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We present a study on n-type ternary InGaN layers grown by atmospheric pressure metalorganic vapour phase

epitaxy (MOVPE) on GaN template/(0001) sapphire substrate. An investigation of the different growth conditions

on n-type InxGa1−xN (x = 0.06 − 0.135) alloys was done for a series of five samples. The structural, electrical and

optical properties were characterized by high resolution x-ray diffraction (HRXRD), Hall effect and photoluminescence

(PL). Experimental results showed that different growth conditions, namely substrate rotation (SR) and change of total

H2 flow (THF), strongly affect the properties of InGaN layers. This case can be clearly observed from the analytical

results. When the SR speed decreased, the HRXRD scan peak of the samples shifted along a higher angle. Therefore,

increasing the SR speed changed important structural properties of InGaN alloys such as peak broadening, values of

strain, lattice parameters and defects including tilt, twist and dislocation density. From PL results it is observed that the

growth conditions can be changed to control the emission wavelength and it is possible to shift the emission wavelength

towards the green. Hall effect measurement has shown that the resistivity of the samples changes dramatically when

THF changes.
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1. Introduction

In recent years, nitride semiconductors have been
widely used in opto-electronic and micro-electronic de-
vice fabrication.[1,2] Group-III nitrides, InN, GaN and
AlN, form the active layers for (Al, In) GaN-based
light emitting diodes (LEDs) and laser diodes (LDs)
whose emission wavelength ranges from green to ul-
traviolet light. Due to their wide band gap, InGaN
alloys are the basis for the fabrication of green–blue
LEDs, either with a simple p/n junction or with quan-
tum well structures. The larger the In molar fraction
is, the smaller the bandgap. The emission shifts from
ultraviolet in the case of very low In content (< 0.03)
to green when the In fraction is larger (> 0.2). Several
growth parameters affect the final In/Ga ratio in the
epilayers.[3−5] Therefore, in this study the In fraction
in the crystal, determined by high resolution x-ray
diffraction (HRXRD), is varied by imposing different
growth parameters. Namely, we examined samples
grown under different total H2 flow (THF) and sub-
strate rotation (SR). Little work exists on the effect

of these parameters on the electrical and structural
properties.

Allowing small amounts of hydrogen to flow in
the growth chamber has a profound effect on the InN
percent in InGaN epitaxial films.[6] The driving force
for the deposition of InN decreases significantly with
an increase in hydrogen partial pressure and hydrogen
affects the vapour–solid relationship and the forma-
tion of the inhomegeneous composition in InxGa1−xN
growth.[6] The addition of hydrogen to nitrogen during
the growth of GaN by MOCVD results in changes in
the gas flow pattern and decreases the growth rate.[7,8]

A higher SR speed leads to higher growth rate and,
consequently to a higher In molar fraction incorpo-
rated in the layer. Therefore the SR has a remarkable
influence on the growth rate of the InxGa1−xN layer.
This is a well-known flow-dynamic effect which finally
improves the mass transport from the gas phase (ba-
sically the rotating substrate acts as a fan which sucks
the fluid axially and expels it tangentially).[4,9]

The aim of the present work is to investigate the
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effect of different growth conditions on the proper-
ties of InGaN/GaN heterostructures with HRXRD,
PL and the Hall effect. Pseudomorphically strained
InxGa1−xN layers, grown by MOVPE on GaN with
different SR and THF conditions, were analysed by
HRXRD scans in order to assess the layer crystalline
quality, In composition and strain. Defects in the
buffer layers including tilt, twist and dislocation den-
sity were investigated and prensented as a function
of SR. The electrical properties of InxGa1−xN alloys
were investigated by Hall effect measurements both at
room and low temperatures. Finally, the results of PL
investigation at room temperature are presented and
discussed.

