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Abstract

In this study, InGaN/GaN structure is investigated in the temperature range of 300–500 °C with steps of 50 °C. InGaN/
GaN multi-quantum well structure is deposited on c-orientated sapphire wafer by metal organic chemical vapour deposition 
method. All the parameters except for temperature kept constant during growth period. InGaN/GaN structures with different 
In content are investigated by XRD technique. Their structural, optical and morphological characteristics are determined 
by high resolution X-ray diffraction, Fourier transform spectroscopy (FTIR), photo luminescence (PL), transmission and 
atomic force microscopy (AFM). According to FTIR and PL spectra’s, it is noticed that band gap values coincide with blue 
region in the electromagnetic spectrum. As a result of transmission measurements it is seen that light is completely absorbed 
by the sample at approximately 390 nm. Using XRD technique, dislocation densities and strain are calculated. Full width 
at half maximum of the XRD peak values gained from X-ray diffraction are used in an alternative method called William-
son–Hall (W–H). Using W–H method, lateral and vertical crystal lengths and tilt angles are determined. Surface roughness 
parameters are investigated by AFM. Different properties of GaN and InGaN layers are compared as dependent on increasing 
temperature. According to AFM images it is seen that these structures have high surface roughness and large crystal size. All 
the results yielded from the mentioned methods are in good agreement with the previous works done by different authors.

1 Introduction

High technology, especially nano technology has great 
importance in some industrial areas such as, communication, 
defence industry, transportation, medicals and digital elec-
tronics. Devices used in these areas are getting smaller and 
their performance increase with nano technology. Among 
these devices, two of the most important ones are light-
emitting diodes (LEDs) and solar cells.

III–V group semiconductors with nitrides has a special 
place in production of optoelectronic devices. For example 
InN and GaN has band gaps as 0.7 eV and 3.4 eV, respec-
tively [1]. This property makes the nitride-based semicon-
ductors very important in designing optoelectronic devices. 
Besides nitride-based semiconductors can operate on hard 
conditions such as high temperature and pressure [2].

MQWs are used in III-group nitride LED and LASER 
structures. In literature there are many studies on InGaN/
GaN MQWs. These are used in green, blue and UV LEDs 
with high-internal quantum efficiency. They are also used 
in InGaN and AlGaN. In UV-emitters these structures are 
very popular. Diffraction in super lattice may be understood 
by looking at the diffraction in terms of optics. Band gap of 
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GaN is 3.4 eV and band gap of InGaN varies from 0.7 to 
3.4 eV. The value of band gap for InGaN changes according 
to In content in it. When these two alloys are used together 
because of the differences in band gaps they form a potential 
step called quantum well. Also in structural terms, studies 
showed that increasing the In content in the grade makes it 
columnar. In content(x) values may change in the range of 
0.13–0.17. If this content takes values in steps in InGaN so 
it is graded. As In content(x) increase the c-lattice param-
eter makes less tilt with a–b plane in hexagonal structures. 
Also all graded samples are strongly optically active so these 
samples can also be used as solar cells.

White light can not be gained using LEDs directly. But 
by covering the InGaN LED with phosphorus we can gain 
white light. One approach to gain white light is phosphor-
converted white light. Here white light is generated by use 
of phosphors with a short wavelength LED. If the phosphor 
in LED is illuminated by blue light, it emits yellow light 
having a fairly broad spectral power distribution. Using the 
phosphor in the body of LED with a peak wavelength of 
450–470 nm some of the blue light will change to yellow 
light. The remaining blue light will be superimposed with 
yellow light and this superposition will produce white light 
[3, 4]. Brightness, long life, low energy need, and other 
good properties can be gained using InGaN LEDs [4]. Also 
InGaN solar cells are preferred, because they have hexagonal 
structure and they are resistent against high temperature, 
frequency and pressure, but when we deposited it on sap-
phire  (Al2O3) a great lattice mismatch like %15 comes out. 
This big ratio of lattice mismatch may cause dislocations, 
tilt and mosaic defects. This situation may cause the device 
performance to deteriorate. For instance, these dislocations 
may come out in the range of  107–1011 cm−2 and this may 
result with cracks in the layers [5–7]. To come over such 
disadvantages, before depositing InGaN layer on sapphire, 
an interlayer may be deposited on sapphire to reduce lat-
tice mismatch. After this step, structural, optical and elec-
trical properties of the device improve. In these structures, 
because of the big ratio of lattice mismatch, active layers of 
InGaN may contain threadening dislocations (TD) in the 
range of  1018–1012 cm−2 [8, 9]. Solar cell devices formed 
by III-nitrides can work even in presence of threadening 
dislocation densities as high as  1011 cm−2. This situation is 
caused by carrier localization. Although there is a practical 
importance the origin of TDs in III-nitrides are not fully 
explained yet. TDs may be screw, mixed or edge type. It 
is noticed that TD line direction is often parallel to [0001] 
by different authors. It is generally mentioned that great 
lattice mismatch is responsible for generation of TDs. But 
there are also different explanations for generation of TDs. 
For example TDs are formed by coalescence boundaries of 
misoriented islands during film growth, these islands forms 
sub-structures that are tilted and twisted with respect to each 

