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A B S T R A C T

An excellent infrared window material should have both high transmittance and good mechanical strength to
adapt to applications in harsh environments. In this report, we use first-principles calculations to investigate the
effect of oxygen alloying on the mechanical and optical properties of the well-used infrared window material
ZnS. We have found that with increasing oxygen content, the mechanical properties including elastic constants,
bulk modulus, shear modulus, Young’s modulus of ZnS1−xOx compounds are improved compared to the pristine
phase. Meanwhile, the infrared optical transmittance of the system is retained with changing oxygen compo-
sitions. We have also considered the influence of oxygen/sulfur vacancy defects in the system. We have observed
that the optical transmittance of the system is degraded upon induction of vacancies. These results have revealed
that the mechanical properties of optical materials can be effectively enhanced with appropriate alloying, but
there are also challenges in practice due to the presence of defects. Our investigations can guide the design of
these infrared optical materials in special applications such as aircraft and space systems.

1. Introduction

Excellent optical materials require good robustness to be used in
harsh environments [1–3]. However, the infrared transmitting perfor-
mance is often degraded when the mechanical strength of an optical
film is improved for conventional commercial materials such as single-
crystal sodium chloride and potassium bromide [4,5]. Therefore, there
has been a continuing search for robust infrared window materials that
can endure harsh outdoor environments with resistance to liquid, solid
particle, and thermal stress [5]. Many potential materials have been
studied so far, including Ge, GaS, diamond, ZnS, and ZnSe, etc.
[2,4,6–9]. However, most of them have either failed to meet optical
requirements for applications such as Ge and GaS with narrow spectral
range and low infrared transmittance [2,6,7], or faced significant
challenges in production technology such as diamonds [2]. Currently,
ZnS and ZnSe are still the material-of-choice for infrared window ap-
plications due to the combination of longwave infrared transmission
window (8–14 μm wavelength), thermal stability, and reasonable me-
chanical strength [4].

ZnS and ZnSe are semiconducting compounds exhibiting superior
infrared transmittance than other candidate materials in two-color in-
frared windows and strong bulk modulus [4]. ZnS and ZnSe have al-
ready been widely used in mid-infrared and far-infrared applications

including infrared lenses, laser windows, and infrared night cameras
[2,4,10,11]. In particular, ZnS plays a vital role in being used as in-
frared windows and lenses in particular applications of missile domes
and spaceborne systems [11]. However, with the speeds of missile and
space aircraft growing faster, the mechanical strength of the infrared
window material needs to be further enhanced. Alloying is an effective
and economical approach to tackle this challenge. Previous reports
have already shown that ZnSxSe1-x compounds could achieve higher
mechanical strength and retain similar infrared transparent perfor-
mance compared to pristine ZnSe [12–14]. These studies inspires us to
investigate whether alloying of other VIA elements such as oxygen
could further strengthen the ZnS material without sacrificing excellent
optical responses.

In this paper, we systematically investigate the mechanical and
optical properties for zinc-blende ZnS1−xOx by using the first-principles
calculations, where the values of x are 0, 0.03(1/32), 0.06(2/32),
0.09(3/32), 0.13(4/32), 0.16(5/32), 0.25(8/32), 0.50(16/32) and 1. In
this study, we mainly sample x<0.2, i.e., ZnS with low level of oxygen
alloying as we focus on the effect of oxygen doping in ZnS. We have
investigated the effect of oxygen alloying concentration in the system.
We show that the presence of oxygen in the system could increase the
mechanical strength of the system while preserving the optical prop-
erties. Moreover, we have examined the impact of sulfur and oxygen
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vacancy defects on the properties of the ZnS1−xOx system. The vacancy
study reveals the importance of controlling and reducing defects in
practical applications.

