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ABSTRACT

In this paper, blue-light InGaN/GaN light-emitting diodes were deposited on sapphire substrate by the Metal Organic Chemical
Vapor Deposition (MOCVD) to investigate the properties of blue LEDs with various well thickness having different indium
composition. Structural properties of LEDs was studied by high-resolution X-ray diffraction (HRXRD), Photoluminescence (PL)
and ultraviole (UV). Our aim is to increase the quality of the LED structure by taking advantage of the mosaic structure calculations.
The use of LED in commercial areas has increased. But, there are great difficulties in preventing defects. Lateral and vertical crystal
size, dislocations, tilt and twist properties are investigated with HR-XRD device by Vegard and William hall semi-experimental
methods. While dislocation value of the first sample is lower than first sample with less indium content ration, stress value of first
sample is higher than second sample. In addition, The twist angle of first sample is lower. This shows that while the structure is
crystallized, the tension is much greater, which is an interesting result. This is due to the mismatch when the diode is cooled to
lower temperatures than the growth temperature.
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Beyaz Led Uygulamalar i¢in InGaN LED Yapilarin
Analizi

0z

Bu makalede, farkli indiyum kompozisyonu ve farkl kuyu kalinliklarina sahip mavi LED'lerin 6zelliklerini aragtirmak i¢in mavi
151klt InGaN / GaN 151k yayan diyotlar (LED) safir alttas iizerine Metal Organik Kimyasal Buhar Biriktirme (MOCVD) yontemi
ile biriktirildi. Mavi LED yapinin yapisal 6zellikleri X 1gmn1 kirinimi (XRD), Fotoliiminesans (PL) ve Ultraviyole (UV) cihazlari
ile caligildi. Amacimiz mozaik yapi hesaplamalarindan yararlanarak LED yapisinin kalitesini arttirmaktir. Ticari alanlarda LED
kullanimi artmustir. Ancak, kusurlarin 6nlenmesinde biiyiik zorluklar bulunmaktadir. Yanal ve dikey kristal boyutu, kusurlar,
egilme ve burkulma 6zellikleri, HR-XRD cihazi ile Vegard ve William Hall yar1 deneysel yontemleriyle incelendi. In oran1 daha
diisiik olan birinci 6rnegin kusur degeri ikinci drnekten daha diisiikken, stress degeri daha yiiksektir. Buna ek olarak, birinci
numunenin burkulma agis1 daha diisiiktiir. Bu, yapinin kristallesmesine ragmen gerilmenin ¢ok daha biiyiik oldugunu gdsteriyor ve
bu ilging bir sonugtur. Bunun nedeni, LED yapimnin, biiylime sicakligindan daha diisiik sicakliklara sogutuldugunda yapidaki
uyusmazliktan kaynaklanmaktadir.

Anahtar Kelimeler: InGaN/GaN, MOCVD, HRXRD, PL, UV.

1. INTRODUCTION Therefore; The development of phosphor-free white-

The development of white-light light-emitting diode
(LED) has become an important issue for lighting
application. Especially, InGaN/GaN-based LED is
expected to be an high efficient, ,long lifetime, reliable,
cost-effective for the applications to the color display and
lighting [1, 2]. Recently, commercial white LED
production, phosphors are used for converting UV or
blue photons, generated by a single-color InGaN/GaN-
based LED, into longer-wavelength lights for color
mixing. However, the use of phosphors brings many
disadvantages of the Stokes-wave energy loss, low
reliability, short lifetime and patent control [1,3,4].
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light LEDs has become an important trend [5-7]. In the
light of these developments, different device schemes has
been suggested. Since the band gap of InGaN can cover
up to the near-infrared range, using InGaN/GaN quantum
wells (QWs) of different indium contents and/or
thicknesses for emitting lights of various colors to mix
into white-light can be obtained. By controlling the width
of the QW, different piezoelectric field can be led to
different emission wavelengths [6]. However, when most
of the carriers are injected to produce the screening
effect, the strong QCSE (quantum-confined Stark effect)
in a QW of a large well width will ocur. In this case, a
significant shift in blue wavelength is observed [8]. In
previous studies, InGaN/GaN QWs of different indium
contents have been reported [5,9]. QCSE screening effect
are still not fully resolved. So, different device schemes
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must be investigated in detail. Obtained results can
provide useful information which is very important for
the best quality optoelectronic and other optical devices
based on InGaN/GaN-based LEDs.

