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For heteroepitaxy of InN on GaN�0001� by molecular-beam epitaxy, the lattice misfit strain is
relieved by misfit dislocations �MDs� formed at the interface between InN and GaN. Imaging by
scanning tunneling microscopy �STM� of the surfaces of thin InN epifilms reveals line feature

parallel to �112̄0�. Their contrast becomes less apparent for thicker epifilms. From the interline
spacing as well as a comparison with transmission electron microscopy studies, it is suggested that
they correspond to the MDs beneath the surface. The STM contrast originates from both the surface
distortion caused by the local strain at MDs and the electronic states of the defects. © 2008
American Institute of Physics. �DOI: 10.1063/1.2944145�

Molecular-beam epitaxy �MBE� of InN on GaN repre-
sents a model heteroepitaxial system with large lattice mis-
match and a huge difference in elastic constants. The epitax-
ial growth mode of InN on GaN�0001� has been studied
previously, where both two-dimensional �2D� layer-by-layer
mode and the Stranski–Krastanov �SK� mode of growth were
observed, depending on the conditions of MBE.1 In both 2D
and SK growth, the relaxation of misfit strain was shown to
be initiated by the formation of misfit dislocations �MDs� at
the heterointerface between InN and GaN, which commences
upon the completion of the first bilayer �1 BL�2.9 Å� InN
deposition.1 There have been a number of studies on the
characteristics of the MDs in the InN /GaN heterosystem2–5

where both 90° and 60° dislocations were noted.3–5 There is
also an inconsistency in terms of line directions of the dislo-

cations, some suggested to be parallel to �11̄00�,3 while oth-

ers reported the �112̄0� orientations.4,5

In a study of heteroepitaxial InAs on GaAs�111� by scan-
ning tunneling microscopy �STM�, MDs were revealed as
dark lines in the STM images, where the surface contrast was
explained by the elastic theory as due to surface distortion
induced by the underlying dislocations.6 A similar observa-
tion was made even earlier on the epitaxial system of
CoSi2 /Si�111�.7 These studies provided complementary in-
formation about dislocations, particularly at more local lev-
els. Since STM can measure very small lattice distortion in
the vertical direction, it allows an investigation of the mate-
rial’s elastic properties for ultrathin films.6–8

In this Letter, we report an observation of MD networks
at InN /GaN�0001� heterointerface by STM. The dislocations

are seen to be parallel to the �112̄0� orientations. Separate
transmission electron microscopy �TEM� examinations con-
firm the existence of the MDs being confined at the
InN /GaN interface. The apparent “depths” and “width” of
the dislocation lines in STM are measured, which reveal a
film thickness dependence. The latter is consistent with the
assignment that the line features in STM reflect the MDs at

the heterointerface rather than some surface superstructures.
The measured interline spacing matches well the lattice mis-
fit between InN and GaN ��10% �.

Film growth and subsequent surface characterizations of
InN were carried out in a multichamber ultrahigh vacuum
�UHV� system, where the MBE reactor and the STM cham-
ber were connected via UHV interlocks. In MBE, besides the
conventional Knudsen cells for metal gallium �Ga� and in-
dium �In� sources, a radio-frequency plasma unit was em-
ployed for active nitrogen �N�. Prior to InN deposition, a
GaN buffer film was deposited on 6H-SiC�0001� substrate at
�620 °C under the excess Ga condition �i.e., the flux ratio
between Ga and N is greater than unity�. Following an an-
nealing procedure at 620 °C, by which the surface showed a
transition from pseudo-�1�1� to �2�2�,9 the sample was
cooled to 390–450 °C for subsequent InN deposition. For
the latter, the flux ratio of In /N was �1.5 and the deposition
rate was maintained at �0.1 BL /s.1 During the whole depo-
sition process, the surface was monitored in situ by reflection
high-energy electron diffraction. Having deposited a speci-
fied thickness of InN, the sample was thermally quenched to
room temperature by switching off the heating current flow-
ing through the rectangular sample piece. It was then trans-
ferred under UHV to the adjacent STM chamber for surface
characterizations. Constant current mode of STM was con-
ducted at room temperature under the tunneling current of
0.1 nA and sample bias from −0.5 to −2.5 V. For a specifi-
cally grown sample, high resolution �HR� TEM experiments
were carried out using a JEOL2010FEG TEM microscope
operated at 200 keV. The cross sectional TEM specimen was
prepared by standard mechanical thinning followed by argon
ion milling.

Before presenting the STM and HRTEM results, we
would like to mention that the initial GaN buffer films pre-
pared by MBE on SiC�0001� substrate were of Ga polarity
and atomically smooth, showing terraces and BL steps.10 The
postgrowth annealing was to desorb excess Ga adlayers from
the surface as indicated by the appearance of the �2�2�
surface reconstruction.9 For heteroepitaxial growth of InN on
GaN�0001� under excess In, depending on substrate tempera-a�Electronic mail: mhxie@hkusua.hku.hk.
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ture, the deposition followed either the SK or 2D layer-by-
layer modes,1 but the following observation of the line fea-
tures in STM applies to both cases.

Figure 1 presents a STM image of the surface of �2 BL
InN film deposited on GaN�0001� at 450 °C, where the
growth mode was 2D.1 A striking feature seen from the im-

age is the presence of dark lines running parallel to �112̄0�.
These dark lines form a hexagonal network. The spacing
between the neighboring parallel lines is measured to be
around 3.2 nm, i.e., about ten lattice constants of GaN or
nine lattice constants of InN �aGaN�3.18 Å, aInN�3.54 Å�.
This is consistent with the lattice misfit of the InN /GaN
heterosystem.

