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The present study aims to introduce Niobium pentoxide-Titanium nanotube (Nb2O5-TNTs) composite as a 

novel anode material synthesized through hydrothermal method. In this respect, Nb2O5 nanoparticles and 

TNTs are separately synthesized through sonochemical and anodizing processes, respectively. According 
to FESEM images, the well-oriented TNTs with inner and outer diameters of 70 and 88 nm, respectively, 

are well decorated by Nb2O5 nanoparticles. The Nb2O5-TNTs anode shows the areal charge and discharge 

capacities of 0.167 mAh/cm2 and 0.146 mAh/cm2, respectively, at 0.113 mA/cm2 as well as 60% capacitive 
storage in 20 mV/s. High power Nb2O5-TNT anode reveals 86% reversible capacity in the 16th cycle with 

a columbic efficiency of 84% for the 16th cycle. In addition, the charge transfer resistance in TNTs declines 

from 750 Ω to 680 Ω after decorating by Nb2O5. The superior performance of Nb2O5-TNT composites is 
taken into account to derive higher charge storage from a capacitive charge storage which is dominant in 

the diffusion-controlled process. Therefore, Nb2O5-TNT composite can be applied to the next-generation 

pseudocapacitive anode in lithium-ion batteries. 
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1. INTRODUCTION 
 

Ultrafast rechargeable lithium-ion batteries with a high 

charging rate, high energy density, and long life cycle are 

vastly used in portable electronics and microdevices. 

Both supercapacitor-like rate performance and battery-

like capacity with a long lifetime are highly demanded in 

producing microsensors, smart medicine, small power 

sources, and so on [1-5]. One of the main advantages of 

lithium-ion micro-batteries is its thickness on a 

micrometer range and safety. They also enjoy several 

economic advantages such as their environmentally-

friendly components, durable rechargeability, and their 
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ability to be prepared in any shape or size of different 

substrates, to name a few [6,7]. 

Nonetheless, common lithium-ion batteries suffer from 

sluggish ion transfer which result in low kinetics. To 

provide a fast Li-ion reaction and diminish sluggish ion 

transfer, intercalation compounds with robust structure 

with open channels and the intercalation 

pseudocapacitance materials are the best candidates 

[8,9]. Till now, numerous researches have demonstrated 

that metal oxides with both stable structures and 

multicharge careers can be a good choice for lithium-ion 

insertion and extraction in and from the anode and 

cathode material. These materials with high-rate 

capabilities and rational designs lead to the enhancement 
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of the diffusion of Li-ions into the electrode depth and 

improvement of the kinetics to achieve the maximum 

ion/electron transfer rate [10-15]. Indeed, the high-rate 

capability of lithium-ion batteries is limited due to 

random ion movement resulting from the low kinetics of 

redox reactions. Therefore, capacitive and 

pseudocapacitive materials can improve kinetics because 

the corresponding reduction and oxidation are surface-

controlled [16,17]. 

As a new type of capacitance, pseudocapacitance is 

equal to derivation d(Δq)/d(ΔE) which is faradaic in 

nature. An important difference between 

pseudocapacitance and battery-like behavior is a change 

in the chemical reactant resulting from the faradaic 

charge transfer of the surface. There are three different 

types of capacitive charge storage mechanisms: 

adsorption, redox, and intercalation. Adsorption 

capacitance contains adsorption and desorption on 

metallic atom surfaces. Unlike adsorption 

pseudocapacitance, redox pseudocapacitance contains 

faradaic redox reactions on the electrode surface. While 

the charge is stored through surface coverage in 

adsorption, it is stored through chemical conversion 

between oxidation and reduction species on the surface 

in redox. This behavior is pseudocapacitive in nature 

because lithium ions are accommodated faradically in 

quasi two-dimensional planes in van der waals gap of the 

layer structure of the host material [18-21].  

In this regard, one of the materials that can be applied 

in high-energy lithium-ion micro-batteries is Titania 

(TiO2) which is a promised 3D intercalative material with 

the prior mechanical and chemical stability in the 

electrolyte window potential. Insertion and extraction of 

Li-ions in and from the TiO2 structure mainly occur at 1.5 

V versus Li/Li+, while the LiPF6 electrolyte compound 

reduces at 0.6-1 V versus Li/Li+. Consequently, this 

phenomenon causes electrochemical stability of TiO2 

[22, 23]. Until now, many nanostructures of TiO2 are 

used in lithium-ion batteries such as 3D microstructures, 

nanowires, nanotubes, nanorods, and nanoparticles. 

Among them, nanotube is the best structure due to the 

highest surface areas among other nanostructures 

[24,25]. In addition, the outer and inner walls of the tube 

make more active sites intercalate Li-ions into the TiO2 

lattice structure to form LixTiO2 (0<x<1) [26]. Titania 

introduces the theoretical surface capacity of 125 

mAh/cm2. In 2009, F. Ortiz et al. prepared self-organized 

TiO2 nanotubes with a maximum charge and discharge 

areal capacity of 77 µAh/cm2 with retention up to 90% 

over 50 cycles [27]. In 2011, Wei Wang et al. synthesized 

three-dimensional Ni/TiO2 nanowire on the Ni foil with 

0.016 mAh/cm2 at 12 C with 20 cycles stability [28]. 

Furthermore, titanium niobium binary metal oxides, 

such as TiNb2O7 and Ti2Nb10O29, seem to be interesting 

candidates for high-rate performances. Since T-Nb2O5 

offers 2D transport pathways and little change in the 

lattice volume after lithium-ion intercalation, it 

guarantees original crystal structure maintenance [29-

31]. Moreover, it enjoys the advantage of a 

pseudocapacitive charging mechanism. Recently, Lubke 

et al. illustrated that Nb dopant in TiO2 nanofiber could 

improve the rate capability due to its high electrical 

conductivity and low lithium-ion diffusion paths 

resulting from a decrease in the crystallite size. The 

average capacities after 20 cycles in 5 C rate for doped 

and non-doped TiO2 were 23 and 10 mAh/cm2, 

respectively [32]. The present study considered 

decorating TNTs by T-Nb2O5 nanoparticles in order to 

prepare an innovative Nb2O5-TNT composite for the first 

time to construct a pseudocapacitive lithium-ion battery. 

In this study, TNTs as an intercalative anode was 

synthesized through fluorinated electrolyte anodization. 

Moreover, Nb2O5 nanoparticles were synthesized 

through the surfactant-free sonochemical method and 

were decorated on TNTs through the hydrothermal 

method. The rate capability of samples was confirmed. 

Moreover, the pseudocapacitive behavior of the prepared 

electrode was investigated using the ratio of diffusion-

controlled to surface-controlled contributions in cyclic 

voltammograms.  

 

 

2. MATERIALS AND METHODS 
 
2.1. Anodization of TiO2 Nanotubes 

First, Titanium sheets (99.7% purity) were 

mechanically polished and cleaned with ethanol (99%, 

Merck) and deionized water. For setting up, Titanium 

sheet was used as an anode and pure platinum (Pt) mesh 

as a cathode. Electrolyte solution was prepared using 1 

wt% hydrofluoric acid (HF, 28%, Merck). Anodization 

was performed in a constant voltage condition of 20 V 

for 20 min. Finally, the samples were rinsed with 

deionized water and dried with N2. To crystallize 

titanium nanotubes (TNTs), the samples were calcinated 

at 300 °C for 1 h. 
 

2.2. Sonochemical Synthesis of  Nb2O5 
Nanoparticle 

Synthesis of Nb2O5 nanoparticles using ultrasonic bath 

has been previously reported in the literature [33]. To be 

specific, commercial Nb2O5 powder was dissolved in HF 

and stirred at 100 °C for 1 h. The solution was diluted to 

the concentration of 2 g/L. After one hour of 

ultrasonication, the pH of the solution was adjusted to 9 

using ammonia. Then, the final product was leached with 

EtOH and DI water and dried at 85 °C for 6 h to obtain 

amorphous Nb2O5. Finally, the white powder was 

calcined at 880 °C for 30 min at a heating rate of 10 

°C/min. 
 

2.3. Nb2O5-TNTs Composite Preparation 
Nb2O5 nanoparticles were decorated on TNTs by 

hydrothermal treatment. The Nb2O5 decoration solution 
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served in a Teflon-lined stainless steel autoclave with 

different concentrations of Nb2O5 nanoparticles 

dispersed into the deionized water. The TNT sheet is 

supported as a substrate. The samples were 

hydrothermally treated at 85 °C for 9 h. Then, after 

washing them with deionized water and annealing at 400 

°C for 2 h at a heating rate of 10 °C/min, the Nb2O5-TNTs 

was formed. 

 

2.4. Material Characterization 
X-Ray Diffraction (XRD) analysis of the samples was 

carried out using Philips (PW 3710) X-ray diffractometer 

with graphite monochromatized Co kα radiation (λ= 

1.78901 Å) in the angle range of 5 to 85 degrees with a 

step of 0.02 degrees per minute. In addition, Field 

Emission Scanning Electron Microscopy (FESEM) 

equipped with energy-dispersive X-ray spectroscopy was 

carried out using Mira 3-XMU. The FT-IR spectra were 

measured by Pekin-Elmer (spectrum 400). 

 

2.5. Electrode Fabrication and Electrochemical 
Measurement 

The electrochemical performance of the synthesized 

TNTs and Nb2O5-TNTs was evaluated by the 

 half-cell design in a coin cell. Two electrodes of 

electrochemical cells were constructed in an Ar-filled 

glovebox. The TNTs on Ti sheet and Nb2O5-TNTs 

composite (binder-free and carbon-free) were used as the 

working electrode with the lithium metal foil used as both 

reference and counter electrodes. The electrolyte utilized 

1M LiPF6 in EC: DMC in 1:1 vol.%. Charge-discharge 

tests and cyclic voltammetry were carried out through 

galvanostat/potentiostat (PGS 2065). The current 

densities from 0.019 mA/cm2 to 0.565 mA/cm2 with the 

cutoff voltage of 3.5 V vs. Li/Li+ are selected  for charge-

discharge. The scan rates of 0.5, 1, 3, 5, 7, 10, and 20 

mV/s were applied for the cyclic voltammetry test. 

Electrochemical Impedance Spectroscopy (EIS) was 

applied over the frequency range of 1 MHz to 1 mHz with 

2 V amplitude AC voltage by EG & G (parstat 2273, 

USA).  

In order to calculate the size of a specific surface area 

of an anode, TNTs were assumed as a perfect cylinder 

according to the Ortiz approach [27]. Following the 

approximation of a number of nanotubes, the measured 

area of every nanotube through the 2π(R-r)*h formula is 

multiplied by the number of nanotubes. In this method, R 

is the outer radius, r the inner radius, and h the height of 

each cylinder (nanotube). 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Structural Characterization 

Fig. 1a shows the XRD pattern of TNTs with the main 

high-intensity peak of (101) observed at 25°. The crystal 

structure of TNTs is tetragonal with l41/amd space 

group, lattice parameters of a=3.78 Å and c=9.5 Å, and 

cell volume of 136.25 Å3. The average crystallite size for 

(101) direction of TNTs is calculated through the Sherrer 

formula [32] as 27 nm with 0.62% lattice strain.  The six 

other peaks of Ti are related to the substrate of TNTs in 

the anodizing method. The crystal structure of titanium is 

hexagonal with the P63/mmc space group and cell 

volume of 35.30 Å3. Fig. 1b shows the XRD pattern of 

Nb2O5 nanoparticles at 880 °C, corresponding to the 

orthorhombic crystallite phase (T-Nb2O5). The average 

crystallite size is calculated by 80 nm with a strain lattice 

of 0.14%.  In addition, the large ratio of c/a and huge 

volume lattice are the main parameters for easy 

movement of Li+ into lattice through open channels, 

which are measured as 0.64 Å and 711.6 Å3, respectively, 

for T-Nb2O5. 
 

 

Figure 1. X-ray diffraction analysis of a) TNTs via anodizing 

method and b) Nb2O5 at 880 °C 
 

 

Fig. 2a shows the homogeneity morphology of the 

synthesized titania nanotubes using the electrochemical 

anodization at 20 V. In the anodization process, first, an 

oxidant layer is formed on the titanium substrate. Then, 
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some pores and pits are formed on the oxidant layer, thus 

leading to the formation of nanotubes [34]. As seen in 

Fig. 2b, TNTs with the average inner 

and outer diameters of 70 and 88 nm, respectively, are 

well-oriented without any breakage. The synthesized 

Nb2O5 nanoparticles possess an average diameter of 

41±10 nm which was already reported in the literature 

[33]. To the best of the author’s knowledge, ultrasonic 

energy forms pressure cycles and increases pressure 

locally whether the temperature remains constant or not; 

consequently, liquid water is transformed to steam and 

cavitation happens. Then, cavitation produces a strong 

shear force called jet liquid. Therefore, nucleation 

follows a different route, and nuclei are broken into 

smaller ones [35,36]. Fig. 2d demonstrates the TNTs 

decorated by Nb2O5 nanoparticles (NPs) which are 

decorated among the walls. In addition, there are some 

NP clusters on the top surface of the TNTs. A wide 

dispersion of all Ti, Nb, and O elements on the TNT 

surface, as shown in Fig. 2e, illustrates an interesting 

decoration among walls. Moreover, weight percentages 

of 0.36, 70.88, and 28.75 for Ti, Nb, and O, respectively, 

confirm the presence of Nb2O5 decorated on TNTs with 

no sign of impurity and contaminant. 
 

