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Nonpolar (1120) plane In,Ga;_, N epilayers comprising the entire In content () range were successfully grown
on nanoscale GaN islands by metal-organic chemical vapor deposition. The structural and optical properties
were studied intensively. It was found that the surface morphology was gradually smoothed when z increased
from 0.06 to 0.33, even though the crystalline quality was gradually declined, which was accompanied by the
appearance of phase separation in the In,Ga;_,N layer. Photoluminescence wavelengths of 478 and 674 nm for
blue and red light were achieved for x varied from 0.06 to 0.33. Furthermore, the corresponding average lifetime
(T1/¢) of carriers for the nonpolar InGaN film was decreased from 406 ps to 267 ps, indicating that a high-speed
modulation bandwidth can be expected for nonpolar InGaN-based light-emitting diodes. Moreover, the bowing
coefficient (b) of the (1120) plane InGaN was determined to be 1.91eV for the bandgap energy as a function of .
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Il-nitride InGaN-based light-emitting diodes
(LEDs) have revealed promising performance in appli-
cations of lighting sources,") micro-LED displays, 2~
and visible light communications.[>~7 These prevalent
applications require high-quality red, green, and blue
light sources with high efficiencies and large switching
rates. Efficiencies of green and red LEDs are much
lower than those of blue LEDs due to the challenges in
InGaN growth with relatively high .18 Recently, the
successful fabrication of yellow-to-red light LEDs was
reported extensively.['9~17] However, conventional po-
lar InGaN-based LEDs are inevitably restricted owing
to the polarization-induced quantum confined Stark
effect (QCSE).['®:19] Meanwhile, switching rates of
InGaN-based LEDs are limited because lifetimes of
carriers were extended by separations of wavefunc-
tions for holes and electrons caused by QCSE.[20-21] Tt
was found that a nonpolar InGaN-based structure can
eliminate QCSE, resulting in improved efficiency and
a fast decay lifetime of carriers.???l Nevertheless,
epitaxial growth of nonpolar InGaN-based semicon-
ductors is much more challenging than growth of
polar counterparts.[?3 The achievement on semipolar
InGaN-based structures, such as the (1122) plane, !

(1011) plane,!?! and (2021) plane,["2%] was reported
recently due to the alleviation in growth inhibition
rather than nonpolar counterpart and the weaker
QCSE rather than the polar counterpart. Although
the advancement on nonpolar AlGaN- and GaN-based
structures was successively reported,?”=29 the re-
search progress on nonpolar InGaN-based structures
is clearly behind. Furthermore, growth and research
on nonpolar InGaN-based structures remain lacking,
especially with high In content.

In this Letter, nonpolar (1120) plane InGaN epi-
layers with the entire In content range were first grown
on nanoscale GaN islands by metal-organic chemical
vapor deposition. The structural and optical prop-
erties were examined using x-ray diffraction (XRD),
scanning electron microscopy (SEM), atomic force
microscopy (AFM), photoluminescence (PL), time-
resolved PL (TRPL), and spectrophotometers. PL
wavelengths of 478 and 674 nm for blue and red light
were achieved for x varied from 0.06 to 0.33. The bow-
ing coeflicient of the bandgap energy as a function of
x was explored. This study lays the foundation for
development of nonpolar InGaN-based LEDs.

In this work, five Ga-rich (A1-A5) and In-rich
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(B1-B5) nonpolar (1120) plane InGaN samples were
grown on semipolar (1102) plane sapphire substrates
with a metal-organic chemical vapor deposition sys-
tem.  Trimethylindium (TMIn), trimethylgallium
(TMGa), ammonia (NHj), and silane (SiH4) were
used as the precursors for In, Ga, N, and Si, re-
spectively. Moreover, Hy was used as the carrier gas
for all the growth processes except for the growth of
the InGaN layer, whose carrier gas was Ny. Before
growth, high-temperature baking and a nitridation
process were conducted at 990 °C as the sapphire sub-
strate pretreatment. A 20-nm-thick low-temperature
GaN nucleation layer was deposited at 550 °C followed
by a high-temperature GaN buffer layer grown at
1030 °C. The thickness of the high-temperature GaN
buffer layer was 1 pm for samples A1-A5 and 50 nm
for samples B1-B5. Subsequently, the self-organized
nanoscale GaN islands were triggered by introducing a
SiN, interlayer, which was deposited with a supply of
NHj3 and SiH,. The detailed growth parameters were
described in our previous report.?) Then, the nonpo-
lar (1120) plane In,Ga; N films were grown on the
prepared nanoscale GaN islands. For samples A1-A5,
the In,Ga;_,N film was grown with a fixed growth
time of 45min, a fixed V/II ratio of 1000, the varied
growth temperature decreased from 720 °C to 660 °C,
the varied vapor phase value of z increased from 0.13
to 0.61, and the thickness of the In,Ga;_,N film was
decreased from 850nm to 600nm. For samples B1-
B5, In, Ga;_,N film was grown with an increased va-
por phase where x varied from 0.72 to 1, and the
corresponding growth time, V/II ratio, growth tem-
perature, and thickness were 2h, 12000, 550 °C, and
~300 nm, respectively.

