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Pinholes, Dislocations and Strain Relaxation in InGaN
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We analyse by means of transmission electron microscopy (TEM) and atomic force microscopy
(AFM) the strain relaxation mechanisms in InGaN layers on GaN as dependent on the In content. At
the experimentally given thickness of 100 nm, the layers remain coherently strained, up to an In
concentration of 14 %. We show that part of the strain is reduced elastically by formation of
hexagonally facetted pinholes. First misfit dislocations are observed to form at pinholes that reach
the InGaN/GaN interface. We discuss these results in the framework of the Matthews-Blakeslee
model for the critical thickness considering the Peierls force for glide of threading dislocations in
the different slip systems of the wurtzite lattice.

1 Introduction 2 Experiment

The growth of misfitting heteroepitaxial layers generall Three InGaN/GaN single heterostructures were grown
g g P yers g yby MOVPE. Figure 1 shows a schematic of the layer

s influenced by processes thqt relax the built-up S'trams'tructure. (0001)-SiC was used as a substrate, and an
Well known are misfit dislocations that form beyond a

itical | hick ; lasti | . AIN layer and a GaN layer of a total thickness of about
critical layer thickness for plastic relaxation. However, | um were used as a buffer layer. On top of that, 100 nm

also at smaller thicknesses, elastic relaxation may tak@i -, |nGaN layers with In contents of 6 %, 8 % and
place by formation of sinusoidal undulations, islands; 4 o were grown. The growth temperatures for the AIN
and/or pits [1], [2]. For many optoelectronic devices|ayers1 the GaN layers and the InGaN layers were
like single or multiple quantum wells however, two- 1100°C, 1000°C and 78CC, respectively. Trimethyla-
dimensional, pseudomorphically grown structures argminium (TMAI), triethylgallium (TEGa), trimethylin-
required. Thus, the limits of lattice mismatch and thick-dium (TMIn) and ammonia (N§ were used as
ness must be known. precursors for Al, Ga, In, and N, respectively.

In this work, we analyse the strain relaxation mecha- The In concentrations of the InGaN layers were
nisms that occur in the system InGaN/GaN (0001). wéneasured by X-ray diffraction (XRD) using (0002)
will find that, as a consequence of glide geometry andocking curves, taking into account the pseudomorphic
high Peierls forces, plastic relaxation hardly occurs3"OWth of the layers as observed by TEM. For surface

Thus, elastic relaxation is expected to dominate, and V\)fgvestlggtlons, a Park Sg'?m'f'c tln?trun;ent_?anTlg
will exemplify that pinholes [3], [4], [5], [6] (pits in the OC& MICrOSCOPE was used in contact mode. st

. . .. _jes were carried out with a Philips CM 20 operated at
shape of open inverted pyramids) take part. In additio ) .
) . .. _.200 keV accelerating voltage. For the preparation of
in the case of pinholes as deep as the heteroepltaxu?

InGaN laver. str ncentration at th % of the pin- M cross-sectional samples, the following techniques
an layer, stress concentration at the apex ot In€ pifyq o e polishing on diamond coated polymer foils,
holes leads to limited formation of misfit dislocations in

S X ) dimple grinding and polishing with diamond paste, and
the heteroepitaxial interface, i. e. in the basal plane &5y argon ion milling down to electron transparency.
the wurtzite lattice. We show that these deep pinholes

are the only source of misfit dislocations up to the inves3 Results
tigated InGaN layer thickness of 100 nm and within then the following, we first give experimental evidence of
investigated range of In concentrations (up to 14 %). predominantly pseudomorphic growth of the InGaN lay-
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ers within the given range of thicknesses and In concert1 Elastic Relaxation
trations. Then, results are presented showing that in therom these results we conclude that one of the conse-
sample with the highest In content certain pinholes alsquences of pinhole formation is elastic relaxation of
serve as nucleation sites for misfit dislocations. strain, as illustrated by the schematic in Figure 9. On the
Figure 2 shows an AFM image of a 2 yud surface  left, a fictitious situation with rigid lattice planes in the
area which is typical of the samples. The smooth surfacécinity of a pinhole is shown. In Figure 9 on the right,
indicates step-flow growth mode. The black dots repreelastic relaxation is illustrated. Part of the misfit strain
sent homogeneously distributed pinholes with a densitynay be reduced by this mechanism. Two-dimensional

in the range of 1Dem2. They are about 50 nm in diam- finite-element calculations of pit-like structures show

eter. Figure 3 shows the pinhole density as a function dhat such pits may efficiently reduce strain by elastic
the In content. With increasing In concentration andélaxation [7].

