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In this paper, we examined the successful growth of AlN on SiC substrate using molecular beam epitaxy 

technique (MBE). The AlN buffer layers are grown with (100, 130, 140 and 150 nm) thickness. XRD 

technique was used to analyze the four samples of Wurtsite structure including strain cases, dislocation 

densities and other micro-structural properties. XRD peak broadening data are used to determine 

crystallite size and strain values by using Williamson-Hall (WH) method. High resolution X-Ray 

Diffraction (HR-XRD) peak analysis method is used with Scherrer, WH, modified WH, uniform 

deformation model (U-DM), uniform stress deformation model (US-DM), uniform deformation energy 

density model (UDE-DM). Crystallite size, strain, stress, energy density values are determined by using 

young module. According to the results obtained from our data, it is observed that the energy value 

sharply decreases and then increases. This behavior of energy density is consistent with the strain and 

stress behaviors. It has been noticed that AlN buffer layers grown without tension and relaxation are 

more suitable for optoelectronic devices. Therefore, it is understood that the thickness values of AlN 

buffer layers are important. 
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1. INTRODUCTION 

Semiconductor group elements are used to form computer chips, cell phones, solar cells, light emitting diodes 

and similar modern devices. Recent technological improvements gave hand to investigate and develop new 

materials. At the same time many technological obstacles are met during these investigations and they need to 

be come over. Improvements in semiconductor industry are limited with applications of materials used during 

device production (Bilgili et al., 2021). Diamond, Silicon carbitte (SiC), Alliminium nitrite (AlN) and Gallium 

nitrite (GaN) are materials which have efficiency while operating at high temperature, power and frequency. 

Many of research on epitaxial film growth are made with II-VI and III-V group compounds such as GaAs and 

GaP until GaN is discovered by Shuji Nakamura (Nakamura, 1995; Akbas & Ozturk, 2023). 

III group nitrites played an important role in development of blue laser technology. GaN based blue lasers are 

constructed by the help of GaN alloys. Although this is a big step in the field, there are many problems about 

production of high quality GaN alloys. Because of difficulties on production of mono-crystals with nitrite 

materials, growth of nitrite thin films on different substrates is needed (Akpinar et al., 2020). One of the 

mailto:ozlembayal@gmail.com
https://doi.org/10.54287/gujsa.1435807
http://dergipark.org.tr/gujsa
https://doi.org/10.54287/gujsa.1435807
https://orcid.org/0000-0003-0718-9734
https://orcid.org/0000-0002-6470-6534
https://orcid.org/0000-0003-3420-4936
https://orcid.org/0000-0003-2287-676X
https://orcid.org/0000-0002-8508-5714
https://orcid.org/0000-0002-8643-6731
https://orcid.org/0000-0003-0718-9734
https://orcid.org/0000-0002-6470-6534
https://orcid.org/0000-0003-3420-4936
https://orcid.org/0000-0003-2287-676X
https://orcid.org/0000-0002-8508-5714
https://orcid.org/0000-0002-8643-6731


265 
Ozlem BAYAL, Durmus DEMIR, Ahmet Kursat BILGILI, Naki KAYA, Mustafa Kemal OZTURK, Sukru KALAYCI  

GU J Sci, Part A 11(2) 264-273 (2024) 10.54287/gujsa.1435807  
 

 

problems is about %13 lattice mismatch between GaN and sapphire. This situation effects device performance 

in a bad way. SiC together with nitrites is used as an alternative to GaN because it has less lattice mismatch 

(Nakamura et al., 1994). 

It is reported that LEDs grown on sapphire by using GaN alloy with MOCVD technique, has high light emitting 

efficiency (Nakamura, 1995). Performance of these devices is extremely high if dislocation density about 1010 

cm-2 is taken into account (Lester et al, 1995). Defect density is high, because of great lattice mismatch between 

GaN and substrates. First LED with high luminesance is produced by (Nakamura et al., 1995). This success 

increased interest on GaN that can be used as blue light source. 

