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The electronic and optical properties of B-doped ZnO were studied by ab initio calculation. The calculated formation 

energies reveal that the structure (labeled as Bs(Zn)) of boron atom substituting zinc atom forms easily compared to the 

other B-doped ZnO structures, and the preparation of high boron concentration in B-doped ZnO is difficult. For Bs(Zn) 

structure with different boron concentration, the Fermi energy is located in the conduction band, indicating a typical n-type 

semiconductor material, the band-gap decreases with boron concentration increasing. In the range of 400nm-1200nm, the 

transmittance spectra shows the transmittance of ZnO is larger than 90%, the transmittance decreases with the 

incorporation of boron (6.25at.%-18.75at.%), at wavelength shorter than 300nm, the transmittance of B-doped ZnO is 

higher than that of ZnO.  
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1. Introduction 

 

Transparent conductive oxides (TCOs) are important 

in fabricating optoelectronic devices, such as display 

devices [1], solar cells [2-4], and light emitting diodes[5,6]. 

Among these compounds, III-doped ZnO is becoming a 

potential candidate to substitute indium tin oxide (ITO) as 

transparent conducting films due to its competitive 

electronic and optical propert ies. In recent years, Al or 

Ga-doped ZnO have received particu lar attention and been 

widely studied [7-10]. For A l-doped ZnO (AZO), when Al 

concentration exceeds 3at.%, interstitial A l atoms are easily  

formed, the resistivity of Al-doped ZnO doesn’t decrease 

continuously[11]. Ga-doped ZnO (GZO) is believed to 

have considerable potential due to its low Madelung energy 

and ionic radius between Ga
3+

 (0.62 Å) and Zn
2+

 (0.74 Å) 

[12]. Similarly, B-doped ZnO (BZO) also show promising  

features in high transmittance and low resistivity[13], are  

regarded as an alternative to ITO films used in  

optoelectronic fields. Li Gao et al.[14] deposited B-doped 

ZnO films on glass substrates by radio frequency 

magnetron sputtering method, the films show high average 

optical transmission (≥80%) and low resistivity 

(9.2×10
−3

Ω·cm). Y.F.Wang et al.[15] deposited B-doped 

ZnO films using pulsed direct-current magnetron 

sputtering, the films annealed at 450°C in an Ar 

atmosphere had the lowest resistivity of 2.39×10
3
 Ω·cm. 

On the other hand, however, it is still unclear in  some 

properties of B-doped ZnO, due to the small ion radius, 

boron can act as either substituted atom or interstitial one in  

ZnO lattice[16], in addition, the relationship of boron 

concentration on the properties of B-doped ZnO was 

seldom reported compared  to Ga or Al-doped ZnO 

[7,10,13,17]. Therefore, it  is necessary to study these 

effects, and this is also the purpose of the paper. 

From a theoretical perspective, the properties of 

III-doped ZnO were generally studied based on the density 

functional theory (DFT), it was found that the calculated 

band-gap of ZnO is much smaller than the experimental 

values [14,18], the result of underestimation is  the natural 

limitat ion decided by DFT[19]. The DFT+U approach 

attempts to make up for the limitation by using an orbital 

dependent term added to the DFT potential. To improve the 

value of band-gap, recently many theoretical researches 

have studied the impact of U parameter on the properties of 

ZnO, and the correct  band-gap for ZnO can be obtained by 

this way [20,21]. Therefore, we adopted the DFT+U 

method in this study, four possible B-doped ZnO structures 

were considered, they are the substitution of boron for zinc 

or oxygen, and interstitial boron in a tetrahedron or in an  

octahedron. By comparing with the formation energies, we 

identified the most possible structure of four types of 

B-doped ZnO structures, then we investigated the physical 

properties of B-doped ZnO with th is structure, the analysis 

was carried out using boron concentrations of 6.25at.%, 

12.5at.%, and 18.75at.%, respectively. As far as we know, 

presently few studies ever focused on the effects of boron 

concentration on the properties of B-doped ZnO.  

