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From the analysis of available experimental data, we suggest a mechanism of stress relaxation in

strained (0001) InGaN/GaN layers, assuming formation of V-shaped edge-type dislocation

half-loops. An energy-balance approach is applied to estimate the critical thickness of the InGaN

layer resulting in generation of the V-shaped half-loops. The computed dependence of the critical

thickness on the InGaN composition agrees well with the literature data reported for single-layer

InGaN/GaN heterostructures. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824835]

Generally III-nitride heterostructures possess a large

mismatch stress originated from the difference in the lattice

parameters of binary compounds, GaN, AlN, and InN. The

stress influences the indium incorporation in the InGaN

alloys during their epitaxy, controls the bowing of the epitax-

ial wafers, and affects the band diagrams and polarization

charge distributions in the grown structures.1,2 In turn, the

stress relaxation produces extended defects that have a nega-

tive impact on the performance of the devices fabricated

from such structures.3,4 Therefore, understanding of the

relaxation mechanisms and conditions favorable for the

relaxation onset is of primary importance for further devel-

opment of III-nitride technology aimed at fabricating high-

quality electronic and optoelectronic devices.

It is well known that generation of misfit dislocations

(MDs) at {001}-type interface via dislocation gliding in

{111}-type planes is the principal mechanism responsible for

the stress relaxation in cubic III–V heterostructures.5 There

exists a resolved shear stress in such glide planes and the

relaxation starts as soon as the strained-layer thickness

exceeds its critical value hc that can be reasonably estimated

from the Matthews-Blakeslee model.6,7 In contrast, III-nitride

semiconductors have wurtzite crystal structure with the basal

(0001) plane, being (i) most favorable for gliding of disloca-

tions with the shortest Burgers vector b¼ a=3h1120i (Ref. 8)

and (ii) most frequently used for epitaxy of device structures.

However, biaxial stress induced in a III-nitride heterostruc-

ture grown on the (0001) plane cannot provide dislocation

gliding in the basal plane because of the absence of the

resolved shear stress. This fact suggests the conventional

mechanism of the interface MD formation due to dislocation

easy-plane glide to be out of play in the (0001) InGaN/GaN

structures. As a result, the stress relaxation in the InGaN

layers is actually observed at the thicknesses much larger

than hc predicted by the Matthews-Blakeslee model.9,10

Attempts to consider alternative gliding systems, like pris-

matic h1123i{1122} ones possessing non-zero resolved shear

stress, could not avoid the discrepancy between the theoreti-

cal predictions and available data.11

We should also note that the data on hc for the (0001)

InGaN/GaN layers exhibit a large scatter of the reported val-

ues. On the one hand, this is related to variety of techniques

used for identification of stress relaxation, including those

providing indirect information (see below). On the other

hand, hc is frequently derived from the data reported by dif-

ferent groups and for the samples obtained under different

conditions. Therefore, a careful selection of the data for com-

parison with theoretical predictions is a necessary step for

validating models of stress relaxation.

In this paper, we report on the theoretical study of stress

relaxation in (0001) InGaN/GaN layers. Based on literature

data, we have identified the most typical features of this pro-

cess and suggest a mechanism responsible for the stress

relaxation in the above structures. Theoretical model corre-

sponding to the suggested mechanism is applied to predict hc

of a single-layer InGaN/GaN heterostructure as a function of

the alloy composition.

At the first stage of the study, we have selected reliable

literature data on the stress relaxation in the (0001)

InGaN/GaN structures. The relaxation is normally studied by

various techniques, like transmission electron microscopy

(TEM),12,13 atom probe tomography,14 luminescence meas-

urements,15,16 etc. Most of them provide indirect information

and does not allow unambiguous interpretation of the data

obtained. In contrast, the X-ray diffraction reciprocal space

mapping (XRD RSM)17–19 should especially be distin-

guished, as it delivers direct information on whether a partic-

ular InGaN layer is strained or partly/fully relaxed. The

method is quite suitable for both bulk epitaxial layers and

superlattices, while its applicability to single quantum wells

(QWs) is limited only by sensitivity of the X-ray detector.

We have chosen XRD RSM as a basic technique for exami-

nation of stress relaxation in InGaN layers and determination

of their critical thicknesses.

Additional helpful information comes from TEM

images where formation of dislocations in the InGaN is

directly observable. Analysis of the TEM data has shown the

stress relaxation in (0001) InGaN/GaN to be typically

accompanied by formation of a sandwich-like structure

including a sublayer adjacent to the underlying GaN with aa)Electronic mail: mikhail.rudinsky@str-soft.com
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lower indium composition and an upper sublayer with higher

indium content. Such a structure has been repeatedly

reported for relatively thick InGaN layers (see, e.g., Refs.

