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A B S T R A C T

We studied chemical reactions in the metalorganic vapor-phase epitaxial growth of InGaN from the TMGa/
TMIn/NH3/H2/N2 system. It was found that the InGaN growth has three main pathways: pyrolysis of TMGa:NH3

adducts; pyrolysis of TMIn; and pyrolysis of NH3 molecules. The InGaN simulations indicated good agreement
with the experiments in temperature-dependences of growth rate and composition by considering atomic In re-
evaporation. The simulation result showed that our thinner flow channel method could produce more condensed
NH2 and In-atom concentrations compared with conventional technology. Therefore, we could raise InGaN
growth temperature with the same In content by the thinner flow channel. Since the higher growth temperature
can realize the higher quality of InGaN, we have succeeded to fabricate InGaN LEDs in the range from green to
deep red by using the 5-mm flow channel.

1. Introduction

The bandgap of InGaN varies from 0.67 to 3.42 eV [1,2] as a
function of In content. It means that InGaN–based LEDs have a potential
to cover the spectral range from ultraviolet to infrared, not only the
visible spectrum. InGaN layers for violet and blue LEDs indicate high
efficiency, but the efficiency declines with higher In content from the
green region [3–5]. It is the so-called “green gap” which is the missing
part in the high-brightness LEDs including phosphide LEDs [4]. The
growth of luminescent and high-In-content InGaN is the crucial point to
improve or overcome the green gap. It is essential to understand the
InGaN growth mechanism to improve its quality. Several reports have
shown that a thermodynamic analysis is beneficial to understand the
growth of GaN and InGaN [6–8]. One of the powerful tools to study
InGaN growth is the computational fluid dynamics (CFD) simulation
since chemical reactions in metalorganic vapor-phase epitaxial
(MOVPE) growth are vast in numbers and compete fiercely at the high-
temperature region. We have developed the GaN and AlN MOVPE
chemical reaction sets using the thermo-chemical CFD simulation
[9–11] by considering thermal effect at high growth temperatures such
as 1000 °C [12]. In this paper, InGaN growth pathways in MOVPE are
reported. Also, fabrication of yellow and red LEDs and the effect of the
thinner flow channel are studied.

2. Simulation and experiment

2.1. MOVPE growth of InGaN

We used a single-wafer horizontal MOVPE reactor [13]. The height
of the flow channel inside was 7.5 mm or 5.0mm. Precursors were
Trimethyl-gallium (TMGa), Trimethyl-indium (TMIn), ammonia (NH3),
H2-diluted silane (SiH4) and bis-cyclopentadienyl-magnesium (Cp2Mg).
The carrier gas was hydrogen for GaN growth or nitrogen for InGaN
region. Substrates were 2-inch c-plane sapphire wafers. We kept
100 kPa of the reactor pressure. The growth temperature was 1030 °C
for GaN. The growth temperatures were calibrated by melting points of
metals on the substrate surface. The value of growth temperature
hereafter is that at the center of a substrate because our machine has
temperature distribution that the last 5-mm edge area is a little bit
cooler. A substrate/quartz tray/SiC-coated carbon susceptor could ro-
tate together, but we did not rotate the substrate to compare with
computational results.

To study InGaN growth rate and In content, we grew unin-
tentionally-doped (uid) InGaN (300 nm)/low-temperature
(LT=525 °C) InGaN buffer/sapphire by using the 7.5-mm flow
channel. We chose an InGaN growth temperature in the range of
671–855 °C. The gas flow rates were TMGa=11.3 μmol/min,
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TMIn=20.5 μmol/min, NH3= 4.5 slm, and N2=10.6 slm. The V/III
ratio was kept at 6320. Since the layer thickness of InGaN was set to be
approximately 300 nm, InGaN layers are fully relaxed. The In contents
and thicknesses of samples at the center of wafers were evaluated or
confirmed by x-ray reciprocal space mapping and a scanning electron
microscope.

The InGaN five-quantum-wells (5QWs) structure is [InGaN (3.5 nm)
well/(In)GaN (10 nm) barrier]× 5/uid-GaN (2 μm)/LT-GaN/sapphire
grown by using the 7.5-mm or 5-mm flow channel. A small amount of
TMIn was introduced for the (In)GaN barriers. It was typically 10% of
the TMIn flow in the wells.

