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a b s t r a c t

InGaN/GaN multiple quantum wells light emitting diodes (LEDs) with 2 mm thick crack-free GaN buffer

layers were grown on porous Si substrates by metalorganic chemical vapor deposition. The material

properties of LEDs grown on porous Si were studied in comparison with LEDs grown on grid-patterned

Si. The ð101 5Þ asymmetric reciprocal space mapping (RSM) results indicate that LEDs grown on porous

Si have less lattice tilt or distortion than those grown on grid-patterned Si. Both RSM and micro-

photoluminescence (micro-PL) measurements suggest that multiple quantum wells grown on porous Si

are less stressed. Mechanisms behind this partial strain relaxation are discussed.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

With the advantages of low cost, large scale availability, and good
thermal/electrical conductivities [1,2], Si substrates are promising
for growing InGaN based light emitting diodes (LEDs). However,
compared with the growth on sapphire or silicon-carbide substrates,
it is difficult to obtain high-quality GaN on a Si substrate without
cracks. The lattice mismatch between GaN and Si is 17% [3,4], which
causes a high dislocation density in the GaN layers. Also, the
thermal expansion coefficients of GaN and Si are 5.59�10�6 K�1

[5] and 3.59�10�6 K�1 [6], respectively, a mismatch of 56%. Stress
management between the epi-layers and the substrate during and
after the growth is thus of critical importance. The epi-layers are
under a large tensile stress during the cooling down process, causing
cracks. The cracks in turn degrade both the material property and
device performance. To overcome these challenges, epitaxial lateral
overgrowth (ELO) [7] and selective area growth (SAG) [8] techniques
were proposed and practiced. However, when ELO is implemented
at the microscale, a rather thick film needs to be grown to get a fully
coalesced surface. Using the SAG technique, accumulated tensile
stress can be relieved to a certain extent, but the crystal quality
cannot be improved.

Recently, we reported InGaN based LEDs grown and fabricated
on nanoscale patterned porous Si substrates [9]. Our results show
that nanoscale ELO is significantly promoted on porous Si, leading
to extensive dislocation bending and annihilation. LEDs grown on
porous Si have lower leakage current and higher light output
ll rights reserved.
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power, as compared to those grown on Si substrates with a
microscale pattern (grid-pattern). In this work, the material
properties of LED structures grown on porous Si substrates
are investigated with high resolution X-ray diffraction (XRD),
micro-photoluminescence (micro-PL), atomic force microscopy
(AFM), and transmission electron microscopy (TEM) techniques,
to evaluate the strain profiles of the LED structures on porous Si
substrates.
2. Experimental procedures

Two types of substrates were used in this study: one is 2 in.
porous Si (1 1 1) substrate and the other is 2 in. grid-patterned Si
(1 1 1) substrate. The porous Si substrates were fabricated using
the anodized aluminum oxide (AAO) mask patterned at nanoscale,
which is a low cost and high throughput approach. Irregular
patterns can be obtained by this technique. Detailed information
on the preparation of the porous Si substrates can be found in our
previous publication [9]. The porous Si substrates used in this
work were patterned with an average hole diameter of 150 nm, a
spacing of 120 nm, and a depth of 250 nm. For the grid-patterned
substrates, the patterns were 340 mm�340 mm square islands,
separated by 3 mm deep and 20 mm wide trenches along the
/11 0Sand /112S crystalline orientations as shown in Ref. [10].

