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It is well-known that polar (0001) c-plane IIl-nitride
layers can produce an integrated electrostatic field in the
active layer and hence exhibit spontaneous and strain-
induced polarizations along c-growth direction. These
effects are unfavourable for the radiative efficiency of
light-emitting devices and laser diodes. Growth in non- and
semi-polar orientations can suppress these effects. For ex-
ample, non-polar InGaN/GaN grown on GaN' could
improve the output power and the external quantum
efficiency of light-emitting diodes [1]. Furthermore, for
semi-polar InN such as (1011) and (1013}, a reduction of
elastic energy density is predicted compared to (0001) InN
which might be significant to InN/GaN heterostructures [2].

For the GaN material system, growth and polarity ef-

fects have been intensively investigated. However, very lit- .

tle is known for InN. One reason is that growth of InN is
still a challenge even on (0001) c-plane sapphire due to a
narrow growth temperature window [3, 4]. Thus, very few
reports exist on growth of semi- and non-polar InN. Non-
polar ag-plane (1120) and m-plane (1 100) InN have been
grown on (1 102) r-plane sapphire and free-standing GalN
using molecular-beam epitaxy, respectively [5, 6]. Metal-
organic vapor phase epitaxy (MOVPE) technique was also
applied to produce m-plane InN. on r-plane sapphire
[7}. Very recently, semi-polar InN with (1122) dominant
orientation was grown on m-plane sapphire using MOVPE
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[8]. However, to our best knowledge, there is still no report
on growth of (10 13) semi-polar InN.

Generally, to grow III-nitride on sapphire, a nitridation
process is employed to enhance two-dimensional growth,
crystalline quality, optical properties, and to suppress me-
tastable orientations [9—12]. For InN, the nitridation proce-
dure was found to be important as well [13]. Also, for se-

mi-polar GaN, the initial process of substrate nitridation

was critical to control growth orientation [14].

In this letter, we first report on the growth of (1013)
semi-polar [nN directly on m-plane sapphire in a horizontal
MOVPE reactor equipped with in-sifu spectroscopic ellip-
sometry (SE). The crystalline orientation and morphology
of the grown InN layers were investigated using high-
resolution X-ray diffraction (HRXRD) and atomic force
microscopy (AFM). Low temperature photoluminescence
(PL) measurements were carried out using a 25 mW laser
diode as an excitation source at 405 nm and detected by a
liquid-nitrogen (N,) cooled indium antimonide (InSb} pho-
tediode.

" Experiments were performed using quarters of 2 inch
m-plane sapphire wafer. In order to remove residual con-
taminations, all substrates were degreased sequentially by
acetone and iso-propanol solvents at 80 °C for 10 min, and
then rinsed in de-ionized water prior to growth. The reactor
pressure was kept constant at 100 mbar. Trimethyl-indium
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{TMI) and ammonia {NH;) were used as precursors. The
sapphire substrates were first annealed at 1050 °C in
3 I/min hydrogen (Ha) for 10 min. Then, the H; gas line
was switched to N; (flow rate of 3 I/min) to nitridate the
sapphire at the same temperature with additional 3 I/min
NH; for 45 s to 6 min. After that, the samples were cooled
down to 500 °C to deposit the InN nucleation layers for
20 min with 0.1 Pa TMIL. For nucleation and epilayer
growth, the NH; flux was kept at 1 I/min. Following the
nucleation, during subsequent growth, the reactor tempera-
ture was ramped up to 560 °C to grow the InN epilayer for
2 hours with a TMI partial pressure of 0.19 Pa. For compa-
rison, InN was simultaneously grown on (0001) c-plane
sapphire. After growth, all the samples exhibited an opa-
gue specular surface and good homogeneity.

Figure 1 shows XRD symmetric /28 scans of the InN
layers grown on m-plane sapphire with different nitridation
times. Only for 2 min and 4 min nitridation, all other
InN orientations e.g. (1012), (1122), or (1120) are sup-
pressed. This is similar to the findings for semi-polar
{2112} and (1013) GaN grown on m-plane sapphire [14].

In order to obtain the in-plane relationship, XRD
¢-scans of the (0002) InN respect to_the (2024) sapphire
were used. Figure 2 shows that the (1013) InN axes are ro-
tated £90° with respect to the m-plane sapphire substrate.
This indicates a twinning of the (1013) with two nearly
equivalent portions of the layer oriented along [1210]
and [1210] directions (Fig.2). The in-plane epitaxial
relationship was determined to [3032],,, |[[1210], sapphire a0
[1210][@] “ [000]]sapp]urc

For the simultaneously grown (0001) InN, we found
N-polarity by X-ray photo-emission, which was in good
agreement with results reported in Ref. [15]. Thus, we as-
sume that our semi-polar InN samples also have
N-terminated surface.
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Figure 1 {(online colour at: www.pss-rapid.com) XRD w/28
scans of InN layers grown on m-plane sapphires with different ni-
tridation times.
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Figgre 2 HR-XRD ¢-scans of the (1013) InN (solid line) and
(2024) sapphire (dashed line) from the InN layer grown with
2 min nitridation.

From #n-sifu SE measurements observed during and af-
ter the nitridation process, we found changes of thickness
and roughness of the nitridated m-plane substrate surface
for different nitridation times. We expect that the epilayer
orientations of the grown InN rely on the bond- arrange-
ment and strain at the AIN/sapphire interface. The effects
of nitridation on orientation suppression of our semipolar
InN are still under investigation by using high-resolution
transmission electron rmcroscopy and X-ray photoelectron

* spectroscopy (XPS).