 

 

2. Calculation methods 

 

ZnO has wurtzite structure, the lattice constants are a 
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=b=3.249Å and c=5.206 Å[22]. In  this study we employed 

a 2×2×2 supercell of ZnO containing 32 atoms, and four 

types of B-doped ZnO structures were modeled, as shown 

in Fig.1. A substitutional B-doped ZnO supercell was built 

by one boron atom substituting one zinc or oxygen atom, 

for interstitial B-doped ZnO, one boron atom was 

embedded in the interval of the tetrahedron or octahedron 

in ZnO lattice, they were labelled as Bs(Zn), Bs(O),Bi(tet) and 

Bi(oct) structure, respectively, as shown in Fig.1(b) . A ll 

calculations were carried out using the CASTEP code 

based on DFT[23]. Electron-ion interactions were 

modeled by ultrasoft pseudopotentials[24], the 

Perdew-Wang generalized gradient approximation (GGA) 

was used as the exchange-correlat ion functional. The 

valence atomic configurations were 3d
10

4s
2
 for Zn, 2s

2
2p

4
 

for O, and 2s
2
2p

1
 for B, respectively, the wave functions 

of valence electrons were expanded by a plane-wave basis 

set with the cut-off energy of 420eV, the convergence 

threshold for self-consistent iterations was set at 

5.0×10
−7

eV/atom,  k-point grid sampling in the 

supercells was set at 4×4×2. In the optimized process, the 

other parameters were set as follows: maximum force 

(0.01 eV/Å), maximum stress (0.02 GPa), changes in 

energy (5.0×10
−6

 eV/atom), and maximum displacement 

tolerance (5.0×10
−4

 Å).  

 

Fig.1. 2×2×2 supercell (a) ZnO, (b) B-doped ZnO, site 

1 to 4 represents the boron replacements for Bs(Zn), 

Bs(O), Bi(tet),Bi(oct)structure, respectively. 

 

To describe the electron ic and optical properties of 

B-doped ZnO accurately, the DFT+U method was 

adopted in this calculat ion, we set the U values of 

UO,p=7.0 eV for O 2p and UZn,d=10.5 eV for Zn  3d [25], by 

this way the calculated band-gaps and lattice constants for 

ZnO were consistent well with the experimental 

values[22]. 

 

 

3. Results and discussion 

 

3.1. Structural properties 

 

Table 1 listed the lattice  constants, volume 

differences and bond lengths through optimizing the 

supercell of ZnO and four types of B-doped ZnO. In ZnO 

lattice, each zinc atom is bonded to one vertical and three 

horizontal oxygen atom, the average bond lengths were 

labeled as Zn-Ov and Zn-OH , as were the bond lengths 

B-Ov and B-OH
 
for B-doped ZnO. The optimized lattice 

constants of ZnO are a=b=3.275Å, c=5.233Å, 

respectively, which are consistent well with the 

experimental values[22]. For Bs(Zn) structure, the Zn-OV 

and Zn-OH bond lengths get larger than those of ZnO, the 

B-OV and B-OH bond lengths are 1.539Å and 1.523Å, 

respectively, which are shorter than those of Zn-O, which 

is attributed to the small radius of B
3+

 (0.27Å) compared 

to that of Zn
2+

 (0.74 Å), as a result, the cell volume of 

Bs(Zn) structure shrinks, which is well agreed with the 

other calculated value as well as experimental 

results[16,26]. For Bi(tet) and Bi(oct) structures, the Zn-OH 

bond lengths near the interstitial B atoms are 2.871Å and 

2.733 Å, respectively, which are much larger than the that 

of ZnO, therefore , the lattice constants (a and c) of 

B-doped ZnO for Bi(tet) and Bi(oct) structures increase, and 

the volume of cell expands by 7.4% and 4.8%, 

respectively.  

 

 

 

Table 1. Optimized lattice constants, volume differences and bond lengths of ZnO and B-doped 

ZnO with different structure. 

