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Abstract In this paper, we study structural and morpho-
logical properties of metal-organic chemical vapour
deposition-grown InGaN/GaN light emitting diode (LED)
structures with different indium (In) content by means of
high-resolution X-ray diffraction, atomic force microscopy
(AFM), Fourier transform infrared spectroscopy (FTIR),
photoluminescence (PL) and current—voltage characteristic
(I-V). We have found out that the tilt and twist angles,
lateral and vertical coherence lengths of mosaic blocks,
grain size, screw and edge dislocation densities of GaN and
InGaN layers, and surface roughness monotonically vary
with In content. Mosaic defects obtained due to tempera-
ture using reciprocal lattice space map has revealed opti-
mized growth temperature for active InGaN layer of MQW
LED. It has been observed in this growth temperature that
according to AFM result, LED structure has high crystal
dimension, and is rough whereas according to PL and FTIR
results, bandgap energy shifted to blue, and energy peak
half-width decreased at high values. According to I-V
measurements, it was observed that LED reacted against
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light at optimized temperature. In conclusion, we have seen
that InGaN MQW structure’s structural, optical and elec-
trical results supported one another.

1 Introduction

The latest developments in light emitting diode (LED)
technology necessitate closely following the innovations in
this field with regard to both commerce and science. LED
is widely used in a number of fields such as indicators,
screens and panels. The white light seen on LED cannot be
directly obtained but rather obtained through either mixing
three colours (red, blue and green) or phosphor-coating of
InGaN LED which emits blue light [1]. Naturally, it is
possible to ensure luminescence, long-life and low energy
requirement through developing InGaN blue LEDs. InGaN
LEDs are preferred for their strong hexagonal material
which is resistant to high temperatures, frequency and high
pressure values. However, defects such as dislocation, tilt,
deflection, and twist or mosaic coalescence occur due to
the high lattice mismatch between a conventional substrate
such as sapphire or silicon, and InGaN epitaxial layer. For
instance, it causes cracks in dislocation layers. As widely
known, volumetric or linear defects are more dominant in
the structure.

In order to eliminate volumetric or linear defects, usu-
ally GaN buffer and plane layers are grown. This buffer
and plane layers are grown between InGaN and sapphire
before InGaN/GaN multiple layer with a view to elimi-
nating lattice mismatch. In this way, structural properties
improve thanks to the formation of crystal structure which
leads to improvement in electrical and optical properties.
Also, the InGaN active layer in these LEDs include a large
number of threading dislocations (TDs), from 1 x 10® to
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cence [4]. In spite of this large number of dislocations, the GaN buffer
efficiency of InGaN-based LEDS and LDs is much greater GaN (NL)

than that of the conventional III-V compound semicon-
ductor-based LEDs and LDs. In many conventional opto-
electronic devices, device performance has been limited by
both point defects and structural defects in these materials.
However, these recent reports suggest that III-V nitride-
based devices are less sensitive to dislocations than con-
ventional semiconductors.

In this study, three different LED samples with InGaN
multiple quantum well were grown. In these samples, all
parameters except InGaN growth temperature were struc-
turally maintained fixed. When analyzing the samples, we
carried out reciprocal lattice space mapping of high-reso-
lution symmetrical-asymmetrical planes in order to iden-
tify structural properties of crystallized layers. With the
power of this method, we were able to observe the defects
in the structure better. In literature, it is quite frequently
reported that strain and indium (In) composition ratio of
widespread errors for In,Ga; 4N cannot be distinguished
between one another [5, 6]. We therefore used cubic
equation in this study in order to distinguish between strain
and In rates [5]. We analyzed morphological structure of
the surface using atomic force microscopy (AFM) images.
We identified forbidden energy band gap from photolu-
minescence (PL) measurements; InGaN structure’s
molecular oscillation bands from Fourier transform infra-
red spectroscopy (FTIR) spectrum; and LED’s reaction to
light from -V measurements.