2. Experimental

InGaN epilayers studied in this work were grown
in an atmospheric pressure vertical MOVPE reactor
with a ‘shower head’ configuration. The precursors
used were the standard ammonia, Trimethyl Gallium
(TMG) and Trimethyl Indium (TMI); N2 was always
taken as the main carrier gas while H2 was used as the
metal-organic carrier. H2 was also introduced into the
reactor in a controlled amount via an additional make-
up line: this permitted a degree of control over the
indium composition in InGaN layer, since H2 partial
pressure in the growth chamber can control the in-
dium incorporation in the InGaN layer.[4] The TMG
precursor was delivered to the reactor via a double di-
lution source line, which allows changing the Ga molar
fraction while maintaining a constant hydrogen flow
injection into the growth chamber. The TMI is in-
stead introduced with a standard single dilution line,
in which the hydrogen flow enters into a bubbler and
the metal-organic is carried to the reactor by a pres-
sure controller. The change in rotation speed is per-
mitted to control the growth rate, which has a strong
influence on indium content in the alloy.[10] In this
configuration, the hydrogen delivered to the growth
chamber is always proportional to the In molar frac-
tion. The 50.8 cm sapphire substrates were rotated
around their axis at rates varying between 120 and
750 rpm. The standard heterostructure included a 80–
100 nm thick GaN buffer grown at 510 ◦C, a 600 nm
thick GaN layer deposited at 1080 ◦C (typical V/III
ratio was about 7000), and an InGaN alloy deposited
at 800 ◦C with different conditions, as reported above,
in order to vary the In content.

The HRXRD measurements were performed by a
D8-Discover diffractometer equipped on the primary
side with a Ge(220) monochromator. Resistivity and
Hall effect measurements were carried out by the van
der Pauw method as a function of temperature, using
square shaped (5×5 mm2) samples with four contacts
in the corners. Either evaporated or annealed indium
dots were deposited on the samples, and their ohmic
behaviour was confirmed by the current–voltage char-
acteristics. The measurements were made at differ-
ent steps over a temperature range 200–350 K using
a Lake Shore Hall effect measurement system (HMS).
Room temperature photoluminescence was measured
using a standard set-up and He–Cd laser excitation
operating at 325 nm.

3. Results and discussions

The high resolution close-up view of the diffrac-
tion peaks obtained by using HRXRD measurements
for four samples with the same THF is shown in
Fig.1. The InGaN diffraction peak of the (004) plane
is clearly separated from the (004) GaN diffraction
peak. The high intensity peaks originate from diffrac-
tion of the InGaN buffer layer and other peaks be-
long to the GaN layers. They show that the positions
of InGaN (004) peaks are located approximately near
36◦, respectively, with some shift ascribed to the SR
speed. The HRXRD shows that the peaks are shifted
to higher angles when the SR speed is decreased, as
shown clearly in Fig.1. With a different THF value
(240 cm3/min), the peak of sample 128 which has
a value of 36.187◦ for the angle position (not shown
here) changes dramatically.

Fig.1. HRXRD scans in the vicinity of the symmetric (004)

reflection for samples with the same THF value; high and low

intensity peaks belong to InGaN and GaN layers respectively.
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In order to investigate the effect of different growth conditions on the crystalline quality and the mosaic
structure of the samples, we determined the full width at half maximum (FWHM) values for selected reflections
of the samples. The (002), (102) and (121) planes in units of degrees are given in Table 1.

Table 1. The FWHM values (in units of degrees) of (002), (102) and (121) reflection peaks

versus SR and THF for InGaN and GaN layers.

sample rotation H2 flow InGaN GaN InGaN GaN InGaN GaN

/(RPM) /(cm3/min) (002) (102) (121)

#128 200 240 0.052 0.047 0.463 0.569 0.523 0.588

#131 100 140 0.075 0.048 0.468 0.489 0.475 0.600

#127 200 140 0.076 0.048 0.359 0.359 0.244 0.244

#130 400 140 0.120 0.074 0.414 0.453 0.614 0.721

#129 675 140 0.145 0.138 0.637 0.749 0.527 0.482

For the (002) reflection planes of InGaN and GaN
layers, it was observed that sample 128 with values of
240 cm3/min THF with 200 rpm SR speed exhibits
optimum behaviour.

