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Executive Summary 
 
 

The object of this report is the 3D calculation and analysis by TIBER and TNI-UCC in task 
6.1 of the strain distribution and electronic structure of axial nanowires, combining atomistic 
and continuum models.  Simulations have been performed by implementing a linking 
between electronic models at atomistic level developed at TNI-UCC and continuum models 
developed at TIBER. The structures modelled are based on axial (In,Ga)N/GaN nanowire 
LEDs from PDI. Results for the emission wavelengths of the modelled LEDs are compared 
with experiments, yielding a qualitative agreement. 
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1 Introduction 
The  activity described in this report has been  performed in  the  context of WP6, whose aim 
is to  validate the theoretical tools developed and the parameters obtained in  WP2 and 
WP3, focusing on nitride-based nanostructures. In particular we report here on the results 
obtained by implementing a linking between electronic models at atomistic level and 
continuum models, for the calculation of strain distribution and electronic structure of axial 
nanowires.  
 
To establish this linking, parameters for composition dependent band gap and band edge 
bowing have been extracted by TNI-UCC through a tight-binding code including the local 
polarization theory. Then, the obtained set of material parameters has been implemented in 
the TiberCAD tool developed at TIBER, to  perform 3D continuum-level simulations  based 
on experimental data for axial (In,Ga)N/GaN nanowire LEDs  heterostructures provided by 
PDI. Strain and electronic properties of these nitride devices have been obtained and 
simulations have been compared to experiments.  
 
The report is organized as follows. In Sec. 2 the simulation models used, as well as the 
parametric linking established, are described. After a brief description of experimental input 
in Sec.3, the results of simulations with TiberCAD are presented and discussed in Sec. 4. 
Finally, in Sec.5 our work is summarized. 
 

2 Simulation   Models 
Simulation work  for  the  analysis of nanowire (NW)  LEDs has  been  performed  with  two 
different  tools, combining continuum and  atomistic models to  implement a multiscale 
linking. For the  alculations at continuum  level  performed by  TIBER,  the TiberCAD tool, 
developed  by TIBER was  used. For atomistic calculations, the tight-binding code developed 
by TNI-UCC has been employed.  In the following a brief description of the two approaches 
will be provided. 
 

2.1 Continuous media models for strain, transport and electronic structure  

TiberCAD [1] provides an integrated multiscale and multiphysics simulation environment 
capable of coupling different models on different scales, ranging from macroscopic to 
atomistic representations, in a unified and consistent way.  In particular we focus here on the 
continuous media models for calculation of strain, transport and electronic structure. 
 
It is  well  known that a correct description of the strain profile is mandatory in order to obtain 
a realistic description of optoelectronic properties in nanostructured semiconductor devices. 
In particular this is true in nitride heterostructures, where strain not only shifts the conduction 
and valence band edges [2], but also determines the piezoelectric fields inside the 
nanostructure, which largely affect the device behaviour. 
 
In TiberCAD, the calculation of strain in lattice-mismatched heterostructures is based on 
linear elasticity theory of solids [3], assuming pseudomorphic interfaces between different 
materials. This approach is suitable from a computational point of view, and the results can 

be easily included in a k·p model [4]. We assume small deformations so that strain can be 

considered as a linear function of deformation and the Hooke law can be used to relate 
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stress to strain. The strain and deformation fields are found by minimizing the elastic energy 
of the system. As a result, we obtain the strain tensor at any point of the structure, the shape 
deformation, and the piezoelectric polarization, which, to first order, depends linearly on 
strain. 
 
Transport of electrons and holes is treated In TiberCAD in a semiclassical picture based on 
the drift–diffusion model. The particle fluxes are written in terms of the electrochemical 
potentials. The carrier statistics are given by Boltzmann or Fermi–Dirac statistics, assuming, 
as usual, local equilibrium. The conduction and valence band edges and effective masses 
are obtained from bulk k·p calculations, which include the local corrections due to strain. The 
standard models for Shockley–Read–Hall (SRH) and radiative recombination are 
implemented. 
 