In this study, two different LED samples with
InGaN/GaN multiple QW were grown. This paper is
organized as follows. InGaN/GaN LED MQW structures
were grown by MOCVD on c-oriented (001) sapphire
substrate. The surface morphology of the samples and
mosaic nature of the epitaxial layers were examined
using nondestructive HRXRD. The mosaic structure
parameters were obtained and discussed as depending
on the In ratio and width of the QW. The optical
characteristics of the InGaN/GaN LED structures were
investigated by PL measurement. The transmission of the
InGaN/GaN LED structures were investigated by UV
analysis. Mosaic defects affect both optical and electrical
properties of the structure. In our work, optical behavior
of LED was investigated in terms of these mosaic defects.
An aim of this study is to analyze stress and structural
defects in LED structures in terms of mosaic calculations.

2. EXPERIMENTAL CONDITIONS

LED MQW structures with 30 nm thick nucleation AIN /
GaN layer were grown by MOCVD on c-oriented (001)
sapphire substrate (Figure 1). During growth, reactor
pressure was fixed at 200 mbar. Before growthing
MQWstructure, 700 nm thick AIN / GaN buffer layer
produced and then 250 nm thick n-type GaN: Si layer was
grown at 1090 ° C. The sample contains 2.2 nm active
InkGaixN layer which has five periods. The active layer
was grown at 710 ° C on the 15.7 nm GaN. Cap layer was
covered with 193.6-nm thick layer p-type GaN: Mg at
1030 ° C. Furthermore, the p-type AIN was used for the
block type layer. Thickness period of first sample and
second sample was 11.1051 nm and 7.7672 nm,
respectively. Also; In ratio of first sample and second
sample was 4.699 % and 8.391 %. These calculations are
calculated in the XRAY data analysis program
(LEPTOS) based on the vegard law.

The structural properties and defect analysis of the
samples were characterized by the high-resolution X-ray
diffraction (XRD) technique using a Bruker D8 system,
delivering a CuKal line. PL measurements were taken
by using the JobinYvon Florong-550 PL system with a
50-mW He-Cd laser (A= 325 nm) as excitation light
source at room temperature. The UV-vis optical
transmission spectra of the InGaN led structures was
measured using a lambda 2S Perkin Elmer UV-vis
spectrometer at room temperature.

Layer Matter Thickness (A)
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InGaN
GaN
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Figure 1. General layer structure of LEDs

3. RESULTS AND DISCUSSION

Fig 2 shows the intensity curve for w-20. The solid lines
and dashed lines show the first and second samples,
respectively. In both samples, the GaN (002) peak is
observed at 17.291° and 17.270°, respectively. AIN (002)
appears on the right side of the GaN (002) peak around
19°. In addition, the active layer InGaN is on the left of
the GaN (002) peak and it is shouldered with GaN peak.
Also, the peaks called fringe peaks and represent the
quantum well structure related in thickness and these
peaks are shown within square frame.

As the well thickness and the In ratio change, the spacing
of the fringe peaks changes. In Figure 2, the peak
separation in second sample is greater in the first sample.
So the indium ratio is higher while the thickness value is
smaller. Plane quality and defects properties of
hexagonal structure were obtained with full width at half
maximum (FWHM) values of the peaks obtained by w-
260 scan. The InsGaixN layer can be represented by the
GaN layer and The active layer is highly dependent on
the structural properties of the GaN layer. Therefore, the
peak positions and FWHM of the symmetric surfaces of
the GaN planes are given. FWHM values of LED
samples are 0.067 and 0.045, respectively.

GaN }002)
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Sample B

AIN (002)

I the fringe peaks for
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Intensity (a.u)
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Figure 2. Omega-26 scan of LEDs.
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In ratio was determined from peak position in GaN(002)
w-20 scan. Quantum well and barrier thickness were
determined from the fringe peaks.

Table 1. In ratio, the well thickness, InGaN and GaN thickness
of LED samples

First Second

sample sample

In ratio (%) 4.699 8.391
Well thickness (nm) 11.051 7.7672
InGaN thickness (nm) 3.3049 2.6705
GaN thickness (nm) 7.8002 5.0967

Leszczynski et al. [10] reported the unstrained c-lattice
and a-lattice parameters of the homoepitaxial GaN layers
using high-resolution X-ray diffraction. The unstrained
c-lattice and a-lattice parameters were 0.51850 and
0.31878 nm, respectively [10]. Our study, The a and ¢
parameters of GaN, AIN and InGaN hexagonal crystal
structures were calculated with symmetric (0002),(0004)
and (0006) and asymmetric planes (10-12) and (12-31).
The a- lattice parameters of every two sample are 0.317
nm and 0.321 nm, respectively. Also, The c- lattice
parameters of LEDs are 0.519 nm and 0.508 nm,
respectively.

a- and c- strain values were calculated using a and ¢
lattice parameters. When the strain value of a direction is
examined, the strain value of first sample is higher than
that of second sample. The strain values of two samples
are 4.09 x 102nm and 0.75 x102 nm, respectively. But,
the strain values in the ¢ direction are close together.
These values are -1.95x 102 nm and 1.94x102 nm,
respectively. The strain value of a direction of two saples
are tension character, the strain values in the ¢ direction
are convention character and tension character,
respectively. The strains are negative if the epilayer is
under compression and positive if it is under tension [11].