 

 

Figure 2. The FESEM images of a, b) TNTs in two different 

magnifications, c) Nb2O5-TNTs composite synthesized 

through hydrothermal and calcined at 400 °C, d) EDS map of 

the Nb2O5-TNTs composite, and e) EDS spectra of the Nb2O5-

TNTs composite 

3.2. Electrochemical Performance 
Figs. 3a and 3c show the cyclic voltammetry of TNTs 

at the scan rate of 1 mV/s. According to Equation 1, an 

anodic peak at 2.16 V corresponds to the oxidation of Li+ 

from the lattice of TNTs, and the reduction peak at 1.66 

V is observed during the lithiation process. 

 

xLi+ + xe− + TiO2 ↔ LixTiO2                (1) 

 

Moreover, the electrochemical behavior of Nb2O5-

TNT anode was investigated through the cyclic 

voltammetry at the same scan rate. As observed in Figs. 

3b and 3d, the electrochemical activity of Nb+5↔Nb+3 

during oxidation and reduction of Li+ ion into the Nb2O5  

structure, according to Equation 2, occurs between 1.25 

and 2.25 V. 

 

xLi+ + xe− + Nb2O5 ↔ LixNb2O5                (2) 

 

This peak is not sharp, thus indicating the intercalation 

and surface energy storage. It is also indicative of the 

amorphous shape, low crystallinity, and low electrolyte 

conduction. 

 

3.2.1. Investigation of Pseudocapacitive Behavior 
of TNTs and Nb2O5-TNTs Anodes 

To investigate the pseudocapacitive behavior, 

separating diffusion-controlled and surface-controlled 

contributions of lithium storage in TNTs and Nb2O5-

TNTs, cyclic voltammograms are taken at different scan 

rates. The relation between current (i) and scan rate (ν) is 

elaborated through Equation 3, where a and b are the 

constant coefficients. The value of b varies from 0.5 to 1. 

In case b is 0.5, the lithium storage is completely 

diffusion-controlled and if it is 1, the lithium storage is 

totally capacitive-controlled. In the middle values 

between 0.5 and 1, both contributions of diffusion and 

surface storage are implied [37]. 

 

i = aνb                   (3) 

 

The b value is derived from the slope of the plot of ln 

i-ln ν, derived from CV curves in Figs. 3a and 3b, 

according to Equation 4. 

 

ln i = b ln ν + ln a                 (4) 

 

Figs. 4a and 4b depict the slope of ln i-ln ν by cyclic 

voltammetry in both oxidation and reduction states for 

TNTs, respectively. The slope parameters for oxidation 

and reduction are calculated as 0.66 and 0.63, 

respectively. Since this value is between 0.5 and 1, it has 

both diffusion-controlled and surface-controlled 

contributions. 
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Figure 3. Cyclic voltammetry of a) TNTs in 1 mV/s, b) Nb2O5 

in 1 mV/s, c) cyclic voltammetry of TNTs in 0.5, 1, 2 and, 3 

mV/s, and d) cyclic voltammetry for Nb2O5-TNTs electrode in 

1, 3, 7, 10, and 20 mV/s 

 Figure 4. a) lni-lnν in TNTs oxidation, b) lni-lnν in TNTs 

reduction, C) lni-lnν in Nb2O5-TNTs oxidation, d) lni-lnν in 

Nb2O5-TNTs reduction, and e) surface to diffusion 

contribution in lithium-ion storage in Nb2O5-TNTs composites 
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Moreover, Figs. 4c and 4d show the slopes of ln i-ln ν 

for Nb2O5-TNTs anode in terms of defining capacitive 

and diffusive control contributions in oxidation and 

reduction procedures. The slope values for oxidation and 

reduction are 0.84 and 0.73, respectively, between 0.5 

(diffusion-controlled) and 1 (surface-controlled). 

Therefore, they have both capacitive and diffusion-

controlled contributions [38]. A comparison of these 

values in TNTs and Nb2O5-TNTs shows that bNb-Ti > 

bTNTs. This inequality is true in oxidation and reduction 

procedures. Therefore, capacitive contribution in Nb2O5-

TNTs anode is more than that in TNTs anode since as 

expected, Nb2O5-TNTs anode has better 

pseudocapacitive storage than TNTs anode. 

The restricted area by CV is indicative of the surface 

charge storage contribution (pseudocapacitance and 

double layer) and diffusion-controlled process (lithium 

intercalation). Upon increasing the scan rate, cyclic 

voltammetry area would increase due to more lithium-ion 

storage, hence higher charge storage at higher rates. The 

Nb2O5-TNTs electrode can store energy in surface 

reaction. In order to separate capacitive and diffusion-

controlled contributions, the peak current in CV is plotted 

versus ν  and ν1/2, according to Equation 5, where k1ν 

denotes capacitive storage due to fast kinetics and k2ν1/2 

presents the diffusion-controlled terms due to sluggish 

kinetics [8,11,32]. 

 

ig = k1ν + k2ν1/2                 (5) 

 

As shown in Fig. 4e, the ratio of surface to diffusion 

contribution increases upon increasing the scan rate from 

1 mV/s to 20 mV/s in the Nb2O5-TNTs composite anode. 

As a result, the surface storage increases from 30% to 

60% of the total charge storage at high sweep rates that 

mean more pseudocapacitive behavior and less 

intercalative behavior. 

 

3.2.2. Charge and Discharge Performance 
Fig. 5a shows the areal capacity of TNTs at 0.019 

mA/cm2. The initial charge and discharge capacities are 

0.045 mAh/cm2 and 0.018 mAh/cm2, respectively. The 

second charge and discharge capacities are reduced to 

0.026 mAh/cm2 and 0.028 mAh/cm2, respectively, due to 

the SEI layer formation on the electrode-electrolyte 

interface. The lithiation and de-lithiation plateaus at 

around 1.5-2 and 2-2.5 V are in agreement with the cyclic 

voltammogram of TNTs. The initial, second, and third 

charge capacities at 0.097 mA/cm2
, as can be seen in Fig 

5b, are 0.009 mAh/cm2, 0.015 mAh/cm2, and 0.0137 

mAh/cm2, respectively, and the initial, second, and third 

discharge capacities are 0.0125 mAh/cm2, 0.0138 

mAh/cm2, and 0.0195 mAh/cm2, respectively.  

Fig. 5c shows the areal capacity of Nb2O5-TNTs at 

0.113 mA/cm2. The first charge and discharge capacities 

are 0.412 mAh/cm2 and 0.209 mAh/cm2, respectively. 

 

Figure 5. a) Initial, second, and third charges and discharges 

of TNTs anode at 0.019 mA/cm2, b) Initial, second, and third 

charges and discharges of TNTs anode at 0.097 mA/cm2, c) 

Initial, second, and third charges and discharges of Nb2O5-

TNTs anode at 0.113 mA/cm2, and d) Rate capability of 

Nb2O5-TNTs anode at different rates of 0.8 C, 2 C, 4 C, 7 C, 

and 11 C 
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The second charge and discharge capacities are reduced 

by 0.167 mAh/cm2 and 0.146 mAh/cm2, respectively, 

owing to the formation of a stable SEI. Like the TNTs 

anode, the plateaus of lithiation and de-lithiation are 0.5-

1.5 V and 2-2.5 V being in line with cyclic voltammetry 

for Nb2O5-TNTs composite. 

Fig. 5d shows the rate capability of Nb2O5-TNTs anode 

for 16 cycles at different rates. As can be seen, the areal 

capacity is reduced from 0.16 mAh/cm2 at 0.8 C to 0.09 

mAh/cm2 at 2C, to 0.08 mAh/cm2 at 4 C, and to 

approximately 0.06 mAh/cm2 at 11 C. Of note, 1 C is 

equal to full-lithiation of a bulk material during one hour. 

Nonetheless, when the applied current turns back to 0.8 

C, the areal capacity of 0.12 mAh/cm2 is recovered. 

Furthermore, coulombic efficiency in the 16th cycle is 

measured around 86% which is an indicator of structural 

stability of Nb2O5-TNTs electrode at high current rates. 

 
 

 

3.2.3. Electrochemical Impedance Spectroscopy  
The EIS experiments are evaluated after 20 cycles at 

the state discharge of 50 %. The Nyquist curves of TNTs 

and Nb2O5-TNTs and corresponding equivalent circuits 

are plotted in Fig. 6. The equivalent circuit for both TNTs 

and Nb2O5-TNTs consists of electrolyte resistance (Rs), 

constant phase element, charge transfer resistance (Rp), 

and Warburg impedance. Rs is measured to be 21 Ω for 

TNTs and 24 Ω for Nb2O5-TNTs. Differences in ohmic 

resistances are caused by separator and series 

connections. Moreover, Rp is calculated to be 680 Ω for 

Nb2O5-TNTs and 750 Ω for TNTs. Decrement of charge 

transfer resistance in Nb2O5-TNTs anode is due to 

pseudocapacitance charge storage. Furthermore, 

Warburg impedance is equal to 470 Ω for Nb2O5-TNT 

and 3400 Ω for TNTs. Increment of Warburg impedance 

in TNTs is followed by intercalation diffusion of lithium-

ion in lattice structure, whereas in Nb2O5-TNTs, the 

mechanism is surface-controlled. 

 
 

Figure 6. The Nyquist spectra with an equivalent circuit of 

TNTs and Nb2O5 

Fig 7. shows the surface of the Nb2O5-TNT composite 

after cycling. As can be seen, the surface of the electrode 

is covered by Solid-Electrolyte Interface (SEI). 

Moreover, the Nb2O5 nanoparticles are swelled due to 

surface capacitance. In addition, core of each TNT is 

filled by lithium compounds during Li+-ion intercalation. 

 

 

 

Figure 7. The surface characterization of the Nb2O5-TNT 

anode after cycling. 

 

 

4. CONCLUSION 
 

In summary, Nb2O5 nanoparticles were synthesized by 

sonochemical method and the average diameter of 41 nm 

to obtain desirable pseudocapacitive characteristics. 

Titania nanotubes with an external radius of 88 nm were 

successfully synthesized using the anodization process at 

20 V. The Nb2O5 nanoparticles were decorated on titania 

nanotubes via hydrothermal method. The 

electrochemical characteristics of Nb2O5-TNTs and 

TNTs were analyzed by cyclic voltammetry, 

galvanostatic charge/discharge tests, and EIS. The CV 

curve of titania nanotubes showed oxidation and 

reduction peaks at 2.16 and 1.66 V, respectively, being 

inconsistent with titania nanotubes studies. The CV curve 

of Nb2O5-TNTs anode revealed pseudocapacitive 

behavior with 60% capacitive storage at 20 mV/s. The 

initial charge and discharge areal capacities of TNTs at 

0.019 mA/cm2 were reported 0.045 mAh/cm2 and 0.018 

mAh/cm2, while the Nb2O5-TNTs composite showed the 

areal charge and discharge capacities of 0.167 mAh/cm2 

and 0.146 mAh/cm2 at 0.113 mA/cm2. Moreover, the 

charge transfer resistance in TNTs declined from 750 Ω 

to 680 Ω upon decoration by Nb2O5. 
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Owing to their high strength-to-weight ratio, aluminum-ceramic composites, are widely used in various 

industries. In this study, aluminum matrix composite was fabricated with only 2 wt% micron-sized SiC 

particles as the reinforcing phase using electromagnetic stir casting. Prior to mixing, the surface of SiC 
particles were chemically etched by HF, NaOH, and KOH at two heat treatment temperatures of 460 and 

510 °C for 30 min. The obtained results indicated better wettability and interaction between the etched SiC 

particles and Al matrix. In addition, etched SiC particle as a ceramic phase at 460 °C enhanced the 
mechanical properties of Al as a metal matrix, such as enhancing hardness and E about of 6.6 and 26.6%, 

respectively, mainly due to the increasing inhibition against movement of dislocation confirmed by the 

observed brittle behavior of fracture surface. 
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1. INTRODUCTION 
 

In the past few decades, numerous studies have 

investigated the production of low-cost, lightweight 

metal matrix composites. To this end, aluminum and its 

low-density alloys were used as matrix materials with 

several carbon and ceramic particles as the reinforcing 

materials [1-5]. Among metal matrix composites, 

Aluminum Metal Matrix Composites (AMMCs) have 

received significant attention in recent years. They are 

used in the aerospace (e.g., aircraft parts), automobiles 

and electronics industries, mainly due to their 

lightweight, low coefficient of Thermal Expansion 

                                                           
* Corresponding Author Email: arsouri@gmail.com (A. R. Souri), alishanaghi@gmail.com, a.shanaghi@malayeru.ac.ir (A. Shanaghi) 

           URL: https://www.acerp.ir/article_135650.html 

(CTE), good machinability and enhanced mechanical 

properties including 0.2% Yield Stress (YS), Ultimate 

Tensile Stress (UTS) and stiffness [6-13]. Metal Matrix 

Composites (MMCs) are the combinations of both metals 

(ductility and toughness) and ceramic properties 

(strength and high module). Among famous metal matrix 

composites, aluminum matrix composites along with 

reinforcing materials such as Al2O3, B4C, SiC and TiC 

improved their mechanical properties, and increased the 

strength-to- weight ratio. Development of SiC reinforced 

aluminum matrix composites has drawn considerable 

attention due to their lightweight, toughness, suitable 

elastic module, high erosion resistance, low thermal 
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expansion coefficient and variety of fabrication methods 

[14,15]. 

