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Abstract: The electronic structure and optical properties of Zn; -, Be, O alloys were studied using first principle calculation

based on density functional theory (DTF). The results indicate that the band gap of Zn, , Be,O alloys increases as Be

composition increases. The major reason is that the valence band maximum (VBM) of OZp has no obvious shift while the

conduction band minimum (CBM) of Zn4s shifts to higher energy as x composition increases. Calculated results of the

imaginary part of the dielectric function reveal that the peak heights at 2. 0 and 6. 76eV decrease as x composition increa-

ses, which is attributed to the decrease of the Zn3d states after Be substitutes for Zn. Due to the increasing transition prob-
ability from VBM of OZp to CBM of BeZs in wurtzite structure BeO,the peak height at 9. 9eV is enhanced and its position

shifts toward higher energy.
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1 Introduction

ZnO is an oxide semiconductor and it has become
interested topic due to its direct wide bandgap (E,=
3.3eV),large exciton binding energy (~60mV) and
high mobility (3.2 X107cm/s). It has been considered
as a next generation material used in the ultraviolet
and visible optoelectronic devices and so on. To pre-
pare ZnO-based optoelectronic devices, it is essential
to fabricate high quality p-ZnO. Recently, some re-
ports have shown that, using As and N as source of
stable and
ZnO " . It becomes more important for quantum con-

doping, one can get reliable p-type
trol and energy band engineering to achieve ZnO-
based quantum wells (QWs) and superlattice struc-
tures. This provides a good method to use the doped
ZnO with a bandgap greater than pure ZnO as barrier
layer of QWs structure. Ohtomo et al."* reported that
doping Mg in ZnO can expand the bandgap. They also
found that, as Mg content (x <C0.33) increases, the
bandgap of Zn,_, Mg, O alloys increases from 3.3 to
3.99¢V, but further doping of Mg (x>0. 33) will lead
to MgO phase segregates in the wurtzite Zn;-, Mg, O
lattice. Recently,Zn, - ,Be, O alloys have attracted sig-
nificant interest because of their wider range bandgap
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modulation ability. Moreover, Ryu et al."** have
prepared Zn;-, Be,O films by hybrid beam deposi-
tion. The experimental results indicated that the con-
centration of Be varied over the entire range from 0%
to 100% and no phase segregation between ZnO and
BeO was detected. At the same time, they got ZnO-
based ultraviolet light emitting diodes using BeZnO/
ZnO as QWs. Ding et al." and Kuo et al." have
studied the electronic structure of Zn;-,Be,O alloys
by ab inito.But few reports focus on studying Zn,_ -
Be,O band gap alteration using the electronic struc-
ture combined with optical properties.

In this paper,the electronic structure and optical
properties of Zn,_,Be,O alloys are investigated using
first principles method based on the density function-
al theory (DFT). Moreover, the change of the band
gap and the influence of Be doping on the optical
properties are analyzed.

2 Method and calculation

ZnO has hexagonal wurtzite structure and be-
longs to P6;mc space group with lattice constants a =
b=0.325nm,c =0.521nm. We consider a 2X2X1 su-
percell of Zn,_,Be,O containing 16 atoms,and the Zn
cations are replaced by Be cations,as shown in Fig. 1.
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Fig.1 2X2X1 supercell structure of Zn;-,Be, O alloys

The electronic structure and optical properties were
calculated using CASTEP code based on DFT'®'. A
norm-conserving pseudopotential is used with Be
(2s*),0(2s*sp*), Zn(3d*"4s*) as the valence-electron
configuration for the beryllium, oxygen and zinc at-
oms,respectively,to describe the electron-ion interac-
tion. The exchange-correlation potential was de-
scribed using the generalized gradient approximation
(GGA) of PBE scheme. Energy cutoff of plane-wave
was set at 450eV where total energy converged to less
than 1 X 10 ®*eV/atom. I'-centered 4 X 4 X 4 k meshes
were adopted to sample the Brillouin Zone for 2 X2 X
1 supercell. By change the number of doping berylli-
um from O to 8,we obtained Zn, -, Be, O alloys with x
=0,0.125,0.25,0.375,0.5,0.625,0.75,0. 875 and 1
respectively.