2. Computational method

We used first-principles calculations as implemented in the Vienna
Ab-initio Simulation Package (VASP) to calculate the structural, me-
chanical, optical, and electronic properties of ZnS1−xOx alloying system
[15]. The Perdew–Burke–Ernzerhof (PBE) functional under generalized
gradient approximation (GGA) was used to describe the exchange and
correlation effects [16]. We also used the local density approximation
(LDA) functional of the Ceperley-Alder form as parameterized by
Perdew and Zunger for comparison [17,18]. The pseudopotentials are
generated by the PAW method [19,20]. The cut-off energy for the
plane-wave basis was set as 400 eV, and Monkhorst-Pack gamma-cen-
tered k-points grid of dimensions × ×7 7 7 was adopted for the ZnS or
ZnO unit cell. These parameters can provide sufficient numerical ac-
curacy for this study. The equivalent density of k-points mesh was used
for ZnS1−xOx supercells. All structures were relaxed until the ionic
forces are smaller than 0.01 eV/ Å. The fully relaxed structures were
used for calculations of mechanical and optical properties.

In order to model the ZnS1−xOxalloying system, the special quasi-
random structure (SQS) method was implemented in the Alloy
Theoretic Automated Toolkit (ATAT) to construct the disordered
structures of ZnS1−xOx compound [21–23]. The disordered supercells
were simulated using 64-atoms SQS structures, which represent the best
periodic supercell approximation to the true disordered state for a given
number of atoms per supercell.

3. Results and discussion

3.1. Structural and mechanical properties

For ZnS applied in infrared window materials, the most en-
ergetically stable zinc-blende structure with the space group of F-43M is
adopted [11,24]. The zinc-blende structure is also used as the base for
all ZnS structure with doped oxygen atoms (ZnS1−xOx compounds). For
fully doped scenario (x=1, i.e. ZnO), we also used the zinc blende
phase to present a continuous evolution of properties. The zinc blende
ZnO can be synthesized in a stable form experimentally and can be used
in electronic devices [25,26]. We first investigate the defect-free unit
cell of ZnS and ZnO, as shown in Fig. 1(a) and (b). The relaxed lattice
constants are 5.44 Å for ZnS and 4.63 Å for ZnO, respectively, based on
PBE functional. For comparison, the relaxed lattice constants are de-
termined as 5.30 Å for ZnS and 4.50 Å for ZnO according to LDA
functional. We found that the lattice constants obtained via PBE func-
tional agree better with experimental values (5.41 Å for ZnS and 4.62 Å
for ZnO) than LDA [27,28]. Therefore, in the remaining part of the
report, we only present the structural, mechanical, and optical prop-
erties based on PBE functional.

As the ZnS1−xOx alloying compounds had been successfully syn-
thesized by solution-combustion approach [29], we use SQS scheme to
construct ZnS1−xOx crystal structures for different alloying composi-
tions [23]. Fig. 1(c) shows a typical SQS structure of ZnS0.5O0.5. The
obtained lattice constants of ZnS1−xOx are plotted against O fraction x
in Fig. 2(a), which are all near the blue dashed line. That is with the
increase of the O content, the lattice constants of ZnS1−xOx decrease
linearly, which is well consistent with Vegard’s law [30]:

= + −−a xa x a(1 )ZnS O ZnO ZnSx x1 (1)

Where aZnO and aZnS are the lattice constants of the zinc-blende ZnO and
ZnS, respectively.

Next, we examine the mechanical behavior of ZnS1−xOx com-
pounds. We begin by calculating the elastic constants of these com-
pounds by [31,32]:
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Where V0 is the equilibrium volume of the cell. The second derivative of
the total energy relative to the strains ( ∂
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calculating the elastic response of the cell to the strain perturbations.
We can then obtain three independent elastic constants for zinc-blende
structures (C11, C12, and C44). Fig. 2(b) outlines the elasti c constants of
alloy ZnS1−xOx. In addition, the values of elastic constants for zinc-
blende ZnS1−xOx are listed in Table 1. It can be seen that these elastic
constants increase near linearly as the oxygen concentration rises. The
results for the magnitudes of C11, C12, and C44 in this work are also
compatible with the previous literature [33–36]. The traditional me-
chanical stability criteria in cubic crystals are given by, C11 > 0,
C44 > 0, C11 > |C12|, (C11+2C12) > 0 [37]. According to the C11,
C12, and C44 values for each superstructure of ZnS1−xOx we con-
structed, the above criteria are satisfied for all ZnS1−xOx compositions.
It demonstrates that the zinc-blende structure of the ZnS1−xOx system is
thermodynamically stable.

