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Several studies have shown that there is a correlation between energy band gaps of crystalline binary oxides, and the electronegativity 

of atoms that make up each particular crystal.  Many attempts model energy band gap as a function of Pauling electronegativity – 

empirically obtained in molecular-gas phase; but we hypothesize that by using a different scape of electronegativity, called optical 

electronegativity, one can obtain much better predictions for band gaps of new oxides.  Optical electronegativity is better for this 

purpose because it is derived empirically from materials in the solid-state phase, which is the most stable phase of most binary oxides. 

We plotted the energy band gap versus optical electronegativity for 42 selected binary oxides, and then used statistical tests to prove 

our models.   Our results are compared to other published models and we obtained for the alkali earth metals (and poor metal oxides) 

an average percent difference of 6.26% (8.98%) as supposed to 61.43% (46.33%) (ref. Di Quatro 1997) and 41.32 (72.66%) (ref.  

Duffy 1980).  Our models are crucial for predicting with a much better accuracy the band gaps of possible new or unexplored binary 

oxides.  For example, our models predict an energy band gap for radium oxide to be 5.36 eV.   Furthermore, these models can be used 

in the field of microelectronics to predict the band gaps of novel metal oxides that can replace the silicon dioxide as a gate dielectric in 

the metal-oxide-semiconductor field effect transistors.    

 

INTRODUCTION 

Binary oxides, and rareearth oxides in particular, have a wide 

range of applications. They are thermodynamically stable 

(Hubbard and Schlom 1996), making them useful for corrosion 

resistive coatings (Bonnet et al. 1995). Additionally, their high 

refractive indices lead to applications in optics, such as 

antireflection coatings (Heitmann 1973), switches, filters and 

modulators (Reddy 1998). The most recent interest in them is 

due to their high dielectric constants (high-k) and electrical 

stability (Xue et al. 2000), making them good candidates for a 

new class of gate oxides in metal-oxide semiconductor field-

effect transistors (MOSFETs) (Kwo et al. 2000; Leskela and 

Ritala 2002). 

Traditional MOSFETs use SiO2 as gate oxide layers. 

However, there is a fundamental thickness limit of ~1.2 nm for 

these oxide layers due to the relationship between the tunneling 

current density and Sio2 intrinsic properties. Beyond this limit 

electron tunneling results in an unacceptably high current leakage 

for low-power and high-performance devices (Wilk 2001). This 

scaling limit has prompted research into searching for alternative 

materials with high dielectric constants to serve as gate oxides. It 

has been shown that dielectric response is primarily based on 

ionic and electronic polarization at high frequencies (Kasap 

2002), indicating that new high-k materials would require a metal 

element with a large atomic number (Z) that forms ionic bonds 

with oxygen. However, a high dielectric constant is usually 

accompanied by weaker bonding, suggesting a smaller band gap 

(Kawamoto 2001). In addition, band gaps of these high-k 

materials must be above 5 eV for successful use as gate oxide 

layers (Robertson 2005). Therefore, the difficulties in developing 

these new materials consist of finding a balance between high-k 

and large bandgap materials. 

The energy band gap (EG) is a particularly important 

property that determines the electrical and optical characteristics 

of the material and by predicting the energy band gaps (EGs) is 

useful in directing research towards suitable materials (Robertson 

2006). Ab initio calculations of EGs tend to be complex, 

computationally extensive and to provide overestimates 

(Castleton 2006). Additionally, they have difficulty predicting 

the EG change due to structural and thermal effects (Muscat et al. 

2001).  In contrast, experimental techniques for measuring EGs, 

such as optical spectroscopy, tend to be more accurate, and led to 

the development of semiempirical models based on experimental 

results in EG measurements. One way of predicting the EG of a 

material is by using models that employ each individual chemical 

element’s electronegativity.  The most commonly used 

electronegativity scale is the original Pauling scale (Pauling 

1932), which indicates the ease of electron donation for bonded 

elements. Pauling electronegativity is based on dissociation 

energies in chemical bonds and is not, therefore, a property of 

individual atoms, but of atoms within molecular bonding in a gas 

state. 