14, 18, 20, and 21). The process is complicated by the devel-

opment of surface roughness with subsequent tendency to

faceting and composition fluctuations in the upper sub-

layer.18,20 A quite similar behavior was observed in compres-

sively strained InAlN on GaN, also resulting in appearance

of the sandwich-like structure.22

Another important observation coming from TEM is that

stress relaxation correlates with the formation of V-shaped

edge-type dislocation half-loops (HLs) with the Burgers

vector b¼ a=3h1120i.11,12,21,23–27 Such HLs (see Fig. 1) are

formed within InGaN layer with their wings inclined from the

c-axis toward one of the h1100i directions.25 The opening

angle of the HLs (2a) is found to vary in the range of

�30�–50�, according to available observation. The HLs are

observed in both bulk layers with relatively low indium com-

position21,26 and QWs of various compositions.23,26,27

Experiments show that at high indium contents in

InGaN layers, the density of the V-shaped dislocation HLs

may be a few orders of magnitude higher than the threading

dislocation density in the underlying GaN layer.24–26 Thus,

one can conclude from the observations that the initial

threading dislocations are not the major source of the dislo-

cation HLs generated in InGaN during the stress relaxation.

We assume the HLs to nucleate at the growth surface and

then to climb presumably in the {1120}-type planes down to

the InGaN/GaN interface. The growth surface acts as a

source of point defects necessary for dislocation climbing.

As the wings of the HLs are inclined to the (0001) surface,

they produce partial stress relaxation due to the presence of

an effective MD component. This means that the mismatch

stress in the InGaN layer is capable to produce the work

required for the HL formation.

Based on the above consideration, we suggest the forma-

tion of V-shaped dislocation HLs to be the principal relaxa-

tion mechanism in the (0001) InGaN/GaN layers. The

mechanism assumes growth of a strained layer up to the criti-

cal thickness above which the dislocation HLs start to

appear. Here, the lateral stress arising from the lattice mis-

match between InGaN and GaN is the driving force for the

dislocation climb. The dislocation loops are produced until

the stress in the InGaN layer is relieved partly or completely,

and the stress relaxation provides a higher efficiency of

indium incorporation for the further growth of InGaN.28 As a

result, an InGaN sublayer is formed with a higher composi-

tion on the top of the low-composition InGaN sublayer.

As soon as the dislocation HLs are formed, their elonga-

tion does no longer require consumption of point defects

since it may occur just in course of epitaxial growth. If the

angle a remains unchanged, like in the MQW structure cov-

ered by GaN,24 the growth is expected to produce a continu-

ously rising tensile strain in the subsequently grown InGaN

or overgrown GaN/AlGaN cap layer. The process of tensile

stress appearance due to dislocation inclination was analyzed

in Ref. 29. The strain evolution in the overgrown structures

after the stress relaxation is, in our opinion, the subject for

further experimental studies.

Appearance of a dislocation HL is frequently accompa-

nied by the basal-plane stacking fault formation next to the

apex of the loop.26 In our opinion, this is the secondary pro-

cess related to the stress concentration at the apex producing

generation of new defects.

The critical thickness hc for generation of the V-shaped

dislocation loops has been estimated from the energy-

balance approach similar to that used in Ref. 30 for the

analysis of stress relaxation in AlGaN layers by dislocation

inclination. According to this approach, the energy release

DE due to the V-shaped dislocation HL formation is

DE ¼ EHL � DWint; (1)

where EHL is the self-energy of the dislocation HL,

DWint ¼ brS is the energy release of the biaxial mis-

match stress r ¼ rxx ¼ ryy ¼ 2lemð 1þ �Þ=ð 1� �Þ to

produce the dislocation HL with the Burgers vector b
and area S; l is the shear modulus, � is the Poisson ratio,

em ¼ ðaInGaN � aGaNÞ=aInGaN is the misfit strain, while

aInGaN and aGaN are the lattice constants of the InGaN and

underlying GaN, respectively.

To evaluate the elastic energy, we use the isotropic-

media approximation. The elastic field of the dislocation

half-loop is found by integration of the fields of infinitesimal

prismatic dislocation loops (IPDLs) over the total HL area

SHL (Ref. 31)

rijðx; y; zÞ ¼
ð

SHL

rIPDL
ij ðx; y; z; x0; 0; z0Þq dx0dz0; (2)

where rIPDL
ij are the components of the stress tensor of a sin-

gle IPDL in a half space, ðx0; 0; z0Þ are the coordinates of the

IPDL, q ¼ 1=DS is the density of the IPDLs, and DS is the

area of the single IPDL. The elastic self-energy EHL is then

determined by a proper integrating of the HL elastic field.