Including lattice match and thermal expansion many similar properties of GaN and SiC give hand to produce 

devices with developed structural and optical properties (Sasaki & Matsuoka, 1988; Lin et al., 1993). Sasaki 

and Matsuoka (1988), grow GaN on SiC substrate by using MOCVD technique. They used high purity amonia 

as Nitrogen source. AlN is used as buffer layer between GaN and SiC because AlN resembles SiC in structural 

terms (Sasaki & Matsuoka, 1988). AlN is an important material that is used for improvement of optoelectronic 

devices and it has 6.2 eV band gap. Because of its high drift velocity, it is used for high power and high 

frequency applications. AlN is preferred for substrates without cracks among III nitrite semiconductors. So far 

there have been great development in the growth of bulk and layer AlN. In addition to this, device performance 

is limited on sapphire, Si and SiC substrates because of twist inducted by strain or cracks (Uehara et al., 2003; 

Yang, 2011) In this respect, stable strain analysis and to understand mechanical properties of AlN films is 

important. There are many ways to find out these properties. XRD is one of the sensitive and unharming 

method for these analysis (Rong et al., 2016). 

In this study, structural properties of AlN alloy grown on SiC substrate by using MOCVD, are investigated. 

AlN/SiC structure, includes (100, 130, 140 and 150 nm) thick AlN buffer layers in four different samples. 

Generally, AlN buffer layer is used for maintaining lattice match in devices such as high electron mobility 

transistors (HEMTs) and LEDs. Decreasing of lattice mismatch gives hand to decreasing dislocations and 

producing high quality devices. XRD results showed that samples are in Wurtsite structure (Mote et al., 2012). 

2. MATERIAL AND METHOD 

All samples are grown with low pressure MOCVD technique on 4H-SiC substrate. Trimethylaliminium 

(TMAl) and NH3 are used as source for Al and N respectively. Hydrogen (H2) is needed by using carrier gas. 

Before growth of AlN, SiC substrates are annealed at 1080°C to remove dirts on its surface. In all samples, 10 

nm thick AlN is grown under low reactor pressure and at 845°C growth temperature. Later, reactor temperature 

is adjusted as (1105, 1025, 975 and 1055°C) for all samples 1, 2, 3 and 4 respectively. AlN main layer is grown 

under low reactor pressure for all samples respectively. During this growth NH3 flow rate is adjusted as 50, 

1000, 1000 and 50 sccm. respectively. As the result of this growth operation, 100, 130, 140 and 150 nm thick 

AlN buffer layers are formed for samples 1, 2, 3 and 4. Growth conditions for samples are given in Table 1. 

Table 1. Growth conditions of samples 1, 2, 3 and 4 

Sample Thickness 

(nm) 

Growth ratio 

(um/h) 

P 

(mbar) 

T1 

°C 

T2 

°C 

TMAl flux 

(sccm) 

NH3 AFM (roughness) 

(nm) 

1 100 0.45 30 1105 1130 25 50 4.04 

2 130 0.33 50 1025 1070 15 1000 3.71 

3 140 0.33 50 975 1000 15 1000 3.63 

4 150 0.45 30 1055 1080 25 50 3.22 

3. RESULTS AND DISCUSSION 

Crystallite size is calculated with equation (1). This equation comes from Scherer method. 

 𝛽 =
𝑘

𝐿𝑐𝑜𝑠
 (1) 
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Parameters in this method are gained from HR-XRD pattern using Scherrer method (Pandey et al., 2021). In 

equation (1) k is approximately equal to 1. Lambda is the wavelength of X-Ray used, L is the crystallite size. 

Rocking measurements gained from different symmetric and asymmetric planes are used to draw cosϴ versus 

1/FWHM plot. Slope of this plot gives us crystallite size. In Figure 1 Plots of cos vs 1/ gained from Scherrer 

method can be seen. 

 

Figure 1. Plots of cos vs 1/ gained from Scherrer method 

In Scherrer and modified Scherrer methods related with HR-XRD data and WH method are used in UDM, 

USDM and UDEDM models to calculate crystallite size, micro-structure strain and stress. During these 

calculations rocking curves and 2Ɵ measurements are used. It is noticed that these two measurement results 

are in agreement. Results are discussed in conclusion section. 

HR-XRD graphic of aluminum nitrate buffer layers grown on silicon-on carbide substrate are shown in Figure 

2. Top points of AlN buffer layers for (00.2), (00.4) and (00.6) diffraction planes can be seen in Figure 2. Peak 

points for all samples exhibit variations in peak widths. This situation is interested in mosaic crystally. Results 

are discussed in Table 2. 

