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Keywords Abstract

Screw Dislocation Quick response is an important feature in design of optoelectronic cards. So, in this study, structural

HEMT properties of GaN/AIN/AIGaN HEMTS structures grown on sapphire by the chemical vapor adjustment
method are analyzed by the X-ray diffraction method. The main property of these kind of materials is

111-V Group Nitrur that they are resistant to high voltage, temperature, and pressure. Although their performance is worse
compared silicon, for forcing limit standards, they present wide research field. In this study, the focus

MOCVD of investigation is dislocation density stemming from lattice mismatch between layers and wafer causing

HRXRD cracks on the surface. In HEMT structure calculation of dislocation density for GaN and AIN represents
all structure. High dislocation density for AIN layer is determined because of aggressive behavior of Al
element in the structure. Also, quantized GaN layers stop moving of dislocations and prevents surface
cracks.
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1. INTRODUCTION

Today, IlI-V group semiconductor nitrites such as AIN, GaN and AlGaN and their alloys forms the base of
electronic and opto-electronic devices as light emitting diodes (LED), laser diodes, UV sensors and high
electron mobility transistors (HEMT) because of their physical properties (Kapolnek et al., 1995; Heinke et
al., 2000). These semiconductor nitrites and their alloys crystallize both in wurtzite and zinc-blende structures
(Strite & Morkog, 1992; Vurgaftman et al., 2001). The basic difference between these two structures is the
rank of planes. Wurtzite structure is regulated as triangle (0001) tighly packed planes. Zincblende structure is
formed as tighly packed atoms in (111) plane as triangles along <111> direction. 111-V group semiconductor
nitrites have direct and wide band gaps. In semiconductors with direct band gap, recombination of electrons
and holes comes out in k=0 without a change in momentum. This situation implies ITI-V group semiconductor
nitrites that are effective for photon producers (Chen et al., 2020). At the same time, mobility increases if
conduction conditions are maintained because of direct band transition. Band gaps of IlI-V group
semiconductor nitrites are 0.7, 3.4, and 6.1 eVs for InN, GaN and AIN respectively (Elhamri et al., 1998).
Because working principle of electronic and opto-electronic devices are dependent on physical properties of
materials forming the device. Direct band transition feature gives hand to many different applications in a wide
wavelength range (Wu et al., 2002). For instance, in billboards, traffic lamps or cell phones using nitrite based
HEMTSs, maintains many advantages in terms of power depletion, cost and efficiency. On the other hand,
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nitrites can operate at high temperatures with low noise because of their good thermal conductivity. Also, 111-
V group nitrites have the property of well electron carrying, good mobility value and saturation speed. These
features enable GaN based HEMTSs to be used in radars, rockets and satellite systems those require high
temperature and high power (Bayrak, 2003). Ill group nitrites are also convenient for quantum wells,
modulation doped hetero interfaces, heterojunction structures and hetero structure technology (Morkog, 1999).

Because of difficulties in growth of GaN crystal, GaN/AlIGaN heterojunction structures are grown on sapphire
(Al,03) wafers despite there is low thermal and structural match (Kapolnek et al., 1995). The reason of
choosing sapphire is its hexagonal symmetry, easy handling, easy cleaning procedure before growth and low
cost. Also, melting point of sapphire is 2040°C and this property makes it chemically stable at even very high
temperatures. But sapphire is not an ideal wafer for commercial applications. The reason for this is high
dislocation density stemming from great lattice mismatch between sapphire and I11-V group nitrites and
mismatch between thermal expansion coefficients. Lattice mismatch is about 14-16% and thermal expansion
coefficient mismatch is about 34% (Bernardini et al., 1997).

In this study, structural properties and mosaic defects of AIN/GaN/AIGaN structure are investigated on three
different samples. It is seen that gained data and analysis concluded with great accordance with literature.
Investigation of this type of samples are rare in literature, so this study may play a key role for researchers for
their future studies. The defect nature of these structures is predominantly attributed to the dislocation density.
Finding the dislocation in monolayer structures is easy (Feaugas & Delafosse, 2019). Although finding the
dislocation density of interfaces in a multi-quantum HEMT structure sheds light on an important problem. In
this study, we aim to find the defect factors and increase the quality of the HEMT structure.

2. MATERIAL AND METHOD

GaN/AIN/AIGaN HEMT samples were grown on sapphire wafer by the MOCVD technique. Al pre-deposition
did not applied and the growth process can be summarized as follows. Surfaces were clean and mirror like,
there were colourful crowding fields on the surface. GaN thin film is deposited on 520 nm thick AIN layer
Over this GaN buffer layer 2 nm thick AIN inter layer is grown. Later 25 nm thick AlGaN layer is grown on
AIN inter layer. AlGaN layer is grown at 1075°C -1140°C temperature range under NH; flow and 50 mbar
medium pressure 3 nm thick GaN cap layer is grown at the last step of sample growth.

