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AlInN epitaxial films with film thicknesses up to approximately 300 nm were grown nearly lattice-matched
to a c-plane GaN-on-sapphire template by metalorganic chemical vapor deposition. The AlInN films
showed relative good crystal qualities and flat surfaces, despite the existence of surface pits connecting to
dislocations in the underlying GaN film.  The refractive index derived in this study was in good agreement
with a previously reported result in whole visible wavelength. The extinction coefficient spectrum
showed a clear absorption edge, and the bandgap energy for AlInN nearly lattice-matched to GaN was

determined to be approximately 4.0 eV.



Recently, ternary InAIN alloys are widely utilized as component materials for GaN-based electronic
and optical devices”, such as heterostructure field-effect transistors (HFETs)*®, light-emitting diodes
(LEDs)*®, laser diodes (LDs)**?, photodetectors'**® and waveguides'®.  For optical devices, not only the

use as electron-blocking layers®”, cladding layers™***® or distributed Bragg reflectors (DBRs) **%*"?), but

d??. In

also the application of thick m-plane AlInN films to active light-emitting layers has been propose
addition to their attractive bandgap nature with an extremely wide range from 0.7 eV for InN to 6.2 eV for
AIN, the most distinguishing feature of AlInN is to be lattice-matched to GaN. When it comes to visible
LDs based on c-plane GaN, for example, AlInN alloys seems to be more appropriate as cladding layers
than conventional GaN/AlGaN superlattices or single-layer AlGaN films®#.  That is, regarding cladding
layers in LDs, a sufficiently-thick film with a flat surface and a large index contrast to an active layer is
required to achieve a high optical confinement factor. In the case of AlGaN-based cladding layers,
however, it was difficult to satisfy those conditions at the same time, due to the in-plane tensile strain
resulting from lattice-mismatching. In contrast, AlInN with an alloy composition lattice-matched to
c-plane GaN, an InN molar fraction of approximately 17%, shows a large index contrast in whole visible
wavelength™.  Up to now, however, only a few research groups have reported on single-layer AlInN films

12132329 - Moreover, two of them'®™ only described the use of

with thicknesses greater than 100 nm
AlInN films as a component in GaN LDs, and there is no detailed information on their growth or film
qualities. The others®*® are reports on microstructures of thick AllnN films with non-flat surfaces. I
this study, therefore, we attempted to grow thick and flat-surface single-layer AlINN films nearly
lattice-matched to c-plane GaN by metalorganic chemical vapor deposition (MOCVD) and to characterize
them. This research work was conducted to realize a high-quality AlInN cladding layers for
high-efficiency/high-power visible GaN LDs.

AlInN films with an alloy composition nearly lattice-matched to GaN were grown by MOCVD on a
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GaN-on-sapphire template, which consisted of an MOCVD-grown 2-um-thick GaN film on a
2-inch-diameter c-plane sapphire substrate.  For the MOCVD process, trimethyl-aluminum,
trimethyl-indium and NHs were used as precursors.  During AlInN growth, the susceptor temperature
and reactor pressure were kept at 830°C and 13.3 kPa, respectively, and the growth rate was adjusted to be
approximately 0.6 um. To estimate the alloy composition, the X-ray diffraction (XRD) w-26 scanning
technique was utilized. 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 analytically
determined using spectroscopic ellipsometry (SE) measurement.

Figure 1 shows typical XRD w-26 scanning profiles taken around (0002) reflections for samples
with AlInN films grown for 4 min, 9 min, and 30 min. For comparison, Fig.1 also shows simulation
XRD patterns obtained by assuming lattice-matched Algi7lngssN/GaN structures on sapphire with the
AlInN film thicknesses of 40 nm, 90 nm, and 100 nm. As seen in this figure, the experimental and
simulation patterns are relatively in good agreement. From this, it was confirmed that the
MOCVD-grown AlInN films were in single-phase crystals with alloy compositions and film thicknesses
close to the intended structures. In addition, the periodical fringe peaks clearly observed in the XRD
profiles probably indicate that abrupt surfaces and interfaces were realized in the AlInN/GaN
heteroepitaxial structures. More precisely, the film thicknesses were estimated by analyzing SE
measurement results, as described later, and the alloy compositions were determined by applying lattice

