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Abstract: The compliant behavior of densely packed 10 × 10 µm2 square patterned InGaN layers
on top of porous GaN is demonstrated. The elastic relaxation of the InGaN layers is enabled by
the low stiffness of the porous GaN under layer. High resolution X-ray diffraction measurements
show that upon InGaN re-growths on these InGaN-on-porous GaN pseudo-substrates, not only
was the regrown layer partially relaxed, but the degree of relaxation of the InGaN pseudo-substrate
layer on top of the porous GaN also showed an increase in the a-lattice constant. Furthermore,
methods to improve the surface morphology of the InGaN layers grown by metal-organic chemical
vapor deposition (MOCVD) were explored in order to fabricate InGaN pseudo-substrates for future
optoelectronic and electronic devices. The largest a-lattice constant demonstrated in this study using
this improved method was 3.209 Å, corresponding to a fully relaxed InGaN film with an indium
composition of 0.056.

Keywords: indium gallium nitride; gallium nitride; porous GaN; relaxed InGaN pseudo- substrate;
compliant pseudo-substrate; composition pulling effect; MOCVD

1. Introduction

The (In,Ga)N alloy system is attractive for various optoelectronic and electronic applications,
owing to its wide tunable bandgap spanning from 0.7 to 3.4 eV. While high brightness blue and white
light emitting diodes (LEDs) are commercially available, the fabrication of highly efficient (Ga, In)
N based green, yellow, or red light emitting diodes (LEDs) still remains challenging [1]. Achieving
high indium incorporation into InGaN alloys while maintaining high film quality remains difficult
in particular due to the large lattice mismatch of 10% between GaN and InN [2,3]. The misfit strain
also leads to reduced indium incorporation through the so-called compositional pulling effect [4].
A suppression of the indium incorporation into compressively strained InGaN films compared to
relaxed, strain-free InGaN was found in both experimental as well as thermodynamic studies [5–10].
Due to the reduced lattice mismatch between a relaxed InGaN buffer and the quantum wells (QWs),
a higher indium incorporation efficiency can be achieved. Typically, the indium composition in the
quantum wells (QWs) must stay below 20–25% to maintain good film quality [6].
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The availability of a relaxed InGaN buffer layer with a lattice parameter closer to that of the
QWs is hence highly desirable to obtain high efficiency long wavelength (>500 nm) III-N LEDs or
lasers. Attempts have been made to fabricate as-grown relaxed InGaN buffers on substrates such
as ZnO [11–13] and ScAlMgO4 [14,15]; however, the very low growth temperatures required for
deposition on ZnO and the high n-type conductivity of InGaN grown on ScAlMgO4 substrates have
made metal-organic chemical vapor deposition (MOCVD) growth efforts on these substrates very
challenging. Alternately, partially relaxed engineered InGaN substrates have been explored [6] and
relaxed InGaN buffer layers have been fabricated by molecular-beam epitaxy (MBE) and used as
pseudo substrates for MOCVD growth [9,16,17]. Attempts have also been undertaken to fabricate
InGaN pseudo-substrates via coalescence of relaxed nano-feature arrays [18]. Additionally, previous
theoretical studies have established the advantages of ternary InGaN substrates with enlarged in-plane
lattice parameters compared to GaN for the growth of high In-content InGaN QWs [19–23].

Prior to this work, 80 to 200-nm wide InGaN fins were shown to uni-axially relax perpendicular to
the fin direction [17,24,25]. Recently, we demonstrated uni-axial and bi-axial InGaN relaxation in the
micron-sized regime [10] using porous GaN under layers. Using these relaxed InGaN-on-porous-GaN
wafers as pseudo-substrates for the growth of InGaN/GaN multi-quantum wells (MQWs) we observed
enhanced indium incorporation into the InGaN QWs grown on the pseudo-substrates compared to the
same structure grown on GaN base layers.

In this work, we report on the compliant nature of InGaN layers on top of porous GaN. Upon
performing bulk InyGa1−yN regrowths on relaxed InxGa1−xN-on-porous-GaN pseudo-substrates
(where y ≥ x), and measuring the lattice constant of each film, an increase in the lattice constant of
the InxGa1−xN layer was observed. Furthermore, the pseudo-substrate design was optimized and
an InGaN-pseudo-substrate with a lattice constant corresponding to fully relaxed InGaN with an
indium composition of 0.0565 and good surface morphology was obtained, which is essential for future
electronic and opto-electronic devices.

2. Materials and Methods

All epitaxial layers in this study were grown by metal-organic chemical vapor deposition using
the precursors trimethylgallium (TMGa), triethylgallium (TEG, for InGaN growths), trimethylindium
(TMI), ammonia, and disilane on c-plane sapphire substrates. The epitaxial layer structure of the
samples for porosification consisted of a 2.8 µm-thick unintentionally doped (u.i.d.) GaN layer followed
by 800-nm-thick Si-doped GaN with a doping of 5 × 1018 cm−3, and a 80 or 200-nm-thick compressively
strained InxGa1−xN (0.05 ≤ x ≤ 0.125) top layer (Figure 1a).