therefore increasing misfit, the pinhole density4.2 Plastic Relaxation
increases. In order to understand the absence of misfit dislocations
The pinholes lie within the InGaN layer, as can bewe first consider glide of threading dislocations as a
seen from Figure 4, showing a TEM cross-sectionapotential source of misfit dislocations according to the
sample, with the InGaN/GaN interface indicated by horMatthews-Blakeslee model [8]. A schematic illustrating
izontal bars. In the sample with the lowest In content, nghis mechanism is shown in Figure 10. It will be shown,
misfit dislocations are present in the interfacial plane. Ahowever, that the potential slip systems are inoperative
higher In content, the contrast at the apex of the pinholeand that, in accordance with the experimental results,
reveals high stress there (see arrows in Figure 5). In thigisfit dislocations do not nucleate by this mechanism.
figure, the InGaN layer can be revealed by Z-contrast. For our considerations, we take into account three
The layer is pseudomorphic, i. e. no misfit dislocationdorces acting on a threading segment in the heteroepitax-
can be observed at the InGaN/GaN interface. This alsi@l InGaN layer [8], [9]:
holds for large parts of the sample with the highest In
content. Moreover, homogeneous nucleation of misfit Foo—F L F
dislocations by formation of dislocation half-loops at wigflt " linetendon | © Peierls
the layer surface is not observed in our samples.

Misfit dislocations exclusively appear in the sample ~ The driving shear forceyfss; due to the misfit is
with the highest In content at pinholes that are as deegounteracted by a forcg,fz iensiondue to the line ten-
as the heteroepitaxial layer and therefore reach the hetgion of the misfit segment deposited in the interface, and
roepitaxial interface (see Figure 6). the Peierls forcedgiers acting on the threading seg-

In all samples, a high density of threading disloca-ment. Details about these forces are given in Appendix

tions in the range of P&m? is present (e. g. Figure 4 1. It is important to note here that the Peierls force is
and Figure 5). A large part of the pinholes are attachegtrongly dependent on the ratio of the spacing d of the
to these threading dislocations, while another part arélip plane and the length b of the Burgers vector, see
not related to any dislocations (see Figure 7). Threadingable 1 and Table 2, respectively. It is this force that
dislocations that end at pinholes exhibit a Burgers vectdinakes the potential slip systems inoperative.

with a c-component, most of them are of mixed (a+c) The slip systems to be expected in the wurtzite struc-
type (see right part of Figure 8). In contrast, pure a-typ&ire are shown schematically in Figure 11, with the
threading dislocations end at the general sample surfag@sal plane being parallel to the heteroepitaxial inter-

@

and do not end at pinholes. face. In Figure 12, the Peierls forces acting on disloca-
tions in these slip systems are compared. A large Peierls
4 Discussion force is expected in slip systems with a large Burgers

From our analyses of the InGaN/GaN (0001) system, w¥€ctor, <0001> (c-type) or 1/3<132 (mixed or (a+c)
obtain the following results: type), whereas a comparably small Peierls force is

: . . expected in those with the smaller 1/3<Q%2Ja-type)
i) InGaN/GaN layers at a given thickness of 100 nturgers vector.

i isfit di i n In concentra- .
remain free of misfit dislocations up to a concentra However, some slip systems can be ruled out as

1 0,
.t'lon of 14 /°'_ _ _ o _ sources of misfit dislocations, simply because they do
i) The density of pinholes increases with increasing Inot provide a component of the Burgers vector lying in

content. the interfacial plane. This is true for all slip systems with
i) Misfit dislocations form at pinholes that reach the c-type Burgers vector (schematic A in Figure 11). Those
heteroepitaxial interface. with the slip plane being at right angles with the inter-
2 MRS Internet J. Nitride Semicond. Res. 3, 39 (1998).
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face are inoperative, because there is no driving sheéne (0001) plane that may cause activation and glide of
force acting on such a slip plane ((I#2and {1010}  dislocations in the 1/3<102||{0001} slip system (The
planes in schematicA in Figure 11). The 1/slip systems with a large Peierls force discussed before
3<11D>||{1011} slip system would produce pure screw are still inactive.). The activated system, while not rele-
dislocations in the interface (schematic C in Figure 11)vant in the context of the Matthews-Blakeslee model,
Thus, the only remaining slip systems potentially avail{provides dislocations that immediately serve to reduce
able as sources of misfit dislocations according to théhe misfit with the edge component of their Burgers vec-
Matthews-Blakeslee model are those with a mixedors. From Figure 11 and Figure 12 it can be deduced
Burgers vector and inclined slip planes (schematic Bvhy the dislocations glide easily: On the one hand, they
and C in Figure 11). However, as an experimental facgxperience a driving shear force due to the misfit and
the slip system with a {122 slip plane (schematic B in due to the stress concentration at the apex of the pin-
Figure 11) is inoperative for all In concentrations. In thisholes. On the other hand, the Peierls force on the {0001}
case, the smallest d/b ratio results in a high Peierls forqgdane is one of the smallest to be expected in the wurtz-
(see Figure 12) that exceeds the driving force for all Inte structure.
concentrations.

For the remaining 1/3<182||{1011} slip system, > Summary
the calculated critical thicknesg oif the InGaN layer as In conclusion, relaxation of misfit strain in the hete-
a function of the In content is shown in Figure 13. Forroepitaxial InGaN/GaN system has been investigated
the calculation of the three curves on the right, thregising TEM and AFM. It was shown that InGaN layers
cases with a growing edge component of the threadingrow predominantly pseudomorphically up to the exper-
segment have been taken into account: a pure screw typaentally given layer thickness of 100 nm and In con-
threading segment, a threading segment running straighentrations of up to 14 %. We detect an increase of the
in the slip plane, and a segment with a large edge confinhole density with increasing In content of the InGaN
ponent. For the given range of In concentrations, wéayer and propose a model of elastic relaxation at pin-
obtain values of the critical thickness that are by faholes. Application of the Matthews-Blakeslee model
larger than the experimentally given layer thickness oféveals, in accordance with the experimental results, that
100 nm. For comparison, another curve is shown wher@isfit dislocations do not form by glide of threading dis-
the Peierls force has been neglected, illustrating its enotocations. Threading dislocations that are attached to
mous influence. pinholes always have a c-component Burgers vector,

It was shown that TEM analyses of the threadingnost of them are of mixed (a+c) type. In the sample
dislocations in our samples reveal the presence of dislavith the highest given In content of 14 %, however,
cations with mixed Burgers vector (Figure 8). They aredeep pinholes reaching the heteroepitaxial InGaN/GaN
the ones that have been considered as potential sourdgterface serve as nucleation sites for misfit dislocations.
of misfit dislocations. As these dislocations do not end athe slip system of these dislocations is 1/
the general sample surface, but at the pinholes, the<112>[|{0001}, i.e. they immediately glide on the
effective length of the threading segment is even considnterfacial plane.
erably smaller than the 100 nm that have been taken into Thus, pseudomorphic growth of InGaN layers is ren-
account above. dered difficult by the deep pinholes. Those pinholes that

Thus, within the given range of thicknesses and condo not produce misfit dislocations might be harmful as
centrations, misfit dislocations do not form by glide ofwell. Some of the potential consequences are reduction
pre-existing threading dislocations and subsequent depf the diffusion length of free carriers, a higher density
osition of misfit dislocation segments at the interface asf surface states and composition inhomogeneities that
in the Matthews-Blakeslee model. Instead, the few mismay lead to carrier confinement as a consequence of
fit dislocations that have been observed in the samplelastic relaxation at pinholes. In order to avoid the pres-
with the highest In content nucleate by a different mechence of pinholes, further work on their formation mech-
anism and without prior motion through the heteroepi-anism is needed. On the one hand, our results and those
taxial InGaN layer: The deep pinholes that reach theeported in [6] already suggest that the strain field of the
heteroepitaxial interface serve as nucleation sites fahreading dislocations with a c-component Burgers vec-
these misfit dislocations, see TEM image in Figure Gor is one of the factors that facilitate the formation of
and schematic in Figure 14. The detected high stress pinholes, where pinholes serve to reduce the misfit-
the apex of all pinholes at high In concentrations (Figurénduced strain. Thus the density of these threading dislo-
5) results in a strain distribution that strongly deviatescations needs to be reduced. On the other hand, it should
from that of a pseudomorphically strained two-dimen-be investigated whether pinholes only form beyond a
sional layer. In particular, shear stresses are present amitical thickness of the InGaN layer, as combined TEM
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and photoluminescence analyses of thick InGaN layers
suggest [10].
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APPENDICES
1 Equations used for the calculation of 4 HET
the critical thickness - B ek
@ = eXp T ) (5)
5 Guaw?V

For our calculations of the critical thicknegsatcord-

ing to the Matthews-Blakeslee model, we make use of

the equations given in [8] and, for the Peierls force, i The number of atoms per unit cell is represented
[9]. by n, the volume of the unit cell by V. T is the growth

temperature of the InGaN layer in absolute degrees, k is
Boltzmann's constant.