 

a (Å)        c(Å)       ΔV (%) Bond Lengths 

Zn-OH Zn-OV B-OH B-OV 

ZnO 3.275, 3.249a   5.234 5.206a  1.989 2.001   

Bs(Zn)   3.233   5.181 -3.6, -3.1b 2.065, 1.996b 2.071 1.523,1.526b 1.539 

Bs(O)   3.285   5.306 2.4 1.987    

Bi(tet)    3.292   5.434 7.4 2.871 2.131   

Bi(oct)    3.321   5.471 4.8 2.733 1.983   

         a. Experimental values of reference [22] 

         b. Calculated values of reference [16] 
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Defect ZnO

f t t i iE E E n   

 

3.2. Formation energy 

The formation energies were used to determine the 

possibility of B-doped ZnO with different structures, 

which is expressed as the following [16, 27,28]: 

 

(1) 

                                                                                                                                    

where Et
Defect

 and Et
ZnO

 are the total energies of B-doped 

ZnO and ZnO supercells, ni is the number of i atoms, if 

the atom is added to the supercell, ni is negative, 

otherwise it is positive, μi is the chemical potential of 

atom i. Formation energy is dependent on the growth 

condition, which may be Zn-rich or O-rich. As for ZnO, 

μZn and μo satisfy the formula of μZn+μO=μZnO. In O-rich 

condition, μO  is determined by the total energy of O2 
molecules (μO = μO2/2), μZn is calcu lated by the formula  
μZn=μZnO−μO. In Zn-rich  conditions, μZn is the energy of 

one zinc atom in bulk zinc, μO is calculated by the formula  

μO=μZnO− μZn(bulk). μB is determined as follows: μB = (μB2O3 

− 3μO)/2. From experimental point of view, chemical 

potentials have a wide range of values, therefore, in this 

work the format ion energies of B-doped ZnO have values 

between those calculated in Zn-rich and O-rich 

conditions.  

 

Table 2. Formation energies of four types of B-doped 

ZnO in Zn-rich and O-rich conditions. 

 

Structure Formation energy 

Zn-rich O-rich 

Bs(Zn) 2.22 4.84 

Bs(O) 7.35 20.48 

Bi(tet)  5.24 13.12 

Bi(oct)  6.71 14.58 

 

Table 3. Formation energies and band-gaps of B-doped 

ZnO with different boron concentration. 

Concentration Formation 

energy(eV) 

Band-gap (eV) 

O-rich Zn-rich 

Pure ZnO -- --     3.36 0.91
b
, 3.37

c
 

6.25 at% 4.84 , 

3.75
a
 

2.22, 

0.39
a
 

    3.15 0.87
b
 

12.5 at% 10.46 5.21     3.07  

18.75 at% 16.33 8.45     2.99  

a. Calculated values of Ref.[16]. 

b. Calculated values of Ref.[14]. 

c. Experimental value of Ref.[22]. 

 

 

 

 

The calculated formation energies of four types of 

B-doped ZnO structure were summarized in Tab le 2. As 

we know, the defects having lower formation energy will 

form more easily. Under O-rich  condition or under 

Zn-rich condition, the Ef(Bi) and Ef(Bs(O) are much larger 

than Ef(Bs(Zn)), indicating that boron doped into ZnO at 

the zinc site is much more easy than at oxygen site or the 

interstitial site of ZnO. Therefore, we used Bs(Zn) 

structure for the following calculation and analyzed the 

properties of different concentration of B-doped ZnO. We 

used one, two and three boron atoms to substitute zinc 

atoms in 2×2×2 ZnO supercells, corresponding to doping 

levels of 6.2at.%, 12.5at.%, and 18.75at.%, respectively. 

Due to the same boron concentration having several 

supercell configurations, we have illustrated that the 

calculated results, such as the total energies and band 

gaps, varied  in  a s mall range with  different 

configurations, and the average values were close to the 

values calculated by the configuration having large 

weight.  

Table 3 listed the format ion energies of B-doped 

ZnO with different boron concentration for Bs(Zn) 

structure, the format ion energies in Zn-rich condition is 

smaller than in O-rich condition for each boron 

concentration, which indicates Zn-rich growth condition 

facilitates Zn atoms to substitute boron atoms [16]. 