The samples were first patterned and dry etched using a 100 W BCl3/Cl2 etch chemistry, resulting
in 10 µm × 10 µm wide tiles. The spacing between each tile was 2 µm, making the fill factor for tiles
10 µm × 10 µm over 12 µm × 12 µm, or 69%. The total etch depth was 580 or 700 nm, corresponding to
InxGa1−xN layer thicknesses of 80 or 200 nm, respectively. Afterward a doping selective electrochemical
(EC) etch was used for the porosification of the exposed regions of the 800 nm thick GaN: Si layers [10].
The EC etch was performed with a metal contact to the 800-nm-thick n+ GaN: Si layer on the sample
as anode and a Pt wire which acted as the cathode. The redox reaction resulting in etching progressed
as a result of the current flowing through this GaN: Si layer etching the region exposed to the 0.3 M
Oxalic acid electrolyte resulting in the formation of tiles comprised of InxGa1−xN on top of porous
GaN as shown in Figure 1b [26]. Following this process, the samples were used as pseudo-substrates
for subsequent regrowth of 100 or 200 nm thick InyGa1−yN with TMI and TEG flows of 11.3 and
6.5 µmol/min at 869 ◦C. A co-loaded GaN-on-sapphire template served as the reference sample for
each experiment.
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Figure 1. Schematic structure of (a) the as-grown sample, (b) post porosification, and (c) upon regrowth
of 100 nm of InGaN, with corresponding RSMs measured using the GaN (1124) reflection to evaluate
the InGaN relaxation across the tiles shown in (d–f). The black vertical dashed line through the GaN
peak corresponds to the fully strained InGaN lattice constant, and the slanted line through the GaN
peak corresponds to fully relaxed InGaN lattice constant in (d–f). The red dashed lines through the
InxGa1−xN and InyGa1−yN peaks in (e) and (f), correspond to lines of constant indium mole fraction
x or y, where the degree of relaxation varies from 0 to 100% from left to right. The InxGa1−xN peak
in (e) shifted to the right along the red dashed line in (f) as a result of regrowth of InyGa1−yN layer.
The vertical dashed lines through the InxGa1−xN and InyGa1−yN peaks in (f) show a slight offset
corresponding to about 20% lattice mismatch between the two layers.

The surface morphology of the samples was assessed using an Asylum MFP3D atomic force
microscope (AFM). The V-defect density on the sample surface was determined by counting the V
defects over an area of 5 µm × 5 µm from multiple AFM scans and averaged to obtain the V defect
density for each sample. The cross-sectional images were taken using a Field Electron and Ion (FEI)
Helios Dualbeam Nanolab 600 Focused Ion Beam (FIB) tool operated at 5 kV. High-resolution X-ray
diffraction (XRD) (ω–2θ)–ω reciprocal space maps (RSMs) were recorded around the GaN (1124)
reflection to evaluate the InGaN relaxation across the tiles. In addition,ω–2θ scans around the GaN
(0002) reflection were measured, all using an X’PertPro Panalytical Pixcel 3D diffractometer. The lattice
constants of the InxGa1−xN layer before and after regrowth and the InyGa1−yN after regrowth, were
determined using the X-pert Epitaxy software using ‘a’ lattice constants of 3.1893 Å and 3.538 Å for
GaN and InN, respectively. The lattice constant ‘anew’ of an InzGa1−zN layer, which was relaxed, R%,
was calculated following Vegard’s law:

anew = 3.1893 × {1 − (z × R/100)} + 3.538 × z × R/100. (1)

3. Results and Discussion

3.1. Experiment 1: InxGa1−xN Layer Thickness 200 nm (Sample Series A)

In the first experiment, we investigated the relaxation of a 200 nm-thick InxGa1−xN layer with
x = 0.08, which was initially grown strained to the GaN base layers (sample A, Figure 1a), after
porosification of the GaN:Si underlayer (sample A0, Figure 1b), and after a subsequent regrowth of an
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additional 100 –nm-thick–InyGa1−yN layer with y = 0.145 (sample A1, Figure 1c). Post EC etch at a
bias of ~30 V, the InxGa1−xN layer with x = 0.08 was ~45% relaxed (Figure 1e) or R = 45, resulting in
a lattice constant of 3.202 Å. Upon subsequent regrowth of 100 nm InyGa1−yN under the conditions
described above, an indium mole fraction of y = 0.145 was measured for the InyGa1−yN regrown on
the tile sample, compared to only y = 0.12 for the co-loaded GaN-on-sapphire reference sample.

The enhanced indium uptake can be explained by the composition pulling effect, as the lower
misfit strain on the tiles led to a higher indium incorporation in the regrown layer [9]. Interestingly,
regrowth of the InyGa1−yN layer with a higher indium content (y = 0.145) than that of the InxGa1−xN
layer underneath (x = 0.08) led to an increase in the degree of relaxation of the InxGa1−xN layer from
45% to ~71% as shown in Figure 1f, corresponding to an increase of its ‘a’ lattice constant from 3.202 to
3.209 Å. This result indicates that the use of porous GaN as a mechanically flexible layer allows the
InxGa1−xN layer on the top to change its lattice constant, as known for compliant layers.

The reciprocal space map displayed in Figure 1f also shows a slight offset in the ‘Qx-axis’ direction
between the peaks of the InxGa1−xN and InyGa1−yN layers, indicating that the InyGa1−yN layer was
about 20% relaxed compared to the InxGa1−xN layer, with an ‘a’ lattice constant of 3.214 Å. This may
be attributed to the formation of additional V-defects, as their density increased from 4.1 × 108 cm−2

to about 4.8 × 108 cm−2 after InyGa1−yN layer regrowth, resulting in additional relaxation of the
InyGa1−yN layer. The V-defects often originate at the GaN/InGaN hetero-interface and their diameter
increases with increasing layer thickness [27,28].

The AFM image displayed in Figure 2a shows that the V-defect density was already relatively high,
and larger V defects were visible upon the deposition of the 200 nm thick strained InxGa1−xN (x = 0.08)
layer. Upon regrowth of the 100-nm-thick InyGa1−yN (y = 0.145) layer (Figure 2b) the V-defects
started to coalesce, and additional defect features were visible on the surface. Similar defects had been
observed for thick InGaN layers previously [29]. In view of the deteriorating surface morphology after
100 nm InyGa1−yN deposition, regrowth on 200-nm-thick InxGa1−xN layers was not further pursued.
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as samples B1, C1, and D1, and those with 200 nm thick InyGa1−yN, as samples B2, C2, and D2. 

The lattice constants obtained from the reciprocal space maps of samples B0, C0, and D0 taken 
after tile fabrication and porosification are displayed in Figure 3). The extracted lattice constants were 
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Figure 2. The 5 µm × 5 µm atomic force microscope (AFM) image of sample (a) A0 with 200 nm
In0.08Ga0.92N before regrowth, (b) A1 upon regrowth of 100 nm InyGa1−yN, (c) C0 with 80 nm thick
In0.09Ga0.91N before regrowth, (d) C1 upon regrowth of 100 nm InyGa1−yN, (e) C2 upon regrowth of
200 nm InyGa1−yN.
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3.2. Experiment 2: InxGa1−xN Layer Thickness 80 nm, with Varying ‘x’ (Sample Series B, C and D)

In the following experiments, the thickness of the InxGa1−xN layer was reduced to 80 nm to
reduce both the size and the density of the V-defects. Three samples with indium mole fractions of 0.05
(referred to as sample B), 0.09 (referred to as sample C), and 0.12 (referred to as sample D) were grown.
After tile fabrication and porosification (samples B0, C0, and D0), 100 and 200 nm thick InyGa1−yN
layers were regrown. The samples with 100 nm thick InyGa1−yN layers will be referred to as samples
B1, C1, and D1, and those with 200 nm thick InyGa1−yN, as samples B2, C2, and D2.

The lattice constants obtained from the reciprocal space maps of samples B0, C0, and D0 taken
after tile fabrication and porosification are displayed in Figure 3). The extracted lattice constants
were 3.193 Å, 3.194 Å, and 3.194 Å for the In0.05Ga0.95N, In0.09Ga0.91N, and In0.12Ga0.88N samples,
respectively. This lattice constant corresponds to a fully relaxed InGaN layer with mole-fraction
0.01–0.02. The small differences between the lattice constants reflected limited relaxation of the
InxGa1−xN layer for the three samples due to the thin InxGa1−xN layer thickness.

After regrowth of 100 nm InyGa1−yN the samples were examined again (samples B1, C1, and D1).
The measured indium compositions of the 100 nm thick regrown InyGa1−yN layers were approximately
0.105, 0.11, and 0.12 for samples B1, C1, and D1, respectively. Note that these samples were co-loaded
in the reactor to ensure the same growth conditions. The extracted ‘a’ lattice constants were 3.197 Å,
3.201 Å, and 3.207 Å, respectively (Figure 3e), corresponding to a degree of relaxation of the InyGa1−yN
layers of 21%, 31% and 43%, respectively (Figure 3e).

After regrowth of the 100-nm-thick InyGa1−yN layer, the lattice constants of the InxGa1−xN
layer increased as well, from 3.193 to 3.197 Å for samples B0/B1 (x = 0.05), from 3.194 to 3.201 Å for
samples C0/C1 (x = 0.09), and 3.194 to 3.207 Å for samples D0/D1 (x = 0.12), as illustrated in Figure 3d.
Comparing sample C1(lattice constant 3.201 Å) with sample A0 (lattice constant 3.202 Å), with similar
mole-fraction and total InGaN layer thickness, we observe that sample C1 has nominally the same
lattice constant but without the penalty of degraded morphology as can be observed from their AFM
scans in Figure 2a,d, respectively.

For the samples with 200 nm thick InyGa1−yN layers (B2, C2, and D2), which were all co-loaded in
the reactor again, the following results were obtained (Figure 3d,e): the measured indium compositions
of the 200-nm-thick regrown InyGa1−yN layers were 0.106, 0.11, and 0.12 for samples B2, C2, and D2,
respectively. The extracted ‘a’ lattice constants were 3.203 Å, 3.209 Å, and 3.214 Å, respectively
(Figure 3e), corresponding to a degree of relaxation of the InyGa1−yN layers of 39%, 54% and 60%
(Figure 3e).

Similar to the previous observations, upon regrowth of the InyGa1−yN layer, the lattice constants
of the InxGa1−xN layer increased again, from 3.193 to 3.203 Å for samples B0/B2 (x = 0.05), from
3.194 to 3.209 Å for samples C0/C2 (x = 0.09), and 3.195 to 3.214 Å for samples D0/D2 (x = 0.12)
(Figure 3d). The increase in InyGa1−yN thickness resulted in additional stretching of InxGa1−xN
layer, which behaved as compliant layer due to its position on top of the porous GaN. In addition,
the relaxation of the InyGa1−yN layer itself increased, from 21% to 39% (samples B1/B2), 31% to 54%
(samples C1/C2), and 43% to 60% (samples D1/D2) with higher thickness of the regrown InyGa1−yN
layer. With increasing InyGa1−yN thickness, the nominal strain in the layer rose resulting in a stronger
driving force towards relaxation. In elastic continuum theory, the strain energy per unit area, Eh, for a
pseudomorphic epilayer of thickness ‘h’ on a (0001) substrate, with misfit strain ‘ε’, shear modulus ‘G’
and poisson’s ratio ‘υ’ is given by [30]:

