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We report on the optical properties of m-plane GaInN/GaN quantum wells (QWs). We found that
the emission energy of GaInN QWs grown on m-plane SiC is significantly lower than on non-
polar bulk GaN, which we attribute to the high density of stacking faults. Temperature and
power dependent photoluminescence reveals that the GaInN QWs on SiC have almost as large
internal quantum efficiencies as on bulk GaN despite the much higher defect density. Our results
indicate that quantum-wire-like features formed by stacking faults intersecting the quantum wells
provide a highly efficient light emission completely dominating the optical properties of the
structures. © 2011 American Institute of Physics. [doi:10.1063/1.3607301]

In the past few years, GaN-based light emitting devices
grown on non-polar planes have continuously attracted
increasing attention due to their promising optical properties.
While conventional structures grown on the polar c-plane
suffer from the quantum-confined Stark effect (QCSE),!
GaN layers grown on non-polar surfaces are free from polar-
ization fields in growth direction.” The increased transition
probability may result in an improved device efficiency lead-
ing to increased light output powers and/or reduced threshold
current densities.’ Indeed, the first GalnN based laser diodes
with an emission wavelength at 500 nm have been shown by
Okamoto et al. on m-plane GaN substrates.* However, up to
now, non-polar GaN substrates are still barely available,
small in size, and also very expensive. As an alternative, sev-
eral groups have reported heteroepitaxial growth of non-po-
lar GaN layers on foreign substrates (y-LiAlO,, SiC, r-plane
sapphire).s_7 However, most of these structures were
affected by high densities of threading dislocations (TDs)
and basal plane stacking faults (BSFs), which are terminated
by either prismatic stacking faults (PSFs) or partial disloca-
tions.® While TDs are known to act as nonradiative recombi-
nation centers, BSFs are optically active since they can be
considered as cubic (zincblende) ABC phases in the wurtzite
ABAB stacking sequence. Such a structure forms a type-II
heterojunction which may capture electrons and holes result-
ing in optical transitions below the wurtzite GaN bandgap
energy.”'' More recently, a BSF related emission from a-
plane GaN/AlIGaN quantum well (QW) structures was
reported, suggesting the formation of quantum-wire-like
states in the regions where BSFs intersect the QWs.'>'? In
this paper, we investigate the optical properties of m-plane
GalnN/GaN QW structures grown on silicon carbide (SiC).
In particular, we show that stacking faults intersecting the
QWs dominate the optical properties of these structures.

Our samples were grown on m-plane 6H-SiC, m-plane
bulk GaN substrates, and a-plane GaN templates (grown by
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hydride vapor phase epitaxy) in a low pressure metalorganic
vapor phase epitaxy system with a horizontal reactor (Aix-
tron AIX 200RF). The precursors used were trimethylgal-
lium, triethylgallium, trimethylaluminum, trimethylindium,
and ammonia. On SiC, a 100 nm high temperature AIN layer
was followed by a 1.1 um thick n-type doped GaN buffer
layer grown at 1180 °C with a low V/III ratio of 700 and a
total reactor pressure of 50 mbar. For the active region, the
carrier gas was switched from H, to N,. The single or multi-
ple GaInN QWs were then grown at temperatures between
700 °C and 800°C. After growth, the samples were charac-
terized by x-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), conventional photoluminescence (PL) at
room and low temperatures (15 K), and high excitation PL
(excitation power density several MW/cm?). The internal
quantum efficiency (IQE) was determined from temperature
and power dependent PL measurements.'*

The structural quality of the samples was studied by
XRD measurements. The procedure to deduce lattice con-
stants, strain states, and finally the indium concentration in
the QWs is described in Ref. 15. The latter was found to be
between 10% and 37% depending on the respective growth
temperature (see also Ref. 16). Strain state analyses revealed
that the use of thin QWs (doy = (1.5 = 0.2) nm) results in a
small degree of relaxation well below 10%, which allows us
to treat the structures as fully strained in the further discus-
sion. In addition, a modified Williamson-Hall analysis of the
x-ray rocking curve widths'’ was used to determine the
stacking fault density in our samples. While the BSF density
of the structures on bulk GaN was below the detection limit
of about 1 x 10* cm™','” we found a stacking fault density
of about 1x 10° cm™' in the samples on m-plane SiC in
good agreement with TEM measurements. Fig. 1 shows
room temperature PL spectra of GaInN/GaN 5 x QW struc-
tures on SiC grown at different temperatures. With decreas-
ing growth temperature, a decreasing emission energy is
observed corresponding to the higher indium incorporation
in the QWs.

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3607301
http://dx.doi.org/10.1063/1.3607301
http://dx.doi.org/10.1063/1.3607301

011901-2 Jonen et al.
wavelength (nm)
650 600 550 500 450 400
10 —7— T T T T T T T
| m-plane GaInN 5xQWs on SiC

)
€ 08— T,,=800°C i
5 | Ta=770°C
S —T,,= 740°C
> 0.6 - B
2 F A, = 380nm
£ 04/ T=300K i
1
o
€ 02} 4
s}
c

0.0 — — : :

1.8 2.0 2.2 24 2.6 2.8 3.0 3.2

energy (eV)

FIG. 1. (Color online) Room temperature PL measurements of m-plane
GaInN/GaN 5 x QW structures with different indium concentrations result-
ing from different growth temperatures.