Quantum mechanical models based on the envelope function approximation (EFA) [4], [5] 
are used for the calculation of eigenstates of confined particles in nanostructures. The 
Hamiltonian of the system is constructed in the framework of single-band and multiband k·p 
theory [4]. The single particle wave functions are expanded in terms of bulk Bloch functions 
(usually taken at the zone centre k = 0 for direct band-gap materials) of the constituent 
materials, leading to a system of equations for the envelope functions. The solution of the 
eigenvalue problems resulting from the EFA models provides the energy spectrum, the 
particle densities, and the probabilities of optical transitions. 

2.2 Empirical tight-binding (ETB) model 

As discussed above, material parameters, such as the band gap variation with composition, 
are of central importance for calculations by means of k·p theory. To gain insight into the 
composition dependence of the band gap  and band edge bowing parameters, TNI-UCC  

performed tight-binding calculations on 12,000 atom InGaN supercells, assuming a random 
distribution of the In atoms in the cells.  
 
The tight-binding code, including the  local polarization theory, has been developed by TNI-
UCC  in WP2, using input from the density functional theory (DFT) data also calculated in 
WP2. For the InGaN supercells the In content has been varied over the full composition 
range and the calculated band gap energy has been compared with experimental and DFT 
data, showing an excellent agreement between  the different approaches. This allowed us to 
extract composition dependent band gap and band edge bowing parameters that we use 
here as input for k·p calculations to mimic atomistic effects arising from random alloy 
fluctuations. For full details on the here summarized tight-binding calculations we refer to 
deliverable D2.3. 

2.3 Parametric  linking 

For the simulations of NWs, a parametric multiscale linking has been implemented which 
consists in employing in higher level continuous media simulations material parameters 
extracted from first-principle atomistic calculations. 
 
In particular we focused on the composition dependent values  of band gap and conduction 
and valence band edges  bowing parameters for InGaN alloy obtained  by TNI-UCC  from 
ETB  bulk calculations. The choice of an accurate value of the energy gap Eg and of the 

band offset EVB for a given alloy concentration of the LED active region is of fundamental 
importance for the modelling of the device properties.  
 
Usually, the dependence of Eg on the concentration x in an alloy is described by a quadratic  
function in x, given  by  

 Eg = xEg 
InN

 +  (1-x)Eg 
GaN 

–
 
 b(1-x)x 
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where Eg
InN  and Eg

GaN are the energy gaps of InN and GaN  respectively and b is the bowing 

parameter. 

 

x(In) 5% 10% 15% 25% 35% 50% 65% 75% 85% 

b(eV) 2.77 2.6 2.42 2.28 2.13 1.94 1.82 1.78 1.82 

bVB(eV) -1.03 -1.04 -0.99 -1.02 -1.0 -1.02 -0.97 -0.97 -1.04 

bCB(eV) 1.74 1.56 1.43 1.26 1.13 0.92 0.85 0.81 0.78 

Table 1: Calculated composition dependence of bowing parameters for band gap, conduction 

and valence band edges in InGaN 

 
Similarly, we can express the behaviour of conduction band (CB) and valence band (VB) 
edge as a function of the In content x. These quantities are also of great interest for the 
design of InGaN/GaN based optoelectronic devices, since the CB and VB edge energies in 
InGaN affect the confinement energies of electron and hole wave functions. Here, to 
calculate the bowing parameters bCB(x) and bVB(x) for the CB and VB edges, respectively, 
we use 

ECB = x(Eg 
InN

 +E VB) + (1-x)Eg 
GaN 

–
 
 b

CB
 (1-x)x

EVB = xE VB -
 
b

CB
 (1-x)x 

where ECB and EVB are the CB and VB edges, respectively. The VB offset is denoted by EVB 
and is obtained  from HSE-DFT calculations in Ref.6. Commonly, the band-gap bowing 
parameter of InGaN is assumed to be composition independent [7]. However, as discussed  
above, ETB calculations for random alloy supercells  performed at  TNI-UCC showed a 
strong composition dependence  for the band gap and band edge values in InxGa1-xN.  The 
resulting band-gap bowing parameters, together with the analogous bowing parameters for 
the valence and the conduction band edge are reported in Table 1. From this table it can be  
seen that, while bVB is almost composition independent, bCB varies significantly with x. 
Consequently, the composition dependence of the band-gap bowing b arises mainly from 
the composition dependence of the CB edge.  
 
Figure 1  shows  the alloy composition dependence of the band gap of bulk InGaN 
calculated using the composition dependent bowing parameters from table 1. For  
comparison, the band gap obtained with a constant bowing parameter, equal to 1.4 eV [7] is 
shown. It turns out that the composition dependent bowing yields a significant decrease of 
Eg  (~150 meV in the range of x = 20-30%).  
 