The energy EG of semiconducting or insulating binary 

compounds involves the transfer of an electron from the valence 

band (VB—the outermost electron energy level of atoms in an 

insulator or semiconductor, in which the electrons are too tightly 
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Compound Band Gap, eV 

(experimental) 
  χ*

of oxide  Reference 

BeO 10.5 3.15 Yum, J.H, et al. 

B2O3 8.45 3.45 Reddy, R. R. et al. 

MgO 7.8 2.86 Chen, Liang et al. 

Al2O3 6.96 3.18 Reddy, R. R. et al. 

Si2O2 9.24 3.38 Reddy, R. R. et al. 

CaO 6.26 2.26 Reddy, R. R. et al. 

TiO2 3.6 3.12 Park, H. H. et al. 

Cr2O3 2.58 3.22 Reddy, R. R. et al. 

MnO 4 3.13 Reddy, R. R. et al. 

FeO 3.2 3.33 Reddy, R. R. et al. 

CoO 3.2 3.37 Reddy, R. R. et al. 

NiO 2.86 3.38 Reddy, R. R. et al. 

Cu2O 2.04 3.38 Reddy, R. R. et al. 

ZnO 3.3 3.25 Srikant, V. et al. 

Ga2O3 5.4 3.3 Reddy R. R. et al. 

GeO2 5.35 3.44 Madelung, O. et al. 

Se2O3 5 3.64 Reddy, R. R. et al. 

SrO 6.5 2.11 Reddy, R. R. et al. 

MoO3 2.74 3.51 Reddy, R. R. et al. 

CdO 2.5 3.24 Reddy, R. R. et al. 

In2O3 3.55 3.31 Strehlow, W. H. et al. 

SnO2 3.57 3.41 Strehlow, W. H. et al. 

BaO 5.2 1.9 Reddy, R. R. et al. 

La2O3 5.5 2.5 Scarel, G. et al. 

CeO2 3.78 2.54 Scarel, G. et al. 

Pr2O3 3.8 2.56 Scarel, G. et al. 

Nd2O3 4.6 2.58 Scarel, G. et al. 

Sm2O3 5 2.64 Scarel, G. et al. 

Eu2O3 4.3 2.69 Scarel, G. et al. 

Gd2O3 5.4 2.69 Scarel, G. et al. 

Tb2O3 3.8 2.69 Scarel, G. et al. 

Dy2O3 4.9 2.72 Scarel, G. et al. 

HoO3 5.3 2.74 Scarel, G. et al. 

Er2O3 5.3 2.76 Scarel, G. et al. 

Tm2O3 5.4 2.77 Scarel, G. et al. 

Yb2O3 4.9 2.5 Scarel, G. et al. 

Lu2O3 5.5 2.8 Scarel, G. et al. 

HgO 2.58 3.43 Reddy, R. R. et al. 

Tl2O3 2.25 3.19 Keezer, R. C. et al. 

PbO 2.75 3.57 Strehlow, W. H. et al. 

Bi2O3 2.85 3.44 Dolocan, V. 

 Table 1. Binary Oxide Compounds, Band Gaps (EG), and Optical 

Electronegativity (χ*) values calculated using Equation 2. 

bound to the atom to carry electric current) to the conduction 

band (CB—the outermost electron energy level of atoms in an 

insulator or semiconductor, in which the electrons are free 

enough to move and thereby carry an electric current). Since, the 

VB involves primarily orbitals of the anion, and the conduction 

band involves primarily orbitals of the cation, it seems 

reasonable to expect some numerical parameter (e.g., ionization 

energy, electronegativity) of the anion and cation to correlate 

with the energy band gap (Duffy 1980). Furthermore, it has been 

previously established that there is a relationship between 

conduction band offset and ionicity ( i.e. the difference between 

the compound’s metal and oxygen electronegativities) (Ruh 

1973). 