other. Another approach for formation of TDs is nucleation 
layer model. All the evidence for this model is obtained from 
AFM studies for partially coalesced GaN films [6]. Although 
these dislocations are in a great percentage, InGaN solar 
cells are still more effective than other types of solar cells. 
Because III–V group nitride-based optoelectronic devices 
are less sensitive to defects than traditional semiconductors 
[9]. In this study InGaN/GaN structure is investigated in 
terms of morphology and optics. Also some crystal structure 
properties are determined using HR-XRD technique.

2  Experimental

TMGa, TMIn and ammonia are decomposed into Ga, In and 
N, respectively in a MOCVD reactor (Aixtron 200/4 HT-S) 
under low pressure and at low temperature GaN (LT-GaN) 
layers are formed. Using trimethylgallium (TMGa), tri-
methylaluminum (TMAl) and ammonia sources (transport of 
these gases was formed with H source at high temperature), 
the InGaN material was formed on the  Al2O3 substrate. 
Three different sample groups were placed and they were 
named as Sample A, B, C (S.A, S.B, S.C). Before epitaxial 
growth operation,  Al2O3 wafer is annealed at 1100 °C for 
10 min in nitrogen atmosphere to remove the oxide layer 
on its surface. The GaN (LT-GaN) layer at low temperature 
was to prevent mismatch in the first step. All samples con-
tain LT-GaN layers at different thicknesses (Fig. 1). Five 
GaN layers were then grown as undoped (ud) buffer layer 
under constant pressure (200 mbar) to reduce dislocations. 
All of these stages are common among the three samples. 
Sample A, 2.45 min LT GaN, five ud-GaN (1.9 µm in total), 
1.9 µm n-GaN, 200 nm InGaN, 25 nm graded InGaN, 50 nm 
p-InGaN and 20 nm thick p-InGaN layers were grown. Sam-
ple B, 2.45 min LT GaN, five ud-GaN (1.9 µm in total), 
1.9 µm n-GaN, 220 nm InGaN, 50 nm p-InGaN and 20 nm 
thick p-InGaN layers were grown. Sample C, 3.30 min 
LT GaN, five ud-GaN (2.1 µm in total), 2.04 µm n-GaN, 
20 nm InGaN, 160 nm graded InGaN, 20 nm InGaN, 50 nm 
p-InGaN and 20 nm thick p-InGaN layers were grown. As 
mentioned in many other studies, active layers can not be 
grown directly over sapphire substrate. There must be a 
buffer layer between active layers and sapphire as in our 
study (LT GaN layer). Otherwise if active layers are grown 
over sapphire directly there may form cracks that cause mal-
function of the device.

2.1  XRD analysis

The XRD analysis of the samples are performed using 
(high resolution X-ray diffraction) HR-XRD D-8 dis-
covery device. Advantages over normal XRD: It has 4 
crystal Ge monochromator with 022 orientation, and this 
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monochromator uses high resolution peak with single 
wavelength by separating Kα1 and Kα2 function. CuKα1 
tube is used as a source. To obtain good diffraction condi-
tion in symmetric and asymmetric planes, x-, y-, z-, ϕ and 
χ axes are used other than θ and 2θ axes.