2 Experimental details
2.1 Material preparation

We grew five-period InGaN multiple quantum well by
metal-organic chemical vapour deposition (MOCVD)
technique. During the growth, the pressure was fixed at
200 mbar. InGaN/GaN MQW layers were grown over
c-surfaced (0001) sapphire (Al,O3) substrate. Before
growing the layers, the sapphire substrates were cleaned in
H, atmospheric environment at 1,100 °C. At first, GaN
nucleation layer with a thickness of 25 nm was grown at
500 °C. Then, GaN plane layer was grown at 1,020 °C.
Two n-type GaN contact layers were grown throughout 35
and 20 min at 1,030 °C adjusting Trimethylgallium
(TmGa) flux ratio to 23 sccm. For Mg-compounded two
p-contact layers, TmAl flux ratio was identified as
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Fig. 1 The omega or theta plot of the (0004) miller plane’s HRXRD
reflection, and LED structure (Sample B)

15 scem; and TmGa flux ratio and growth temperatures for
AlGaN and GaN were identified to be 9 sccm, 1,085 °C,
and 14 sccm, 1,010 °C, respectively. Active layer was
grown between p and n contacts as a multiple-quantum
well with 5-layer InGaN/GaN periods. In each period, In-
GaN and GaN were grown for 1.5 and 6.5 min with Ga and
In flux rates of 140 sccm, respectively. For GaN and In-
GaN, NH; flux ratio was calibrated as 1,300 and
5,200 sccm, respectively. All other properties except per-
iod temperature were maintained fixed for the three sam-
ples and their growth temperatures for active layer are 650,
667 and 700 °C, respectively.

In order to carry out I-V analysis of the samples with
n-p contact materials, for n-metal, Ti—Al contacts were
formed at 100 and 1,000 A thickness, respectively; and for
p-metal, Ni—-Al contacts were formed at 200 and 2,000 A
thickness, respectively. Figure 1 illustrates overall sche-
matic view of grown LED structures. The grown LED
structure contained within the inset of Fig. 1 is similarly
confirmed by HRXRD omega/2Theta measurement which
has the same shape. Satellite peaks SL-1 and SL-2 are
composed of interference of XRD peak reflections from
GaN and InGaN layers, and used to find MQW thickness.
Finger peak formation among satellite peaks is weak. As
the interlayer roughness increases, the roughness-related
XRD interferences are distorted.

2.2 Material characterization

D8-Discovery XRD device CuKa, tube with a wavelength
of 1.5406 A as the supply was used for high-resolution
X-ray diffraction (HRXRD) measurements. For high res-
olution, monochromator with 4-crystal Ge (220) crystal
was also used. In order to provide for diffraction require-
ment from symmetrical-asymmetrical planes, there are x,
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y, z, ® and & axes other than 6 and 20. For reciprocal lattice
space, 0, 20, ® and & axes were used. The samples were
attached to the device through vacuum. Moreover, the
whole filming lasted approximately for 112 h with average
7 h of filming for each measurement along with that of the
axes which optimize reciprocal lattice space.
Morphological properties were characterized with high
performance atomic force microscope (Nano Magnetics
Instruments Ltd., Oxford, UK) using dynamic mode scan-
ning. PL measurements were taken by using Jobin—Yvon
Florong-550 PL system with a 50-mW He-Cd laser
(A = 325 nm) as excitation light source at room tempera-
ture. The current voltage characteristics were performed
using Keithley 4,200 source-meter, and Oriel Soll A class
AAA solar simulator. For the FTIR measurement, a Bruker
vertex 80 IR spectrometer, with a mid-IR region along with
a Germanium attenuated total reflectors (ATR) were used.

3 Results and discussion

Figure 2 illustrates only reciprocal space map of (0002)
and (10-15) planes of high-resolution samples. On these

figures, [ miller indexes for GaN, InGaN and AlGaN were
observed to be approximately 2.00, 1.97 and 2.25 on the
symmetrical plane on direction /[001], respectively. Fur-
thermore, I miller indexes for GaN, InGaN and AlGaN
were observed to be approximately 5.33, 5.28 and 5.35 on
asymmetrical plane (10-15), respectively. Asymmetrical
peaks were scanned with extensive offset values. These
offsets were then eliminated according to the universal
values of GaN. While symmetrical peaks are dominant on
(0002) plane, satellite peaks formed due to the interference
caused by differences between GaN and InGaN intensity
appear well-separated just below the InGaN peak. Thick-
ness calculation is possible through these satellite peak
separations. For thickness calculation, basically 7T =
/(2 % A0 % Cos0) formula was used [6]. A is wavelength
of X-ray source; and A is satellite peak separation; and 6
is Bragg angle of the plane. Quantum well thicknesses are
given in the last column of Table 1 by sequence depending
on the temperature. It is observed that depending on the
increase in temperature, barrier and InGaN quantum well
thickness decreases.