 

Figure 2. High resolution Bragg reflection curves of samples 1, 2, 3 and 4 for (002), (004) and (006) planes 

https://doi.org/10.54287/gujsa.1435807
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Peak positions can be seen in Table 2 for different planes. 

Table 2. Peak positions of AlN buffer layers for samples 1, 2, 3 and 4 in degree. 

Sample No 1 2 3 4 

(002) 36.45 36.06 36.22 36.54 

(004) 77.29 77.47 76.83 76.57 

(006) 136.82 136.52 137.01 137.11 

In UDM method, equation (2) is derived from equation (1) by using some mathematical methods. 

 
ℎ𝑘𝑙

= 𝛽𝑇 + 𝛽𝜀 (2) 

 
ℎ𝑘𝑙

cos(ℎ𝑘𝑙) = 𝛽𝑇 + 𝛽𝜀    (3) 

Because crystal defects are taken into account in this method, strain (ε) value can also be calculated by using 

equation (3). In Figure 3, βcos versus 4sin were plotted. Slope of linear fit calculates lattice strain value and 

crystallite size is determined by y-axis intercept of this fit. Because data are away from each other, most points 

are not fitted together. 

 

Figure 3. βcosƟ vs 4sinƟ plot in modified WH method 

In USDM method σ=εEhkl transformation gives modified Scherrer equation given in equation 

 𝛽ℎ𝑘𝑙 =
𝑘

𝐷
+  

4𝜎𝑠𝑖𝑛𝜃

𝐸ℎ𝑘𝑙
 (4) 

If βcosƟ versus 4sinƟ/Ehkl plot is drawn given in Figure 4, crystallite size can be calculated from y-axis 

intercept of the fit. Slope of the fit gives us the strain. σ=εEhkl equation can be used to calculate stress. 

https://doi.org/10.54287/gujsa.1435807
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Figure 4. βcosƟ vs (4sinƟ/Ehkl) plot for modified WH method 

If we compare Figure 3 and Figure 4, x axis data are different from each other. In UDEDM method if u=ε2Ehkl/2 

transformation is made, equation (5) is gained. 

 𝐸ℎ𝑘𝑙 = (ℎ2 +
(ℎ + 2𝑘)2

3
+ (

𝑎𝑙2

𝑐2
) 𝑥(𝑠11(ℎ2 +

(ℎ + 2𝑘)2

3
+ 𝑠33 (

𝑎𝑙4

𝑐4
)) (5) 

By using equation (5), if βcosƟ versus 4sinƟ(2/Ehkl)0.5 plot is drawn, y-axis intercept of the fit gives crystallite 

size and slope of the fit gives UDED. u=ε2Ehkl/2 equation is used for calculating stress. In Figure 5 βcos vs 

(4sin(2/Ehkl)0.5) plot for modified WH method can be seen. Results are shown in Table 3 and it can be noticed 

that they are in good accordance with results of other models. 

 

Figure 5. βcos vs (4sin(2/Ehkl)
0.5) plot for modified WH method 
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Crystallite size determined by WH and Scherrer methods versus thickness for all samples is given in Table 4. 

For an optoelectronic device, crystallite of it is expected to be good. In ideal case, mono-crystal structure can 

be seen but many research showed that mentioned structures present mosaic form including high defects such 

as dislocation densities. Of course, for these research, using semi-experimental methods is effective. As can 

be seen in Table 4, crystallite size dependent on thickness increase until 140 nm and later it shows a decreasing 

behaviour. Crystallite size presents similar behaviour for Scherrer and WH methods. 

In crystal structures, maintaining lattice match in c-orientation implies there is no strain. Strain in c-orientation 

causes cracks. Therefore, it must be examined. In Table 4, it can clearly be seen that strain gained with WH 

method is found at 10-3 level. It shows an increase from tension case to relaxation case. Around 140 nm 

thickness, near the region which relaxation increase rapidly versus tension, there is minimum critical thickness. 