There are various composite processing methods, 

which can be used to make the composite such as die-

casting, stirrer casting, semi-solid formation, spray 

formation and powder metallurgy [10,16,17]. Among 

these methods, stirrer casting (vortex method) is 

commercially considered as a low-cost method for 

making AMMC, owing to its simplicity, flexibility, and 

application in high volume production. Among all 

available AMMC production routes, stirrer casting is the 

most cost-effective one that and allows industries to 

produce huge components. Generally, in order to obtain 

AMMC through casting, the following criteria should be 

taken into consideration: good chemical reaction between 

reinforcement and matrix alloy, low porosity in the found 

AMMCs, high wettability between reinforcement and 

matrix alloy, and uniform distribution of the 

reinforcement particles. Wettability and reactivity 

between the metal matrix and ceramic particles 

determine the quality of the bonding materials [18-25]. 

Two parameters, namely volume fraction and particle 

size of the reinforcing particles, can singinficantly affect 

the performance of reinforcing particles. Upon increasing 

the volume fraction particles, the strength increases due 

to more dislocation barriers; however, the ductility 

decreases, because the deformation is localized on a 

smaller volume of the plastic matrix, thus leading to its 

failure to deform [26]. 

In the stir casting process, the resulting vortex pulls 

reinforcing particles into the matrix, which the particles 

may cluster before entering the melt on the surface of the 

vortex and may be transferred to a relatively stagnant area 

and appear as a cluster in the casting structure [27]. 

Sharma et al. [28] used the optimization method to 

analyze the distribution index of ceramic particles in 

aluminum and the stirring casting parameters such as 

stirring speed, furnace temperature and preheating 

temperature were also examined using surface response 

method optimization. Suthar et al. [29] mentioned some 

cases such as porosity, wettability, chemical reactions 

and particle distribution. These problems were solved by 

optimizing the stirrer casting parameters. In addition, 

Sahu et al. [30] used gray relationship analysis to study 

processing parameters such as friction factors, load and 

aspect ratio in cold disturbance. Dutta et al. [31] 

evaluated the parameters of the agitator casting process 

to achieve effective reinforcing particles. It was observed 

that stirring time and processing temperature have 

important effects on mechanical properties (elastic 

modulus and inhibition) and microstructure of 

composites, and Kumar et al. [32] analyzed the 

mechanical behavior of metal matrix composites by 

changing the composition of the reinforcements. 

In this study, the metal matrix composite of Al A357 

alloy and micro-sized SiC particles was fabricated using 

magnetic stir casting. The main novelty of this article is 

related to improve wettability between the matrix and 

reinforcement particles, which the SiC powder was 

etched by NaOH-HF and KOH solutions for better 

wettability and distribution, thus enhancing uniform 

microstructure and mechanical properties of Al-SiC 

composite. To meet all of the mentioned criteria, the 

reaction between the metal matrix and ceramic phases is 

critical. In this regard, just 2 wt% SiC powder is used as 

the reinforcement phase because the machine cannot stir 

heavier weight well. However, obtaining uniform 

microstructure, low volume of defects and agglomerated 

ceramic particles, and high mechanical properties gains 

significance in fabricating metal matrix composites, 

evaluated systemically using XRD, SEM, and hardness 

and tensile tests. 
 
 

2. MATERIALS AND METHODS 
 

Table 1 presents the chemical composition of Al357, 

according to magnesium conatnied in this aluminum 

alloy contributes to the wettability and distribution of 

reinforcing particles. The SiC powder as a ceramic part 

with the particle size of 37-100 µm, was used for 

fabrication of metal matrix composite. To improve the 

wettability and proper distribution of SiC particles in the 

Al matrix in this study, chemical etching of SiC powder 

was conducted using HF, NaOH solution, and KOH 

powder based on the following instructions [23-25]: first, 

HF chemical etching was carried out using 10 g SiC 

powder in 10 mL HF for 2h at 40 °C; then the powder 

was filtered and placed in an oven at 100 °C for 2h. 

Second, the obtained powder was added to the stirred 

NaOH solution and dried at 100 °C for 2h. Third, SiC 

powder and KOH with the ratio of 70:30% were placed 

in an electric furnace (Azar furnace) at two different 

temperatures of 460 and 510 °C for 30 min. Then, the 

powders were taken out of the furnace, rinsed with 

distilled water until the pH reached the value of 7, and 

dried at room temperature (25 °C). 
 

TABLE 1. Chemical composition of Al 357 alloy (wt%) 

Ti Zn Mg Mn Cu Fe Si Al 

0.2 0.05 0.45-0.6 0.03 0.05 0.15 6.5-7.2 Bal. 

 

Firstly, the SiC particles were preheated to 80 °C to 

completely remove the moisture content, and then the 

SiC reinforcement particles were gradually added to 

molten alloy. In the casting stage, 2 wt% etched SiC 

powder and A357 alloy were placed in a fireclay crucible, 

in an electromagnetic furnace at a temperature of 780 °C, 

mixer current of 60 mA, and pressure of 8 mtorr (Figure 

1). The melting and mixing times were 45 and 30 

minutes, respectively, and the casting temperature was 

690 °C; then, the molten was poured into the mold to 

make the sample for analysis.  
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The phase, structure, chemical composition, and 

microstructure of the coatings were determined by X-Ray 

Diffraction (XRD; Philips PW-1800 X-ray 

diffractometer; Cu Kα λ = 0.154056 nm), Scanning 

Electron Microscopy (VEGA\\TESCAN-XMU), and 

Energy-Dispersive X-ray Spectroscopy (EDS). In 

addition, hardness test was carried out using D1A 

InstronWol Pert under 62.5 lb in the 20s, and tensile test 

was done using STM-20, where the samples were 

fabricated according to ASTM E8. 

 

Figure 1. A schematic of the electromagnetic stir casting 

 
 

3. RESULTS AND DISCUSSION 
 

According to the XRD patterns of green SiC powder, 

and etched SiC powder to two temperatures of 460 °C 

and 510 °C in Figure 2, according to the JCPDS card No. 

29-1129, all the major peaks belong to SiC with silicon 

carbide and moissanite structure. Here, the XRD of 

etched SiC powders indicate some peaks of SiC were 

disappeared, and changed into SiO2 with a quartz 

structure at 66.47° and 76.38°, and confirm the etching 

process led to change the phase surface properties of SiC 

powders, for enhancing wettability and interaction 

between ceramics powder and metal matrix [33,34]. 
 

 
 

 

Figure 2. XRD patterns of unetched SiC, etched SiC at 460 and 

510 °C 

Figure 3 depicts the Back-Scattered Electrons (BSE) 

images of Al357, Al- un-etched SiC metal matrix 

composite (AS), and Al-etched SiC metal matrix 

composite at two different heat treatment temperatures in 

the etching process. The BSE images indicate that the 

wettability between the un-etched SiC powder and Al 

melting is not suitable and the particles still exist on the 

sample surface (Figure 3c and d). However, the etching 

of SiC powder causes accumulation of SiC particles in 

some parts of the Al- etched SiC composite, hence good 

distribution of SiC particles on the samples, etched at 460 

°C rather than 510 °C. These microstructural properties 

of Al-etched SiC composite are in agreement with the 

results of obtained by Amirkhanlou et al. [33], Song [16] 

and El-Sabbagh et al. [17]. Figure 4 presents the 

secondary electron image of the sample etched at 460 °C 

to provide a better understanding of the surface of Al- 

etched SiC composite, demonstaring the proper reaction 

and relation interface between SiC particle and Al matrix, 

that includs more than 90% Al with silicon, magnesium 

and iron, respectively for particle B, which was placed 

next to the particle A. Part C, which is marked in white, 

presents the Al-Fe-Si phase. 

Table 2 summarizes the mechanical properties of the 

samples, determined by tensile tests. The obtianed results 

indicated that some defects such as pores and holes could 

be eliminated through Ultimate Tensile Strength (UTS). 

The ultimate strength of thesamples etched for 30 min at 

460 °C was higher than that of other samples, which heat 

treated at 510 °C. However, all the strength values were 

lower than those of the Al- unetched SiC composite. Such 

a low strength value would cause defects such as cavities 

and pores on the surface of the samples; this finding is in 

agreemnet with the results obtained by Lioyd et al. [15] 

and Balaji et al. [34]. Actually, understanding of the mam 

sources of the porosity could be helpful in avoiding or 

decreasing porosity and defect of casting. In general 

porosity arises from three causes, firstly, gas entrapment 

during stirring, secondly, hydrogen evolution, and 

finally, shrinkage during solidification. However, the 

better interface reaction between the Al matrix and 

etched SiC at 460 °C, could cause more shrinkage during 

solidification and hydrogen evolution [35], which need 

more detailed research about this phenomenon. In 

addition, the hardness of Al- unetched SiC composite is 

56.8 BHN, which is similar to Al 357. However, the 

etching process can enhance the hardness of Al- etched 

SiC composite, which can be related to much wettability 

and the interaction between SiC particle and Al matrix. 

This result indicates a 12% increase in hardness by 

adding the SiC particles from 0 to 5%. Of note the 

maximum E belongs to Al- etched SiC composite heat-

treated at 460 °C. Totally, the obtanied results confirmed 

that the etching SiC particle at 460 °C exhibits better 

mechanical properties than other samples. 

12        

https://doi.org/10.30501/ACP.2021.289601.1066


 A. R. Souri et al. / Advanced Ceramics Progress: Vol. 7, No. 2, (Spring 2021) 10-15  

 

TABLE 2. Mechanical properties such as Ultimate Tensile 

Strength, Brinell Hardness and Young’s Modulus values of Al 

357, Al- unetched SiC composite (AS), and heat treated Al-

etched SiC composite at 460 °C and 510 °C 

510 °C 460 °C AS Al 357 Mechanical test 

181.06 191.35 201.37 181.4 
Ultimate Tensile 

Strength (MPa) 

61.1 60.54 56.8 56.8 
Brinell Hardness 

(BHN) 

13.064 15.912 12.570 14.907 
Young’s modules 

(MPa) 

 

 

Figure 3. BSE image of, a) Al 357 b) Al-un-etched SiC 

composite, and heat treated Al- etched SiC composite at  

c) 460 °C, and d) 510 °C 

 

 

Figure 4. SEM image and EDX results of heat treated  

Al- etched SiC composite at 460 °C 

In order to better study the mechanical behavior of Al- 

SiC composite, the fracture surface of samples after 

tensile test were observed through the SEM image 

(Figure 5). Obviously, the Al- etched SiC composite, 

heat-treated at 460 °C, exhibits brittle behavior compared 

to other samples, mainly due to more distribution of 

etched SiC particles in the Al matrix. In fact, SiC as a 

ceramic phase enhances the mechanical properties of Al 

as a metal matrix due to increased inhibition against the 

movement of dislocation. This finding is consistent with 

the results of such researches as Dong et al. [26], Cioffi 

et al. [36] and Li et al. [37]. 

 

 

Figure 5. SEM images from the fracture surfaces of,  

a) Al 357 b) Al-unetched SiC composite, and heat treated Al- 

etched SiC composite at c) 460 °C, and d) 510 °C 

 

 

4. CONCLUSION 
 

In this study, micron-sized SiC particles were 

incorporated into a melt of pure aluminum using etching 

particles in HF, NaOH Solution and KOH powder to 

improve the wettability and interaction between SiC and 

Al matrices and fabricate aluminum matrix composite 

due to changes in the phase surface properties of SiC 

powders to SiO2 phase, as well as good distribution of 

SiC particles at heat treatment temperature of 460 °C. 

According to the finding, the ultimate strength of samples 

etched for 30 min at 460 °C is higher compared to other 

samples, heat treated at 510 °C, and etched SiC particle 

as a ceramic phase at 460 °C enhanced the mechanical 

properties of Al as a metal matrix (enhancing hardness 

and E about 6.6 and 26.6%, respectively), due to 

increased inhibition against movement of dislocation. 