Figure 3 shows half-width of peak heights depending on
temperature for samples A, B and C of left y axes, and for
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Fig. 2 Reciprocal space mapping of the symmetric (0002) and asymmetric (10-15) planes for all samples
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Table 1 The InGaN growth temperature, In alloy ration, ¢ and
a- strain values, and MQW thicknesses

Samples Temp. In content Strain ¢ Strain a L
°C) (%) (x107H  (x107) (o)
A 650 10.87 7.09 —2.48 13.87
B 667 9.01 10.90 —3.83 12.58
C 700 7.51 —2.86 1.00 10.39
0.80 T T T T 0.55
sample A Sample B Sample C
070t t——————!——————/—/—/—’-—z
o F050 &
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—~ —T e - @
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Fig. 3 FWHM values and InGaN lattice parameters of the (0002) and
(10-15) planes for GaN and InGaN layers in three samples as
depending on growth temperature

symmetrical (0002) and asymmetrical (10-15) planes of
GaN and InGaN layers. At increasing temperatures,
FWHM of GaN is relatively lower than InGaN’s, and while
(0002)’s FWHM values increase and decrease, (10-15)’s
FWHM values tend to increase. InGaN’s peak half-widths
indicate decrease and increase at low values for (0002)
while (10-15) indicates increase for GaN layer at a higher
slope compared to the value of (0002). Moreover, right axis
of Fig. 3 shows c and a-lattice parameters of InGaN layer
by temperature. While c-lattice parameter decreases by
0.523 nm at lower values due to the temperature, a-lattice
parameter first indicates an average decrease around
0.3205 nm and an increase afterwards.

Percentage of In rate was accurately identified from the
GaN and InGaN peak separation on reciprocal lattice space
map. Cubic equation method is a significant way for dis-
tinguishing between these In alloy rates and strain values
[5]. Cubic equation is found via X, obtained from Vegard’s
law, and lattice and Poisson’s equations, and given through
following equation.

P+ O +Rx+S5=0 (3.1)

Here, P, Q, R and S coefficients, and lattice and elastic
constraints for GaN and InN in the equations are given
below.

(32)

Q = (1 +v(B))(ao(A) — ao(B))(co(A) — co(B))

+ (v(A) — v(B))[(ao(A) — ao(B))co(B) (33)

+(ao(B) — a(L))(co(A) — co(B))]
R = (ao(A) — ao(B))[(1 + v(B))co(B) — c(L)]

+ (co(A) = co(B))[(1 + v(B))ao(B) — v(B)a(L)]

+ (v(A) — v(B))(ao(B) — a(L))co(B) (3.4)
S = (14 v(B))ao(B) — co(B) — v(B)a(L)co(B)

—ap(B)c(L) (3.5)

Constraints used in this equation for GaN and InN are
givenas c§*Y = 0.51850, a§“Y = 0.31892, ci'™™ = 0.57033,
a{)”N = 0.35387 nm, respectively; and for GaN as
C13 = 103 GPa, C33 = 405 GPa; and for InN as Cy3 =
92 GPa and C55 = 224 GPa [6].

This equation has three real roots. But only one of these
carries physical meaning. The value of x rate varies
between 0 and 1. Obtained In alloy values of x are provided
as percentage in third column on Table 1. It can be seen on
this table that In-content value indicates decreasing
behaviour with increasing temperature. After calculating
right In value, vertical and parallel strains are calculated
with much more accurate values. Reciprocal lattice space
mapping plays a significant role in calculation of these
accurate values. Peak dislocations or offsets that occur in
standard measurements are thus eliminated by means of
reciprocal lattice space map. Calculated strain values are
given in columns 4 and 5 on Table 1 depending on the
temperature. The calculation of strain was done according
to InGaN’s universal values and Ax/xy equation where
Ax = x — xp and x, xy are strained and non-strained (uni-
versal) lattice parameters, respectively. Universal values of
InGaN were calculated using InN and GaN lattice param-
eters. With the increasing temperature, obtained strain
values exhibit an increasing and decreasing behaviour in
c-strain (x10™%), and a decreasing and increasing behav-
jour in a-strain (x107>) similar to the behaviour of In.
Nitrided materials, though they grow as crystallized, have
often bear mosaic structure defects. These are defects such
as dots, lines and volumetric defects caused by formation
of In droplets, tensions arising out of rapid cooling of Al
layers, lattice mismatch among layers and impurities [7].