The optical transition energies from the PL measure-
ments at low temperature are shown in Fig. 2 as a function
of the In content determined by XRD. For the simulation
shown in the figure (solid line), we used a bandgap energy
(of unstrained material) of 3.51 eV for GaN (Ref. 18) and
0.67 eV for InN (Ref. 19) with a bowing parameter of 2.6
eV, which is close to the recently reported value by Moret et
al*® To take the strain induced shift of the bandgap energy
into account, we used the relations given by Shan er al.*'
with a linear interpolation of the elastic constants** and the
deformation potentials.”>** The optical transition energies
(including exciton binding energies) were then calculated for
a QW thickness of 1.5 nm by numerically solving Schro-
dinger’s equation assuming a band offset ratio of AE//
AEy,=70:30 (Ref. 25) and electron and hole effective
masses of 0.2m and 2.0m,° respectively. The error margin
of the calculations is indicated as the shaded area in Fig. 2,
given an accuracy of = 0.2 nm (Ref. 15) in the determination
of the QW thickness. Good agreement can be observed
between the data points on non-polar bulk GaN and the
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FIG. 2. (Color online) Low temperature PL emission energies of nonpolar
GalnN QWs and GaN buffer layers (at x =0) as a function of In content. An
unexpectedly small emission energy is observed for the m-plane GalnN/
GaN 5 x QWs on m-plane SiC substrates. Dashed lines are guide to the eye.
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calculated transition energies. For the m-plane samples on
SiC, however, the apparent bandgap is about 180 meV
smaller than expected from the calculations. In addition, the
QW structures on m-plane SiC show an unexpected blueshift
of the PL emission energy under high excitation as it is
known from the screening of electric fields in a polar QW,
whereas the emission energy of the structures on bulk GaN
is independent of the excitation power.

Obviously, the emission of the structures on m-plane
SiC relates to the QWs, as the energy scales with incorpo-
rated In. On the other hand, the emission energy is lower
than expected by about the same energy difference as stack-
ing fault emissions in GaN are lower in energy than the
bandgap. Investigating the PL spectra of the GaN buffer
layers at low temperature (not shown), we find the dominat-
ing emission at around 3.3 eV (see Fig. 2). In addition, a
stacking fault related peak and the near-band-edge emission
are observed at around 3.4 eV and 3.49 eV, respectively.
While the 3.4 eV emission is already clearly associated with
BSFs of type I;,>"® there is still some discussion about the
3.3 eV emission. However, it is most likely attributed to
BSFs of type L,* or prismatic stacking faults,”** which can
arise from folded BSFs with stair-rod dislocations at their
intersections.®*° Now, as we mentioned above, there are
high densities of stacking faults in our heteroepitaxial sam-
ples. Therefore, it is reasonable to assume that not only the
GaN emission but also the QW emission is influenced by the
stacking faults. This is supported by the fact that the nonpo-
lar structures on bulk GaN with a very low stacking fault
density have a higher PL emission energy, which corre-
sponds to the calculated values. Furthermore, the observed
blueshift of the PL emission of the heteroepitaxial samples
under high excitation may then be a consequence of an elec-
tric field in the cubic type-II QWs induced by the spontane-
ous polarization of the wurtzite matrix in the [0001]-
direction, which is perpendicular to the stacking faults."!

TEM measurements reveal that BSFs are intersecting
the quantum wells (see Fig. 3). At the intersection, a rectan-
gular region is formed, where confinement both by the quan-
tum well and by the stacking fault occurs. These regions
may, therefore, be regarded as quantum-wire-like oriented
along the a-direction. Indeed, the formation of quantum
wires by stacking faults intersecting the quantum wells has
already been suggested for a-plane GaN/AIGaN QW struc-
tures,'>'? and most likely, it also applies for our m-plane
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FIG. 3. (Color online) Intersections of stacking faults and QWs. (a) TEM
image of a GaInN/GaN 5 x QW. (b) Schematic view of a m-plane QW inter-
secting a basal plane stacking fault.
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FIG. 4. (Color online) Room temperature internal quantum efficiencies of
c-plane and m-plane GaInN/GaN QW structures.

GalnN/GaN QWs. In this context, it should be noted that in
all our experiments with the samples on m-plane SiC (even
at highest excitation powers), no other emission at higher
energy was observed, which could be attributed to the “real”
wurtzite bandgap. This may be explained by a very efficient
confinement of electrons and holes within the quantum wire
region. On the other hand, such a mechanism should also
affect the internal quantum efficiency of these structures.

Fig. 4 shows the internal quantum efficiencies of c-plane
and m-plane GaInN/GaN QW structures as a function of the
emission wavelength. The structures on m-plane SiC have
reasonably large quantum efficiencies up to 45% at room
temperature, which is almost as high as the values we
obtained for QWs on m-plane bulk GaN. At first glance, this
is surprising given the large defect density on m-plane SiC
compared to that on the bulk GaN substrates. However, it
clearly demonstrates how effectively carriers may be con-
fined in the quantum wire region resulting in strong radiative
recombination and a high quantum efficiency. On the other
hand, the efficiency of the m-plane structures is still below
the values of our optimized c-plane QWs. However, c-plane
QWs may greatly benefit from V-shaped pits suppressing
nonradiative recombination,>® which is likely not the case
for m-plane structures.

In conclusion, we have investigated the optical proper-
ties of m-plane GalnN/GaN QW structures. Comparing PL
transition energies with XRD data, we have found an unex-
pectedly low effective bandgap energy for samples on m-
plane SiC, which we attributed to the stacking faults in our
samples. In addition, we observed large internal quantum
efficiencies up to 45% at room temperatures despite the high
defect density on the m-plane SiC substrates. We explain
this by stacking faults forming quantum-wire-like states in
the QW region, which effectively confine carriers and thus
dominate the overall optical properties of these structures.
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