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to redistribution of radiative recombination centers, which is caused by surface states in the 
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1. Introduction 

In the modern microelectronic industry, silicon carbide is 

considered as a promising alternative to silicon, 

especially in high-power, high-temperature, and high-

frequency devices [1–4]. The advantages of silicon 

carbide include high thermal, radiation and chemical 

resistance. This makes it possible to use silicon carbide 

as substrates for structures in electronic devices, namely: 

in microwave devices, UV photodiodes, LEDs [5]. The 

most common structures used in electronics are the 

metal-insulator-semiconductor (MIS) structures. Thin 

oxide films are most often used as dielectrics in these 

structures. In this case, the mismatch between parameters 

of the silicon carbide crystal lattice and those of the oxide 

film has a significant effect on the characteristics of the 

semiconductor/insulator interface in the MIS structure. 

At the same time, the use of additional porous silicon 

carbide buffer layers in the SiC/por-SiC/oxide structures 

enables to modify the interface parameters, which 

expands the range of application of silicon carbide-based 

structures. In this case, quality of SiC/por-SiC/oxide 

structures containing porous silicon carbide buffer layers, 

their stability and suitability to be used in extreme 

operation conditions will be largely defined by both the 

characteristics of the semiconductor substrate and quality 

of the dielectrics and the dielectric/porous layer interface. 

In addition to being used as a buffer layer, porous 

silicon carbide is also promising for light emitting 

diodes, photodetectors, sensors, and substrates for epi-

taxial deposition [6–8]. In addition, as shown in [6, 9–11] 

one can use the possibility of creating the fluorescent 

white LEDs based on SiC and por-SiC. The developed 

por-SiC surface and presence of a large number of 

surface bonds that are formed during etching can serve as 

adsorption centers for various molecules of analytes or 

traps (sticking centers), which allows one to consider 

por-SiC as a promising material for creating the sensor 

devices based on it [5, 12–15]. 

To reduce the concentration of defect states at the 

oxide-semiconductor interface, additional external 

treatments are often used, namely: thermal annealing,  

-irradiation and microwave irradiation. For example, the 

effect of an increase in the transmission coefficient for 

the SiC/SiO2 and SiC/TiO2(Gd2O3, Er2O3) structures after 

microwave action was observed in [16, 17]. In [18], to 

explain the changes in the optical properties of these 

structures, a model for the nonthermal action of 

microwave radiation on oxide film/semiconductor 

structures was proposed. According to this model, the 

microwave treatment increases the migration capability 

of dislocations, which, in its turn, leads to redistribution 

of emission and absorption centers in the oxide 

film/silicon carbide structures. 
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In this work, we studied the effect of short-term 

microwave action on redistribution of impurity-defect 

states in the 4H-SiC/por-SiC and 4H-SiC/por-SiC/Er2O3 

structures. 

2. Samples and experimental procedure 

A porous surface in silicon carbide (for which the initial 

material was the 4H-SiC polytype) was produced using 

electrochemical etching in the solution HF:C2H5OH = 1:1 

at the current density 10 mA/cm
2
 and etching time 

10 min. Then, the material was treated in a KOH melt at 

the temperature 550 °C to uncover the pores. At the 

following stage, an erbium film was deposited on the 

surface of porous silicon carbide by using the method of 

thermal sputtering. The structures of porous SiC with a 

deposited erbium layer were annealed in vacuum at the 

temperature 800 °C for 8 min. After that, in the rapid 

thermal annealing (RTA) mode in dry oxygen 

atmosphere at the temperature 400 °C a thin oxide film of 

Er2O3 was formed on the por-SiC surface. The RTA 

periods were 1, 3 and 5 s. The thickness of the prepared 

oxide layers, being determined using the Auger 

spectroscopy [19], was approximately 100 nm. An 

increase in the RTA time was accompanied by an 

increase in the fraction of the Er oxide film with a 

stoichiometric composition relative to the underoxidized 

metal layer [19]. 