Based on these obtained elastic constants, we can further derive
bulk modulus (B), shear modulus (G), Young’s modulus (E) and
Poisson’s ratio (υ) by the following [37,38]:
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Fig. 1. The crystal structures of the zinc-blende phase of (a) pristine ZnS, (b)
pristine ZnO, and (c) ZnS0.5O0.5 special quasi-random structures (SQS).
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Noted that the shear modulus (G) is from the Voigt-Reuss-Hill ap-
proximations [39]. It is a well-established scheme to determine the
shear modulus of polycrystalline material by the arithmetic mean of the
Reuss (GV) and Voigt (GR) extremes [40,41].

We can evaluate the effect of oxygen alloying in the system on the
mechanical properties of ZnS1−xOx compounds by plotting the changes
of bulk modulus, shear modulus, Young’s modulus and Poisson’s ratio
as a function of increasing oxygen concentration in Fig. 3. We first
measure the resistance to the external deformation of ZnS1−xOx com-
pounds by examining the bulk modulus. We can see from Fig. 3(a) that

the value of bulk modulus increases linearly with growing oxygen al-
loying. This indicates that the mechanical strength of ZnS is improved
by adding oxygen as an alloying element. The effect of oxygen addition
on the mechanical properties of ZnS1−xOx compounds can be further
observed in the change of Young’s modulus and shear modulus, as
shown in Fig. 3(b) and (c). Young’s modulus is an indicator of a ma-
terial’s resistance to uniaxial stretching, and the shear modulus defines
the resistance to shear forces. We can observe that both Young’s mod-
ulus and shear modulus increase with the increasing oxygen content.
These results demonstrate that doping oxygen into ZnS is beneficial for
resisting the deformation caused by either uniaxial stretching or shear
force. We can also imply that the oxygen alloying can improve the
hardness of ZnS1−xOx compounds since the hardness is normally po-
sitively correlated with the bulk modulus and the shear modulus [42].
Finally, the change of the Poisson’s ratio associated with the oxygen
content is shown in Fig. 3(d). Compared with ZnS, the doping oxygen
increase the value of the Poisson’s ratio, which indicates that the
oxygen alloying can strengthen the response of ZnS1−xOx compounds
under loading. Overall, we can conclude that alloying oxygen can ef-
fectively improve the mechanical strength of ZnS.

3.2. Dielectric function and related optical properties

Now we turn to the optical properties of ZnS1−xOx compounds. We
first investigate the dielectric function = +ε ω ε ω iε ω( ) ( ) ( )1 2 defining
the relationship between the electrical and optical properties of mate-
rials, in which the frequency ω and the photon energy =E ωћ are given
as the formalism by Ehrenreich and Cohen [43–45]. The imaginary part
of the frequency-dependent dielectric function ε ω( )2 is given by
[44,46–48]:

∫∑= −ε ω e
πm ω

M k δ ω k ω d k( ) ћ | ( )| [ ( ) ]
V C

BZ CV CV2
2

2 2
,

2 3

(7)

The integral was made over the first Brillouin zone. Here M k( )CV
parameters are the dipolar matrix elements between valence band UVk
and conduction band UCk states. = 〈 ∇ 〉M k U e U( ) | , |CV Ck Vk , where e is
the polarization vector of the electric field, and = −ω k E Eћ ( )CV Ck Vk is
the excitation energy. Using the Kramers–Kronig relations, the real part
ε ω( )1 can be derived from the imaginary part [48]:
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Where P represents the principal value of the integral.
The dielectric function is closely related to the optical properties of

a material. With the real part and imaginary part of the dielectric
function known, the primary optical properties, such as reflectivity and
absorption coefficient can be derived. The explicit expressions of the
reflectivity R ω( ) (one-surface reflection from window materials in the
air) and the absorption coefficient I ω( ) are given by [49,50]:

=
−
+

R ω
ε ω
ε ω

( )
( ) 1
( ) 1

2

(9)

= +I ω ω ε ω ε ω( ) ( 2 ) [ ( ) ( ) ]1
2

2
2 1/2 (10)

The total reflectivity (fraction of incident light reflected into the
source) is derived from light reflected from both entry and exit surfaces,
including contributions from multiple internal reflections. The total

Fig. 2. The calculated (a) Lattice constants and (b) Elastic constants of
ZnS1−xOx compounds. The dashed line in (a) represents the Vegard’s law as
reference. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Elastic constants (GPa) for zinc-blende ZnS1−xOx.

x 0 0.03 0.06 0.09 0.13 0.16 0.25 0.50 1

C11 96.64 99.17 100.52 101.95 102.93 103.69 112.9 128.53 156.52
C12 55.79 58.39 59.77 61.37 62.41 63.83 73.71 90.58 116.26
C44 46.1 46.73 46.74 47.2 47.6 47.43 50.48 54.38 64.7
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reflectivity is given by [4]:

=
+

r ω R ω
R ω

( ) 2 ( )
1 ( ) (11)

Fig. 4(a) and (b) illustrate the calculated optical response functions,

i.e., the real part ε ω( )1 and the imaginary part ε ω( )2 of the dielectric
function relative to the photon energy for different zinc-blende
ZnS1−xOx compositions, respectively. We find that the trends of the real
(imaginary) part of the dielectric function with respect to the photon
energy are similar for all ZnS1−xOx alloys. For the real part ε ω( )1 , the

Fig. 3. The mechanical properties of ZnS1−xOx compounds: (a) Bulk modulus; (b) Shear modulus; (c) Young’s modulus; (d) Poisson’s ratio.

Fig. 4. The dielectric function and optical
properties of ZnS1−xOx compounds. (a) The
real part, and (b) imaginary part of the di-
electric function, (c) total reflectivity, and (d)
absorption coefficient. The red bars in (c) and
(d) represent the infrared region used for in-
frared window materials in real applications.
(The insets show the red color range covering
the mid-wave and long-wave infrared region.).
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article.)
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multiple absorption peaks observed in the pristine ZnS disappears with
the doping of oxygen. Noted that no significant change has been ob-
served within the photon energy range from 0 to ∼0.5 eV, i.e., ε1 is
nearly constant within the infrared light window. In Fig. 4(b), the
imaginary part curve of ZnS jumps at a critical point about 2.06 eV,
which indicates the threshold for direct optical transitions between the
valence band maximum and the first conduction band minimum,
known as the fundamental absorption edge [51]. With the concentra-
tion of oxygen increasing, the absorption edge decreases. For the case of
ZnS0.5O0.5 and ZnO, the values of critical points become 0.91 eV and
0.53 eV, respectively. It suggests that only the light with energy smaller
than such critical value can pass through the material without ab-
sorption.

Fig. 4 (c) and (d) depict the total reflectivity (r(ω)) and the ab-
sorption coefficients (I(ω)) as functions of photon energy, respectively.
We focused on the Mid-infrared range corresponding to
0.248−0.413 eV of photon energy (for 3–5 μm midwave window), and
the Far-infrared range corresponding to 0.088−0.155 eV of photon
energy (for 8–14 μm longwave window), respectively [4]. We have
found that the total reflectivity shows a steady trend for all oxygen
concentrations (around 0.5 eV) investigated in both the mid-infrared
region and the far-infrared region. Moreover, the absorption coefficient
is not significantly affected by varying oxygen composition. It suggests
that the optical properties of the pristine phase are nearly retained with
oxygen alloying.

We have also evaluated the influence of oxygen alloying on the
transmittance of the system. When the thickness b of the infrared
window material is known, the transmittance (fraction of incident light
transmitted) is given as below formula [4]:

= −
−

−

−T ω R ω e
R ω e

( ) [1 ( )]
1 [ ( )]

I ω b

I ω b

2 ( )

2 2 ( ) (12)

Since the thickness of infrared window materials is usually within
∼ μm scale in real applications [4], the relatively small value of ab-
sorption coefficients leads to the value of −e I ω b2 ( ) and −e I ω b( ) close to 1.
Therefore, the following equation can be derived from Eq. (12) as:

= −
−

= −
+

= −T ω R ω
R ω

R ω
R ω
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1 [ ( )]

1 2 ( )
1 ( )

1 ( )
2

2 (13)

It indicates that the effect of absorptivity in infrared area is small
enough to be negligible for ZnS1−xOx compounds so that the trans-
mittance becomes one minus the total reflectivity. It is consistent with
the results in previous literature [4,11]. As a result, the transmittance
parameters of ZnS1−xOx compounds are about 0.7−0.8 at 0.13 eV and
0.35 eV. Moreover, the transmittances within 0−0.5 eV of photon en-
ergy almost unchanged with the increase of oxygen concentration, in-
dicating that doping oxygen elements into ZnS had little effect on the
infrared window properties. It suggests that the synthesized ZnS1−xOx

compounds could be promising candidates for infrared window mate-
rials remaining good transmittance properties [29].

We can better understand the optical absorption properties of
ZnS1−xOx compounds by investigating the electronic band structure.
Fig. 5 displays the calculated band structures of zinc-blende (a) ZnS, (b)
ZnS1−xOx (x=0.5), and (c) ZnO along the representative directions of
high symmetry points in the Brillouin zone. The calculated band gaps
for pristine ZnS and ZnO are 2.02 eV and 0.60 eV, which are in ac-
cordance with previously calculated results (2.01 eV and 0.64 eV for
ZnS and ZnO, respectively) [13,52]. Hence, the band gap of ZnS1−xOx

alloying compounds are in the range of 0.60 eV–2.02 eV. These are also
consistent with the results of the imaginary part in the dielectric
function and the absorption coefficients (Fig. 4(b) and (d)). Since PBE
functional often underestimate the magnitude of band gap [53,54],
these band structures are further checked using Heyd-Scuseria-Ern-
zerhof (HSE) screened-hybrid functional and PBE0 [55,56]. We find
that except for the increased band gaps, the band features of HSE and
PBE0 are consistent with that of PBE. The magnitude of PBE band gap

(0.60–2.02 eV) is larger than the midwave and long wave infrared
window (<0.5 eV) we focused on. Therefore, the magnitude of PBE
band gap is sufficient not to induce electronic excitation to cause sig-
nificant optical absorption to affect optical performance. We can then
conclude that PBE can achieve reliable measurements on the evolution
of optical properties in ZnS1−xOx systems.

Fig. 5. Electronic band structures of (a) ZnS, (b) ZnS0.5O0.5, and (c) ZnO.
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3.3. The effects of vacancy defects on the properties of ZnS1−xOx

compounds

Oxygen or sulfur vacancies are inevitable in oxide and sulfide
structures during their fabrications. The presence of these vacancy de-
fects can play an essential role in both the mechanical and optical
properties of the ZnS1−xOx system. We first studied the energetic fea-
sibility of these vacancies by calculating the formation energy of va-
cancies for oxygen or sulfur atoms in ZnS1−xOx compounds. The for-
mation energy of vacancies is defined as [57]:

= + × + × −− −E E n V n E X E(ZnS O ) ( ) (ZnS O )f x x X x x1 1 (14)