Figure 2 shows ω curves for three different samples. 
For S.A on the left of GaN top peak InGaN peak is not 
fully distorted. For S.B on the left of GaN peak InGaN 
peak is not clear. For S.C on the left of top GaN peak 
InGaN peak is approximately clear but as in S.A it is also 
not fully distorted. These undistorted InGaN peaks can be 
attributed to microstructural defects [10, 11]. According 
to Vegard’s law In content(x) can be calculated by the fol-
lowing formula:

In contents for S.A are 0.105 and 0.183, for S.B 0.136 
and 0.249 and for S.C 0.048 and 0.207 in (first InGaN 

(1)x =
c

0
(InGaN) − c

0
(GaN)

c
0
(InN) − c

0
(GaN)

layer) InGaN1 and (second InGaN layer) InGaN2 layers, 
respectively.

For samples A, B and C Fig. 3, for symmetric (002) plane 
and for (105) asymmetric planes, shows variation of FWHM 
dependent on temperature (T). For (002) symmetric plane, 
at increasing growth temperatures, GaN layer is at lower 
FWHM values than InGaN layer. FWHM value for GaN 
increase with the increase in temperature. FWHM value for 
InGaN layer increase more than for GaN layer. For (105) 
asymmetric plane, FWHM values first increase until 400 °C 
later its value slightly decrease with increasing temperature. 
For InGaN layer, in the same plane FWHM values only 
increase with increasing temperature. Values calculated for 
InGaN layer are higher than the ones for GaN layer. Increase 
in InGaN layer values are %25 more than the increase in the 
values of GaN layer. Variation of FWHM may be caused 
from the difference in thermal expansion coefficients or lat-
tice mismatch. The reason for choosing the 300–500 °C tem-
perature range is that there were not any important variation 
in FWHM values until 300 °C. FWHM values are related 

Fig. 1  LT-GaN epilayers grown on 6H-Al2O3 substrate for sample A, B and C

Fig. 2  HR-XRD ω curves of S.A, B and C in (0002) Miller reflection 
plane

Fig. 3  Variation of FWHM dependent on temperature for GaN and 
InGaN layers in (002) symmetric and (102) asymmetric planes
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with particle size. Particle size may be detected different 
from normal values at different temperatures.

Also, Fig.  4 representing the whole scans for (002), 
(101), (102), (004), (121) and (006) planes, peak positions 
and FWHMs of InGaN and GaN layers can be seen. Using 
Fig. 4 FWHM values belonging to the same planes for three 
samples can be compared. In InGaN layer FWHM values 
are near to each other for S.B and C in (002) and (004) 
planes. FWHM value for S.A is clearly lower in both planes. 
In (102), (121) and (006) planes FWHM values are very 
near to each other for all three samples. For GaN layer, in 
(002) plane FWHM values for each sample is very differ-
ent from each other as in-plane (101). For plane (102) and 
(004) FWHM values are similar to each other for all three 
samples. Variation in FWHM dependent on Bragg angles 
may be originated from defects such as dislocations in the 
samples or refraction of the X-rays probing into the samples 
with different angles.

2.1.1  Strain

In-plane biaxial strain in epilayer can be calculated using 
Eq. (1). If biaxial stress along a direction is known [12, 13].

Here strain (�b

a
) is calculated by division of difference 

between universal and experimental lattice parameters to 
experimental lattice parameter. Inside the parentheses in 
Eq. (2) is called axial module (Mf). So biaxial strain is given 
as �f = Mf �

b
a
 [12].

Biaxial strains calculated for all samples are given in 
Fig. 5 dependent on temperature. Biaxial strain properties 
show increasing behaviour for GaN layer, but for InGaN 
layer it decrease with increasing temperature.

After 320 °C for each layer biaxial strain value difference 
decrease with increasing temperature. The difference in the 
values of biaxial strain in a wide range of temperature is 
caused by the thermal expansion coefficient difference of 
GaN and InGaN or a wafer bending situation may be present. 
This wafer bending may be towards inside or outside the 
sample so irregular variation of biaxial strain-dependent on 
temperature is normal.

2.1.2  Williamson–Hall (W–H)

By scanning of symmetric reflections in radial direction, 
it is noticed that vertical crystal dimension perpendicular 
to bottom layer surface and heterogeneous strain along c 
axis caused a broadening in the Bragg reflections. For sym-
metric and asymmetric scans, incident and reflected wave 
vectors are found in z-axis which contain reflection plane. 