Microwave treatment was carried out in the 

magnetron operation chamber with the frequency  

f = 2.45 GHz and specific power of ~0.04 W/cm
3
. The 

total microwave action time was 5 s.  

The photoluminescence (PL) and micro-Raman 

spectra of the samples were obtained in the 

backscattering geometry by using a Horiba Jobin Yvon 

T64000 spectrometer with a confocal microscope and a 

cooled CCD detector. In the Raman studies, the laser 

beam was focused into the spot < 1 µm in diameter. The 

accuracy of determining the frequency position of 

phonon lines was 0.15 cm
–1

. 

 

 

 
Fig. 1. Typical normalized PL spectra (λexc = 488 nm, 

hexc = 2.5 eV < Eg (4H-SiC) = 3.2 eV (solid line) and decom-

position into contour components (dashed line) for the initial 

SiC/por-SiC (1) and SiC/por-SiC/Er2O3 (2) structures. 

 

To register PL associated directly with radiative 

recombination in the por-SiC or por-SiC/Er2O3 layer,  

the radiation of an Ar-Kr laser with exc = 488.0 nm was 

chosen as the exciting one. This choice of photo-

luminescence exciting radiation for the SiC/por-SiC and 

SiC/por-SiC/Er2O3 structures was caused by the fact that 

the energy corresponding to exc = 488 nm is hexc =  

2.5 eV, which is less than the band gap energy of 

crystalline 4H-SiC (Eg = 3.23 eV, which corresponds to  

λ = 384 nm). Raman spectra were also excited by  

Ar-Kr laser radiation (exc = 488.0 nm). All optical 

measurements were carried out at room temperature. 

3. Experimental results and discussion 

Fig. 1 shows the typical PL spectra for the initial 

SiC/por-SiC and SiC/por-SiC/Er2O3 structures, which are 

normalized to the maximum. As shown in [20, 21], 

appearance of luminescence excited with the light energy 

less than the band gap one in the initial crystalline silicon 

carbide polytype 6H-SiC (Eg =3.02 eV corresponds to 

λ = 413 nm) or 4H-SiC (Eg = 3.23 eV corresponds to 

λ = 384 nm) is a characteristic feature of luminescence in 

por-SiC. Luminescence is not observed for the 4H-SiC 

crystalline substrate at λexc = 488 nm. Since PL was 

excited by radiation with λexc = 488 nm, all the features 

of the PL spectra shown in Fig. 1 are caused by the por-

SiC or por-SiC/Er2O3 layer. The shape of the PL spectra 

of the SiC/por-SiC/Er2O3 structures at λexc = 488 nm is 

practically independent of the RTA time. 

As noted earlier, the distinctive feature of por-SiC is 

the presence of photoluminescence even in the case, 

when the energy of the exciting radiation is less than the 

energy of the band gap of the initial crystalline material 

of the 4H-SiC and 6H-SiC substrate, Eg = 3.23 eV and 

3.02 eV, respectively [20, 21]. Herewith, the PL spectra 

of por-SiC for the 4H-SiC, 6H-SiC (α-SiC), and 3C-SiC 

(β-SiC) polytypes are almost the same [5, 20, 22]. In the 

literature, these features of the PL spectrum of por-SiC 

are associated either with the manifestation of quantum 

confinement [23–25] or with the appearance of 

crystallites of the 3C-SiC cubic phase in the porous layer 

[26], or with impurity-defect states that arise on the 

surface of por-SiC during its processing, as well as due to 

the products of chemical reactions during etching [6, 20, 

23–25, 27–35]. Formation of crystallites of the cubic 

phase silicon carbide in the samples of porous silicon 

carbide grown on 4H-SiC or 6H-SiC substrates is 

explained by the fact that, as a result of electrochemical 

etching, the interlayer bonds in the structure of the  

4H-SiC crystal are broken, and thin layers consisting of 

crystallites of 3C-SiC cubic phase are formed. In [21], 

the absorption and photoluminescence spectra of porous 

silicon carbide prepared using anodic etching were 

studied at different wavelengths of exciting radiation. 

