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Semipolar (1122) and polar (0001) InGaN grown on sapphire
substrate by using pulsed metal organic chemical vapor deposition®
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High indium semipolar (1122) and polar (0001) InGaN layers each with a thickness of about 100 nm are realized
simultaneously on sapphire substrates by pulsed metal organic chemical vapor deposition (MOCVD). The morphology
evolution, structural and optical characteristics are also studied. The indium content in the layer of the surface (1122)
is larger than that of the surface (0001), which is confirmed by reciprocal space map, photoluminescence spectrum and
secondary ion mass spectrometer. Additionally, the (0001) surface with island-like morphology shows inhomogeneous
indium incorporation, while the (1122) surface with a spiral-like morphology shows a better homogeneous In composition.
This feature is also demonstrated by the monochromatic cathodoluminescence map.
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1. Introduction

Nonpolar and semipolar Ill-nitrides have been exten-
sively investigated and proven to be a way to be able to effec-
tively improve the characteristics of the light emitting devices
(LEDs),['=31 because the nonpolar and semipolar growth can
completely or partially eliminate the polarization-induced in-
ternal electric field effect (PE) along the typical polar [0001] ¢
direction. The reduction of PE enhances the radiative recom-
bination probability between electron and hole wave-functions
and leads to a high internal quantum efficiency, which has ex-
perimentally been demonstrated.[*>) However, there are some
reports revealing that the light emitting wavelength of nonpo-
lar m-plane laser diodes (LD) was limited to around 500 nm. 6!
Consequently, to solve the “green gap” problem, it seems to be
a more attractive option using semipolar LEDs to achieve high
indium composition.

It should be noted that since the realization of the high-
quality green laser diode on the (2021) orientation in 2009,]
a series of semipolar surfaces including {201}, {301}, and
{112} has been reported. However, most of these “artificial”
semipolar facets such as (2021) and (2021) are obtained with
the freestanding substrates, namely the homoepitaxy.!8-11] Al-
though the film has low dislocation density (< 10% cm~2),[12]
its practical application is restricted, for the freestanding sub-
strate is extremely expensive in cost and excessively small
in size. Compared with the freestanding substrate, the sap-

phire substrate which is easy to acquire at much lower price
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will be very promising. Currently, many studies have shown

that the (1122) plane can be obtained on the m-plane sapphire

e.l13-151 Moreover, the (1122) plane is relatively easy

[16]

substrat
to achieve compared with the other semipolar planes.

In this paper, we introduce the pulsed techniques into
metal organic chemical vapor deposition (PMOCVD) and re-
alize the high indium incorporation. The growth method in
which the reactive atoms are separately supplied to the reactor
at different times has been proved to be effective in the In-
AIN/GaN heterostructure growth reported by our group.!!7-18!
We achieve the InGaN/GaN/sapphire structure based on such a
method and compare the indium incorporated into (1122) with
that into (0001) plane. The morphology evolution, structural
and optical characterization are also discussed.

2. Experimental details

The samples were simultaneously grown on 2-inch
(1 inch=2.54 cm) sapphire (semipolar on m plane and polar
on ¢ plane) substrates by MOCVD through using trimethylgal-
lium (TEGa), trymethylindium (TMIn) and ammonia (NH3)
as precursors and hydrogen as the carrier gas. Prior to growth,
all the sapphires were treated with an initial nitridation for the
epilayer formation. After this, a low-temperature GaN nucle-
ation layer was grown at 550 °C for 5 min, followed by grow-
ing a 0.8-pm thick GaN film at 1000 °C. Then the temperature
was reduced to 620 °C for the InGaN layer growth and the

detailed growth sequence is shown in Fig. 1. As can be seen,
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6-s pulses of TMIn and 3-s pulses of NH3 were introduced al-
ternately into the MOCVD reactor with the continuous TEGa.
The NH3 pulse always followed the TMIn pulses.
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Fig. 1. (color online) Growth sequence of PMOCVD pulses for InGaN bar-
rier layer.

The morphology was characterized by atomic force mi-
croscopy (AFM) and scanning electron microscopy (SEM).
The indium content was determined by high-resolution x-ray
diffraction (HRXRD) and secondary ion mass spectrometer

(a)

¢V’ defect

RMS=11.2 nm

102.7 nm

RMS =12.4 nm

(SIMS). The optical properties were examined by cathodolu-
minescence (CL) and photoluminescence (PL) spectroscopy.