In the radial-scan direction of the symmetric reflections,
a vertical CL normal to the substrate surface and a heter-
ogeneous strain along the c-axis causes broadening of the
Bragg reflections. For the symmetric and asymmetric
scans, the incoming and outgoing wave vectors are within
the same polar or z axis containing the scattering plane. In
the case of the symmetric diffraction geometry, the lateral
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Table 2 HRXRD and AFM results for samples A, B, and C

Samples Heterogenous Surface  Late. CL Verti. Tilt angle ~ ScrewTDD (x 107/  Edge TDD

(GaN/InGaN) strain (x 107%  RMS (nm) CL (x 1073 10% x 107/10% (x10%/10° x 10%/10%)

Temp./In content (nm) (nm) [deg.] [cm_z] [cm_z]

(°C/ %)

A650/10.87 —5.88/—2.02 2.07 64,591/429 195/175  0.29/0.82 2.18/1.78 109.82/336.91
33.64/5.69 74.82/8.57

B667/9.01 —6.15/-7.06 9.55 1,852,333/5,313  187/162  0.30/0.37 2.34/0.37 3.42/189.57
36.19/5.09 89.01/10.86

C700/7.51 —5.51/-6.38 2.31 3,918/2,392 196/159  0.34/0.44 3.00/0.52 1,895.4/456.10
34.96/5.28 109.20/15.72

CL and tilt of the mosaic blocks result in the broadening of
the rocking curves perpendicular to the polar axis [8]. The
contribution of the two effects causes a linear dependence
on the broadening of the reflection order, which is used to
separate individual contributions. For this purpose, a Wil-
liamson—Hall (W-H) plot, which is a plot of the FWHM of
the rocking curve as a function of the reflections order, i.e.,
FWHM (sin0)/A plotted against (sinB)/A for each reflection
wherein the plotted curve is fitted with a straight line, can
be used [9, 10]. FWHM is the integral width of the mea-
sured profile, and A and 6 are X-ray wavelength and inci-
dent angle of the X-rays. The tilt angle is then obtained
from the slope of the linear dependence and lateral CL, and
L, follows from the inverse of the point of interception
with the ordinate. Obtained lateral CLs and tilt angles for
every two GaN and AIN layers are given in the fifth and
seventh columns of Table 2. At increasing In content val-
ues, when the tilt angles for GaN layer increase, those of
InGaN layers first increase as well and decrease afterwards.
At the same time, when the lateral CLs for GaN layers
increase sharply and then decrease dramatically, those of
InGaN layers show a similar behaviour to that of GaN.
Additionally, the mosaic block dimensions parallel to the
surface for GaN layers are bigger than those of InGaN
layers. The reason behind this can be the rapid cooling of
layers.

In the W-H plot [8, 9], f,5(cos )/ is plotted against
(sinB)/A for each reflection and again fitted by a straight
line. From the y-intersection y,, the vertical correlation
length L can be estimated (L, = 0.9/(2yo), and the strain
g, is directly obtained from the slope of the line, which is
4¢, . Obtained vertical CLs and heterogeneous strains for
the GaN and InGaN layers are given in the second and fifth
columns of Table 2. Both of heterogeneous strain values
and vertical values first decrease and then increase at
increasing temperatures as illustrated in second and fifth
columns of Table 2. On the other hand, heterogeneous
strain values for InGaN are compatible with GaN, and its
vertical values constantly tend to decrease at increasing
temperatures.

@ Springer

It is well known that hexagonal structured nitrided
layers grown on a lattice mismatched substrate, such as
Al,03, SiC and Si, exhibit high TDD. In this study, InGaN/
GaN epilayers were grown on sapphire substrate which
exhibit high TDD. There are three main types of TDs in
these layers [8, 11]; the pure edge type of TD with a
Burgers vector of the (a) direction, pure screw type TD
with Burgers vector of (c) direction, and mixed TD with a
vector of the (c + a) direction. This study used two
methods to observe the trend that comes from the crystal-
lized case and mosaic tilt effect. Edge (Degge) and screw
(Dgerew) type TDD in the epitaxial layers can be calculated
from the equation given below [9, 12-15].

ﬁ(zoooz) ﬂ(210712)
Dycrew = s Pedge = 3.6
9b%crew a 9bgdge ( )

where f§ is FWHM value of the rocking curve, and b is
Burgers vector length (bgerew = 0.5185 nm,
begge = 0.3189 nm for GaN and by = 0.5198 nm,
begee = 0.3417 nm for InGaN). Calculated edge and screw
type TDDs of the GaN and InGaN layers are listed in the
last two columns of Table 2.