(2)�f =

(

c
11
+ c

22
− 2

c2

13

c
33

)

�
b
a

Fig. 4  a, b FWHM values dependent on (002), (101), (102), (004), 
(121), (006) Bragg diffraction angles for samples A, B and C GaN 
and InGaN layers

Fig. 5  Biaxial strain dependent on temperature for GaN/InGaN struc-
tures
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Lateral crystal dimension and tilt of the mosaic blocks which 
are gained by symmetric reflections, cause a broadening in 
the peak plots of HR-XRD which are perpendicular to z 
axis [14]. Contribution of these two effects causes a lin-
ear dependence on the broadening of reflection plane. This 
situation is used to separate the effect of each. For this aim, 
a Williamson-Hall plot can be used (W–H). This plot is a 
linear plot that we use FWHM as a function of reflection 

degrees gained from rocking curves. This plot is formed by 
plotting FWHM × sin(θ)/λ function versus sin(θ)/λ [17, 18].

In Fig. 6 WH plots for GaN and InGaN layers in (002), 
(004), (006) planes are shown. FWHM is the total width of 
the measured profile, λ and θ are wavelength and incident 
angle of X-rays, respectively. Tilt angle of plane is gained 
from the slope of W–H plot and length of the lateral mosaic 
block (Lǁ) is gained from the y-axis intercept of the fit. These 
fits are described by a line equation as y = y0 + a × x. For S.A 
InGaN layer y0 and a values are measured as (− 4.37), (39), 
for S.B InGaN layer, (0.16), (18.55), for S.C InGaN layer, 
(− 0.78), (19.89), for S.A GaN layer, (− 0.0126), (10.59) and 
for S.B and C GaN layer, (0.026), (9.7), respectively. W–H 
plot has two limitations. Firstly, it is highly crystalized and 
the slope gets near to zero. Second limitation is, it may be 
far from a crystal which means having an amorphous struc-
ture or weakly dimensioned poly crystal structure. In this 
study, weak crystalized structure, lateral and vertical crys-
tal lengths are determined between these two limits. Data 
gained from calculations can be seen in Table 1.

For GaN layer, tilt angles for S.A are approximately the 
same at all temperature steps except for 400 and 450 °C. 
There is a decrease at 400 °C and a sharp increase at 
450 °C. For S.B there is no considerable difference in tilt 
angle values with increasing temperature. The situation 
is the same for S.C. Lateral crystal length values for GaN 

Fig. 6  Williamson-Hall plots for edge mosaic blocks in (002), (004), 
(006) planes for samples A, B and C InGaN and GaN layers

Table 1  Tilt, lateral length, vertical length of InGaN and GaN layers

Temperature (°C) Sample A Sample B Sample C

Vertical (nm) 
(× 103)

Lateral (nm) 
(× 104)

Tilt Vertical (nm) 
(× 103)

Lateral (nm) 
(× 102)

Tilt Vertical (nm) 
(× 103)

Lateral (nm) 
(× 102)