The XRD curves were detected using a PANalyt-
ical X'Pert Pro MRD system with the “double-axis”
mode, and the surface morphology was measured uti-
lizing the ZEISS Gemini500 SEM and NT-MDT NTE-
GRA Spectra T AFM. Additionally, the relative trans-
mission spectra were performed with the PERSEE
TU-1900 spectrophotometer for samples A1-A5 and

the HITACHI U-4100 spectrophotometer for samples
B1-B5. The PL and TRPL spectra were measured at
room temperature with a 375nm laser as the excita-
tion source, respectively.

The peaks located at 20 = 52.56° and 20 = 57.73°
in Fig.1 were assigned to be the diffraction peaks
from the (2204) plane sapphire and (1120) plane GaN
buffer layer. The rest peaks monotonously moved
from 26 = 57.32° to 260 = 51.52° due to the diffraction
from the (1120) plane In,Ga;_,N epilayer with varied
z. Thus, the apparent XRD peaks signified the suc-
cessful growth of nonpolar (1120) plane In,Ga;_,N
layers. Here the x was estimated based on Vegard’s
law by ignoring the effect of strains:

d (InxGal—zN(uio)) =ad (InN(1150))
+ (1 —x)d (GaN139)) - (1)

Furthermore, « was calculated to be 0.06, 0.10,
0.21, 0.26, and 0.33 for samples A1-A5, and 0.47, 0.62,
0.71, 0.93 and 1 for samples B1-B5, respectively, as
labeled in Fig. 1. Meanwhile, the x-ray rocking curves
(XRCs) of corresponding In,Gay_,N-related diffrac-
tion peaks were scanned at ¢ = 0° and ¢ = 90°
for all samples, and the full widths at half maximum
(FWHM) of these XRCs are summarized in Table 1.
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Fig. 1. XRD 20-w curves for all the nonpolar InGaN
samples.

Table 1. FWHMSs of XRCs measured at ¢ = 0° and ¢ = 90° and rms roughness within a detection area of 5 x 5 pm2 for

samples A1-A5 and B1-B5.

Sample Al A2 A3 A4 Ab B1 B2 B3 B4 B5
J— o
FWHM (deg) ¢=0 0.413 0.463 0.571 0.597 0.592 0.944 0.882 0.836 0.825 1.056
¢ =90° 0.446 0.521 0.728 0.795 0.704 1.080 1.343 1.273 0.958 1.245
rms roughness (nm) 9.80 8.68 8.17 7.89 6.39 9.72 10.60 12.40 14.82 20.03

By carefully observing the XRD 20-w curves, it
can be found that the InGaN diffraction peak of sam-
ples A3-A5 evidently broadened. In other words, an-
other diffraction peak seemed to have emerged to the
left of the original peak, which is usually considered
to be the result of phase separation of the InGaN epi-
layer. Furthermore, the linewidth of the In,Ga;_,N-

related XRCs and 26-w diffraction peak was broad-
ened simultaneously from sample Al to A5. Specif-
ically, the FWHM values of the XRCs measured at
¢ = 0° and ¢ = 90° were increased from 0.413° and
0.446° for sample Al as well as 0.592° and 0.795° for
sample A5, respectively. The increased FWHM val-
ues demonstrated that the crystalline quality of the
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In,Ga;_,N films degenerated as x increased from 0.06
to 0.33 for samples A1-A5. On the other hand, ex-
cellent symmetry was observed on the 20—w curves of
samples B1-B5, meaning the absence of phase sepa-
ration in samples B1-B5 grown on a thin GaN buffer
layer. The much larger FWHM values for samples
B1-B5 than those for samples A1-A5 were due to
the much lower growth temperature and thinner thick-
ness.

Fig. 2.
nanoscale GaN islands (a), samples A1-A5 (b)—(f), and
samples B1-B5 (g)—(k) with a same scale bar.