Di Quarto (1997) used this difference in electronegativities 

based on the Pauling scale to calculate energy band gaps for 

binary oxides (BOs). Di Quarto also developed his model based 

on the premise that the sp-orbital and the d-orbital 

semiconductors would behave differently, and thus used two 

parameters that varied depending on which orbitals contribute 

most to the valence band.  However, Di Quarto found difficulty 

in predicting band gaps for transition metal oxides whose bonds 

are less ionic in character, including ZnO, CdO, Ag2O, and 

Cu2O. On the other hand, a new concept called “optical 

electronegativity” (OE) that was first developed by Jørgenson 

(1962) was used by J.A. Duffy (1980) to predict and demonstrate 

trends in binary compound EG.   The most important advantage 

of using OE is that it depends on the frequency of electron 

promotion in a solid phase compound, as opposed to the Pauling 

electronegativity, which is calculated based on thedissociation 

energy of gaseous molecules at absolute zero temperature (0 K/-

273.15
o
C). Duffy’s model (1980) of predicting energy band gaps 

is based on the difference in OE of the two constituent atoms 

shown in Eq.1. 

 

                                                                      Eq.1  
                     energy band gap 

     difference in anion and cation OE 
 

However, Duffy noted that the OE of oxygen in binary 

compounds is highly dependent on the cation it is paired with, 

due to its high polarizability (Duffy 1977). To account for this 

variability, he developed an empirical model shown in Eq. 2 to 

calculate the oxygen’s OE based on the Pauling electronegativity 

of the cation (Duffy 1977). 

      
       

    

       
                  Eq.2  

      
  OE of oxide 

   Pauling electronegativity of cation 

 

Due to oxygen’s inconsistent behavior, as well as the 

unavailability of OE data for particular metal ions at the time, 

binary metal oxides were excluded from his study (Duffy 1980). 

This study makes use of Eq. 2 to develop empirically-

derived models for predicting energy band gaps of binary oxides 

based on OE.  Because OE is derived from binary oxide in the 

solid state phase, as opposed to Pauling electronegativity, we 

hypothesized that using this parameter will yield more accurate 

models for predicting the EGs of a selected group of binary 

oxides.  We also used such models to explore new aspects of the 

relationship between the band gaps, the OE and the constituent 

atoms atomic number.  More importantly, one can use our 

models to accurately predict EGs of binary oxides that have not 

been yet experimentally synthesized. 

 

METHODS 

This is a theoretical study in which Eq. 2 is used to understand 

the behavior of oxygen anion in BOs.  In order to create our 
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models, we used standard data visualization and analysis 

software, including Microsoft Excel and MATLAB. 

For this study,  the BOs were compiled from the 1700 

entries reported by Strehlow W. H. et al. (1973) paper and are 

presented in Table 1 (each entry is referenced inside the table).  

The BOs were selected in order to have a stable crystal structure 

at room temperature (i.e., T~300K), and to have a direct band 

gap (D) as opposed to materials that have an indirect band gap 

(I).  A direct band gap is related to the fact that the electrons and 

holes that exist in CB and VB have the same momentum in case 

of transitions from the VB to CB or vice versa.  This is not the 

case for a material with indirect band gap, because the electron 

must pass through an intermediate state and transfer momentum 

to the crystal structure.  

It is well known in the literature that the EG is dependent on 

the growth method, crystal structure, defects, and thermal effects 

(Reddy et al. 1998; Xue et al. 2000; Robertson et al. 2006; Duffy 

1980; Di Quarto et al. 1997; Madelung et al. 2004). This means 

that each material can have more than one EG value.  In order to 

compensate for the variability in EGs, we calculated a standard 

deviation in reported EG values for a random sample set of BOs 

(Table 2).  For example, it has been found that beryllium oxide 

(BeO) has two EGs  (i.e., 10.5 eV and 5 eV) based on the 

experimental work by Baumeier et al. (2006).  These two EGs 

were averaged to a value of 7.75 eV (column 5 of Table 2).  