According to the data of [21], the unchangeable position 

of the absorption edge of por-SiC with respect to the 

absorption edge of the crystalline substrate indicates the 

absence of additional thin layers in por-SiC formed from 

the cubic phase of SiC.  Therefore,  the appearance of PL  
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in por-SiC at the excitation energy hexc ≤ Eg is associated 

with appearance of emission centers formed by impurity 

atoms and surface defects that appear during anodic 

etching of the SiC crystalline substrate and subsequent 

processing that opens the pores. Formation of complex 

compounds (namely, oxides and siloxenes) and Si–H or 

C–H bonds, as well as C–N (nitrogen is an uncontrolled 

impurity in SiC) in the por-SiC layer occurs due to the 

violation of Si–C bonds during etching of crystalline 

silicon carbide [29, 36–38]. At the same time, it is also 

impossible to exclude the presence of insignificant 

amounts of the 3C-SiC phase in por-SiC as structural 

defects, such as stacking faults. 

As can be seen from Fig. 1, the PL bands have a 

large half-width and consist of several individual PL 

bands with λmax ≈ 535, 590 and 650 nm. According to 

[39], the band with λmax ≈ 535 nm can be associated with 

carbon fluorooxide (CFO) that can be formed during 

electrochemical etching of a SiC crystalline substrate in 

the HF:C2H5OH solution. The band with λmax ≈ 590 nm is 

probably caused by the presence of microcrystallites of 

cubic silicon carbide 3C-SiC in por-SiC [40, 41]. The 

origin of the low-energy PL peak with λmax ≈ 650 nm can 

be explained by radiative recombination in some 

localized states (shallow traps) [27] or in donor-acceptor-

pairs (DAP) [28]. 

When the Er2O3 oxide film is deposited onto por-

SiC, a change in the shape of PL spectrum is observed 

(Fig. 1). Thus, deposition of the Er2O3 oxide film leads to 

the quenching of the band with λmax ≈ 535 nm and the 

appearance of additional bands with λmax ≈ 690 nm and 

λmax ≈ 750 nm, the intensity of the band with 

λmax ≈ 590 nm increases, while the intensity of band with 

λmax ≈ 650 nm remains practically unchanged. A similar 

change in the PL spectra was noted in [6] when studying 

the passivating Al2O3 or TiO2 films on the surface of 

porous silicon carbide. The appearance of additional 

bands with λmax ≈ 690 nm and λmax ≈ 750 nm in the PL 

spectrum during deposition of an oxide film can be 

explained by additional oxidation of the porous surface 

inherent to silicon carbide [6].  Since  deposition of oxide  
 

 
 

layers is accompanied by heat treatment of the entire 

structure, excess unreacted oxygen atoms localized in the 

pores of por-SiC can additionally oxidize the surface of 

por-SiC [6]. Therefore, the appearance of additional 

bands and redistribution of intensity in other bands in the 

PL spectrum of SiC/por-SiC/Er2O3 structure can be 

associated with radiative recombination in oxygen-

related defects. 