The band-gap and band edge bowing  parameters described above have therefore been 
implemented in the material database of TiberCAD.  Thus it has been possible to perform 
calculations at  a continuum level for transport and electronic structure, by  incorporating the 
information extracted at  atomistic  level. In fact the  implementation of  TiberCAD code 
allows to make use in simulations of the correct  value of  material  parameters of   a 
semiconductor  alloy  material, by combining the database entries of  the pure components 
of the  alloy. This combination may be a linear interpolation, following Vegard’s rule, or may 
include a non-linear effect; in the latter case a second term, the bowing parameter, is used  
to account for the curvature of the material parameter as a function of composition. 
By  choosing for InGaN the relevant values  of  the  bowing parameters reported in Table 1, 
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respectively for  each value of indium composition,  simulations have  been  performed  with 
a composition dependent value of  the band gap. 
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Figure 1: Eg alloy  dependence for bulk InGaN: comparison between a constant bowing [7] and a 

concentration dependent bowing  extracted from TB calculations at TNI-UCC. 

 

3 Experimental input 
Most of the experimental input provided by PDI was described in deliverable D6.1 (see 
Fig.2). In summary, typical nanowire ensembles with axial (In,Ga)N/GaN heterostructures 
exhibit pronounced wire-to-wire fluctuations in In content, thickness of the (In,Ga)N 
inclusions (approximated as quantum wells), and emission wavelength. Nevertheless, for 
three different series of samples the correlation between the ensemble average of the 
emission characteristics (intensity and wavelength) and the microstructure (In content and 
well width) was established.   
 
In addition, fully processed LEDs based on nanowire ensembles were analyzed. The 
average In content in the quantum wells of these samples was estimated to be (25±10)%. As 
already observed by photoluminescence and cathodoluminescence spectroscopy, the 
electroluminescence varies both in intensity and wavelength across the nanowire ensemble. 
Also, the evolution of the ensemble electroluminescence spectrum with increasing total 
current was measured, and a blueshift was found. For the interpretation of these 
measurements it has to be taken into account that the ensemble LED consists of very many 
nano-LEDs, i.e., single nanowires that are contacted in parallel. However, experiments 
showed that not all the nanowires of the ensemble actually emit electroluminescence, which 
can largely be explained by variations in the local contact properties. Thus, the actual current 
flowing through an individual nanowire of the ensemble LED could be determined only within 
one order of magnitude.  
 
In further special measurements single or few nanowires of the ensemble were contacted in 
a scanning electron microscope by a microprobe. Still, it is not clear whether this method 
really allows the determination of single nanowire properties. Nevertheless, these 
experiments showed that the range of currents per nanowire is rather in the range of tens 
than hundreds of nA. 
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Figure 2  Schematic of the experimental GaN nanowire LED structure. 

 

4 Results of simulations  with  TiberCAD 
Within the TiberCAD tool  a  full  3D model of  a  single  InGaN/GaN NW LED of the 
experimental ensemble described above has  been  designed and  simulated. 
 
The NW is composed of a multi-quantum-well (MQW) structure of four quantum disks (QD) 
with an In content of  (25 ± 10)% and a width of (3 ±1) nm, separated by  8 nm-thick GaN 
barriers (see Fig.3), grown on top of a long Si-doped GaN bottom segment. The last QW is 
immediately followed by a Mg-doped Al0.15Ga0.85N electron blocking layer (EBL) with a 
nominal thickness of 13 nm. Finally, a p-doped GaN cap layer is present.  
 
3D calculations of strain maps, IV  characteristics and quantum states  in  the  QDs at  
different values  of  bias   have  been  performed. Based on  the  latter, peak emission 
energies have  been  studied, as  a  function of the In  content  and of  the applied bias. 
 

 

 

Figure 3:  Model structure of the simulated NW LED 
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The composition dependent band-gap bowing parameters shown above have been 
implemented in the material database of TiberCAD and used for all the calculations.  
For a comparison, simulations have been performed with a fixed bowing parameter [7] for 
band-gap and band edges composition dependence. 
 