In samples, especially the ones including Al there is stress stemming from Al. In MOCVD technique, in the 

process of Al growth, forming Al is extremely difficult if proper temperature and pressure conditions are not 

maintained. Growth of Al is possible on SiC or sapphire but difference in band gaps may not permits to grow 

desired structures. For this reason, in Al based structures (especially AlN) permanent stress may occur. 

Models are in accordance with each other. Table 4 presents a similar behaviour with thickness versus strain. 

Here relaxation after tension behaviour can be noticed for samples 1, 2 and 3. Also critical minimum around 

140 nm can be seen here. 

Table 3. Mosaic defects of samples 

Sample 1 2 3 4 

Nedge (x1010 cm-2) 56.19 32.78 8.99 2.98 

Nscrew(x108 cm-2) 19.64 6.31 1.41 2.46 

Lort(nm) 108.88 1952.62 1405.58 156.85 

Lpar(nm) 45.93 974.49 841.36 81.65 

Tilt 0.019 0.011 0.015 0.016 

Stress -1.72x10-3 -2.26x10-3 -2.5x10-3 -2.63x10-3 

 

Table 4. Samples Scherrer, UDM, USDM, UDEDM part dimensions physical size strain stress results with 

techniques 

  Scerrer  W-H method  Sin2 

ID Thick. D(nm) UDM  USDM  UDEDM    

 nm  D 

(nm) 
  

(x10-3) 

D 

(nm) 
  

(Gpa) 

  

(x10-3) 

D 

(nm) 
u(k)/m3/(x10-3) 

  

(Gpa) 

  

(x10-3) 

  

 (Gpa) 

1 100 12.37 9.16 -2.61 9.44 -0.76 -2.43 9.27 1.01 -0.80 -2.54 -0.79 

2 130 10.72 10.72 -2.09 11.48 -0.53 -1.70 10.95 0.56 -0.59 -1.91 -0.73 

3 140 15.37 15.37 -2.06 12.71 -0.54 -1.74 12.18 0.57 -0.59 -1.91 -0.78 

4 150 10.48 10.48 2.45 10.59 0.61 1.97 10.06 0.78 0.70 2.23 0.49 
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In Table 4, collected energy density from lattice versus thickness can be seen in UDEDM. In order to maintain 

the energy needed for tension to relaxation, energy value in this plot presents a sharp decreasing later increasing 

behaviour. This behaviour in thickness versus energy density implies, stress and strain situations are in good 

accordance. 

Figure 6 shows strain analysis measurements for (00.2) plane of four samples. These measurements are 

repeated for every Ψ in -2 scans. Ψ measurement range for all samples is -4o/4o with 0.2o unit steps. Scanning 

is made in this range for (00.2) planes which maintain Bragg condition. It is noticed that there is shift in the 

peaks for all samples. This situation implies there is stress and strain in the structures. The difference between 

samples can be seen in tables. 

 

Figure 6. Stress analysis of samples in (002) planes 

layer can form two situations: 1- a1<aos (relaxation), 2- a1>aos (tension). The reason for transmission from 

tension to relaxation around 140 nm due to critical thickness. If this value is surpassed, lattice coefficients of 

layers change. 

-0.79 GPa (sample-1) (Yang et al., 2011), -0.73 GPa (sample-2), -0,78 GPa (sample-3) and 0,49 GPa (sample-

4) (Pandey et al, 2021) values are gained from sin2Ψ method and they are in good accordance with WH models. 

HR-XRD is a suitable method for investigation of mosaic defects. Because monocromatic Kα1 peak from Cu 

tube has high resolution (Williamson & William, 1953). Very few studies in literature takes attention with tilt 

and twist angle. For example, Lafford and co-workers investigated effect of alloy compounds and thickness 

on twist and tilt (Ayers, 1994). Wang and co-workers examined effect of grain volume on mosaical tilt and 

twist (Dai et al, 2018). For peak positions and broadening double axis x-ray pattern is used. In order to present 

quality of hexagonal structure, HR-XRD scans are used for symmetric and asymmetric planes. Surface 

morphology of samples is investigated with atomic force microscopy (AFM). 

https://doi.org/10.54287/gujsa.1435807
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Hexagonal GaN and AlN based layers grown on Al2O3, SiC or Si presents lattice mismatch. As the result of 

this mismatch, it shows high dislocation density. There are 3 types of dislocations in such layers. As, edge, 

screw and mixed type dislocations. 