The fracture surface of the Al- etched SiC composite is 

heat treated at 460 °C, exhibits brittle behavior rather 
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than other samples, that can be related to more 

distribution etched SiC particles in the Al matrix. 
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Fused silica ceramics are widely used in electronics and aerospace industries. In the present study, 70 µm 

of fused silica powder was milled to 10 µm through fast milling. The appropriate slurry was prepared for 

slip casting with the powder-to-water ratio of 80:20. After drying the specimens, the samples were sintered 
at different temperatures of 1100 °C to 1400 °C. The density increased upon increasing the temperature 

from 1.79 to 1.98 g/cm3. The phase transformation of the samples was investigated using XRD. The 

structure of the samples was analyzed using FTIR, and their microstructure was examined using a Field 
Emission Scanning Electron Microscope (FESEM). The bending strength of the samples was measured 

using the three-point method. According to the results, the cristobalite phase increased upon increasing the 

sintering temperature. The best flexural strength value (48.7 MPa) was obtained for the sample sintered at 
1300 °C. The dielectric constants of the fused silica ceramics were about 3-3.8 in the frequency range of 8 

to 12 GHz.  
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1. INTRODUCTION 
 

Fused silica ceramics are among the most widely used 

materials in aerospace [1], laser interferometric [2], anti-

reflective coating [3], investment casting [4], and 

capillary sensors [5]. Fused silica, also known as fused 

quartz, is a silica glass in an amorphous or non-crystalline 

form with no other additional components. Its main 

characteristics are low thermal expansion coefficient 

(0.54×10-6 /°C, 0-800 °C) [6], good corrosion resistance, 

and low dielectric constant (3-4 at 25-1000 °C), making 

it an attractive material [7–9]. 

                                                           
* Corresponding Author Email: f-soleimani@merc.ac.ir (F. Soleimani) https://www.acerp.ir/article_135651.html 

One of the conventional methods for shaping fused 

silica ceramics is slip casting. Slip-cast fused silica is 

used to make radomes and heat shield for space rockets 

[10].  

A key point about obtaining homogeneous and dense 

green bodies with uniform pore size distribution through 

the slip casting method is achieving a well-dispersed 

slurry with an appropriate particle size. Particles of 5 µm 

in diameter are commonly used to achieve a good 

mechanical strength [11]. The medium is usually water 

[12]; however, alcohol or methanol can also be used [13]. 

One of the main drawbacks of fused silica ceramics is 

their low flexural strength. As observed, the existence 
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and value of some Silica polymorph play a major role in 

the mechanical strength. The three main silica 

polymorphs are quartz, cristobalite, and tridymite 

[14,15]. Some phase transformations are diffusionless, 

such as β-cristobalite to α-cristobalite, meaning that the 

bonds do not break. Moreover, this transformation can 

destroy the structural integrity of the material due to 

volume change. The other phase transformations for 

fused silica, such as quartz to cristobalite, are 

reconstructive that tend to break bonds and reform during 

the transformation [16,17]. 

Researchers have found that conversion of amorphous 

fused silica to cristobalite is considered a disadvantage in 

their application. To be specific, based on the the 

literature, decrease in the bending strength during the 

transformation of fused silica to cristobalite is the main 

problem. The cubic beta crystallite is converted to alpha 

with a tetragonal structure. This phase change occurs at 

about 300 °C at a relative volume change value of 5%, 

which is the main reason for the formation of microcracks 

[18]. 

Some preliminary studies were conducted in early 

2000 by which several researchers demonstrated the 

effect of incorporating small fused silica particles to the 

main powders while making fused silica ceramics [19]. 

They claimed that incorporation of some fine particles to 

the slurry increased the yield stress that seemed to be a 

reliable innovative approach to the enhancement of yield 

stress. 

In 2016, Liu et al. [3] investigated the effect of 

sintering temperature on phases, microstructure, and 

properties of fused silica [8]. Duan et al. [7] added boron 

nitride to reinforced fused silica composites prepared by 

Hot Press (HP) at different sintering temperatures. The 

best dielectric results were obtained at a sintering 

temperature of 1350 °C, thus regarding fused silica as a 

high-temperature electromagnetic wave transparent 

material. 

In the present study, the effects of sintering 

temperature on the density, flexural strength, and 

dielectric properties of fused silica ceramics were 

reported. Further, the amount of the cristobalite phase 

and its effects on the mechanical strength of the sintered 

fused ceramics were reported.  

 

 

2. MATERIALS AND METHODS 
 

The fused silica powder used in this experiment was 

purchased from the Lianyungang Hantian International 

Factory in China, with 99.9% purity. Table 1 presents the 

chemical composition of the raw material. Particle size 

analysis (PSA-FRITSCH) was carried out to measure the 

particle size. The fast mill at a speed of 120 rpm was 

employed to mill the fused silica powder. Alumina balls 

with 98% purity were also used for milling and mixing. 

 

TABLE 1. The chemical composition of fused silica raw 

material 

Composition Purity% 

SiO2 99.9 % 

Fe2O3 50 ppm 

Al2O3 100 ppm 

K2O 42 ppm 

TiO2 17 ppm 

MnO 15 ppm 

P2O5 10 ppm 

 

 

In order to prepare the sample, the weight percentage 

ratios of solid powders to water were claculated as 70:30, 

80:20, and 90:10%. All the slurries were fast-milled for 

40 h for more homogenization and mixing. After 40 h of 

milling, the prepared slurry passed through a 300 mesh 

sieve. Then, casting was conducted inside gypsum molds. 

The cast specimens were dried in an electric oven at 50 

°C for 24 h.  

After slip casting the specimens, micro cracks 

appeared in some cases. The sintering process was 

performed on the crack-free specimens. The sintering of 

the dried bodies was conducted at 1100, 1200, 1300, and 

1400 °C. The holding time at sintering temperatures was 

2 h and the heating rate was 5 °C/min. 

The bulk density (ρ) and apparent porosity of the 

sintered samples were measured based on Archimedes 

method (ASTM F 417). The bending strength was 

measured under static, monotonic, three-point bending 

conditions at room temperature with the lower span of 20 

mm and displacement rate of 0.5 mm/min. [20]. For this 

purpose, the specimens were cut in cubic segments with 

the dimensions of 20×28.6×1 mm and then, they were 

ground and polished by alumina abrasive powder.  

The phase composition of the samples was determined 

by X-Ray Diffraction (XRD; Philips Xpert MPD Co., 

Ltd) using Cu Kα radiation (λ = 1.5406 Å), and their 

microstructures were observed through field Smission 

Dcanning Electron Microscopy (FE-SEM; TESCAN 

MIRA3). The dimensions of specimens were 10×10 mm 

with thickness of 5 mm. The samples were cut, polished, 

and etched in a 5% volumetric solution of hydrofluoric 

acid for 10 seconds. 

The cristobalite content in the sintered samples was 

measured by the semi-quantitative method according to 

the XRD results [21] obtained from the X’Pert software. 

The crystalline phase values of cristobalite were 

calculated by measuring the intensity of the crystalline 

peaks relative to the 100% amorphous sample. 

The structural analysis of the samples was carried out 

using the FTIR method. The samples were first powdered 

and then mixed with KBr at a ratio of 1:100; finally, the 

FTIR spectra were obtained.  

The dielectric properties (dielectric permittivity and 

loss tangent) of the samples were determined by a VNA 
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(Keysight 5063A). The method of analysis was 

consistent with the waveguide method and performed in 

the range of the X-band [22]. 

 

 

3. RESULTS AND DISCUSSION 
 

Figure 1 displays the particle size change after milling. 

Almost 90% of the particles were <8 microns after 40h 

of milling. Evidently, the milling process was good 

enough. In the batches, the 90:10 powder-to-water 

sample had very high viscosity and could not be slip cast. 

On the contrary, the slurry of 70:30 had very low 

viscosity and was not appropriate for slip casting. 

Therefore, the 80:20 sample was chosen for the rest of 

the experiments. After slip casting, it was dried and 

sintered at different temperatures. To assess the 

effectiveness of the sintering process, first, the sample 

densities were measured. According to the results 

obtained from the density measurement of the samples 

using the Archimedes method, upon increasing the 

temperature, the density of the specimens increased 

(Table 2). This process stopped in S28 sample and 

density reached its maximum value of 1.98 g/cm3. 

 
TABLE 2. Densities and apparent porosity of the samples 

Sintering 

Temperature 

(°C) 

Apparent Porosity 

(%) 

Density 

(g/cm3) 

Sample 

Code 

1100 26±0.1 1.79±0.05 S22 

1200 22±0.2 1.96±0.05 S24 

1300 18±0.1 1.98±0.05 S26 

1400 17±0.1 1.98±0.05 S28 

 

 

 
 

Figure 1. Particle size distribution of the primary powders 

before a) No milling, and after a different period of milling 

times: b) 20h milling, c) 40h milling, and d) Particle size 

change with milling time 

Figure 2 depicts the diagram of porosity vs. bulk 

density. According to Figure 2, there is an inverse 

relationship between the temperature and apparent 

porosity. One of the reasons for the difference between 

the apparent porosity and bulk density is the phase 

transformation from amorphous SiO2 to a cristobalite 

structure in the ceramic. To be specific, while the density 

of cristobalite is about 2.33 g/cm3, it is about 2.2 g/cm3 

for silica glass. As a result, an increase in the density is 

due to not only porosity elimination but cristobalite 

crystallization, partly [23].  

 

 
 

Figure 2. Relation between Bulk density, temperature, and 

apparent porosity in fused silica ceramics 

 

 

Figure 3 depicts the images of the microstructures. 

According to the FESEM images in this figure, the 

interconnection between particles increases upon 

increasing the temperature. According to the FESEM 

images, upon increasing the sintering temperature, 

porosity decreases and grain sizes increase. Removing 

the porosity improves the dielectric constant if the 

cristobalite phase content is not too high. Figure 3 

illustrates the formation of numerous cracks on the 

surface of grains in the S28 slip-cast fused silica ceramic 

sample. The cristobalite transformation phases usually 

begin from the surface of grains due to the higher heat 

absorption from their free surface. With an increase in the 

temperature from 1300 °C to 1400 °C, the grain size of 

particles increased and unreacted cristobalite rised. The 

volume changes in cristobalite after cooling at 300 °C 

form numerous cracks on the surface of grains, thus 

affecting the mechanical strength of the ceramics [24]. 

Whereas β-cristobalite has a cubic arrangement, α is 

tetragonal. The β-structure is transformed to the 

collapsed α structure at the ≈300 °C cooling temperature, 

hence occurrence of approximately a 3.2% volume 

reduction. The temperature of the ∝↔ 𝛽 inversion in 

cristobalite is changeable which depends on the other 

components and crystal structure of the material.  
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Figure 3. FESEM images of the sintered fused silica: a) S22, b) 

S24, c) S26, and d) S28 samples 
 

 

Figure 4 shows the XRD diagram of fused silica 

ceramics. In this figure, the first peak with a higher 

intensity is observed at 21°, and the next two peaks with 

lower intensities were identified at 26° and 35°. The 

peaks at 21°, 26°, and 35° belong to the cristobalite 

phase. Cristobalite crystals are cubic in form with the 

chemical formula of Si8O16. Furthermore, upon 

increasing the temperature, the formation of the 

cristobalite phase begins. Evidently, no crystalline phases 

are observed in the samples (S22) and (S24) at 1100 °C 

and 1200 °C, repsectively. At 1300 °C (S26), those weak 

peaks belonging to the crystalline phase of cristobalite 

are observed. In the next sample, at 1400 °C (S28), the 

crystals grew more. At this temperature, the highest 

amount of cristobalite crystal growth is observed, as 

shown in Figure 4. The cristobalite crystals formed at the 

end of the sintering operation were converted from beta-

cristobalite to alpha-cristobalite in the temperature range 

of 200 to 270 °C. In general, cristobalite can be divided 

into three categories in terms of weight: low (1-20%), 

medium (20-80%), and high (80-100%) [23]. Here, the 

sample (S28) with 38 wt% cristobalite phase content had 

the highest crystallization value among the sintered fused 

silica samples. Moreover, samples (S22) and (S26) with 

a crystalline phase value of < 5 wt% had the lowest value. 

The S24 sample contained 13 wt% of the cristobalite 

crystalline phase.  

Figure 5 displays the FTIR diagrams. This analysis 

comprises a co MParison of the unsintered fused silica 

powder and sintered sample at 1400 °C. The sharp peaks 

in the diagrams are observed at 474, 796, 1100, 1400, 

1634, 3130, and 3430. The peaks of 3000 and above 

belong to water and O-H bonds.  

Figure 4. XRD analysis of fused silica samples, sintered at 

different temperatures 
 

 

 

Figure 5. The FTIR analysis of fused silica powder and the 

sintered fused silica specimen at 1400 °C 

 

 

 

Table 3 presents the results from the characterization 

of these peaks. The absorption peaks observed in the 

range of 800 cm-1 and 1080 cm-1 are related to Si-O 

vibrations in silica and those at 474 cm-1 to Si-O 

vibrations in cristobalite [14,25]. Vibrations at 1100cm-1 

are the main structure of silica (Si-O-Si). In addition to 

these bond vibrations, impurities are observed in the 

spectroscopic diagram shown in Table 1, having smaller 

peaks than the original peaks. As shown in Figure 5, the 

peak of 564 cm-1 is not present in the original powder 

sample, and the intensity of the peaks is different in the 

diagrams. 

The Si-O bond has a small bond length (0.162 nm) 

compared to the covalent radii of silicon and oxygen 
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(0.191 nm), which corresponds to the relatively high 

stability of the siloxane bond. 

 

 
TABLE 3. Peaks and the type of the related bond in the FTIR 

analysis 

Peak 

(cm-1) 
Bond 

474 Si-O bond in cristobalite 

621 Si-O bond in cristobalite 

797 Si-O 

860 Si-OH 

1100 Si-O-Si 

1400 (Cristobalite) Si-O 

3129, 3429 OH Bond 

 

 

Figure 6 depicts the fracture strength diagrams of the 

specimens. All the specimens show brittle fracture [26]. 

