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Abstract: Nonpolar a-plane [1120] GaN has been grown on r-plane [1102] sapphire by MOCVD, and investigated
by high resolution X-ray diffraction and atomic force microscopy. As opposed to the c-direction, this particular
orientation is non-polar, and it avoids polarization charge, the associated screening charge and the consequent band
bending. Both low-temperature GaN buffer and high-temperature AIN buffer are used for a-plane GaN growth on
r-plane sapphire, and the triangular pits and pleat morphology come forth with different buffers, the possible reasons
for which are discussed. The triangular and pleat direction are also investigated. A novel modulate buffer is used for
a-plane GaN growth on r-plane sapphire, and with this technique, the crystal quality has been greatly improved.
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1. Introduction

GaN-based semiconductors and their heterostructures
have recently attracted considerable interest due to their po-
tential for visible or ultraviolet light-emitting diodes (LEDs),
laser diodes (LDs) and high-power transistors grown on either
c-plane sapphire or SiC!:2], Epitaxy toward the ¢ orientation
leads to undesirable spontaneous and piezoelectric polariza-
tion effects, which would result in inclined bands and signifi-
cantly reduce the carrier recombination rate in quantum wells
grown on such polar substrates. Although the electric field can
be advantageous for two-dimensional electron gas formation
in FETs without external doping, it causes spatial separation
of electrons and holes in quantum wells of light emitting diode
(LED), such a separation resulting in a low internal quantum
efficiency of the emitting devices. It also causes a red shift in
LEDs and makes the emission wavelength dependent on in-
jection unless very thin quantum wells are employed>*. One
approach to overcome this problem is to grow m-plane or a-
plane hexagonal GaN that is not polar. However, extended de-
fect densities in non-polar a-plane [1120] GaN are very high.
a-plane GaN on 7-plane Al,O3 have a TD density of 3 x 10'°
cm™2 and a basal stacking fault density of 3.5 x 103 cm™!1>-6],
The crystalline quality of a-plane GaN is very poor!”-8!. In this
paper, the possible reasons for striped features and surface un-
dulations of a-plane GaN with different buffers are discussed,
and the triangular and pleat direction are also investigated.

2. Experiment

[1150] a-plane GaN films were grown on [ITOZ] r-
plane sapphire by MOCVD. After chemical cleaning, sapphire
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substrates, one at a time, were loaded into the low-pressure
custom-designed MOCVD system. We used high-temperature
AIN and low-temperature GaN as buffer layers. The growth
temperature and thickness of the low-temperature buffer layer
were 550 °C and 25 nm, while the growth temperature and
thickness of the high-temperature buffer layer were 1020 °C
and around 50 nm. A novel combine of low-temperature AIN,
high-temperature with pulse AIN and high-temperature Al-
GaN buffer layer was also used, and the temperature and the
thickness of the three parts were 550, 1050, 1020 °C and 25,
50, 50 nm, respectively. After buffer layer growth, the tem-
perature was raised to the value between 1000 and 1020 °C,
and the a-plane epilayer of approximately 1.5 ym thick GaN
films was grown subsequently. The new structure is shown in
Fig. 1. Trimethylgallium (TMGa), trimethylaluminum (TMALI)
and ammonia were used as the Ga, Al and N sources, respec-
tively. The as grown samples were characterized by atomic
force microscopy (AFM) and high-resolution X-ray diffrac-
tion.

3. Results and discussion

The [1 150] a-plane GaN films were grown on [ITOZ] r-
plane sapphire but the [0001] c-plane GaN films were grown
on [0001] c-plane sapphire, so their morphology and crystal
quality show great difference. The epitaxial relationships of
the r-plane sapphire substrate and atoms array are shown in
Fig. 2.

With different buffer layers, the a-plane GaN shows dif-
ferent surface morphologies. Figure 3(a) shows the effect of
low temperature GaN buffer on a-GaN surface morphology
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Fig. 2. Schematic representations of (a) the epitaxial relationship be-
tween the r-plane sapphire substrate of the a-plane GaN film and (b)
the plan view of the surface atoms which lie on the a-plane GaN sur-
face.

that is examined by AFM. Although with different-sized pits
on the surface, they have the same orientation of every tri-
angle side. Figure 3(b) shows the effect of high-temperature
AIN on a-plane GaN surface morphology that is examined by
AFM. From this image, the a-plane GaN shows stripe fea-
tures along the c-direction, and surface undulation along the
m-direction [1100] as well, which is perpendicular to the c-
direction [0001].

From the elongated stripe growth, we can also conclude
that the growth rate along the c-direction is much higher than
that along the m direction. The ratio of the lateral growth rate
along the c-direction to the vertical growth rate was around
3—4119-121 " which further proves our explanation. The surface
undulate of a-plane GaN on the low-temperature GaN buffer
layer is 273.1 nm, and that of the high-temperature AIN buffer
layer a-plane GaN is 34.5 nm. The root mean square (RMS)
of the low-temperature GaN buffer layer 10x 10 um? a-plane

(b)

Fig. 3. Surface morphology of AFM for a-plane GaN (a) with the
low-temperature GaN buffer layer and (b) with the high-temperature
AIN buffer layer.