3 Results and discussion

3.1 Structure optimization

The calculated lattice constants a (x),c (x) and
bandgap value E,(x) are listed in Table 1 after geo-
metric optimization. The x dependence of lattice
constants a, ¢ with geometry optimization for
Zn,_,Be,O alloys are also shown in Fig. 2. Table 1
and Figure 2 show that the lattice constants a, c de-
crease linearly as Be doping concentration increases
due to smaller beryllium atom radius (0. 14nm) than
zinc atom radius (0.153nm). Calculated results are
consistent with the experiment and other calculated
results”1. They also satisfy Vegard’s law. However,
there are three points deviating from Vegard’s law
for x =0.375,0.5,0. 625, which may result from vari-
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Fig.2
optimization for Zn, -, Be, O alloys
calculated data are found in Refs.[1,7].

x dependence of lattice constants a, ¢ with geometry
The experiment and other

ous configurations in Zn,-, Be,O alloys with these
compositions'® . In these compositions, the formation
enthalpies are larger than the others and the variety
ranges are also wider,indicating that these configura-
tions are unstable. In the calculation, one of these
configurations is adopted. Thus the deviation may ex-
ist. However, total change tendency is unchanged.

3.2 Bandgap E, and state density

The bandgap E,of Zn, ,Be,O alloys as a func-
tion of beryllium composition x is shown in Fig. 3.
Corresponding E, values are listed in Table 1. This
figure and Table 1 show that the bandgap E, increases
as Be composition increases. The bandgaps of Zn,_,-
Be,O alloys can usually be described as a function of
the beryllium composition x by

E,(x) = xEy 50 + (1 = x)E, 2.0 — bx(1 — x) (1)
where E, 5o and E, 7,0 are the bandgaps of BeO and
ZnO, respectively, and b is the bandgap bowing pa-
rameter, being approximately took a constant. Based
on the calculated E, and by fitting the curve with
Eq. (1), we can get that the bowing parameter b is
about 5. 926. But, the calculated values of E,. ;.0 and
E, o deviate from the experiment ones, 3.3 and
10. 6eV. Those deviations are contributed to the un-
derestimation of the DFT theory for the bandgap cal-
culation'”’. However., this will not influence the quali-
tative analysis. In order to investigate the reliability
of the bowing parameter, we set the experimental values
of ZnO bandgap (3.3eV) and BeO bandgap (10.6eV),
and substituting the calculated bowing parame-
ter b into Eq.(1), then plotting a new bandgap

Table 1 Calculated lattice constants a(x),c(x) and band gap value E,(x) after geometric optimization
X 0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.0
a/nm 0.3256 0.3190 0.3134 0.3052 0.2972 0.2924 0.2889 0.2808 0.2764
¢/nm 0.5256 0.5148 0.5076 0.5024 0.4990 0.4826 0.4675 0.4557 0.4487
E,/eV 0.972 1.325 1.645 2.058 2.381 3.076 3.799 5.236 7.322
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Fig.3 Bandgap E, of Zn;-, Be,O alloys variety as a function
of the beryllium composition x
are found in Ref.[1].

Here, the experimental data

energy curve to compare with the calculated ones. As
shown in Fig. 3, although there exist some deviations
between experiment results and new simulated curve,
the change tendency still is consistent.

Figures 4 (a) and 4 (b) show the partial densities
of states of ZnO and Zn, ¢s5Beo 3550, respectively.
From the figures, it is found that the valence band
consists mainly of OZs, O2p and Zn3d orbitals. The
OZs orbitals are located around — 17e¢V with a band
range of about 0.62eV, indicating that these states
have been strongly confined and cannot interact with
others. The OZp orbitals are predominantly found be-
tween — 3.10 and 0. 18eV in the uppermost valence
band while the Zn3d orbitals with two peaks appear
in the range from —6.55 to — 3.10eV. The electron
transition between Zn4s and OZp orbitals leads to
slight movement of O partial state density to lower-
energy band, indicating that ZnO is a metal-oxide
semiconductor "', With the beryllium doping.the po-
sition of OZs orbitals does not change evidently but its
band range increases slightly to 0. 74eV. Although the
Zn3d and OZp orbitals are all located in the valence
band,the uppermost valence band are dominated by
OZp orbitals. So, the valence band maximum (VBM)
of Zn;_,Be,O alloys is mainly determined by OZp or-
bitals. Moreover, the conduction band is
formed by Zn4s,Zn3p and BeZs.

