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ZnO1�xYx with chalcogen element Y exhibits intriguing optoelectronic properties as the alloying

strongly impacts the band-gap energy Eg(x). In this work, we analyze and compare the electronic

structures and the dielectric responses of Zn(O,S) and Zn(O,Se) alloys by means of the density

functional theory and the partially self-consistent GW approach. We model the crystalline stability

from the total energies, and the results indicate that Zn(O,S) is more stable as alloy than Zn(O,Se).

We demonstrate also that ion relaxation strongly affects total energies, and that the band-gap bow-

ing depends primarily on local relaxation of the bonds. Moreover, we show that the composition

dependent band-gap needs to be analyzed by the band anti-crossing model for small alloying con-

centration, while the alloying band-bowing model is accurate for strong alloying. We find that the

Se-based alloys have a stronger change in the band-gap energy (for instance, DEg(0.50)¼Eg(ZnO)

– Eg(x¼ 0.50) � 2.2 eV) compared with that of the S-based alloy (DEg(0.50)¼ 1.2 eV), mainly due

to a stronger relaxation of the Zn–anion bonds that affects the electronic structure near the band

edges. The optical properties of the alloys are discussed in terms of the complex dielectric function

e(x)¼ e1(x)þ ie2(x) and the absorption coefficient a(x). While the large band-gap bowing

directly impacts the low-energy absorption spectra, the high-frequency dielectric constant e1 is

correlated to the intensity of the dielectric response at energies above 4 eV. Therefore, the dielectric

constant is only weakly affected by the non-linear band-gap variation. Despite strong structural

relaxation, the high absorption coefficients of the alloys demonstrate that the alloys have well-

behaved optoelectronic properties. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940700]

I. INTRODUCTION

Zinc oxide is a rather remarkable semiconductor with a

broad variety of material advantages, like for instance, piezo-

electricity, high exciton binding energy, and small effective

electron mass. Its electronic and optical properties make this

oxide capable to be a transparent conductive oxide or an

active emitter in optoelectronic devices. ZnO has therefore

been subject to extensive research activities. With the advan-

tages of ZnO follow a perseverance to vary and control its

materials properties. For instance, it is problematic to p-type

dope bulk ZnO1 because compensating native defects are

commonly present in the material.2 Also, tuning in the

energy levels of the electronic band edges is crucial for opti-

mizing device performances. For that reason, isovalent ZnO-

based cation alloys, such as (Zn,Cd)O�Zn1�xCdxO
3,4 are

explored, primarily so that the materials properties of the

alloys can be varied and still retain some of the advantages

of ZnO. By proper isovalent cation alloying the band-gap

energy Eg(x) as a function of the alloy composition x can be

controlled via the shift of mainly the conduction bands

(CBs). Anion alloying within the oxygen family

Zn(O,Y)�ZnO1�xYx, on the other hand, can more strongly

affect the band edges of both the CBs and the valence bands

(VBs), thereby better and more flexible allow tuning the

electronic band profile of heterojunction device.

In this article, we analyze the optical properties of the

Zn(O,Y) alloys with Y¼S and Se. These isovalent alloys are

promising for inner layer material in light-emitting diodes or

as absorbing material in solar energy applications.5 We have

earlier demonstrated6 that the Zn(O,S) alloy exhibits a very

strong band-gap bowing due to a nonlinear change in both

the CB minimum (CBM) and the VB maximum (VBM).

This effect in Zn(O,S) has been utilized for activating p-type

acceptors that are energetically too deep in pure binary

ZnO.7 In this work, we complement the early study by ana-

lyzing both the cubic zinc-blende (zb) like phase as well as

the hexagonal wurtzite (wz) like phase of the alloy composi-

tion, now both for Zn(O,S) and Zn(O,Se). The dielectric

function of the Zn(O,Y) alloys are analyzed theoretically by

a partially self-consistent Green’s function approach. The

compositionally dependent crystalline structures, band-gap

energy Eg(x), the high-frequency dielectric constant e1(x),

as well as the optical absorption coefficients are discussed.

We find that the alloys have a strong band-gap bowing

where the gap energy reduces from around 3.5 eV for the

binaries to about 2.5 for Zn(O,S) and 1.5 eV for Zn(O,Se)

with x¼ 0.5. The dielectric constants of ZnO is calculated to

be e1¼ 3.3, which agrees with the experimental data of

3.7.8 Interestingly, we find that the composition dependent

e1(x) of the alloy increases more linearly than expected with

respect to x, despite the very strong band-gap bowing. This

contradicts the assumption that e1 shall depend inversely on

gap energy (i.e., 1/Eg). From the dielectric functions, the op-

tical absorptions are determined. The absorption coefficient

is relatively high near the band-gap energy for all alloy com-

positions: a(x)> 5� 104 cm�1 for photon energies
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�hx>Egþ 1.5 eV. This demonstrates that, even though that

it is primarily the states at the band edges that are affected

by the alloying, the alloys have mainly delocalized band dis-

persion without localized defect-like states.

II. COMPUTATIONAL METHODS

The theoretical study of Zn(O,Y) is based on a ground-

state density functional theory (DFT), employing the projec-

tor augmented wave (PAW) basis set as implemented in the

VASP package.9,10 Together with the local density approxi-

mation (LDA), we employed the beyond-DFT, quasi-particle

GW approximation to verify our DFT results, and also to

obtain a better describe the band-gap energy and the optical

properties of the materials. We choose the partially self-

consistent scGW0 approach,11 where the Green’s functions

were iterated until self-consistence was reached while the

screened dielectric constant is kept fixed.

We analyze both the hexagonal wurtzite (wz) -like and

the cubic zinc-blende (zb) -like structures. For the alloys, we

perform scGW0 calculations with 64 (for zb) and 72 (for wz)

atom supercells with the alloy composition x¼ 0.0, 0.5, and

1.0 to generate the overall understanding of the alloys. In

addition, 300 atom supercells (with x¼ 0, 0.06, 0.13, 0.25,

0.50, 0.75, 0.87, 0.94, and 1.00) are analyzed with the

exchange-correlation of LDA. With these supercells, the

anion atoms in the alloys were distributed quasi-randomly,

avoiding high-symmetry layered structure. (We have seen

that layered structures can have similar formation enthalpy

as the corresponding quasi-random structures) The binary

compounds were fully relaxed (volume and atomic position).

The alloys lattice parameters were initially estimated using a

linear combination of the relaxed parameters of the binaries,

but the atomic positions and the lattice constants were further

relaxed with the quasi-Newton algorithm until a maximum

force of 8 meV/Å of each atom was reached. The total

energy is derived using the LDA calculations. All calcula-

tions are performed with a cut-off energy of 300 eV for the

regular basis set and 100 eV in the scGW0 part. The scGW0

calculations involve �500 empty bands. The density is

obtained from tetrahedron method integration of the

Brillouin zone with a C-centered Monkhorst-Pack-like

2� 2� 2 k-meshes for the scGW0 calculations and

4� 4� 4 k-meshes for the LDA calculations with large

supercells.

In order to compare the band-gap energies and the opti-

cal properties of the DFT/LDA calculations (for large super-

cells) with the scGW0 calculations (for smaller supercells),

we also perform LDAþU calculations. Here, one needs a

method that can (considering computing time and memory)

model large supercells and at the same time calculate

response functions that require large k-points and many

empty bands. At the same time, the method needs to generate

sufficiently good gap energies, which is especially important

for Zn(O,Y) where small alloying content can narrow the gap

substantially. We therefore use onsite Coulomb potential

correction Ud(Zn)¼ 10 eV for the Zn d-states which

improves the states at �7 eV below VBM, and

Us(S)¼�6 eV for the anion s-like states to artificially open

the energy gap. We understand that applying a correction

potential on the s- (or p-) orbitals can generate incorrect elec-

tronic structures (see our earlier study in Ref. 12) and we

therefore demonstrate that the chosen parameters in the

LDAþU approach roughly describes the optical properties

of the Zn(O,Y) alloys, although it does involve an inaccuracy

of the absorption peaks mainly due to inaccurate dispersion

of the CBs.

The analyses of the crystal structures and alloy stability

are based on total energy calculations performed by means

of the LDA within the DFT. The formation enthalpy DHf of

the alloys is calculated based on the electronic total energies

Et per formula unit and the chemical potentials la of the ele-

ments a:

DHf ðxÞ ¼ EtðZnO1�xYxÞ � ½lZn þ lO � ð1� xÞ þ lY � x�:
(1)

The chemical potentials la¼Dlaþla
ref refer to the solid

structures for zinc, sulfur, and selenium, and to the dioxygen

molecule for the oxygen. When describing the formation

enthalpies, we choose to present the results for the a-rich

condition.

In addition to modeling of the heat of formation, we cal-

culate the difference in the total energies between the alloy

and its binary constituents for the considered crystalline

phase:

DEtðxÞ ¼ EtðZnO1�xYxÞ � ½EtðZnOÞ � ð1� xÞ þ EtðZnYÞ � x�:
(2)

This energy difference describes the energy cost to form the

alloy with respect to the more stable binary parts. Although

LDA may not accurately describe the absolute values of the

total energy due to insufficient exchange-correlation interac-

tion, the calculated energy differences for both DHf and DEt

are expected to be more accurate. The reason is that the main

errors in absolute values are cancelled out when determining

differences in total energies.

The optical properties of the Zn(O,Y) alloys are ana-

lyzed by the means of the complex dielectric function

e(x)¼ e1(x)þ ie2(x) and the optical absorption coefficient

a(x). Here, the dielectric function is calculated from the op-

tical transition probability between the occupied and unoccu-

pied states, subsequently performing the Kramers-Kronig

transformation. From the dielectric function the absorption

coefficient is directly determined, see References 13 and 14

for details. The dielectric function and absorption spectra are

obtained with a C-centered 2� 2� 2 k-mesh for the scGW0

calculations and small unit cells, while 4� 4� 4 k-mesh for

LDA and with the 300 atom supercells.

III. RESULTS

The results from the crystal relaxation of the

Zn(O,Y)�ZnO1�xYx alloys (Y¼ S and Se) are presented in

Fig. 1 for both the hexagonal wz-like and cubic zb-like

phases. The optimized lattice constants are underestimated,

as expected from LDA, and the error is 2.5% or less. One

notices that the lattice constants of the alloys follow the
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Vegard’s law with a fairly linear increase with respect to sul-

fur or selenium content x; the maximum deviation from a lin-

ear behavior is 0.3% for Zn(O,S) and 0.5% for Zn(O,Se).

This well-behaved change in the lattice parameters for the

alloy is because the relaxation implies minor structural

changes of the atom sites from the ideal wz and zb phases.

The relaxation with distortion of the crystalline structure

is driven by the attempt to retain proper bonds and bond

length as much as possible. That is, since the covalent radii

for tetrahedral bonds of Zn, O, S, and Se are 1.30, 0.67, 1.04,

and 1.14 Å15 the preferred, ideal covalent bond lengths are

1.97, 2.34, and 2.44 Å for the Zn–O, Zn–S, and Zn–Se bonds,

respectively. From Tables I and II, one observes that the cal-

culated bond lengths for the binary compounds

(d(Zn–O)¼ 1.93 Å for ZnO, d(Zn–S)¼ 2.29 Å for ZnS, and

d(Zn–Se)¼ 2.41 Å for ZnSe) are close to the ideal lengths

and the deviation is at most �2% (for ZnO) which again

reflects that LDA tends to overbind by about 2%–3%.

Moreover, for the alloys the bond lengths of Zn–O, Zn–S,

and Zn–Se are rather stable (within a 3%–5% change for the

considered structures) even though that the lattice constants

change by about 13%–15% for Zn(O,S) and 18%–19% for

Zn(O,Se). Here, the Zn(O,Se) alloys have the largest varia-

tion of the bond lengths, and the change of the Zn–O bonds

is 1%–2% larger than the corresponding change of the Zn–Y
bonds.

The volume increases about 66% from ZnO to ZnS and

about 94% from ZnO to ZnSe, thus ZnSe has almost twice as

large cell volume as ZnO. Since both phases have tetrahedral

local geometry the cell volumes of the wz and the zb

Zn(O,Y) structures are very similar; the largest difference in

volume is for ZnO where the zb phase is 0.2% smaller than

the wz phase. This is further verified by converting the cubic

lattice parameter azb to the corresponding hexagonal parame-

ters: awz zb¼ azb /
ffiffiffi
2
p

and cwz zb¼ 2azb /
ffiffiffi
3
p

. The differ-

ence between awz zb for zb-ZnO and awz for wz-ZnO is

0.7%, while the corresponding difference between zb- and

wz-like Zn(O,Y) alloys with x¼ 0.5 is almost 0%. For the

hexagonal phase, the ratio cwz/awz is somewhat constant for

the alloys. The ratio is between 1.61 and 1.64 for both

Zn(O,S) and Zn(O,Se) which is close to the ideal value of

1.63 for wz structures. cwz/awz� 1.61 for ZnO, and the ratio

is increasing for larger Y content with cwz/awz� 1.64 for

both ZnS and ZnSe. ZnO with a large electronegativity of

the oxygen atom (about 3.4419) has stronger long-range polar

interactions along the c-direction than ZnS and ZnSe (with

anion electronegativity 2.58 and 2.55, respectively) and that

is reflected in the cwz/awz ratio. The small value of cwz/awz

for ZnO partly explains the resistance of the compound to be

formed in a cubic structure. Alloying with S or Se, the ratio

cwz/awz increases to the ideal value for composition around

x� 0.5–0.7 which is also roughly the composition for which

the formation enthalpy of the zb phase becomes smaller than

of the corresponding wz phase. The difference in DHf

between the wz and zb phases is about �20 meV/Zn for ZnO

(wz phase is more stable) and about 8 and 10 meV/Zn for

ZnS and ZnSe, respectively (thus, zb more stable). This may

indicate mixed phases, phase transition, or even crystal struc-

ture instability for alloys with composition x� 0.5–0.7.

Synthesis and experimental characterizations support this.

For instance, reported X-ray diffractograms of Zn(O,S) show

single wz-like phase for x¼ 0, 0.10, 0.28, 0.84, and 0.97,

whereas the x¼ 0.48 sample has a weak crystalline structure

on amorphous background and x¼ 0.71 sample is com-

pletely amorphous.6 Other experimental studies report stable

Zn(O,S) alloys with crystalline morphology for different

ranges of composition, depending on the growing technique

used and treating of the samples.20–24

The calculated absolute values of the formation enthal-

pies for wz-ZnO and wz-ZnS are DHf¼�3.65 and

�1.75 eV, respectively (Fig. 2), which agree well with the

measured data �3.63 and �1.99 eV.13,16 Here, our calculated

reference chemical potentials la
ref from LDA are �1.86,

�5.24, �4.56, and �3.86 for Zn, O, S, and Se, respectively.

Using different values of the reference chemical potentials

changes the formation enthalpy, but the qualitative results

remain the same. Also, the calculated DHf for zb ZnS and

ZnSe (�1.75 and �1.39 eV/Zn, respectively) agree rather

well with experimental data (�2.13 and �1.65 eV/Zn,

respectively); however, it is less comparable than for wz-

ZnO. This deviation can of course be due to our computa-

tional approach and chemical potentials and also due to the

noninclusion of phonon contributions, and a possible varia-

tion of the energy in the other allotropes is not included for S

and Se, despite several allotropes were calculated. One

FIG. 1. The lattice constants (left axis) and unit cell volume (right axis) of

wurtzite-like (diamond marks) and zinc-blende-like (square marks) of the

Zn(O,Y)�ZnO1�xYx�Zn(O,Y) alloy with (a) Y¼S and (b) Y¼Se. The zb-

like structures have only slightly smaller volumes than the corresponded wz-

like structure for the same anion composition.
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notices that the formation enthalpy goes fairly linearly with

respect to the sulfur content, and that the formation enthal-

pies of the wz and the zb phases are almost equal. The differ-

ence in the formation energies between the wz and zb phases

is small. For binary ZnO, the difference is only �20 meV per

Zn atom where the wz phase has the lowest energy, whereas

for binary ZnS the zb phase has the lowest energy with the

difference of �8 meV/Zn. For the Zn(O,S) alloy, the differ-

ence increases somewhat and for about 60% sulfur content

the two phases have equal formation enthalpy. Although

TABLE I. The formation enthalpy DHf of the ZnO1�xSx alloy per formula unit refers to the Dla¼ 0 condition. The total energy difference DEt refers to the

total energies of the ZnO and ZnS binaries with the phase as the considered alloy. The average bond lengths d(Zn–O)� 1.9–2.0 Å and d(Zn–S)� 2.2–2.3 Å are

relatively constant for the different alloy compositions; the standard deviation is also shown. awz zb and cwz zb are the equivalent lattice parameters for an

ideal wz structure based on the zb lattice parameter azb; notice the small difference of these values for zb structure compared with the actual wz structure.

ZnO1�xSx Expt.

x¼ 0.00 0.25 0.50 0.75 1.00 ZnO ZnS

Hexagonal wz-like structure

DHf [eV/Zn] �3.65 �3.04 �2.52 �2.09 �1.75 �3.63a �1.99b

DEt [eV/Zn] 0 0.14 0.18 0.13 0

awz [Å] 3.17 3.30 3.44 3.59 3.74 3.25c 3.82c

cwz [Å] 5.12 5.35 5.61 5.88 6.13 5.20c 6.26c

d(Zn–O) [Å] 1.93 6 0.00 1.96 6 0.02 1.98 6 0.03 2.00 6 0.03 1.98d

d(Zn–S) [Å] 2.23 6 0.02 2.26 6 0.02 2.27 6 0.02 2.29 6 0.00 2.34d

Cubic zb-like structure

DHf [eV/Zn] �3.63 �3.03 �2.52 �2.09 �1.75 �2.13b

DEt [eV/Zn] 0 0.14 0.17 0.13 0

azb [Å] 4.46 4.65 4.86 5.08 5.29 4.60e 5.41c

awz zb [Å] 3.15 3.29 3.44 3.59 3.74 3.25 3.82

cwz zb [Å] 5.15 5.37 5.62 5.87 6.10 5.31 6.24

d(Zn–O) [Å] 1.93 6 0.00 1.96 6 0.02 1.98 6 0.02 2.00 6 0.03 1.99d

d(Zn–S) [Å] 2.23 6 0.02 2.26 6 0.02 2.28 6 0.02 2.29 6 0.00 2.34d

aMadelung et al. (expt.), Ref. 13.
bMills (expt.), Ref. 16.
cMadelung (expt.), Ref. 8.
dValues obtained from the respective cells parameters, considering equal nearest-neighbor bond lengths.
eKim et al. (expt.), Ref. 17.

TABLE II. Same as Table I, but for ZnO1�xSex.

ZnO1�xSex Expt.

x¼ 0.00 0.25 0.50 0.75 1.00 ZnO ZnSe

Hexagonal wz-like structures

DHf [eV/Zn] �3.65 �2.86 �2.23 �1.75 �1.38 �3.63a

DEt [eV/Zn] 0 0.23 0.28 0.19 0

awz [Å] 3.17 3.34 3.53 3.74 3.93 3.25b 4.00c

cwz [Å] 5.12 5.42 5.75 6.11 6.44 5.20b 6.54c

d(Zn–O) [Å] 1.93 6 0.00 1.97 6 0.03 2.00 6 0.04 2.02 6 0.21d 1.98e

d(Zn–Se) [Å] 2.34 6 0.03 2.37 6 0.04 2.39 6 0.03 2.41 6 0.00 2.45e

Cubic zb-like structures

DHf [eV/Zn] �3.63 �2.86 �2.22 �1.74 �1.39 �1. 65f

DEt [eV/Zn] 0 0.21 0.28 0.20 0

azb [Å] 4.46 4.71 4.99 5.29 5.56 4.60g 5.67b

awz zb [Å] 3.15 3.33 3.53 3.74 3.93 3.25 4.01

cwz zb [Å] 5.15 5.44 5.76 6.10 6.42 5.31 6.54

d(Zn–O) [Å] 1.93 6 0.00 1.97 6 0.02 2.00 6 0.04 2.03 6 0.23d 1.99e

d(Zn–Se) [Å] 2.34 6 0.02 2.37 6 0.04 2.39 6 0.04 2.41 6 0.00 2.45e

aMadelung et al. (expt.), Ref. 13.
bMadelung (expt.), Ref. 8.
cVillars et al. (expt.), Ref. 18
dTwo atomic bonds were dissociated in each of these compounds due to extensive structural changes; the total bond length �4Å. The statistic is calculated con-

sidering the bond length of these broken bonds. Without this, the standard deviation would be in the same range of the other compounds.
eValues obtained from the respective cells parameters, considering equal nearest-neighbor bond lengths.
fMills (expt.), Ref. 16.
gKim et al. (expt.), Ref. 17.
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more detailed theoretical investigation is needed to analyze

the phase stabilities and crystalline imperfections, the theo-

retical results indicate that alloys with high crystalline mor-

phology can be formed. Moreover, below (above) the

breaking point at x � 0.5–0.8 the wz (zb) phase is most sta-

ble, and mixed phases are expected in the region around this

breaking point.

To further analyze the crystal stability of the Zn(O,Y)

alloys, we present in Fig. 2 the total energy difference DEt

which describes the energy required to form the alloys with

respect to the binary constituents. This is an estimate of the

occurrence of precipitation of binary phase in the materials.

The energy difference reaches its maximum at x� 0.5 as

expected, and the value of DEt is reasonable for alloys:25 we

obtain DEt(x¼ 0.5)¼ 0.18 eV/Zn for Zn(O,S) and 0.28 eV/

Zn for Zn(O,Se). Zn(O,Se) has 50% larger energy difference

compared with Zn(O,S) indicating a less crystalline stable

alloy. In addition to that, the formation enthalpy DHf of

ZnSe is about 0.4 eV/Zn larger than that of ZnS, and the dif-

ference in anion atom sizes between Se and O is 0.12 Å

larger than that between S and O. This also indicates that Se-

based alloys are less easy to synthesize than the S-based

alloys. This may also explain why Pan et al.26 found that the

amorphous state ZnxSe1�xO2 is easier to form and compare

with the formation of O doped ZnSe1�xOx alloy.

Although the wz-like phase has typically �10 meV/Zn

smaller formation enthalpy, the energy difference in the zb

alloy is smaller than the wz phase though this difference is

only at most �15 meV/Zn. The energy difference does, how-

ever, not describe that the zb phase is more stable than the

wz phase, instead it only compares the total energy of the zb-

like alloy (or wz-like alloy) with respect to the total energies

of zb phase (or wz phase) of the binaries, and thus not with

respect to a common reference system. Overall, however, the

results suggest that there is a possibility to form crystalline

Zn(O,Y) alloys with random configuration, especially for

Zn(O,S), although single-phase might be difficult to obtain

in the region x� 0.5–0.8.

Although the crystalline lattice parameters change fairly

linearly with respect to the sulfur or selenium content, the

FIG. 2. The energies DEt and DHf (in units of eV per Zn atom) for wz-like

(red diamond marks) and zb-like (blue squared marks) phases of (a) Zn(O,S)

and (b) Zn(O,Se). The energy DEt is calculated from the energy difference

with respect to the binary compounds. The formation energy DHf indicates

that the hexagonal structure is the most stable phase for alloying content

x< 0.5.

FIG. 3. The band-gap energy Eg in (a)

Zn(O,S) and (c) Zn(O,Se) depends

strongly on the alloy composition.

Open marks show the LDAþU results

and the filled marks for x¼ 0, 0.5, and

1 are the scGW0 results. The parame-

ters describing the gap-energy varia-

tion (solid and dashed lines) are given

in the main text. The corresponding

gap energies for unrelaxed structures

(dotted lines) exhibit fairly linear de-

pendence with respect to composition.

The high frequency dielectric constant

e1 for Zn(O,S) and Zn(O,Se) indicates

that the cubic and hexagonal phases

have very comparable optical proper-

ties. Since the anisotropy between the

transverse and the longitudinal compo-

nents of e1 is relatively small in the

wz structures (see Table III), we pres-

ent in this figure the geometric average

value of the two components.
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fundamental band-gap of Zn(O,Y) exhibits a strong gap nar-

rowing [Figs. 3(a) and 3(c)]. Compared with the band-gap

energy of ZnO, the energy gaps of the alloys are decreased

by �1.2 eV for wz-like Zn(O,S) and �2.2 eV for Zn(O,Se)

at the composition x¼ 0.5. The zb-like alloys have a simi-

lar band-gap narrowing. We have found that small varia-

tions in the anion configuration, i.e., the distribution of

oxygen and sulfur atoms, have a relatively large impact on

the gap energies (within 0.1–0.3 eV) and that explains the

somewhat uncertainty of the energies in the figure.

Nevertheless, we conclude that the Se-based alloy has thus

roughly twice as large shift of the gap energy as the S-

based alloy, and the band-gap decreases to a value around

1.5 eV for ZnO0.5Se0.5. That implies an energy gap that is

very suitable for solar energy technologies. Moreover, since

the change in band-gap energy is rather similar for wz- and

zb-like phases, mixed phase alloys (e.g., in the region

x� 0.5–0.8) is less problematic for achieving a functional

material.

One observes that the change in the band-gap is largest

for small x and also for very large x. Thus, the variation in

the gap energy can be divided into three regions: region 1 at

small x which can be described as ZnO-like host material

doped or modestly alloyed with Y, region 2 where Zn(O,Y) is

a well-behaved alloy of the ZnO and ZnY constituents, and

region 3 which is ZnY-like host material doped or modestly

alloyed with O. The change in the energy gap has been

described by the band anti-cross (BAC) model27–29 or by the

alloy band bowing (ABB) model,23,24,30 where the latter

model sometimes is extended with an additional analytic

function for better fitting. Here, we suggest combining the

two models. That is, to use the BAC model in order to

describes weakly doped/alloyed materials (regions 1 and 3)

where the host materials are only perturbed by the doping/

alloying, whereas to use the regular ABB model to describe

the highly doped/alloyed materials (region 2) where the

alloys has a more compound-like behavior. The combined

model of the band-gap energies is thereby described as:

Eg xð Þ ¼ 1

2
Eg ZnOð Þ þ Ea0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eg ZnOð Þ � Ea0

� �2 þ 4V2
0 � x

q� �
for regions 1;

Eg xð Þ ¼ Eb0 � 1� xð Þ þ Eb1 � x� b � x 1� xð Þ for region 2; and

Eg xð Þ ¼ 1

2
Eg ZnYð Þ þ Ea1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eg ZnYð Þ � Ea1

� �2 þ 4V2
1 � 1� xð Þ

q� �
for regions 3:

(3)

We fit the calculate gap energies for the whole composition

range 0	 x	 1 to the expressions for the three regions. The

resulting parameters for wz-like Zn(O,S) are Ea0¼ 3.94,

V0¼ 4.24, Eb0¼ 2.80, Eb1¼ 3.32, b¼ 2.26, Ea1¼ 3.93, and

V1¼ 3.82 in units of eV. The corresponding values for zb-

like Zn(O,S) are Ea0¼ 3.91, V0¼ 3.91, Eb0¼ 2.78,

Eb1¼ 3.48, b¼ 3.61, Ea1¼ 3.80, and V1¼ 2.44. Zn(O,Se)

has larger change in the band-gap energies, and the resulting

parameters for wz-like Zn(O,Se) are Ea0¼ 3.65, V0¼ 6.31,

Eb0¼ 2.20, Eb1¼ 2.53, b¼ 3.47, Ea1¼ 3.14, and V1¼ 3.99,

and the corresponding values for zb-like Zn(O,Se) are

Ea0¼ 3.44, V0¼ 5.61, Eb0¼ 2.30, Eb1¼ 2.62, b¼ 4.91,

Ea1¼ 3.13, and V1¼ 3.82. The resulting fitted curves are dis-

played as solid and dashed lines in Figs. 3(a) and 3(c). The

approximate boundary for regions 1 and 2 is about x12¼ 0.06

for all considered alloys, and the corresponding boundary for

regions 2 and 3 is about x23¼ 0.96.

The uncertainty in the fitting of Eq. (3) to the gap ener-

gies is dominated by the variation of the calculated band gap

energies. The maximum energy deviation of the calculated

gap energies and the fitted curves in region 1 (doping region)

is 0.06 eV for Zn(O,S) and 0.10 eV for Zn(O,Se) alloys.

Corresponding deviation in region 3 (also doping region) is

0.13 and 0.10 eV, while the deviation in region 2 (alloying

region) is 0.15 and 0.13 eV, respectively. Not surprisingly,

the largest uncertainty is thus for Zn(O,S) alloy and region 2.

One reason for deviation is not having perfectly an alloy sys-

tem that is infinitely large and with perfectly random

distribution of the anion atoms. Using large supercells with

300 atoms, one can generate fairly quasi-random distribu-

tions; however, different atomic configurations will have

varying degree of ordering of the two anion types.

To justify the utilization of a combined the BAC and

ABB models, we plot in Fig. 4 the atomic-resolved local

density-of-states (LDOS) of wz-like Zn(O,Se). For modest

alloying [here, x	 x12¼ 0.07; region 1; Fig. 4(a)], it is clear

that Se p-like states are distributed at the very top of the

VBs. The O p-like states are more disperse and actually is

very close to the corresponding states for pure ZnO. Thus,

the ZnO-like LDOS is (almost) not affected by the alloying,

and a perturbative approach is suitable. At the other limit

[here, x
 x23¼ 0.96; region 3; Fig. 4(c)] similar thing is

seen, that is, the ZnSe-like LDOS is (almost) not affected by

the alloying. For alloying in the intermediate region [here,

0.07	 x	 0.96; region 2; Fig. 4(b)] both the O p-like states

and the Se p-like states are more hybridized over the whole

VB region, and here the alloying model is therefore more

appropriate.

Thus, substituting the anion changes significantly the

band-edge properties with only a moderate change in the

crystalline structure. It is well known that heavily doping of

traditional semiconductors reduces the fundamental band-gap

energy,31 but in that case it is the free carrier concentration in

conjunction with charged dopants that cause the narrowing of

the gap. The Zn(O,Y) alloys involve an isovalent alloying

configuration that does not generate free carriers, and thus the
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alloy is still a semiconductor. Instead, in Zn(O,Y) the under-

lying reasons for the band-gap narrowing are twofold: First,

the S 3p and Se 4p states are energetically higher located

than the O 2p states. Therefore, substituting oxygen by sul-

fur or selenium in the Zn(O,Y) alloy shifts the anion-like

VBM upwards and the band-gap is decreased. For high

alloying content (x> 0.5), the CBM is increased whereas

the VBM is more stable, and the band-gap is thereby

increased again. We have found the same type of effect on

the gap narrowing in ZnO–GaN and ZnO–InN alloys, where

N substituting O has similar effect on the VBM.32 Second,

the ion relaxation forms covalent bonds which tends to pre-

serve the bonds lengths and that have an impact on both the

energy levels of the p-like states and the O–Y hybridization.

In Fig. 3, we present the band-gap energies for unrelaxed

structure, that is, hypothetical structures with ideal positions

of the atoms but with relaxed volume. Here, the bond

lengths of Zn–O and Zn–Y will thus be equal for each spe-

cific composition x. The relaxed volume are however very

similar to the volume of the corresponding true alloy. With

these unrelaxed structures, we find that the band-gap

increases roughly linearly with respect to an increased alloy

composition x. The unrelaxed structures are of course rather

unrealistic structures, and the energy gain for atom relaxation

to the ground-state configuration is very large: �2.0 eV/Zn

for wz-Zn(O,S) and �2.3 eV/Zn for wz-Zn(O,Se) for

x¼ 0.50. However, this hypothetic modeling demonstrates

that the atomic relaxation to preservation of covalent bond

lengths has a major role for the gap narrowing.

The energy levels of anion p-like states, the atom

sizes, and the covalent bond lengths depend on each other.

They explain together the band-gap narrowing in the

Zn(O,Y) alloys. This strong band-gap narrowing for about

5%–15% alloying content can be utilized to tune and opti-

mize the band-edge profile of devices, and even enhance

dopability by activating otherwise too localized acceptor

states.6,7

The optical responses of the Zn(O,Y) alloys are analyzed

in terms of the complex dielectric function e(x)¼ e1(x)

þ ie2(x). Figure 5 presents the results for wz-like Zn(O,S);

however, the other three considered alloys have all qualita-

tively the same dielectric responses; see supplementary ma-

terial.33 Both the real part e1(x) and the imaginary part e2(x)

of the dielectric function change rather smoothly with

respect to sulfur content. The real part of the dielectric

function increases monotonically in the energy range

0	 �hx	�5 eV as a function of the energy. In the energy

region 4–6 eV, the e1(x) increases considerably with increas-

ing sulfur content. Also the peak at 5–7 eV in e2(x) increases

substantially with increasing sulfur content. Thus, for those

parts of the dielectric function, the band-gap narrowing of

the alloy has less impact on the dielectric response. In the

low energy region, however, e2(x) depends more on the

electronic band-gap energy [see inset of Fig. 5(b)], and in

the energy region �hx	�4 eV the alloys with smallest gap

energies have the largest imaginary part; this will thus affect

the optical absorption of the alloys for the low-energy

photons.

The high-frequency dielectric constant e1 is determined

(Table III) from the dielectric response e1(x) at zero fre-

quency and neglecting the ionic contribution. The calculated

values tend to be somewhat smaller than the available

measured data. The theoretical data is determined as zero-

temperature values and neglecting contribution from the

small polaron coupling, whereas the experimental measure-

ments are at room temperature. This might partly explain the

smaller calculated values. A minor part of this discrepancy is

explained that we calculate the values e1¼ e1(x¼ 0) at zero

frequency when electron-phonon interaction is neglected,

while the measured values are obtained within the energy

FIG. 4. Atomic-resolved LDOS of wz-

like Zn(O,Se) for (a) x¼ 0.06, (c)

x¼ 0.50, (b) x¼ 0.94, from the

LDAþU calculation. The energy refers

to the VBM and the LDOS is presented

with a 0.1 eV Lorentzian broadening.

The subfigure (d) shows the band-gap

energy of the alloy over the whole

compositional range (diamond marks

and the fitted solid line). The two

dashed vertical lines indicate the ap-

proximate boundaries for the three

regions, described by the band anti-

crossing model (in regions 1 and 3) for

dilute alloying, and the alloy band

bowing model (in region 2) for strong

alloying. The dotted lines in (d) follow

the contour of the solid lines, to dem-

onstrate the results of the models out-

side their corresponding regions.
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region 0<x<Eg/�h. Since the real part of the dielectric

function increases in this energy, the experiments will mea-

sure a larger value. The calculated e1¼ e1(x¼ 0) of the bi-

nary wz-ZnO, zb-ZnS, and zb-ZnSe are e1¼ 2.9, 5.1, and

5.8 from LDAþU and 3.3, 4.8, and 5.6 from scGW0, respec-

tively; here, we present the average value for the anisotropic

wz-ZnO. The calculated mid-gap values of the real part of

the dielectric function are e1(x� 0.5�Eg/�h)¼ 3.0, 5.4, and

6.2 for wz-ZnO, zb-ZnS, and zb-ZnSe from LDAþU and

3.3, 5.1, and 5.8 from scGW0, respectively. The values at the

band-gap energy e1(x�Eg/�h)¼ 3.71, 7.3, and 8.2 from

LDAþU and 3.62, 6.05, and 6.7 from scGW0. The corre-

sponding experimental results from the ellipsometry spec-

troscopy measurements are e1¼ 3.7, 5.1, and 5.7,

respectively.8 Considering the uncertainty in both theoretical

and experimental data, the trends in the dielectric constants

agree overall fairly well between the theoretical and experi-

mental findings.

The static dielectric constant e0 is determined by means

of the Born effective charges and using the LDA potential.36

This is thus the dynamic effective charges which models the

electron-optical phonon interaction. The calculated static

dielectric constants of binary wz-ZnO, zb-ZnS, and zb-ZnSe

are e0¼ 7.6, 7.5, and 8.1, respectively. The corresponding

experimental values are e0¼ e1(x� 0)¼ 8.7, 8.3, and 8.6,

respectively.8 Our calculated values are thus slightly under-

estimated. For wz-like Zn(O,S), we find that the geometric

average values change as e0¼ 7.6, 8. 7, and 7.4 for x¼ 0.0,

0.5, and 1.0, respectively. wz-like Zn(O,Se) has a similar

behavior: e0¼ 7.6, 10.0, and 8.6, respectively. The static

dielectric constant e0(x) depends on the local ionicity of the

compound elements. Therefore, the change in the crystal

structure by relaxation of the Zn(O,Y) alloys generates a

local charge distribution that affects the Born effective

charges. Thereby, e0(x) depends on the oxygen content, and

it has a maximum value at about x � 0.50.

Intriguingly, the high-frequency dielectric constant

e1(x) increases somewhat linearly as a function of the alloy-

ing content x (Fig. 3). This is opposite to what is expected

because the high-frequency dielectric constant is related to

the band-gap energy (while the static dielectric constant e0 is

related to the ionicity of the compound). Thus, one would

expect that the high-frequency dielectric constant follows

inversely the change in Eg(x). The reason for not doing so

fully, and instead having a more linear behavior e1(x) is due

to the difference in the imaginary part of the dielectric func-

tion e2(x) in the energy region above �4 eV, see Fig. 5. The

high-frequency dielectric constant is obtained from the

Kramers-Kronig transformation relation by integrating e2(x)

from the energy 0 to infinity. Thus, e1 depends both on the

gap energy and the shape of e2(x) for the higher energy

region. In the case of the Zn(O,S) alloys, the sulfur rich

alloys have strong peak in e2(x) at about 5–7 eV (see Fig. 5)

and this peak increases with respect to the alloying content.

In wz-like Zn(O,S), the maximum value of the sharp peak is

e2(x� 6–8 eV)� 3.5, 5.0, 8.0, 10.9, and 17.3 for x¼ 0, 0.25,

0.50, 0.75, and 1.0; thus a somewhat linear increase. Also,

the main peak in e1(x) at around 5 eV goes fairly linearly.

In order to better understand how e2(x) affects the value

of e1, we analyze wz-like Zn(O,S) alloys for different condi-

tions (Fig. 6). The solid line in the figure is the correct e1(x)

for wz-like Zn(O,S) which increases somewhat linearly with

a moderate bowing; this is thus the same results as in Fig. 3.

The dashed line represents the corresponding e1(x) for unre-

laxed structures, that is, structures with ideal positions of the

atoms in the wz structure. For the unrelaxed structures, a

more linear behavior is obvious. This agrees with the results

that the unrelaxed alloys do not exhibit any band-gap nar-

rowing and instead Eg(x) goes linearly with respect to x (see

Fig. 3). Next, we want to show that e1(x) / 1/ Eg(x) for an

ideal case, and we therefore start with the imaginary part of

the dielectric function e2(x) of binary wz-ZnO. We then

model e1 from a hypothetic wz-ZnO compounds for which

the band-gap Eg can be varied. That is, we calculate the

value of e1(x) from that e2(x) but where the dielectric func-

tion of wz-ZnO has been shifted on the energy scale to have

the same onset to response as the electronic band-gap of the

wz-like Zn(O,S). Thus, the Kramers-Kronig transformation

is performed for e2(xþ (Eg(x) – Eg(ZnO))/�h). This simulates

that a hypothetic material that has different gap energies, i.e.,

FIG. 5. Dielectric function e(x) of wz-like Zn(O,S) for x¼ 0 (ZnO; solid

lines), x¼ 0.25 (dashed lines), x¼ 0.50 (lines with large dots), x¼ 0.75

(dotted lines), and x¼ 1 (ZnS; lines with crosses). The inset figure shows a

close-up at the band-edge energies. We present the isotropic geometric

average value because the anisotropy is small (see Table III), and the spectra

include a 0.05 eV Lorentzian broadening. The zb- and wz-like phases of

Zn(O,S) and Zn(O,Se) have all rather similar spectra of their dielectric

responses, see supplementary material.33
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the same Eg(x) as the Zn(O,S) alloys. With this hypothetic

material, the e1(x) is proportional to 1/Eg(x); see lower

dashed-dotted line with cross marks in Fig. 6.

Correspondingly, we also calculate the value of e1(x) from

the dielectric function of binary wz-ZnS, which also shifted

to have the same band-gap energy as the alloy, thus from

e2(xþ (Eg(x) – Eg(ZnS))/�h) using e2(x) of wz-ZnS, see

dashed-dotted line with plus marks in the figure. Also here

one finds that e1(x) is proportional to 1/Eg(x). Hence, the

fact that the Zn(O,S) alloys do not exhibit stronger bowing

of e1(x) is a consequence of that the shape of e2(x) changes

significantly when the alloy composition x increases. The

main contribution to the value of e1(x), especially for large

x, is the strong peak in e2(x) at about 5–7 eV. To prove that,

we analyze in detail the contribution from of e2(x) to e1 for

wz-ZnO and wz-ZnS. e1 is obtained by the Kramers-Kronig

relations, which is given by 1 plus a term that involves the

integration of e2(x0) over 0	x0<1.13 We split the integra-

tion into three integration regions, that is, the first region is

from 0 to 4 eV, the second from 4 to 8 eV, and the third from

8 to 30 eV. We find that for wz-ZnO the three regions con-

tribute to e1 with about 0.0, 0.5, and 1.4 (i.e., 1%, 25%, and

74%), whereas for wz-ZnS the regions contribute with 0.0,

3.1, and 1.0 (i.e., 1%, 75%, and 24%), respectively. Thus,

high energy region of the spectra contributes most for ZnO.

For the S-rich (and also for Se-rich) compound, the strong e2

peak at 5–7 eV is important to the optical response as well as

for the dielectric constant e1 of the alloys.

The optical absorption coefficient is straightforwardly

obtained from the dielectric function as a(x)

¼
ffiffiffi
2
p

xc�1 � ½jeðxÞj � e1ðxÞ�1=2
. In Fig. 7, the calculated

absorption spectra of wz-Zn(O,S) are presented for the low

photon energy region and also for a broader energy region.

The four other alloys have comparable spectra; see supple-

mentary material33 for corresponding figures. Since the

absorption is related to the dielectric function, also the

absorption spectra change in a well-behaved way with

respect to sulfur content (i.e., compare with Fig. 5). In the

energy region from 2 to 5 eV, the alloys show lower energy

onset to absorption at the very band-gap energies. This is a

consequence that the (O,S)-alloying does not form perfectly

hybridized O-S like states at the VBM, and instead form

TABLE III. The fundamental band-gap energy Eg is for the direct C-point energy gap. The high-frequency e1 dielectric constants are presented the wz-like

structures for the transverse ? and longitudinal jj components. We compare data from our LDAþU, scGW0 calculations and earlier published calculations or

measurements.

ZnO1�xYx

x¼ 0.00 (ZnO) 0.25 0.50 0.75 1.00 (ZnY)

wz-like ZnO1�xSx LDAþU scGW0 Other LDAþU LDAþU scGW0 LDAþU LDAþU scGW0 Other

Eg [eV] 3.66 3.11 3.44a 2.53 2.47 2.41 2.79 4.00 3.94 3.91a

e1
? 2.9 3.2 3.70a 3.7 4.4 4.4 4.8 5.0 4.75 5.61b

e1
jj 3.0 3.3 3.75a 3.8 4.5 4.5 4.9 5.1 4.90 5.91b

zb-like ZnO1�xSx

Eg [eV] 3.44 3.03 3.28c 2.14 2.34 2.37 2.65 3.84 3.84 3.72a

e1 3.0 3.4 5.1d 3.8 4.5 4.5 4.9 5.1 4.84 5.2e

wz-like ZnO1�xSex

Eg [eV] 3.66 3.11 3.44a 1.64 1.46 1.73 1.86 3.19 3.02 2.80e

e1
? 2.9 3.2 3.70a 4.1 5.1 4.6 5.6 5.7 5.47

e1
jj 3.0 3.3 3.75a 4.3 5.2 4.8 5.7 5.8 5.66

zb-like ZnO1�xSex

Eg [eV] 3.44 3.03 3.28c 1.49 1.14 1.04 1.68 3.13 2.98 2.82a

e1 3.0 3.4 5.1d 4.2 5.2 5.3 5.6 5.8 5.57 5.7a

aMadelung (expt.), Ref. 8.
bKootstra et al. (theory), Ref. 34.
cKim et al. (expt.), Ref. 17.
dSerrano et al. (theory), Ref. 35.
eMadelung et al. (expt.), Ref. 13.

FIG. 6. Analysis of the high-frequency dielectric constant e1 of wz-like

Zn(O,S) alloys, determined from the Kramers-Kronig transformation of

e2(x). Solid line with asterisks shows the true e1(x) of the alloy. The dashed

line with filled circles describes the corresponding values for the unrelaxed

alloys which show a more linear behavior; compare with Fig. 3. The dashed-

dotted lines represent e1(x) for hypothetic binaries of wz-ZnO (cross marks)

and wz-ZnS (plus marks), where their e2(x) spectra have been shifted on the

energy scale to have the same band-gap energy Eg(x) as the Zn(O,S) alloys.

Moreover, the dotted line with diamonds is the linear combination of the

two dashed-dotted lines.
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partly ZnS-like semi-local states (cf. Fig. 4). The absorption

of the alloy is somewhat weaker than the binary compounds

near the gap energy, and that is a consequence of the semi-

localized sulfur LDOS at the VBM (see Fig. 4). From the

(a(x)��hx)2 spectra (upper-right graph), one notices that the

energy onset to absorption follows the electronic band-gap

energy, and this demonstrates that the alloys have direct

band-gaps as verified also from the electron energy states. In

the energy region 5 to 10 eV the change is monotonically

increasing with respect to x, demonstrating a higher optical

activity for the sulfur rich alloys for high photon energies.

Overall, all alloy compounds show good optical absorption

which indicates that the compounds form good band disper-

sion with no localized defect states. The absorption

coefficient is relatively high near the band-gap energy for

all the alloy compositions: a(x)> 5� 104 cm�1 for �hx>Eg

þ 1.5 eV. This demonstrates that Zn(O,Y) is suitable for

optoelectronic applications, at the same time the band-gap

value can be adjusted from almost 4 eV down to about

2.5 eV for Zn(O,S) and down to about 1.5 eV for Zn(O,Se).

Since S- or Se-rich alloys have better absorption and the

alloys have smaller gap energies, one can optimize the opto-

electronic properties of the material.

Qualitatively, the calculated and available measured

spectra13 agree fairly well, however, with ZnO the main

peak of e2(x) at about 4�7 eV occurs about 0.5 eV lower

in the experimental data (0.3 eV for ZnS and 0.7 eV for

ZnSe). Of course, the applied LDAþU approach is

expected not to exactly describe the positions of the energy

peaks; however, we believe that this approach is sufficiently

good in order to use it for large alloy systems. Here, we

want to emphasize that we analyze the total energy of the

alloys with regular LDA, and we use the LDAþU method

(with correction on d- and s-orbital) in order to correct d-

like states and also to artificially widen the gap. This is

especially important for the Zn(O,Y) alloys, for which al-

ready moderated alloying content implies zero gap (and

even “negative” gap) with the LDA. Modeling the alloys

requires rather large supercells and hybrid functionals or

GW approach for those supercells imply a too long compu-

tational time (and problem with computing memory), espe-

cially for optical properties that require large k-meshes and

many empty bands. Here, it is also worth mentioning that

even though GW and hybrid functionals approaches are

more physically sounds, different GW approaches can gen-

erate different results, and especially the band-gap energy

of ZnO has been found to be tricky to determine accurately.

Also for hybrid functionals, like HSE06, the mixing and/or

long-range screening parameter needs to be adjusted to

describe ZnO properly.

The employed LDAþU method generates sufficiently

accurate results qualitatively, however, in order to explore

or justify that we compare the method with the scGW0. In

Fig. 8, we calculate the absorption spectra and the electronic

band structures of the zb phase of ZnO, ZnS, and ZnSe

binaries, using their unit cells and employ the scGW0

approach as well from the LDAþU approach with two dif-

ferent settings of U: the first setting (denoted LDAþUdþDg)

corrects properly only Zn d-like orbitals with Ud(Zn)¼ 6 eV

and describes better the Zn-d – O-p hybridization.37 Apart

from that correction, LDA and LDAþUd give rather similar

results. However, while regular LDA generates the gap ener-

gies Eg¼ 0.74, 2.14, and 1.30 eV for ZnO, ZnS, and ZnSe,

respectively, the LDAþUd approach implies Eg¼ 1.38, 2.45,

and 1.57 eV. With an additional “scissor operator” with con-

stant energy shift Dg¼ 1.65, 1.39, and 1.41 eV the gap ener-

gies are equal to the scGW0 results of 3.03, 3.84, and

2.98 eV, respectively. The second setting (denoted

LDAþUdþUs) corrects Zn d-like orbitals with

Ud(Zn)¼ 10 eV, and an additional correction on the anion s-

like orbitals with Us��6 eV to mimic the scGW0 gap ener-

gies. The latter setting is used as the LDAþU approach is

this work, and it gives a rough estimate of the band-gap

energies.

FIG. 7. The optical absorption coeffi-

cients a(x) of wz-like Zn(O,S) alloys

obtained from the dielectric function in

Fig. 5. In the upper-right figure, the

(a(x)��hx)2 spectra demonstrate that

the onset to absorption starts at the

band-gap energy Eg in all the struc-

tures; the marks and arrows in the

graph represent the values of Eg

obtained from the C-point LDAþU

energies. Zn(O,S) and Zn(O,Se) have

qualitatively similar absorption coeffi-

cients, see supplementary material.33
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One observes in Fig. 8 that the LDAþUdþDg with the

gap correction describes very well the band dispersion of

both the CBs and the VBs. Therefore, also the absorption

coefficients for LDAþUd and scGW0 agree rather well partly

since the LDAþUdþDg absorption was shifted to the corre-

sponding GW band-gap. Thereby, also regular LDA with

proper gap correction will generate sufficiently good band

structure and absorption spectra; however, LDA fails to

accurately describe the energy levels of the Zn d-like states37

and it will also underestimate the band curvature at the band

edges (i.e., the effective electronic masses) due to too strong

band coupling across the gap.12 Also with the LDAþUdþUs

method, the electronic band structures are comparable with

that of scGW0, but the Zn d-like states at �7 to �10 eV are

energetically too low. That is mainly due to the strong Ud

correction. More importantly, however, is that the band dis-

persion of the CBs away from the C-point deviates from the

scGW0 more than for LDAþUd approach. For instance, at

the X-point of the edge of the first Brillouin zone, the energy

difference for the lowest CB between LDAþUdþUs and

scGW0 is DEX� 1.4, 1.0, and 0.7 eV for ZnO, ZnS, and

ZnSe, respectively. The corresponding direct gap energy at

the X-point is EX� 7.9, 5.6, and 5.2 eV, obtained from the

LDAþUdþUs potential, while the scGW0 approach yields

thus DEX larger transition energies at that symmetry point.

Since the optical transitions at the X-point contribute to the

absorption peak at 5–8 eV, the LDAþUdþUs involves an

inaccuracy due to the more flat energy dispersion of the

lowest CB. This is considered in analyzing the dielectric

function and the absorption coefficients of the Zn(O,Y) alloy.

In some sense, this is a systematic error since we use the

same approach for all systems. Moreover, the value of e1(x)

depends on the e2(x) spectrum (which is directly related to

a(x)) and results from LDAþUdþUs and scGW0 do not

deviates too much. Also, the large energy shift of the band-

gap is predicted by both the LDAþUdþUs and scGW0

approaches.

IV. CONCLUSION

We have investigated the band-gap variation and the op-

tical absorption of the Zn(O,Y)�ZnO1�xYx alloys (Y¼ S

and Se), by means of regular DFT and also of the partially

self-consistent scGW0 method. Both the hexagonal wz- and

the cubic zb-like phases are considered, and these two phases

have obviously very similar electronic and optical properties.

The modeling of formation enthalpies indicates that the

alloys can be synthesized, especially Zn(O,S) since the ele-

mental sulfur atom is more comparable to the oxygen atom

regarding atom size and electronegativity than the selenium

atom.

Both sulfur and selenium incorporation in ZnO strongly

widening the energy gap, and we demonstrate that the impact

is due to local ionic relaxation to preserve the covalent bond

lengths of the Zn–O and Zn–Y bonds. The calculated scGW0

band-gap energies of the Zn(O,S) alloy agree very well with

FIG. 8. Comparison of the electronic band structures as well as the absorption coefficients obtained from the scGW0 approach (diamond marks and dotted

lines) and two LDAþU approaches. The LDAþUdþDg (solid lines) fairly properly corrects the low-energy Zn d-like states at about �7 eV, but the gap has to

be corrected by a constant shift Dg. LDAþUdþUs (dashed lines) generates better gap energies by applying a correction potential also for the anion s-like orbi-

tals, but one observes that this approach yields lower energy position of the absorption peaks due to inaccurate band dispersions.
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available experimental results. The gap energy for the sulfur

content x¼ 0, 0.5, and 1 are for wz-Zn(O,S) Eg(x) � 3.1, 2.4,

and 3.9 eV, respectively, and corresponding experimental

data is 3.4, 2.6, and 3.9 eV.8,23 The zb-like alloy has some-

what smaller band-gap energies, Eg(x) � 3.0, 2.4, and

3.8 eV, respectively. For wz-Zn(O,Se), the scGW0 gap ener-

gies for x¼ 0, 0.5, and 1 are Eg(x) � 3.1, 1.7, 3.0 eV, and for

and zb-Zn(O,Se) the gap energies are 3.0, 1.0, and 3.0 eV.

The present GW approach generates good gap energies;

however, different types of GW approaches can imply devia-

tion in the results. Nonetheless, we conclude that the band-

gap of Zn(O,Se) can be narrowed to an energy that is suitable

for solar energy technologies; for instance, the

Shockley–Queisser limit indicates a maximum solar conver-

sion efficiency for a single pn-junction with an absorbing

material with a band-gap energy of 1.3–1.4 eV.

The strong band-gap narrowing in these alloys opens for

a possibility to control the material optical properties with

only moderate changes in the crystalline structure, basically

only by lowering the crystalline symmetry by relaxation of

the sp3-hybridized bonds in the tetrahedral-like crystalline

structure. For low or high alloying composition [i.e., in

regions 1 and 3 in Fig. 4(d)], the change in the band-gap

energy is described by the BAC model, while in the interme-

diate region (i.e., in region 2) the ABB model is a more

proper description. This is an intuitively proper approach

since the former model describes a local perturbation of the

host compounds due to doping (or moderately alloying),

while the latter model better describes the alloying with

delocalized states; also the atomic-resolved LDOS supports

the employed approach. From the fitting of the composition

dependent band-gaps in Eq. (3), the boundary in wz-like

Zn(O,S) between regions 1 and 2 is estimated to be x12 �
0.06 and the boundary between regions 2 and 3 is x23 �
0.96. zb-like Zn(O,S) has similar values: x12 � 0.07 and x23

� 0.95. Also, Se-based alloys present a similar effect with

x12 � 0.07 and x23 � 0.96 for wz-like Zn(O,S), and x12 �
0.06 and x23 � 0.97 for zb-like Zn(O,Se). Thus, transitions

between the different regions occur roughly at x � 0.06 and

0.96. This can define the regions for fully localized and fully

delocalized region; however, there is an intermediate region

where the alloying forms semi-local states.

The dielectric responses of the Zn(O,Y) demonstrate that

the alloys have delocalized band dispersion without localized

defect-like states, at least for a few percentage alloying com-

position. This generates relatively high absorption coeffi-

cients also in the lower energy region, which is suitable for

optoelectronic properties. Despite the strong band-gap nar-

rowing, the high-frequency dielectric constant e1 increases

fairly linearly as a function of sulfur content x. This is

explained by the dielectric response in the alloys for energies

above 5 eV, and the spectrum in this region determines to a

large extent the value of e1. Due to more flat energy disper-

sions of the lowest CBs in the S- and Se-rich alloys than in

ZnO, the peak of the dielectric function around 5–6 eV is

much larger for the S- and Se-rich alloys, thereby yielding

larger e1. The contribution to the static dielectric constant e0

depends on local ionic bonds and is less dependent of the

response at higher energies. The dielectric constant for the

sulfur content x¼ 0, 0.5, and 1 are for wz-Zn(O,S) e0(x) �
7.6, 8.7, and 7.4 and e1(x) � 2.9, 4.4, and 5.1, respectively.

zb-Zn(O,S) has similar dielectric response: e0(x) � 7.5, 8.9,

and 7.5 and e1(x) � 3.0, 4.5, and 5.1. Corresponding values

for wz-Zn(O,Se) are e0(x) � 7.6, 10.0, and 8.6 and e1(x) �
2.9, 5.1, and 5.7 and values for zb-Zn(O,Se) are e0(x) � 7.5,

10.4, and 8.1 and e1(x) � 3.0, 5.2, and 5.8.

This work and earlier published studies on Zn(O,Y) with

Y¼ S or Se suggest that, despite that anion alloying of ZnO

implies somewhat more distorted crystalline structure com-

pared with cation alloying, the alloys are suitable for tuning

the gap energy and optimizing or controlling material prop-

erties for various optoelectronic applications.
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