constants obtained from XRD w-26 measurements to the following equation”.
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where Cy3 and Cg; are the elastic stiffness constants, ag and ¢, are the room-temperature lattice constants of



free-standing crystals, and a and c are the measured lattice constants. Here, ap and co of AlInN are
determined according to Vegard's law?®* using the following lattice constants™: ay is 3.112 A for AIN and
3.54 A for InN, and ¢, is 4.982 A for AIN and 5.705 A for InN.  Further, the elastic constants, Cy3 and Cag,
were determined by assuming a linear interpolation between AIN and InN based on the following material
constants®™: Cy3 is 94 GPa for AIN and 70 GPa for InN, and Cx is 377 GPa for AIN and 205 GPa for InN.
The determined InN molar fractions x;, in AlInN and film thicknesses t are noted in Fig.1.

The crystal quality of the AlInN films was evaluated using XRC measurement, surface AFM
observation and cross-sectional TEM observation. Figures 2(a) and 2(b) show XRC profiles taken for
symmetric (0002) and asymmetric (1012) reflections, respectively. Full widths at half maximum
(FWHMSs) in XRCs for AlInN films showed relative good values as around 200 s and 300 s for the (0002)
and (1012) reflections in all samples. These XRC-FWHM values are close to those for the underlying
GaN films, as shown in Fig. 2. This probably indicates that the crystal mosaicity in the AlInN films is
strongly dependent on the GaN films. Figures 3(a), 3(b) and 3(c) show surface AFM images and
corresponding root-mean-square (RMS) roughness values for samples grown for 4 min, 9 min and 30 min,
respectively. The observation results revealed that the AlInN surfaces consisted of flat areas and a certain
number of pits.  Further, it was obvious that these pits increased in size with the increase in AlInN film
thickness.  Although the measured RMS values were not as small as an atomic order level, they were
construed to be rather good results considering the influence of the pits on the RMS estimate. To
understand the origin of the pits, cross-sectional TEM observation was carried out. Here, the
focused-ion-beam milling technique was adopted for the sample thinning so as to directly observe a
cross-section just beneath the surface pits. Figures 4(a) and 4(b) show cross-sectional TEM dark-field
images taken with g-vectors parallel to the [0002] and [1120] directions, respectively, for the sample grown
for 30 min.  As seen in the TEM images, it was found that the pits formed on the AlInN surfaces resulted
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from threading dislocations in the underlying GaN films.  In more detail, it was also confirmed that a few
of the observed dislocations disappeared from the image with the g-vector in the [0002] direction but did
not disappear from the image with that in the [1120] direction. From this, at least in this view field, the
origin of the surface pits was considered to be the pure-edge and edge/screw-mixed type dislocations.

By using the SE analyses, we can obtain not only the film thicknesses for epitaxial films but also their
optical constants as well as energy bandgaps. The SE measurement yields two parameters, the amplitude
ratio ¥ and the phase parameter 4 in the complex reflectance ratio 7, /7; = tan ¥ - e4, where the r, and
rs are the complex field reflectance for s- and p-polarized light, respectively.  Figures 5(a) and 5(b) show
the measured waveforms of ¥ and 4, respectively, for an AlInN film grown for 30 min on a
GaN-on-sapphire template.  In these figures, the oscillation observed in a wavelength range shorter than
365 nm corresponds to the reflection from the AlInN film, and the oscillation at longer wavelength than that
includes information from both the AlInN and GaN films.  The film thicknesses and the optical constants,
the refractive index n and extinction coefficient k, were derived by fitting the Tauc-Lorentz oscillator
model® to the measured waveforms. As seen in Figs. 5(a) and 5(b) it was confirmed that the model
fitting was conducted well.  Figures 6(a) and 6(b) show the derived n and k, respectively, as a function of
the incidence wavelength. For comparison, past research results obtained for an AlygsingizsN film on
GaN™ are also plotted in these figures.  From Fig. 6(a), it is obvious that the derived n was well consistent
with that given in the previous reportlg) in the whole visible wavelength range.  As seen in Fig. 6(b), on the
other hand, the spectrum of the k showed a somewhat abrupt curve compared to that of the reported result™.
This may indicate that the AlInN films grown in this study have superior crystal quality. The bandgap
energy Eq can be derived from the extended Tauc formula (aE)" = (E — Eg)lg). In this equation, an
exponent r = 2 is reported to be appropriate for considering direct-transition semiconductors™®*, and the
light absorption coefficient « is represented by a = 4mk/A using the derived k and the incidence
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wavelength . Thus, the Eg is determined from the intersection of the tangent of (aEY* with the energy
axis. Figure 7 plots the (aE)? as a function of photon energy. As a result of the sharp extinction
coefficient curve seen in Fig. 6(b), the spectrum in Fig. 7 also showed an abrupt absorption edge compared
to the previously reported result™. Eventually, the E, of the Alpgssing1esN film nearly lattice-matched to
GaN was determined to be 4.02 eV in this study.