Furthermore, we calculated standard deviation (i.e., 3.89 eV) and 

the normalized standard deviation (i.e., 0.502 eV) (column 6 and 

7 of Table 2).  Finally, we calculated an average error (i.e., 0.215 

eV) which is for the entire set of compounds (column 8 of Table 

2).  We used this value as an average error for all the compounds 

plotted in Figure 1. 

 

 

 

 

 

 

 

 

 

 

RESULTS 

The OE values for each BO have been calculated using Eq.2 and 

the data is shown for each BO in column 3 of Table 1.  All the 

EGs of the BOs from Table 1 are plotted versus OE of the oxygen 

ion in Figure 1 and Figure 2.  The equation to calculate the linear 

fits is presented in Eq. 3 values of all the linear fits from Figures 

1 and 2 are tabulated in Table 3, where χ*oxide  is the OE of the 

oxide, A and B are parameters.   

                 
                       Eq.   

          energy band gap 

              and     parameters 

      
  optical electronegativity of oxide 

 

We also created an oxide chemical table of elements (Figure 3) 

in which all the chemical families are color coded (e.g., alkaline-

earth metals are colored light red) and the chemical symbol of 

the cation that interacts with the oxygen is shown together with 

the EG.  This oxide chemical table was created in order to help 

the reader better understand the data. 

Finally, the comparison between the published models and 

the proposed model of this work is presented in Table 4.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.  Band gaps vs. optical electronegativity separated by chemical 

group and their corresponding linear fits.  The chemical groups are 

denoted as follows: rare earth oxides (solid blue diamonds), row 4 

transition metals (solid red circles), poor metals (solid green dash), and 

alkali earth metals (purple cross).  The parameters of the corresponding 

linear fits are presented in table 3. 

 

 

DISCUSSION 

On initial assessment, there is no strong correlation between EG 

and OE when all the compounds are plotted (Figure 1).  This 

becomes even more evident when analyzing the coefficient of 

determination for the groups presented in Figure 1 and 2 (Table 

3).  However, upon inserting the energy EGs of the binary oxides 

into the cation’s position in the periodic table (Figure 3), there is 

apparent correlation among discrete chemical families. This 

becomes more evident when the plot of EGs vs. OE of the oxygen 

ion is delineated based on chemical group (Figure 2). From this 

plot, the EGs of the alkaline-earth and poor metal oxides appear 

to be linearly correlated with the OEs of the oxygen ion. 

Amongst all the chemical families the best linear fit is shown by 

the alkaline-earth metal oxides which have a R
2
 = 0.8972 (Table 

3).  Despite the fact that there is a clear separation of the EGs for 

 

Figure 1. Band Gaps vs. Optical Electronegativity for all the 42 

binary oxides.  
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Compound Band Gap, eV 

(experimental) 

Second Band 

Gap, (eV) 

Reference Average 

Band Gap 

Standard 

Dev. 

Normalized 

Standard Dev. 

Average 

Error 

BeO 10.5 5 Baumeier B, 

et al 

7.75 3.89 0.502 0.215 

Cr2O3 2.58 3.25 Tabbal M, et 

al 

2.915 0.474 0.163  

ZnO 3.3 3.7 Madelung, O 3.5 0.283 0.0808  

GeO2 5.35 6.1 Lin L, et al 5.725 0.530 0.0926  

CdO 2.5 1.11 Choudhary G, 

et al 

1.805 0.983 0.545  

La2O3 5.5 5.5 Stephen, J 5.5 0 0  

CeO2 3.78 3.19 Goharshadi 
E.K. et al 

3.485 0.417 0.120  

HgO 2.58 1.9 Choudhary G, 

et al 

2.24 0.481 0.215  

 

Table 2.  Error calculation for selected binary oxides.  Column 2 and 3 show two extreme band gap values obtained 

from the literature for each binary oxide. Columns 4, 5, and 6 show the average band gap, standard deviation, and 

normalized standard deviation.  Finally, column 6 represent the average error calculated from all the normalized 

standard deviations of column 6.  This value of 0.214 eV is used as an error for all the binary oxides of Table 1. 