The top-view surface SEM images for the

As shown in Fig.2(a), the dominant scale of the
GaN islands was controlled to be submicron by care-
fully optimizing the growth parameters of the SiN,
interlayer and GaN islands layer. The directional pits
distributed on all the nonpolar In,Ga;_,N films are
the typical surface morphology of (1120) plane GaN-
based materials.2739 Tt can be seen clearly that the
density and depth of the directional pits decreased
from sample Al with z = 0.06 to sample A5 with
x = 0.33. This phenomenon is confused as the qual-
ity of InGaN film with high = was generally relatively
poor owing to the low growth temperature and the
large strains occurring in the InGaN film.!*!l To quan-
titatively evaluate the surface morphology of all the
nonpolar (1120) plane In,Ga;_,N samples, an area of
5 x 5um? was detected by AFM, and the rms rough-
ness was summarized in Table 1. It was determined
that the rms roughness was gradually decreased from
9.80 to 6.39nm when z decreased from 0.06 to 0.33.
This fact represented that the surface morphology of
the grown nonpolar (1120) plane In,Ga; N films be-
came smoother with increasing x. Considering the
apparent phase separation of the InGaN epilayer for
samples A3—-A5 as discussed above, the reduction in
the density and depth of directional pits was inferred
due to the strains in the InGaN layer, which were
partially relaxed by the phase separation.!®233] Thus,
proper phase separation in InGaN may be beneficial
to smooth surface morphology. Conversely, both the

AFM and SEM results indicated that the surface mor-
phology of samples B1-B5 became gradually rough as
z increased from 0.47 to 1. The rms roughness in-
creased from 9.72nm for sample Bl to 20.03nm for
sample B5 due to the relatively low growth tempera-
ture and the remarkably high V/II ratio.
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Fig. 3. (a) Normalized PL spectra for Ga-rich samples
A1-A5 measured at room temperature. (b) TRPL decay
spectra collected with a single photon counting system
for samples A1-A5 at their peak wavelength measured at
room temperature.

It can be seen from Fig.3(a) that the PL peak
wavelengths were 478, 503, 550, 602, and 674 nm for
samples A1-Ab5, respectively. The PL peak lineshape
was significantly broadened from sample A3, which
was identical to the XRD 20—w curves. Furthermore,
a “shoulder” peak appeared on the left of the main
PL peak for samples A4 and A5, as shown in Fig. 3(a).
This was very similar to the reported spectra of the
InGaN/GaN MQWs.4 In fact, the low energy emis-
sion peak was attributed to phase separation-induced
localized energy states in the In-rich cluster region as
studied previously.?+3% Alternatively, it was found
that 7/, was 406, 384, 343, 300, and 267 ps for sam-
ples A1-A5, as shown in Fig.3(b). This result was
similar to the previously reported results of the non-
polar (1120) plane GaN and Ing;GagoN films.[3%:36]
For comparison, the value of 71/, of carriers of the
conventional c-plane polar counterparts was reported
to be several nanoseconds or more.2135 In contrast,
the carrier lifetime of the nonpolar InGaN film was
an order of magnitude lower than that of the conven-
tional polar counterpart, meaning that a high-speed
modulation bandwidth can be expected for the non-
polar InGaN-based LED.

In order to further determine the bandgap energy
of the nonpolar (1120) plane In,Ga;_, N epilayers, the
absorption edges were estimated based on the trans-
mission spectra as illustrated in Fig.4. Here, the rel-
ative transmittance was defined as the ratio of the
light intensity transmitted through the samples to
that transmitted through the substrate. Then, the
bandgap energy obtained from the PL spectra and rel-
ative transmission spectra versus x is plotted in Fig. 5.
It was clear that the bandgap energy from the PL
spectra was remarkably lower compared to the rela-
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tive transmission spectra. The bandgap energy of the
nonpolar (1120) plane In, Ga;_,N epilayers as a func-
tion of x was fitted based on the equation as follows:

Ey(IngGay_zN) =2E4(InN) + (1 — z) Eg(GaN)
—bx(1 — ). (2)
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Fig. 4. Relative transmission spectra for Ga-rich samples
A1-A5 (a) and In-rich samples B1-B5 (b).
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Fig. 5. Bandgap energy for In,Gaj;_,N obtained from
PL and absorption results. The black line is the fitted
bandgap energy curve as a function of In content x.

Moreover, b was fitted to be 1.91eV when the
bandgap energy of GaN and InN were regarded as
3.42 and 0.77eV, respectively. This result was basi-
cally consistent with the equation expressed as E, =
3.42 — 2.65z — 2.42(1 — z) [eV].’”] Meanwhile, the ab-
sorption edge results of the nonpolar InGaN films on
the In-rich side were identical to the report of Liu et
al.,1®) as shown in Fig. 5.

In conclusion, the mnonpolar (1120) plane
In,Ga;_,N epilayers with x varied from 0.06 to 1 were
successfully grown with the assistance of nanoscale
GaN islands. It was found that the surface morphol-
ogy was gradually smoothed when x increased from
0.06 to 0.33, even though the crystalline quality was
gradually declined, which was accompanied by the
appearance of phase separation in the InGaN layer.

The smoothed surface morphology is beneficial to the
growth of the quantum well structure. Moreover, a
PL peak wavelength of 478 to 674 nm was achieved for
x varied from 0.06 to 0.33, and their 7/, of carriers
was reduced from 406 to 267 ps. On the other hand,
b was obtained to be 1.91eV for the bandgap energy
as a function of z.
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