
  

Abstract—A theoretical existence of misfit dislocation (MD) 
and strain relaxation has been reported in compositionally step 
graded InxGa1-xN grown on the two favored planes of GaN 
using the total dislocation energy at each interface. The results 
also compared with uniform layer of In0.17Ga0.83N and 
In0.14Ga0.86N grown differently on GaN. Due to having residual 
strain and a step increase in indium (In) composition a lower 
misfit strain in upper layers and hence larger critical thickness 
at each interface has been reported. These effects significantly 
reduced the misfit dislocation from 2.6×105 cm-1 to 9.5×104 cm-1 
and from 4.0×105 cm-1  to 1.5×105 cm-1 in step-graded 
In0.14Ga0.86N(500nm)/In0.09Ga0.91N(100nm)/In0.05Ga0.95N(100nm)
/GaN layers grown on )2211(  and )0111( planes respectively 
instead of an without graded In0.14Ga0.86N (700nm)/GaN layer. 
A small residual strain of 0.0007 after 700 nm graded layer 
thickness has been reported with 87.04% strain relaxation.  
 

Index Terms—Critical thickness, burger vector, misfit 
dislocation, threading dislocation, step-graded layer. 
 

I. INTRODUCTION 
Throughout the last decade III-Nitride semiconductors 

have heen receiving much attention due to their large, direct 
band gap to create a new generation of electronic and 
optoelectronic devices. But in heteroepitaxial nitride 
semiconductors  the large lattice mismatch between layers 
and layer-substrate interface leads to degrade the quality of 
these promising material systems and hence the performance 
of their constituent devices. The process of misfit strain 
relaxation is one of the key factors for improving device 
performance. The very common mode of strain relaxation is 
the formation of misfit dislocation by bending of preexisting 
threading dislocation (TD) on basal plane [1]. The 
experimental results also proved the strain relaxation 
mechanism by formation of MD at layer substrate interface in 
case of InGaN thin film grown on m-GaN [2]. The high 
density of MD greatly degrades the device performance. So a 
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material system with low MD is highly desirable for future 
generation electronic and optoelectronic devices fabrication. 

The heteroepitaxial layers may be grown on substrate 
directly or with an intermediate buffer layer which may be 
grown with compositionally grading. A high density of MD 
has been reported for uniform composition heteroepitaxial 
layer on mismatched substrate which degrades the 
performance of the device significantly [3]. Hence from the 
very beginning, the heterosructure researchers have been 
trying to find the way of improving performance of these 
devices by reducing the MDs. The MD density may be 
decreased significantly by grading the epitaxial layer with 
different approach of compositionally grading such as linear 
grading, nonlinear grading and step grading. Most of the 
experimental work with graded heteroepitaxial layer has 
been carried out on linear and nonlinear grading [4]-[5]. 
Some authors developed reaction model for dislocation 
reduction in (0001) wurtzite epitaxial GaN thin films [6]. But 
these models are not sufficient to explain the mechanism of 
MD formation in wurtzite structure or any approach to reduce 
the MD at layer-substrate interface. Some experimental 
works have been carried out on step graded layer grown in 
different cubic material system such as SiGe/Si, 
InGaAs/GaAs and reported that this technology may be a 
promising solution for MD reduction during epitaxial growth 
[7]-[8]. A very few experimental works has been done on 
step graded wurtzite materials and they found strong 
evidence of MD reduction in InGaN epitaxial layer grown on 
GaN substrate [3], [9]. Though some mathematical model has 
been developed for cubic structure there is no such work on 
wurtzite materials for MD reduction via step grading. Thus, a 
detail theoretical study of MD formation and their reduction 
in step graded wurtzite structure is greatly needed for high 
quality material systems for future generation electronic and 
optoelectronic devices.  In this paper we have present a 
theoretical evidence of low density MD formation during the 
step increase in In composition with the thickness of InGaN 
grown on two possible planes of GaN instead of uniform 
thick single layer of InGaN. 

Different force experienced by the grown up TD has been 
calculated in different slip system in InGaN structure which 
is based on Matthews-Blakeslee balance force model 
considering the Peierls force [10]. This result showed that 
basal plane slip does not experience a shear component of 
lattice mismatch stress and only the active slip systems 

]2211[32113/1 ><  and ]0111[32113/1 ><  have 
finite value of shear stress force hence favorable for strain 
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relaxation by producing MD [10]-[11]. The misfit force is 
responsible for generation of MD which depends upon the 
degree of mismatch.  In this work we have reported that a 
lower misfit force experienced by the pre-existing TD during 
the step increase in indium composition leads to lower MD 
formation. In addition, due to having residual strain a further 
decrease in the misfit strain results in the upper layers and 
hence lower MD density has been reported. 