Tilt

300

 GaN 1.7 9 321.4 1.7 9 321.4 1.8 22.5 300

 InGaN1 4.2 9 264.7 5 9 450 6.8 5.63 187.5

 InGaN2 4.2 9 264.7 5 9 450 6.8 5.63 187.5

350

 GaN 1.7 22.5 321.4 1.6 1.5 321.4 1.8 22.5 300

 InGaN1 3.8 22.5 204.5 4.3 9 225 6.8 5.63 187.5

 InGaN2 3.8 2.2 204.5 4.3 9 225 6.8 5.63 187.5

400

 GaN 1.1 0.1 321.4 1.7 5 321.4 1.8 22.5 300

 InGaN1 5.4 5.6 450 3 6.4 150 6.8 5.63 187.5

 InGaN2 5.4 5.6 450 3 6.4 150 6.8 5.63 187.5

450

 GaN 1.9 0.6 375 1.7 5 346 1.8 22.5 300

 InGaN1 2 5 150 3.1 75 166.6 6.8 5.63 187.5

 InGaN2 2 5 150 3.1 75 166.6 6.8 5.63 187.5

500

 GaN 1.7 2.2 346 1.8 1.5 346 1.8 22.5 300

 InGaN1 4.7 11.3 195 3.1 225 180 6.8 5.63 188

 InGaN2 4.7 11.3 195 3.1 225 180 6.8 5.63 188
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layer shows fluctuations with increasing temperature. At 
350 °C it sharply increase and at 400 °C it again sharply 
decrease. At 450 and 500 °C it slightly increase for S.A. 
For S.B. lateral crystal length values vary softer than S.A. 
For S.C. the same values do not change with increasing 
temperature. Vertical crystal length values for all three 
samples do not show a big difference with increasing 
temperature. For InGaN1 layer, tilt angle values for S.A. 
slightly fluctuate with increasing temperature. For S.B. 
the situation is the same as in S.A. For S.C. tilt angle 
values do not change with an increase in temperature. 
Lateral crystal length values, sharply increase at 350 °C 
and suddenly decrease at 400 °C, after this temperature 
value it softly increase. For S.B. lateral crystal length 
values shows a sudden increase at 450 and 500 °C. For 
S.C. the same values for lateral crystal length can be 
seen at all temperatures. Vertical crystal length values 
for S.A. makes a peak at 400 °C, at other temperatures 
they do not show considerable variation. For S.B. verti-
cal crystal length values do not change too much with 
increasing temperature, but at 300  °C its value is the 
highest. For S.C. vertical crystal length values does not 
change with increasing temperature. For InGaN2 layer, 
tilt angle values show a fluctuative behaviour for S.A and 
B with increasing temperature but, for S.C these values 
are constant. The situation is the same for lateral crys-
tal length values. Vertical crystal length values for S.A 
makes a peak at 400 °C, the values does not change for 
other temperatures. For S.B vertical crystal length val-
ues are approximately the same at all temperature steps 
except for 300 °C. And for S.C values of vertical crystal 
length are the same for all temperature steps. In addition 
to this, mosaic block lengths which are parallel to surface 
for GaN layers are higher than the ones for InGaN. This 
situation may be caused by rapid cooling of the samples. 
As a result of this, layers are formed as mosaic blocks. 
Also in plotting W–H, FWHM × cos(θ)/λ reflection ver-
sus sin(θ)/λ gives a straight line. Y-axis intercept of this 
plot gives perpendicular mosaic block length (y0). Using 
L┴ = 0.9/(2y0) equation we can calculate L┴. Stress value 
ε┴ is calculated by the slope of the fit as 4 ε┴ directly 
[14, 15].

In Fig. 7, W–H plots can be seen for InGaN and GaN 
layers. These linear plots are described by a line equa-
tion as y = y0 + a × x. For S.A InGaN layer  y0 and a val-
ues are measured as (14), (− 6.4), for S.B InGaN layer 
(14), (− 13), for S.C InGaN layer (12), (− 11), for S.A 
GaN layer, (8.6), (− 9.3), for S.B GaN layer (8.1), (− 8.9), 
for S.C GaN layer, (7.9), (− 8.5), respectively. In Table 1 
perpendicular crystal length values for GaN can be seen. 
These values decrease and increase with increasing tem-
perature softly. The same values for InGaN continuously 
decrease except at 400 °C.

2.1.3  Edge and screw dislocations

Dislocations between  108 and  1012 cm−2 are accepted as 
threadening dislocations (TD) and nitride-based layers 
deposited on sapphire, silicon carbide, and silicon wafers 
which has lattice mismatch show threadening dislocation 
behaviour [15, 16].

In this study, GaN and InGaN layers are deposited on 
sapphire which show high-threadening dislocation density. 
Dislocations on such layers have three types [20, 23]. These 
are edge dislocation given by Burgers vector <a>, screw 
dislocation given by Burgers vector <c> and mixed type 
dislocation given by Burgers vector <c + a>. To see the 
results caused by crystallisation level and mosaic defects, 
two methods are used. In the first method, edge  (Dedge) and 
screw  (Dscrew) type dislocations in epitaxial layers is calcu-
lated by the following equation [17–21];

Here β is the FWHM value and it is measured by HR-
XRD rocking curves. It determines the crystallite state (for 
GaN  bscrew = 0.5185 nm,  bedge = 0.3189 nm and for InGaN 
 bscrew = 0.5198 nm,  bedge = 0.3417 nm.) According to second 
method, edge and screw dislocation densities are dependent 
on Burgers vector, tilt and lateral mosaic length. All kind of 
dislocations are dependent on lateral mosaic length, tilt and 
twist angles. As reported by Metzger et al. [12], GaN films in 
(002) average twist angle is related with edge Burgers vector 
[b = 1/3(11–20)] type dislocation density. Also average tilt 
angle, is related with monotonous Burgers vector b = (0001) 
screw type dislocation [11]. Burgers vector is formed by 