Additional information about the presence of the 

3C-SiC phase in por-SiC as structural defects was 

obtained from the Raman spectra. Figs 2a and 2b show 

the Raman spectra of the 4H-SiC substrate, SiC/por-SiC, 

SiC/por-SiC/Er2O3 structures, normalized to the intensity 

of 776 cm
-1

 line corresponding to 4H-SiC TO phonon 

mode [42], before and after microwave treatment. In the 

Raman spectra of the SiC/por-SiC and SiC/por-

SiC/Er2O3 structures, the luminescent background has 

been subtracted for the ease of comparison. As can be 

seen from Fig. 2, both in the 4H-SiC substrate and in the 

SiC/por-SiC and SiC/por-SiC/Er2O3 structures, along 

with the 776 cm
–1

 line, there are 796 cm
–1

 lines (3C-SiC 

TO phonon mode [42]), 965 cm
–1

 (4H-SiC FLO phonon 

mode [42]), 971 cm
–1

 (3C-SiC FLO phonon mode [42]), 

and 971 cm
–1

 (3C-SiC FLO phonon mode [42]). In so 

doing, the intensity ratio of these lines remains almost 

constant for 4H-SiC, SiC/por-SiC, and SiC/por-

SiC/Er2O3 (Fig. 2a). This fact confirms the conclusion 

that appearance of PL in por-SiC at the energy of 

exciting radiation hexc ≤ Eg (4H-SiC) is not associated 

with formation of an additional layer of the 3C-SiC cubic 

phase in the por-SiC layer. At the same time, individual 

centers of por-SiC radiative luminescence can be 

associated with structural defects caused by stacking 

faults, i.e. clusters of the 3C-SiC cubic phase. 

As can be seen from Fig. 2b, the microwave 

treatment also has no significant effect on the intensity 

ratio of the Raman lines corresponding to the 4H-SiC and 

3C-SiC polytypes. Thus, being based on the Raman data, 

we can conclude that microwave treatment does not lead 

to a significant change in the ratio of 4H-SiC/3C-SiC 

crystalline phases in the structures under study. 

  

Fig. 2. Raman spectra of the structures SiC, SiC/por SiC and SiC/por SiC/Er2O3 before (a) and after (b) microwave treatment  

(λexc = 488 nm). 
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Fig. 3 shows typical normalized PL spectra upon PL 

excitation by radiation with hexc = 2.5 eV < Eg (4H-SiC, 

3.23 eV) and decomposition of the PL spectra into 

contour components for the SiC/por-SiC and SiC/por-

SiC/Er2O3 structures before and after microwave action. 

It should be noted that the PL spectra of the SiC/por-

SiC/Er2O3 structures, both initial ones and those after 

microwave action, are practically independent of the 

RTA time. As can be seen from Fig. 3, the PL spectrum 

for the SiC/por-SiC and SiC/por-SiC/Er2O3 structures is a 

wide band that has a complex character and consists of 

several overlapping PL bands caused by different PL 

centers, the concentration of which varies depending on 

microwave processing. 

As can be seen from Fig. 3a, the microwave 

treatment of SiC/por-SiC structure leads to broadening of 

the integrated PL spectrum and a slight shift of the 

maximum of integral PL band to the long-wave side, 

which is caused by appearance of a broad additional PL 

band with λmax ≈ 690 nm. 

At the same time, for the SiC/por-SiC/Er2O3 

structure (Fig. 3b), after microwave treatment, there is a 

change in the intensities of individual bands composing 

the integral PL band of the SiC/por-SiC/Er2O3 structure 

and quenching of the band with the peak λmax ≈ 750 nm. 

In this case, the intensity and half-width of the band with 

the peak λmax ≈ 590 nm remain practically unchanged. As 

a result, we observed a short-wave shift of the peak of 

integral PL band for the SiC/por-SiC/Er2O3 structures 

after microwave treatment and a decrease in the half-

width of integral PL spectrum (Fig. 3b). 

As can be seen from Fig. 3c, microwave treatment 

leads to the appearance of a band with λmax ≈ 535 nm in 

the PL spectrum of SiC/por-SiC/Er2O3 structure, and a 

weak band with λmax ≈ 690 nm appears in the PL 

spectrum of SiC/por-SiC structure. In this case, the 

overlap region of the PL spectra of the SiC/por-SiC and 

SiC/por-SiC/Er2O3 structures significantly increases in 

comparison with the overlap region of the PL spectra of 

these structures in the initial state (Figs 1, 3c). 

In [18], the change in the temperature of the silicon 

carbide crystalline substrate/oxide film structure was con-

sidered as a result of microwave irradiation with the fre-

quency f = 2.45 GHz and the power density ~0.04 W/cm
3
. 