 

II. THEORY 

In almost all heteroepitaxial growth of interest, the 
epitaxial layer has a relaxed lattice constant which is different 
from that of the substrate. As the epitaxial layer thickness 
increases, so does the strain energy stored in the 
pseudomorphic layer. At some thickness, called the critical 
layer thickness (hc), it becomes energetically favorable for 
the introduction of MD in the interface that relaxes some of 
the mismatch strain [1]. The critical layer thickness 
developed by the Matthews-Blakeslee balance force model is 
modified to calculate the hc for each step increase in In 
composition 
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where the index i in the subscript indicates the step number 
for increasing In composition in InxGa1-xN, b is the length of 
burger vector, v is the Poisson ratio,ϕ  is the angle between 
the slip plane and normal to the film-substrate interface, θ  is 
the angle between the dislocation line and the burger vector 
and the outer and inner cut-off radii of the elastic media 
adjoining the dislocation is r0=b/2. The in plane lattice misfit 
strain for ith layer can be calculated by Eq. (2). For slip to 
occur, the slip system should experience resolved share 
component stress acting on slip plane and slip direction. The 
primary slip system (basal plane) and the prism plane does 
not experience the share component of lattice mismatch 
stress. Thus they are inactive for MD formation.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. ]2211[32113/1 ><  and ]0111[32113/1 >< plane 
orientation in InGaN structure. 

 
Srinivasan et al. estimated theoretically the appropriate 

slip systems for the misfit dislocations in InxGa1−xN crystal as 

]2211[32113/1 >< and ]0111[32113/1 >< [10]. 
Among them the first one shows greater resolve share stress 
on c-plane and hence most favorable for MD formation. Fig. 
1(a) and (b) show the two favored planes for MD formation 
in InGaN and the parameters used for calculation on both 
planes are listed in Table I. 
 
TABLE I: PARAMETERS FOR FAVORED SLIP SYSTEMS IN WUZRITE CRYSTAL 

STRUCTURE SHOWING b , ϕ AND  θ  

Possible Slip b  ϕ  θ  
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Fig. 2. The grown in dislocation elongates at the interface tocreate a length of 
misfit dislocation for (a) single  uniform layer (b) step-graded layer. 

 
Fig. 2 (a) and (b) presents the effect of compositionally 

step grading of InGaN grown on GaN in formation of MD. It 
is clear that each step increase in In composition results in 
lower MD formation from the pre-existing TD glided from 
GaN. 

In case of material with hexagonal symmetry the only 
non-zero component of biaxial misfit stress tensor and elastic 
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energy per unit area of the interface takes the form [12] 
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where cij are elastic constant and h is the thickness of the 
epitaxial layer grown on the GaN substrate.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
                                            

Fig. 3. The three coordinate system for dislocation in wuzrite structure where 
the z-axis is perpendicular to the c-plane and the dislocation line lies along 

the y-axis (a) and geometrical represantation of equally distributed 
dislocation array (b). 

 
In order to calculate the partially relaxed misfit strain let us 

consider an array of misfit dislocation be inclined by an angle 
γ from the x-axis as shown in fig. 3. The c-plane edge 
component burger vector, θϕ sincosbbc = . Let d is the 
distance between two neighbor dislocations. In such a system 
the average strain for a layer with thickness h and total three 
arrays of misfit dislocations which are simultaneously rotated 
by 60° can be calculated by Eq. (5), (6) and (7), (8) 
respectively. 
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Now the strain in the epitaxial layer is partially relaxed by 

the misfit strain. Therefore the residual strain after a 
thickness of h is 
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where, i = 1, 2, 3 …. residual strain of the first, second, third 
layer and so on. The total energy stored by the array of misfit 
dislocation in the ith layer with partially relaxed misfit strain 
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The first term of this equation is due to the strain energy 

and the second term counted for energy per unit length of an 
array of dislocation per unit area lying in the layer substrate 
interface. It is assumed that the dislocation spacing d is such 
that it minimizes the total energy, Eti. So the misfit 
dislocation density is found by differentiating Eq. (10) and 
results in Eq. (11). The layer grown upon the partially relaxed 
layer of thickness hi, will experience a misfit strain less by the 
residual strain εi of the previous layer and calculated by Eq. 
(12). 
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The misfit dislocation density ( )1+iMDρ for the (i+1) layer 

will be updated using the Eq. (11) and (12) and 
corresponding residual strain 1+iε  from Eq. (9) and the 
results takes the form as Eq. (13) and (14). The parameters 
used for different possible slip system have used from the 
TABLE I. 
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III. RESULT AND DISCUSSION 