For samples with the same values of THFs, the
FWHM values increase with increasing SR speed.
This is only observed in the (002) reflections since
the (002) symmetric reflections have higher intensity
due to asymmetric planes. When the intensity de-
creases because of low quality properties, for asym-
metric planes this sequence is not observed as shown
in Table 1. Moreover, the SR speed does not af-
fect the mosaic structure (i.e. tilt, twist, disloca-
tion density). In the mosaic structure, the calculated
tilt and twist values are used for a detailed examina-
tion. For tilt computing, a Williamson–Hall plot can

be utilized,[11] in which the FWHM of the symmet-
ric rocking curves is a function of the reflection order
and FWHM (sin θ)/λ is plotted against (sin θ)/λ for
each reflection and fitted by a straight line. Here, λ

and θ is the x-ray wavelength and the incident angle
of the x-rays, respectively. The tilt is then obtained
from the slope of the linear dependence. Values of
tilt for GaN and InGaN layers are presented in Table
2. The FWHM values of asymmetric (121) reflections
give a twist angle that is the out-of-plane rotation of
the blocks perpendicular to the surface normal at the
larger z-axis angle of the x-ray setup,[12] and twist
values for all samples are given in the last column of
Table 1. Neither of the properties are affected by the
SR speed, and they show increasing or decreasing val-
ues, resulting in a stable mosaic structure.

Table 2. The obtained structural parameters of the grown samples.

sample In content a/Å c/Å ε|| × 10−2 εI × 10−2 tilt of GaN(InGaN)

#128 0.060 3.211 6.848 –0.668 0.4861 0.461(0.407)

#131 0.095 3.217 6.851 –0.835 0.6067 0.335(0.305)

#127 0.085 3.220 6.853 –0.946 0.6886 0.465(0.425)

#130 0.105 3.227 6.857 –1.168 0.8507 0.327(0.308)

#129 0.135 3.238 6.862 –1.1502 1.0937 0.438(0.356)

The different InGaN peak positions reflect a dif-
ference in indium contents for all samples, depending
on SR and THF as seen in Fig.1. The determina-
tion of lattice parameter and In content by HRXRD
is based on a unique relationship between the lattice
parameter and the chemical composition which, ac-
cording to Vegard’s rule for semiconductor alloy sys-
tems, is generally assumed to be linear.[13,14] The cal-
culated In contents, lattice parameter, the in-plane

strain (ε|| = aGaN/aInGaN − 1) and the perpendicular
strain (ε⊥ = −(2c13/c33)ε||, here c13 and c33 are the
elastic constant known commonly in the literature) are
given in Table 2. The lattice parameters were taken
as a = 3.189 Å and c = 5.185 Å for powder GaN and
a = 3.545 Å and c = 5.703 Å for powder InN.[15,16]

Parallel and perpendicular strain ratios decrease or
increase with increasing SR speed and In content and
values are approximately in the order of 10−2 and 10−3
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for every sample, which shows that the structures are
fully strained and there is a weak relaxed layer as seen
in Table 2.

The narrowing of FWHM indicates higher quality
material. The smallest FWHM values of symmetric
(002) reflection peaks belong to sample 128 with dif-
ferent THF and the smallest In content value. It was
observed that, depending on SR, when the In content
decreases, the FWHM values generally decrease in In-
GaN layers.