4.1 Strain maps 

Within TiberCAD, elasticity models have been applied to the NW structure to yield strain 
maps and piezoelectric polarization [8]. Effects of strain on band edges have been included 
through deformation potentials from [9] and [10]. 
 
Calculated strain maps  show (see Fig.4)  that  a  compressive  strain  is  present  in the 
InGaN QDs, due to the mismatch between the InGaN and  GaN  lattice  constants. In  Figs. 

4 and 5, the  xx  component of the  strain tensor inside the NW  is shown, respectively  for  a  
InGaN QD  with  10% In content and for  a QD  with 30% In content. Increase  of  the strain 
magnitude  with In  content is  clearly  visible. Moreover, a  higher compressive strain is  
present in  the EBL layer,  due to  the  higher  lattice  mismatch of the AlGaN barrier  
material. 
 

 
 

 

Figure 4:  Strain maps for a NW with  10 % In content in InGaN  QDs: at  left,  xx  component of the  

strain tensor inside the NW, on a slice along the growth direction; at  right,  xx  strain component on a 
xy plane orthogonal to the growth direction.  

Relaxation of  strain  towards the lateral surfaces is  clearly visible from Figs.4 and 5 at  
right, where  the strain on a  slice of the NW inside a QD, on  the  xy  plane  orthogonal  to  

the  growth direction is  shown. The xx component of the strain tensor inside a  QD  is going  
to  vanish along the x direction towards the lateral surface. 
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Figure 5:  Strain maps for a NW with  30 % In content in InGaN  QDs: at  left,  xx  component of the  

strain tensor inside the NW, on a slice along the growth direction; at  right,  xx  strain component on a 
xy plane orthogonal to the growth direction.  

Finally, in  Fig. 6 the strain  profiles along the  growth direction (z-axis) in  the  centre of  the  
NW are  reported,  respectively  for 10% In (left) and  for  30% In content (right). It  can  be  
seen that the AlGaN EBL layer induces a slightly higher compressive strain  in the  QD close 
to the EBL. Moreover, strain in the  EBL  results  to  be  a  tensile one,  due to the lower  
lattice constant of AlGaN  with  respect  to the GaN  reference  lattice. 
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Figure 6: Strain tensor components  along  the  growth direction (z-axis)   for a NW with  10 % (left) 
and 30%  (right) In content in the QDs. 

 

4.2 Drift-diffusion calculations 

Transport calculations have been performed for a single NW LED structure, modeled by 
means of the TiberCAD drift-diffusion model described above. The model includes the 
effects of strain on the band edges and both spontaneous and strain-induced piezoelectric 
polarizations present in this nitride NW structure. 
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Figure 7:  Calculated I-V  characteristics for the model NW LED with  different values  of  In content,  
from 20% to 35%. 

An increasing bias has been applied to the contacted LED structure to calculate the I-V 
characteristics (see  Fig.7).  Threshold voltage is decreasing with increasing In content due 
to the reduction of band gap in the QDs. In Fig.8 the conduction and valence band profiles in 
the centre of the NW along the growth direction are shown at left for a bias above the 
threshold voltage, while at right the electron and hole densities show peaks corresponding to  
the QD positions. 
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Figure 8:  Calculated conduction and valence band profiles (left) and particle densities (right)  in  the  
simulated NW  LED along  the  growth direction (z-axis), for a bias above  the  threshold voltage 
 (x(In) = 10%) 

4.3 Quantum  calculations   

Quantum calculations have been performed using an Envelope Function Approximation 
(EFA) framework based on a 6x6 k·p  model for the valence bands and a single band model 
for  the conduction band. The calculations provided eigenstates and eigenfunctions for  
several bias points of the NW-LED structure. 

https://www.google.it/search?q=diode++threshold++voltage&tbm=isch&tbo=u&source=univ&sa=X&ei=y32KVfz2GYfkyAPV84HQBA&ved=0CDwQsAQ
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In Fig.9 the electron (left) and hole (right) ground state wavefunctions in a QD for 10% In 
content are shown, in a plane orthogonal to the growth direction. Both the states are clearly 
confined in the middle of the QD. 

 

  

 

Figure 9:  Calculated electron (left) and hole (right) ground state wavefunctions  in a QD for 10% In 
content, shown on a xy-plane orthogonal to the growth direction. 

Figure 10 shows the same quantum states in the QD, on a yz-plane. The spatial separation 
of the states is due to the polarization fields present in the NW QD. 