(3)Dscrew =
�2

(0002)

9b2
screw

, Dedge =
�2

(10−12)

9b2

edge

Fig. 7  Williamson-Hall plots for vertical mosaic blocks in (002), 
(004) and (006) planes for samples A, B and C InGaN and GaN lay-
ers
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azimuthal turning of crystal block around the normal of 
[b = 1/3(11–20)] edge type dislocation surface. Measured 
twist is gained from twist angle αtwist. Using these informa-
tion we can calculate edge type dislocation. If dislocations 
are gathered on the border of small particle size, edge type 
dislocation densities are calculated with the following equa-
tions [22, 23]

Here αtilt angle is a mosaic defect tilt angle. αɸ is the peak 
broadening of asymmetric planes and bscrew, is the length of 
Burgers vector.

Edge and screw type TD densities calculated for GaN 
and InGaN layers using second method are given in Table 2.

According to second method, edge type dislocations first 
decrease, later increase and screw type dislocations first 
increase, later decrease with an increase in temperature for 
GaN and InGaN layers. The situation is the same for all 
three samples. If Table 2 is examined carefully, one can see 
that TD densities are lower for GaN layers in general. This 
result can be attributed to growth conditions. Growth condi-
tions are more optimised for GaN layers if compared with 
InGaN layers.

(4)Nscrew =

a
2
tilt

4.35b2
screw

, Nedge =

a�

2.1bedge* L‖

2.2  Optical characteristics

2.2.1  PL

Photoluminescence (PL) measurements were made by using 
the Jobin Yvon Fluorolog-550 PL system with a 50 mW 
HeCd laser (λ = 325 nm) as excitation light source at room 
temperature.

Table 2  Screw and edge 
dislocation densities of GaN 
and InGaN layers dependent on 
temperature

Temperature (οC) Sample A Sample B Sample C

Edge D.L (× 109) Screw 
D.L 
(× 108)

Edge D.L (× 109) Screw 
D.L 
(× 108)

Edge D.L 
(× 109)

Screw 
D.L 
(× 108)

300

 GaN 1.55 1.25 2.36 1.25 1.55 1.25

 InGaN1 9.55 1.64 10.80 9.55 9.55 1.64

 InGaN2 10.80 1.60 42.90 3.62 4.22 3.57

350

 GaN 1.46 1.25 2.22 1.29 1.46 1.25

 InGaN1 1.50 3.39 4.80 3.56 1.50 3.39

 InGaN2 1.60 3.20 4.00 3.01 0.16 3.20

400

 GaN 1.42 3.10 1.69 1.26 1.40 3.00

 InGaN1 2.21 1.30 2.90 4.59 2.21 1.30

 InGaN2 1.67 4.89 1.89 4.79 1.28 3.86

450

 GaN 1.46 9.70 3.28 1.16 0.34 1.49

 InGaN1 3.13 4.13 3.14 4.31 3.10 4.10

 InGaN2 3.14 4.31 2.86 1.31 0.34 1.47

500

 GaN 1.50 1.08 2.24 1.19 0.35 1.49

 InGaN1 1.73 3.81 1.90 3.82 1.67 4.89

 InGaN2 1.90 3.82 2.86 1.31 0.34 1.47

Fig. 8  PL spectra of InGaN/GaN structure at room temperature
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Figure 8 shows, carrier density dependence of PL spec-
tra gained by the excitation caused by this laser. Vertical 
axis is formed on a logarithmic scale to investigate spectral 
variation in a wide range. About 380 (3.24 eV) nm wave-
length, one of the components of GaN for S.C caused a 
sharp peak [24]. This shows that carrier density belonging 
to this component is high in this spectral region. Each three 
component gave a broad green emission centered at about 
~ 520 nm (2.38 eV) wavelength. The origin of the this emis-
sion is attributed to several impurities and native defects 
[25]. The wavelength coincide with this maxima can be used 
to calculate the band gap(Eg) using E = h × c∕� equation 
[26]. S.A, S.B and S.C., respectively, the band gap of 2.4 eV, 
2.35 eV and 2.38 eV. After 650 nm wavelength, the decrease 
in PL intensity axis means after this value any component of 
InGaN has an energy level. For stimulation which results in 
excitation, the energy of the incident photon must be abso-
lutely equal to one of the energy levels of the atom [28].