The Matthews-Blakeslee balance force model has been 
used to calculate the critical layer thickness in each step 
graded layer. Fig.4. shows that critical layer thickness is 
inversely dependent with In composition and so the misfit 
strain. Hence a step increase in In composition leads to larger 
critical thickness at each interface. In two step-increased In 
composition layer, the critical thicknesses are found to be 
13.5 nm and 11.5 nm for x1=0.09 and x2=0.17. For three 
step-increased layer the critical thicknesses are found to be 
29.1nm, 38.6nm and 29.1nm for x1=0.05, x2=0.09 and x3=0. 
14 respectively. In case of step-graded layer the critical 
thickness at each layer has been calculated by considering the 
relative misfit stress in any layer with respect to its previous 
layer. Therefore, at each step increase composition a large 
critical thickness also ceases to rapid increase in MD which 
has been shown in Fig. 5(a) and 6(a). The same value of 
critical thickness has been considered during the growth on 
both ]2211[32113/1 ><  and ]0111[32113/1 >< slip 
systems.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Critical layer thickness over indium composition in InGaN/Gan 

structure. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Misfit dislocation (a) and strain relaxation (b) profile of 
In0.17Ga0.83N/GaN heterostructure with uniform and two step-graded InGaN 

layers on )2211( GaN. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Misfit dislocation (a) and strain relaxation (b) profile of 
In0.14Ga0.86N/GaN heterostructure with uniform and three step-graded InGaN 

layers on )2211( GaN. 
 

The dependence of MD and residual strain on step graded 
epitaxial layer is shown in Fig. 5, where we calculated the 
total MD in In0.17Ga0.83N layer grown on )2211(  GaN. A 
single layer of 600 nm In0.17Ga0.83N is compared with two 
step graded layer having 100 nm In0.09Ga0.91N and 500 nm 
In0.17Ga0.83N epilayer.  The compasrison has been made with 
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a three step-increased In composition layers of 100 nm 
In0.05Ga0.95N, 100 nm In0.09Ga0.91N and 500 nm In0.14Ga0.86N 
epilayer on )2211(  GaN are shown in Fig. 6. A significant 
MD reduction is observed in the results.  The MD has been 
decreased from 2.2×105 cm-1 to 1.6×105 cm-1 and from 
2.59×105 cm-1 to 9.5×104 cm-1 for two and and three 
step-graded structure respectively on )2211(  GaN.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 7. Misfit dislocation (a) and strain relaxation (b) profile of 
In0.14Ga0.86N/GaN heterostructure with uniform and three step-graded InGaN 

layers on )0111( GaN. 
 

The result of MD generation and strain relaxation for 
In0.14Ga0.86N grown on )0111( GaN with three step graded 
layer and uniform layer is shown in Fig. 7. For the second 
possible plane of MD generation the MD has been decreased 
from 4.0×105 cm-1 to 1.5×105 cm-1.  The physics behind this 
phenomenon in during step increase in In composition the 
grown in TDs experience a relatively lower misfit stress than 
that of single uniform composition layer. The residual strain 
profile shown in Fig. 6(b) and 7(b) confirms the evidence of 
strain relaxation by MD formation. A misfit strains of 0.0093 
and 0.0047 have been relaxed by first and second structure of 
step graded layers. 

 
IV. CONCLUSION 

A lower misfit force experienced by the pre-existing TD 

during the step increase in In composition leads to lower MD 
formation in InGaN grown on semipolar )2211(  and )0111(  

GaN. In addition, due to having residual strain a further 
decrease in the misfit strain is found in the upper layers and 
hence lower MD density is obtained. The lower MD density 
and residual strain in the upper layers as compared to the 
uniform layer make the step graded layer a superior 
technique for high performance semiconductor device 
fabrication. 
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