In hexagonal systems, three types of dislocations
are observed, screw, edge and mixed; these commonly
known defects affect the peak broadening of the re-
flection (hkil) with i = −h− k. They are determined
with the equation[17−19]

Nscrew =
FWHM2

(002)

2b2
screw

, Nedge =
FWHM2

(121)

2b2
edge

. (1)

FWHM is measured by HRXRD rocking curves,
and b is the Burgers vector length (bscrew = 0.5185 nm;
bedge = 0.3189 nm for GaN). For InGaN, as the Burg-
ers parameters, one uses the lattice parameters along
a and c; they are given in Table 1. As is well known,
the tilt range of the lattice planes for wurtzite lay-
ers reflects the content of screw TDs with a Burgers
vector b = ±[001], and the twist range of lattice
planes reflects the content of edge-type dislocations
with a Burgers vector b = ±[100], b = ±[110] and
b = ±[010]. All defects reflect content of mixing type
dislocation (Nscrew + Nedge) with a Burgers vector
b = ±[101], b = ±[011] and b = ±[111]. In Fig.2,
the calculated dislocation densities are presented as
functions of SR. Screw type dislocation shows an

Fig.2. Edge and screw type dislocation versus SR for

samples grown in identical conditions.

increasing behaviour but the edge and mixing type
dislocations exhibit a waving along increasing SR and
they change from ∼107 cm−2 to 1010 cm−2.

In wurtzite hexagonal structures, the defects stay
in asymmetric planes more than symmetric planes.
These asymmetric planes give better information
about quality of the structure. The (102) plane is
distorted from all defects and therefore its peak broad-
ening will be called a relative defect. Figure 3 shows
relative defects versus SR. In the figure, it shows de-
creasing and then increasing behaviour with increas-
ing SR. At the same time, this behaviour is valid for
a Phi scan (taken by rotating the sample around the
(102) asymmetric plane) as shown in Fig.3.

Fig.3. Relative defect versus SR for samples grown in

identical conditions.

Electrical resistivity and Hall measurements were
performed on each sample in the temperature range
of 20–350 K to investigate electrical properties. Hall
measurements indicated n-type behaviour, which may
be due to the presence of nitrogen vacancies.[20] Since
the equilibrium vapour pressure of nitrogen over InN is
several orders of magnitude higher than that of GaN,
the growth temperature of InGaN is generally lower
than that of GaN. The decomposition rate of ammo-
nia (NH3) becomes low at low growth temperatures,
so the high background carrier concentration of un-
doped InGaN may be ascribed to the nitrogen vacancy
increase.[21] Electrical resistivity, Hall mobility and
Hall carrier density at room temperature are shown in
Table 3: the lowest carrier density is 4.25×1018 cm−3,
while the highest is 2.85×1019 cm−3.

In content versus SR is shown in Fig.4. From
Fig.4 a linear relationship between SR (RPM) versus
In content is almost observed. This may be explained
by an increase of growth rate due to the faster SR
speed.[4] Although the In content of sample 128 is not
very different from other samples, its resistivity is very
small. Also, the carrier density of sample 128 was ob-
tained as 2.85×1019 cm−3 which is the highest value
of all. With this carrier density, sample 128 may be
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regarded as a ‘metallic’ semiconductor system. There-
fore sample 128 exhibits metallic behaviour with a re-
sistivity value about 10−3Ω·cm.

Fig.4. In content versus SR for samples grown in identical

conditions.

This different behaviour is observed in the resis-
tivity versus temperature plot. Figure 5 shows a semi
log plot of the resistivity versus 1/T in the range be-
tween 20 and 350 K. Except for sample 128, the resis-
tivity decreases exponentially with increasing temper-
ature for the samples, which is typical semiconductor
behaviour. Although samples 127 and 128 were grown
with the same SR speed but different THF values, they
exhibit different behaviour with temperature as seen
in Fig.5. It is interesting that sample 128 has a very
slightly temperature dependent resistivity.

Fig.5. Temperature dependence of resistivity for InGaN al-

loys.