Furthermore, both in  Zn-rich and in  O-rich conditions, 

the formation energies increase with doping of boron, 

therefore, it would  be difficult to  prepare h ighly B-doped 

ZnO, because the larger formation energy is required. 

 

 

3.3. Electronic structure 

 
Fig. 2 shows the calculated band structures of pure 

ZnO and B-doped ZnO for Bs(Zn) structure with different  

boron concentration, the Fermi energy is set to zero. The 

calculated band-gap for ZnO is 3.36eV, which is well 

consistent with the experimental value of 3.37eV, the direct  

band-gaps of B-doped ZnO with boron concentration at 

6.25at.%, 12.5at.%,18.75at.% are 3.15eV, 3.07eV, 2.99eV, 

respectively. In addition, the Fermi energy shifts up into the 

conduction band for B-doped ZnO, indicating the 

characteristics of typical n-type conduction, as shown in 

Fig. 2(b), (c), (d). With boron doping ZnO becomes n-type 

conductor and its band-gap reduces, these results were also 

obtained by the calculations of Li Gao[14] and can be 

explained by the total and projected density of states 

(TDOS and PDOS) shown in Fig. 3.  
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Fig. 2. Band structures of pure ZnO (a) and B-doped ZnO with boron concentration at 6.25at.% (b), 12.5at.% (c) and 18.75at.% 

(d). The Fermi energy is set to 0eV. 

 

It can be seen in  Fig. 3(a), fo r pure ZnO in the valence 

band (VB), the lower energy states (−9.2eV to −5.5eV) are  

mainly  Zn-3d and O-2p orbitals, the upper states (−5.5eV to  

0 eV) are mainly the O-2p orbital, the conduction band (CB) 

is dominated by Zn-4s and Zn-4p states, hybridized with  

some O-2s and O-2p orbitals
 

[29], following the 

substitution of one zinc atom by one boron atom, the CB 

divides the lower (-1.8eV to 0.7eV) and upper (0.7eV to  

5.4eV) energy states as shown in Fig. 3(b), the two region  

mainly  comprises Zn-4s and Zn-4p as well as some O-2p  

and B-2p orbitals, the electrons occupying the lower 

region result in the Fermi energy(set to zero and marked  

by dot line) mov ing upward  into the CB, indicating the 

characteristic of typical n-type semiconductor. In addition, 

it can be seen in Fig. 3(a), for pure ZnO the conduction 

band min imum(CBM) is the hybridization of the orb itals of 

Zn-4s,-4p and O-2s,-2p, with boron doping the 

hybridizat ion of the orbitals for the CBM is added to 

B-2s,2p  as shown in Fig. 3(b), the orb ital of B-2s locate in  

lower energy position, resulting in a decrease of the energy 

band gap. 
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Fig. 3. Density of state for (a) pure ZnO, (b) B-doped ZnO with boron concentration at 6.25at.% . 

 

3.4. Optical properties 

 

The optical properties of a material can be described 

by dielectric function ε(ω)=ε1(ω)+iε2(ω), in this function 

ε1(ω) and ε2(ω) are the real and imaginary part, which can 

be calculated according to the Kramers–Kronig’s 

dispersion relation[30]. In this way, other optical 

properties, such as absorption coefficient α(ω), 

reflectivity R(ω ) can also be acquired. The related 

formulas are listed as below.                           

        

 

(2)                                                                                                                                                                                                          

 

                                             

(3) 

                                                                       

 

(4)  

 

  

        (5) 

 

 

where, Ω  is the volume of unit cell, e  is the electronic 

charge, u is the vector of electric field  defining the 

polarization, ω is the frequency of incident light; and φc
k 

and φv
k
 are the wave functions of valence and conduction 

band, Ec
k 
and Ec

k 
are the intrinsic energy, respectively.  

 

 

Fig. 4. Dielectric function of pure ZnO, B-doped ZnO 

with different boron concentration. 

Fig. 4 shows the dielectric function of B-doped ZnO 

with different boron concentration. In the range of 

2
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5eV-30eV, the trends of imaginary and real part  are  much 

similar for B-doped ZnO with various boron 

concentration. While in the range of 0eV-5eV, the 

imaginary part increases with boron concentration 

increasing, and the peak has the offset to the smaller 

energy side. It can be found that the real part decreases 

successively with boron concentration increasing in the 

range of 3eV-5eV.  

