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for samples with InN molar fractions from 0.144 to 0.197, and the InAlN films with low InN molar fractions 

showed a relative smooth surface.  However, it turned into a granular surface morphology resulting from a 

columnar polycrystalline structure when the InN molar fraction exceeded a compositional boundary of in-

plane lattice matching.  As for the smooth-surface AlInN single-layers, the optical constants as well as 

energy bandgaps were determined. 
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1. Introduction 

Ternary AlInN alloys have been considered for component materials for wide variety of GaN-based 

electronic and optical devices [1], for examples, heterostructure field-effect transistors (HFETs) [2-5] , light-

emitting diodes (LEDs) [6-8], laser diodes (LDs) [9-13], photodetectors [14,15], and waveguides [16].  In 

addition to their attractive bandgap nature of an extremely wide range from 0.7 eV for InN to 6.2 eV for AlN, 

the most distinguishing feature of AlInN is to be lattice-matched to GaN.  In particular, AlInN alloys are very 

promising for cladding layers in visible LDs based on c-plane GaN, compared to conventional GaN/AlGaN 

superlattices or single-layer AlGaN films [17,18].  This is because cladding layers in LDs require a 

sufficiently-thick film with a smooth surface as well as a large index contrast to an active layer for achieving 

a high optical confinement factor.  As for this issue, AlInN with an alloy composition lattice-matched to c-

plane GaN, an InN molar fraction of approximately 0.17, is known to show a large index contrast in whole 

visible wavelength [19].  Therefore, our research group has conducted investigations on a high-quality 

AlInN cladding layers for achieving high-efficiency/high-power visible GaN LDs.  Most recently, we grew 

an approximately 300-nm-thick AlInN epitaxial film with a smooth surface at a nearly lattice-matched 

composition to c-plane GaN on sapphire by metalorganic chemical vapor deposition (MOCVD) [20].  For 

realizing a thick and high-quality AlInN film applicable for cladding layers in LDs, further understanding of 

their growth mechanism is necessary.  In this study, we attempted to grow and characterize thick AlInN films 

with different alloy compositions and then discussed the results by comparing with other researcher’s results 

in order to understand the relationship between the growth mechanism and microstructures. 

2. Experimental 

AlInN films were grown on a GaN-on-sapphire template by MOCVD.  Here, the GaN templates 

consisted of a 2-μm-thick GaN film grown on a c-plane sapphire substrate by MOCVD via a 30-nm-thick 

low-temperature GaN buffer layer.  During AlInN growth, the trimethyl-aluminum, trimethyl-indium and 
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NH3 gases were supplied into the reactor with a N2 gas flow under a constant reactor pressure of 13.3kPa.  

To achieve different-alloy-composition AlInN films, the growth temperature was varied from 800°C to 860°C.  

Here, the growth time was maintained at 30 min to achieve a film thickness of 300 nm at a growth rate of 

approximately 0.6 μm/h.  Alloy compositions of AlInN films were derived by applying lattice constants 

obtained from X-ray diffraction (XRD) measurements to an equation (c − c0) / c0 = −2 (C13 / C33) (a − a0) / 

a0 [21], where, a0 and c0 are the room-temperature lattice constants of free-standing crystals, a and c are the 

measured lattice constants, and C13 and C33 are the elastic stiffness constants.  Here, a0 and c0 of AlInN are 

determined according to Vegard's law [22,23] using the reported lattice constants [24], a and c were estimated 

using main peaks in XRD ω-2θ scans taken for symmetric (0002) and asymmetric (101̅2) planes, and the 

elastic constants, C13 and C33, were obtained by assuming a linear interpolation between the reported values 

for AlN and InN [25].  Further, X-ray rocking curve (XRC) measurement, atomic-force microscopy (AFM) 

and cross-sectional transmission electron microscopy (TEM) were used for evaluating the film qualities.  

The film thicknesses, optical constants and energy bandgaps for AlInN films were estimated using 

spectroscopic ellipsometry (SE) measurement. 

3. Results and discussion 

3.1.  Relationship between the surface morphology and lattice-strain of AlInN films 

Fig. 1 shows the relationship between root-mean-square (RMS) roughness and alloy compositions for 

300-nm-thick AlInN films, in which typical surface AFM images are also shown.  This figure obviously 

indicates that their surface roughness and morphology drastically varied at a specific compositional boundary.  