With increasing temperature, screw dislocations of GaN
layer shows an increasing character while edge dislocation
shows a behaviour that first decreases and then increases.
On the other hand, for InGaN layer, both screw and edge
dislocation first tends to decrease and then to increase.
Growth conditions of GaN layer in MOCVD are optimized
much better than InGaN’s. Therefore, it was concluded that
screw and edge TDDs of InGaN layers are larger as per the
first method.

Another method for edge and screw TDDs is based on
both tilt angle and lateral coherence lengths (CLs) with
Burgers vectors. All types of TDs are correlated with CLs,
tilt angle and twist angle. As reported by Metzger et al. [8],
for (0002)-oriented GaN epitaxial films, the mean twist
angle is monotonically related to the edge-type TDD with a
Burgers vector of b = 1/3 (11-20) while the mean tilt
angle is monotonically related to, and can be converted
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into, screw type TDD with a Burgers vector of
b = <0001> [7]. Also, edge type TDs with a Burgers
vector of b = 1/3 (11-20) can reconcile an azimuthally
rotation of crystallites around the normal of the surface.
Edge-type TDD can be calculated from measured twist
angle o Edge TDDs are piled up in small angle grain
boundaries. Screw TDD and edge TDD can be calculated
from following equations [16—19]

2
Lt %g

=l Np=——0 3.7
435lbe > T 24[belLy )

sc

where oy, is the tilt angle which is a mosaic defect, and
byerew is Burgers vector length. Also, o, is the peak
broadening of asymmetric planes, and bg is Burgers vector
length, and L; is lateral CL. In the last two columns of
Table 2, screw TDDs calculated from second method in
GaN buffer layers of samples A, B and C first increase, and
then decrease with increasing growth temperature or
decreasing In content values.

Screw TDDs for InGaN layer, on the other hand, first
decreased and then increased unlike GaN. Edge TDDs
similarly exhibit an increasing behavior parallel to the
increasing growth temperature for both GaN and InGaN
layers.

Dislocation motion leads to plastic deformation. Further
plastic movements even result in cracks. This case does not
occur with nucleation layer. In an edge TD, localized lat-
tice distortions exist along the end of an extra half-plane of
atoms. When edge TD moves in response to a shear stress,
the motion of a screw TD is also a resultant of a shear stress
or a shear distortion. The crystals are separated by a thin
non-crystalline region which is the characteristic structure
of a large angle grain boundary. Atomic disorders at the
boundary cause discontinuity in slip planes. Hence, TDs
are stopped by a grain boundary and pile up against it. The
smaller the grain size is, the more frequent the pile up of
TD gets [9, 14].

As illustrated on Table 2 in the last two columns, screw
TDDs for GaN layer show constant increase for the first
method while, for the second method, they show an initial
increase followed by a decrease. Edge TDDs for GaN layer
show an initial decrease followed by an increase as per the
first method while they show constant increase as per the
second method. Screw TDDs for InGaN layer show an
initial decrease followed by increase both for the first and
second method whereas Edge TDDs for InGaN layer show
an initial decrease followed by increase as per first method,
and constant increase as per second method.

Decreasing and increasing behaviour in In content
resulting from increasing growth temperature and the
decrease occurring in the In content as a result has indi-
cated optimized situation for sample B. An overview of
Table 2 would indicate dominant behaviour of lateral
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Fig. 4 2D and 3D AFM images of InGaN/GaN blue LED structures
with various growth temperature; a 650 °C, b 667 °C and ¢ 700 °C.
The scan area is 5 x 5 um? in the all images

coherent length and edge TDD defects in two structural
defects compared to other defects. With the increase in
lateral coherent length, edge dislocation has decreased.
Accordingly, heterogeneous strain, tilt, screw type dislo-
cation, and even vertical lateral coherent length, which
constantly increases at minimal values, supports the opti-
mized state in sample B.