The LED structures are InGaN QWs embedded in p- and n-type GaN
layers on LT-GaN/c-sapphire substrates. Details of the growth condi-
tions of LEDs will appear later. We measured electroluminescence (EL)
spectra from the InGaN-based LEDs on a quarter wafer by a

spectrometer calibrated in power from 300 nm to 1000 nm. We used the
identical configuration for measurement using an optical fiber from the
spectrometer, electrical probes for current injection, and an LED chip
on the quarter wafer. Therefore, it is possible to evaluate their relative
intensities.

2.2. Simulation model

We used the code of CFD-ACE+ (ESI, France) with the Nitride-
MOVPE database (Wave Front, Japan) for simulation. The database is
based on our previous works [9–12]. We performed two-dimensional
(2D) simulations. The 2D simulation model is the cross-sectional of the
experimental setup at the center of the 2-inch substrate. The flow-
channels are made of quartz GE124 (GE Quartz, USA). We adopted the
thermal radiation and absorption spectra from the quartz parts ex-
perimentally measured at elevated temperatures [12]. We considered
imperfect two thermal contacts (some spaces) among a sapphire sub-
strate, a quartz tray, and a SiC-coated susceptor. In case of a substrate
and a tray, we set their space 8.5 μm. This is the distance of the max-
imum and minimum values in the range of 500 μm length of the finely
grounded backside of a sapphire substrate measured by the alpha-step

Fig. 1. Schematic diagram of reaction pathways for InGaN-MOVPE in a TMGa/TMIn/NH3/H2/N2 system. The red ways indicate the main pathways for InGaN
growth. DMIn and MMIn are dimethyl-indium and monomethyl-indium, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 2. Experimental and simulated results of in-plane distributions of growth
rate and In content in a 2″ wafer with the cross-sectional view of the reactor at
around a substrate. The height of the flow channel is 7.5 mm. There was no
substrate rotation both in experiment and simulation.

Fig. 3. Simulated and experimental results of temperature dependences of
growth rate and In content in InGaN. The red and black lines are simulations
with or without In re-evaporation during growth, respectively. The height of
the flow channel is 7.5 mm. Both values in simulation and experiment are
picked up from the center of a 2″ wafer. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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(KLA-Tencor, USA). Space was filled with nitrogen gas which was the
carrier gas during the InGaN growth. The nitrogen gas in the space acts
as a thermal conductor. Also, thermal radiation and absorption in both
sides were considered. Strains in nitride layers are not included in our
simulation. In other words, our simulation shows a fully relaxed state.

3. Results and discussion

We have constructed modeling of reaction pathways in a TMGa/
TMIn/NH3/H2/N2 system. There are mainly three kinds of reaction

groups: pyrolysis of precursors; pyrolysis of adducts such as TMGa:NH3;
and polymer formations. We adopted the modified Arrhenius expres-
sion (i.e., k= ATnexp(−E/RT), where k, A, T, E, and R are the chemical
reaction rate constant, the frequency factor, temperature, the activation
energy, and the gas constant, respectively.) for each chemical reactions
[9,10]. Fig. 1 shows the overall chemical reactions in the TMGa/TMIn/
NH3/H2/N2 system. Some experiments show that the introduction of
trimethyl-aluminum (TMAl) in GaN growth causes a decrease in growth
rate [14,15]. The additional polymer formations among TMGa and
TMAl happen quickly at the growth temperature [16]. However, reac-
tions among TMGa and TMIn are not so reactive compared with that.
Therefore, the chemical reactions in Fig. 1 are the simple plus of re-
actions in the TMGa/NH3/H2/N2 system and those in the TMIn/NH3/
H2/N2 system. We included the thermal re-vaporization of Ga atoms
and In atoms. Also, hydrogen etching of GaN and InN is considered.
Fig. 1 indicates that molecules of NH2 and In would contribute the InN
growth, and Ga-N molecules contribute the GaN growth [9].

The simulations of InGaN MOVPE were compared with experiments
using the identical growth conditions. The in-plane distributions of
growth rate and In content are shown in Fig. 2. The simulation shows
good agreement qualitatively and quantitatively with the experiment.
The growth rate gradually decreases from the upstream side to the
downstream side. That corresponds to the reactive molecules being
gradually withered.