The highest value of the fracture strength belongs to the 

sample (S26), which is about 49 MPa. As the sintering 

temperature increased to 1400 °C, the strength decreased. 

Due to the low sintering temperature, sample (S22) did 

not exhibit a good sintering behavior and, based on its 

density (1.79), it can be concluded that it has a high 

volume of porosities which reduced its mechanical 

strength. The maximum mechanical strength of this 

sample was 6.76 MPa. With an increase in the 

temperature to 1400 °C, the growth of the crystalline 

phase of cristobalite stopped, the volume change 

increased, and more microcracks appeared. Finally, due 

to the high sintering temperature and excessive growth of 

the cristobalite phase, the strength of fused silica ceramic 

after sintering at 1400 °C significantly decreased and 

reached 14.2 MPa. 

 

 

 

Figure 6. The bending strength of sintered fused silica 

specimens in the temperature range of a)1100 , b) 1200, c)1300, 

and d) 1400 °C 

 

Figure 7 depicts the dielectric measurement results of 

the sintered samples. The dielectric constant of sample 

(S26) in the X-band range was 3.6, which was in 

agreement with the results of other studies. Evidently, 

samples (S24) and (S26) had the minimum noise 

dielectric changes. The presence of microcracks and 

porosities reduced the dielectric constant. Further, much 

noise was observed in sample (S22) due to the low 

density and high volume of porosities and voids. 

Furthermore, the low sintering temperature and less 

crystallized phase of cristobalite reduced the dielectric 

constant. 

As the temperature increased, the density and porosity 

increased and decreased, respectively. Reduction of 

porosity improved the dielectric constant and eliminated 

noise; hence, the lowest noise was observed in samples 

(S24) and (S26). Upon increasing the temperature from 

1200 °C to 1300 °C, the dielectric constant increased 

from 3.2 to 3.6. 
 

 

Figure 7. Dielectric constant of the samples in range of 8 to 

12 GHz 

 

 
Figure 8 shows the relationship between temperature 

and dielectric constant. With a rise in the temperature 

from 1100 to 1400 °C, the dielectric constant also 

increased. It seems that the formation of cristobalite 

caused an increase in the dielectric constant due to the 

formation of a more regular long-range structure than the 

amorphous phase of fused silica. The dielectric constant 

(εr) and dielectric loss increased upon increasing the 

grain size [27]. 

 

 

4. CONCLUSION 
 

Fused silica ceramics with high density and good 

mechanical  strength  were  prepared  in  this  study.  The  
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Figure 8. The relationship between dielectric and densities of 

the samples at the range of 1100-1400 °C 

 

 
proper ratio of powder to water content in the slurry was 

80:20 for good slip casing. The samples were sintered at 

the temperatures of 1100 to 1400 °C. It was found out 

that upon increasing the sintering temperature, the 

mechanical strength would decrease. The phase 

composition was studied, whose results revealed that 

cristobalite content would increase upon increasing the 

sintering temperature. The best mechanical strength and 

dielectric constant belonged to the sample of 1300 °C. 

The dielectric value of it was 3.6.  
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In ceramic additive manufacturing, it is important to fabricate parts with high solid contents to guarantee 
defect-free sintered parts. In stereolithography, low viscosity and especially shear-thinning behavior of the 

ink are the key factors in producing ceramic-resin parts. Therefore, there should be a correlation between 
solid loading and viscosity. In this study, Alumina-glass inks were printed using bottom-up and top-down 

approaches, and the rheological properties were investigated. The main objective of this study was to print 

a highly filled ceramic-resin part with a viscosity suitable for DLP printing. While use of suspensions with 
low viscosity was recommended for top-down digital light processing (DLP) printing, a new setup was 

designed to study the feasibility of the top-down approach for pastes for the top-down approach. According 

to the findings, ceramic-resin pastes with the solid content of maximum 75 wt% and viscosity of 47.64 Pa.s 
at the shear rate of 30 s-1 were easily printable via our hand-made top-down DLP printer. However, it was 

not possible to print inks with solid contents more than 60 wt% using the bottom-up DLP, mainly because 

the detachment force grew dramatically with an increase in viscosity. 
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1. INTRODUCTION 
 

Additive manufacturing is best known as an alternate 

shaping method for ceramics that ovecomes several 

problems in conventional shaping methods. In additively 

manufactured ceramic parts, the design of molds for 

complex-shaped structures is rejected and often, there is 

no need for mechanical process for sintered ceramic 

parts. Moreover, additive manufacturing provides 

fabrication of complex geometrical shapes with high 

dimensional accuracy [1,2]. In stereolithography, 

functioning based on the photopolymerization of the 

resin, the ceramic parts are formed by solidifying the 
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ceramic-resin suspension. In each layer, the suspension 

is exposed to UV light according to a 3D pattern and 

photocurbale resin is polymerized for making a solidified 

layer. Finally, solidified layers consistute the final 

ceramic-resin part. In stereolithography, there is another 

method for printing called digital light processing (DLP) 

in which the laser light source is replaced by a UV 

projector, and each layer is cured all at once [3–5]. 

Depending on the light source position, 

stereolithography process is categorized into two 

approaches. The light source can be positioned either on 

the top (top-down approach) or at the bottom (bottom-up 

approach) of the suspension vat [6]. The bottom-up 
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approach is beneficial due to the higher resolution of the 

ceramic parts; however, the detachment force applied to 

each layer is its main disadvantage, which causes 

deformation and increases the possibility of removing the 

sample from the build plate. In top-down, there is no need 

for any detachment force, since the light is exposed from 

the top. On the contrary, the layer thickness control is one 

of the challenging issues in the top-down approach which 

highly affects the resolution of the printed parts. 

Therefore, for top-down DLP printers, low-viscosity 

suspensions are recommended [7,8]. Generally, in DLP 

printing, self-levelling property is of singinificance in 

fabricating ceramic parts with minimized defects. As 

reported previously, ceramic suspensions suitable for 

stereolithography should have viscosities about <5 Pa.s 

with a shear rate of 30 s-1 and a non-Newtonian shear-

thinning behavior [9]. In sintering, however, high solid-

filled parts are required to develop a part with the lowest 

shrinkage and deformation, simultaneously characterized 

by acceptable mechanical properties [10]. Generally, the 

minimum solid loading is recommended to be 50 vol% to 

avoid further problems in sintering [11–14]. High solid 

loadings increase the viscosities and intensify the light 

scattering effect, both making the stereolithography 

process difficult. Therefore, the rheological properties 

and printability should be optimized for ceramic printing. 

Printing pastes with high viscosities can also be a 

solution to the aforementioned problems [14–16]. 

The present study uses a simple top-down DLP 

printing setup and high-viscosity paste for 3D print 

alumina parts. The effect of alumina solid load on 

rheology and printability of samples is also evaluated. 

Moreover, the thickness of the printing layer and curing 

time are changed to obtain the best green strength and 

interlayer bonding. 

 

 
2. MATERIALS AND METHODS 
 
2.1. Ink Preparation And DLP Printing 

As initial ceramic powder, Alumina-glass mixture was 

produced by fast-milling of 70 g α-Alumina powder 

(d90=5 μm and 99.99% purity) and 30 g soda-lime glass 

frit for 10 minutes and then, sieving by 270 meshes. The 

printable inks were prepared by mixing Alumina-glass 

powder with methacrylate-based photocurbale resin 

(Maan Polymer), as illustrated in Table 1. In order to 

prepare the inks, mechanical homogenizer (10,000 rpm 

speed) was used for the suspensions (H50 and H60) and 

for the pastes (U70 and U75). The resin and ceramic 

powder were firstly mixed mechanically and then, they 

were put in ultrasonic bath for two minutes to ensure the 

homogeneous preparation of the paste.  

The suspensions were printed using Parsa 3D bottom-

up DLP Printer with Vivitek 4000 Lumen projector. To 

print the pastes, a hand-made top-down DLP setup was 

designed with a UV projector light source (365 nm 

wavelength), and the printing pattern was changed to a 

cylinder as a simple pattern so that the feasibility of the 

top-down approach to paste printing could be examined. 

The curing time and the layer thickness were considered 

constant for both approaches, as shown in Table 1. The 

schematic of DLP printer approaches is shown in Figure 

1. 

 

TABLE 1. Alumina-resin printable inks’ properties 

Label 

Powder Curing 

Time 

(s) 

Layer 

Thickness 

(μm) 

Printing 

Approach 
wt% vol% 

H50 50 23 2.3 30 Bottom-up 

H60 60 31 2.3 30 Bottom-up 

U70 70 42 45 200 Top-down 

U75 75 48 45 200 Top-down 

 

 
Figure 1. Schematic of DLP 3D printer approaches; a) 

bottom-up and b) top-down [7] 

 

 

2.2. Characterization 
The rheological properties of the inks were measured 

at room temperature using MCR301 and (Anton Parr, 

Austria) rheometer at shear rates of 0.1 to 1000 s−1.  

 
2.3. Sintering 

Sintering was done in two steps. First, the ceramic-

resin samples were heated to 400 °C at a rate of 5 °C/min 

and maintained for one hour for resin burn-out. Then, the 

samples were heated up to 1400 °C at a rate of 10 °C/min 

and sintered for 1.5 hours. The microstructure of the 

sintered samples was observed through scanning electron 

microscopy (Tescan, Czech Republic) images. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Rheological Properties 

Figure 2 shows the viscosity of the printable inks. Upon 

increasing the solid content from 50 wt% to 75 wt%, the 
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viscosity of the inks would significantly increase, varying 

from 0.52 to 47.64 Pa.s at a shear rate of 30 s-1. In addion, 

upon increasing the solid content to 70 wt%, the pastes 

exhibited different behaviors at low and high shear rates. 

In H50 and H60, the viscosity of suspensions gradually 

decreased with an increase in the shear rate, exhibiting a 

shear-thinning behavior. Viscosity would also decrease 

due to the presence of agglomerates, broken down by the 

shear stress, thus allowing the suspension to flow. 

Further, as observed, the shear-thinning behavior was 

attentuated and the viscosity became more stable as the 

shear rate increased, indicating the reconstruction of the 

suspension structures damaged at lower shear rates. 

However, H60 as the more viscose suspension has a 

viscosity of 1.45 Pa.s at a shear rate of 30 s-1, 

characterized by suitable rheological behavior and 

acceptable viscosity for DLP printing [9,17,18]. 

For pastes, U70 and U75 exhibit shear-thickening 

behavior at low shear rates due to high solid loading and 

steric repulsion of the Alumina particles. In other words, 

the particls formed a 3D structure in which the paste 

resisted flowing. Of note, the rheological behavior 

changes to shear-thinning beahavior as the shear rate 

increases. This can be attributed to the destruction of the 

3D structures. In fact, the newly formed 2D structures 

increase the flowability as the shear rate increases [19]. 

As observed in both pastes, the viscosity dropped down 

drastically at a shear rate of 100 s-1. In other words, the 

paste is formed at this shear rate, thus helping a paddle 

spread the viscose paste by applying an appropriate force 

easily to form new layer. When removing the force, an 

increase in viscosity makes the layer stand still during the 

photocuring [8,15,20]. 

 

 

Figure 2. Viscosity variations of the inks; H50 and H60 

exhibiting shear-thininng behavior, U70 and U75 showing 

shear-thickening and shear-thining behavior at low and high 

shear rates, respectively 

 

3.2. DLP Printing 
Figure 3a shows the H50 and H60 printed samples 

using the bottom-up DLP approach. In this approach, 

however, adhesion of the first layer was the main 

difficulty. As shown in Figure 3, H50 and H60 

suspensions were printed with relatively high 

dimensional accuracy and layer thickness of 30 μm. It 

was not possible to print inks containing solid contents 

more than 60 wt% as the viscosity increased and 

exceeded the recommended viscosity range for DLP 

printing [21] (see Figure 2). Consequently, high viscosity 

and weakened self-flowing ability of the pastes made the 

bottom-up DLP process almost impossible due to the 

high detachment force required for each layer. The 

bottom-up DLP enjoys many advantages such as 

flexibility in layer thickness, high resolution, and surface 

quality, hence no detachment force is required. On the 

contrary, the top-down DLP is an interesting approach 

used in DLP printer [7,22]. In addition, in the top-down 

approach, the application of low viscosity suspension is 

recommended due to the difficulties in thickness control 

and spreading thin layers, hence making it a time-

consuming process [8]. In the present study, printing of 

the pastes was made possible by applying the top-down 

DLP approach. In other words, the top-down setup 

designed in this study was totally appropriate for the 

printing pastes. Figure 3b shows the samples printed by 

the top-down approach. Accordingly, U70 and U75 

Alumina-glass pastes were printed with an optimized 

layer thickness of 200 μm using this approach. By 

applying the top-down approach, the thickness of this 

layer increased up to 200 μm while maintaining 

acceptable dimensional accuracy. The thickness of this 

layer is significantly greater in value than that in studies 

that have previously targeted top-down approaches and 

printing pastes with high solid loadings [15,23,24]. 

