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Need for Large Simulation Domains: 

o InGaAs quantum dots grown on GaAs substrate by the Stranski-Krastanov self-

assembly growth process are heavily strained due to the large lattice mismatch between 

the InAs and GaAs materials.   

o Strain fields not only surround the quantum dots, but also penetrate deep inside the 

GaAs buffer.  

o Furthermore, non-symmetric distortion of the crystals gives rise to piezoelectric charges 

that modify the potential of the system. This significantly impacts the energies and the 

orientations of the confined electron/hole excited states. Like strain, the piezoelectric 

fields also penetrate deep inside the GaAs buffer. 

o Due to these long-range physical effects, one question is often asked to the 

computational physicists: how much large should the GaAs buffer around the quantum 

dots be to properly include the impacts of the strain and piezoelectric fields? A very 

large size of the simulation domain is constrained by the available computational 

resources, whereas a too small size will result in the wrong energy levels, band gaps, 

etc.  

o In this simple numerical example, I perform systematic quantum dot simulations to 

demonstrate that a quantum dot simulation domain must contain 8 millions or more 

atoms to accurately resolve the energy levels and the electronic states confined inside 

the quantum dot.     
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Quantum Dot System 
In the figure below, an InAs quantum dot is embedded inside the GaAs buffer. The quantum dot 

dimensions are roughly 20 nm diameter and 7 nm height, with the dome shape as extracted from 

the experimental TEM images. On the right side, the RT PL intensity graph is shown as measured 

in the experiment.  The ground state emission peak of the graph is at ~1265 nm.  

 

The goal of this numerical exercise is to determine the size of the GaAs box such that the 

simulation gives the correct PL peak wavelength. In the next slides, I will vary the size of the 

GaAs box and calculate the PL peak wavelength as a function of the GaAs box sizes.  

Ref: M. Usman et al., J. of Appl. Phys. 109, 104510, 2011;  

~1265nm 



Why Multi-Million Atoms, Large GaAs Buffer?  
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Size of GaAs Substrate = ‘s’ ? 

Here I assume “c” and “w” to be large 

enough to nullify their potential impact 

on the ground state energy, and vary 

only the substrate thickness  ‘s’ from 5 

nm to 50 nm. On the y-axis, the ground 

state peak wavelength is plotted. The 

experimental value is also shown by a 

horizontal dotted line for reference.  

The large GaAs buffer below the QD/wetting layer is called substrate. In experiments, the 

quantum dots are typically grown on a very large sizes of the GaAs substrate, normally of the 

order of the hundreds of nm. However, limited computational capabilities require determination 

of a minimum size of the GaAs substrate which can effectively reproduce the experimental 

measurements without compromising the accuracy.     

As the substrate thickness increases, 

the wavelength decreases and 

approaches towards the experimental 

value. Dotted blue box indicates a 

range for ‘s’ where the simulation 

value is close to the experimental 

value. Therefore the value of ‘s’ 

should be larger than ~ 20 nm.    
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Size of GaAs Capping Layer = ‘c’ ? 
After the growth process, quantum dots are covered with GaAs material which is called capping 

layer. In order to find the thickness of capping layer ‘c’, we choose ‘s’ = 30 nm (larger than ~ 20 

nm found in the previous slide), and  the lateral size ‘w’ = 60 nm (large enough to nullify its 

effects).   

The capping layer size ‘c’ is varied from 5 

nm to 50 nm and the corresponding 

calculated values of the ground state 

wavelength are plotted in the figure (right).  

The size range of the capping layer that 

gives a close agreement with the 

experimental value is indicated by a blue 

box. The minimum value for ‘c’ is 

computed as ~ 30 nm.  

The minimum size of the capping layer is 

larger than ~ 20 nm calculated in the last 

slide for the substrate thickness (s), 

because the strain fields penetrate deeper 

inside the capping layer than the substrate.  
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Lateral Size of GaAs buffer = ‘w’ ? 
After finding the values for the size of the substrate ‘s’ and the capping layer thicknesses ‘c’, we 

now move to our last design parameter to determine the size of lateral dimensions of the GaAs 

buffer, ‘w’. In the last two slides, this was assumed to be 60 nm. Here, we vary ‘w’ from 30 nm to 

80 nm and plot the corresponding calculated values of the ground state emission peak 

wavelength.   

Again, the size range  of the lateral 

dimension ‘w’ that give close match 

with the experiment is indicated by a 

dotted blue box.  

The minimum size needed is ~ 50 

nm to get the proper emission peak 

wavelength.  This is smaller than the 

size assumed in the last two slides. 



30nm 

20nm 

50nm 

~50nm 

~8 Million Atoms ! 

Total Size of the GaAs Buffer 
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By combining the results of the last three slides, we get 

following size values for the GaAs buffer: 

Substrate ≥ ~20 nm 

 

Capping Layer ≥ ~30 nm 

 

Lateral Size of Box ≥ ~50 nm 

Now, if the minimum size values are used for the 

substrate, capping layer and lateral dimensions, 

this constitutes a GaAs cubic box of the 

dimensions 50x50x50 nm3.  

The number of atoms inside this cube will be 

~ 8 million! 

This is for a single quantum dot simulation. If we want to simulate multi-layer QD stacks, the 

size of the GaAs buffer further grows and may consists of more than 25 million atoms*!  

 
*M. Usman et al, PRB 84, 115321, 2011 
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Size of the Electronic Domain? 
Finally, since the charge carriers (electron/holes) are strongly confined inside the quantum dot 

region, so one can reduce the computational cost by using different sizes of the simulation 

domains for the strain/piezoelectricity calculations and the electronic structure calculations.      

In the last slide, the size of 

strain/piezoelectricity domain is found to be 

roughly 50x50x50 nm3. Suppose that we 

have already relaxed this system and 

calculated the strain and piezoelectricity, 

now to solve the electronic structure, we can 

use a GaAs cubic box of the size 

(B+d)x(B+d)x(h+d) nm3, “d” is the 

unknown parameter that defines the extent 

of the electronic domain outside the QD. 

Let us find the value of d that results in a 

correct value of the ground state emission 

peak wavelength.  

The minimum value found for “d” is ~15 

nm, so the minimum size of the electronic 

structure domain is ~35x35x22 nm3 

containing ~4 million atoms!  
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Summary: 
 

In conclusion,  

 

The quantum dot are surrounded by the long-range strain and piezoelectric fields that 

penetrate deep inside the GaAs buffer.  

 

To properly calculate the electronic/optical spectra, the simulation domains must be 

comprised of sufficiently large GaAs buffers.  

 

The minimum size of the simulation domain for a single InAs dome-shaped QD of size 

20x20x7 nm3 is computed as 50x50x50 nm3, which consists of ~8 million atoms.  

Note: 

 

o This work was originally presented as a part of my PHD thesis at Purdue University.  

o Computational resources are provided by nanohub.org and RCAC Purdue University. 

o All simulations are performed using NEMO 3-D (http://nanohub.org/groups/nemo_3d_distribution ). 

 

For additional details about the methodologies and experiment, please see: 

 

1. M. Usman et al., J. of Applied Physics 109, 104510, 2011; 

2. M. Usman et al., Physical Review B 84, 115321, 2011; 

3. M. Usman et al., Nanotechnology 22, 315709, 2011; 

4. M. Usman et al., IEEE Trans. Nanotechnology, Vol. 8, No. 3, (2009); 

 

http://nanohub.org/groups/nemo_3d_distribution