Biaxial and hisrostatic strain values were calculated
using strain and quasi experimental equations ((
&, = gf +é&, ve g, :g: + &, )). Hydrostatic strain is
caused by point defects. By hydrostatic strain, lattice
parameters widens as volume at equal values.
Hydrostatic strain values of two samples are -0.1x10°%
and 0. 147x10%, respectively. Hydrostatic strain of
second sample is higher than first sample. When the
hydrostatic strain is negative, the structure shows
compressive character. But; a large absolute value.
Whereas the covalent radius of the N atom is quite
narrower than that of the Ga atom (rga = 0.126 nm, ry =
0.07 nm) the covalent radius of the N atom is larger than
that of the O atom (ro = 0.066 nm, ry = 0.07 nm) [12,13].
Oxygen is one of the most common impurities during
MOCVD [14, 15], The other impuritiy is carbon. But;
carbon is also an inherent impurity during MOCVD [14,
15]. Therefore, the compressive hydrostatic strains
suggest that the relatively dominant point defects are
vacancies (Vaa, Vn,) and substitutional type point defects

( Nga, and Oy). Positive hydrostatic strain showed a
expansion character and dominant substitutional type
point defects( Gan), interstitional type point defects (Ga;
, Ni, Oi,, and C; ). In the light of these explanations,
hydrostatic strain in the first sample was tension while
the hydrostatic strain of second sample was
compression. With other words Vga, VN, Nga, and Oy
type point defects are dominant for second sample ,
whereas, Gan Gai, Ni, Oi,, and C; type point defects are
dominant for first sample.

However, biaxial strees is different. The lattice
parameters widen in plane at equal values. The stresses
in the heteroepitaxial films are biaxial. In hetero-
structures GaN / Al,Os, the tension caused by lattice
mismatch of between epilayer and substrate lattice

parameters is biaxial [ 16-20]. gf ve g: are biaxial
stress in the direction of ¢ and a, respectively. Hydrostatic
strain component &,

1-v 2v
& = g +—e&, (1)
" 1+v( 1-v J

given by the Eq. 1. Poisson ratio (v) determined from the
elastic constants Ci3 and Css with the relation of =

C13/(C13 + Csg) . ClS =106 Gpa ve C33 =398 Gpa

are elastic constant of GaN [21]. N (0.2103) is consistent
with the literature. Biaxial strain in the a direction values
of LED samples are 3.95x102 and 1.75x107?, respectively
and biaxial strain in the c direction values of LED
samples are -2.1x102 and -0.93x10?, respectively. a- and
c- directions in LED samples were of the tensile and
compressive types, respectively. In both cases, the biaxial
strain values in first sample are higher. The biaxial strains
can be effected by various type dislocations generated
during the cooling process.

The in-plane biaxial stress in the GaN epilayer of can be
calculated from the following relationship o, = M &}

where M;=478.5 Gpa is the biaxial elastic modulus [12].
The in plane Biaxial strain of LED samples are 18.9 and
8.3 (x10), respectively. In ratio and biaxial strain were
inversely proportional to each other. In the first example,
whereas the In ratio is lower, the biaxial stress rate is
higher.

The mosaic crystallite size and &, calculated from the

Hexagonal (0002), (0004) ve (0006) miller plane of
rocking curve using Williamson—Hall equation [22, 23]

in Fig 3. The mean ¢, is obtained from the slope of the

linear dependence and L,=0.9/(2y,) from the

inverse of the y-intersection y, of the fitted line with the
ordinate from the plot of the FWHM(sin&)/A
function against (Sin &)/ A function (W-H plot). In the
function expression, FWHM is in half width of rocking
curve scans, @ is the Bragg reflection angle, and A is
wavelength of CuKq1. The expected linear behavior of

533



Ilknur KARS DURUKAN, Mustafa Kemal OZTURK, Siileyman OZCELIK, Ekmel OZBAY / Journal of Polytechnic, 2017; 20 (3) : 531-536

the graphs is experimentally well confirmed, which gives
the rather accurate tilt angle values. The mean o,

values of the samples are 0.11x1072 and 0.3x1072 degree,
respectively. It can be seen in this table that the mean tilt
angle for the second sample is the higher than first sample

sample. The L, of the HR-GaN epilayers were

determined and this values are 6.43x10* nm and 9x10?
nm, respectively. The maximum L, values were

observed for first sample.
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Figure 3. Williamson—Hall curves for GaN of a) first sample

and b) second sample for tilt and lateral coherence
length calculation

Twist angle calculated from FWHM values of the
reflection peaks of the "Rocking" and "Phi" scans of the
hexagonal (12-31) planes. Twist angle values of LED
samples are 0.117° and 0.858°, respectively. The screw
and edge type dislocations of LED samples were
calculated. Dislocations were calculated by the equations
below [24].