Figure 4 shows two-dimensional (2D) and three-
dimensional (3D) AFM images with 5 x 5 pm? scan area
of the samples A, B and C at different growth temperature
which corresponds to 650, 667 and 700 °C, respectively.
The surface of sample B looks quite well compared to the
other two samples. Sample B has the most uniform surface
morphology while sample A has the least. Root mean
square (RMS) values of the surface roughness of all sam-
ples were measured to be 2.07, 9.55 and 2.31 nm, respec-
tively. The surface of the sample B became rough because
of the coarse grains. The sample A and sample C did not
have any cylindrical islands compared the sample B.
Similar MOCVD-grown GaN structure results were also
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Table 3 The PL bandgap and FTIR vibration energy peak positions 5 Sample C
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structures on sapphire substrate :
103
Bandgap FWHM Vibration FWHM |
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A 430.12(288) 2080 690 34 = 10|
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C 433.82 (2.86) 19.70 722 22 §
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with the XRD results. The AFM results indicate that sur- 10-10!
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face morphology of the InGaN/GaN blue LED structures is -

largely affected by growth temperature. Suitable growth
temperature (around 667 OC) can lead to the improvement Fig. 7 Current—voltage measurements in the dark and illumination ambient

@ Springer



J Mater Sci: Mater Electron (2014) 25:3924-3932

3931

of crystalline and surface morphology as shown in our
experimental results.

Figure 5 shows PL emission spectrums of the samples A,
B and C at different growth temperatures. From this figure,
we clearly observed a blue shift in the peak of sample B (The
peak wavelength and the FWHM of peak emission were 436
and 21.2 nm, respectively). Similar results have been
reported in the literature [21]. In the view of these results,
these violet emissions of InGaN/GaN blue LEDs can be
assumed to take place through recombination between the
electrons injected into the conduction band and holes
injected into the valence band of the InGaN active layer [22].
The major MQW emission band is located at 2.88, 2.84,
2.86 eV, respectively. In increasing temperatures, when the
band gap energy first decreases and then increases, the
FWHM of spectra shows a similar behaviour according to
band gap values. These cases are in agreement with XRD-
optimized result for sample B. PL results are consistent with
similar studies of the literature [23].

Figure 6 shows FTIR results (energy position and
FWHM) of In,Ga(;_x)N for each of the three samples and
their peak positions, and FWHM values are given in the last
two columns of Table 3. Longitudinal-optical (LO) phonon
vibration energy spectra of the In,Ga,_)N active layer was
identified with ATR in the mid-IR region as depending on
the increasing x mole fraction [24]. By increasing the In
content values for active InyGa(, _4)N epitaxial layers, when
the LO phonon vibration energy regularly increases, the
FWHM of spectra first decreases and then increases, and this
case supports XRD and PL results.

Figure 7 shows forward and reverse bias I-V charac-
teristics of the samples A, B and C under dark and light
condition of a 200 mW/cm® at room temperature. As
illustrated on Fig. 7, sample B, among these structures,
show sensitivity to light at forward bias voltage while the
other two structures do not. In addition, for Sample A, B
and C, on—off ratios were found as 10°, 10° and 107,
respectively at room temperature. The experimental values
of ideality factor were calculated in terms of the equations
by using the relations in [24]. For Sample A, B and C, the
n values were found as 6.61, 3.10 and 4.58, respectively at
room temperature. Experimental results show that sample
B has better LED characteristics compared to the other two
structures. Based on these results obtained from sample B,
we conclude that it would be possible to use this structure
for device applications.

4 Conclusion

In this present study, 5x(In,Ga,_,N/GaN) MQW LED
structures with growth temperature and In content (x) of
650 °C (10.87), 667 °C (9.01) and 700 °C (7.51) were

grown on sapphire substrates by MOCVD. Mosaic param-
eters (such as lateral and vertical CLs, tilt and twist angles)
and surface properties of the films, heterogeneous strain
values, dislocation densities of the GaN and InGaN layers
were studied using HRXRD, AFM, FTIR, PL and I-V
measurements. HRXRD results show that lateral and verti-
cal CLs, tilt and twist angles and heterogeneous strain values
are affected by growth temperature and In contents in the
active layers of LEDs. An optimized growth temperature for
InGaN active layer was found with structural, optical and
electrical properties, and AFM results indicate that surface
morphologies of the films dependent on the In composition.
Moreover, at this growth temperature, it was observed from
AFM images that the grains on the morphological structure
of the surface grew, and surface roughness increased as well.
PL analysis indicated that forbidden band energy gap shifted
to blue. It was also observed through I-V analyses that
measurements carried under light responded to optimized
temperature. Furthermore, it was observed that while band
gap increased for InGaN active layer, oscillation energy
decreased. In conclusion, it was observed that structural,
optical and electrical properties were consistent depending
on temperature. It was revealed that structural defects
obtained through reciprocal lattice space map by HRXRD
are consistent with their optical and electrical results.
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