InGaN based LED structures were grown by MOCVD in an
Aixtron 2000HT system. Trimethylgallium (TMGa), trimethylalu-
minum (TMAl), trimethylindium (TMIn), and ammonia were used
as sources for Ga, Al, In, and N, respectively. Triethylgallium (TEGa)
was used as the precursor for InGaN quantum wells growth
instead of TMGa. SiH4 and bis(cyclopentadienyl)magnesium
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(CP2Mg) were used as n-type and p-type doping sources,
respectively. Prior to the growth, substrates were heated up to
1170 1C for 10 min under an H2 ambient to remove the native oxide
on the surface of Si substrates. For growth on porous Si, an AlN seed
layer (�40 nm) was first deposited, followed by growth of a 200 nm
thick AlGaN layer and 800 nm thick undoped GaN layer. For growth
on grid-patterned Si, the AlN seed layer (�30 nm) was followed by a
SiNx in-situ nanomask layer. Subsequently, an 800 nm thick undoped
GaN buffer layer was deposited. In these two samples, AlN/AlGaN
interlayers (�125 nm thick) were deposited after the growth of the
undoped GaN layer, which aimed to further reduce the tensile stress.
For comparison purpose, the same LED structures were grown on
porous Si and grid-patterned Si substrates. The LED structure
consisted of a 1 mm thick Si doped GaN layer, five periods of
InGaN/GaN multiple quantum wells (MQWs), a 20 nm thick Mg
doped AlGaN electron blocking layer and a 150 nm thick Mg doped
GaN layer. Both samples were crack-free after growth. High
resolution XRD measurements were performed using a wavelength
of 0.15406 nm. Excitation power dependent micro-PL was carried out
using a 385 nm frequency doubled Ti:sapphire laser. The laser spot
diameter was 50 mm, and the excitation power varied from 0.05 to
50 mW.
Fig. 1. RSM around (1 0 –1 5) diffraction plane of LEDs grown on grid-patterned Si

substrate (a) and porous Si substrate (b). Insets show the SEM images of porous Si

(a) and grid-patterned Si (b). The two maps have the same intensity scale. Dotted

lines are guide to the eye.
3. Results and discussion

The crystalline quality and lattice relaxation behavior of
samples grown on grid-patterned and porous Si substrates were
investigated by asymmetrical ð101 5Þ reciprocal space mapping
(RSM) measurements as shown in Fig. 1. The two maps indicate
the intensity distribution (plotted on a logarithmic scale) as a
function of deviation from the exact Bragg diffraction condition.
H and L are the scattering vector components in units of 2p/aGaN

and 2p/cGaN, respectively [11]. The insets in Fig. 1(a) and (b) show
the optical microscope and scanning electron microscope (SEM)
images of grid-patterned and porous Si substrates, respectively,
the LEDs were grown on. The intensity scale is the same in these
two maps (i.e. a maximum intensity contour of 100.54 and a
minimum contour level of 10�0.8). In each map, the main peak is
from the underlying GaN, and the satellite peaks are from the
MQWs. Widths of the peaks of GaN in both H and L directions are
relatively small in Fig. 1(b), where the growth was performed on
porous Si, as compared to Fig. 1(a), where growth was performed
on grid-patterned Si. This indicates that the lattice tilt or
distortion of GaN grown on porous Si is smaller than that of
GaN grown on grid-patterned Si. In Fig. 1(a), the perpendicular
Fig. 2. Excitation power dependent micro-PL spectra of LEDs grown on grid-

patterned (a) and porous (b) Si substrates. Measurements were carried out at 15 K.

Excitation power increased from 0.05 to 50 mW. Dotted lines are guide to the eye;

(a) and (b) used the same set of arbitrary unit, so the PL intensity can be compared.
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dotted line goes through all the peak centers, suggesting a fully
strained structure. However, the MQW peaks in Fig. 1(b) deviate
from the GaN peak in H direction, which suggests the MQWs
grown on porous Si are slightly relaxed. In each map, the slight
right shift of the GaN peak position from the stress-free diffraction
condition (H¼1) indicates that the in-plane lattice constant of the
GaN layer is somewhat smaller than the value at a stress-free
condition (a¼3.189 Å). However, based on our previous results,
the GaN layers on porous and grid-patterned Si are under tensile
stress [9]. It appears that the RSM results are not in agreement
with the micro-Raman data, which were previously used to
determine the stress. However, Romano et al. [12] have reported a
similar phenomenon, i.e., when the GaN layer is under increasing
tensile stress, the change in the in-plane lattice constant is still
negligible. The explanation for this observation is not clear at this
point.