 𝐷𝑒𝑑𝑔𝑒 = (
𝛽2

9𝑏2
) (6) 

Two methods are used for investigating tilt stemming from crystallity level and twist. In epitaxial layers it is 

possible to calculate Dedge and Dscrew (Ambacher, 1998; Speck & Rosner, 1999) with equations (6) and (7). 

Equation (7) is the same with equation (6). Full width at half maximum (FWHM) measured with HR-XRD 

states crystallity condition. Here b is the length of Burgers vector. (for AlN bscrew=0,4979 nm, bedge=0.3111 

nm) (Chierchia et al., 2003). 

Another method for edge and screw type dislocations is related with Burger’s vector, plane tilt angle and lateral 

coherence length. All type of dislocations is dependent on, lateral coherence length of mosaic block, plane tilt 

and structure twist. 

 𝑁(𝑠𝑐𝑟𝑒𝑤) = (
𝛼𝑡𝑖𝑙𝑡

2

4.  35 𝑏 𝑠𝑐𝑟𝑒𝑤2
) (7) 

Screw type dislocation density can be calculated with equation (8).  

Burger’s vector is seen by azimuthal rotating of crystal along normal of c- surface. By measuring twist angle, 

edge type dislocation density can be calculated (Durukan et al., 2017). 

 𝑁𝑒𝑑𝑔𝑒 = (
𝛼 ∅

2. 1 𝑏𝑒𝑑𝑔𝑒  𝐿
) (8) 

In equation (8), αØ is FWHM of asymmetric planes, b is the length of lattice Burger’s vector and L‖ is the 

lateral coherence length (Bas et al., 2014). 

HRXRD graphic of aluminum nitrate buffer layers grown on silicon carbide substrate is given in Figure 2. 

Peak positions of AlN buffer layers for (00.2), (00.4) and (00.6) symmetric planes can be explained in Figure 

2. For four samples these peak positions show variations in peak broadening. This situation is depended on 

mosaic crystal structure. 

Morphological properties of AlN/n-4H SiC structure is investigated by AFM. AFM scans are made in the 

range of 5μm x 5μm. Figure 7 shows (3D) AFM surface micrographs of AlN grown on 4H-SiC. AFM images 

show that layers have uniform and field like surface morphology. In addition to this, root mean square values 

(RMS) of samples are measured as 4.04, 3.72, 3.64 and 3.23 nm for samples 1, 2, 3 and 4 respectively. 

According to RMS values, 150 nm thick AlN layer grown with 50 sccm (NH3) flow ratio, has the smoothest 

surface morphology. It is obvious that if AlN layer is thicker, RMS value is lower for samples grown with the 

same NH3 flow ratio. This result implies structural quality of films increase with thicker buffer layers in 

accordance with XRD results. On the other hand, samples 3 which is grown with 1000 sccm NH3 flow ratio 

has rougher surface morphology than samples 4 which is grown with 50 sccm NH3 flow ratio. This result is 

in accordance with previous works done by different researchers (Çörekçi et al., 2012). 

 

Figure 7. (3D) AFM surface micrographs of samples4 

https://doi.org/10.54287/gujsa.1435807


272 
Ozlem BAYAL, Durmus DEMIR, Ahmet Kursat BILGILI, Naki KAYA, Mustafa Kemal OZTURK, Sukru KALAYCI  

GU J Sci, Part A 11(2) 264-273 (2024) 10.54287/gujsa.1435807  
 

 

4. CONCLUSION 

AlN buffer layers with different thickness are grown on SiC substrate by using Molecule beam epitaxy 

technique. Optical and structural properties of samples are investigated by using AFM and HR-XRD systems. 

Strain calculation is made with symmetric and asymmetric peaks of AlN from HR-XRD. Peak positions are 

determined versus Ψ. For all samples WH models are applied to calculate strain, stress, crystallite size and 

energy density. Results are presented in table 4. In this table it is seen that energy value sharply decrease later 

increase. This behaviour of energy density is in accordance with strain and stress behaviours. It is noticed that 

AlN buffer layers grown without tension and relaxation are more suitable for optoelectronic devices. For this 

reason, thickness optimization of AlN buffer layers is important. 
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