2

a
Nscrew = 4.35\,|vb|2 (2)

Screw type discontinuity equation (Eq.2), aw Stands for
tilt angle and b, Burgers vector (0.519 nm for screw
dislocation). The Burgers vector equals the lattice
parameters. Screw type dislocation values of LED
samples are 0.32x10° and 2.34x10°, respectively.

Edge type dislocation equation (Eq.3), b is Burgers
vector length (Burger vectors are 0.39 nm for edge
dislocation). Here, a, is the half-width peak of the
asymmetric plane is related with twist and Ly, stands for
lateral mosaic coherence length. Edge type dislocation
values of LED samples are 0.568x107 and 2.74x10°,
respectively.

— ag

T 21pplLy )
The optical characteristics of the InGaN LED structures
were investigated by PL measurement. Figure 4 shows
the room temperature PL spectra of the two samples. The
experimental results are shown with solid lines and their
Gaussian fits are shown with dashed lines. Usually, The
PL spectrum from InGaN LEDs shows two emission
peaks, which are at the blue and yellow regions. In our
work, It can be seen that the two peaks blue-green and a
green PL emissions of first sample are centered around
493 nm, 520 nm and 550 nm, respectively. First sample
has a wider well width than second sample. Therefore,
This situation will result in a significant blueshift when
plenty of carriers are injected to produce the screening
effect. In second sample, two kind of emission were
observed in green and yellow emissions, centered around
543 nm and 587 nm, respectively.
In second sample, the rate of indium is higher than first
sample. When the In ratio is higher, emission shifts to
red. For white LED applications, this is an undesirable
situation. First sample is suitable for White LED
applications.

NEdge

BGE: blue-green emission
L BGE GE: green emission
BGE YE: yellow emission

)
&
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Figure 4. PL intensity versus wavelenght of the two samples.

The transmission of the InGaN LED structures were
investigated by UV analysis. Figure 5 shows the
transmission spectra of first sample and B. As can be seen
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in the graphic, the first sample has a trasmission of about
80 and the second sample has a transmission of about 60
percent. As the In ratio increased, the ratio of In in the
second sample is less,the trasmittance decreased. Also, In
the second example, although the well width is narrow,
the trasmittance is reduced due to the interface
roughness. Due to the 5-layer InGaN / GaN multi-
quantum well in the structure, large amplitude oscillation
occurs. Also, The between the 5-layer multi-quantum
well and GaN layer has a low amplitude and frequent
frequency interference, There is no distinction between
these two interference.

100

—— First sample
- Second sample

80

60 4

40 -

Transmission (%)

20

T T T
200 400 600 800 1000
Wavelenght (nm)

Figure 5. Variation of transmittance with the wavelength for
two samples

4. CONCLUSION

The crystals formed in the structure of the first sample
are larger. When these crystals are formed, the lattices
are reformed due to the effects of biaxial strain in the ¢
and a direction and hydrostatic strain and high stresses.
These stresses are commonly known. This occurs when
the structure is being cooled from the growth temperature
to lower temperatures. These stresses increase the
FWHM of the crystal plane peak, making it distorted This
does not affect the reduction of the value of the edge
dislocation, twist and plane tilt angle of the structure. In
Example B, while the FWHM is lower, the crystal size is
reduced even though the stress is reduced. And as the
crystal size decreases, the edge dislocation, twist, plane
inclination angle, which is characteristic of the defect,
increases. These biaxial a and ¢ hydrostatic pressure
values tend to decrease as point defects can not settle in
the structure. As a result, the quality of LEDs can be
easily observed with detailed high resolution Xx-rays. In
this case, we can say that the crystal size of first sample
is larger than second sample. Although Second sample
has low FWHM values, Interface roughness, low number
of fringe peaks, and low intensity values of these peaks
are the proof the of defect. Even if AIN is lower than the
half-width of the buffer layer, it does not change. This
may be due to a problem caused by the nucleation layer.
The PL spectrum from InGaN LEDs showed that In ratio
is higher, emission shifts to red. In addition, The

transmission of the InGaN LED showed that the ratio of
In increases, trasmittance decreases.
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