In addition, the curing time reached 45 s since in the 

top-down approach, the photosensitive paste is directly in 

contact with oxygen which delays the 

photopolymerization [7]. In fact, besides the advantage 

of high solid print in the top-down approach, higher 

exposure time and lack of constant layer thickness are 

referred to as disadvantages, which reduce the printing 

accuracy and increase the printing duration, respectively. 

Moreover, it is mentioned that in the top-down approach, 

much more amount of ink is usually needed than that in 

the bottom-up approach [6,7]; however, the setup 

designed in this study requires a small amount of ink 

preparation. About five g of paste is printed on a cylinder 

with a diameter of about 1.4 mm and height of 5 mm, as 

shown in Figure 3. Hence, the material waste is 

minimized. 

According to the findings, in case the powder amount 

increases to more than 75 wt%, the powder and resin do 

not mix well and the excess powder will remain unmixed 

and agglomerated, which indicates a saturation point in 

75 wt% solid content for the methacrylate-based resin 

used in this work. This amount of solid content is equal 

to 48 vol%, which can be considered an acceptable solid 

load for sintering to obtain fully dense parts [4,25]. 
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Therefore, the top-down approach to DLP printing can be 

employed as a method for developing high-filled 

ceramic-resin composites. 

 

3.3. Sintering 
The printed samples containing 70 and 75 wt% 

Alumina-resin, with the highest solid loadings, were 

sintered at 1400 °C. Figure 4 shows the microstructure of 

the 70 wt% sample. As expected, due to the existence of 

glass powder in the composition and high solid content, 

the sample with 75 wt% was fully densified at 1400 °C, 

resulting in 97% relative density, 2% open porosity, and 

1.3% shrinkage. 

 

 

Figure 3. Printed samples via a) top-down and b) bottom-up 

approaches 
 

 

Figure 4. Cross-sectional SEM image of 70 wt% sample 

printed via top-down approach and sintered at 1400 °C 
 

 

4. CONCLUSION 

 
In this study, investigation of solid content and its 

effect on rheology indicated that the bottom-up DLP 

printer was suitable for the printing of the Alumina-glass 

suspensions containing maximum 60 wt% solid. As the 

solid content increased and the suspensions were 

converted to pastes, the bottom-up DLP printing was not 

doable since the detachment force highly increased. 

However, by employing our hand-made top-down DLP 

setup, the high-solid loading pastes were printable. 

Despite the recommendations about low viscosity in top-

down approach, we were able to print highly-filled 

Alumina-glass samples with acceptable dimensional 

accuracy and high layer thickness and without any 

material waste. 
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Flexible and printed electronics have been widely applied due to their low cost, scalability in 

manufacturing, and usability in biosensors as well as wearable electronics. However, there are some 

limitations on fabrication of these devices including thermal limitations. Thermal constraints are of 
significance since ion implantation at high temperatures is one of the most important stages of fabrication; 

therefore, despite these limitations, fabrication of flexible BJT is practically impossible through 

conventional methods. In this study, copper oxide was used for the collector and emitter area of Double 
Heterojunction Bipolar Transistor (DHBT) due to the low-temperature deposition of copper oxide through 

the printing method, and the ability to adjust the doping according to the deposition conditions. DC and 

high-frequency specifications of two transistors with PNP and NPN structures were simulated using two-
dimensional semiconductor simulator atlas module of SILVACO software. 
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1. INTRODUCTION 
 

Flexible and printed electronics are of great importance 

in manufacturing and development of wearable devices 

[1-6], large solar cells [7-11], touch screens [12-13], and 

implantable circuits [14-15]. Several characteristics of 

these electronics have led to their development and wide 

applicability such as their ability to bend, non-breakable 

features, manufacturable roll-to-roll, and a large area. In 

printed and flexible electronics, transistor fabrication 

methods mostly require some steps such as different 

dopant introduction as well as annealing steps; these 

steps are not compatible with flexible and organic 
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substrates [16-17], which may damage the organic 

substrate and negatively affect the device performance. 

In this regard, semiconductor metal oxides were 

employed to remove the ion implantation step and 

combine it with the deposition step. Among 

semiconductor metal oxides, copper oxide can be a good 

candidate for transistor fabrication. Copper oxide has 

some features such as low price, abundance in nature, 

easy deposition, and relatively large bandgap [18-23]. 

Among all of these features, the most important ones, 

which are also the main focus of this study, are the 

tunability of the bandgap and doping of impurities due to 

deposition condition [24,25]; these two factors can be 
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adjusted during the deposition of copper oxide. So far, 

many copper oxide-based flexible transistors have been 

introduced that were of TFT type with a copper oxide 

channel [26-32]. Through the incorporation of copper 

oxide-based HBTs to flexible electronic circuits, the 

resultant material can be widely applied in wearable 

electronics, medical implants, and medical diagnostics. 

The main objective of the present study was to 

investigate two different PNP and NPN structures based 

on CuO/Si heterojunction, simulate them based on the 

reported properties, and evaluate and compare the results 

of high-frequency and DC analysis of these two HBTs. 

 

 

2. DEVICE STRUCTURES 

 
In p-CuO/n-Si/p-CuO Heterojunction Bipolar 

Transistor (HBT), labeled as Device A, the structure 

layers consist of three layers including 0.1 µm, p+ = 1019 

cm-3 CuO emitter layer; 0.1 µm, n+ = 1019 cm-3 Si base 

layer; and 0.8 µm, p+ = 1019 cm-3 CuO collector layer. 

Similar to the above structure, for NPN HBT, the 

structure layers consist of 0.1 µm, n+ = 1019 cm-3 CuO 

emitter layer; 0.1 µm, p+ = 1019 cm-3 Si base layer; 0.8 

µm, n+ = 1019 cm-3 CuO collector layer, which is labeled 

as Device B. The dimensions of the areas of the emitter 

and collector areas are 0.1×0.8 and 2×0.8 μm2, 

respectively. Also the semiconductor parameters were 

simulated based on the data detailed in Table 1.  
 

TABLE 1. Parameters of CuO, Cu2O and Si [25] 

Parameter CuO Cu2O Si 

Hole Mobility (cm2/Vs) 5 80 ≤450 

Band Gap Energy (eV) 1.5 2.3 1.12 

Electron Affinity (eV) 4.07 3.2 4.05 

VB Effective Density of 

State (cm-3) 
5×1018 1.1×1019 1.83×1019 

CB Effective Density of 

State (cm-3) 
3×1019 2.02×1017 2.82×1019 

Carrier Lifetime (s) 212×10-12 10-9 10-7 

Dielectric Relative 

Permittivity 
18.1 7.11 11.8 

 

 

A two-dimensional semiconductor simulation package 

SILVACO was employed to analyze the energy band 

diagrams, carrier distributions, dc, and high-frequency 

performance. The simulated analysis takes into account 

Poisson’s equation, continuity equation of electrons and 

holes, Shockley–Read–Hall (SRH) recombination, 

bandgap narrowing (BGN), Auger recombination, 

Concentration Dependent (CONMOB), Parallel Electric 

Field Dependence (FLDMOB), and Boltzmann statistics. 

The schematic drawing of the device simulated is 

shown in Figure 1. 

 

 

Figure 1. Schematic diagram of the simulated device 

 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Device A (PNP Structure) 

The diagram of the energy band in the thermal 

equilibrium mode of device A is shown in Figure 2. 

 

 

Figure 2. Energy band diagram of device A in the thermal 

equilibrium mode 

 

The valence bands of the B-E and B-C junctions of the 

device A have spike potentials of 0.16 eV and 0.08 eV, 

respectively. One of the major problems with 

Heterojunction Bipolar Transistors (HBTs) is the 

presence of spike potential at the junctions and in their 

valence and conduction bands. Spike potential increases 

the turn-on voltage at the B-E and B-C junctions, 

resulting in offset voltage [33]. However, in DHBTs 

studied in this paper, due to the use of silicon copper-

oxide bonds, compared to other HBTs, it has less spike 

potential. 
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α0 = ICP/IE 

α0 = ICp / IEp+IEn = (IEp / (IEp+IEn)) (ICP / IEp)        (1) 

 

The first part of the equation is called the efficiency of 

the emitter, which is actually the ratio of the injected 

holes to the total current of the emitter. For an ideal 

design, we want the efficiency of the emitter to be close 

to one; thus, IEn must be about zero. 

The conduction band potential barrier prevents the 

injection of electrons from the base into the emitter. 

According to Equation (1), this is the main reason for the 

efficiency of the emitter and, as a result, the increase in 

current gain. 

The collector current according to the collector voltage 

diagram of device A is shown in Figure 3. The turn-on 

voltage is 0.23 V. 

 

 

Figure 3. Current-voltage characteristic of the common bias 

emitter of device A with the base current step being 1 µA from 

zero 

 

Figure 4 shows the zoomed image of the current-

voltage characteristic in the common-emitter bias of the 

device A. The offset voltage is defined as the voltage that 

must be applied at the input to make the output zero. The 

offset voltage obtained for the base voltage of a 

microampere for this device is 9 mV. In general, the 

offset voltage in HBTs is due to the difference in the turn-

on voltage between the B-E junction and the B-C 

junction. The higher the spike potential within the 

valance band of the device A, the higher the turn-on 

voltage will be. Using the quasi-symmetrical structure, 

the offset voltage problem in HBTs can be solved to some 

extent, the cause of which is discussed below. According 

to the diagram of the drawn energy band (Figure 2) for 

device A, there will be a spike potential in the valance 

band on both B-E and B-C junctions, thus increasing the 

turn-on voltage in both heterojunction bonds. However, 

the total offset voltage of the transistor which is the result 

of the potential difference between the B-E and B-C 

junctions is still small. 

 

 

Figure 4. Zooming image of the current-voltage characteristic 

in the common bias emitter of device A, with the base current 

step being 1µA from zero 

 

The electrical characteristics of the base current and the 

collector current as a function of forwarding bias are 

referred to as the Gummel plot, The Gummel plot of 

device A for collector currents and base currents is 

plotted according to Figure 5. The current amplification 

factor of device A is around 227 at base voltage of 0.7 V, 

and the ideality factor of diode according to base voltage 

of 0.7 V for collector current is 1.01 and for base current 

is 1.5, which indicates the predominance of diffusion and 

thermionic mechanisms of carrier motion. Also, 

according to the Gummel plot, when the base-emitter 

voltage is 0.7 V, the base recombination current does not 

prevail, thus reducing the ideal factor of diode of base 

current. 

 

 

Figure 5. The Gummel plot for base and collector currents of 

device A while VCE = -2 V 

 

Figure 6 shows the relationship between current gain 

and operating frequency of device A. The unity gain cut-

off frequency ft for this device is 10 GHz for VCE = 1 V. 

Figure 6 shows the AC gain of device A equal to 44 dB. 
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Figure 6. Current gain cut-off frequency (ft) of device A 

 

 

3.2. Device B (NPN structure) 
Now, in order to increase the gain of device A, device 

B is examined. In device B, the potential barrier of a 

majority of carriers in the base is greater and as a result, 

the gain is promoted. 

The energy band diagram in thermal equilibrium is 

shown in Figure 7. Device B in its base-emitter junction 

conduction band has a spike potential of 0.04 eV, which 

is a very small value. Spike potential in the conduction 

band of the base-collector junction area is not given in 

Figure 7. Without the use of spike reduction techniques 

such as adding layers of different semiconductors 

between base-emitter and base-collector, these values are 

obtained which reduce the cost of manufacturing this 

transistor. Because the forbidden band of the emitter is 

larger than the base, a barrier is created in device B that 

prevents the entry of injection holes from the base to the 

emitter, thus increasing the current gain. 

 

 

Figure 7. Energy band diagram of device B in thermal 

equilibrium. 

 

The characteristic curve of the collector current 

according to the collector voltage of device B is shown 

in Figure 8. VBCEO = 5.8 V and the current base scale is 

one µA. The turn-on voltage for device B is 0.28 V 

according to Figure 8. 

 

 

Figure 8. Voltage-current characteristic curve in the common 

bias emitter of device B, with the base current step being 1µA 

from zero 

 

Figure 9 shows the zoomed image of the voltage-

current characteristic curve of the common-emitter of the 

B device. The offset voltage obtained according to the 

base voltage of 1 µA for this device is 9 mV. In general, 

the offset voltage in HBTs is due to the difference in the 

turn-on voltage of B-E and B-C junctions. 

 

 

Figure 9. Zoomed image of Voltage-current characteristic 

curve in the common bias emitter of the device B, with the base 

current step being 1µA from zero. 

 

The Gummel plot of device B for collector current and 

base current is plotted according to Figure 10. The 

current amplification factor of device B is around 578 at 

base voltage of 0.7 V, and the ideality factor of diode 

according to base voltage of 0.7 V for collector current is 

1.01 and for base current is 1.33, which indicates the 

predominance of diffusion and Thermionic mechanisms 

of carrier motion. Also, according to the Gummel plot, 

when the base-emitter voltage is 0.7 V, the base 

recombination current does not prevail, thus reducing the 

ideality factor of base emitter diode. 

Figure 11 shows the relationship between current gain 

and operating frequency of device B. The unity gain cut-

off frequency ft for this device is 10 GHz for VCE = 1 V. 