As for the nature of these dark lines, it is first probable
that they are surface features, representing, for example, a
surface reconstruction where a missing row of In atoms
effectively relieves the lattice misfit strain and the STM con-
trast simply reflects those missing atom rows. Indeed, strain
induced surface reconstruction has been documented for
Ge /Si�100� heteroepitaxial systems, where n�2 �where
n�1 is an integer� surface reconstruction was seen on the
deposited Ge surface on Si.11 On the other hand, due to the
very thin epifilm thickness, these dark lines may instead re-
flect MDs below the surface, which are known to exist, re-
lieving the lattice misfit strain in the crystal.12 The MDs not
only cause lattice distortion of surface atoms when the epil-
ayer is not so thick, but also give rise to additional electronic
density of states �DOS� of the surface. Both will give rise to
the STM contrast seen in Fig. 1. In order to discriminate
between the two possibilities, we have examined the layer

thickness dependence of the line contrast. Figure 2 summa-
rizes the depth and lateral width of the dark lines, measured
from the line profiling of the STM, as functions of InN epi-
film thickness. As seen, the lines appear shallower and wider
as the epilayer gets thicker. These observations would favor
dislocations over surface reconstruction for the observed
dark lines by STM. For dislocations located at the heteroint-
erface, with the increase in film thickness, the strain induced
surface undulation becomes smaller in the vertical direction
but more extended laterally.6 The same can be said about the
electronic contribution to surface DOS. As a result, the
STM contrast will become weaker for thicker layers. If, on
the other hand, they were surface features, the depth and
width of the line features would not show a film thickness
dependence.

To confirm that there are indeed arrays of MDs at the
InN /GaN interface, we have examined a sample prepared
under the same condition but for a greater thickness �for ease
of TEM specimen preparation� by HRTEM. Figures 3�a� and
3�b� show cross-sectional HRTEM micrographs viewed

along the �112̄0� and �101̄0� directions, respectively. From
these, almost evenly spaced dislocations can be identified.

FIG. 1. STM image of the surfaces of an �2 BL InN film grown on
GaN�0001�. The sample bias of the STM was −2.5 V. The image size is
50�50 nm2.

FIG. 2. The measured �a� depth and
�b� lateral width of the dark lines for
samples of different InN thicknesses.
The lines are drawn to guide the eye,
and the error bars represent the stan-
dand deviation of the mean.

FIG. 3. HRTEM micrographs of InN /GaN interfaces viewed along �a�
�112̄0� and �b� �101̄0�. The MDs are marked by “�” and the Burgers cir-
cuits are also drawn.
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However, if they are perfect 60° dislocations, a rhombus net-
work at the heterointerface would be sufficient to relieve the
misfit strains in all directions. However, such rhombus struc-
tures are rarely observed experimentally. Rather, we observe
mostly hexagonal structures as shown in Fig. 1. To account
for this, one may assume that the MDs are not all confined at
the same InN /GaN interface plane but over an extended in-

terface region. Due to the equivalence of the three �112̄0�
crystallographic directions on the �0001� plane, there can be
differently oriented rhombus dislocation networks on differ-
ent �but parallel� planes. When viewed atop from the surface,
a hexagonal structure will show up. The TEM results shown
in Fig. 3, however, do not seem to support this assignment.
Instead, the MDs appear to all be confined at the very inter-
face between InN and GaN. Furthermore, for the very thin
layers we have examined �i.e., 2 BL�, there is no extended
interface region, yet hexagonal line networks are still
observed.

We have recently carried out a theoretical investigation
of the problem. Our studies reveal that the InN /GaN inter-
face is comprised of three sets of 90° partial dislocations.
They do not exist as uncorrelated network but have strong
interaction with each other within the 2D plane to exhibit
long-range order. The correlation of these dislocations comes
from their formation mechanism. From Burgers circuit
analysis we know that within one unit cell �9�9 InN /10
�10 GaN� of the interface, there are two full MDs along the
two principal axes of the �0001� plane. However, such an
arrangement of dislocations contradicts the symmetry re-
quirement of the interface. Based on the dissociation rule,
each full dislocation �60°� can undergo a dissociation into
two �one 90° and one 30°� partial dislocations assisted by the
formation of a low-energy stacking fault between the two
partials. More importantly, the two 30° partial dislocations
from different dissociations can further combine into a third
90° partial dislocation along the direction that is just sym-
metric to the two axes. Thus, at last, there are three sets of
90° partial dislocations which are strongly correlated and the
symmetry of which is consistent with that of the interface.
The interface structure with partial dislocations not only has
lower strain energy due to the smaller Burgers vectors of the
partial dislocations but also has minimum chemical energy
by minimizing the number of dangling bonds within the dis-
location cores. A more detailed account of the theoretical
study is found in Ref. 13.

Finally, we show that electronic contribution to the STM
contrast of the dislocations can be more important than to-
pographic distortions of the surface. So one must be careful
when extracting elastic data of the film from the measured
lattice displacement by STM.6,7 To illustrate this, in Fig. 4

we show two STM images of the same surface but obtained
at different bias conditions. While in Fig. 4�a� the disloca-
tions appear as dark lines similar to that of Fig. 1, in Fig.
4�b� the contrast is reversed, where the MDs show up as
bright fringes when imaged at the bias of −0.5 V. So even if
the dislocations do induce surface lattice depressions, the
local DOS on the surface as generated by the dislocations
may well overcompensate lattice distortion.

In conclusion, MDs at the InN /GaN interface are ob-
served by STM. These dislocations form hexagonal net-
works. The bias voltage dependence of the STM contrast
suggests that additional electronic features are created on the
surface by the MDs below.
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FIG. 4. STM images of an InN /GaN surface obtained at �a� −2.5 V and �b�
−0.5 V. Note the contrast reversal of the dislocation lines in the two images
�size: 30�30 nm2�.
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