Activation energies of InGaN alloys were obtained
from the plots of log ρ vs 1/T for two temperature re-
gions. Apart from sample 128, for the samples the
values of activation energies changed from 0.42 to
0.71 meV in the low temperature region T < 60 K,
while they changed from 10.2 to 15.5 meV in the high

temperature region T > 60 K. Sample 128 has value
of activation energies 0.065 and 2.48 meV for low and
high temperature regions respectively. It was observed
that all activation energies were smaller than the ther-
mal energy at room temperature (25 meV). The acti-
vation energies for resistivity in the low temperature
range are smaller than those evaluated from the high
temperature range. A very low value of activation en-
ergies for the lower temperature region indicates that
impurity band conduction may be the dominant trans-
port mechanism in InGaN layers.[20]

Hall mobility is an important parameter to char-
acterize the microscopic quality of semiconductors.
The room temperature Hall mobility values are also
given in Table 3. From Table 3, it can be seen that mo-
bilities of InGaN alloys are low in comparison to InN
or GaN samples in the literature, probably because of
alloy scattering, as given by Philip’s electronegative
difference theory.[22] At room temperature the highest
mobility of investigated samples obtained was about
40.6 cm2/(V·s).

Table 3. Room temperature electrical properties of

InGaN alloys.

sample In content ρ µH nH

x /(Ω·cm) /(cm2/(V·s)) /cm−3

#128 0.060 0.0052 40.6 2.85× 1019

#131 0.095 0.0379 20.8 7.91× 1018

#127 0.085 0.0369 22.5 7.51× 1018

#130 0.105 0.0746 15.5 5.44× 1018

#129 0.135 0.0917 16.0 4.25× 1018

From Table 3, it can be seen that as the indium
content increases, the mobility decreases. It can be
expected that, as the In mole fraction increases, the
effective mass of InGaN alloy decreases, since InN and
GaN have 0.115m0 and 0.22m0 effective (m0 is the
free electron mass) mass values, respectively. Also it
is known that InN possesses superior transport prop-
erties to GaN over a wide temperature range.[21] Fi-
nally, the mobility of InxGa1−xN alloys is expected to
increase with increasing In content because of the de-
creased effective mass and increased quantity of InN
for x > 0.4.[23] However, for the studied InGaN layers,
mobility values are still very low in comparison with
high quality InGaN layers. This mobility behaviour
suggests that the more indium is added to the alloy,
the more scattering centres are created, thus lowering
carrier mobility for x < 0.14.

Figure 6 shows PL spectra taken at room tem-
perature using a He–Cd laser as an excitation source
in identical conditions. The main PL peaks are
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located between 360 and 640 nm with intensities
changing dramatically among different samples; it
is valuable to note that in the structure there are
several factors contributing to the energy shift, such
as In mole fraction, internal stress, piezoelectric field

Fig.6. Room-temperature PL spectra for InGaN alloys.

polarization and so on. In our samples, the SR and
THF strongly affect the main peak’s emission posi-
tions of all samples except sample 128. It is concluded
that when the SR increases, PL spectra shift regularly

along the increasing wavelength. But sample 128 ex-
hibits very high luminescence efficiency and shifts to
low wavelengths in a different way with respect to all
other samples. The reason for this may come from the
higher THF, indicating a strong hydrogen influence in
controlling the optical properties of the investigated
samples.

4. Conclusion

SR strongly affects the structural, electronic and
optical properties of InGaN layers. It was observed
that the HRXRD peaks of samples shifted towards
lower angles when the SR speed increased. The in-
crease in the SR speed changes other structural prop-
erties such as strain, lattice parameter and In content.
This case affects the electrical and optical properties.
Mosaic structure is not an important change in the de-
fects, and it improves the quality of the crystal struc-
ture, especially with SR speed. It was also observed
that as THF increases, the main PL peak shifts to-
wards lower wavelength and the electrical resistivity
reduces suddenly; it also exhibits metallic behaviour
with very slightly dependence on temperature. THF
showed more efficiency than SR for the above proper-
ties.
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