Deposition is made at 1050°C for 15 minutes. During preparation of samples sapphire is used as a wafer. To
construct high electron mobility transistor (HEMT), AlGaN layer is deposited on AIN nucleation layer in
MOCVD. This structure is grown as stable as possible. Five layers of quantized GaN layers are used to prevent
or reduce dislocations. Schematic diagram of samples is shown in Figure 1. in experimental section. To prevent
dislocations stemming from lattice mismatch between sapphire and GaN buffer layer AIN nucleation layer and
AIN buffer layers are grown at high temperature. AIN inter layer is grown in 1075°C and 1140°C temperature
range with triethylaluminium TMAI sources under NHs flow with flow speed of 200 sccm and 10 sccm
respectively under 50 mbar pressure in a duration of 3 minutes. Nucleation layer is grown at 550-560°C
temperature that ranges under 50 mbar pressure with NH3 flow at speed of 1000 sccm and TMAI source with
flow speed of 15 sccm.

In the expectation that GaN/AlGaN HEMT structures in detail, High Resolution X-Ray Diffraction (HRXRD),
noncontact Hall measurement, and Atomic Force Microscopy (AFM) (Nanomagnetic Instruments) in dynamic
mode scanning measurement were examined in this study.

XRD analysis is made with Bruker D-8 discovery HRXRD diffractometer. This device uses X- rays with a
wavelength of 0.54056 nm with pure CuKas source and four channel Ge monochromator. Scans for samples
are made on (101), (102), (103), (105), (106), (112), (114), (121), (122), (123), (124), (201), (202), (203),
(204), (211), (212), (213), (301), (302) symmetric and asymmetric planes. These plane scans are made for
AlGaN, AIN and GaN individually. The surface morphology of samples was characterized by Atomic Force
Microscopy (AFM) (Nanomagnetic Instruments) in dynamic mode scanning.
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Figure 1. The schematic diagrams of samples

3. RESULTS AND DISCUSSION

In defected epilayers, FWHM of o curves are formed by support of tilt, twist, mean size of grains and in-
homogeneous stress and strain dispersion. In principle expansion may be important because of limited field
dimension and strain but in present system it is determined that it has a little effect. Here to reduce or prevent
expansion stemming from inhomogeneous strain and limited grain dimension, a slit with a 0.5 mm width is
inserted in front of detector during use of double axis w scans. Also, samples present 10"-30" FWHM both
with triple axis 2 theta scans and non-zero hk orientation in (00.2) reflection. Moreover, for all experimental
reflections both inward expansion of crystal reflection and expansion stemming from device can be neglected.
Because these effects take only a few arc seconds. Expansion caused by twist angle can be analyzed using
reflections in screw geometry.

Nitrite materials are well-known with their cubic hexagonal structure. Nano structures has many advantages
for opto-electronic devices in terms of optical and electrical properties. Nitrite materials have the advantage of
operating at high voltage, temperature, and frequency. For instance, nitrite-made transformators can operate
for a long time without getting out of order (Yang et al., 2022). In space works, these materials resist to high
temperature very well and maintains operation of device for a long time. The reasons for this situation are
point, line and volume defects spreading all over the structure. There are some methods to reduce these defects.
In samples five layers of GaN are used to reduce defects. Tilt twist, grain size and dislocations can be given as
examples of defects supporting broadening of FWHM. Broadening of FWHM stemming from device is enough
to determine twist angle in screw geometry. In this situation grain size at some arc seconds dimension and
inhomogeneous strain may be neglected and this makes calculation of twist angle, screw, and edge type
dislocations available.

Sapphire is used as a wafer. Lattice mismatch between this layer and GaN is caused by clean mirror-like image
of surface. Three samples are grown to examine defect properties by changing thickness of GaN layers and
buffer AIN layer (Kato et al., 2021). Defect structure is examined in electrical, optical, and structural terms.
To examine HEMTS, especially mobility is important gained by Hall device.

Figure 2 shows @ scan of samples. Curves belonging to different samples are shown with different colors. ®
scan angles show optimized @ angle value for ® scan of planes. Because there is diffraction at every edge of
hexagonal structure in @ scan, there are six peaks between 60° and 360° range. @ scan gives right value in pdf
card for high quality GaN because ® scan is optimized. For cubic systems there are four different peaks in @
scan. Peak is optimized for @ scan (Nand et al., 2022).

Figure 3. shows increasing FWHM for ksi @ and ® scans for three samples. FWHM of @ and o scans are
gained by using pseudo-voigt function from rocking curves. FWHM of a scan in Figure 3. decrease with an
increase in ksi. On the other hand, (12.1) reflections approach each other because they are 78.8° in percentage.
In fact, they should be equal when ksi angle reaches 90°. Diffraction geometry is shown in Figure 4. With the
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cause of too thin films reflection is impossible in 90° lattice plane tilt. Here it can be seen that in wurtzite
structure and on (12.1) plane there are 12 similar planes.
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Figure 2. @scan of crystal planes for samples A, B and C
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Figure 3.@and w scans for GaN and AIN films in three samples
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Figure 4. Screw dislocation of HEMT on HRXRD

Reflection peaks do not iterate at each 30° azimuth angle. Group six peaks iterate at every 60° azimuth angle
and other groups behave similar but FWHM values of ® and o scans are equal. Although lattice have different
hexagonal crystal structure on (12.1) diffraction plane twist angles are different for GaN and AIN layers.
Quantized growth reduced dislocations. In addition, on tilt angle which the reflection is seen (78.8°) FWHM
of ® and ® scans are almost the same. These results imply width of rocking curves approach twist angle in ®
and o scans at higher ksi angles. Also, difference in FWHM of scans are larger than ksi scans. For this reason,
mean twist angle should be between FWHM and ksi=78.8°. In this situation, average value of FWHM and
ksi=78.8° can be taken as mean twist angle.

In order to test validity of results, when compared with Srikant and co-workers’ method, it is seen that they
correspond each other (Heinke et al., 2000). Appear to be compatible with each other. Little difference between
twist angle calculated in this study and twist angle value in literature can be calculated as +0.005° . This result
is in borders of instrumental resolution. To determine twist angle of different defected structures is also
possible with this method.

To compare GaN and AIN on (002) plane rocking curves are given in Figure 5. While GaN layers are in a
uniform width position AIN is fluctuating with a strain value. This means that for all three samples (002) plane
is crystallized and (002) orientations are in texture structure. On (004) plane there are differences in crystallite
GaN structures. For AIN GaN in sample A there is low peak intensity but high FWHM. On these planes GaN
lattice match is seen and AIN strain fluctuations are expanded. On (006) plane GaN layer is well crystallized
and for sample A AIN is extremely fluctuated with strain.

As can be seen in Table 1 twist angles increase with a decrease in tilt angles. Estimated dislocation density
values can be calculated with Equations (1), (2) and (3).

ﬂ?oo.z)

= 1)
screw 9p gcrew
P @)
edge 9h ezdge

Dgis = Dscrew + Dedge 3)
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Beta is FWHM of rocking curves and b screw and edge are the length of burgers vector. As known before,

twist range of lattice planes for wurtzite GaN films uses burgers vector b= [001] and screw type dislocations

(Gay et al., 1953; Look & Sizelove, 1999). Tilt range of lattice plane shows details of burgers vector and edge

type dislocation density. Number of samples versus dislocation density plot is shown in Figure 6. Dislocation

densities of GaN films are too different from each other. It is still being investigated how these dislocations
effect electrical and optical features of device.
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Figure 5. HRXRD omega curves of (002) miller plane of GaN and AIN layers in HEMT structures.

Table 1. GaN films are the rocking curves of @and o scans of experimental results

52

Measurement results
Samples FWHM (deg)
® scan of @ scan of Twist angle with error correction
(00.2) reflection (12.1) (12.1) (deg)
reflection reflection
A 0.08 0.28 052 L
Z y
5 B 0.07 0.20 0.46 L
C 0.09 021 0.57 e
A 0.21 0.235 041 0.44
E B 0.17 0.175 0.34 0.35
C 0.22 0.305 0.62 0.62
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Figure 6. Presentation of calculated screw and edge type dislocations

Twist angle of AIN is larger than other layers. Fluctuations in samples show that there is no linear behavior. It
can clearly be seen that defect structure difference is large for AIN/GaN crystallite size. Al dislocations show
screw and edge dislocations. It is higher than the GaN dislocation value. Because AIN is an aggressive material,

there is a mismatch incompatibility with GaN.

It is clearly seen in Figure 7, for sample A the exposed AIN surface is smooth with the surface roughness of
2.14 nm. sharp rocky mountain-like morphological structure but macro grain crystal structures are observed in
sample A. In sample B with a lot of grain and high roughness. Sample B with the rms value is 1.00 nm has
more smooth surface than Sample A. The sample C which has moderate grain structures with rms value is 4.21
nm. Dielectric layer between metal and semiconductor converts metal-semiconductor (MS) structure to metal
insulator semiconductor (MIS) structure. The interface layer with increasing thickness is in equilibrium with

the semiconductor. (Bilgili et al., 2022)

a)

00 0.0 00

Figure 7. AFM images of a) sample A, b) sample B and c) sample C
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4. CONCLUSION

HRXRD makes investigation of line defects for inter-layers available for HEMT structure with this method.
Defect reduction of optoelectronic devices plays an important role in improving the performance of crystal
structure properties in IV characterization of mobility movements. In addition to being stable at high voltage
current frequency values, HEMTs LEDs Diodes door switches with effective selectable wavelengths provide
advantages in many optoelectronic devices (Subramanian et al., 2020). For this purpose, defect analysis in
HEMT structure was analyzed with HRXRD with weighted dislocation density. According to the analysis
result, AIN and GaN dislocation densities were calculated with high precision according to the surface and
interface densities. Both AIN and GaN dislocation densities showed similar type properties in the increasing
sample. AIN defect structures of these structures are gradually seen in GaN. We see that this harmony remains
within the dislocation of the GaN wafer layers, which is about 4x10%cm™. Dislocation densities are compatible
with the amplification mobility of our sample.
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