Excitation power dependent micro-PL measurements were carried
out at low temperature (15 K) to study the strain conditions of the
MQWs. Usually, the InGaN layers are under compressive strain in the
MQWs. This compressive strain induces a piezoelectric field, which in
turn bends the energy band and decreases the overlap of electron and
hole wave functions, thus reducing the MQW internal efficiency.
When the sample is under excitation, the injected electron–hole pairs
will screen the strain-induced piezoelectric field and relieve the band
bending. With increase in excitation power, the peak position of
micro-PL gradually shifts to higher energies as shown in Fig. 2(a),
because of partial cancellation of quantum confinement stark effect.
In Fig. 2(b), no obvious peak position shift was observed, which
suggests the MQWs grown on porous Si are less strained. This
observation is consistent with the RSM results. In Fig. 2(b), the feature
on the low-energy side of the main peak may be due to the phonon
replica of the main peak [13], but this is not the focus of this work. In
Fig. 2(a), the shoulders are likely caused by an interference
phenomenon, since these shoulders have roughly the same distance
from the main peak (�0.09 eV). The two samples were measured
under the same experimental conditions, so it is reasonable to
compare the PL intensities of the two samples at the same
temperature and same excitation power. From Fig. 2, it is obvious
that the LEDs grown on porous Si substrate have much stronger
emission intensity. Moreover, the PL full width at half maximum
(FWHM) of LEDs on porous Si and on grid-patterned Si are 80 and
90 meV at 50 mW excitation, respectively. This indicates that LEDs on
porous Si have better crystal quality.
Fig. 3. The (0 0 2) o–2y curve of LEDs grown on porous (solid line) and grid-

patterned (dot line) Si substrates.
To further investigate the possible reasons for the different
states of strain in these two samples, high resolution XRD (0 0 2)
o–2y scans were employed to evaluate the MQW structures. As
can be seen in Fig. 3, the average In fractions are slightly different
in two samples. The average In incorporation has been reported to
be influenced by the strain in GaN buffer layer, which may play a
role in PL emission energy [14].

The surface morphologies of GaN layers underneath the MQWs
were studied. AFM was used for characterizing the surface
morphology of GaN grown on grid-patterned and porous Si
substrates, shown in Fig. 4(a) and (b). The AFM scan area is
10 mm�10 mm. The surface roughness root mean square (RMS)
values obtained from AFM measurements were 4.6 and 2.6 nm for
the GaN buffer grown on porous and grid-patterned Si, respec-
tively. From the surface roughness data, one can tell that the
buffer layer grown on porous Si has a rougher surface than that
grown on grid-patterned Si. It has been reported that the strain in
InGaN layers could be relieved by introducing a rough GaN
Fig. 4. AFM images of GaN buffers grown on grid-patterned (a) and porous Si

(b) substrates. The image size is 10 mm�10 mm.



Fig. 5. TEM images of the MQWs grown on grid-patterned Si (a) and porous Si (b)

substrates.
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surface as an underlying layer [15]. From the simulated XRD
(0 0 2) o–2y results and the TEM images (shown in Fig. 5), the
InGaN well thickness is around 2 nm. Compared with the 4.6 nm
roughness of the GaN layer on porous Si, the InGaN layer may not
exist as a 2-dimentional (2-D) film, but as 3-D disk-like or island-
like In-rich dots. This is confirmed by the TEM results. Compared
with Fig. 5(a), numerous dark spots are observed across the well
in Fig. 5(b). The dark spots in the TEM image can be attributed to
In-rich dots [16]. The 3-D nature of these dots would enable the
generation of misfit dislocations, which may relieve the lattice
mismatch strain in the InGaN layer [17]. It may be the possible
reason for strain relaxation in LEDs grown on porous Si substrates.
The exact mechanism for relaxation still needs further study.
4. Summary

Material characteristics of LEDs grown on porous and grid-
patterned Si substrates were analyzed by various techniques.
Asymmetric RSM and PL results indicate that LEDs grown on
porous Si have better crystal quality in the GaN buffer with a
narrower width of peak in RSM and PL. Micro-PL results suggest
that the MQWs grown on porous Si have less piezoelectric field,
which is consistent with the RSM observations. From XRD o–2y
scans, AFM and TEM images, the strain relaxation in MQWs grown
on porous Si substrates is believed to be mainly caused by the 3-D
In dots induced misfit dislocations.
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