Numerical solution of the equation DE ¼ 0 provides the crit-

ical thickness hc.

The Poisson ratio � is averaged over all the directions in

the wurtzite crystal.32 Variation of the Poisson ratio with the

layer composition appears to have a negligible effect on the

overall result, thus, we have taken �¼ 0.24, corresponding to

the InN molar fraction of 0.1. The dislocation core radius Rc,

accounting indirectly for the core energy in a conventional

way, is chosen to be equal to b/2, as this value has been

proved to provide quite reasonable predictions for semipolar
FIG. 1. Schematic view of a V-shaped edge-type dislocation half-loop with

the Burgers vector b.
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and nonpolar III-nitrides structures.32 The opening angle 2a
remains a free parameter in our model to be determined from

experiments.

Figure 2 compares the computed hc as a function of

InGaN composition with the data obtained by the most in-

formative characterization techniques described above. Here,

most of the experimental have been selected by satisfying

two criteria: (i) observation of a transition from stressed to

relaxed state of InGaN confirmed by XRD RSM and (ii) ob-

servation of extra V-shaped edge-type dislocation HLs con-

firmed by TEM. The InGaN composition of the sample

studied in Ref. 23 was corrected by comparison of its emis-

sion spectrum with those reported in Ref. 24 for the samples

with well-known compositions. We also add to Fig. 2 the

data by Reed et al.15 obtained by luminescence technique, as

they cover the low-composition region and are consistent

with other measurements in the middle-composition region.

The computational results corresponding to variation of the

angle a from 15� to 25� are shown in Fig. 2 by the gray

shadow. The model provides quite reasonable agreement

with the measurements in the range of the InxGa1�xN com-

position x � 0.15–0.30, while the experimental hc are larger

than the computed ones by a factor of �1.3–2.0 at x< 0.15.

The above discrepancy can be attributed in part to neglecting

interference of the elastic fields of the neighboring HLs that

start to intersect with each other in thick InGaN layers.

Computations for x> 0.3 are also possible but require

selecting another Rc value, different from the presently used

b/2, since the solution to the equation DE ¼ 0 does not exist

at the chosen core radius. At x> 0.3, both the theory and

available data predict hc to be less than �2–3 nm, which are

typical widths of the QWs emitting green light. This means

that the strained InGaN QWs may become unstable at such

InGaN compositions. To understand better the stability of

strained InGaN/GaN layers at high InGaN compositions,

atomistic simulations would be helpful.

The nature of HL opening and the factors that may

affect the value of the opening angle still remains obscure.

By now, we could not find from the reported data any corre-

lation between the angle, parameters of the InGaN layer

(composition and thickness), and its growth conditions (tem-

perature, growth rate, etc.). So, further in-deep analysis,

involving existing and newly appearing experimental

information, is required to establish possible correlations.

One more question for the further analysis is whether the

{1120}-type planes are the unique ones for the climb of the

V-shaped HLs or other planes may be involved, too.

To conclude, we have suggested a mechanism of stress

relaxation in (0001) InGaN/GaN heterostructures via forma-

tion of V-shaped edge-type dislocation HLs. This mecha-

nism is consistent with the main experimental findings

demonstrating, in particular, that (i) such HLs are generated

at the growth surface and frequently penetrate down to the

InGaN/GaN interface, as shown by TEM, (ii) they are re-

sponsible for the stress relaxation, as demonstrated by XRD

RSM, and (iii) they have the Burgers vector b¼ a=3h1120i
as it follows from TEM. In contrast to the conventional

mechanism of stress relaxation assuming the interface MD

formation, the suggested mechanism implies a feasible non-

zero resolved normal stress to provide the climb of the HLs

in the m-plane of the wurtzite crystal. Since the climb

requires consumption of point defects that may come from

the growth surface, the stress relaxation is expected to be

enhanced at high InGaN growth temperatures.

Calculations of the critical thicknesses of InGaN layers

corresponding to the V-shaped HL formation have been car-

ried out by using the energy-balance approach. The depend-

ence of hc on the InGaN composition obtained in such a way

is in reasonable agreement with the selected data reported

for single layers of various compositions.

Among the model applications, we can outline both pre-

dictive determination of the critical thicknesses that would

enable more accurate design of green-light emitters free of

stress relaxation and modeling of thick InGaN epitaxial

growth with the account of possible stress relaxation.

A.L.K. and A.E.R. were in part supported by RFBR

Project No. 12-08-00397a.
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