 

Figure 3.  Periodic table of binary oxides in which the color of each 

cell corresponds to a chemical group (i.e., color green represent 

transition metals), the upper letters correspond to the cation that is 

reacting with oxygen to form a binary oxide, and the lower number 

corresponds to the energy band gap reported in the literature for that 

specific binary oxide. 

 

 

Table 3. Linear fits for all the chemical groups presented in Figures 1 

and 2.  The general formula used for the linear fits is Eg    χ* +  , 

where   and   are plotting parameters, and χ* is the optical 

electronegativity.  

Linear Fits A B R2 

All Compounds ( Fig. 1) -1.079 7.9161 0.0587 

Rare Earth Oxides (Fig . 2)  2.494 -1.8046 0.1521 

Row 4 Transition Metal Oxides 

( Fig. 2)  

-3.6973 15.197 0.4399 

Poor Metal Oxides ( Fig .2 )2 -5.78722 23.233 0.2329 

Alkali Earth Metal Oxides 3.6606 -1.7385 0.8972 

 

both the rare earth and the poor metal oxides, no obvious trend 

could be demonstrated (Figure 2). This is shown explicitly when 

a linear fit is applied to each chemical family, as the fits for these 

two families have the lowest R
2
 values among of all the models 

(i.e., 0.1521 and 0.2329, respectively)(Table 3).   

To understand the effectiveness of using OE as a basis for 

estimating EG, the models developed in this work were compared 

with Di Quarto’s (1997) and Duffy’s (1980) (Table 4). 

The models presented here provide significantly better 

estimates for the EGs of alkaline earth metal oxides and poor 

metal oxides than the 

other empirical models 

discussed (Duffy and Di 

Quarto).  The best 

accepted model’s 

estimate for the alkaline 

earth metal oxide band 

gaps has a percentage 

difference 3.8 times 

larger than ours (Table 

4). For the poor metals 

our model holds an even 

greater advantage, 

having a percentage 

difference 5.15 times 

lower than described in 

the literature 

 

 

 

Although no trends were 

found for the transition 

metal oxides and the rare earth metal oxides, it is possible that 

this is due to the presence of the d- and f- orbital in the cations’ 

valence band. In the case of transition metals, the d-orbital is 

very close to the s-orbital, which makes tracking electron 

promotion and calculating the direct EG more difficult. The 

apparent separation between the rare earth oxides and transition 

metals is possibly caused by the f-orbital affecting electron 

promotion to the conduction band.  The apparently randomizing 

effect of the d-orbital is known to affect the energy band values 

(Di Quarto 1997) and it is illustrated further here.  

Further studies on the relationship between optical 

electronegativities, atomic number, and energy band gaps of 

binary oxides should focus on the correlation between individual 

chemical groups (columns on the periodic table) rather than 

chemical families, as there appears to be a general decrease in 

band gap with the increase of the atomic number(Fig.3). A more 
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Table 4.  Comparison of accepted models reported in the literature and proposed models for 

alkali earth metal oxides and poor metal oxides (% Diff stands for percent difference). 

 

precise model could be found using a larger sample set of energy 

band gaps to increase the accuracy of the standard deviations of 

the band gaps.  This would minimize experimental errors caused 

by impurities in the substance, the growth method, crystalline 

structure and temperature, all of which altering the band gap 

behavior of an oxide (Yum et al. 2011; Baumeier et al. 2006). 

However, the models and ranges proposed in this study provide a 

rough estimate of semiconductor and insulator band gap behavior 

in binary oxides, evidenced by the estimate of the band gap for 

radium oxide.  A hypothesized value for the band gap of a stable 

radium oxide is found.  A stable, solid radium oxide would have 

an optical electronegativity of 1.94 and the estimated Eg of 5.36 

eV (Equation 3).  Future studies of OE vs. EG for binary oxides 

that are present in chemical groups (i.e., group IV of chemical 

table of elements) will give valuable insights into predicting the 

band gap of carbon oxide as a molecular crystal.   
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