In conclusion, single-layer AlInN epitaxial films with film thicknesses up to approximately 300 nm
were grown nearly lattice-matched to a c-plane GaN-on-sapphire template by MOCVD. The
XRC-FWHM:s for AlInN films were approximately 200 s and 300 s for (0002) and (1012) reflections,
respectively.  This probably indicates that the crystal mosaicity in the AlInN films is strongly dependent on
the underlying GaN films. The AFM observation revealed that the sample surfaces consisted of flat areas
and a certain number of pits and that those pits were enlarged with an increase in the AlInN film thickness.
The RMS surface roughness was measured to be approximately 1.8 nm for the sample with an AlInN film
thickness of approximately 300 nm. The cross-sectional TEM observation revealed that the surface pits
were caused by the threading dislocations in the underlying GaN films.  The optical constants of an AlInN
film were estimated by SE measurement.  The refractive index was confirmed to be well consistent with
that in the previous report. The extinction coefficient showed a somewhat sharp absorption edge
compared to the previous report. By using this result, the bandgap energy of the AlInN film nearly

lattice-matched to GaN was estimated to be 4.02 eV.
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Figure captions

Fig. 1. (Color online) Typical XRD w-26 profiles taken around (0002) reflections for AlINN/GaN
heteroepitaxial films grown, from bottom to top, for 4 min, 9 min and 30 min (blue lines), and the
simulation profiles obtained by assuming lattice-matched Alg171ngssN/GaN structures on sapphire with the
AlInN film thicknesses of 40 nm, 90 nm and 300 nm (red lines). The text notes show the INN molar
fractions xi, in AlInN alloys and their film thicknesses t. Here, the experimental values for x;, and t were

obtained from their lattice constants and from the SE measurement results, respectively.

Fig. 2. (Color online) Typical XRC profiles taken for (a) symmetric (0002) and (b) asymmetric (1012)
reflections for MOCVD-grown AlInN films and the underlying GaN films.

Fig. 3. (Color online) Surface AFM images for AlInN films grown for (a) 4 min, (b) 9 min and (c) 30
min on GaN-on-sapphire templates by MOCVD.

Fig. 4. Cross-sectional TEM dark-field images taken with g-vectors parallel to the (a) [0002] and (b)

[1120] directions for an AlInN film grown for 30 min on a GaN-on-sapphire template.

Fig. 5. (Color online) Waveforms of (a) ¥ and (b) 4 obtained at different incidence angles of 65°, 75°
and 85° by SE measurement for an AlInN film grown for 30 min on a GaN-on-sapphire template (blue

lines), and the fitted waveforms based on the Tauc-Lorentz oscillator model (red lines).

Fig. 6. (Color online) Spectra of (a) refractive index n and (b) extinction coefficient k determined for the

21)

AlInN and GaN films.  For comparison, past research results are also plotted.

Fig. 7. (Color online) Absorption spectra determined for the AlinN and GaN films.  For comparison, a

past research result for an AllnN film? is also plotted.
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