Figure 11 shows the AC gain of device B, which is equal 

to 60.5 dB. 
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Figure 10. The Gummel plot for base and collector currents of 

device B while VCE=2V 

 

 

Figure 11. Current gain cut off frequency (ft) of device B 

 

 

 

4. CONCLUSION 
 

The physical model of two heterojunction bipolar 

transistors based on CuO/Si junction with PNP and NPN 

structures was investigated. Successful simulations of 

two HBTs using copper oxide semiconductors as emitter 

and collector regions and silicon for the base layer with 

excellent properties were presented and a high current 

gain factor was exhibited. The simulation results showed 

that there was a small spike potential in the base-emitter 

junction of both structures, which reduced the offset 

voltage of both transistors. The offset voltage obtained 

from these structures was acceptable even without the use 

of the emitter-base junction grading technique. This 

feature makes the use of this type of transistor in 

switching and driver circuits also applicable. In Device 

B, due to the presence of a potential barrier in the valance 

band, the base holes are prevented from entering the 

emitter, thus increasing the emitting efficiency and the 

DC and high-frequency current amplification. Given the 

existence of different methods of copper oxide 

deposition, there are different optical and electrical 

ranges such as energy band gap and density of carriers 

that can be researched to obtain the best electrical 

properties for different applications of bipolar transistors. 

Consequently, these structures can provide a wide range 

of applications in flexible circuits. 
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The present study aims to investigate the optical properties and crystallization behavior of oxy-fluoride 

glasses with different amounts of Bi2O3. Glasses with compositions of 45SiO2-15Al2O3-25BaO-15BaF2-

xBi2O3 (x=0, 1, 2.5, 4, and 6) (mole ratio) were prepared using melt-quenching method. Owing to the 

network modifying role of Bi2O3 and increasing number of Non-Bridging Oxygens (NBOs), the molar 

volume increased from 27.69 to 31.60 cm3 and microhardness was reduced from 720.21 to 613.10 MPa. In 
order to study the structural changes, the FTIR spectra were recorded, and increment of NBOs by adding 

Bi2O3 as well as the presence of Bi˚ particles in the sample containing six mole ratios of Bi2O3 were proved. 

The UV-Vis transmittance spectra were employed to determine the optical properties including Fermi 
energy, direct and indirect optical band gaps, and Urbach energy. The Fermi energy and optical band gaps 

were reduced as the Bi2O3 content increased. The degree of structural disorderliness (Urbach energy) 

increased from 0.170 to 0.212 eV followed by creating more NBOs through Bi2O3 addition. On the basis 
of UV-Vis-IR transmittance results, the sample containing four mole ratios of Bi2O3 exhibited the highest 

transmittance in IR region and its IR cut-off shifted to longer wavelengths. Further, the sample with six 

mole ratios of Bi2O3 was characterized as the highest refractive index (1.7) among other glasses. Finally, 
evaluation of crystallization behavior of specimens revealed that it was impossible to prepare transparent 

glass ceramics containing BaF2 nanocrystals due to the surface crystallization in these glasses. 
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1. INTRODUCTION 
 

Rare-earth-doped transparent glasses and glass 

ceramics are important materials with many applications 

in photonics such as optical fibers, laser host materials, 

up-conversion lasers, amplifiers, and three-dimensional 

displays [1-3]. Although oxide glasses and glass ceramics 

are characterized by thermal, chemical, and mechanical 

durability, their high phonon energies (~1100 cm-1) and 

limited solubility of rare-earth ions have restricted their 

optical applications [4-8]. On the contrary, apart from the 
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low phonon energies (~500 cm-1) of fluoride glasses, they 

suffer high devitrification rate during preparation as well 

as low chemical, mechanical, and thermal stability 

[9,10]. Since acceptable optical properties are not enough 

for an optical material, special efforts have been devoted 

to produce novel glasses based on both oxides and 

fluorides. Introduction of oxygen to fluoride glasses or 

addition of fluorine to oxide glasses increases their 

crystallization rates; however, it is revealed that oxygen 

can stabilize the amorphous state when added as specific 

oxides to fluoride melts [11]. Accordingly, these types of 
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glasses, called oxy-fluoride glasses, were introduced 

which received considerable attention since they 

benefited from advantages of both fluoride and oxide 

glasses [11,12]. These new materials were considered as 

excellent hosts for rare-earth ions; however, the structural 

defects caused by the amorphous structure can entrap 

electrons and holes, thus resulting in non-radiative 

processes [13]. In order to solve this problem,  

oxy-fluoride glass ceramics were introduced and 

prepared by Wang and Ohwaki [14] for the first time. The 

precipitated crystalline phase in these glass ceramics was 

PbxCd1-xF2 nanocrystals, and the doped ions (Yb3+ and 

Er3+) were preferably segregated from the glassy matrix 

to the crystalline phase [14]. Due to the environmental 

problems of PbF2 and CdF2, other oxy-fluoride systems 

were proposed [15]. Among the several already existing 

systems, the species with MF2 (M= Ba, Ca, and Sr) 

nanocrystals have become of interest owing to their 

economical and non-toxic raw materials [16]. 

Furthermore, trivalent rare-earth ions could be 

substituted for the divalent alkaline-earth cations and 

lead to suitable solubility of rare-earth ions in MF2 

nanocrystals [17].  

BaF2 in its crystalline form exhibits lower phonon 

energy (~346 cm-1) than crystalline CaF2 (~466 cm-1), 

and its IR cutoff is placed at longer wavelengths. 

Consequently, the IR window provided by BaF2 is wider 

than CaF2 [18,19]. Nevertheless, contrary to the  

oxy-fluoride glasses and glass ceramics containing CaF2, 

there are only a few studies on optical properties of the 

aluminosilicate oxy-fluoride systems based on BaF2 

[5,20-23]. Therefore, the present study aims to evaluate 

the optical properties of new oxy-fluoride glasses of 

SiO2-Al2O3-BaO-BaF2 system in the presence of 

different amounts of Bi2O3 additive. The main reason 

why this additive has been used is the important role of 

Bi2O3 in increasing the refractive index of the glasses 

[24,25]. To the best of the author’s knowledge, no report 

on its effects of the optical properties of oxy-fluoride 

glasses and glass ceramics has been found. In this regard, 

oxy-fluoride glasses with different contents of Bi2O3 

were prepared using the melt-quenching method. Then, 

changes in the density, molar volumes, and 

microhardness of samples were studied. Structural 

changes and optical properties including transparency in 

UV-Vis-IR region, Fermi energy, direct and indirect 

band gap energies, Urbach tailing, and refractive index of 

glasses were also examined.  

 

 

 

2. EXPERIMENTAL PROCEDURE 
 
2.1. Materials, Sample Preparation, and Analyses 

Oxy-fluoride glasses with chemical compositions of 

45SiO2-15Al2O3-25BaO-15BaF2-xBi2O3 (x=0, 1, 2.5, 4, 

and 6) (mole ratio) were prepared through the 

conventional melt-quenching method and they were 

nominated as GBi0, GBi1, GBi2.5, GBi4, and GBi6, 

respectively. The samples were obtained using  

high-purity materials such as Al2O3 (101077 Merck) and 

BaF2 (202746 Sigma-Aldrich). In order to reach  

high-purity SiO2 (approximately 99.5%), Hamedan silica 

was leached by HCl and calcined at 800 °C for 2 hours. 

BaCO3 (513779 Uni-Chem) was also used to supply 

BaO.  

In this respect, 30 g of batches were melted in covered 

alumina crucibles in an electric furnace at 1500 °C for 

one hour. The obtained melts were poured on stainless 

steel plates and then, they were pressed by another plate 

to produce disc-shaped glasses with the thickness of 

3-5 mm. To relieve internal stresses, the shaped glasses 

were annealed at 500 °C for one hour and cooled to room 

temperature with a controlled cooling rate. 

To investigate the crystallization behavior and 

determine the crystallization temperature of samples, 

Differential Scanning Calorimetry (DSC) was performed 

(NETZSCH STA 449 F3) at the heating rate of  

10 °C/min. In addition, X-Ray Diffraction (XRD) 

patterns of glasses and crystallized samples were 

recorded (Philips Xpert MMD system) to identify the 

amorphous nature of glasses and precipitated crystalline 

phases in glass ceramics. Vickers microhardness of the 

glasses was obtained using HV-1000Z Technologies 

PACE instruments under the load of 1 N for 15 s. The 

FTIR spectra were recorded by FTIR Tensor 27 Brucker 

to assess the structural changes. Optical transmittance 

spectra of bulk glasses in the UV-Vis-IR range of 

wavelengths were achieved using UV-Vis-NIR 

Shimadzu 3100 and FTIR Shimadzu 8400S. 

 

 

2.2. Calculation of Density and Molar Volume 
Density (d) of a glass is calculated using Equation (1) 

with considering its weights in air (W1) and water (W2): 

 

d= 
W1

W1-W2
  (1) 

 

 

Obviously, the relationship between molar volume 

(Vm) and density is defined by Equation (2), as shown in 

the following: 

 

Vm=∑ (
Mi

d
)  (2) 

 

where Mi is the molar mass of component “i” in glass 

and is equal to that in Equation (3): 

 

Mi = CiAi  (3) 

 

 

where Ci and Ai are the molar concentration and 

molecular weight of component “i”, respectively.  
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2.3. UV-VIS Spectra and Optical Constants 
Measurements 
 
2.3.1. Fermi Energy, Band Gap, and Urbach Tailing 

For transparent glasses, Fermi energy level (EF) is 

determined using the Fermi-Dirac distribution function 

(Equation (4)): 

 

K(λ) =
1

1 + exp(
EF−E

kBT
)
 (4) 

 

In Equation (4), EF and E stand for Fermi energy and 

energy of the probing photon, respectively. In addition, 

kB and K(λ) are Boltzmann constant and extinction 

coefficient, respectively. This equation can be written as 

follows: 

 

kBT Ln (
1

K
-1) =EF-E (5) 

 

 

Moreover, K is calculated as follows: 

 

K=
αλ

4π
 (6) 

 

 

where α is the absorption coefficient obtained from 

UV-Vis spectra. Therefore, plotting K(λ) vs. incident 

photon energy (hν) and linear fitting of Equation (5) to 

the linear part of these plots make the calculation of EF 

possible [26,27].  

According to the model proposed by Tauc and 

Davis-Mott, light absorption by an amorphous material 

depends on its optical band gap (Eg) and energy of 

incident photon (hν) [28,29]. This behavior is represented 

in Equation (7), as shown in the following: 

 

(αhν)=β2(hν-Eg)n (7) 

 

 

where β is a constant and n is an index that exhibits the 

type of optical transition that takes the values of 2, 3, 1/2, 

and 1/3 for indirect allowed, indirect forbidden, direct 

allowed, and direct forbidden transitions, respectively 

[30-33]. Here, Tauc plots ((αhν)1/n vs. hν plots) are 

employed, and the linear part of these curves is taken into 

account to compute the band gap energies. In other 

words, the band gap energy of a glassy material was 

calculated using the intercept of the linear part of Tau plot 

divided by its slope. 

The disordered structure of amorphous materials is the 

tailing of electrons density of states into the band gap. 

The energy of these tails is known as Urbach energy (EU). 

Equation (8) shows the relationship between the 

absorption coefficient and EU: 

α = βexp(
hν

EU
) (8) 

 

On the basis of UV-Vis spectra, Ln(α) against hν 

diagrams can be drawn and EU can be estimated by least 

square fitting of Equation (8) to these diagrams [34-37]. 

 

2.3.2. Calculation of Refractive Index 
The refractive indices of the samples in the UV-Vis 

region of wavelengths were measured using Fresnel 

equations (Equations (9) and (10)), reflectance, and 

transmittance spectra: 

 

R = (
Nt − Ni

Nt + Ni

)2 (9) 

 

T=(
2Nt

Nt+Ni

)
2

 (10) 

 

where Nt and Ni are the complex refractive indices of 

the glass and air, respectively. Moreover, Nt is defined as 

Equation (11): 

 

N = n − iK (11) 

 

where K is the extinctions coefficient and n the 

refractive index. The Reflectance and transmittance 

spectra of a sample were considered, and a system of two 

equations and two unknowns was solved by Macleod 

media, hence the formation of a curve of refractive index 

vs. wavelength [38,39]. 

 

 

3. RESULTS AND DISCUSSION 
 
3.1. Density, Molar Volume, and Microhardness 

Table 1 presents the values of densities and molar 

volumes of glasses. Incorporation of one mole ratio of 

Bi2O3 decreased the density from 3.84 to 3.74 (g/cm3); 

however, higher amounts of Bi2O3 increased the density 

again. In fact, changes in molar mass and molar volume 

generate variations in density values. As a result of the 

enhancement of molar mass caused by increasing the 

Bi2O3 content, an increase in the density is required. In 

contrast, in case Bi2O3 plays the role of network 

modifying, Vm must increase as a consequence of the 

emergence of more Non-Bridging Oxygens (NBOs) and 

the density decreases. The calculated value of Vm  

(Table 1) increase upon adding Bi2O3 and approving the 

network modifying role of this oxide. The effect of Vm 

outweighs the molar mass in the case of sample GBi1; for 

other samples, the opposite holds.  