 

 

Figure 10:  Calculated electron and hole ground state wavefunctions  in a QD for 10% In content on a 

yz-plane showing the spatial separation of  states due  to  polarization fields in the NW QD. 

 

4.4 Study of peak emission energies  

From the quantum calculations, the ground state transition energy in the NW has been 
obtained for several In concentrations in the range of 10 - 30%. In Fig. 11 the     
corresponding peak emission wavelengths are reported for several current levels in the NW-
LED. Results show a redshift of emission wavelength with increasing In content (from 410 to 
560 nm for x = 10 - 30%)  and a blueshift  for increasing values of the current flowing in the 
LED. The first behaviour is expected since it is due to the decreasing band gap in the InGaN 
alloy for an increasing In fraction.   
 
The latter blueshift effect is also expected, and can be attributed to the reduction of the 
Quantum-Confined Stark Effect (QCSE) due to the increasing screening of polarization fields 
with increasing number of free carriers in the device. This screening effect is more evident 
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for higher In concentration, where polarization fields are higher (peak wavelength decreasing 
from 579 to 563 nm for I = 3 - 27 nA at  x(In)=30%). 
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Figure 11:  Indium composition dependence of the calculated emission wavelength  for a single NW 
at different current levels. 

This effect is clearly visible in Fig.12 where the calculated peak emission wavelengths are 
shown as a function of the current flowing in the NW LED for In concentrations between 20 
and 30%. In Fig.12 the calculated emission wavelengths are compared with experimental 
data extracted from EL optical spectra obtained by PDI and described in D6.1.  
 
As discussed above the actual current flowing through an individual nanowire of the 
ensemble LED could be determined only within one order of magnitude. The estimation of 
the current level used here for a comparison with calculations is thus just a reasonable 
assumption. 
 
However, from Fig. 12 a qualitative agreement of the calculated peak emission wavelengths 
with experiment can be found for a nominal 30% In concentration, suggesting an average In 
content in the experimental QDs close to the estimated one of (25±10)%. Moreover, the 
blueshift trend with increasing current obtained  in the calculations  is similar to that found   
in the experimental electroluminescence spectra,  due to  screening of the polarization fields 
for higher currents in the NW. 
 
Finally, in Fig.13 the peak emission wavelengths obtained for x(In)=30% with the 
composition dependent band-gap and VB edge bowing parameters  are compared  with the  
results obtained from calculations which make  use of  a constant bowing parameter for Eg 
[7],  while  keeping  all the  other material parameters unchanged in the  simulation. 
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Figure 12:  Dependence of calculated peak emission wavelength on current flowing in the NW-LED 
for different In concentrations, compared with experimental results from PDI. 
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Figure 13:  Dependence of calculated peak emission wavelength on current flowing in the NW-LED 
with x (In) = 0.3, for two different choices of InGaN band gap  bowing parameters  and compared with 
experiment. 

Fig.13 shows a large effect of the composition dependent bowing parameters on the ground 
state emission energies. The emission wavelength is increased by ~40 nm (~150 meV), with 
respect to the result obtained with a constant bowing, yielding values much closer to 
experiment.  
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5 Conclusions 
We have described in this report the establishment of a linking between electronic models at  
atomistic level and continuum models for the  calculation of strain distributions and electronic 
properties of InGaN axial nanowires. To accomplish this target, parameters for composition 
dependent band gap and band edge bowing have been extracted by TNI-UCC and 
implemented in the material database of TiberCAD.  
 
A qualitative agreement has been obtained between experimental and simulated data, 
attesting the importance of a correct set of material parameters, in particular regarding the  
alloy composition dependence.   
 
At the same time, it has to be taken into account that both types of data are susceptible to 
substantial uncertainties. The experimental data are average values for nanowire 
ensembles, and these ensembles exhibit pronounced wire-to-wire fluctuations. Moreover, 
the current flowing through an individual nanowire of the ensemble LED is known only within 
one order of magnitude. On the other hand, the choice of other material parameters such as 
deformation potentials may have an important influence on simulation results.   
 
To improve  the validation of transport and electronic  modelling of  nanowire LEDs, 
significant efforts will be dedicated  in the second half of the project to provide experimental 
samples consisting  of  single nanowires with only a single (In,Ga)N insertion. 
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