3. Results and discussion

The surface morphologies of (1122) and (0001) In-
GaN/GaN assessed by AFM (Agilent 5500) and SEM (Quanta
400 FEG) simultaneously are shown in Fig. 2. With the spiral-
like pit morphology in Fig. 2(a) turning into the typical island-
like morphology in Fig. 2(c), the root-mean square (RMS)
roughness value changes from 11.2 nm to 12.4 nm. More-
over, the pits as shown in Fig. 2(b) with different sizes, ar-
range along the projection direction of the ¢ axis, which is
believed to be related to the anisotropic diffusions of atoms on
the semipolar surfaces.!!”] On the other hand, the formation
of the undulated surface morphology is also attributed to the
V-shape structure, especially when the film growth contains
(201 Tn contrast, there are a lot of pits on the (0001)
plane indicated by the red circles as shown in Fig. 2(d), which

indium.

are generally considered as an indication of incomplete island
coalescence.

\
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Fig. 2. (color online) The AFM (10 pmx 10 um) and SEM images of the InGaN grown on sapphires with different polarities: (1122)

plane [(a) and (b)], (0001) plane [(c) and (d)].

Shown in Figs. 3(a) and 3(b) are the HRXRD (Bruker D8-discover system) results of the symmetrical (002) and asymmetri-
cal (102) reflections of c-plane GaN, respectively. The full-width at half-maximum (FWHM) values of the c-plane GaN films are
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0.17° and 0.22°. The HRXRD (1122) FWHM anisotropy with respect to the in-plane beam orientation is also shown in Fig.

We recorded the on-axis reciprocal space maps (RSMs) along different in-plane directions by HRXRD as shown in Fig. 4.
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Fig. 3. (a) Symmetric (002) and (b) asymmetric (102) reflection XRD -scan rocking curves for c-plane GaN film, (c) XRD (1122) FWHM anisotropy with
respect to the in-plane beam orientation.
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Fig. 4. (color online) Symmetric RSMs for (a) (0001) and (b) (1122) InGaN/GaN structures recorded at 90° rotations with respect to each other along
both principal, in-plane directions. The x-ray beam is aligned parallelly to (c) [1100], (e) [1210] for polar plane and (d) [1100], (f) [1123] for semipolar

plane.
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The x-ray incidences are along the well-known m-axis
[1100] and a-axis [1210] direction for the (0001) plane, [1100]
and [1123] direction for the (1122) plane. The in-plane direc-
tions are perpendicular to each other in the color map. For
the polar surface, no offset in Q, between InGaN and GaN
layer is observed in RSM (Fig. 4(c) and Fig. 4(e)) when the
x-ray incidence is along m axis nor a axis. This indicates
that the InGaN layer grew coherently on the GaN film in both
directions. However, the result of semipolar surface is dis-
tinctly different as shown in Figs. 4(d) and 4(f). Along the
[1123] and [1100] direction, the representative InGaN and
GaN peaks each show a significant offset in Q,. Moreover,
the offset value along [1123] is significantly larger than that
along [1100]. Actually, such an offset in on-axis RSM indi-
cates the glide and bend of threading dislocation in the (1122)

e.?1-231 The unequal offset value of the semipolar plane

plan
also shows highly anisotropic features compared with that of
the polar plane. In addition, we determine the indium content
with the help of RSMs as shown in Fig. 4. The indium content
is 32% for (0001) plane and 37% for (1122) plane, indicat-
ing the (1122) plane has higher indium incorporation than the
(0001) plane. A large indium in-plane fluctuation has been
observed in the (0001) plane InGaN.!?*! However, the (1122)
plane presents much better in-plane homogeneity of indium
composition. As is well known, the indium content is closely
related to growth polarity.[! It seems that semipolar InGaN
can improve the in-plane fluctuations generally existing in po-
lar InGaN layer with the PMOCVD technique.

In order to further confirm that the semipolar surface
has more homogeneous indium incorporation, the CL (Mon-
oCL3+) spectrum is depicted in Fig. 5. The SEM images of
(0001) and (1122) plane are shown in Figs. 5(b) and 5(d),
respectively. Correspondingly, figures 5(a) and 5(c) are the
monochromatic CL maps taken at 300 K recorded at the en-
ergy 2.15 eV. The scan size is 20 pmx20 um for both sam-
ples. A strong contrast of dark area and luminescent spots
is observed for (0001) InGaN, whereas a smoother luminous
intensity distribution is revealed for (1122) InGaN. This sug-
gests that more inhomogeneous indium incorporation into po-
lar InGaN is obtained by PMOCVD. 20!

The optical properties of these two samples are com-
pared by room temperature PL spectra (Jobin Yvon LabRam
HR800) as shown in Fig. 6 with a 325-nm He—Cd laser as
an excitation source. After normalizing the GaN peak inten-
sity, besides the sharp peak around 3.4 eV associated with
GaN, the representative InGaN peaks covering from 500 nm

to 650 nm are also detected.>”] Obviously, although the emis-

sion intensity of (1122) InGaN is lower than that of (0001) In-
GaN, the wavelength is slightly longer. The PL result further
indicates that the semipolar InGaN layer may contain higher
indium than the polar InGaN layer. Additionally, a sub-peak
at 2.03 eV is observed, demonstrating the existence of indium

component unhomogeneity for polar plane InGaN. Further-

more, the blue-violet-band at 2.9 eV is also observed, which is
28]

associated with hydrogen—carbon complexes.

Fig. 5. (color online) Monochromatic CL images and SEM pictures
recorded at 2.15 eV for polar ((a) and (b)) and semipolar plane InGaN
((c) and (d)), respectively.
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Fig. 6. (color online) Room temperature PL. measurements of (1122)
and (0001) surface InGaN/GaN.

The results from RSMs and PL spectrum both indicate
that semipolar (1122) surface InGaN contains higher indium
than polar (0001) surface. To further verify the results, SIMS
(Cameca 6F) measurements are performed as shown in Fig. 7.
The thickness values of the two samples are similar and the
InGaN and GaN layer are about 0.1-um and 0.85-um thick,
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respectively. During the entire InGaN growth stage, the in-
dium incorporation of the (1122) plane is higher than that of
the (0001) plane, which can be concluded that the indium
intensities are 8.8 x 10* counts/sec for semipolar plane and
7.1 x 10* counts/sec for polar plane at the 70-nm depth, re-

spectively.
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Fig. 7. (color online) SIMS results of In between (1122) and (0001) plane
InGaN/GaN.

Indium incorporation is an important issue because higher
incorporation is essential for LEDs with long visible wave-
lengths. Interestingly, the indium incorporation which has
A few

theoretical studies confirmed that indium is more efficiently

been reported was found to be distinctly different.

incorporated into InGaN grown on semipolar planes com-
pared with on traditional polar (1100) or (0001) plane.!?%-30]
Durnev et al. demonstrated higher indium content in (1122)
plane green-light InGaN LED."!l However, Dinh et al. drew
the completely opposite conclusion after comparing the in-
dium content of (1122) plane InGaN layer with that of (0001)
plane InGaN layer.3>3] Furthermore, Wernicke et al. re-
ported that the indium content of InGaN is also easy to affect
by temperature.**) Compared with previous experimental re-
sults, we obtain that the (1122) surface contains higher indium
than the (0001) surface. Indium incorporation is known to de-
pend on the crystallographic orientation, enhanced in (1011)
plane or inhibited in (1100) plane.[*! The role of crystallo-
graphic orientation in enhancing the indium incorporation for
the (1122) plane might not be negligible. However,the relevant
mechanism remains to be further researched.

4. Conclusions

In this research, we successfully realize a high indium
semipolar (1122) plane InGaN layer on sapphire through in-
troducing the PMOCVD method, which is determined by
HRXRD and PL simultaneously. The relevant morphology,

structural and optical characteristics are also investigated. The
island-like morphology for (0001) surface caused by rough-
island coalescence and the spiral-like morphology for (1122)
surface are both attributed to V-shape defect in variable ori-
entations. In addition, we compare with the indium compo-
sition obtained from RSMs and find that (1122) plane has a
very homogeneous indium incorporation, which is confirmed
by monochromatic CL images. The PL measurements reveal
that the (1122) InGaN layer emission peak wavelength is be-
yond 600 nm in comparison with 577 nm of (0001) InGaN
layer, indicating that the (1122) surface contains higher indium
content. The conclusion is further identified by the SIMS re-
sults. The PMOCVD method in the semipolar InGaN may
open up possibilities for improving radiative efficiency in the
long wavelength LED and LD.
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