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ABSTRACT 

Point defects in semiconductor materials are known to have important influ-

ence on the performance of electronic devices. For defect control, knowledge 

on the model of defects and their properties is required. Information on de-

fects, such as the symmetry and the localization of spins, is essential for identi-

fication of defects and understanding their electronic structure. Such infor-

mation can be obtained from Electron Paramagnetic Resonance (EPR). In 

many cases, the energy levels of defects can be determined from photoexcita-

tion EPR (photo-EPR) or temperature dependence of the EPR signal. The the-

sis contains six papers, focusing on the identification and electronic structure 

investigation of defects and impurities in AlxGa1-xN (x~0.7-1) and silicon car-

bide (SiC) using EPR in combination with other electrical characterizations 

and density functional theory calculations.  

The two first papers concern EPR studies of silicon (Si) in AlGaN al-

loys. Due to its direct and wide band gap which can be tailored from 3.4 eV 

for GaN to 6.2 eV for AlN, high-Al-content wurtzite AlxGa1-xN (x≥0.7) has 

been considered as a promising material for fabrication of compact, high-

efficiency and non-toxic deep ultraviolet light-emitting diodes (LEDs) and 

laser diodes (LDs) for replacing low-efficiency and toxic mercury lamps in 

water/air purification and sterilization. Si is commonly used for n-type doping 

in AlGaN and AlN, but the conductivity of Si-doped AlxGa1-xN was often re-

ported to drop abruptly at high Al content (x>0.7) and the reason was often 

speculated to be due to either carrier compensation by other deep levels or Si 

itself when it transforms from a shallow donor to a DX (or negative-U) center 

which acts as an acceptor. In paper 1, we showed that Si already forms a sta-

ble DX center in AlxGa1-xN with x ~0.77. However, with the Fermi level locat-

ing only ~3 meV below the neutral charge state, Ed, Si still behaves as a shal-

low donor. Negligible carrier compensation by oxygen (O) in Al0.77Ga0.23N:Si 

layers was observed, suggesting that at such Al content, O does not seem to 

hinder the n-type doping in the material. In paper 2, we found the coexistence 

of two Si DX centers, the stable DX1 and the metastable DX2, in AlxGa1-xN 

for x≥0.84. For the stable DX1 center, abrupt deepening of the energy level of 

the negative charge state DX
–
, EDX, which determines the ionization energy Ea 

of the Si donor, with increasing of the Al content for x≥0.83 was observed. 

The dependence of Ea on the Al content in AlxGa1-xN:Si layers (0.79≤x≤1) was 

determined. The results explain the drastic decrease of the conductivity as 

often reported for AlxGa1-xN:Si in previous transport studies. For the metasta-

ble DX2 center, we found that the EDX level remains close to Ed for x=0.84÷1.  

SiC is a wide band-gap semiconductor having high-thermal conductivi-

ty, high breakdown field, and large saturated electron drift velocity which are 
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essential properties for high-voltage and high-power devices. In paper 3, the 

identification of niobium (Nb) in 4H- and 6H-SiC grown by high-temperature 

chemical vapor deposition (CVD) by EPR and theoretical calculations is pre-

sented. We showed that the incorporated Nb formed asymmetric split-vacancy 

defect (NbSiVC) in which Nb locates in a divacancy, closer to the Si vacancy, 

and prefers only the hexagonal-hexagonal configuration. In papers 4 and 5, 

we present the identification and the electronic structure of the negative-U 

Z1/Z2 center in 4H-SiC. The Z1/Z2 defect is known to be the most common 

deep level revealed by Deep Level Transient Spectroscopy (DLTS) in 4H-SiC 

epitaxial layers grown by CVD. The center is also known to be the lifetime 

killer in as-grown CVD material and, therefore, attracts much attention. Using 

high-doped n-type free-standing 4H-SiC layers irradiated with low-energy 

(250 keV) electrons, which mainly displace carbon atoms creating C vacancies 

(VC), C interstitials and their associated defects, it was possible to increase the 

irradiation dose and, hence, the defect concentration, allowing the application 

of EPR and DLTS on the same samples. In paper 4, using EPR, photo-EPR, 

DLTS and capacitance-voltage measurements, we showed that the Z1/Z2 center 

is related to the (2-|0) level of VC and its higher-lying levels Z1 and Z2 are re-

lated to the (-|0) levels of VC at the hexagonal (h) and quasi-cubic (k) sites, 

respectively. In paper 5, combining EPR and supercell calculations, the nega-

tively charged VC at the k-site was identified. We obtained the excellent 

agreement in the energy levels of Z1/Z2 determined by DLTS and energy levels 

of VC calculated by supercell calculations and observed clear negative-U be-

haviors of the negatively charged VC at both k and h-sites by EPR measure-

ments, consolidating our assignment of the Z1/Z2 levels to the negatively 

charged states of VC. In paper 6, we studied a defect related to displaced C 

atoms in n-type 4H-SiC irradiated by low-energy electrons. In irradiated lay-

ers, we observed an EPR center at room temperature. After annealing at tem-

peratures in the range of 300-500 °C, this center transforms to a second con-

figuration which is observed in darkness and can be changed back to the first 

configuration under illumination. Based on the observed 
29

Si and 
13

C hyperfine 

structures, two observed configurations of the EPR center were suggested to 

be related to different configurations of a carbon interstitial cluster. The an-

nealing, bistable behaviors and energy levels of this EPR center are discussed. 

  



 

v 

 

Populärvetenskaplig sammanfattning 

Punktdefekter i halvledarmaterial är kända för att ha en stor inverkan på 

elektroniska komponenters funktionalitet. För att kunna kontrollera dessa de-

fekter, krävs kunskap om defekternas egenskaper. Information om defekters 

egenskaper, såsom symmetri och lokalisering av spinn, är avgörande för att 

kunna identifiera defekter och förstå deras elektroniska struktur. Sådan in-

formation kan erhållas från Elektronspinnresonans (EPR). I många fall kan 

energinivåerna för defekter bestämmas från EPR med fotoexcitation eller ge-

nom att studera EPR signalens temperaturberoende. Denna avhandling inne-

håller sex vetenskapliga artiklar som fokuserar på identifiering och bestämning 

av elektroniska strukturer hos defekter och föroreningar i AlxGa1-xN (x~0.7-1) 

och kiselkarbid (SiC) genom att använda EPR i kombination med elektrisk 

karaktärisering och teoretiska beräkningar. 

I de två första artiklarna har kisel (Si) dopad AlGaN legeringar studerats 

med EPR. På grund av dess direkta och breda bandgap, som kan skräddarsys 

från 3.4 eV för GaN till 6.2 eV för AlN, har AlxGa1-xN med högt Al innehåll 

(x≥0.7) ansetts som ett lovande material för tillverkning av kompakta högef-

fektiva djup ultraviolett emitterande lysdioder eller laserdioder, för att ersätta 

lågeffektiva och giftiga kvicksilverlampor för vattenrening, luftrening och 

sterilisering. Si används ofta för n-typ dopning av AlGaN och AlN, men led-

ningsförmågan hos Si-dopad AlxGa1-xN minskar abrupt vid höga Al-halter 

(x>0.7) och anledningen har spekulerats bero på antingen formation av defek-

ter med djupa defekt nivåer som infångar fria elektroner eller av Si själv som 

omvandlas från en grund donator till ett så kallat DX-center (eller negativ-U) 

som beter sig som en acceptor. I vår studie har EPR används för att klargöra 

om det negativa-U beteendet av Si vid höga Al-halter (x≥0.7). Vi har visat att 

Si bildar ett stabilt DX-center redan i AlxGa1-xN med x~0.77 men det fortfa-

rande beter sig som en grund donator med Al-halter upp till x~0.83. För 

x≥0.84, fann vi att två Si DX-center samexisterar och bildar en stabil DX1 och 

metastabil DX2 tillstånd i AlxGa1-xN. Den stabila DX1 tillståndet förklarar den 

drastiska minskningen av ledningsförmågan som rapporterats för AlxGa1-xN:Si 

i tidigare studier. För det metastabila DX2 tillståndet, ligger energinivån hos 

det negativa laddningstillståndet DX
–
 nära det neutrala laddningstillståndet 

även för AlN. 

SiC är en halvledare som har ett stort bandgap och som har en hög vär-

meledningsförmåga, genombrottsfälts styrka, och drifthastighet, vilket är nöd-

vändiga materialegenskaper för att kunna tillverka effektiva elektroniska hög-

spänning- och högeffektkomponenter. För bipolära högspänningskomponenter, 

så som PiN dioder, bipolära transistorer och tyristorer, som arbetar vid höga 

injektionsförhållanden, kan effektförlusterna reduceras genom så kallad kon-
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duktivitetsmodulering vilket kräver långa laddningsbärarlivstider för att fun-

gera effektivt. Laddningsbärarlivstiden för 4H-SiC begränsas av defekten 

Z1/Z2 vilken är den vanligaste djupa defektnivån i epitaxiella skikt odlade med 

chemical vapor deposition (CVD), enligt undersökningar med deep level 

transient spectroscopy (DLTS). Trots två årtionden av intensiva studier, inklu-

sive teoretiska beräkningar och olika experimentella undersökningar är ur-

sprunget av Z1/Z2 defekten fortfarande oklart. Genom att använda hög n-typ 

dopad 4H-SiC skikt och bestråla dem med lågenergielektroner (250 keV), 

vilket huvudsakligen påverkar kolatomernas positioner i kristallen och skapar 

kolvakanser (VC), interstitiella kolatomer och andra relaterade defekter, var det 

möjligt att öka koncentrationen av VC i materialet vilket möjliggör EPR mät-

ningar medan n-typ konduktiviteten bibehölls tillräckligt hög för att kunna 

observera Z1/Z2 defekterna med DLTS och på så sätt direkt korrelera resultaten 

från de två metoderna. Genom att kombinera EPR, DLTS, kapacitans-

spännings mätningar och teoretiskaberäkningar, kunde vi identifiera den nega-

tivt laddade VC på kvasi-kubisk kristallposition och kunde på så sätt visa att 

ursprunget till det negativa-U Z1/Z2 centret är relaterat till VC i enkelt och dub-

belt negativt laddningstillstånd. Vi fann även att interstitiella kolatomer med 

metastabila egenskaper och hög termisk stablitet jämfört med kända split-

interstitiella kolatomer kunde skapas i lågenergielektron bestrålade prov. EPR 

och DLTS studierna indikerar att defekten är en djup elektronfälla. Genom att 

kombinera EPR med teoretiska beräkningar identifierade vi niob (Nb) förore-

ningar i 4H- och 6H-SiC och visade att övergångsmetallen Nb föredrar att 

forma en asymmetrisk splitvakans där Nb ligger i en divakans men dess posit-

ion ligger något närmare kiselvakansen. Den asymmetriska splitvakansen for-

mas lättare på den hexagonala kristallpositionen där Si-C bindningen är hori-

sontellt spegelsymmetrisk. Därför kunde endast den hexagonala-hexagonala 

konfigurationen bli identifierad i 4H- and 6H-SiC. 
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1. High-Al-content AlxGa1-xN 

Under the exposure of deep-ultraviolet (UV) radiation with wavelength 

around 260 nm or shorter (such as at 214, 220 or 228 nm) which is often 

absent in ordinary condition due to the UV absorbance of the ozone 

shield, DNA or RNA molecules of various micro-organisms are dam-

aged and cannot function or reproduce [1]. Thus, deep-UV radiation can 

be efficiently used for water/air purification and sterilization [1–3]. The 

short-wavelength deep-UV radiation can be also used for high resolu-

tion lithography and high-density optical data storage. However, con-

ventional deep-UV radiation sources such as gas lasers and mercury 

lamps are low-energy efficiency and toxic.  

The wurtzite AlGaN alloys are the promising materials for the de-

velopment of light emitters in UV and deep-UV spectral region thanks 

to their direct and wide band gap. The band gap of AlGaN increases 

with increasing of the Al content varying from 3.4 eV for GaN to 6.2 eV 

for AlN [4], which can be used to fabricate the light emitting diodes 

(LEDs) with a wavelength from 430 nm for GaN [4,5] to 210 nm for 

AlN [6]. Therefore, the successful fabrication of compact, high-energy 

efficiency and nontoxic deep-UV LEDs and laser diodes (LDs) based on 

high-Al-content AlxGa1-xN (x≥70%) [6–8] will have an enormous social 

impact. High n-type and p-type conductivity AlxGa1-xN are required for 

electrically pumped LEDs and LDs. Although a considerable progress 

has been made in n-type and p-type doping of high-Al-content AlxGa1-

xN, there are still fundamental issues related to dopants, doping and car-

rier compensation to be solved.  

1.1. N-type conductivity of high-Al-content AlxGa1-xN 

Silicon (Si) is the most commonly used dopant for n-type doping of 

AlGaN alloys while oxygen (O) is the most common residual impurity 

in the material. Achieving high n-type conductivity in high-Al-content 

AlxGa1-xN:Si (x>0.7) is proven difficult [9–11]. Generally, it is expected 

that higher doping concentration leads to higher conductivity. However, 

the conductivity was found to increase to maximal value at a certain Si 

doping concentration and then to decrease with further increasing of the 

Si concentration in high-Al-content AlGaN [11–13]. It was suggested 

that Si did not only replace group-III atoms (Ga or Al) to form isolated 

donors, but might also introduce other Si-related deep-energy-level de-
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fects such as Si antisite, SiN, at high doping level and caused self-

compensation effect [12]. In addition, other studies reported problems 

caused by heavily Si doping such as the formation of cracks [14] or 

pits [15] on the surface.  

High resistivity observed in Si-doped high-Al-content AlGaN was 

often speculated to be due to either the formation of the so-called DX 

centers of Si or the presence of deep defects, including cation (Ga and 

Al) vacancies and/or other impurities such as O, C and H, which act as 

carrier compensation centers. For O, it has been suggested that the sub-

stitutional ON is a DX center [16–19] and can also form complexes with 

cation vacancies acting as deep acceptors [20,21]. The substitutional 

CGa was suggested to be a shallow donor in GaN [22,23] but the substi-

tutional CAl, CN, interstitial Ci [23] and a cluster of three carbon 

atoms [24] were suggested to introduce deep acceptor levels in AlN. 

Isolated interstitial H was also suggested to be deep electron trap in n-

type material of both GaN and AlN [25]. 

1.2. Negative-U behavior and DX centers 

1.2.2. Concepts of the negative-U and DX centers 

The concept of negative-U defects in semiconductors was initially in-

troduced by Anderson [26]. The Coulomb repulsion between two elec-

trons is positive and causes the energy level of two-electron state higher 

than that of one-electron state. However, in certain cases, the energy of 

two-electron state is reduced by electron pairing and a lattice relaxation 

of the defect [26]. If the energy reduction of these attractive interactions 

is smaller than energy of the Coulomb repulsion, the effective change of 

energy after capturing the second electron, U, is positive (positive-U 

behavior). If the energy earned from the attractive interactions over-

comes the energy of the Coulomb repulsion, the energy U is negative 

(negative-U behavior). In darkness at low temperatures, the paired elec-

tron state (electron spin S=0 and, hence, is EPR inactive) of a negative-

U defect has lower energy and is the stable state of the defect, while the 

unpaired electron state (S=1/2 and EPR active) of the defect is metasta-

ble. When the energy separation between the two levels is large, the 

thermal induced population on the unpaired electron state at low tem-

peratures in darkness may be below the detection limit of EPR. In such 

case, the observation of the EPR signal of the negative-U center requires 
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thermal energy at elevated temperatures or illumination to increase the 

population on the unpaired electron state. When the paired electron state 

lies only a few meV below the unpaired electron state, the population of 

the unpaired electron state at low temperatures in darkness can be de-

tectable by EPR [27,28].  

 The term DX was first used by Lang et al. [29,30] for a dominant 

deep level defect which was suggested as a complex between the Te 

donor and unidentified component in AlxGa1-xAs. Later study showed 

that DX centers could be formed in GaAs under hydrostatic pressure 

which increased the band gap in similar way as increasing the Al con-

tent in AlxGa1-xAs and suggested that DX centers can be isolated do-

nors [31]. The term DX becomes common for a donor that has negative-

U properties with its negatively charged state DX
–
 lying deeper than the 

neutral state. Therefore, in equilibrium the donor in its neutral charge 

state d
0
 tends to capture another electron to lower its energy. This pro-

cess forms a deeper negatively charged state DX

 and an ionized donor 

state d
+
 according to the reaction 2d

0→ DX

+ d

+
 and, thus, the donor 

acts as an electron trap, leading to self-compensation of carriers [32].  

It has been known that several configurations of a DX center can 

be coexistent. The model of large lattice relaxation of DX was suggest-

ed by several studies [29,30,32]. There were also suggestion of DX 

models with small lattice relaxation in which the position of the DX 

center is close to the substitutional site [33–36]. Chadi [37] suggested 

the existence of different negative [38] and neutral charge states [39] of 

DX centers corresponding to different distortions around the impurities. 

Other studies suggested different DX configurations of Si in AlxGa1-xAs 

to be related to different numbers of Al atoms surrounding the isolated 

Si donor [40–42]. In addition, the negative charge state of a DX center 

and the positively charged donor were theoretically suggested to form a 

complex (denoted DDX) at high doping concentration via Coulomb 

interaction [43]. In that case, the DDX center is more stable than the 

single DX center and its formation increases further self-compensation 

effect. The above issues make the study of DX centers more complicate 

but also of great fundamental defect physics and technological interests.  

1.2.2. Statistical analysis of DX center 

The population on the d
+
, d

0
 and DX

–
 states [denoted as Nd

+, n(T) and 
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NDX, respectively] can be described by using the statistical model of 

amphoteric impurities with three electronic charge states: d
+
 at the con-

duction band minimum (with degeneration factor of 1 and spin polariza-

tion MS=0), d
0
 at Ed (with a degeneration factor of 2 corresponding to 

two spin states with MS=±1/2), and DX
– 

at EDX (with a degeneration 

factor of 1, MS=0) [44]  

Nd
+

n(T)
=

1

2
exp (

Ed − EF

kBT
)        

n(T)

NDX
= 2 exp (

EDX − EF

kBT
) .     

From above equations, one can obtain 

NDX =
0.5Nd exp (

EF − EDX

kBT
)

1 + 0.5 exp (
Ed − EF

kBT
) + 0.5 exp (

EF − EDX

kBT
) 

         

n(T) =
Nd

1 + 0.5 exp (
Ed − EF

kBT
) + 0.5 exp (

EF − EDX

kBT
) 

.           (1) 

Here Nd = Nd
+ + n(T) + NDX is the total concentration of the donor 

(with neglecting all the excited states of the donor), kB is the Boltzmann 

constant. The Eq. (1) can also be obtained by using the statistics of mul-

ti-charge center [45–47]. In this case, there are three states for a DX 

center: d
+
 state without occupied electron and neutral charge state (de-

generation factor is 2 corresponding to two states with MS=±1/2) with 

one occupied electron and one DX state with two occupied electrons. 

The total energy of electrons on the d
+
, d

0
 and DX

–
 states are 0, Ed and 

2Ed-(Ed-EDX), respectively (the negative correlation energy U=Ed-EDX is 

the energy that the negative-U center can reduce by capture the second 

electron). The detail of the interpretation can be found elsewhere [45–

47]. 

It has also been shown that in a negative-U center, the Fermi level 

varies only very slowly with electronic density and temperature and is 

effectively pinned at the middle of the two populated levels (i.e. Ed and 

EDX levels for a DX center) [45,47]. These studies showed that the Fer-
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mi level is almost constant when the average number of electrons per 

DX center [nav=(2NDX+n(T))/Nd] varies from close to 0 to 2. At low 

temperatures, the concentration of free carrier in the conduction band is 

small and thus, most of electrons stay in either Ed or EDX levels (i.e 

nav~1) when the concentrations of other defects are negligible. Within 

the error of determination of energy level, the Fermi level in our studied 

AlGaN layers can be approximated at the middle of Ed and EDX levels 

(i.e. EF-EDX ~ Ed-EF) and Eq. (1) is rewritten as 

n(T) =
Nd

1 + exp (
Ed − EF

kBT
) 

.                                                           (2) 

With including the excited states of donors (Fig. 1) [44,46,47], the tem-

perature dependence of the population on the d
0
 state of a DX center can 

be described as [28] 

 
Figure 1. The scheme of energy levels of a DX center, including the 

neutral charge Ed (active EPR), negatively charged EDX (inactive EPR), 

the first excited state E2p and higher excited states En. EC is the conduc-

tion band minimum. Under the thermal equilibrium and at low tempera-

tures, the Fermi level is approximated at the middle between Ed and 

EDX levels when the concentrations of other defects are negligible.  
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n(T) =
Nd

1 + exp (
Ed − EF

kBT
) + 0.5 ∑ Gi exp (

Ed − Ei

kBT
)i  

.           (3) 

Here, Gi is the degenerate factor of corresponding excited states. Con-

sidering only the first excited state (2p or 2s), Eq. (3) can be rewritten as 

n(T) =
Nd

1 + exp (
Ed − EF

kBT
) + Cexp (

Ed − E2p

kBT
)

.                       (4) 

Here, E2p-Ed is the energy distance from d
0
 (Ed or E1s) to the first excited 

state (2p or 2s) and C is the total degenerate factor of excited states 

within kBT from the first excited state. The number of spins or the neu-

tral donor concentration obtained from EPR experiments with consider-

ing the temperature effect and measurement conditions is directly pro-

portional with n(T) determined from Eq. (4). Thus, the energy distance 

Ed-EF and E2p-Ed can be obtained from the fits of experiment data using 

Eq. (4). The Ed can be obtained as |Ed| = 4|E2p-Ed|/3 when the energy 

levels of excited states of the donor are assumed to follow the effective 

mass theory [i.e. the Ed/i
2
 rule (i = 1, 2, .., n) or E2p ~ Ed/4 and |E2p – Ed| 

= |(Ed/4) – Ed| = 3|Ed|/4]. Since the Fermi level is approximated at the 

middle of Ed and EDX, the EDX level is estimated to be |EDX|~|Ed|+2|Ed-

EF|. 

1.3. Si-doped AlxGa1-xN   

Silicon doping was performed during metal-organic chemical vapor 

deposition (MOCVD) growth of AlxGa1-xN epilayers. The precursor 

gases were TMAl, TMGa and NH3 while the dopant gas was silane 

(SiH4). The small lattice mismatch between 4H-SiC and high-Al-

content AlxGa1-xN allows obtaining layers with less strain and better 

crystal quality. In our studied samples, a buffer AlN layer of ~500-600 

nm was initially grown on 4H-SiC substrate and a grade AlxGa1-xN lay-

er with the total thickness of ~400 nm was grown subsequently. Finally, 

the Si doped AlxGa1-xN epilayers was deposited on the top of the tem-

plate as can be seen in the Secondary Ion Mass Spectroscopy (SIMS) 

profile shown in Fig. 2. In our studies of Si in AlGaN [15,27,28], the 
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concentrations of residual C and O were often kept at ~ 1-2×10
17

 cm
-3

, 

which is about one order of magnitude below the Si concentration ([Si]~ 

2×10
18

 cm
-3

) (Fig. 2), in order to reduce their complex impact on the n-

type doping. More details on MOCVD growth and Si doping of high-

Al-content AlGaN can be found elsewhere [15,48,49]. 

  

 
Figure 2. SIMS profile showing typical structures of Si-doped AlGaN 

layers grown on semi-insulating 4H-SiC substrate, the Al content, 

atomic concentration of Si and other common residual impurities (O, C, 

and H). 
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Figure 3. The (11 2 0) plane of 2H-, 4H-, 6H-SiC, and the (110) plane 

(the vertical axis is the [111] direction) of the 3C-SiC polytye. The Si 

atoms at h, k, k1, k2-sites are indicated. The solid lines are used to guide 

the eyes for the arrangement of the second nearest neighbors of a Si 

atom at the h and k-sites. The figure is adapted from Ref. [54]. 

2. Silicon carbide 

The formation of chemical bond between silicon and carbon was first 

suggested by Swedish chemist Jöns Jakob Berzelius in 1824. He was 

considered as the first person who discovered silicon carbide (SiC) [50]. 

The first synthesized SiC powder carried out by Edward Goodrich 

Acheson was patterned in 1893. At that time, SiC was used as an abra-

sive material and was called “carbonrundum” by its author. The nature 

mineral of SiC was found much later in 1905 due to its extremely rare 

naturally occurring and was named as moissanite in honor of Henri 

Mossan, who discovered it [50]. Since 1955, several growth 

methods [51–53] have been developed and the crystal quality of SiC has 

constantly been improved, allowing electronic device applications. 

2.1. Common polytypes of SiC 

Silicon carbide can exist in more than 200 types of polytypes in which 

the most common and technologically important ones are 3C-, 4H- and 

6H-SiC [54]. The polytypes can be viewed as the different stacking se-

quence of bi-layers of Si and C atoms along the c-axis. The notation of 

each polytype consists of a minimal number of bi-layers along the c-

axis required for the periodicity of crystal structure and a letter describ-

ing the crystal system (C-cubic, H-hexagonal and R-rhombohedral). For 
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example, the 3C-SiC polytype has the zinc blende structure with 3 bi-

layers periodicity of Si and C atoms along the [111] direction (equiva-

lent to the c-axis in other SiC polytypes) (Fig. 3).  

The different crystal structure of SiC polytypes results in different 

physical properties such as the band gap. The physical reason of the 

variation of the band gaps of SiC polytypes from ~2.40 eV in 3C to 

~3.33 eV in 2H has been of great interest. Choyke et al. found that the 

band gap of SiC polytypes increases almost linearly with the percent-

ages of hexagonal sites present in the polytypes [55]. For example, 3C 

with 0% of hexagonal site has the smallest band gap, while the 2H lat-

tice is a pure hexagonal and the polytype has the widest band gap. How-

ever, other physical reason has also been suggested to explain the varia-

tion of the band gap of different SiC polytypes. Recently, Matsushita et 

al. found that the floating electron cloud distributes in the interstitial 

channel causing the narrowing of band gap in SiC [56]. The authors 

suggested that the length of interstitial channels (the number of bilayers 

along the longest interstitial channels) can be used to explain the varia-

tion of band gap for SiC polytypes better than the hexagonality [57].  

There are different inequivalent sites in the crystal structure of 

SiC polytypes. In 3C-SiC, the crystal has the zinc blende structure with 

all atoms having similar environment of cubic crystal, while in the hex-

agonal polytypes, e.g. 4H-SiC, there are different inequivalent lattice 

sites: h-site or hexagonal site, where the second nearest neigboring at-

oms are arranged following wurtzite structure, and k-site or quasi-cubic 

site with the arrangement of the second nearest neighboring atoms simi-

lar to that of zinc blende. In 6H-SiC, there are three inequivalent lattice 

sites: h, k1 and k2. It is expected that a defect occupying different in-

equivalent sites has different properties. For example, nitrogen (N) sub-

stituting for C atoms at three inequivalent sites (h, k1 and k2-sites) in 6H-

SiC are three N shallow donor centers having different electrical, optical 

and magnetic properties [58]. For another example, EPR spectra of the 

carbon vacancies at different inequivalent sites in 4H-SiC (h and k-sites) 

are distinguishable [59–62]. 

2.2. Carrier lifetime in SiC 

Having superior properties such as high breakdown field, high-thermal 

conductivity, and large saturated electron drift velocity, SiC has been 

considered as a promising material for high-voltage and high-power 
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devices which can operate at high temperatures and in harsh environ-

ment [63,64]. 

 In high-voltage, high-frequency devices, the carrier lifetime is an 

important factor. For high-voltage bipolar devices, such as PiN diodes, 

bipolar junction transistor and thyristors, operating under high-injection 

conditions, using conductivity modulation can help to reduce the on-

state resistance of the devices and, hence, the power losses. In such de-

vices, the increase of excess carrier concentration during the avalanche 

and injection processes results in the increase of the conductivity of 

particular region and this effect is defined as the conductivity modula-

tion [65]. The presence of a high excess carrier concentration which 

contributes to conductivity is governed by carrier lifetime. Long carrier 

lifetime under high injection condition is required to obtain effective 

conductivity modulation that helps to reduce the on-state resistance [66–

68]. For high-voltage device, a higher operating voltage requires a 

thicker layer to block the voltage and longer carrier lifetime is needed. 

In 4H-SiC, a carrier lifetime required for the effective conductivity 

modulation is about 5 μs for the device with blocking voltage of 10 kV 

and longer than 20 μs for 20 kV [69].  

In semiconductor materials, the carrier lifetime is influenced by 

four recombination processes of electrons and holes which include radi-

ative recombination, Auger recombination, recombination at surfaces or 

at interfaces, and the Shockley-Read-Hall (SRH) recombination [66]. 

The radiative recombination is the band-to-band recombination, result-

ing in a photon emission. In indirect-band-gap semiconductors, such as 

SiC, the radiative recombination is insignificant since it requires the 

participation of extra phonons. The Auger recombination also requires 

the participation of three particles and only becomes significant under 

high injection levels. The surface recombination is due to defects pre-

sent at the surface or interface and this process can play an important 

role to the carrier lifetime. Finally, the SRH process [70,71] is the pro-

cess in which a deep level defect first captures an electron from the 

conduction band and subsequently captures a hole from the valence 

band (or vice versa). The SRH process becomes stronger with deeper 

energy level of the defect as well as its higher concentration and larger 

electron and hole capture cross sections [70,71].  

The carrier lifetime in as-grown bulk 4H-SiC is often ~0.5-2 

μs [72–75]. It has been known that the carrier lifetime killer defect in 
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as-grown bulk 4H-SiC is the Z1/Z2 deep level [72,74,76–78]. The Z1/Z2 

(~0.65 eV below the conduction band minimum [79,80]) is one of the 

most common deep levels detected by deep level transient spectroscopy 

(DLTS) in as-grown material [80]. To enhance the carrier lifetime in 

4H-SiC, the Z1/Z2 deep level needs to be eliminated. However, this cen-

ter is very thermally stable [79]. It has been found that the concentration 

of the Z1/Z2 in as-grown materials can be significantly reduced by C 

implantation and subsequent annealing [81] or by thermal 

oxidation [69]. Recently, a long carrier lifetime of ~20-30 μs has been 

achieved by using either C implantation and subsequent annealing [82] 

or using thermal oxidation and surface passivation with a nitrided 

oxide [83]. 
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3. Electron paramagnetic resonance 

The first successful experiments of EPR (also known as Electron Spin 

Resonance or ESR) were performed by Zavoisky [84] in 1944. The de-

tail about early history of magnetic resonance techniques was given by 

Ramsey [85]. Since its discovery, EPR has been developed and become 

a powerful method for researchers in various fields [86] (pages 7 and 8).  

3.1. Electronic Zeeman interaction and basic principle of EPR 

Under external magnetic field, the energy levels of an unpaired-electron 

center are separated to multi levels due to the interaction between mag-

netic field and the total angular momentum of the center and this effect 

is called Zeeman effect [87]. The total angular momentum of an un-

paired-electron center (J) has two components: spin angular momentum 

(S) and orbital angular momentum (L). The magnetic moment caused 

by the total angular momentum M is given by M=-gμBJ (the negative 

sign is due to negative electronic charge of electron). Thus, the Hamil-

tonian of the interaction between an external magnetic field B and the 

total angular momentum is described as 

𝐻 = −𝐌𝐁 = 𝜇B𝐁. 𝐠. 𝐉.                                                                      (5) 

Here, μB=9.27400968×10
-24

 J T
-1 

is the Bohr magneton and g is the 

splitting factor of the energy levels. In classical theory, the g factor was 

given by following Landé formula in which the electron spin ge factor 

and the electron orbital gL factor are equal to 2 and 1, respectively 

(Ref. [88], page 141).  

𝑔 =
3

2
+

𝑆(𝑆 + 1) − 𝐿(𝐿 + 1)

2𝐽(𝐽 + 1)
.                                                       (6) 

In many cases, the orbital angular momentum of the unpaired-

electron center in crystal solid is quenched (L=0) and thus, the total 

angular momentum J in Eq. (5) is often replaced spin angular momen-

tum S. In this case, the g factor in Eq. (6) is equal 2. It was found that 

the electron spin ge factor for a free electron is indeed ~ 2.002319 [89]. 

Using quantum theory, the deviation of the value from 2 was calculated 

by J. Schwinger [90]. 
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 The principle of EPR is based on the Zeeman effect and the inter-

action among electron spins and nuclear spins of the spin center. The 

energy splits of energy levels caused by those interactions are often 

equal the energy of photon of a microwave. Therefore, transitions be-

tween the splitting energy levels can be induced by absorption or emis-

sion of photons of microwave. The resonance absorption of the micro-

wave occurs when the energy separation between two levels is equal to 

the photon energy of microwave. For a simplest case when the electron 

spin S=1/2 and without the presence of the orbital angular momentum 

(L=0), the energy level is split into two sublevels under external mag-

netic field and there is only one resonance absorption corresponding to 

the transition between the two levels (for the case of the electronic 

 
Figure 4. (a) The separated energy levels of an unpaired electron 

(S=1/2, L=0) under external magnetic field, (b) the absorption of mi-

crowave and (c) the EPR signal obtained from the derivation of the 

absorption. For simulation, g=2 and the microwave frequency is 9.5 

GHz. 
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Figure 5. The typical block diagram of an EPR system (adapted from 

Ref. [91]). 
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Zeeman interaction being isotropic). The observed EPR signal is often 

obtained from the derivation of the absorption (Fig. 4).  

In practice, the applied magnetic field is swept and controlled by 

the magnetic-field controller. The typical components of an EPR spec-

trometer are shown in Fig. 5. The generation of a constant frequency 

microwave and the detection of the absorption signal are processed by 

the microwave bridge. The sample is kept inside a cavity which acts as a 

resonator of the microwave, creating standing waves. For angular de-

pendence measurements, either the sample or the magnet is rotated. In 

our study using the Bruker X-band (~9.5 GHz) E500 spectrometer, the 

samples were rotated to obtain the angular dependence of the magnetic 

field positions of EPR lines. With the microwave frequency of 9.5 GHz, 

the magnetic field position of the EPR line is 339.377 mT when g=2. 

The cavity can be equipped with a cryostat allowing the regulation of 

the sample temperature in the range of 4-295 K. The quality factor Q of 

the cavity is defined as the ratio between the energy stored and the en-

ergy lost during a period of microwave. Higher Q factor indicates the 

higher sensitivity of the EPR spectrometer. The signal-to-noise ratio of 

the absorption of the microwave is enhanced using a lock-in amplifier. 
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Finally, the dependence of the recorded EPR intensity on the applied 

magnetic field, i.e. the EPR spectrum, is recorded [91]. 

3.2. Spin-spin interaction 

For a spin system having electron spin S≥1, there will be spin-spin in-

teraction among the unpaired electrons. This interaction splits up the 

energy level in absence of the external magnetic field. The splitting is 

therefore called zero-field splitting or fine-structure splitting [92]. The 

spin-spin interaction has two components, electron-exchange interaction 

and electron-electron dipole interaction. The electron-exchange interac-

tion is related to the electric Coulomb interaction of unpaired electrons 

 
Figure 6. (a) The scheme of energy levels and (b) corresponding simu-

lated EPR spectrum of an impurity with an electron spin S=1 and B||Z 

(g=2, D=4000 MHz, E=0 and the microwave frequency is 9.5 GHz). 

The vertical lines in figure (a) indicate the allowed transitions which 

give rise to the EPR lines observed in figure (b). The forbidden transi-

tion with ΔMS=±2 is also indicated. 
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while the electron-electron dipole interaction is related to their magnetic 

interaction [86] (pages 159-164). 

The Hamiltonian related to the spin-spin interaction is given as 

S.D.S. Thus, the number of the energy levels split by the spin-spin in-

teraction is equal to the number of the values of |MS|. For a spin center 

which has S=1, the level will split into two levels at zero field (B=0) and 

will be separated to three levels under an external magnetic field. The 

dependence of these energy levels on B [86] (pages 165-172) is shown 

in Fig. 6(a). The allowed transition between two levels has to follow the 

selection rules in which ΔMS=±1. Thus, there are two observed EPR 

lines corresponding two allowed transitions when S=1 [Fig. 6(b)]. When 

the zero-field splitting is relatively large compare to electronic Zeeman 

interaction, the forbidden transitions with ΔMS=±2 or larger could be 

observed in EPR spectrum [93]. 

3.3. Hyperfine interaction 

When the wave function of unpaired electron overlaps with an impurity 

which has a nuclear spin I≠0, there will be an interaction between the 

electron spin and the nuclear spin. This interaction is called hyperfine 

interaction since the split of the energy levels caused by this interaction 

is often smaller than that of the electronic Zeeman interaction and spin-

spin interaction. If both the unpaired electron and the nuclear spin are 

belonged to the same atom, the hyperfine interaction is called self-

hyperfine interaction. In the case the hyperfine interactions are caused 

by the unpaired electron and the nuclear spins of its neighbor atoms, 

these interactions are called ligand-hyperfine interaction. 

The Hamiltonian related to the hyperfine interaction is given as 

S.A.I. Thus, the interaction between the electron spin S and the nuclear 

spin I splits further each energy level of the electronic Zeeman interac-

tion into 2I+1 levels corresponding to 2I+1 values of the magnetic quan-

tum number MI (-I, -I+1,…,I-1, I). The allowed transition between two 

levels has to follow the selection rules in which ΔMS=±1 and ΔMI=0. 

The forbidden transitions with ΔMI=±1 might become partly allowed in 

some particular cases [94,95]. For a spin center which has S=1/2 and a 

hyperfine interaction with an impurity having a nuclear spin I=1/2 and 

100% natural abundance, the energy level will split into four levels un-

der an external magnetic field B. The hyperfine interaction is independ-

ent of the magnitude of B and occurs at zero field (B=0), i.e. the energy 
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level already splits off even for B=0 [Fig. 7(a)]. The dependence of 

these hyperfine-splitting levels on B [88] (pages 30-31) is shown in Fig. 

7(a). In this EPR center, there are only two allowed transitions and, 

therefore, only two EPR lines can be observed (for the case of the elec-

tronic Zeeman and hyperfine interactions being isotropic) [Figs. 7]. 

 In nature, many elements have several stable isotopes with differ-

ent natural abundances and different nuclear spins and nuclear gn fac-

tors. Thus, the hyperfine interactions involving these isotopes are differ-

ent and can be distinguishable in the EPR spectrum. For an example, in 

SiC, Si has three stable isotopes, 
28

Si (I=0, 92.2 % natural abundance), 
29

Si (I=1/2, 4.7% natural abundance) and 
30

Si (I=0, 3.1 % natural abun-

dance) while C has two isotopes, 
12

C (I=0, 98.9% natural abundance) 

 
Figure 7. (a) The scheme of energy levels and (b) simulated EPR spec-

trum of an impurity with an electron spin S=1/2 and a nuclear spin 

I=1/2 (with 100% natural abundance). The vertical lines in figure (a) 

indicate the allowed transitions which give rise to the EPR lines ob-

served in figure (b). For simulation, the electronic Zeeman and hyper-

fine interactions are isotropic (g=2, A=2000 MHz) and the microwave 

frequency is 9.5 GHz. 
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and 
13

C (I=1/2, 1.1% natural abundance). For carbon vacancies in 4H-

SiC [59,62], the hyperfine interactions between an electron spin S=1/2 

and nuclear spins I=1/2 of 
29

Si atoms occupying three nearest-neighbor 

sites in the basal plane can be equivalent. There is ~86.55% 

(~95.3%×95.3%×95.3%) in probability that all three Si atoms has I=0 

and, hence, no hyperfine interaction and only the Zeeman interaction 

responses for the observed EPR spectrum. There is ~12.81% 

(~3×4.7%×95.3%×95.3%) in probability that one of the three atoms is 
29

Si and the hyperfine interaction gives rise to two hyperfine lines. The 

probabilities that two and three atoms among three Si in the basal plane 

are 
29

Si are ~0.63% (~3×4.7%×4.7%×95.3%) and ~0.01% 

(~4.7%×4.7%×4.7%), respectively. The equivalent hyperfine interac-

tions of S=1/2 and I=1/2 of two or three 
29

Si atoms give rise to three 

(intensity ratio is 1:2:1) or four (intensity ratio is 1:3:3:1) EPR lines, 

 

Figure 8. Simulated EPR spectrum of the carbon vacancy in SiC having 

electron spin S=1/2 and ligand hyperfine interaction with nuclear spins 

I=1/2 of 
29

Si atoms occupying three equivalent sites in the basal plane 

The hyperfine lines of the observed EPR spectrum are shown in ×10 

intensity-scale spectrum. The two outer hyperfine pairs have small in-

tensities and are often undetectable in EPR measurements. For simula-

tion, the electronic Zeeman and hyperfine interactions are isotropic 

(g=2, A=200 MHz) and the microwave frequency is 9.5 GHz. 
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respectively. Due to their small probabilities, the EPR lines related to 

hyperfine interactions of the electron spin S=1/2 and nuclear spins of 

two or three 
29

Si occupying three equivalent sites in basal plane could 

not be observed in EPR spectrum [inset in Fig. 8]. The ratio of the in-

tensity between the total intensity of the two strongest hyperfine lines in 

the inset of the Fig. 8 and the central line is calculated to be ~14.76% 

[~(12.81+3/4*0.01)/(86.55+0.63/2)]. For C, only the 
13

C isotope has 

non-zero nuclear spin (I=1/2 and 1.1% natural abundance), thus, the 

total intensity of its two hyperfine lines is ~1.1% the intensity of the 

main line (for the case of hyperfine interaction with nuclear spin of 
13

C 

occupying one site and the electronic Zeeman and hyperfine interactions 

being isotropic). From the number of hyperfine lines and the intensity 

ratio between hyperfine lines and the main line, we can determine the 

nuclear spin, the number of atoms involved in the hyperfine interaction 

and estimate the natural abundance of the isotopes, respectively. The 

information is very useful for identification of the involved atoms at the 

defect site and/or surrounding and, hence, the microscopic model of the 

defect. 

3.4. Spin-Hamiltonian and angular dependence 

The spin-Hamiltonian describing an electronic Zeeman interaction, 

spin-spin interaction and hyperfine interaction has the following form  

 𝐻 = 𝜇B𝐁. 𝐠. 𝐒 + 𝐒. 𝐃. 𝐒 + ∑ 𝐒. 𝐀𝐢. 𝐈𝐢𝑖 .                                           (7) 

Here, g, D and Ai are the tensors (usually symmetric tensors) describing 

the electronic Zeeman interaction, the spin-spin interaction and the hy-

perfine interaction, respectively. In the following sections, the physical 

principle of the angular dependence of EPR line positions caused by the 

anisotropy of these tensors is given. 

3.4.1. The g-tensor 

Generally, the g factor of an unpaired electron at a point defect in a sin-

gle crystal of solid is often not a constant but a tensor since the splitting 

of the energy levels by the external magnetic field at different crystal 

directions can be anisotropic. The anisotropy of the g factor can be ex-

plained by the anisotropy of local magnetic field [86] (pages 23-27). 

The calculation of the g factor and its anisotropic property is 
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available [96–98] and it could be used to identify the origin of the un-

paired electron center. 

 In a single crystal, there are equivalent orientations and one defect 

is expected to exist in all orientations with a similar probability. For a 

low symmetry g-tensor and at an arbitrary direction of B, these different 

orientations of the defect can have different effective values of g. The 

inequivalent effective values of g result in different magnetic field posi-

tions of EPR lines. 

 
 The number of EPR splitting lines is determined by the symmetry 

of both the crystal lattice and the g-tensor of the defect. In the hexagonal 

lattice such as 4H-SiC, 6H-SiC and wurtzite III-nitrides, there are six 

possible orientations of a defect having the same angle θ (the angle be-

tween the c-axis and the orientation of the defect) but with φ differing 

from each other by 60° (φ is the angle between the [11 2 0] direction and 

 
Figure 9. Simulated angular dependence of EPR line positions of spin a 

center with C1h symmetry g-tensor in a single crystal with hexagonal 

lattice when the magnetic field rotates in (a) (1 1 00) (b) (0001) and (c) 

(11 2 0) planes. The symmetric g-tensor used for simulation has com-

ponents gxx=2, gxy=gxz=0, gyy=1.9, gyz=0.1, gzz=2.1 (the axes x, y, z are 

parallel to [11 2 0], [1 1 00] and c-directions, respectively) and the fre-

quency of microwave is 9.5 GHz.  
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the projection of the orientation of the defect on the (0001) plane). 

When B||c, the six possible orientations of the defect are equivalent and 

their six EPR lines coincide, giving rise to a single EPR line with six 

times in intensity. At an arbitrary direction of the magnetic field, the 

line splits into six lines if the g-tensor has C1 symmetry. For higher 

symmetry of the g-tensor, some orientations of the defect become 

equivalent, giving rise to the same effective values of g and, thus, reduc-

ing the number of observed EPR lines and increasing the intensity of the 

coincident lines. If the g-tensor has C1h symmetry in which the principal 

vector gX of the g-tensor is parallel to the crystal axis [11 2 0], the values 

of φ of six possible orientations of the defect are φ1=0°, φ2=60°, 

φ3=120°, φ4=180°, φ5=240° and φ6=300°. When rotating the magnetic 

field in the (1 1 00), the first orientation (φ1=0°) becomes equivalent 

with the fourth orientation (φ3=180°), the second orientation (φ2=60°) 

becomes equivalent with the third orientation (φ3=120°) and the fifth 

orientation (φ5=240°) becomes equivalent with the sixth orientation 

(φ6=300°) of the defect. Therefore, there will be 3 distinguished EPR 

lines (intensity ratio is 2:2:2) (Fig. 9). When rotating the magnetic field 

in the (11 2 0), the second orientation becomes equivalent with the sixth 

orientation, the third orientation becomes equivalent with the fifth orien-

tation of the defect while the first and the fourth orientation are inequiv-

alent. Therefore, there will be 4 distinguished EPR lines (intensity ratio 

is 1:2:2:1) when rotating the magnetic field in the (11 2 0) (Fig. 9). In 

the case of C3v symmetry, the principal vector of the g-tensor is parallel 

to the c-axis and gX=gY, so all six possible orientations of the defect 

become equivalent and corresponding EPR lines coincide. In EPR ex-

periments, the g-tensor of the defect can be determined from the least-

square fits of the obtained angular dependence using the first term of 

Eq. (7) with the magnetic field rotating in a high symmetric plane, such 

as (11 2 0) or (1 1 00) or equivalent planes. 

3.4.2. The D-tensor 

The spin-spin interaction is described by the D-tensor which is a sec-

ond-rank traceless tensor with the sum of the three principal values DX, 

DY, DZ being zero. Conventionally, the assignment of three principal 

values is based on the following order |DZ|>|DY|>|DX|. Since 

DX+DY+DZ=0, we often use two parameters D and E to describe the 
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principal values of the tensor in which DZ=2D/3, DX=-D/3+E and DY=-

D/3-E. 

 
 The number of EPR splitting lines is determined by the symmetry 

of g- and D-tensors. The angular dependence of EPR lines position of a 

spin center having S=1, isotropic g-tensor and C1h symmetry of D-tensor 

lines when rotating the magnetic field in the (1 1 00), (0001) and (11 2 0) 

planes is shown in Fig. 10. In EPR experiment, the g- and D-tensors of 

the defect can be determined from the least-square fits of the obtained 

angular dependence using the first term and the second term of Eq. (7) 

with the magnetic field rotating in a high symmetric plane, such as (11

2 0) or (1 1 00) or equivalent planes.  

3.4.3. The A-tensor 

 
Figure 10. Simulated angular dependence of EPR line positions of a 

spin center with S=1 in a single crystal with the hexagonal lattice when 

the magnetic field rotates in (a) (1 1 00) (b) (0001) and (c) (11 2 0) 

planes. For the simulation, the g-tensor is isotropic (g=2), the symmet-

ric D-tensor has components Dxx=-720 MHz, Dyy=Dzz=360 MHz, 

Dyz=540 MHz, Dxy=Dxz=0, (the axes x, y, z are parallel to [11 2 0], [1 1

00] and c-directions, respectively) and the frequency of microwave is 

9.5 GHz. 
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In solid crystals, the hyperfine interaction is often anisotropic and de-

scribed by the A-tensor. The symmetry of the A-tensor can be lower 

than that of the g-tensor and, therefore, the number of the hyperfine 

lines can be more than expected for the electronic Zeeman interaction 

(Fig. 11). From analysis of the angular dependence of the EPR line posi-

tions with the magnetic field B rotating in a certain high symmetric 

plane using Eq. (7), the hyperfine A-tensor can be determined. From the 

obtained hyperfine data, possible defect models can be suggested and  

compared to the corresponding values obtained from theoretical calcula-

 
Figure 11. Simulated angular dependence of EPR line positions (upper 

and lower lines) of a spin center with S=1/2 having a hyperfine interac-

tion with a nuclear spin I=1/2 in a single crystal with the hexagonal 

lattice when the magnetic field rotates in (a) (1 1 00) (b) (0001) and (c) 

(11 2 0) planes. For the simulation, the symmetric g-tensor has compo-

nents gxx=2, gyy=1.999, gzz=2.001, gyz=0.001, gxy=gxz=0 (C1h sym-

metry), the symmetric A-tensor has components Axx=-80 MHz, Ayy=70 

MHz, Azz=60 MHz, Axy=10 MHz, Axz=5, Ayz=15 MHz (C1 symmetry) 

(the axes x, y, z are parallel to [11 2 0], [1 1 00] and c-directions, re-

spectively) and the frequency of microwave is 9.5 GHz.  
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tions. The correlation between EPR experiments and theoretical calcula-

tions allows a conclusive identification of the defect. 

In semiconductors, intrinsic defects or impurities have strong in-

fluence on the properties of the materials. The obtained g-tensor pro-

vides information about the symmetry of the defect. If the impurities 

have a nuclear spin I≠0, the involved impurities can be directly and 

chemically identified from the observed self-hyperfine structure. The 

information on neighboring atoms of a defect or an impurity can be ob-

tained from the ligand-hyperfine structure. Such information is essential 

for identification of the defect and understanding its electronic structure. 

In many cases, identification of point defects in semiconductors needs 

additional help from theoretical modeling of the defect.  
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Summary of the papers 

Paper 1 

We showed that Si already forms a stable DX center in AlxGa1-xN with 

x ~0.77. However, with the Fermi level locating only ~3 meV below Ed, 

Si still behaves as a shallow donor and high conductivity at room tem-

perature could be achieved in Al0.77Ga0.23N:Si layers. In samples with 

the concentration of the residual oxygen (O) impurity larger than that of 

Si, we observed no carrier compensation by O in Al0.77Ga0.23N:Si layers, 

suggesting that at such Al content, O does not seem to hinder the n-type 

doping in the material.  

Paper 2 

We determined the dependence of the EDX level of Si on the Al content 

in AlxGa1-xN:Si layers (0.79≤x≤1) with the Si concentration of ~2×10
18

 

cm
-3

 and the concentrations of residual O and C impurities of about an 

order of magnitude lower (~1÷2×10
17

 cm
-3

). We found the coexistence 

of two DX centers (stable and metastable ones) of Si in AlxGa1-xN for 

x≥0.84. For the stable DX center, abruptly deepening of EDX with in-

creasing of the Al content for x≥0.83 was observed, explaining the dras-

tic decrease of the conductivity as often reported in previous transport 

studies. For the metastable DX center, the EDX level remains close to Ed 

for x=0.84÷1 (~11 meV for AlN).  

Paper 3 

The identification of niobium (Nb) in 4H- and 6H-SiC grown by high-

temperature chemical vapor deposition (CVD) by EPR and theoretical 

calculations is presented. We showed that the incorporated Nb formed 

asymmetric split-vacancy defect (NbSiVC) in which Nb locates in a di-

vacancy, closer to the Si vacancy, and prefers only the hexagonal-

hexagonal configuration. 

Paper 4 

Using EPR, photo-EPR, DLTS and capacitance-voltage measurements, 

we showed that the Z1/Z2 center is related to the (2-|0) level of VC and 
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its higher-lying levels Z1 and Z2 are related to the (-|0) levels of VC at 

the hexagonal (h) and quasi-cubic (k) sites, respectively. 

Paper 5 

Combining EPR and supercell calculations, the negatively charged VC 

at the k-site was identified. We obtained the excellent agreement in the 

energy levels of Z1/Z2 determined by DLTS and energy levels of VC 

calculated by supercell calculations and observed clear negative-U be-

haviors of the negatively charged VC at both k and h-sites by EPR 

measurements, consolidating our assignment of the Z1/Z2 levels to the 

negatively charged states of VC.  

Paper 6 

We observed an EPR center, named as EI8, at room temperature in irra-

diated layers. The center has two configurations in which the EI8a con-

figuration was converted to the EI8b configuration after a short anneal-

ing at temperatures in the range of 300-500 °C in darkness and the EI8b 

configuration was converted back to the EI8a configuration under illu-

mination at room temperature. Based on the observed 
29

Si and 
13

C hy-

perfine structures, two configurations of the EPR center were suggested 

to be related different configurations of a carbon interstitial cluster. The 

annealing, metastable behaviors and energy levels of this EPR center 

are discussed. 
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