GaN is 22.4 nm, and that of the high-temperature AIN buffer
layer 10 x 10 um? a-plane GaN is 3.45 nm. Figure 4(a) shows
the cross-sectional of AFM with the low-temperature GaN as
buffer layer, and Figure 4(b) shows the cross-sectional of AFM
with the high-temperature AIN as buffer layer. The GaN with
high-temperature AIN buffer layer shows great pleat morphol-
ogy, and the GaN with low-temperature buffer layer shows
many smallness triangle pits. The 3D view of AFM for a-plane
GaN with different buffer layers is shown in Fig. 5.

Surface morphology measurements of a-plane GaN with
I x 1 um?> AFM is employed to determine the direction of
the triangular pit. On the basis of the benchmark side of the
sapphire, we determine the direction of triangular pit. Its hy-
potenuse is along the m-direction and the perpendicularity line
of the hypotenuse is along the c-direction. The symmetry side
face of the triangular pit is two inclined [1011] facets. Asso-
ciate with the defects, which are characteristically observed
under c-plane GaN. For a c-plane film, the V defect is an open,
inverted pyramid which is bound by the pyramidal [1011]
facets commonly encountered in GaN MOCVD growth!!3: 141,
Due to the nonpolar orientation, the V defect appears in the
GaN film on its side, as shown schematically in Fig. 6(b).
AIN film grown at low temperature promotes a 3D growth
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Fig. 4. Cross-sectional of AFM for a-plane GaN with (a) the low-
temperature GaN as buffer layer and (b) the high-temperature AIN as
buffer layer.
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Fig. 5. 3D view of AFM for a-plane GaN with (a) the low-temperature

GaN as buffer layer and (b) the high-temperature AIN as buffer layer.

mode, producing large islands with discrete ( 10T1), (OlTl),
and (0001) side facets, and their coalescence is incomplete un-
der these conditions and is a consequence of the (0001) plane
being of a different crystallographic family from the (1011)
and (011115,

These pits form upon island growth and coalescence at
the early stages of high temperature growth. Since the pits do
not close up throughout the course of the high temperature

m direction

¢ direction

(b)
Fig. 6. (a) Surface morphology measurements of a-plane GaN with
1 x 1 um? AFM; (b) V defect, shown schematically, which is com-
monly observed in c-plane growth.
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Fig. 7. XRD spectra using 26—w scan for (a) a-plane GaN grown with
HT AIN buffer layer on r-plane [1102] sapphire and (b) a-plane GaN
grown with LT GaN buffer layer on r-plane [1102] sapphire.

growth, the pit facets are extremely stable and slow growing.
Structural characteristics of the as-grown a-plane GaN
films were evaluated by HRXRD. As shown in Fig. 7, the 26—
w scans of the as-grown HT AIN buffer layer sample exhibit
two peaks that are assigned to the diffractions from the [1120]
of a-plane AIN buffer, and from the [1 150] of a-plane GaN.
No other diffraction from GaN is observed within the detection
limits of this technique. All these indicate that the GaN films
are uniquely [1120] a-plane oriented as the a-plane GaN films
grown by MOCVD with the HT-AIN or LT-GaN buffer layer.
The full width at half maximum (FWHM) values of X-ray
26-w scan curve are 0.2072° and 0.2396° for samples grown
on LT-GaN and HT-AIN buffer layers, respectively. The a-
plane GaN on LT-GaN buffer layer has an improved crystalline
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Fig. 8. XRD spectra using 26—w scan for modulate buffer.
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Fig. 9. Surface morphology of AFM for modulate buffer.

quality, but its RMS is much larger. Therefore, the choice of
optimum buffer layer should be a compromise of crystalline
quality and the surface morphology.

When grown on modulate buffer structure, the quality of
the material is significantly improved. The FWHM value of X-
ray 26—w scan curve is 0.1626°, and the number of triangle pits
decreases significantly. The density of the triangle pits is from
5.6 x 107 to 5 x 10° cm™2. The XRD spectra and the surface
morphology of AFM for modulate buffer are shown in Figs. 8
and 9 respectively. The idea of the new structure is forming a
grads buffer to decrease the poor mismatch with the substrate
of nearly 10%. This structure should be effective to improve
the quality of nonpolar GaN material.

4. Conclusions

Eliminating polarization-related electric fields and re-
ducing extended defect densities are essential for improv-
ing Ill-nitride film growth and device performance. A-plane
GaN growth by MOCVD with high-temperature AIN, low-
temperature GaN as buffer layer was studied. The a-plane GaN
shows different surface morphology: with high-temperature
AIN, the a-plane GaN shows stripe features along the c-
direction, and surface undulation along the m-direction [ITOO].
In the other case, the hypotenuse of the triangular pit is along
the m direction and the perpendicularity line of the hypotenuse
is along the ¢ direction. A novel modulate buffer is used for a-

plane GaN growth on r-plane sapphire. The density of the tri-
angle pits is from 5.6 x 1077 to 1.65x 10~7 cm~2. This method
reduces crystal lattice mismatch of the GaN to the AIN buffer,
and the surface morphology and quality of the material show
significant improvement. We will pay more attention to im-
proving the crystalline quality in future study.
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