The estimates were made under the assumption that the 

microwave radiation was completely absorbed by the 

semiconductor substrate. It was shown [18] that during 

the irradiation time 1 s, the temperature of a sample with 

geometric dimensions ~0.5×0.5×0.04 cm (which 

corresponds to the geometric dimensions of the samples 

studied in this work) can change by T = 0.02 deg. 

According to [43], the rate of microwave heating of por-

SiC is about 4 times lower than that of crystalline SiC. 

Therefore, a short-term microwave action on the 4H-

SiC/por-SiC and 4H-SiC/ por-SiC/Er2O3 structures can 

be considered as nonthermal. Thus, it is impossible to 

relate the observed changes in the PL and Raman spectra 

with the temperature effect accompanying the microwave 

treatment. 

 
 

 
 

 
 

Fig. 3. Typical normalized PL spectra (λexc = 488 nm,  

hexc = 2.5 eV < Eg (4H-SiC, 3.23 eV) and decomposition into 

contour components for the structures: (a) SiC/por-SiC,  

(b) SiC/por-SiC/Er2O3, (c) SiC/por-SiC and SiC/por-SiC/Er2O3 

before and after microwave action. 
 

 

Changes in the PL spectra of SiC/por-SiC, SiC/por-

SiC/Er2O3 structures after microwave treatment (Fig. 3) 

are probably caused by the fact that microwave action 

leads to dislocation movement, similar to that observed 

under ultrasound action [44]. In its turn, the movement of 

dislocations under the microwave action can lead to a 

redistribution of dopants and defects in the SiC/por-SiC 

and por-SiC/Er2O3 structures. This results in a change in 

the nature of the interimpurity interaction between lumi-

nescence centers [45, 46] and a change in the symmetry 

of the nearest environment of silicon carbide impurity 

atoms. In addition, according to [47], microwave radia-

tion can serve as a catalyst for chemical reactions, which 

in its turn can lead to a change in the concentration of  

Si–H, C–H or C–N bonds in the por-SiC buffer layer. 
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4. Conclusions 

Thus, nonthermal microwave radiation action on the 

SiC/por SiC and SiC/por-SiC/Er2O3 structures leads to 

redistribution of radiative recombination centers in these 

structures. This redistribution of PL centers may be 

associated with the simultaneous action of several 

factors. Under microwave radiation action, dislocations 

detach from the stopper, which leads to their migration in 

the field of mechanical strains of the crystal lattice, and 

as a result, to a change in both the number and 

localization of dislocations in the structure and, 

accordingly, to a redistribution of recombination centers. 

Also, microwave action can lead to a change in the 

concentration of Si–H, C–H or C–N bonds in the buffer 

layer of por-SiC, as well as to appearance of additional 

PL centers due to additional oxidation of silicon in the 

buffer porous layer of the SiC/por-SiC/Er2O3 structure. 
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Перерозподіл центрів випромінювальної рекомбінації в структурах SiC/por-SiC та SiC/por-SiC/Er2O3  

за нетепловою дією мікрохвильового випромінювання 

О.Б. Охріменко, Ю.Ю. Бачеріков, О.Ф. Коломис, В.В. Стрельчук, Р.В. Конакова 

Анотація. У даній роботі розглянуто вплив короткочасної нетеплової дії мікрохвильового випромінювання на 

фотолюмінесцентні характеристики структур SiC/por-SiC/Er2O3 та SiC/por-SiC. Аналіз спектрів 

фотолюмінесценції цих структур при збудженні випромінюванням з енергією, меншою за ширину забороненої 

зони кристалічної підкладки 4H-SiC, показав, що короткочасна дія мікрохвильового випромінювання 

приводить до перерозподілу центрів випромінювальної рекомбінації, що зумовлено поверхневими станами у 

шарі por-SiC. 

Ключові слова: нетеплова мікрохвильова дія, буферний пористий шар, фотолюмінесценція, комбінаційне 

розсіювання, карбід кремнію. 
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