Figure 3 shows AFM images (size 5 x 5 um®) after InN
epilayer growth on m-plane sapphires with different nitri-
dation times. All the images reveal a three-dimensional
growth mode with different grain sizes and z-scales about
300 nm. A certain number of holes with a depth range si-
milar to the layer thickness of about 100200 nm was
found on the surface of samples due to the coalesced is-
lands. At 2 min nitridation, the surface morphology was
smoothest with an rms roughness value of about 30 nm.
The results for (0001) InN showed a similar trend at 2-min
nitridation with a typical roughness of 5 nm. Interestingly,
only the XRD spectra for the simultancously grown (0001)
InN samples showed metallic In. '

Low temperature PL measurements at 8 K were carried
out to investigate the optical properties of the grown sam-
ples (Fig. 4). For (0001} InN grown with 2 min nitridation,
the blue-shifted energy can be attributed to Moss—Burstein
shift because of band-filling effects [16]. The additional PL
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Figure 3 (online colour at: www.pss-rapid.com) 5 x 5 pm® AFM
micrographs showing the surface of the InN grown on m-plane
sapphires with different nitridation times.

shift for different nitridation times can originate from
stress due to the smaller thermal expansion coefficient of
InN (3.8 x 10° K™) compared to sapphire (7.5 x 108 K™,
resulting in compressive stress within InN layers during
the cooling down process causing the shifted luminescence
emission [17, 18]. For all InN samples grown on m-plane
sapphire, the PL peaks were between 0.72 eV and (.75 eV,
which is about 2050 meV below the emission peak of
{0001) InN. The redshift of PL peak energies is similar to
the semi-polar (1122} {8] and non-polar (1010) InN [6].
For the (1010} InN, the redshift was attributed to basal
plane stacking faults (BSFs).

A shift of PL energies can be caused by the back-
ground dopings and different grain sizes in InN layers.
Since the (1013} InN samples consist of islands just near
the percolation limit, the doping cannot be estimated vet.
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Figure 4 (ocnline colour at: www.pss-rapid.com) Low tempera-
ture PL of the grown InN on ¢- and m-plane sapphires.
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The average grain sizes were estimated about 50 nm to
240 nm along the [3032] direction, and from 80nm to
310 nm along [0001] direction. We found a general trend
that larger grain sizes correlate with longer wavelength

- emission.

The samples grown on m-plane sapphires with 2 min,
4 min and 6 min nitridation show an asymmetric broaden-
ing in the low energy range. In temperature-dependent PL,
the broadening was decreasing with increasing tempera-
ture. Thus, we attributed the broadening to BSFs along

: [()001] direction of the grown InN on m-plane sapphire,

similar to m-plane InN or a-plane GaN [6, 19]. The BSFs
serving as quantum wells thus can generate phonons at
lower energy.

In summary, we have studied the growth of semi-polar
InN directly on m-plane sapphire substrates using MOVPE.
InN grown with nitridation times of 2 min and 4 min
exhibited twinned (10 13) orientation and smoother mor-
phology. Low temperature PL measurements showed main
emission nedr 0.74 ¢V. The near band-edge peaks for
the InN grown on m-plane sapphires showed red-shifted
energies compared to the InN grown simultaneously on
c-plane sapphire possibly .related to BSFs overlaid
with grain size distribution effects. Further characteriza-
tions are still needed to clarify the influence of nitridation
procedures. on orientation suppression, crystallinity,
and optical properties of the InN grown on m-plane sap-
phires.

Acknowledgements Duc Dinh wishes to acknowledge fi-
nancial support from RAINBOW, a Marie Curie Initial Training
Network funded by the European Commission under the 7th
Framework Program. The authors are grateful to Marcel Ewald
for XPS measurenients. )

- References

[1] M. S. Schmidt et al., Jpn. J. Appl. Phys. 46, L126 (2007).
[2] B. Gil et al., Jpn. J. Appl. Phys. 48, 051002 (2009),
[3] C.S. Gallinat et al., J. Appt. Phys. 102, 064907 (2007).
[4] G. Koblmiiiler et al., J. Appl. Phys. 101, 083516 (2007).
[5] H. Lu et al., Appl. Phys. Lett. 83, 1136 (2003).
[6] G. Koblmiiller et al., Appl. Phys. Lett. 93, 171902 (2008).
[7] X. L. Zhu et al., J. Cryst. Growth 310, 3726 (2008).
[8] M. Moret et al., Phys. Status Solidi A 207, 24 (2010).
[9]1 M. H. Kim etal., Appl. Phys. Lett. 71, 1228 (1997).
[10] B. Ma et al., Appl. Phys. Lett. 95, 121910 (2009).
[11] S.Keller et al., Appl. Phys. Lett. 68, 1525 (1996).
[12] Y. Yamaguchi et al, J. Cryst. Growth 237-239, 993
(2002).
[13] M. Drago et al., Phys. Status Solidi A 203, 1622 (2006).-
[14] T. Wernicke et al., Phys. Status Solidi C 5, 1815 (2008).
[15] T.D. Veal et al., Phys. Rev. B 76, 075313 (2007).
[16] K. S: A. Butcher et al., Phys. Status Solidi A 203, 66
(2006). ’ _
[17] X. D. Puetal, Appl. Phys. Lett. 88, 151504 (2006).
[i8] D.Y. Song et al., App. Phys. Lett 92, 121913 (2008).
[19] R. Liu et al., Appl. Phys. Lett. 86, 021908 (2003).

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim




