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A R T I C L E I N F O A B S T R A C T 

The O-doped ZnTe (ZnTe! xOx) alloys present induce levels through O doping into the host semiconductor 
gap. ZnTe usually crystallizes in the zinc-blend structure and ZnO in the wurtzite structure under normal 
conditions. Therefore two possible ZnTe5 xOx phases may coexist, although in different proportions, 
depending on experimental growth conditions. We present total energy calculations and analyze some 
of their electronic properties with respect to: the two ordered wurtzite and zinc-blende structures, the 
concentration (x from 0.0078 to 0.5), the localized basis set (from single-zeta to quadruple-zeta with 

, . . ' , , polarization basis sets), and the variation of the ionization levels with x and with the distance O-Zn. 
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1. Introduction 

II—VI semiconductors have a potential for a variety of applica
tions, especially as light-emitting and light-detecting devices, and 
solar cells. O-doped ZnTe compounds have very recently attracted 
the attention of researchers as intermediate-band solar cells, and 
samples with a high 0 concentration have been grown [1,2]. A 
room-temperature photoluminescence spectrum for ZnTe:0 indi
cate [1,2] a strong sub-bandgap response related to oxygen doping 
in the range of 1.6-2.0 eV. The strong emission for ZnTe:0 denotes 
a highly radiative transition [1]. This sub-bandgap optical absorp
tion increases as the oxygen increases, and is attributed to oxygen 
defects in ZnTe. The 0.4-0.5 eV states below the conduction band 
(CB) act as an intermediate band (IB) for photovoltaic solar cells. 
The observed response for monochromatic 650 nm (1.91 eV) illu
mination suggests that carriers are excited from the valence band 
(VB) to the IB, and are then promoted to the CB by a further 
650 nm photons, thermionic emission, or tunneling. The ZnTe 
diodes did not exhibit any detectable response at these wave
lengths. The simultaneous excitation with 1550 nm (0.8 eV) and 
650 nm (1.91 eV) laser sources results in an increase in photocur-
rent and open circuit voltage. The photovoltaic response increases 
monotonically by increasing the 1550 nm power density. It indi
cate that a two-photon process may be occurring in the ZnTe:0 de
vice [1]. The increase in the short circuit current by increasing the 
1550 nm illumination suggests that the IB solar cell efficiency may 
be improved under higher excitation levels, indicating that these 
devices may further benefit from solar concentration. 
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The maximum power conversion limitation for single-junction 
solar cells is because the loss of photons with energy below the 
bandgap energy, and the low efficiency conversion of photons with 
energy exceeding the bandgap energy. The presence of the IB al
lows photons of lower energy than those of the gap to be absorbed, 
promoting electrons from the VB to the IB, thus generating holes in 
the VB, and from the IB to the CB, generating electrons in the CB. In 
addition to this process of carrier generation, the usual generation 
process through photon absorption, promoting electrons from the 
VB to the CB, also takes place. Therefore, the presence of the IB 
would increase the efficiency of solar cells, provided no voltage loss 
compensates for the current gain [3]. These materials have been 
studied in some detail during recent years [4-9], and several ap
proaches have been proposed to make an IB practically, including 
quantum dots [4,5], and doping with a high impurity concentration 
[7,8]. Quantum dots have demonstrated the intermediate band 
concept, where sub-bandgap response and increased efficiency 
have been reported [9]. In doped semiconductors, the properties 
may vary from localized defect states at low concentration to the 
formation of an energy band at high concentration. The former cor
responds to impurity-doping whereas the later corresponds to 
impurity-alloying. For the impurity-alloying case, in order to form 
a band, the impurity concentration should exceed the threshold set 
by the Mott's transition (~1019 e n r 3 [10]). This approach has been 
studied [7,8] both theoretically and experimentally. 

Because of the technological importance of the ZnTe^xO* 
alloys, it is of much interest to explore their electronic properties. 
It is experimentally difficult to control the phase and impurity con
centration of the samples. In general, there are two phases in the 
experimental samples, although in different proportions. There
fore, it will very useful for optoelectronic applications to know 
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the differences between some of the properties of both, the zinc-
blende structure (ZBs) and the wurtzite structure (Ws), in the wide 
x range. In this work, we report the results of first principles theo
retical calculations for the acceptor and donor ionization levels of 
the ZnTe^xO*. We study both the Ws and the ZBs with x from 
0.0078 to 0.5. 

2. Calculations 

Ionization energies are usually characterized by Kohn-Sham or 
Hartree-Fock defect levels (single-particle picture). But the single-
particle eigenvalues associated with the defect states do not ac
count for the excitation aspect inherent to the ionization or 
recharging of the defect. The ionization or transition energies pro
vide more rigorous information, since they are calculated from the 
total energies of the systems. Therefore, we use total energies in 
order to obtain the ionization energies. 

The formation energy needed to incorporate one negatively 
charged A atom into M place, and thus form an acceptor A, in the 
MX semiconductor is AH/(AM) = £(AM) - EH - fiA + fiM - EF} where 
£(AM) denotes the total incorporation energy, EH is the total energy 
of the binary MX host, EF is the Fermi energy, \iA and jiM denote 
chemical potentials of the acceptor A and of the component M in 
the host semiconductor MX, respectively. These chemical poten
tials represent the energy of the reservoirs with which atoms are 
being exchanged. Therefore the incorporation of an AM acceptor 
will be favored if more A atoms are available (higher jiA), if the po
sition of £F is higher (more energy is liberated due to the transfer of 
an electron from EF to A) and if more M places are available (lower 
JIM)- Similarly, the formation energy to incorporate one donor is 
AH/(D^) = £(D^) - £H - HD + fi„ + EF. The acceptor energy corre
sponds to the value of £f at which the impurity or the defect 
change from AM to AM, i.e. eA = £(AM) - £(AM). Similarly, the donor 
energy is eD = £(DM) - £(£>„). For the host semiconductor, when 
D = A = M, the acceptor and donor energies correspond with the 
CB and VB edge energies, i.e. ec and ev, and the gap is 
Eg = ec - ev = £(MM) - 2£H + £(M+). 

The total energy of the aforementioned systems have been ob
tained with the density-functional theory (DFT) [11] using super-
cells containing from 32 to 256 atomic sites (ZnTe1_xOx with x 
from 0.0078 to 0.5). The standard Kohn-Sham (KS) [12] equations 
are solved self-consistently [13]. For the exchange and correlation 
term the local-spin density approximation (LDA) and the general
ized gradient approximation (GGA) have been used: the LDA with 
the Perdew-Zunger parametrization to the Ceperley-Alder numer
ical data [14], and the GGA in the form of Perdew et al. [15]. The 
standard Troullier-Martins [16] pseudopotential is adopted and 
expressed in the Kleinman-Bylander [17] factorization. The KS 
orbitals are represented using a linear combination of confined 
pseudoatomic orbitals [18]. Several further corrections to the cal
culated energies [19] were applied: potential alignment between 
a charged defect calculation and the perfect host crystal, and spu
rious interaction of periodic image charges. 

An analysis of the basis set convergence has been carried out 
using from single-zeta to quadruple-zeta with polarization basis 
sets (SZP, DZP, TZP and QZP for single-, double-, triple- and quadru
ple-zeta with polarization) for all atoms and by varying the num
ber of the special k points in the irreducible Brillouin zone (BZ). 
The dimension of the k point grid varies with the cell size in order 
to keep a constant k point density in the BZ. 

In order to study the ZnTe^xO* alloys we have used a large 
number of ordered structures (both ZBs and Ws) by varying the 
0 compositions. For all of these structures we start from a unit cell 
where the 0 atoms are replaced by Te. However, when x increases, 
there are many non-equivalent atomic configurations. Therefore, 
we have used the more homogeneous structures for the calcula

tions. For the Ws, we have used 32-, 108- and 256-atom supercells. 
For the ZBs we have used 54-, 64- and 216-atom supercells. The 
number of atoms in the cell (N) is related to the 0 concentration 
as ~3 , 5.1022/Ncm~3 approximately. 

For the supercells with a high 0 concentration we have used the 
lattice parameters from the linear interpolation of the binaries for 
both, the ZBs and the Ws. ZnTe usually crystallizes in the ZBs under 
normal conditions. However, the Ws is structurally similar. The 
structural differences between the ZBs and the Ws refer only to 
the positions of the second neighbours. For ZnTe in the ZBs, the lat
tice parameter is a = 6.10 A, the nearest-neighbour distance Te-Zn 
is 2.64 A, and the direct gap is 2.4 eV. For the Ws, the lattice param
eters are a = 4.27 A and c/a = 1.637, and r(Te-Zn) = 2.62 A [20]. The 
ZnO is a wide band gap semiconductor of 3.4 eV. Its properties 
make it a candidate for various optoelectronic devices, such as vis
ible and ultraviolet light emitters, transparent field-effect transis
tors, and laser diodes. Under ambient conditions, ZnO crystallizes 
with the Ws, but samples with ZBs have also been reported 
[21,22]. The lattice parameters for the Ws are a = 3.249 A and 
c = 5.205 A [23], and for the ZBs the lattice parameter is 
a = 4.58 A [22]. 

3. Results and discussion 

3.1. Modification of the ionization levels with the concentration 

Using total energy calculations and the structures described in 
the section II, we have obtained the ionization energies of the 
ZnTe^xOx alloys with x. The evolution of the acceptor and donor 
energies into a wide range of the concentration x (0sgxsg0.5) 
are shown in Fig. 1 with the DZP and QZP basis sets, and for the 
Ws (panel a) and ZBs (panel b). With the TZP basis set the results 
are indiscernible with respect to the QZP basis set. For it, the re
sults with the TZP basis set are not shown. By comparing the result 
with the DZP and QZP basis set, we see that the differences are very 
small. The energy origin of this figure corresponds to the ZnTe VB 
edge energy for both, the ZBs and the Ws. For x = 0 the experimen
tal gap for the ZBs is 2.4 eV. Therefore, the gap obtained with total 
energies, i.e. as differences between the host acceptor (CB edge) 
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Fig. 1. ZnTei-xO* donor and acceptor energies using a DZP and QZP basis sets for 
the Ws (a) and ZBs (b) as a function of the x. The donor energy corresponds 
approximately to the VB energy. The top of the VB energy for ZnTe (x = 0) has been 
chosen as zero energy for the two structures. Marks indicate the calculated 
structures and lines correspond to fits to these points. 
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Fig. 2. ZnTei-xO* donor and acceptor energies using a TZP basis sets for the Ws (a) 
and ZBs (b) with LDA and GGA, as a function of the x. The top of the VB energy for 
ZnTe (x = 0) has been chosen as zero energy for the two structures. Marks indicate 
the calculated structures and lines correspond to fits to these points. 
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Fig. 3. Energy difference ec - eA (eV) between the CB energy ec and the acceptor 
energy eA for ZnTe] _xOx as a function of the x, using DZP and TZP basis sets, and LDA 
and GGA. Marks indicate the calculated structures and lines correspond to fits to 
these points. 

energy and the host donor (VB edge) energy (Eg = £(MM) - 2£H+ 
£(M„)), is similar to the experimental results for the ZBs 
(Fig. lb). The gap for the Ws (~2.51 eV) is lightly larger than for 
the ZBs. 

The differences between LDA and GGA using a TZP basis set on 
all atoms are represented in Fig. 2. The main difference between 
LDA and GGA is that with GGA the acceptor level is a little higher 

in energy. However, the CB edge with GGA is larger than with LDA. 
It can be seen in the Figure for x = 0, where the host acceptor en
ergy for ZnTe is the CB energy. Therefore, the final result when 
the acceptor level and the CB edge are analyzed simultaneously 
is that the acceptor energy for LDA is closer to the CB edge than 
with GGA. This is shown in Fig. 3 for a larger dilution and with dif
ferent basis sets. In this figure the energy difference between the 
CB edge (ec) and the acceptor energy (eA) is represented using 
the largest supercells (lower x). These results compare well with 
the experimental [1] and theoretical single-particle [24] results 
in the literature, where the energy difference ec - eA is around 
0.4-0.5 eV. 

This acceptor level is the origin of the IB into gap when the O 
concentration increases. A deep level in the middle of the band 
gap is assumed to be the origin of non-radiative recombination 
(NRR). However, at high concentration the levels lead to bands, 
where NRR is reduced [10,25]. This fact could explain the high radi
ative transition for ZnTe:0 observed experimentally [1]. 

3.2. Change of the acceptor level with the distance O-Zn 

Furthermore, the energy difference ec - eA and eD - ev has been 
obtained as a function of the inward and outward displacement of 
the O-Z^ distance. It is a breathing-mode, i.e. the simplest type of 
localized vibration with spherical symmetry. The distance O-Zn} is 
chosen as a generalized coordinate Q, The changes in the acceptor 
and donor energies with respect to Q - Qo, where Qo is the equilib
rium experimental distance Te-Zn in the host semiconductor, are 
shown in Fig. 4. From this Figure, an inward displacement 
(Q.— Qo < 0) increases the energy difference between the acceptor 
and the CB energy, causing the eA level to go deeper into the gap. 

> 

0 0.2 

Q-Qo(A) 

> 

0.2 0.3 0.4 

Q-Qo(A) 

Fig. 4. Energy difference (eV) ec - eA (a) and eD - ev (b) as a function of Q - Qo, 
where Qis the distance O-Zni (Q), and Qo is the equilibrium experimental distance 
Te-Zn in the host semiconductor. Marks indicate the calculated structures and lines 
correspond to fits to these points. 



The main reason for this behavior is that the eA decreases more 
rapidly than ec when Q.— Qo < 0. Therefore, with hydrostatic pres
sure this acceptor level is deeper in the gap. An outward displace
ment ( Q - Q o > 0 ) increases the energy difference between the 
donor and VB energy (Fig. 4b). As in the previous case, the change 
of the donor energy is larger than the variation of the VB energy 
with Q-Qo. 

4. Conclusions 

In summary, we report the results for donor and acceptor ener
gies of the doped ZnTe!_xOx using first principles total energy cal
culations. Our results, with a wide range of x, compare GGA and 
LDA exchange and correlation terms, and different basis sets size, 
from SZP and QZP. These results compare well with experimental 
results in the literature. With GGA the gaps, and the energy differ
ences ec - eA and eD - ev are larger than when LDA is used. The 
acceptor level is in the gap, whereas the donor level is very closer 
to the VB. 

We have also analyzed the dynamic evolution of the valence, 
donor, acceptor and conduction energies as a function of the gen
eralized coordinate corresponding to a breathing-mode (O-Zn} 
distance). The main effects are to displace the acceptor and donor 
levels toward the center of the gap with an inward and an outward 
displacement respectively, increasing ec - eA and eD - ev. 
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