Table 1 lists the results from microhardness 

measurements. Hardness is usually influenced by the 

introduction of glass network modifiers, which is 

provoked with the creation of more NBOs and breakup 
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of the glass network [40]. The decreasing trend of the 

microhardness of the samples with higher mole ratios of 

Bi2O3 is in accordance with the above-mentioned 

statement that proves it to some extent. 

 
TABLE 1. Some physical properties of glasses with different 

amounts of Bi2O3 

Sample Code 
d 

(g/cm3) 

Vm 

(cm3) 

Microhardness Hv 

(MPa) 

GBi0 3.84 27.69 720.21 

GBi1 3.74 28.41 695.00 

GBi2.5 3.77 30.42 677.30 

GBi4 3.86 31.05 642.50 

GBi6 3.98 31.60 613.10 

 

 

3.2. Structural Studies 
As mentioned in the previous section, Bi2O3 acts as a 

network modifier and affects the glass structure by 

creating NBOs. To evaluate this claim, FTIR spectra 

should be studied (Figure 1). All of the samples exhibit 

three absorption bands at ~440, ~680, and ~970-980 cm-

1 which are related to rocking, symmetric, and 

asymmetric stretching vibrations of Si-O-Si bonds, 

respectively [41]. The wide band with the highest 

intensity is composed of three over-lapped peaks 

corresponding to different vibrational modes of Si-O 

bonds in all silicate units, i.e., Qn (n=1, 2, 3). The band at 

1080-1100 cm-1 is generated by stretching vibrations of 

Si-O bonds with single NBOs (Q3), and the other one 

placed at 970-980 cm-1 is attributed to the stretching 

vibration of bonds with two NBOs (Q2). Finally, the peak 

at 900-930 cm-1, which is not distinguishable, is created 

by the stretching vibrations in silicate units with three 

NBOs (Q1). Further, Q1 represents the stretching 

vibrations of Si-O-Al in aluminosilicate glasses [42,43]. 

As demonstrated in Figure 1, the position of this broad 

band shifts to lower wavenumbers from GBi0 to GBi6 

and its maximum value is observed at wavenumbers near 

Q2 and Q1 species. Therefore, the number of silicate units 

with more NBOs grew with the addition of Bi2O3. The 

other band at ~587 cm-1 is also related to Si-O-Al 

asymmetric stretching vibrations [44], and the changes of 

this band confirm the increase in this type of bonds for 

samples with Bi2O3. Moreover, the broad peak of 

asymmetric vibrations of Si-O-Si is intensified more than 

the symmetric vibrations band. All these changes are 

indicative of the higher numbers of NBOs and 

disorderliness in the presence of Bi2O3 [40]. 

There are three weak peaks at 1460, 1640, and 

1741 cm-1 resulting from the vibrations of Al-F bonds 

[45]. In oxy-fluoride glasses, it is preferred that F- ions 

bond to Al3+ cations instead of Si4+ to decrease the 

fluorine loss as SiF4 [46]. Of note, in the spectra of 

glasses with the exception of GBi6 sample, another weak 

peak is observed at 534 cm-1, which is probably related 

to Bi-O bonds. Sample GBi6 lacks this bond mainly 

because the Bi introduced by six mole ratios of Bi2O3 

forms Bi˚ particles (colloidal Bi) instead of Bi-O in this 

glass, which will be discussed in detail in the next section 

[47]. 

 

 
Figure 1. FTIR spectra of glasses containing different amounts 

of Bi2O3 
 

 

3.3. UV-VIS-IR Transmittance Spectra and 

Evaluation of Optical Properties 

UV-Vis transmittance spectra are plotted in Figure 2. 

Although there is not any significant difference between 

the transmittance of samples, their absorption edge has a 

red-shift to longer wavelengths. Moreover, absorption 

edges are not sharply defined due to the amorphous 

nature of the glasses. These absorption edges can be 

assumed as Urbach fundamental edges [48,49]. A broad 

absorption peak at ~400-600 nm emerged only for 

sample GBi6, and it is usually considered as evidence of 

Bi˚ particles in glass. In other words, the surface Plasmon 

resonance of Bi˚ particles is the reason for this absorption 

peak [47]. 
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Figure 2. UV-Vis spectra of glasses containing different 

amounts of Bi2O3 

 

Owing to the strong UV absorption rather than visible 

wavelengths, the extinction coefficient of samples 

follows Fermi-Dirac distribution function [36], and K(λ) 

vs. hν plots (Figure 3) are used to calculate Fermi 

energies, the results of which are demonstrated in 

Table 2. For this purpose, the linear part of these plots 

steeping to lower energies was taken into consideration 

and the formula of the best fitted line to this part was 

obtained through linear regression analysis. Then, this 

formula was substituted into Equation (5) and the Fermi 

energy at each wavelength was calculated. Higher EF 

values of glasses compared to kBT indicate that they are 

insulators and their insulating behavior varies very 

slightly to the semiconducting behavior upon adding 

Bi2O3. 

 

 
Figure 3. Extinction coefficient vs. energy plots of glasses 

containing different amounts of Bi2O3 
 

Tauc plots of glasses are depicted in Figure 4. The 

direct and indirect optical band gap energies can be 

obtained by determining the extrapolation formula of the 

linear part of these plots and dividing the intercept of this 

line by its slope. Table 2 includes the values of optical 

band gaps obtained from these plots. Formation of 

dangling bonds like NBOs with higher Bi2O3 contents 

reduces the band gap energy by developing the localized 

states within the band gap and putting the valence and 

conduction bands closer [50,51]. 

 
TABLE 2. Optical properties of oxy-fluoride glasses 

containing different amounts of Bi2O3 
 

Energy 

(eV) 

Sample 

Code  

EF Eg (indirect) Eg (direct) EU 

GBi0 4.307 3.481 3.950 0.170 

GBi1 4.108 3.222 3.752 0.193 

GBi2.5 3.805 3.007 3.495 0.204 

GBi4 3.759 2.970 3.411 0.209 

GBi6 3.649 2.958 3.380 0.212 

 

As stated earlier, in amorphous materials, Urbach tails 

or the tails of the density of states in forbidden gap spark 

off the short-range order of these materials. This is the 

reason why Urbach energy is regarded as a degree of 

crystallinity and orderliness [50]. To calculate Urbach 

energies, the slope of the linear part of Ln(α) vs. hν plots 

(illustrated in Figure 5) is reverted, the results of which 

are listed in Table 2. In the case of adding Bi2O3, Urbach 

energy increases and this increment is associated with the 

higher degree of disorderliness caused by increasing the 

NBOs.  

 

 
(a) 

 
(b) 

 

Figure 4. Tauc plots for calculation of (a) direct and (b) indirect 

band gaps 
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Figure 5. Ln(α) vs. energy diagrams for determination of 

Urbach energy 
 

 

Figure 6 illustrates how Bi2O3 can affect the IR 

cut-off position and UV-Vis-IR transmitting window. All 

of these glasses are transparent in UV-Vis 

(300-1100 nm) region with transmittance of 

approximately 90%. In the IR region, the transparencies 

are acceptable and the IR cut-offs are placed at ~4.7-5 

μm. Accordingly, from the IR transmittance point of 

view, the present glasses can compete with some 

commercial IR glasses like Schott IRG2 and Schott IR 11 

[52]. 

 

 
Figure 6. UV-Vis-IR transmittance spectra of glasses 

containing different amounts of Bi2O3 
 

 

Generally, light absorption in the IR region is different 

from that in the UV-Vis region of spectrum. Most optical 

absorptions in the IR region in glasses result from 

vibrational transitions. The frequency (ν) of a vibrational 

absorption is given as follows: 

 

𝜈 = (
1

2𝜋
)√

𝐹

𝜇
  (12) 

 

where F is the force constant for bond energy and μ the 

effective mass [53,54]. According to Section 3.1., the 

molar mass and number of NBOs increase by introducing 

Bi2O3. Generation of NBOs indicates the F parameter and 

absorption in the IR region and shifts the IR cut-off to 

longer wavelengths [37]. However, in case the amount of 

Bi2O3 exceeds four mole ratios, transmittance descents 

and IR cut-off demonstrate a blue-shift again, mainly due 

to the light scattering by Bi˚ particles in GBi6.  

The values of the refractive index of glasses as a 

function of wavelength are presented in Figure 7. In case 

the quantity of Bi2O3 increases, the higher refractive 

index ensues. In fact, the refractive index of a glass is 

determined by the interaction of light with electrons of 

constituent atoms of the glass. In addition, upon 

increasing the electron density or polarizability of ions, 

the refractive index would increase. Furthermore, NBOs 

are more polarizable than bridging oxygens with the 

ability to increase the refractive index. The polarizability 

of cations plays a significant role [53]. Of note, the main 

reasons for such increase in the refractive index include 

the high polarizability of Bi3+ cations and creation of 

more NBOs. 

 

 
 
Figure 7. Refractive index curves of glasses containing 

different amounts of Bi2O3 
 

 

3.4. Crystallization Behavior and Feasibility Study 
of Transparent Glass-Ceramic Preparation 

As reported by other researchers, there are usually two 

exothermic peaks in the DSC thermo-grams of 

oxy-fluoride glasses based on BaF2 [55-57].  

In the DSC results of the present glasses (Figure 8), two 

exothermic peaks are observed. The first peak at lower 

temperatures is ascribed to the crystallization of BaF2, 

and the second one at higher temperatures is related to 

the crystallization of glassy matrix [58]. According to 

this figure, the shape of the first peak changes with higher 

amounts of Bi2O3. The crystallization peak of BaF2 

moves to lower temperatures in the presence of Bi2O3, 
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followed by increase in its content since Bi2O3 increases 

the number of NBOs and enhances crystallization. 

Bocker and Russel [59] proposed a self-organizing model 

for nano-crystallization of BaF2 from oxy-fluoride 

glasses where a highly viscous layer enriched by network 

former cations was formed that acted a diffusion barrier 

hindering the crystal growth. 

 
 

Figure 8. DSC curves of glasses containing various amounts of 

Bi2O3 
 

 

In case the number of NBOs in oxy-fluoride glasses 

increased, the residual glassy matrix became less viscous 

and ions diffused the barrier easier. Therefore, NBOs 

facilitate the crystallization of BaF2 and reduce its 

crystallization temperature [16]. 

In the XRD patterns of as-made glasses (Figure 9(a)), 

no diffraction peak is observed since samples are 

amorphous, hence no unwanted crystallization. Glasses 

were heat-treated at their first peak temperature for two 

hours, the XRD patterns of which are depicted in Figure 

9(b). Despite the DSC results and our expectations, BaF2 

crystals were not precipitated in samples. 

Heat-treating at higher temperatures could not solve the 

problem and apparently, the heat-treated samples lost 

their transparency. Finally, in glasses crystallized at their 

second peak temperature, BaF2 was obtained in company 

with BaAl2Si2O8 (Figure 9(c)). 

Hence, it is assumed that crystallization is a surface 

crystallization process. GBi4 was chosen to justify this 

possibility, and a fine sample of it was prepared to 

compare its DSC results with those of the coarse glass 

sample (Figure 10). The crystallization peak of BaF2 for 

the fine sample moved to lower temperature and got 

sharper, which proved that the crystallization process 

began from the surface and made it impossible to prepare 

transparent glass ceramics from the glasses under study. 

Moreover, hanging the crystallization circumstances has 

not shown any positive effect on the crystallization of 

BaF2 in these glasses and preparation of transparent oxy-

fluoride glasses with BaF2 nanocrystals [60]. 

 

 
(a) 

 
(b) 
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(c) 

 

Figure 9. XRD patterns of (a) as-made glasses and glasses 

heat-treated at (b) first peak and (c) second peak temperature of 

DSC results 

 
Figure 10. DSC curves of fine and coarse samples of GBi4 

glass 

 

 

 

4. CONCLUSIONS 
 
 Oxy-fluoride glasses containing different amounts of 

Bi2O3 were prepared using the melt-quenching 

method. All of the samples were amorphous without 

any unwanted crystallization as demonstrated by 

XRD patterns. 

 Bi2O3 played the role of network modifier, and the 

value of Vm increased from 27.69 to 31.60 cm3 for 

samples GBi0 to GBi6. 

 FTIR and UV-Vis spectra proved the presence of Bi˚ 

particles in the sample with six mole ratios of Bi2O3. 

 By adding Bi2O3, Fermi energy level and band gap 

energies decreased and the insulating behavior of 

glasses was mitigated. 

 Urbach energy of sample with more contents of Bi2O3 

increased from 0.170 to 0.212 eV due to the formation 

of more NBOs and increment of disorderliness. 

 Bi2O3 up to four mole ratios increased transmittance 

and shifted the cut-off to longer wavelengths in IR 

region. 

 In the case of the glass GBi6, refractive index 

increased to 1.7 due to the higher polarizablility of 

Bi3+ ions and enhancement of NBOs. 

 The first exothermic peak in DSC curves related to 

the crystallization of BaF2 was moved to lower 

temperatures due to the creation of more NBOs in the 

presence of Bi2O3. Moreover, transparent glass 

ceramics were not obtained because of the surface 

crystallization process. 
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