That is, samples with low InN molar fractions showed relatively smooth surface morphologies even at such 

a large film thickness.  The surface cracks observed for a sample with the lowest InN molar fraction is 

probably owing to a large in-plane tensile strain.  On the other hand, once the InN molar fraction exceeded 

approximately 0.17, however, their surfaces turned into a granular morphology and the RMS roughness 
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abruptly increased.  The following analyses were conducted to understand this phenomenon in more depth. 

Figs. 2(a) and 2(b) show the lattice constants and in-plane lattice strains, respectively, obtained for different-

alloy-composition 300-nm-thick AlInN films.  In Fig. 2(a), a-axis lengths for perfectly-relaxed AlInN 

crystals are also drawn as a blue solid line.  As obvious in the figure, a-axis lengths of AlInN films showed 

an almost constant value of approximately 3.183 Å regardless of their alloy compositions, except for the 

sample with cracks on the surfaces.  This value is consistent with that for GaN grown on c-plane sapphire 

rather than 3.189 Å, an intrinsic value for free-standing GaN.  Correspondingly, as seen in Fig. 2(b), the in-

plane lattice strain linearly changed with the change in the alloy composition, except for the sample with 

clacks on the surface, and the in-plane lattice strain reversed its direction at a specific alloy composition.  It 

was thus confirmed that no lattice relaxation occurred for AlInN films with InN molar fractions ranging from 

0.144 to 0.197 even at a large film thickness of approximately 300 nm.  Here, there is a little difference 

compared to results reported by Darakchieva et al [26].  They reported that AlInN films with InN molar 

fractions ranging from 0.13 to 0.18 were partially relaxed even at a film thickness of 100 nm.  In this study, 

the partial relaxation was observed only for a sample with cracks on the surface, InN molar fraction of 0.114.  

As for this difference, we may have to consider the influence of growth conditions.  Figs. 2(a) and 2(b) also 

confirm that strain-free AlInN films can be grown lattice-matched to GaN on c-plane sapphire when the InN 

molar fraction is 0.166.  Further, the comparison of Figs. 1 and 2 allows to consider that the surface 

morphology of thick AlInN films strongly depends on their lattice strains changing along with alloy 

compositions.  The present result indicates that an InN molar fraction lower than the lattice matching 

composition is appropriate to achieve thick and smooth-surface AlInN epitaxial films, as long as the crack 

generation does not occur.  Fig. 2(b) implies that the critical in-plane tensile strain for the crack generation 

in 300-nm-thick AlInN films is roughly 0.3%. 
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3. 2.  Microstructural characterization for flat- and rough-surface AlInN films 

Figs..3(a) and 3(b) show sets of cross-sectional TEM bright-field images and XRD ω-2θ scanning 

profiles for samples with InN molar fractions of 0.164 and 0.197, respectively.  For the sample with the InN 

molar fraction of 0.164, which is the same sample as that reported in our previous article [20] and almost 

perfectly lattice-matched to GaN on c-plane sapphire, it was confirmed to be epitaxially grown throughout 

whole of the thickness.  In the past researches, Miao et al reported that 200-nm-thick AlInN films with 

smooth surfaces were realized within InN molar fractions ranging from 0.153 to 0.173 [27,28].  Therefore, 

we claim that epitaxial AlInN films with a smooth surface were achieved at a thickness greater than ever 

reported.  In contrast to this, the other sample with the high InN molar fraction showed an obvious change 

in its microstructure with the increase in the film thickness.  That is, it drastically turned into a columnar 

polycrystalline structure from an epitaxial growth mode at a film thickness boundary of roughly 100 nm or 

less.  Thus, it was recognized that the granular morphology observed in AFM images was attributed to this 

columnar structure.  Further, the XRD ω-2θ scanning profile obtained for the sample with the high InN 

molar fraction showed a distinctive sub-peak at a shoulder part of the main peak from the AlInN film, unlike 

that for the nearly lattice-matching sample.  This implies that a phase separation occurred in the AlInN layer.  

To confirm the composition distribution in the AlInN layer, the energy-dispersive spectroscopy (EDS) 

analysis was carried out for the cross section of the film, as seen in Fig. 4.  According to this analysis, indium 

content in an upper region of the columnar layer was observed to be a few percent less than that in the 

epitaxially-grown under layer. 

The similar microstructures to that seen in Fig. 3(b) have been reported by previous researchers [28-

31].  Some researchers also pointed out that a spontaneous phase separation occurs in AlInN films when 

they exceed a specific thickness boundary [26,32,33].  Although most of them discussed based on AlInN 

films nearly lattice-matched to GaN, we can here reconsider those reports carefully by associating them to the 

alloy compositions and lattice conditions.  The mechanism of the microstructure transition during the growth 
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have been reported as follows [28,31].  That is, V-defects are first formed during the growth [34] and 

followed by the coalescence of those V-defects.  Then, growth occurs on the inclined facets of the V-defects, 

which leads to the formation of a rough upper layer with a less InN molar fraction.  On the other hand, Miao 

et al have showed an idea that the V-defects formed during the growth is related to the in-plane compressive 

strain, similarly to the case of GaInN [27].  Accordingly, we can consider that the results obtained this study 

experimentally proved the validity of their speculation.  As for the growth of AlInN films with high InN 

molar fractions, it was concluded that there are critical thicknesses related to the in-plane compressive strain 

and the microstructure and composition transition occur at the thicknesses.  

In order to confirm the influence of the lattice strain or polycrystallization on the crystal mosaicity, XRC 

measurements were carried out.  Fig. 5 show full widths at half maximum (FWHMs) in XRCs for different-

alloy-composition 300-nm-thick AlInN films, in which typical XRC profiles are also shown.  As seen in this 

figure, XRC-FWHMs were found to show similar values for almost all AlInN films, such as approximately 

200 s for symmetric (0002) reflections and approximately 300 s for asymmetric (10 1̅ 2) reflections, 

respectively.  These values are probably dependent on crystal quality of the underlying GaN films, in the 

same way as in our previous report [20].  Thus, contrary to our expectations, the XRC measurements 

showed no influence of the polycrystalline phases.  This is probably because diffraction peaks from the 

polycrystalline phase were hard to detect due to their weak reflection or overlapping with strong reflections 

from the epitaxial phase.  On the other hand, only one sample with the lowest InN molar fraction of 0.114, 

the partially relaxed and surface-cracked one, showed a large FWHM value for the asymmetric (101̅ 2) 

reflection.  This probably indicates that the partial relaxation was caused along with the generation of misfit 

“edge” dislocations. 

For overviewing the present experimental results, critical thickness calculation was conducted 

according to People-Bean’s (P-B’s) and Matthews-Blakeslee’s (M-B’s) expressions. [35,36].  Fig. 6 shows 

calculation results for AlInN films grown on GaN on sapphire, in which the experimental data were also 
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plotted with brief comments.  The calculation was conducted by considering only edge dislocations as misfit 

dislocations.  As is shown in the previous sections, an alloy composition range for 300-nm-thick epitaxial 

growth is relatively wide for samples with in-plane tensile strain but very narrow for samples with in-plane 

compressive strain.  In addition, the case with in-plane tensile strain seemed to be explicable with the P-B's 

theory, the other case with in-plane compressive strain seemed to be closer to the M-B’s theoretical curves 

rather than P-B’s.  Here, both two theories consider the generation of misfit dislocations but there is a clear 

difference between their concepts.  That is, whereas the P-B’s theory focuses on the energy equilibrium, the 

M-B’s explains by balancing the force from lattice strain and the force due to a line tension of dislocations.  

Further, in the P-B’s expression, misfit dislocations do not appear en masse catastrophically at critical 

thicknesses.  Generally, M-B's critical thicknesses are considered to be too thin to explain experimental 

results.  However, in the case of AlInN films with in-plane compressive strain, it may be suitable to consider 

that the V-defects concurrently generate to compensate the force due to the lattice strain.  Further research is 

needed to acquire in-depth understanding for limit of epitaxial growth. 

3.3.  Determination of optical constants and energy bandgaps for epitaxially-grown AlInN films 

Finally, the optical constants and energy bandgaps for AlInN epitaxial films were estimated by SE 

analysis, in the same way as our previous work [20].  Here, the SE analyses were conducted for AlInN films 

with relative smooth surfaces, InN molar fractions ranging from 0.114 to 0.173.  Figs. 6(a) and 6(b) show 

the derived refractive index n and extinction coefficient k, respectively, as a function of the incidence 

wavelength.  The bandgap energy Eg can be estimated from the extended Tauc formula (𝛼𝐸)2 ≅

(𝐸 − 𝐸𝑔) [19,20,37] for photon energy E, where the light absorption coefficient 𝛼 is represented by 𝛼 =

4𝜋𝑘/𝜆 using the derived k and the incidence wavelength λ.  Fig. 7(a) plots the relationship between (αE)2 

and E.  Using this, the Eg is determined from the intersection of the tangent of the drawn curves with the 

energy axis.  Fig. 7(b) summarizes the Eg values as a function of InN molar fraction in AlInN alloys together 
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with various researchers’ results [38-44].  This figure is by updating a figure organized by Aschenbrenner et 

al [19]. 