2.2.2  Transmission

Transmission can be defined as the ratio of intensity of trans-
mitted light to the intensity of the incident light (T = I/I0). 
Transmission and reflection are both dependent on the 
refraction and absorbtion properties of the material. Opti-
cal transmission measurements are used for determining 
the optical absorption coefficients and some impurities. 
Impurities coincide with the optical measurements. Some 
impurities have characteristic absorbtion lines because of 
vibrational modes. For example Ga and N in InGaN. A pho-
ton absorbed in a semiconductor produce local vibrational 
modes around some impurities and cause some vibrations 
[27]. During transmission measurements, photons come 
to the sample and transmission is measured as a function 
of wavelength. The band gap of the semiconductor can be 
determined by the measurement of the absorbtion coeffi-
cient as a function of photon energy. Photons having greater 
energy than the band gap is absorbed [28].

In this study, the optical transmittance measure-
ments were performed by UV–Vis spectrometer (Lambda 
2S, Perkin Elmer) at room temperature in the range of 
200–1100 nm. Spectra of transmission measurements is 
gained by plotting wavelength versus %T. This plot is shown 
in Fig. 9 According to this plot, light is completely absorbed 
in the near visible region (~ 390 nm). The red curve esti-
mated as belonging to S.A increased more sharply than S.B 
and S.C curves. The reason for this may be, the band gap of 
GaN is in the blue region. On the other sides of the spectra, 
there is no great difference except the fluctuations of the 
amplitude of the intensity. The difference for the amplitude 
of the fluctuations may be caused by the difference in the 
thicknesses. Thicknesses may cause the layers to act as semi-
transparent windows [28]. Interference fringes was formed 

in transmittance spectra dependent on the change of film 
thickness. The bandgaps are estimated by the high-energy 
edges of the interference fringes [29]. But this absorption 
edge could be due to excitons rather than band-to-band 
transitions which correspond to the energy gap. There is 
no unique procedure which allows the determination of 
an energy gap from the measured transmission spectrum. 
Because of that, PL measurement was used for determina-
tion of bandgap. No light absorbtion is seen in transmission 
spectra in Fig. 9 at approximately 520 nm. But in PL spectra 
there is a peak near to 520 nm wavelength. The reason for 
this may be that 520 nm is the wavelength of green light, but 
InGaN band gap is in blue region. So InGaN active layers 
in samples could not detect 520 nm wavelength green light. 
Additionally, in graded samples there may occur a shift in 
the band gap of the structures forming the alloy.

2.2.3  FTIR

Fourier transform spectroscopy is successful in gaining 
spectra when the low light energy is a problem. In this 
study FTIR optical spectrums of InGaN and GaN were 
recorded on a Bruker Vertex 80 IR spectrometer in the range 
of 7500–400 cm−1. FTIR transmission measurements per-
formed in normal incidence also formed interference fringes 
in FTIR transmittance spectra. In addition, the transmission 
measurements at 4000–400cm−1 are performed with ATR 
(attenuated total reflector) unit. Because the ATR method 
uses evanescent waves (EWs), which can directly excite the 
Surface phonon polariton and this provides the direct obser-
vation that LO and TO (longitudinal and transverse) optic 
phonon modes [30]. The ATR spectrum of all samples show 
a sharp absorption peak at the range of 670–690 cm−1. The 
observed peak is a result of the resonance at a frequency 

Fig. 9  Transmission spectra of InGaN/GaN structure at room tem-
perature
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where the wave vectors of the incident radiation and the 
surface interface polaritons are matched [31].

The FTIR spectra of InGaN solar cell can be seen in 
Fig. 10. This spectra shows the plot of wavenumber versus 
transmittance. The common three features for each sample 
may be seen in the spectra.

1. In 2000–1000 cm−1 spectral range, intensity of In related 
strained bands during growth decrease. This is caused 
by In-Ga and Ga–N bonds [32].

2. In 3000–3500 cm−1 spectral range the increase in the 
amplitude of the fluctuations and transmittance can be 
seen. This is related with InGaN bonds. These are the 
LO and TO phonons around this spectral range [32].