 

 

Fig. 5. (a) Reflectivity, and (b) Absorption of pure ZnO and B doped ZnO with different boron concentration. 

 

Fig. 5 shows the reflectiv ity and absorption spectra 

of B-doped ZnO with different boron concentration. As 

boron concentration increases from 0 to 18.75at.%, the 

reflectivity decreases at short wavelength (200nm-300nm) 

while increasing at long wavelength. The transforming 

wavelength has blue shift with the incorporation of boron, 

as shown in Fig. 5(a). Compared with pure ZnO, the 

absorption decreases obviously in the high energy range 

of 200-300nm after doping, while in the wavelength of 

300-1200nm, the absorption increases significantly with 

boron concentration increasing, especially in the range of 

300-800nm. While in the ult raviolet  of 0-300nn, the 

reflectivity and absorption almost has the same trend 

with B-doping, which is consistent with the dielectric 

function in Fig. 4.  

 

 

Fig. 6. The calculated transmittance spectra of B-doped 

ZnO with different boron concentration. 

 

Fig. 6 shows the calculated transmittance for pure 

ZnO and B-doped ZnO with different boron concentration. 

In the range of 400nm-1200nm, the average transmittance 

of ZnO is larger than 90%, which complies well with the 

experimental results by Li Gao et al.[14], they deposited 

ZnO thin films by RF magnetron sputtering which have a 

transmittance of over 95% in the wavelength range from 

720nm to 800nm, over 95% transmittance were also 

observed in ZnO films by R. Ondo-Ndong et al. and C. 

Wang et al. [31,32]. Fo llowing  the incorporation of boron, 

the transmittance decreases, while at low concentration 

(6.25at%) the average transmittance is still larger than 

60%, which is also consistent with the experimental 

results[14] and other theoretical calculat ion[16]. In the 

ultraviolet  (UV) region (200nm-400nm), the main peaks  

shift toward short wavelength with boron concentration 

increasing, at wavelength shorter than 300nm, the 

transmittance of B-doped ZnO is higher than that for pure 

ZnO, however, the transmittance decreases with boron  

concentration increasing. For boron concentration between 

6.2at.% and 18.25at.% and in the range of 400nm-1200nm, 

the transmittance decreasing is similar to that of Al or 

Ga-doped ZnO, which was considered to be due to the 

number of donor states increasing [33,34]. 

 

4. Conclusion 

 

In this study, we employed DFT+U to investigate the 

electronic and optical propert ies of B-doped ZnO, Uo,p = 

7eV for O 2p and UZn,d = 10.5eV for Zn 3d were set as 

the Hubbard U values. Four B-doped ZnO structures 

were considered in this calculation, they were the 
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substitution of boron for zinc (Bs(Zn)) or oxygen (Bs(O)), 

the interstitial boron in a tetrahedron (Bi(tet)) or in  an 

octahedron (Bi(oct)). The calculated formation energies 

indicated that Bs(Zn) structure forms easily compared to the 

other three structures, and it is difficu lt to prepare 

B-doped ZnO with high doping level. For Bs(Zn) structure 

with different boron concentration, the Fermi energy 

shifts into the conduction band, indicating the 

characteristics of typical n-type semiconductor, in 

addition, the band-gap decreases with boron 

concentration increasing, they are 3.15eV, 3.07eV, 

2.99eV with boron concentration at 6.25at%, 12.5at%,  

18.75at%, respectively. The optical propert ies of B-doped 

ZnO for Bs(Zn) structure were also calculated at different 

boron concentration. In the range of 400nm-1200nm, the 

average transmittance of ZnO is lager than 90%, the 

transmittance decreases following the incorporation of 

boron, at low concentration (6.25at%) the average 

transmittance is larger than 60%, at wavelength shorter 

than 300nm, the transmittance of B-doped ZnO is larger 

than that of ZnO. These characteristics are similar to Al 

or Ga-doped ZnO on optical properties. 
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