4. Conclusion 

     In conclusion, different-alloy-composition AlInN films with a film thickness of 300 nm were grown by 

MOCVD on a c-plane GaN on sapphire template.  It was confirmed that no lattice relaxation occurred for 

AlInN films with InN molar fraction ranging from 0.144 to 0.197.  In addition, AlInN films with InN molar 

fractions less than 0.164 showed a relative smooth surface of less than 2 nm in RMS roughness even at such 

thick films.  It was found that their surface turned into a granular morphology when the InN molar fraction 

exceeded the lattice matching composition.  Cross-sectional TEM analyses confirmed that the granular 

surface morphology was attributed to the columnar polycrystalline structure, which was formed with a less 

InN molar fraction on an epitaxially-grown AlInN layer.  This structural and compositional transition is 

probably related to the in-plane compressive lattice strain.  Finally, as for the smooth-surface AlInN single-

layers, the optical constants as well as energy bandgaps were derived via SE analyses. 
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Figure captions 

 

Fig. 1.  Compositional dependence of RMS surface roughness for 300-nm-thick AlInN films.  Typical 

surface AFM images are also shown.  

 

Fig. 2.  Compositional dependence of (a) in-plane lattice constant a and (b) in-plane lattice strain εxx for 

300-nm-thick AlInN films.  Blue solid line shows calculated in-plane lattice constant for perfectly-relaxed 

AlInN crystals.   

 

Fig. 3.  Cross-sectional TEM bright-field images and XRD ω-2θ (0002) profiles for AlInN/GaN structures 

with InN molar fractions of (a) 0.164 and (b) 0.197. 

 

Fig. 4.  Results of cross-sectional scanning transmission electron microscope (STEM) observation and EDS 

analysis for the AlInN film with an InN molar fraction of 0.197.  That is, (a) the cross-sectional STEM image, 

the EDS elemental maps for (b) Al and (c) In in the same view field as that of STEM, and (d) the result of the 

EDS line analysis. 

 

Fig. 5.  Critical thicknesses for epitaxial AlInN films calculated according to the People-Bean’s (red lines) 

and Matthews-Blakeslee’s (blue lines) expressions [34,35].  Experimental results obtained in this study are 

also plotted with brief comments. 

 

Fig. 6.  (a) Compositional dependence of XRC-FWHMs for 300-nm-thick AlInN films, and 

typical XRC profiles for AlInN films with InN molar fractions of (b) 0.114, (c) 0.164 and (d) 0.197. 

 

Fig. 7.  Spectra of (a) refractive index n and (b) extinction coefficient k for 300-nm-thick AlInN films with 

various alloy compositions. 

 

Fig. 8.  (a) Absorption spectra for different-alloy-composition AlInN films grown on c-plane GaN on 

sapphire. (b) Relationship between energy bandgaps and alloy compositions for AlInN, in which previously 

reported data are also plotted.  This figure is made by updating a figure organized by Aschenbrenner et al 

[19]. 
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Fig. 4 
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Fig. 5 

  

−500 0 500

Omega (s)

In
te

n
s
it

y
 (

a
.u

.)

−500 0 500

Omega (s)

In
te

n
s
it

y
 (

a
.u

.)

−500 0 500

Omega (s)

In
te

n
s
it

y
 (

a
.u

.)

0.10 0.12 0.14 0.16 0.18 0.20 0.22
0

100

200

300

400

500

600

700

800

InN molar fraction in AlInN

X
R
C
−
F
W
H
M
  
(s
)

(1 1̅2)

(0002)

(c) xIn = 0.164 (d) xIn = 0.197(b) xIn = 0.114

(1 1̅2)

(0002)

(1 1̅2)

(0002)

(1 1̅2)

(0002)
234 s 208 s 263 s

655 s 310 s 355 s

(a)

Omega (s) Omega (s) Omega (s)

In
te

n
s

it
y
 (

a
.u

.)



18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 
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Fig. 7 
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Fig. 8 
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