Fig. 3 is temperature dependences of InGaN growth rate and In
content in experiment and simulation. We simulated two kinds of cases
with and without re-evaporation of In atoms adsorbed on the growth
surface. Considering the In re-evaporation, the simulation shows in-
tense temperature dependences of growth rate and In content. The si-
mulation considering In re-evaporation indicates good agreements with
experimental growth rate and In content. It is found that growth tem-
perature strongly influences on In re-evaporation from InGaN. Since
GaN growth rate increases slightly with temperature in the range from
400 °C to 1000 °C under the mass-transport limit [9], the contribution of
GaN in InGaN growth rate should be positive at the temperature range
in Fig. 3. However, the decomposition of InN becomes significant at
around 700 °C because the two simulated In contents with and without
In re-evaporation start split at around 650 °C. InGaN growth rate de-
creases with temperature both for experiment and the simulation with
In re-evaporation. There are some differences in InGaN growth rates
between experiment and the simulation with In re-evaporation at
671 °C and 717 °C. The experimental growth rate was calculated from
the total thickness and the growth time without considering porosity.
However, InGaN layers grown at low temperature become porous [17].
We recognized that the same phenomenon on the InGaN layers grown
at these temperatures. Therefore, the experimental growth rates at the
low temperatures were overestimated.

It is possible to suppress the In re-evaporation if there are more
atomic In and decomposed NH2 concentrations just above the growth
surface. In this work, we introduced the thinner (5.0 mm) flow channel.
The effect of the 5-mm flow channel on these reactive molecule

Fig. 4. Simulated distributions of atomic In (a) and decomposed NH2 (b) con-
centrations around the substrate surface at the wafer center. The red and black
lines are in cases of the 5-mm or 7.5-mm flow channel, respectively. The flow
amounts of each precursor are the same in both cases. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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Fig. 5. Comparison of IQE values at RT from InGaN 5QWs structures grown by
using the 5-mm or 7.5-mm flow channel.

Fig. 6. Normalized EL spectra from InGaN LEDs. Numbers are the peak wave-
lengths of each LED. LEDs with peaks at 410–490 nm and 520–740 nm were
grown by using the 7.5-mm and 5-mm flow channels, respectively.
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concentrations are significant as shown in Fig. 4. We compared the
conventional (7.5 mm) and the 5-mm flow channels under the same
flow conditions (TMGa=11.2 μmol/min, TMIn=43.4 μmol/min,
NH3= 4.5 slm, N2= 10.6 slm), experimentally and numerically. The
growth temperature was 785 °C. The simulation result indicates that
both of In and NH2 concentrations in the 5-mm flow channel are much
higher than those in the conventional one by 27% and 20% on the
substrate surface, respectively. In experiments, the In contents of InGaN
layers grown by using the 5-mm flow and 7.5-mm channels were 29%
and 14%, respectively. It is found that the higher In content in InGaN is
originated from the higher In and NH2 concentrations on the growth
surface. We think that temperature distribution in the space inside of
the flow channel seems to be a key point to realize those higher con-
centrations. Temperatures of a substrate and the upper wall of a flow
channel would be similar in both flow-channels because the upper wall
is heated by thermal radiation from the substrate side. However, gas
temperature distributions will be influenced by the different channel
heights since gas is heated mainly by contact and diffusion. The cal-
culated minimum temperatures along the height direction at the sub-
strate center are 200 °C and 390 °C for the 7.5-mm and 5-mm flow
channels, respectively. The higher minimum temperature is the case of
the thinner flow channel. The ratio of a certain higher temperature
region in the inside volume of the 5-mm-flow channel is higher than
that for the 7.5-mm-flow channel. It means that higher numbers of NH2

molecules and In atoms should be generated at the hot region of the 5-
mm flow channel. We need to study more about the driving force to
collect In atoms and NH2 molecules to the growth surface, but Soret
diffusion seems to a possible driving force to enrich decomposed
(=smaller) molecules to the substrate side and resulting in those higher
concentrations. The growth of higher-In-content InGaN by the 5-mm
flow channel was confirmed in the range of 760–820 °C in our previous
work [13].

Internal quantum efficiencies (IQEs) from InGaN 5QWs structures
were measured to compare the effects of the 7.5-mm and 5-mm flow
channels. We define the ratio of integrated photoluminescence (PL)
intensities at room temperature (RT) and 18 K as the IQW value of a
sample at RT. The excitation for the PL measurements was a 406-nm
InGaN laser which can excite only the InGaN region. Fig. 5 shows IQE
values from InGaN QW structures with different PL peak wavelength at
RT. If we make the envelope of the best data from the samples grown by
the 7.5-mm flow channel at each temperature, it is possible to recognize
the typical “green gap”. The samples in the blue region until ca. 500 nm
keep high IQE values, then IQE goes down abruptly to a few % from the
green region. In case of the 5-mm flow channel, the IQE value in the
blue region is similar with those in the 7.5-mm case. However, the IQE
values in the 5-mm case are better than those in the 7.5-mm case in the
550–600 nm region. Growth temperatures of samples with the PL peak

at 600 nm are 710 °C and 770 °C for the 7.5-mm and 5-mm flow
channels, respectively. We confirmed that the higher growth tempera-
ture for InGaN realizes the higher quality [18].

