectures to deliver 
insight to the students. 

This new book has just appeared and 
covers the topics we include in the course. 
 
Online ISBN: 978-0-7503-1103-8  
Print ISBN: 978-0-7503-1102-1 



The electrons are confined 
to the inversion layer that 
exists at the oxide-Si 
interface. 
 
In classical approaches, the 
density decays as 
 
 
 
 
Using classical statistices, 
this means that 
 
 



If we decide to define a surface potential as 
 
 
 
And 
 
 
 
 
 
Hence, the density has an effective thickness that corrsponds to 
the surface potential falling by kBT.  But, the surface electric field is 
given as 
 
 



Ferry, Fig. A.1 



Lowest 3 Energies for Quantization in a Silicon MOSFET at 4.2 K 



Ferry, Fig. A.2 



What is the thickness of an inversion layer?  Let us compare the 
simple classical estimate with the triangular potential well. 

Classical estimate Triangular potential values 



A Poisson solver that may be used to calculate the energy bands of different 
heterostructures may be downloaded at: http://www.nd.edu/~gsnider/. Now 
consider a heterostructure comprised of (starting from the top layer): 5-nm 
thick GaAs cap layer; 40-nm of undoped AlxGa1-xAs (x = 0.33); 10-nm of AlxGa1-

xAs (x = 0.33) doped with Si at a concentration of 1.5 X 1018 cm-3; 20-nm of 
undoped AlxGa1-xAs (x = 0.33), 100 nm of undoped GaAs, and; a GaAs substrate 
with an unintentional p-type doping of 5 X 1014 cm-3.  

Then we move to the GaAs/AlGaAs heterostructure 

http://www.nd.edu/%7Egsnider/


cE∆

Ec 

EF 

Ev 

GaAs GaAlAs 

Ferry, Fig. 1.7 



Ferry, Fig. 1.8(a) 





A 

B 

Ferry, Fig. 2.1(a) 



Ferry, Fig. 2.2 



The metal gates on the 
surface produce Schottky 
barriers, which deplete the 
carriers beneath them 

In the opening between the gates, a 
“saddle” potential is formed. 
 
In the direction transverse to the 
current flow, the potential looks like 
a harmonic oscillator potential 



Ferry, Fig. 2.3 



 An analysis shows that the half plateaus are observed when the applied 
voltage causes sufficient band bending that the subbands become 
UNEQUALLY populated by electrons with positive and negative momentum   

 The unequal populations arise from the BAND BENDING, which leads to 
unequal numbers of subbands on the two sides of the QPC 

 The half plateaus indicate that electrons with positive momentum (say) fill 
ONE MORE subband than electrons with negative momentum    

Non-Linear Transport in QPCs 

 BAND BENDING AND ITS INFLUENCE ON THE FILLING OF 
QPC SUBBANDS IN THE PRESENCE OF AN APPLIED 
SOURCE-DRAIN VOLTAGE 
 

 THE UPPER FIGURE SHOWS THE QPC POTENTIAL PROFILE 
AT THERMAL EQUILIBRIUM WHERE THE QPC SUBBANDS 
ARE FILLED UP TO THE SAME CHEMICAL POTENTIAL BY 
ELECTRONS IN BOTH THE SOURCE AND THE DRAIN  
 

 THE LOWER FIGURE SHOWS THE SITUATION WHERE A 
LARGE SOURCE DRAIN VOLTAGE IS APPLIED – IN THE 
CASE SHOWN HERE ELECTRONS FILL THE FIRST TWO 
SUBBANDS ON THE HIGH ENERGY SIDE WHILE NO 
SUBBANDS ARE POPULATED BY THE OTHER RESERVOIR 
 

 IN THE CASE WHERE THE HALF PLATEAUS ARE OBSERVED 
THE DIFFERENCE IN POPULATED SUBBANDS IS JUST ONE 
– CORRESPONDING TO THE INTERMEDIATE SITUATION 
BETWEEN THE TWO CASES SHOWN HERE  



We see that if VSD < 0, there is actually a smaller reverse voltage 
across the Schottky barrier.  If VSD > 0, then there is a larger reverse 
voltage across the Schottky barrier. 



Experimental data from Ensslin’s group at ETH (Zurich).  
This allows one to study how the harmonic oscillator 
changes with gate bias. 



 So, for me, NanoHUB has become a resource that 
is one of my teaching tools.  I really can’t think 
about teaching a semiconductor related course 
where I would not use this site. 
 

 I also see the value added side, because for those 
few from our undergraduate ranks who go on to 
do graduate work in computational electronics, 
they already have experience with the tools and 
site. 



Thank you for your attention. 
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