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 While the mature and well-established silicon technology, though after a long marvelous 

progress, exhibits some critical limitations with respect to its switching frequency, operation 

temperature, high power reliability and efficiency, a new generation of semiconductors, commonly 

referred to as “wide bandgap semiconductors”, has emerged as promising candidate substrate 

materials that bear the capabilities to overcome those performance limitations. The inherent superior 

properties of those novel materials help broaden the extensions of semiconductor devices 

applications beyond those have been made from conventional materials like silicon, indium 

phosphide, and gallium arsenide. Potential revolutionary improvements coming into the cost, size, 

weight and performance of numerous incredible applications in both military and commercial field 

have already occurred and could be foreseen continued in the near future by the development of 

wide bandgap semiconductors.  

 As two important representatives in the class of wide bandgap semiconductors, silicon 

carbide (SiC) and aluminum nitride (AlN) are mainly studied in this thesis. New electronic devices 

based on SiC have demonstrated outstanding performance under extreme conditions such as high 

power, high temperature and high frequency. Due to the material’s remarkable properties like high 

breakdown field, high efficiency power switching capability and high temperature reliability, no 

doubt it has huge potentiality in the applications of microelectronic systems. Besides the rather 
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higher bandgap that also makes it ideal candidate for the substrates in high power electronic devices, 

AlN’s unique property--its wide direct transition energy range in ultraviolet has benefits in the 

realization of ultraviolet opto-electronic devices.  

 Though they have lots of advantages, the widespread commercial availability of these two 

materials remains retarded by the availability of large size commercial single crystal wafers of high 

quality at affordable price. Either for SiC or AlN, bulk crystal growth is no easy issue, for they 

cannot be manufactured in volume via the common liquid methods as utilized for Si wafer produce, 

due to the extreme conditions needed to melt them. Both of them are primarily grown in a unique 

way where vapor phase is involved, namely physical vapor transport (PVT) growth technique.  

 Since devices based on substrates with fewer defects have been demonstrated to have better 

performance, it is of great importance to obtain highly effective characterization techniques in order 

to get a better understanding of defect behavior. By analyzing the generation as well as the 

propagation mechanism, optimized growth strategies might be provided to help reduce or even 

eliminate those defects. The major techniques introduced in this thesis is synchrotron white beam 

X-ray topography (SWBXT) and it is in comparison with another frequently used technique—

chemical etching. Nomarski optical microscope is also used complimentarily.  

 Two main topics covered in the thesis are: 

1）Measurements of BPD densities in 4-inch 4H-SiC commercial wafers assessed using 

both KOH etching and topography methods are compared. The ratio of the BPD density calculated 

from topographic images to that from etch pits is estimated to be larger than 1/sinθ, where θ is the 

offcut angle of the wafer. Based on the orientations of the defects in the wafers, a theoretical model 

is proposed to explain this disparity and two main sources of errors in assessing the BPD density 

using chemical etching are discussed.  

2）The defect categories and distributions have been studied for six AlN single crystal 

wafers grown by sublimation recondensation technique. Transmission geometry in SWBXT of 

3 {11-20}&3 {1-100}six reflections are carried out to map defects. Grazing-incidence reflection 

topography has also been taken for some selected areas for detailed analysis. Nomarski optical 

microscopy is used to supplement topography.  
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1 INTRODUCTION 

 It is widely known that the electronic revolution of the last century is attributed to the boom 

of the semiconductor industry and the whole power electronics world is built on the mature and well 

established silicon technology. Extended applications in automotive electronics, aerospace systems, 

communication engineering, and deep well drilling have been benefited from power devices made of 

semiconductors. However, with the rapid development of this field, the industry has been 

approaching a turning point where the theoretical limits of devices based on conventional 

semiconductor materials has been reached [1] and the new generation of semiconductor materials 

with higher ability to operate beyond the limitations are needed.     

Wide bandgap semiconductors, as the name indicates, are semiconductors that have bandgap 

energies substantially exceed those of the prevailing semiconductor materials generally used before, 

such as silicon (Si), indium phosphide (InP), and gallium arsenide (GaAs). No specific criterion has 

been set to define how wide could be termed wide though, any semiconductor material with a 

bandgap energy larger than 2 eV falls into this category [2]. Their broad gaps in terms of electronic 

band energy provide those materials incomparable advantages and make them ideal candidates for 

the products operating in extreme conditions such as high power, high frequency and high 

temperature environment [3-8]. Take the operation temperature as an example. Literatures indicate 

that standard commercial Si-based devices could function properly in the temperature no more than 

125 °C [9, 10], and operating at ambient temperatures beyond 150 °C would be problematic [10]. As 

a contrast, devices made based on silicon carbide (SiC)—one of the dominantly studied and used 

wide bandgap materials, are reported to operate at a working temperature up to 600 °C [11-14].  

 Except for diamond, most wide bandgap semiconductors that have attracted researchers’ 

attentions are compound materials such as SiC, gallium phosphide (GaP), gallium nitride (GaN), 

zinc oxide (ZnO), and aluminum nitride (AlN). The family of AIIIBV type of compounds occupies a 

significant part among them. Though the inherent outstanding properties of those materials have 

provided promising possibilities for them to become the crucial semiconductors for the next 

generation, the realization of their widespread commercial applications has been staggered by the 

availability of large amount bulk materials of high quality at a reasonable cost. Accordingly, numeous 

studies have been carried out on both the crystal growth methods and the defects characterization 

techniques of those materials. In terms of this writing, focus has been cast on two major materials 
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that bear bright potentiality in continued revolutionary improvements for a variety of 

microelectronic and optoelectronic applications in terms of efficiency, size, cost, and reliability [12, 

15-17]. After a brief introduction to the background knowledge of the material properties as well as 

the popular crystal growth techniques of those two materials, detailed discussion will be carried out 

on the characterization methods used in this study for revealing the internal imperfections of 

semiconductor single crystal substrates. At the end, deep analyses of a variety of defects observed in 

the two materials are reported. 

1.1 Structure, Properties, and Applications of  Materials  

1.1.1 Structure, Properties, and Applications of  SiC 

Ever since Cree Inc. released the first commercially available SiC wafer in 1991, the past two 

decades has witnessed the amazingly rapid progress in the development of high quality SiC single 

crystal growth and its employment in novel and innovative power electronic devices. It has already 

developed into the most mature one among all band gap semiconductors. Wafers with larger and 

larger diameter, but lower and lower density of defects are emerging in an endless stream. Thanks to 

the efforts made by worldwide researchers and manufacturers, the common size of SiC wafers in the 

market up to date has increased to 4-inch and 6-inch wafer is at hand. Meanwhile the SiC-based 

device fabrication technique is also steadily stepping forward and the boost in the size has helped 

driven down the average device cost remarkably. 

From a crystallographic point of view, SiC is mostly notable for its amazingly large number 

of polytypes. In total, more than 200 polytypes have been discovered in SiC and most of them are 

hexagonal or rhombohedral structures, except for 3C-SiC (also known as β-SiC), which is the only 

cubic type with the zincblende structure. Each type of SiC is composed of tetrahedrons that consist 

of four silicon (carbon) atoms at their corners and a carbon (silicon) atom at the centroid. In the 

tetrahedron, any of the four Si-C bonds could be considered as a c-axis with a triangular base that is 

normal and opposite to this c-axis, defined as a c-plane, also known as the basal plane. Each c-axis 

also represents a direction about which the tetrahedron has threefold symmetry, meaning that once a 

rotation of 180° is taken along the c-axis, the trigonal symmetry would be broken and a “twinned” 

variant tetrahedron is produced. As a matter of fact, different SiC polytypes are merely different 

assemblies of normal and twinned tetrahedrons along the c-axis [18-20]. Fig.1-1 shows the twin 

variants of tetrahedrons in the SiC crystal structure. 
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Figure 1-1 (a) SiC tetrahedron with the c-axis coinciding with the vertical Si-C bond; (b) the twinned variant 
of  the SiC tetrahedron. The two variants are related to each other by a 180°rotation around the c-axis. 
 

 Among all the different SiC polytypes, 3C-SiC, 4H-SiC, and 6H-SiC are the most popular 

ones. Though 3C-SiC is often observed, there is no mature method for its large-size and high-quality 

growth and therefore it is not discussed further here. The other two polytypes are the far superior 

forms of semiconductor device quality SiC commercially available in mass-produced wafer form [21]. 

Figure 1-2 shows the projection of the structures of 4H-SiC and 6H-SiC onto the (11-20) plane. As 

could be seen from the image, 4H-SiC and 6H-SiC have four and six Si-C bilayers, respectively, in 

their corresponding hexagonal unit cell with the stacking sequences “ABACABAC…” for 4H-SiC 

and “ABCACBABCACB….” for 6H-SiC.  
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Figure 1-2 Projection of  4H-SiC (a) and 6H-SiC (b) structure into (11-20) plane. Small and large balls indicate 
C and Si atoms, respectively. The stacking sequence for 4H-SiC is “ABCB…” and “ABCACB…” for 6H-SiC. 
(Provided courtesy by Yi Chen [111].)  

 
All the SiC polytypes are semiconductors possessing favorable electronic properties such as 

higher electron mobility, larger breakdown field, higher thermal conductivity compared with other 

traditional semiconductor materials. It should also be pointed out that being the only compound 

semiconductor that has the native oxide SiO2 gives SiC the greatest advantage over other 

conventional semiconductor materials [22]. The comparison of some selected important 

semiconductor electronic properties of major SiC polytypes with Si, GaAs, and 2H-GaN at the 

temperature of 300K is given in Table 1-1[23-31]. In the table it is clear to see that compared to Si, 

which is used as the evaluation standard for comparison, SiC has a thermal conductivity at least 

twice higher and a breakdown field nearly five times higher. The saturated carrier velocity of SiC is 

also twice that of the Si.  
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Table 1-1 Comparison of  Selected Important Semiconductor Electronic Properties of  Major SiC Polytypes 
with Silicon, GaAs, and 2H-GaN at 300K  

Property Si GaAs 4H-

SiC 

6H-

SiC 

2H-

GaN 

Eg (eV) 1.1 1.42 3.2 3.0 3.4 

Relative dielectric 

constant 

11.9 13.1 9.7 9.7 9.5 

Eb (MV/cm) 

ND= 1017 cm-3 

0.6 0.6 //c-axis: 3.0 

⊥c-axis: 2.5 

//c-axis: 3.2 

⊥c-axis: >1 

2-3 

k (W/cm⋅K) 1.5 0.5 3-5 3-5 1.3 

Intrinsic carrier 

concentration (cm-3) 

1010 1.8 106 ~10-7 ~10-5 ~10-10 

𝛍e (cm2/V⋅S) 1200 6500 //c-axis: 800 

⊥c-axis: 800 

//c-axis:60 

⊥c-axis:400 

900 

𝛍h (cm2/ V⋅S) 

NA= 1016 cm-3 

420 320 115 90 200 

Vs (107 cm/s) 1.0 1.2 2 2 2.5 

Eg: band gap; Eb: breakdown field; k: thermal conductivity;  e: electron mobility;  h: hole mobility; Vs: 
saturated carrier velocity. (Source: data compiled from references [23-31]. 

 
The major applications of SiC in electronic devices involve high-temperature devices, high 

power devices and high frequency devices. The intrinsic carrier concentration is a key factor in 

choosing the proper semiconductor material for device fabrication because semiconductor 

electronic devices function properly only in the temperature range where intrinsic carriers are 

negligible so that introduced dopant impurities domainate the conductivity [26]. As for high 

temperature devices, the intrinsic effects of SiC do not occur until very high temperature [6], and 

this feature leads to important benefits to applications in automotive sensors, aviation sensors, 

spacecraft sensors and controls and deep-well drilling industries [6, 32-35]. The high breakdown 

field of SiC leads to a thinner as well as heavier doped blocking voltage region of the power device. 

Efficiency of the device is increased by the high reverse blocking voltage with lower series resistance. 

The applications of SiC in high power devices include switching devices such as MOSFETs, high-

power rectifiers, high-power switching transistors, etc. For high frequency devices, SiC-based high-

frequency RF MESFETs for cellar base stations are now commercially available [36].  

 

Another important application (also the earliest application) of SiC material is in the 

optoelectronic devices. In 1989, Cree Research Inc. introduced the first 6H-SiC-based pn junction 

light-emitting diodes (LEDs) as the first semiconductor devices to cover the blue portion of the 
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visible color spectrum [37]. Even though LEDs based on SiC pn junctions are inefficient due to the 

indirect bandgap of SiC and are gradually replaced by much more efficient direct-bandgap GaN and 

other III-Nitrides blue LEDs, SiC wafers are still employed as the substrates for devices made with 

Group III-Nitrides [38].  

 

1.1.2 AlN’s Structure, Properties and Applications 

 

 

Figure 1-3 Projection of  AlN structure into (11-20) plane. 

 

Aluminum nitride in wurtzite phase (w-AlN), belonging to the P63mc space group, has the 

similar crystal structure with α-SiC, being a tetrahedrally coordinated compound with in-plane 

hexagonal lattice constants a=3.110 Å and c=4.980 Å [39]. Though the 2H wurtzite structure is the 

most common polytype seen among the AlN grown naturally, crystals in cubic zincblende structure 

have also been artificially made out successfully under certain lab conditions [15]. Notwithstanding 

the wurtzite structure indicates the presence of covalent bonds, X-ray diffraction experiments have 

revealed that a significant ionic component contributes to the bonding in AlN, due to the almost 

two times disparity between the electronegativities of the aluminum atoms and the nitrogen atoms: 

1.6 and 3.0, respectively [40]. Fig. 1-3 is a projection of AlN structure into (11-20) plane.  
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 The superior optical and high-temperature electronic properties of AlN, attributed to its high 

transparency of ultraviolet light, relatively large direct bandgap energy (~6.2 eV at 300K) [41] and 

high thermal conductivity, makes it one of the most promising III-V semiconductors for short-

wavelength opto-electronic devices and for high-frequency and high power electronics. Table 1-2 

displays some selected important properties of AlN in wurtzite phase. Table 1-2 shows some 

important properties of AlN in wurtzite phase. At T=300K, the band gap energy of AlN single 

crystal is about 6.2eV, much larger compared to that of other III-V compound semiconductors, like 

InN (~1.9eV) or GaN (~3.4eV) [15]. 

 
Table 1-2 Selected Major Properties of  Wurtzite AlN. (Souce data compiled from Ref. [42]-[50].)  

Band gap Energy 
Eg ( 300K ) = 6.2eV 
Eg ( 5K ) = 6.28eV 

Coefficient of thermal expansion 

  

 
            

  

 
            

Thermal conductivity           

Dielectric constants 
           

    ⊥         

Electron mobility              

 

The high thermal conductivity, as its most distinguished property, together with the low 

coefficient of thermal expansion, high electrical resistivity, and moderate dielectric loss provides AlN 

remarkable advantages in its potential applications as substrates for microelectronics packages [51]. 

The majority state-of-art high electron mobility transistors (HEMTs) were fabricated on 

AlInN/AlN/GaN heterostructures grown on SiC substrates [52-54]. Used for highly efficient power 

conversion, they are strongly promising in the future for the high-frequency and high power 

operation in hybrid vehicles and green-energy systems.   

 Due to its wide direct transition energy range in ultraviolet, AlN has long been considered as 

a powerful candidate material for the realization of deep ultraviolet laser diodes (UVLD) or 

ultraviolet light-emitting diodes (UV-LED). Those UV optoelectronic devices based on AlN 

substrates have the capability of generating light in the short-wave ultraviolet radiation (also called 

UV-C band) (200-280 nm), leading them to the great utilization in a considerable number of 

application fields including drinking water treatment, air purification, curing of varnishes and 
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polymers, and medical disinfection [55-60]. For example, when water is exposed to UV light, the 

UV-C light near 265 nm most effectively help break up the chemical bonds within DNA or RNA of 

the bacteria, viruses and spores in the water and thus they are prevented from replication and 

eventually end up inactive [61]. Compared to other III-nitride semiconductors, AlN substrate is the 

optimum choice for devices working at this wavelength.   

1.2 Crystal Growth Methods of  Major Wide Bandgap Materials  

Ultrahigh-quality wide bandgap semiconductor single crystals are in great demand nowadays, 

while the difficulties in crystal growth remain challenging for their mass production. Unlike silicon 

or gallium arsenide, both SiC and AlN cannot be manufactured through the traditional Czochralski 

or Bridgeman methods that both involve bulk growth of crystals from liquid phase, for these two 

materials sublimate before they melt into liquid in an atmospheric environment. To grow them in 

traditional ways, extremely high temperatures and pressures are required and thus would increase the 

cost drastically. As for the bulk crystal growth of these materials, a vapor phase transport growth 

process is established.  

First technique developed for SiC crystal growth occurred in 1955, and it was a sublimation 

method called Lely method, named after its creator [62]. In 1978, a modifided seeded sublimation 

growth process for SiC, later referred to as the seeded modified Lely process (also termed as physical 

vapor transport process),  has been developed by Tairov and Tsvetkov [63, 64]. It has been marked 

as a breakthrough indicating that the new era of realization of producing large cross-section area 

single crystal boules of SiC was at hand.  In the physical vapor transport (PVT) growth technique, a 

polycrystalline SiC (powder)source is placed in a semi-closed crucible, heated up to 2400 °C in an 

argon environment under the pressure of 1~750 Torr and it sublimes into the vapor phase [65]. A 

SiC single crystal of ultimate quality, namely the seed material,  is placed at the other end of the 

funace. Due to the temperature gradient, the vapor spreads to the seed where lower temperature 

compared to that of the source material is maintained, and condenses there. Consequently the seed 

material grow bigger and bigger and a boule is obtained, further to be sliced into wafers and polished 

as required. Fig. 1-3 gives a simple skech-up (Fig. 1-4(a))of how a c-plane wafer is cut from the 

crystal boule grown along c-axis, i.e. <0001> direction and shows the corresponding 

crystallographic directions on the c-plane (Fig. 1-4(b)).Usually, the preferred growth direction in 

PVT growth process is [0001] crystallographic direction (c-axis), though crystal grown along other 
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directions, for example, a-axis, are also under investigation. Originally, the source material was 

placed in the upper part of the graphite cruible and the seed at the bottom [63-64, 66]. Using this 

arrangement, Ziegler et al. reported successfully growing 6H-SiC with a length of 24 mm and a 

diameter of 20 mm [66]. However, in the configuration that is commonly used today, the seed is 

held on the top while the source SiC is on the bottom, leading to a higher yield and gradualy 

becoming the industry standard[67, 68]. Fig. 1-5 is a schematic illustration showing the view of 

growth cell in this configuration. Up to date, using PVT technique to grow 4-in commercially 

available SiC single crystals is developed pretty maturely and larger wafers with diameter of 6-inch 

are also successfully realized by some vendors [36, 69-70].   

 

 
Figure 1-4 a) A sketch demonstrates how a c-plane wafer is cut from a crystal boule whose growth direction is 
c-axis <0001>; and b) an illustration of  the crystallographic directions of  the c-plane.  

 
Figure 1-5 Schematic view of  growth cell for SiC single crystals grown by PVT technique.  

 

(a) (b) 
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First reported by Slack and McNely [71, 72], PVT growth technique is also utilized in the 

growth process of AlN single crystals. In some literature it is also termed as sublimation-

recondensation growth technique [73, 74]. During the growth process, the AlN powder is placed at 

the bottom of a reaction crucible, inside which the ultra-high purity nitrogen ambient is applied. The 

powder sublimes at the temperature above 2000 °C and under the pressure of 300~800 Torr, 

decomposes into nitrogen and aluminum gases, then transports through the vapor phase to the seed 

material located on the top of the crucible where lower temperature is kept. As soon as they 

condense on the surafce of the seed, the crystal starts to grow by recrystallization. The growth unit 

setup is similar to that in the SiC crystal growth. (See Fig. 1-5) The complete reactions during the 

process can be written as: 

      

           
          
→                

 

 
  

          
       

→                

AlN does not exist in nature and thus there is a lack of high quality AlN single crystal when 

it comes to the supply of seed materials. For a long time, foreign substrates such as Si, SiC and 

sapphire have been used as the seed for the bulk AlN single crystal growth. Nevertheless, critical 

issues have inevitably arose due to the lattice mismatch, the disparity in the thermal expansion 

coefficients, and the chemical incompatibility, causing negative impact on the generation of defects 

grown at the interface and further extended into the AlN layer.  Hence, continuous efforts have 

been made on the investigations of growth of large AlN single crystal seeding on GaN substrates or 

self-seeding growth [75-78]. Besides the often c-(0001) orientation grown crystals, m-(10-10) 

orientation crystals of seeded growth of AlN boules by PVT technique has also been achieved [79].  

The key issue in the PVT growth technique is to make sure the temperature gradient and gas 

pressure under control, for the quality of crystal would be seriously impacted otherwise. For SiC, 

undesired polytypes might come into formation when the growth temperature is offset since 

different polytype require different formation energy that related to the growth temperture. Woo Sik 

Yoo and Hiroyuki Matsunami from Kyoto University observed that as a single crystalline 3C-SiC 

sample was heated at temperature from 1800 to 2400   in an Ar atmosphere, a solid-state phase 

transformation from 3C-SiC to 6H-SiC occurred above 2150    [80]. The reason an argon 

overpressure is maintained during the heating process is to avoid crystallization at lower temperature, 

minimizing the chance of which undesired polytype would occure. For AlN, though not bothered by 

the polytype issue, the generation of second grain, the accumulation of inclusions and other growth 

defects are also introduced by losing control of the growth conditions. Fig. 1-5 shows the hex 
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inclusions and secondary grains observed with a nomarski optical microscope from a PVT-grown 

AlN wafer.  

 
 
Figure 1-6 a) The optical image of  a PVT-grown AlN wafer (broken into two parts). b) & c) Close look at the 
region that has been circled out in a) via Nomarski optical microscope shows the present of  hex inclusions 
and second grains that might be caused by the poor control of  the growth conditions.   

1.3 Major Defects Observed in Current Materials 

1.3.1 Major Defects Observed in SiC Substrates 

The majority defects observed in the SiC substrates up to date could be classified into two 

categories: one is growth dislocations and the other is deformation induced dislocations. The former 

comes into formation during the growth and threads through the crystal with the moving growth 

front. Those dislocations, including threading edge dislocations (TEDs), threading screw 

dislocations (TSDs), and micropipes (MPs), could originate from the continuation of the 

dislocations previously present in the seed, or from the relaxation of stresses arising from: 1) 

handling damage on the surface of the seed; 2) the incorporation of inclusions of solvent or impurity 

that can occur on the seed surface or later during growth that can be equivalently viewed as 

imperfect lattice closure around such inclusions; and 3) coalescence between two or more 

misoriented growth centers [81]. As the name indicates, those threading dislocations all have line 

directions roughly aligned along with the growth direction [0001]. While TEDs have Burgers vector 

b=1/3<11-20>, which is perpendicular to their line direction, both TSDs and MPs have Burgers 

vector b=n<0001>, parallel with the line direction [0001]. The major difference between MPs and 

TSDs is the magnitude of the Burgers vector. As n gets larger, the close core threading screw 

dislocations become huge ones with open cores, namely micropipes.   

The deformation induced dislocations can be induced either by mechanical stress or by 

electrical stress like electron-hole recombination. The perfect basal plane dislocations, as induced by 

(a) (b) (c) 
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plastic deformation process and often glide under thermal shear stress, are the most widely observed 

type of dislocations in PVT-grown SiC crystal. They have line directions parallel with the basal plane 

(0001), with Burgers vector b=1/3<11-20>. Fig. 1-7 shows a schematic of those basic dislocations 

introduced above that commonly observed in SiC substrates. 

Among four types of defects mostly commonly observed and studied in SiC substrates—

MPs, TEDs, TSDs, and BPDs while significant progress has been made in decreasing the density of 

MPs [82], the latter three are attracting increasing attention since they are reported to result in 

detrimental influence on various SiC-based devices [83-85]. Especially for BPDs, a variety of studies 

have been done regarding the expansion of the Shockley stacking faults present at their cores that 

would introduce undesired forward voltage drift during device operation [86-88]. Previous literature 

has also reported on the conversion and multiplication of BPDs from substrates to epilayer [89, 90]. 

 
Figure 1-7 Schematic of  the major defects observed in SiC substrate. 1—threading edge dislocation; 2—
threading screw dislocation; 3—basal plane dislocation.  

1.3.2 Major Defects Observed in AlN Substrates 

 Most defects having been detected in AlN substrates so far are similar to those in SiC 

samples. The majority of them are BPDs and threading dislocations. In some regions where the 

dislocation density is rather high, BPDs or threading dislocations, or sometimes both, aggregate 

together into small angle boundaries. Besides, another critical issue regarding the quality of the AlN 

substrates is the inclusion contamination. Further discussion will be conducted in the Results & 

Discussions part.  
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2 EXPERIMENTAL –CHARACTERIZATION METHODS  

The high-pace developing semiconductor industry and its essential demand for nearly 

perfect semiconductor single crystals have given impetus to the improvement of the various 

characterization techniques in this field. As each technique has its own fundamental working 

principles, whether based on optical, electron, chemical reaction or X-ray diffraction, they all have 

their natural merits as well as limitations. The major technique introduced in this paper is a non-

destructive characterization method called X-ray topography, and synchrotron white beam is used as 

its radiation source. Other two techniques—molten potassium hydroxide (KOH) and Nomarski 

Optical Microscopy are also utilized in a subsidiary way. 

2.1 Synchrotron X-ray Topography  

2.1.1 Introduction 

 The first experiment during which an X-ray topographic image was recorded was carried out 

by Berg. VW in 1931[91], when he used characteristic radiation  incident at a very small angle to the 

surface of a single crystal and obtained a striated image where the point-to point variation of the 

reflected intensity revealed the plastic deformation inside the crystal. Though several studies on the 

X-ray topography technique have been taken out [92-95], it was not until 1958 when Lang 

developed a profound transmission technique that made imaging individual dislocations in the single 

crystal possible [96] did people realize the huge potentiality of this technique in the application of 

defects characterization of single crystal materials.  

 Ever since the advent of synchrotron radiation sources and its application into the field of 

X-ray topography brought by Tuomi [97], synchtrotron X-ray topography has been developed as a 

powerful tool to analyze various defects extended inside the entire volume of the large single crystals 

and sometimes even characterize the wafers with devices fabricated on them [81]. Compared to 

other widely used characterization techniques, like scanning electron microscopy (SEM) or 

transmission electron microscopy (TEM) from which only local information of a very tiny area of 

the sample could be provided at one time, X-ray topography is capable of giving the images of 

defect distribution throughout the sample during a very short range of operation time, with very 

simple, if not none, sample preparation. Compared to electrons, X-ray has stronger power in 
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penetrating and therefore the samples used for X-ray topography have larger tolerance in terms of 

thickness and shapes. They can vary from very thin foil to bulk materials. Besides, the outstanding 

properties of synchrotron radiation source, including the high brightness, tunability, and natural 

collimation, largely benefit the topography images in both spatial resolution and strain resolution 

[98]. The exposure time has also been reduced dramatically from several hours per cm2 to seconds 

per cm2 when synchrotron radiation has taken place of the conventional X-ray source.  

 Though both monochromatic and white source could be used in synchrotron X-ray 

topography, the latter one is chosen for our experiments. Similar to the Laue transmission technique, 

white radiation topography has superior capabilities that resulted from the high intensity of the 

synchrotron beam and the natural collimation. The latter leads to the possibility of using very long 

beamlines (~25m) to maximize the area of the beam falling on the sample. With this benefit, 

samples of relatively large scale could be examined rapidly. What’s more, with the broad range of 

radiation spectrum in white beam topography, multiple images of different reflections could be 

obtained simultaneously (Fig.2-1), contributing to a great improvement in the rate of data acquisition.   

 

Figure 2-1 Computer simulation of  indexed transmission Laue pattern of  AlN with surface plane orientation 
(0001) and side plane (11-20). Sample to film distance is set as 20 cm. (The program used to generate the 
simulated pattern is LauePt., provided courtesy of  Dr. Xianrong Huang.)  
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2.1.2 Experimental Arrangements 

To understand the principle of the experiment settings, it’s better to recall the Laue 

diffraction method that mainly used to determine the orientation and to evaluate the quality of a 

large single crystal. In the Laue method, the crystal is fixed and the white radiation transmits through 

or reflects from it (Fig. 2-3). According to the Bragg’s Law, for diffractions to happen the following 

condition should be satisfied: 

          

where d is the plane spacing, λ is the wavelength of the incident beam and θ is the diffraction angle. 

n is an integer. Therefore in the Laue diffraction, where the diffraction angle is fixed and a bunch of 

radiation beams of different wavelengths are involved, different set of crystal planes inside the 

sample selects their own radiation of the wavelength that satisfies the diffraction condition and thus 

a diffraction pattern composed of multiple diffraction spots are obtained at one time. No 

magnification is involved in this process.  

Three fundamental experimental arrangements are involved in Synchrotron White Beam X-

ray Topography (SWBXT)—transmission, back-reflection, and grazing-incidence, as illustrated in 

Fig. 2-2. In the transmission mode (Fig. 2-2 (a)), the diffracted spots fall on the film with the direct 

beam passing through the sample that has been held on a sample holder between the radiation 

source and the film. The holder could be rotated around three axes. According to the diffraction 

pattern symmetry, the surface and side plane orientation of the sample is detected and then, by 

rotating the sample in certain ways, the desired diffraction spot is picked out. For large sample which 

cannot be covered in one shot due to the limitation of the beam size, a slit is placed between the 

film and the sample for image scanning, during which process the sample and the film move 

together. Transmission mode is often used for the study on BPDs, which usually appear as a dark 

single line or double lines in transmission images (See Fig. 2-3 (a)). In the back reflection mode (Fig. 

2-2 (b)), the film is placed between the sample and the X-ray source. Large Bragg angles are involved 

in this mode (typically 80°), and it is advantageous in recording the threading screw dislocations that 

shows white circular contrast on the film (Fig. 2-3 (b)). In Fig. 2-3, a typical back reflection X-ray 

topography showing SDs and MPs is a typical transmission X-ray topography showing BPDs. The 

grazing-incidence reflection mode is usually used for the characterization of the features near the 

surface. In this mode, the sample is nearly parallel to the beam, with a slight incident angle (typically 
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2°) (See Fig. 2-2 (c)). Fig. 2-4 (a) & (b) are the photos taken at the NSLS X-19C beamline showing 

the experiment setups for a) transmission topography and b) grazing-incidence topography. 

  

 
 
Figure 2-2 Illustrations of  the three different experimental setups commonly used in SWBXT—a) 
Transmission; b) Back-reflection; c) Grazing-incidence reflection.  

 

(a) 

(b) (c) 
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Figure 2-3 (a) typical transmission X-ray topograph (g=11-20, =0.59Å) showing BPDs in comparison with 

(b) typical back reflection X-ray topograph (g=00024, =1.24Å) showing SDs and MPs. Small white dots are 
elementary TSDs and large white dots are MPs in (a) and the curved black lines in (b) are BPDs. (Topographs 
originally published in Ref. [99]). 
 

            
 
 
Figure 2-4 Pictures taken at the NSLS X-19C beamline showing the experiment setups for a) transmission 
topography and b) grazing-incidence topography.  

 

Films used to record the diffracted images in our experiment are Agfa Structurix D3-SC 

films. The exposure time varies depending on the arrangements mode involved and the sample’s 

absorption capability of the X-ray. For the grazing-incidence reflection, the typical exposure time is 

8~15s. Chemicals used to process the X-ray films are Kodak D19 developer & fixer combination. 

The developing time is around 15s, and the fixing time about 10 min.  

(a) (b) 

Fluorescence Screen 
(Film)   

Sample Holder 

Film Placed 
Here 
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2.1.3 Contrast and Resolution in X-ray Topography 

 As long as the crystal is not perfect, contrast variations should be observed from each spot 

on the Laue diffraction patterns. Those contrast variations resulting from the differences in the 

intensity of diffracted beam, which reveal the local diffracting power discrepancy that arises from 

the local crystal lattice distortion, are the most important information manifested on the topographs. 

Both qualitative and quantitative results, such as different defect types, the line direction and the 

sense and magnitude of the Burgers vector of an individual dislocation could be obtained by detailed 

analysis of contrast variation of the topographs under different diffraction conditions. 

 Regarding the interpretation of X-ray topographs, two fundamental contrast mechanisms are 

involved—orientation mechanism and extinction mechanism. Extinction mechanism, described by 

means of kinematical [100] and the dynamical [100, 101] theories of X-ray diffraction, can be further 

divided into three different types in terms of different diffraction conditions that determined by the 

absorption condition, defined as μt, where μ is the linear absorption coefficient of the examined 

material and t is the sample thickness through which the incident beam transverse. Those three ones 

are recognized as direct image contrast (μt<1), dynamical contrast (μt>6), and intermediary contrast 

(1< μt<6), and the corresponding images arisen by those contrasts are called direct image, dynamic 

image and intermediary image, respectively.  

The orientation contrast in white beam topographs simply results from the overlap and 

separation of diffracted beams induced by the misorientation of the crystal lattice. Fig. 2-5 illustrates 

clearly how this contrast originates.  

 
Figure 2-5 Illustration shows how the orientation contrast arises from the misorientated regions when 
exposed to the continuous beam [81].   
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Under low absorption conditions (μt<1), the direct image contrast dominates the topograph. 

When μt gets larger but not exceeds five, the topographs are composed of all three types of images, 

and for even higher absorption conditions, say μt > 6, the dynamical contrast makes the major 

contribution.  

One of the most important applications as a result of the deep understanding of the contrast 

in topographs under different diffraction conditions is to determine the Burgers vector of 

dislocations via g.b analysis. g is the reflection vector perpendicular to the diffracted planes and b is 

the Burgers vector of the dislocation. As is well known from the work of A. Authier, the direct 

image width w of a dislocation in SWBXT images can be estimated as [102]: 

                       

ξg refers to the extinction distance in the equation above. Equation above provides the critical 

invisibility criterion for direct images of dislocations in SWBXT—g.b, indicating that in the case of 

g.b=0, dislocations are out of contrast, meaning that they are invisible on topographs. Fig. 2-6 

shows selected same region of the transmission topography images of a sapphire (α-Al2O3) wafer 

under six different reflection conditions. By taking g.b analysis according to the contrast variation in 

those images, both the Burgers vector and the type of certain dislocations can be determined.  
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Figure 2-6 Selected same region of  the transmission topography images of  a sapphire (α-Al2O3) wafer under 
six different reflection conditions. As can be observed from the images, dislocation lines along [1-100] 
direction disappear on the image whose reflection vector is g=<01-10> and those dislocations aligning with 
[01-10] directions disappear on the g= <1-100> image. Through g.b analysis, they have Burgers vectors 
b=1/3<2-1-10> and b=1/3<11-20>, respectively. Both of  them have Burgers vector perpendicular with 
their line directions and thus they are both pure edge dislocations.   
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The spatial resolution in topography is given by [81]  

       

where R is the effective resolution, S is the maximum source dimension in the direction 

perpendicular to the plane of incidence, D is the specimen-film distance, and C is the source 

specimen distance. The equation tells us that in terms of the beam size, it is the height of the beam 

rather than the width that takes effects on the resolution of the topography images.  

2.2 Molten Potassium Hydroxide Etching  

Chemical etching is another common surface method used to reveal the defects of crystal 

substrates. As the crystal is subjected to an environment where reaction take place between the 

chemical and the sample, the rate at which atoms are removed from the near-perfect region and 

from the region containing defects are different, resulting in certain etch pits that gives information 

on the characteristics of the local defects. Wide band gap semiconductors, like SiC, for example, 

ususally show high resistance to the majority of the etching systems conventionally applied for other 

compound semiconductors. Studies indicate that molten potassium hydroxide (KOH) etching is an 

effective way to detect the defects near the surface of those materials [103-106]. Usually the samples 

are immersed pure molten KOH at a temperature between 450 °C to 600 °C for a appropriate time 

(typically~10min). Studies on the correspondence between the etch pits and the nature of defects 

have been carried out by many research groups [107-109]. 

2.3 Nomarski Optical Microscope  

 The Nomarski Optical Microscope, also well-known as the differential interference-contrast 

(DIC) microscope or the polarization interference contrast microscope, is widely used as a surface 

characterization technique to enhance the contrast in thin transparent samples. It works in the 

principle of enhancing the image contrast by using the phase difference occurring during the process 

when light passes through the material with different refraction values, or varying thickness. As for 

the characterization of semiconductor substrates, etched crystalline features could be observed in a 

striking appearance with color variation (shadow) and a pseudo three-dimensional effect. Two 

illumination modes are involved in observing samples under DIC microscope. The transmission 

modes allow the lights go through the specimen and all the features inside the sample body could be 

studied, while the reflection mode help to focus on a thin plane section near the surface of a thick 

sample.  
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3 RESULTS & DISCUSSION 

3.1 Quantitative Comparison between Dislocation Densities in Offcut 4H-SiC Wafers 

Measured Using SWBXT and Molten KOH  

3.1.1 Background 

 Though great development has been made in both the crystal growth and the device 

fabrication of SiC, the widespread commercialization of this material is still hindered by relatively 

high densities of structural defects that exert negative influence on device performance as well as 

lifetime. Therefore it is of great importance to develop precise visualization techniques for those 

defects in order to understand their growth and propagation mechanisms, and to eventually reduce 

or even eliminate the densities of these defects.  

 A wide range of techniques have been used to study the distribution, arrangement, and 

density of dislocations. Regarding the assessment of dislocation density, two major techniques—

molten KOH etching and X-ray topography are preferred. Though by nature destructive, molten 

KOH etching is popular in dislocation density assessment due to its low cost, ease of accessibility, 

and easy operation. However, it suffers the drawback of only being able to reveal the structural 

property near the etched surface. Additionally, problems arise when attempts are made to relate etch 

pits densities (number of etch pits per unit area, /cm2) to the true dislocation density (total length of 

dislocation lines per unit volume, cm/cm3) when the dislocations in question are far from being 

perpendicular to the etched surface.  

 Fig.3-1 (a) shows a Nomarksi Interference Contrast (NIC) optical image of a selected area 

on an etched commercial PVT-grown 4o offcut 4H-SiC wafer. As for the samples used in this 

experiment, three different kinds of etch pits pattern are observed. The large and small hexagonal 

etch pits correspond to TSDs and TEDs, respectively, while the scallop-shell-shaped pits 

correspond to BPDs. Both TSDs and TEDs have line directions roughly perpendicular to the (0001) 

plane while BPDs have the line directions contained in the basal plane, as their name would indicate. 

The difference in size between the TSD and TED pits, while maintaining the same symmetrical 

shape can be explained by their different Burgers vector magnitudes and similar line directions [110]. 

Occasionally, TED etch pits may deviate slightly from the symmetrical hexagonal shape due to the 
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offcut angle [111]. The correlation between the etch pits features and corresponding dislocations are 

confirmed by g.b analysis of the X-ray topography images.  

Synchrotron white beam X-ray topography (SWBXT), on the other hand, as a non-

destructive characterization technique, provides a true three dimensional view of the overall defect 

distribution in the volume imaged. For BPDs whose Burgers vector is 1/3<11-20>, when taken in 

transmission topography with g=<11-20>, g.b yields non-zero results and thus all the BPDs are in 

contrast on the (11-20) transmission SXRT images.  

 

Figure 3-1 A Nomarski Interference Contrast optical image showing a selected area on an etched Si-face of  a 
commercial PVT-grown 4o offcut 4H-SiC wafer (a). Three types of  etch pits are observed—scallop-shell-like 
shaped etch pits corresponding to BPDs (b), large hexagonal etch pits to TSDs, small hexagonal etch pits to 
TEDs (c) 

3.1.2 Experimental Procedure 

 Two commercially available 4H-SiC substrates from Dow Corning grown by the physical 

vapor transport (PVT) technique with an 4o offcut angle toward the [11-20] direction were etched on 

Si-face in molten potassium Hydroxide (KOH) before synchrotron white beam X-ray transmission 

topographs using 11-20 reflection were recorded. The doping level for those samples is 3e18. For 

each wafer, eight 1.8mm×2.3mm areas were randomly chosen from the topography images while 

corresponding optical images showing the etch pits were recorded from the same areas using 

Nomarksi microscopy (Nikon ECLIPSE E600 POL) (Fig.3-2(a)-(b)). BPD densities are calculated 

and quantitatively compared by etch pit counting and by line length measurement from the 

topography images.  
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3.1.3 Results & Discussions 

 Fig. 3-3 (a) & (b) are histograms showing the discrepancy for the two tested wafers. Wafer 1, 

with a thickness of 380μm, bears a BPD density calculated from etch pit counting varying from 

193/cm2 to 483/cm2, while the value calculated from topography images varying from 4051cm/cm3 

to 8092cm/cm3. The average ratio between the BPD density obtained from topography and etch pit 

analysis is around 18. For Wafer 2, with the thickness of 435μm, this ratio turns out to be 20. In 

order to reveal the underlying reason for these disparities in value, a close inspection of how BPD 

density is calculated in each technique is required.  

By calculating dislocation density by etch pit counting, it is assumed that the following 

equation is justified.  

  
 

 
 

    

   
 

  

 
                 (1) 

L represents the total length of dislocation lines in selected volume V, while l is the average length 

of dislocation lines. Nd stands for the total number of dislocation lines in volume V and the total 

number of etch pits on the etched surface of area A is denoted as Ne. t is the thickness of the wafer. 

Obviously the original definition of dislocation density—total length of dislocation line per unit 

volume, is not strictly followed during this calculation process. The equation above is only justified 

when a) Nd equals Ne and meanwhile b) the average length of dislocation line is almost the same as 

the wafer thickness. While these assumptions are justified for threading dislocations whose line 

directions are nearly parallel to the c-axis like TSDs and TEDs, the assumptions are most definitely 

not valid for the case of BPDs (Fig. 3-4 (a)).  

 Fig. 3-2 shows an SWBXT image ((a)) and NIC image of etch pits ((b)) taken from the same 

area of an etched 4H-SiC wafer. Though BPD1 and BPD2 can be observed in both ((a)) and ((b)), 

BPD3, going through the sample body without intersecting the top surface can only be seen in 

SXRT image. No corresponding etch pit is found in the optical image. 
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Figure 3-2  SWBXT image (a) and NIC image of  etch pits (b) taken from the same area of  a pre-etched 4H-
SiC wafer. The illustration (c) demonstrates how threading dislocations (S1-S4: TSDs; E1-E4: TEDs.) and 
BPDs (B1-B3) are oriented in the sample. 
 

 
 

 
Figure 3-3 Histograms showing the discrepancy of  BPD densities obtained from etch pit counting and SXRT 
image line length measurement for eight 1.8 mm×2.3mm areas on each of  the two commercial 4H-SiC 
wafers with different thickness. 

  

As illustrated in Fig. 3-4 (b), only those BPDs that lie within the wedge ABCDEF might 

have a chance to intersect the top surface, like BPD1 and BPD2. On the other hand, BPD4 and 

BPD5 do not emerge on the top surface and therefore corresponding etch pits cannot be observed. 

(a) (b) 
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Even for those BPDs that lie within the wedge, not all of them will intersect the top surface. For 

example, BPD3 does not emerge on the top surface.  

 

Figure 3-4 Schematic diagrams giving a rough view showing the morphologies of  (a) threading dislocations 
and (b) BPDs inside a wafer. The grey-shaded planes are (0001) basal planes that have an offcut angle of  θ 
inclining towards the top surface. (c) illustrates a simplified model where BPDs are considered as straight lines 
distributed uniformly in the selected volume. a and b refer to the dimensions of  the selected etched area and t 
stands for the sample thickness  

 

To further reveal the magnitude of this value disparity, an analytical model is proposed based 

on a rough assumption that all the BPDs are distributed uniformly as straight lines within the 

selected sample bulk (Fig. 3-4 (c)). This is reasonable if the selected sample volume is much smaller 

than the whole wafer. Considering such a uniform BPD distribution, the ratio of the number of all 

BPDs in the selected volume to the number of etch pits should be less than or equal to (assuming 

the ideal condition that all the BPDs within the wedge intersect the etched surface) the ratio of the 

volume of the whole selected rectangular bulk to that of the wedge, namely: 

 

  
 

     
 

 
    

 

    

 
       

 
        (2) 

 As illustrated in Fig. 3-4(c), a and b refer to the dimensions of the selected etched area and θ 

is the offcut angle. And thus the ratio of the true BPD density in volume a×b×t, denoted as ρ, to the 

density obtained from etch pit counting in the area a×b, denoted as ρe, is given in Equation (4) as 

below: 

 

  
 

   

    
 

        

 
               (3) 

 (a)  (b) 
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 When considered as straight lines, the average length of BPD in the wedge is a/ (2cosθ). 

Since the BPDs are naturally curving around on the basal planes (Fig. 3-4 (b)), making their average 

length larger than the value above, meaning: 

              
 

 

 

    
                           (4) 

 Combining Equation (3) and (4) leads to the safe conclusion that the ratio of the real BPD 

density of the sample to the value calculated from etch pits counting is larger than 1/sinθ. For 

example, if the offcut angle is 4o, which is true for both wafers used in this experiment, this ratio is 

expected to be larger than 14 (1/sin4o). The experiment results demonstrated before are found to be 

in good agreement with this model prediction (Fig. 3-4). 

3.1.4 Summary 

Dislocation etching techniques are relatively economical and straight forward to implement 

and have been used very successfully to reveal dislocations in SiC. However, one can encounter 

problems when converting measures of etch pit density (number of lines crossing unit area) to true 

dislocation density (line length per unit volume) since 1) etching only reveals the defects that 

intersect the sample surface and 2) the conversion from etch pit density to true dislocation density 

wrongly considers the average length of BPDs as almost the same as the sample thickness. Unless 

the dislocations are arranged in a fully three dimensional, homogeneous network, true dislocation 

densities inferred from etch pit counts are always going to be a function of the plane chosen and can 

yield different values depending on the orientation of that plane. Therefore the value of BPD 

density obtained by etch pit counting is potentially very misleading. On the other hand, X-ray 

topography, by nature providing a true 3-D view of the overall defect distribution reveals all 

dislocations not only intersecting the surface but also lying inside the wafer. It gives more precise 

results when used in density assessment.  
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3.2 Defects Analysis of  Sublimation & Recondensation Grown AlN Single Crystals via 

SWBXT 

3.2.1 Background 

Due to the material’s outstanding intrinsic properties including high breakdown field, large 

bandgap, and high ultraviolet transparency, aluminum nitride (AlN) single crystal substrates have 

shown promising application for a wide range of electronic devices operated under extreme 

conditions like high power switches and high frequency microwave devices, as well as for the 

optoelectronics operated in ultraviolet radiation range such as UV LEDs/LDs, solar blind UV light 

detectors.  

The growth of AlN from the vapor phase has been proved to be the most effective way to 

produce high quality single AlN crystals. Both self-seeded and foreign material seeded techniques 

have been utilized for bulk AlN growth [75-78]. Fig.3-5 shows pictures displaying two c-orientation 

AlN single crystal boules grown by PVT technique. They are both N-polar self-seeded in an 

environment where growth temperature is higher than 2200 °C. Both well-defined c- and m- plane 

facets are noticed on the two boules. Significant increase in diameter with growth can be observed. 

Compared to SiC, the more mature wideband gap semiconductor that has longer 

development history, the main limitations for AlN lie in both the small dimensions of the wafer and 

the relatively high defect density. Larger wafer size would considerably reduce the prime cost and 

single crystal AlN substrates with relatively low dislocation density display the capacity to 

substantially improve the performance and lifetime of nitride-based devices compared to prevalent 

device technologies based on sapphire and silicon carbide substrates, especially for device designs 

requiring high Al compositions. Hence, the larger diameter wafer growth and higher crystal quality 

control remain the two major challenges which attract both researchers and industry.  

Since it is of great significance to help improve the crystal quality of AlN, effective 

characterization technique is also in high demand. SWBXT help map the defect types and their 

distributions, in order to gain insight into defect nucleation mechanisms and their propagations. The 

main goal is to help minimize or even get rid of those defects by optimizing the growth condition 

and developing better growth strategies.   
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Figure 3-5 c-orientation AlN single crystal boule grown by PVT technique from N-polar single crystal seeds. 
Well-defined c- and m- plane facets are marked. Significant increase in diameter with growth can be observed. 
Provided courtesy of  Hexa Tech Inc.[112].   

3.2.2 Experimental Procedure  

The transmission topography has been carried out on six PVT-grown AlN wafers in 3 {11-

20}&3 {1-100}six reflections. Grazing-incidence reflection topography has also been taken for 

some selected areas when necessary. Nomarski optical microscopy is used as a supplementary means 

to help with the defects analysis.  

As explained in Fig. 2-5, the orientation contrast of the LAGB is merely the result of the 

diffracted beam separation arising from the misorientated regions. From the Fig. 2-5 illustration it 

can be predicted that the larger the sample-to-film distance is, the wider the separation would be, 

and thus the wider boundary lines in the topograhs would appear. To prove that the feature 

observed in the topograh is LAGB, transmission topography experiment has been carried out for 

the same area three times at different sample-to-film distances.  

3.2.3 Results & Discussion  

Most of the defects observed in the sublimation-recondensation grown AlN wafers are 

similar to those studied in the PVT grown SiC wafers. Besides basal plane dislocations (BPDs), 

threading edge dislocations (TEDs) and threading screw dislocations (TSDs), low angle grain 

boundaries (LAGBs) are one of the most noticeable features in the AlN samples.  

-c 

m 
m 
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Fig. 3-6-Fig. 3-11 display the defect distribution of the six AlN samples shown in the 

transmission topography images. Though in total six different reflections are taken for each sample, 

only the g=(11-20) reflection images are demonstrated here as examples. Overall, the samples are of 

pretty high quality with heterogeneous distribution of defects. In Sample1-3 & Sample5, certain 

areas have been picked up where the dislocation density is as low as ~10/cm2 or even zero. LAGBs 

are observed in each individual sample. Fig. 3-8 gives the example illustrating the two different types 

of LAGBs. Type I LAGB is composed of a-type TEDs with Burgers vector 1/3<11-20>, while 

Type II LAGB is formed by BPD accumulation. Fig 3-8 (b) is a grazing-incidence reflection 

topograph of certain area containing part of the Type I LAGB, in which the black spots represent 

TEDs. Besides, in transmission topography images, BPDs, shown as black curved lines due to the 

stress often caused by thermal factors and TEDs, shown as very short lines are observed to tend to 

array adjacent to LAGBs. For type I LAGBs, the arrays of TEDs composing them are either 

replicated from the seed or formed to separate regions growing with slightly different rotations. The 

type II LAGB formation, on the other hand, is related to initial growth stages and could be due to 

competition between the main crystal and secondary nucleated grains slightly misoriented with 

respect to the main crystal. BPDs are nucleated from the boule edges due to thermal gradients and 

forming Type II LAGB due to stress concentration. Though resulted from the accumulation of 

dislocations, boundaries can also hamper the dislocations’ further movements, as observed in 

Sample5&6 (Boundary B in Fig.3-10&Boundary B in Fig. 3-11). The frequent occurrence of 

inclusions is also a big concern in the PVT-grown AlN wafer. It might be related to the dislocation 

initial growth during the crystal growth process. Boundaries and inclusions can sometimes be seen 

directed under the optical microscopy examination (Fig. 3-6 (b) and Fig. 3-9 (b)&(c)).  

Fig. 3-10 (b)-(d) provide the verification that the features D&C in Fig. 3-10 (a) are LAGBs. 

These three are (1-100) transmission topography images taken from the same area D&C occupy in 

the sample. Different sample-to-film distance—20 cm, 30 cm, and 40 cm are set for (b), (c), and (d), 

respectively. They give the sound proof that the contrast of features D&C are merely orientation 

contrast introduced by the diffraction beam separation due to the geometrical misorientation, by 

showing that as the SFD increases, the width of the boundary image also enlarges. Recall that the 

spatial resolution of the topography has been determined by: 
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where R is the effective resolution and D is the sample-to-film distance. This accounts for the 

reason why as the sample-to-film distance increases from (b) to (d), the image gets more and more 

blurry.    

A helical loop dislocation that might be resulted from annealing process is found in Sample6 

(Fig. 3-11 (b)-(g)). g.b analysis reveals that its Burgers vector is 1/3 <-12-10>.  
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Figure 3-6 Defects distribution analysis of  AlN Sample1 on the transmission topography ((a)) with g= (-1-
120) and the corresponding transmission optical image ((b)). A: Screw dislocations with Burgers Vector 
b=1/3<11-20>; B&C: LAGBs; D&E: BPDs; F: threading dislocation arrays; G&H: high quality regions on 
the wafer where the dislocation density is as low as about 100/cm2. The shadowed square region shows that 
LAGBs and TDs are visible in the optical image due to the decoration with vacancies (/impurities).  
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Figure 3-7 Defects distribution analysis of  AlN Sample2 on the transmission topography with g= (-1-120). A, 
B & C: LAGBs; D: screw dislocation with Burgers vector b=1/3 <2-1-10>; E: screw dislocations with 
Burgers vector b=1/3<11-20>; F: high quality region on the wafer where the dislocation density ~1000/cm2; 
G: high quality region on the wafer where the dislocation density ~100/cm2. H: inclusion.  
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Figure 3-8 Defects distribution analysis of  AlN Sample3 on the transmission topography ((a)) with g= (11-20) 
and grazing-incidence topography image for certain selected area ((b)). Two different types of  LAGBs (A—
type I and D—type II) are observed; B: screw dislocaitonss with Burgers vector b=1/3 <-12-10>; C: BPDs 
adjacent to the type II LAGBs; E: screw dislocations with Burgers vector b=1/3<11-20>; F: reflection 
topography image showing that threading dislocations accumulate together composing the type I LAGB; 
G&H:high quality region on the wafer where the dislocation density ranges from ~100/cm2 to even 
dislocation-free. 
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Figure 3-9 Defects distribution analysis of  AlN Sample4 on the transmission topography ((a)) with g= (11-20) 
and corresponding Nomarski optical images for a closer look at certain selected features ((b)). A: inclusions; 
B&C: LAGBs and the shadowed area F shows that they are visible in the optical image ((c)); D: screw 
dislocations with Burgers vector b=1/3 <2-1-10>; E: screw dislocations with Burgers vector b= 1/3 <11-
20>.  
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Figure 3-10 Defects distribution analysis of  AlN Sample5 on the transmission topography ((a)) with g= (11-
20). A: inclusions; B, C&D: LAGBs. Transmission topography in (1-100) reflection has been taken for the 
shadowed area E at different sample-film distances (SFD)—20cm ((b)), 30cm ((c)), and 40cm ((d)). ((b))-((d)) 
demonstrates clearly that as the SFD increases, the width of  the boundary image also enlarges. F: high quality 
area with dislocation density 0~100 /cm2. 
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Figure 3-11 Defects distribution analysis of  AlN Sample6 on the transmission topography ((a)) with g= <11-
20> and magnified images in six different reflections ((b)-(g)) of  the helical loop dislocation found in the 
sample. A&B: LAGBs (type II); C, D&E: BPDs; F&G: threading dislocation arrays; H: helical loop 
dislocation with a Burgers vector 1/3<-12-10>.  

 

3.2.4 Summary  

Overall, these AlN substrates are in high quality, characterized by low dislocation densities 

with large areas exhibiting high crystalline perfection. The major defects observed include LAGBs, 

threading dislocations, BPDs and inclusions. Two different types of LAGBs are studied. One is 

composed of arrays of TEDs that either replicated from the seed or formed to separate regions 

growing with slightly different rotations and the other is formed mainly by BPDs accumulation due 

to stress concentration.  
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4 CONCLUSION  

 Synchrotron white beam X-ray topography has been demonstrated to be a very effective 

technique used for the characterization of wide bandgap semiconductor single crystals. Different 

types of defects are observed and their distributions are clearly mapped. By contrast analysis, lots of 

information such as line direction and magnitude and sense of Burgers vector of individual 

dislocation are able to be obtained. Quantitative information like overall dislocation density of the 

crystal is also accessible. The origin and propagation mechanism of some defects can be postulated 

via detailed analysis.   

 For the two representatives of the class of wide bandgap semiconductors—SiC and AlN, 

various challenges still remain for their crystal growth, characterization and process development. 

Those challenges include uniform, reproducible electrical properties, defect reduction or even 

elimination, wafer diameter expansion and device structure design optimization.  In the future, more 

work need to be done in regarding with the further understanding of structures and properties of 

different defects in the substrates, epilayers and also devices. To get a deeper view of the formation 

and propagation mechanism of the defects is of great help in controlling the growth of them and 

reducing their densities in crystals. The future breakthrough of better devices depends on the 

development and practical commercialization of low dislocation density, or even dislocation-free 

crystal growth. 
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