Eh = {2G × (1 + υ) ε2h} ÷ (1−υ). (2)

Considering the InyGa1−yN layer as the epilayer and the InxGa1−xN layer underneath as the
substrate, the strain energy per unit area is directly proportional to the thickness of the InyGa1−yN layer.
When both layers are positioned on top of porous GaN, ‘a’ lattice constant of the InxGa1−xN bottom
layer is allowed to change and the strain energy can be lowered. For y ≥ x the ‘a’-lattice constant of the
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InxGa1−xN layer increased leading to a reduction in the lattice mismatch between the InyGa1−yN and
InxGa1−xN layers and a decrease of the misfit strain in Equation (2). This effect was more pronounced
with the thicker InyGa1−yN layer as the strain energy increased with thickness. To compensate for this
strain energy increase, the degree of relaxation of the InyGa1−yN layers increased (Figure 3e).
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Figure 3. Epitaxial structure of samples with InxGa1−xN layer thickness of 80 nm, with varying
mole-fraction x (a) as-grown–samples B,C and D, (b) post porosification—sample B0,C0 and D0,
(c) upon regrowth of 100 nm of InyGa1−yN—samples B1, C1 and D1, and upon regrowth of 200 nm
InGaN—samples B2,C2 and D2, (d) Lattice constant ‘a’ and corresponding In mole fraction of fully
relaxed InGaN with the same lattice constant, after porosification, (open symbols, before regrowth,
samples B0, C0 and D0), and after regrowth of 100 (filled circles, samples B1, C1, and D1) or 200 nm
InyGa1−yN (filled squares, samples B2, C2, and D2), versus mole fraction x in the as-grown InxGa1−xN
layers. Grey dashed line corresponds to the ‘a’ lattice constant of GaN, (e) (top plot) Lattice constant ‘a’
in angstrom, and corresponding mole fraction of a fully relaxed InGaN layer versus mole-fraction x of
as-grown InxGa1−xN layers, after regrowth of 100 (triangles) or 200 nm InyGa1−yN layers (rhombi),
(bottom plot). Degree of relaxation of InyGa1−yN layers, versus mole-fraction of InxGa1−xN layers,
after regrowth of 100 (triangles) or 200 nm InyGa1−yN layers (rhombi). Grey dashed line corresponds
to the ‘a’ lattice constant of GaN, (f) Cross-sectional focused ion-beam SEM image of a 10 µm × 10 µm
tile cleaved through the centre, for the sample C2 (200 nm InyGa1−yN regrown on 80 nm of InxGa1−xN,
where x = 0.09 and y = 0.11).
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In addition, the decrease in lattice mismatch between the InyGa1−yN and InxGa1−xN layers with
increasing x value resulted in an increase in the mole fraction y of the regrown InyGa1−yN layers from
0.105 to 0.12 due to the composition pulling effect. Thereby the compositions measured for samples B1
and B2 with the lowest x value of 0.05 were similar to those obtained for the InyGa1−yN layers on the
corresponding GaN-on-sapphire reference samples, which amounted to y = 0.1 and y = 0.104 after 100
and 200 nm InyGa1−yN regrowth, respectively.

3.3. Morphology Analysis Based on V Defect Density

While a higher indium mole fraction and thickness of the InGaN layers allowed the demonstration
of layers with larger a lattice constants, the epitaxial parameter space was limited by the formation of
defects. In MOCVD growth of strained InxGa1-xN on GaN typically V-defects form in order to release
strain energy [27,28,31]. Their density increases with increasing InxGa1−xN composition and thickness
(Equation (2)). As expected, the V-defect density on the surface of sample A with a 200- nm-thick
In0.08Ga0.92N layer (Figure 2a), 4.1 × 108 cm−2, was higher than that of 3.3 × 108 cm−2 observed for
sample C with 80-nm-thick In0.09GaN0.91layer (Figure 2c). As discussed earlier, when the V-defect
density is high and the V-defects penetrate deep into the (In,Ga)N layer, strain relaxation can occur as
the sidewalls of the V-defects are free to move to accommodate the strain, often resulting in a measurable
enhancement of the In incorporation in the near surface region of InGaN layers (as observed for sample
A1) or InGaN/GaN superlattices [32], due to the composition pulling effect. If the strain is too high,
additional defects will form leading to a degradation of the InGaN layer properties, as observed for
sample A1 (Figure 2b) in this study and as has been widely studied in the past [3,27,28,33,34].

In order to mitigate the degradation in layer properties when starting with 200 nm thick as-grown
strained InxGa1−xN layers (A series of samples), an alternate approach to achieve thicker InGaN layers
was to start out with a thinner, only 80-nm-thick as-grown strained InxGa1−xN layer with a lower
V-defect density. Following with porosification of the GaN:Si underneath in order to allow partial
relaxation of the InxGa1−xN layer, and continuing the InGaN deposition process afterwards, utilizing
the compliant property of the 80-nm-thick InxGa1−xN layer during the deposition, resulted in a much
lower V defect density. Sample C0 with 80-nm-thick In0.09Ga0.91N, for example, exhibited only 3.3 × 108

cm−2 V-defects (Figure 2c) compared to 4.1 × 108 cm−2 for sample A0 with 200-nm-thick In0.09Ga0.91N
(Figure 2a).