3. On the other sides of the spectra there can be seen ordi-
nary fluctuations and there are no sharp bands [32].

All the properties in the spectra, can be compared by 
making more than one measurement. Photometric accuracy 
can be compared by the thickness of the curves in spectra 
[33]. Taking into account the intensity, the maxima about 
2000 cm−1 is caused by vibrational modes of transmitted 
electrons. Also this maxima may be caused by the structural 
defects which contain In. The aim of choosing FTIR meas-
urement to analyze LO and TO phonons is to show that they 
can also be detected by using FTIR. The best way to analyze 
them is Raman scattering. That is made in another study of 
the authors. FTIR measurement uses low energy photons. 
Raman uses Laser wavelength of 500–800 nm range. The 
intensity of LO and TO phonons gained from FTIR are less 
than the ones from Raman, but they can still be detected as 
shown in Fig. 10.

As can be seen in Fig. 2, the XRD pattern of these three 
samples, S.A has the best crystal quality. Because the peaks 
of InGaN and GaN are fully distorted from each other. 
In optical spectra for PL it can be seen that S.A has the 
most narrow peak, this result is in good accordance with 
XRD pattern. In Transmission spectra S.A plot has the best 
and sudden tilt. So among these three samples S.A is best 
because of the optimised growth conditions. These struc-
tures may be used as blue light-emitting diodes or solar cells.

2.2.4  AFM

Morphological properties of the samples are characterised 
by high performance Atomic Force Microscope using the 
dynamic scanning mode.

Figure 11 shows AFM images of sample A, B, C with 
5 × 5  µm2 scanning area (3D). Surface of S.A is more 
homogeneous with respect to S.B and C. Sample A has less 
smooth surface morphology. Root mean square (RMS) val-
ues which are used in determining the surface roughness Fig. 10  FTIR vibration spectra of InGaN active layer

Fig. 11  3D 5 × 5 µm2 scanning area AFM images of InGaN/GaN structures. a S.A, b S.B, c S.C at room temperature
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of the samples are 4.883 nm, 10.225 nm and 10.045 nm 
for S.A, B and C respectively. Variation of RMS values are 
related with increasing of particle size. These results are in 
accordance with particle size calculations by W–H method. 
Surface of S.A and B layer includes more packed and white 
regions. These white regions are the oxide or white rust 
formed on the surface of the samples by touching the air. In 
S.A there are less white regions and in this layer dark colour 
region is more dense. In image of S.A, white and pyramid 
shaped areas can be seen. The pyramid shaped hills may 
be Ga and white colour may be the oxide on it. On the sur-
face of all three samples, black dots and randomly directed 
hills can be seen. This shows that all the samples are grown 
in steps. Because growth with steps shows smooth surface 
morphology it effects device performance in a good way 
[34]. On the surface of S.A, B, C it is seen that randomly 
directed hills are combined with black dots. On the surface 
of GaN layers grown in steps, dots combined to these hills 
are related with screw type dislocations [35]. Surface rough-
ness is closely related with hill widths on GaN surfaces. 
As hill width increase surface roughness decrease. Surface 
images of samples are similar with those in literature. AFM 
images are a good indicator of surface morphology of InGaN 
and GaN structures. These images show that variations dur-
ing growth, effects surface morphology.

3  Conclusion

Mosaic parameters of InGaN structures such as lateral and 
vertical mosaic length, edge and screw dislocations were 
determined by HR-XRD technique. For GaN and InGaN 
layers, AFM, FTIR, PL and transmission properties were 
investigated. It is seen that results are in accordance with 
those in literature. AFM results showed that particle size 
is compatible with those gained from W–H method. FTIR, 
PL and transmission measurements indicate that band gap 
is approximately the same with the value found in literature 
and previous works. Pyramid-like shapes in AFM images 
with white colour showed that there formed an oxide layer 
or white rust over Ga on the surface of samples. PL spectra 
showed that band gap shifted towards blue region in the 
electromagnetic spectrum. All these results indicate that, 
structural, morphological and optical properties are in agree-
ment with each other with increasing temperature. Accord-
ing to XRD pattern in Fig. 1 and optical spectra it is seen 
that InGaN layer in S.A is more optimised than others.
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