The 5-mm flow channel MOVPE has a high potential to grow high-
quality high-In-content InGaN layers to realize highly efficient green-
yellow-red LEDs. The higher temperature is better to grow high-quality
InGaN [18]. Since In and NH2 concentrations in the 5-mm flow channel
are higher than those in the conventional one, we can increase growth
temperature by keeping for the same In content of the InGaN active
region by 50–60 °C [13]. We grew InGaN LED structures by MOVPE.
The normalized EL spectra from the various-In-content InGaN-based
LEDs are shown in Fig. 6. LEDs with the peak wavelength of
410–650 nm have coherent structures (SQW-5QWs) except for the 740-
nm LED. The 740-nm LED adopts a strain-relaxed structure (16QWs) to
introduce more In [13]. We varied InGaN growth temperatures as the
primary parameter to control the EL wavelength until 490 nm. InGaN
layers for LEDs with peaks at 410–490 nm were grown by using the 7.5-
mm flow channel at 820–760 °C, respectively. We adopted the 5-mm
flow channel to grow LED structures emitted at the range of
520–740 nm. The growth temperature for those LEDs was kept at
785 °C. We changed the V/III ratio by using various NH3 flow rates to
adjust In content in InGaN. Flow rates of TMGa and TMIn were kept at
12 μmol/min and 24.4 μmol/min, respectively. V/III ratios in the range
of 5500–18,000 were adopted to realize higher In contents with the EL
peaks of 520–740 nm, respectively. It is noted that the EL tail of the
740-nm LED reaches around 900 nm, and In0.5Ga0.5N can emit the light
around 900 nm. The result encouraged a possibility of longer wave-
length optical device application. The 5-mm flow channel MOVPE has
the potential to grow infrared InGaN-based LED structures.

Fig. 7 shows integrated intensities and full widths at half maximum
(FWHMs) of EL spectra from the LEDs in Fig. 6. These intensity and
FWHM change gradually and continuously from 410 nm to 740 nm. We
used the 5-mm flow channel for the LEDs with peaks at 520–740 nm,
but there is no obvious step in both cases around 520 nm. It means that
the effect of the 5-mm flow channel is small at around 520 nm. That is
correspond with the IQE result. Therefore, we can expect the effect of
the 5-mm flow channel at the longer wavelength side. The decline of
the EL intensity will be originated from the degradation of InGaN
crystallinity and enhancement of the quantum confined Stark effect in
the QW region with higher In content. The ratio of EL intensities at
500 nm (grown by the 7.5-mm flow channel) and 600 nm (by the 5-mm
flow channel) is approximately 7:1. On the one hand, the IQE values of
samples grown by the 7.5-mm-flow channel at 500 nm, 600 nm are 83%
and 4%, respectively, and resulting in the ratio of 20:1. When we
compare with 18% of IQE from a 600-nm sample grown by the 5-mm
flow channel, the ratio becomes approximately 5:1. Therefore, the ratio
from 500 nm (7.5-mm-flow channel) and 600 nm (the 5-mm flow

Fig. 7. (a) Integrated intensities and (b) FWHM values of EL spectra from InGaN LEDs.
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channel) is similar both in EL and IQE. We think that the quality of
high-In-content InGaN samples grown by the 5-mm flow channel is
higher rather than those by the 7.5-mm-flow channel. The FWHM value
is getting broaden continuously with In content as shown in Fig. 7(b). It
is found that the 5-mm flow channel cannot suppress the fluctuation of
In content in InGaN.

4. Summary

We studied InGaN MOVPE through simulations and experiments. It
was found that atomic In from TMIn and NH2 molecules decomposed
from ammonia are the key molecules in In incorporation into InGaN.
The In re-evaporation from growth surface determines the In content in
InGaN. The 5-mm flow channel can increase the atomic In and de-
composed NH2 on the growth surface, and resulting in the growth of
high-In-content InGaN or the same In content at the raised growth
temperature compared with InGaN by the 7.5-mm flow channel. We
have grown green-yellow–red InGaN-based LED structures by the 5-mm
flow channel MOVPE. This method has the potential to realize InGaN-
based LEDs until infrared.
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