The force Rt due to the misfit is given as

For the calculations, we neglect differences between
the bulk moduli of the InGaN layer and GaN layer and
o 2G5 1+ 1) bicosA cosB use a value of 200 GPa for both, and take Poisson's
mafit (1-wv) - @ number for InGaN as 0.6 [11].
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FIGURES
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Figure 1. Schematic of the layer structure.
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Figure 2. AFM image of sample with 8 % Indium. Surface area: gm.2A smooth surface is found which is typical of the samples,
indicating step-flow growth mode. The black dots represent pinholes with a diameter of about 50 nm and a density in the range of

10° cm2.
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1.5 o
i 1al i Figure 4. TEM cross-sectional image of sample with 6 %
@ s Indium, (0002) bright-field image. The pinholes lie within the
Szt I InGaN layer. The InGaN/GaN interface is indicated by
L aal 1 horizontal bars. There are no misfit dislocations at the interface.
= ot
£ 'F
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Figure 3. Pinhole density as a function of the In content in the
InGaN layer.
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Figure 5. TEM cross-sectional image of sample with 8 % Indiuf®Q)lbright-field image. Contrast at the apex of the pinholes
reveals high stress there (see arrows).
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Figure 6. TEM cross-sectional image of sample with 14 % Indiub20jlweak-beam image. Misfit dislocations at a pinhole that
reaches the heteroepitaxial interface (on the left). The specimen is tilted around the horizontal axis so that the ratffiiglisloc
lines are visible.
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Figure 7. TEM cross-sectional image of sample with 14 % Indium, multi-beam image taken along 1t} e axis. A small
pinhole that is not attached to a threading dislocation is visible.

a-tvpe
/113=11§u= @

g “i & =
00 [N ol | \ \

Figure 8. TEM cross-sectional images of sample with 8 %
Indium. Left: multi-beam image taken along the [2@] zone ( ™ " ‘—’

axis; all threading dislocations are visible. Right: (0004) weak- =00t =1 120> 11123 1123
beam image; only threading dislocations with a c-component Py gLy aletype altlype
Burgers vector are visible. @ @ (\/ ) \/

A B C

Figure 11. Schematic of slip systems in the wurtzite structure.
\ The basal plane is parallel to the heteroepitaxial interface. The
crossed out ticks indicate slip systems that cannot lead to misfit
Figure 9. Model of elastic relaxation at pinholes. Left: dislocations by glide of threading dislocations. See 4.2 for
Fictitious situation with rigid lattice planes. Right: Elastic details.
relaxation.

Figure 10. Nucleation of misfit dislocations by glide of

threading dislocations according to the Matthews-Blakeslee
model. "A" corresponds to InGaN layer, "B" corresponds to
GaN layer. Schematic after [8].
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Figure 12. Peierls force as a function of the ratio of slip plane

distance d and length b of the Burgers vector for the sli
systems illustrated in Figure 11.

._groving edge component
1000 nm g p

4 siralght segment 1‘ pure screw

©

T 7T '\‘—(0001}

b=1i3<1120>
Figure 14. Schematic of plastic relaxation at deep pinholes that
reach the heteroepitaxial interface, as observed in the sample
with the highest In content of 14 %. Left: Cross-sectional
schematic view of a deep pinhole, parallel to the heteroepitaxial
interface (lower horizontal line). Right: Perspective view

pshowing how the misfit dislocations glide away from the deep

pinholes.

TABLES

Table 1. Spacing d of the slip planes in pure InN and GaN, with
the lattice parameters as given in [12]

100 nm ¢

10nm |

critical thickness h

Peieris force neglected >

InN GaN
{0001} 2,89 A 2,60 A
{1010} 3,07 A 2,76 A
{1011} 2,70 A 2,44 A
{1120} 1,77 A 1,60 A
{1122} 1,50 A 1,36 A

L L L s L L

0% 10% 20% 0% 40% 50%
In content

Figure 13. Calculated critical thicknessdf the InGaN layer

Table 2. Length b of the Burgers vectors in pure InN and GaN,
with the lattice parameters as given in [12]

as a function of the In content for nucleation of misfit

dislocations by glide of 1/3<102|[{1011} threading

dislocations according to the Matthews-Blakeslee model. O

the right, three curves are shown, representing threadin

InN GaN
<0001> c-type 571A 519 A
h1/3<1120> a-type 3,54 A 3,19 A
g/3<11§3> (alc)-type 6,72 A 6,09 A

segments with different edge components (pure screw; segment
running straight in the slip plane; large edge component). For
the calculation of the fourth curve, the Peierls force has been

neglected.
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