After depositing a further 100-nm-thick InyGa1−yN layer with y = 0.11 on top of sample C0,
the V-defect density on the surface increased only slightly to 3.5 × 108 cm−2 (sample C1, Figure 2d) and
was still lower than that of sample A0 (200 nm In0.08Ga0.92N, V-defect density 4.1 × 108 cm−2). When
increasing the InyGa1−yN (y = 0.11) layer thickness to 200 nm (sample C2, Figure 2e), the V-defect
density rose to 3.8 × 108 cm−2, but was still lower than that of sample A0, despite its higher average
indium composition of 0.105 and higher thickness of 280 nm, compared to sample A0 with an average
indium composition of x = 0.08 and for the only 200 nm thick sample A0.

The average V-defect densities of all samples belonging to series B to D are shown in Figure 4.
Note that upon porosification of the as-grown samples no change in the V -defect density was observed.
For the as-grown samples with 80-nm-thick InxGa1−xN layers, the V-defect density increased from
3.3 × 108 cm−2 to 4 × 108 cm−2 when increasing x from 0.05 to 0.12. Although the differences in v-defect
densities may not seem drastic, it provides us with an overall guidance towards the trends to be
observed for samples with different mole-fraction and total InGaN thickness.



Materials 2020, 13, 213 8 of 10

Materials 2019, 12, x FOR PEER REVIEW 7 of 10 

 

the V-defect density is high and the V-defects penetrate deep into the (In,Ga)N layer, strain relaxation 
can occur as the sidewalls of the V-defects are free to move to accommodate the strain, often resulting 
in a measurable enhancement of the In incorporation in the near surface region of InGaN layers (as 
observed for sample A1) or InGaN/GaN superlattices [32], due to the composition pulling effect. If 
the strain is too high, additional defects will form leading to a degradation of the InGaN layer 
properties, as observed for sample A1 (Figure 2b) in this study and as has been widely studied in the 
past [3,27,28,33,34]. 

In order to mitigate the degradation in layer properties when starting with 200 nm thick as-
grown strained InxGa1−xN layers (A series of samples), an alternate approach to achieve thicker InGaN 
layers was to start out with a thinner, only 80-nm-thick as-grown strained InxGa1−xN layer with a 
lower V-defect density. Following with porosification of the GaN:Si underneath in order to allow 
partial relaxation of the InxGa1−xN layer, and continuing the InGaN deposition process afterwards, 
utilizing the compliant property of the 80-nm-thick InxGa1−xN layer during the deposition, resulted 
in a much lower V defect density. Sample C0 with 80-nm-thick In0.09Ga0.91N, for example, exhibited 
only 3.3 × 108 cm−2 V-defects (Figure 2c) compared to 4.1 × 108 cm−2 for sample A0 with 200-nm-thick 
In0.09Ga0.91N (Figure 2a).  

After depositing a further 100-nm-thick InyGa1−yN layer with y = 0.11 on top of sample C0, the 
V-defect density on the surface increased only slightly to 3.5x108 cm−2 (sample C1, Figure 2d) and was 
still lower than that of sample A0 (200 nm In0.08Ga0.92N, V-defect density 4.1 × 108 cm−2). When 
increasing the InyGa1−yN (y = 0.11) layer thickness to 200 nm (sample C2, Figure 2e), the V-defect 
density rose to 3.8 × 108 cm−2, but was still lower than that of sample A0, despite its higher average 
indium composition of 0.105 and higher thickness of 280 nm, compared to sample A0 with an average 
indium composition of x = 0.08 and for the only 200 nm thick sample A0. 

The average V-defect densities of all samples belonging to series B to D are shown in Figure 4. 
Note that upon porosification of the as-grown samples no change in the V -defect density was 
observed. For the as-grown samples with 80-nm-thick InxGa1−xN layers, the V-defect density 
increased from 3.3 × 108 cm−2 to 4 × 108 cm−2 when increasing x from 0.05 to 0.12. Although the 
differences in v-defect densities may not seem drastic, it provides us with an overall guidance 
towards the trends to be observed for samples with different mole-fraction and total InGaN thickness. 

 
Figure 4. The average V-defect density of the sample surface vs. mole-fraction x of as-grown InxGa1−xN 
layers, for as-grown samples (open circles), after regrowth of 100 nm InyGa1−yN layers (filled circles) 
or 200 nm InyGa1−yN layers (filled squares). 

As the InxGa1−xN layers are initially grown coherently strained on top of the GaN:Si layers 
(samples B,C, and D) the strain energy increases with increasing mole fraction x, leading to a higher 
number of V-defects for MOCVD grown samples. Similarly, the number of V-defects in the regrown 
InyGa1−yN layers increased with increasing x value, as the average composition of the combined 

Figure 4. The average V-defect density of the sample surface vs. mole-fraction x of as-grown InxGa1−xN
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As the InxGa1−xN layers are initially grown coherently strained on top of the GaN:Si layers
(samples B,C, and D) the strain energy increases with increasing mole fraction x, leading to a higher
number of V-defects for MOCVD grown samples. Similarly, the number of V-defects in the regrown
InyGa1−yN layers increased with increasing x value, as the average composition of the combined
layers, InxGa1−xN and the InyGa1−yN, rose as well. The more pronounced increase in V-defect density
with increasing thickness of the InyGa1−yN layer, samples B2, C2, and D2 versus samples B1, C1,
and D1, can be attributed to the higher strain energy in the thicker layers. The circumstance, that once
a V-defect has formed, it typically does not coalesce or fill under the growth conditions required for
InGaN deposition, low temperatures, and the use of nitrogen as carrier gas in order to obtain sufficient
indium incorporation in the MOCVD process, may contribute to this trend. For the above reasons,
a low strain energy in the initially coherently strained InxGa1−xN layers aided in achieving compliant
partially relaxed InxGa1−xN/InyGa1−yN composite layers with low V-defect density. The degree of
relaxation and the a-lattice constant of the InxGa1−xN/InyGa1−yN layer stack can be further increased
through continued process optimization. In addition to thickness and composition of the layers on top
of porous GaN, the degree of relaxation of the top layers is strongly dependent on the size of the etched
patterns. Our previous study on stripe patterns showed that when the stripe width was reduced from
10 to 2 µm, the relaxation perpendicular to the stripes dramatically increased from about 60% to 100%,
respectively [10]. The 10 µm × 10 µm tiles in this study were chosen for their compatibility with the
micro-LED size regime. As micro-LEDs are pushed towards smaller sizes for applications in advanced
micro displays, the pattern size for the InGaN pseudo-substrate fabrication process described here
can be reduced as well, taking advantage of the larger lattice constants which can be obtained using
smaller patterns. A detailed study towards the V-defect behavior and the relaxation mechanism of the
InGaN layers on porous GaN is currently underway and will be presented elsewhere.

4. Conclusions

In conclusion, a method to fabricate compliant InGaN pseudo-substrates was demonstrated,
allowing the fabrication of partially relaxed InxGa1−xN/InyGa1−yN (x = 0.09, y = 0.11) composite
pseudo-substrates with an a-lattice constant of 3.209 Å, corresponding to fully relaxed InGaN with an
indium mole fraction of 0.056. The presence of the porous GaN under-layer enabled the compliant
behavior of the InGaN top layers. The fabricated InGaN pseudo-substrates are attractive for the
fabrication of future electronic and optoelectronic devices.



Materials 2020, 13, 213 9 of 10

Author Contributions: Conceptualization, S.S.P., C.G., S.K. and U.K.M.; methodology, S.S.P. and S.K.; software,
S.S.P.; validation, S.S.P., C.G. and Y.W.; formal analysis, S.S.P. and S.K.; investigation, S.S.P., Y.W. and C.G.;
resources, S.K., S.P.D., S.N. and U.K.M; data curation, S.S.P.; writing—original draft preparation, S.S.P., C.G. and
S.K.; writing—review and editing, S.S.P., C.G., S.K., S.P.D., S.N. and U.K.M.; visualization, S.S.P.; supervision, S.K.,
S.P.D., S.N. and U.K.M.; project administration, S.K. and U.K.M.; funding acquisition, U.K.M. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Office of Naval Research (Paul Maki), grant number N00014-17-1-2106.

Acknowledgments: The research reported here made use of shared facilities of the University of California
Santa Barbara Materials Research Science and Engineering Centre (NSF DMR 1720256), a member of the
Materials Research Facilities Network (www.mrfn.org). A portion of this work was also performed in the UCSB
nanofabrication facility, part of the National Science Foundation National Nanotechnology Infrastructure Network
(ECS-0335765).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Maur, M.A.; Pechhia, A.; Penazzi, G.; Rodrigues, W.; Carlo, A.D. Efficiency Drop in Green InGaN/GaN Light
Emitting Diodes: The Role of Random Alloy Fluctuations. Phys. Rev. Lett. 2016, 116, 027401. [CrossRef]

2. Matthews, J.W.; Blakeslee, A.E. Defects in epitaxial multilayers: I. Misfit dislocations. J. Cryst. Growth 1974,
27, 118–125. [CrossRef]

3. Holec, D.; Costa, P.M.F.J.; Kappers, M.J.; Humphreys, C.J. Critical thickness calculation for InGaN/GaN.
J. Cryst. Growth 2007, 303, 314–317. [CrossRef]

4. Kawaguchi, Y.; Shimizu, M.; Hiramatsu, K.; Sawaki, N. The Composition Pulling Effect in InGaN Growth on
the GaN and AlGaN Epitaxial Layers Grown by MOVPE. In Proceedings of the Materials Research Society
Symposium, Boston, MA, USA, 2 December 1996; Volume 449.

5. Yayama, T.; Kangawa, Y.; Kakimoto, K.; Koukitu, A. Theoretical analyses of In incorporation and compositional
instability in coherently grown InGaN thin films. Phys. Status Solidi C 2010, 7, 2249. [CrossRef]

6. Even, A.; Laval, G.; Ledoux, O.; Ferret, P.; Sotta, D.; Guiot, E.; Levy, F.; Robin, I.C.; Dussaigne, A. Enhanced
In incorporation in full InGaN heterostructure grown on relaxed InGaN pseudo-substrate. Appl. Phys. Lett.
2017, 110, 262103. [CrossRef]

7. Pereira, S.; Correia, M.R.; Pereira, E.; O’Donnel, K.P.; Trager-Cowan, C.; Sweeny, F.; Alves, E. Compositional
pulling effects in InxGa1-xN/GaN layers: A combined depth-resolved cathodoluminescence and Rutherford
backscattering/channeling study. Phys. Rev. B 2011, 64, 205311. [CrossRef]

8. Hiramatsu, K.; Kawaguchi, Y.; Shimizu, M.; Sawaki, N.; Zheleva, T.; Davis, R.F.; Tsuda, H.; Taki, W.;
Kuwano, N.; Oki, K. The Composition Pulling Effect in MOVPE Grown InGaN on GaN and AlGaN and its
TEM Characterization. MRS Internet J. Nitride Semicond. 1997, 2, e6. [CrossRef]

9. Däubler, J.; Passow, T.; Aidam, R.; Köhler, K.; Kirste, L.; Kunzer, M.; Wagner, J. Long wavelength emitting
GaInN quantum wells on metamorphic GaInN buffer layers with enlarged in-plane lattice parameter.
Appl. Phys. Lett. 2014, 105, 111111. [CrossRef]

10. Pasayat, S.S.; Gupta, C.; James, D.A.; Cohen, D.; DenBaars, S.P.; Nakamura, S.; Keller, S.; Mishra, U.K.
Fabrication of relaxed InGaN pseudo-substrates composed of micron-sized pattern arrays with high fill
factors using porous GaN. Semicond. Sci. Technol. 2019, 34, 115020. [CrossRef]

11. Kobayashi, A.; Ohta, J.; Fujioka, H. Low temperature epitaxial growth of In0.25Ga0.75N on lattice-matched
ZnO by pulsed laser deposition. J. Appl. Phys. 2006, 99, 123513. [CrossRef]

12. Wang, S.J.; Li, N.; Park, E.H.; Feng, Z.C.; Valencia, A.; Nause, J.; Kane, M.; Summers, C.; Ferguson, I. MOCVD
growth of GaN-based materials on ZnO substrates. Phys. Status Solidi C 2008, 5, 1736–1739. [CrossRef]

13. Lei, Y.; Xu, J.; Zhu, K.; He, M.; Zhou, J.; Gao, Y.; Zhang, L.; Chen, Y. A GaN-Based LED With Perpendicular
Structure Fabricated on a ZnO Substrate by MOCVD. J. Disp. Technol. 2013, 9, 377–381. [CrossRef]

14. Ozaki, T.; Takagi, Y.; Nishinaka, J.; Funato, M.; Kawakami, Y. Metalorganic vapor phase epitaxy of GaN and
lattice-matched InGaN on ScAlMgO4 (0001) substrates. Appl. Phys. Express 2014, 7, 091001. [CrossRef]

15. Ozaki, T.; Funato, M.; Kawakami, Y. InGaN-based visible light emitting diodes on ScAlMgO4 (0001) substrates.
Appl. Phys. Express 2015, 8, 062101. [CrossRef]

16. Hestroffer, K.; Wu, F.; Li, H.; Lund, C.; Keller, S.; Speck, J.S.; Mishra, U.K. Relaxed c-plane InGaN layers for
the growth of strain-reduced InGaN quantum wells. Semicond. Sci. Technol. 2015, 30, 105015. [CrossRef]

www.mrfn.org
http://dx.doi.org/10.1103/PhysRevLett.116.027401
http://dx.doi.org/10.1016/0022-0248(74)90424-2
http://dx.doi.org/10.1016/j.jcrysgro.2006.12.054
http://dx.doi.org/10.1002/pssc.200983475
http://dx.doi.org/10.1063/1.4989998
http://dx.doi.org/10.1103/PhysRevB.64.205311
http://dx.doi.org/10.1557/S1092578300001320
http://dx.doi.org/10.1063/1.4895067
http://dx.doi.org/10.1088/1361-6641/ab4372
http://dx.doi.org/10.1063/1.2206883
http://dx.doi.org/10.1002/pssc.200778614
http://dx.doi.org/10.1109/JDT.2012.2236300
http://dx.doi.org/10.7567/APEX.7.091001
http://dx.doi.org/10.7567/APEX.8.062101
http://dx.doi.org/10.1088/0268-1242/30/10/105015


Materials 2020, 13, 213 10 of 10

17. Lund, C.; Hestroffer, K.; Hatui, N.; Nakamura, S.; DenBaars, S.P.; Mishra, U.K.; Keller, S. Digital growth
of thick N-polar InGaN films on relaxed InGaN pseudosubstrates. Appl. Phys. Express 2017, 10, 111001.
[CrossRef]

18. Keller, S.; Lund, C.; Whyland, T.; Hu, Y.; Neufeld, C.; Chan, S.; Wienecke, S.; Wu, F.; Nakamura, S.; Speck, J.S.;
et al. InGaN lattice constant engineering via growth on (In, Ga) N/GaN nanostripe arrays. Semicond. Sci.
Technol. 2015, 30, 105020. [CrossRef]

19. Zhang, J.; Tansu, N. Improvement in spontaneous emission rates for InGaN quantum wells on ternary InGaN
substrate for light-emitting diodes. J. Appl. Phys. 2011, 110, 113110. [CrossRef]

20. Zhang, J.; Tansu, N. Optical Gain and Laser Characteristics of InGan Quantum Wells on Ternary InGaN
Substrates. IEEE Photonics J. 2011, 5, 2600111. [CrossRef]

21. Pal, J.; Migliorato, M.A.; Li, C.K.; Wu, Y.R.; Crutchley, B.G.; Marko, I.P.; Sweeney, S.J. Enhancement of
efficiency of InGaN-ased light emitting diodes through strain and piezoelectric field management. J. Appl.
Phys. 2013, 114, 073104. [CrossRef]

22. Sharma, T.K.; Towe, E. On ternary nitride substrates for visible semiconductor light-emitters. Appl. Phys.
Lett. 2010, 96, 191105. [CrossRef]

23. Park, S.H.; Moon, Y.T.; Lee, J.S.; Kwon, H.K.; Speck, J.S.; Ahn, D. Spontaneous emission rate of green
strain-compensated InGAN/InGaN LEDs using InGaN substrate. Phys. Status Solidi A 2011, 208, 195–198.
[CrossRef]

24. Keller, S.; Schaake, C.; Fichtenbaum, N.A.; Neufeld, C.J.; Wu, Y.; McGroddy, K.; David, A.; DenBaars, S.P.;
Weisbuch, C.; Speck, J.S.; et al. Optical and structural properties of GaN nanopillar and nanostripe arrays
with embedded InGaN/GaN multi-quantum wells. J. Appl. Phys. 2006, 100, 054314. [CrossRef]

25. Gupta, C.; Tsukada, Y.; Romanczyk, B.; Pasayat, S.S.; James, D.A.; Ahmadi, E.; Keller, S.; Mishra, U.K. First
demonstration of improvement in hole conductivity in c-plane III-Nitrides through application of uniaxial
strain. Jpn. J. Appl. Phys. 2019, 58, 030908. [CrossRef]

26. Zhang, Yu.; Ryu, S.W.; Yerino, C.; Leung, B.; Sun, Q.; Cao, H.; Han, J. A conductivity-based selective etching
for next generation GaN devices. Phys. Status Solidi B 2010, 247, 1713–1716. [CrossRef]

27. Won, D.; Weng, X.; Redwing, J.M. Effect of indium surfactant on stress relaxation by V-defect formation in
GaN epilayers grown by metalorganic chemical vapor deposition. J. Appl. Phys. 2010, 108, 093511. [CrossRef]

28. Wu, X.H.; Elsass, C.R.; Abare, A.; Mack, M.; Keller, S.; Petroff, P.M.; DenBaars, S.P.; Speck, J.S. Structural
origin of V-defects and correlation with localized excitonic centers in InGaN/GaN multiple quantum wells.
Appl. Phys. Lett. 1998, 72, 692. [CrossRef]

29. Rhode, S.L.; Fu, W.Y.; Moram, M.A.; Massabuau, F.C.P.; Kappers, M.J.; McAleese, C.; Oehler, F.;
Humphreys, C.J.; Dusane, R.O.; Sahonta, S.L. Structural and strain relaxation effects of defects in InxGa1-xN
epilayers. J. Appl. Phys. 2014, 116, 103513. [CrossRef]

30. Fischer, A.; Kiihne, H.; Roos, B.; Richter, H. Elastic strain relaxation in patterned heteroepitaxial structures.
Semicond. Sci. Technol. 1994, 9, 2195–2198. [CrossRef]

31. Cho, H.K.; Lee, J.Y.; Kim, C.S.; Yang, G.M.; Sharma, N.; Humphreys, C. Microstructural characterization of
InGaN/GaN multiple quantum wells with high indium composition. J. Cryst. Growth 2001, 231, 466–473.
[CrossRef]

32. Jiang, F.; Xhang, J.; Xu, L.; Ding, J.; Wang, G.; Wu, X.; Wang, X.; Mo, C.; Quan, Z.; Guo, X.; et al. Efficient
InGaN-based yellow-light-emitting diodes. Photon. Res. 2019, 7, 144–148. [CrossRef]

33. Oliver, R.A.; Kappers, M.J.; Humphreys, C.J. Growth modes in heteroepitaxy of InGaN on GaN. J. Appl. Phys.
2005, 97, 013707. [CrossRef]

34. Kobayashi, Y.; Perez-Solorzano, V.; Off, J.; Kuhn, B.; Gräbeldinger, H.; Schweizer, H.; Scholz, F. Investigations
of growth of self-assembled GaInN-GaN islands on SiC substrate by metalorganic vapor phase epitaxy.
J. Cryst. Growth 2002, 243, 103–107. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.7567/APEX.10.111001
http://dx.doi.org/10.1088/0268-1242/30/10/105020
http://dx.doi.org/10.1063/1.3668117
http://dx.doi.org/10.1109/JPHOT.2013.2247587
http://dx.doi.org/10.1063/1.4818794
http://dx.doi.org/10.1063/1.3425885
http://dx.doi.org/10.1002/pssa.201026420
http://dx.doi.org/10.1063/1.2234812
http://dx.doi.org/10.7567/1347-4065/aaffaa
http://dx.doi.org/10.1002/pssb.200983650
http://dx.doi.org/10.1063/1.3487955
http://dx.doi.org/10.1063/1.120844
http://dx.doi.org/10.1063/1.4894688
http://dx.doi.org/10.1088/0268-1242/9/12/005
http://dx.doi.org/10.1016/S0022-0248(01)01522-6
http://dx.doi.org/10.1364/PRJ.7.000144
http://dx.doi.org/10.1063/1.1823581
http://dx.doi.org/10.1016/S0022-0248(02)01485-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Experiment 1: InxGa1-xN Layer Thickness 200 nm (Sample Series A) 
	Experiment 2: InxGa1-xN Layer Thickness 80 nm, with Varying ‘x’ (Sample Series B, C and D) 
	Morphology Analysis Based on V Defect Density 

	Conclusions 
	References