Now, we further investigate the change of the
bandgap by analyzing the partial density of states
(PDOS) in different compositions x. Figure 5 shows
the state densities of OZ2p,Zn4s,Zn3p and BeZs. This
figure shows that, the uppermost valence bands of

mainly

OZp orbitals do not change obviously;in the conduc-
tion band,the BeZs orbitals are enhanced with the in-
creasing composition x and the positions of peaks for
Zn4s,Zn3p and BeZs shift toward the higher energy.
Moreover,it is clearly observed that the lowest con-
duction band which determines the conduction band
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Fig.4 Partial density of states for ZnO (a) and Zny g5 Bey 375 0
(b

minimum (CBM) is dominated by Zn4s orbitals.
Therefore,it can be obtained that,the increase of the
bandgap with increasing Be composition results from
that,the CBM of Zn4s orbitals shifts toward the high-
er energy band. To explain this mechanism,the charge
density difference of the Zn,-, Be, O alloys is consid-
ered. Figure 6 shows the charge density difference of
ZnO and Zn, g5 Bey 155 O sliced cross the Zn—O and
Be—O bonds in the same position. This figure shows
that the offset of the electronic density from O atom
to Be atom is larger than that from O atom to Zn at-
om after Be ion substitutes Zn ion. The density redis-
tribution gives rise to the reduction of the electronic
density of superposition of Zn and O atoms, the de-
crease of the bond energy and the increase of unit vol-
ume energy. As a result,the Zn4s orbitals shift toward
the higher
bandgap is enlarged .

energy band and the corresponding

3.3 Optical properties

The macroscopically optical response function
can be described in terms of dielectric function,e(w)
=e (w)+e (w),where e, (w) = n? — k? e, (w) = 2nk.
The imaginary part of the dielectric function e, (w)
can be calculated from the momentum matrix ele-
ments between the occupied and unoccupied wave
functions within the selection rules, and the real part
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Fig.5 Valence band of OZp and conduction bands of Zn4s,Zn3p,BeZs for Zn;_,Be, O with

different compositions x

e; (w) of dielectric function can be evaluated from
imaginary part e; (w) by Krames-Kroning relation-
ship. All the other optical constants can be derived
from ¢, (w) and e, (w),such as reflectivity R (w) and
absorption coefficient ().
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As we know, the imaginary part of dielectric
function e, (w) is the pandect of the optical properties
for any materials. So the imaginary parts of the die-
lectric functions of the Zn,_,Be,O alloys with x =0,
0.25,0.625,1 as a function of the energy are shown
in Fig. 7. This figure shows that,for a pure ZnO there
are three peaks in the spectrum. The first peak I, at
about 2. 0eV comes mainly from the electron transi-
tion from the OZZp upper valence band peak D, to
Zn4s orbitals, as seen in Fig.4. The transition
between the Zn3d and OZp orbitals may lead to the
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Fig.6 Charge density difference of ZnO (a) and Zn, g5 Bey.155 O (b) sliced cross the Zn—0O and Be—0O

bonds in the same position

“Black” means to obtain electrons,and “White” means to loss electron.
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R T +=0.25 creasing Be composition,the amplitudes of peak I,and
I 12?525 I, decrease and disappear even. Moreover, with the
3l addition of Be,the intensity of peak I; at 9. 9¢eV is en-
%. hanced and its position shifts toward the higher ener-
2r gy, which is attributed to the formation of the wurtz-
N ite structure (B4) BeO and the increasing transition
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Fig.7
Be, O alloys with different compositions x

Imaginary parts of the dielectric functions of the Zn, - -

second peak I, at about 6. 76eV. And the third peak I;
at 9.9eV is mainly derived from the transition be-
tween the Zn3d and OZs orbitals. There is a weak
peak I, at about 0. 94eV, which corresponds to band

B9 Tt is also observed

gap transition from Iy to I%
that,as Be doping increases, all these peaks shift to-
ward the higher energy and the amplitudes of peak I,
and I, trail off and disappear even, while the one of
peak I; is enhanced gradually and its position shifts
toward the higher energy. Shift in peak I, is the result
of the enlarged bandgap energy E,. The decrease of
the amplitudes of peaks I,and I, results from Be sub-
stituting Zn gradually, reducing the transition proba-
bility from Zn3d to OZp. Moreover,the increase of Be
composition can result in the formation of a wurtzite
structure (B4) BeO, increasing the transition proba-
bility from valence band OZp to conduction band BeZs
in BeO structure. Therefore, as Be composition in-
creases, the intensity of peak I; increases gradually

and its position shifts toward the higher energy "*'.

4 Conclusion

The electronic structure and optical properties of
Zn,_,Be,O alloys have been investigated using ab ini-
tio calculations. The equilibrium lattice constants and
bandgap E, are presented. Calculated results indicate
that, the Zn,_, Be,O bandgap energy enlarges with
the increasing of beryllium composition, which is due
to the CBM of Zn4s orbitals shifting toward higher
energy band. Calculation results of imaginary parts of
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