Where + ×−E n V(ZnS O )x x X1 is the energies of −ZnS Ox x1 with some
vacancies by removing the X (O or S) atoms, n is the number of the
vacancies, E X( ) is the cohesive energy of a single X (O or S) atom, and

−E (ZnS O )x x1 is the energy of −ZnS Ox x1 without vacancies.
Using the above equation, we examine the formation energy of

oxygen vacancy and sulfur vacancy for ZnS0.5O0.5. The supercell, in-
cluding 32 Zn atoms, 16 S atoms, and 16 O atoms, is employed. As such,
the supercells of ZnS0.5O0.5 with different vacancy concentrations were
constructed by the SQS method also [21]. The formation energies of VS

and VO are determined as 1.85 eV per atom and 4.61 eV per atom, re-
spectively. It suggests that sulfur vacancies are more energetic favor-
able to generate than oxygen vacancies.

Then we calculated the elastic constants and bulk modulus of
ZnS0.5O0.5 with oxygen and sulfur vacancies, as shown in Fig. 6. Here c
denotes the concentration of vacancy. The vacancy defects tend to re-
duce both the elastic constants and bulk modulus of ZnS0.5O0.5.
Fig. 6(a) shows that the elastic modulus decreases slowly with the in-
crease of sulfur vacancies. Relative with defect-free ZnS0.5O0.5, 12.5%
concentration of sulfur vacancy reduces the C11 from 126.46 GPa to
110.68 GPa and decreases the C12 from 85.21 GPa to 57.22 GPa.
Nevertheless, the elastic constant of C44 remains nearly unchanged. For
oxygen vacancies, the change of the C12 and C44 keeps a similar trend
with that of sulfur vacancies. However, the elastic constant C11 for
oxygen vacancy cases exhibits a significant reduction compared with
that for sulfur vacancy cases. The trend of bulk modulus illustrated in
Fig. 6(b) provides more apparent evidence than elastic constants. For
sulfur vacancies, the bulk modulus of ZnS0.5O0.5 decrease 7.45% for
vacancy concentration of 6.25%, and 24.17% for vacancy concentration
of 12.5%, respectively. However, the bulk modulus of ZnS0.5O0.5 with
oxygen vacancies reduces dramatically. It decreases about 16.22% for
6.25% oxygen vacancies, and 34.69% for 12.5% oxygen vacancies.
Therefore, we can conclude that the presence of oxygen vacancies leads
to much degraded mechanical performance than sulfur vacancies.

Finally, we examine the optical properties of ZnS0.5O0.5 with oxygen
vacancies and sulfur vacancies. The curves in Fig. 7(a) show the total
reflectivity of ZnS0.5O0.5 with oxygen vacancies at different con-
centrations. For both mid-infrared and far-infrared light, the total re-
flectivity grows as the oxygen vacancy concentration increases. For
comparison, Fig. 7(d) shows that the total reflectivity of ZnS0.5O0.5 with
sulfur vacancies at different concentrations. Similar to the results of
oxygen vacancies, sulfur vacancies also lead to an increase in the total
reflectivity in the mid-infrared region and far-infrared region. Figs. 7(b)
and (e) show the absorption coefficients of ZnS0.5O0.5 with oxygen
vacancies and sulfur vacancies at different concentrations, respectively.
It can be seen that the absorption coefficients of ZnS0.5O0.5 with va-
cancies are negligible within 0−0.5 eV. Noted that the absorption
coefficient of ZnS0.5O0.5 with 12.5% VO becomes non-zero within
0.5–2.0 eV, as shown in Fig. 7(b). However, DFT calculations always
underestimate the absolute value of the bandgap [49], causing the
calculated absorption edges smaller than the experimental values.
Hence it can be concluded that within both the midwave and longwave
window, the vacancy has a negligible effect on the absorption coeffi-
cient of the ZnS0.5O0.5, and the absorption of light can be ignored. We
observe a similar trend in the case of sulfur vacancies, as demonstrated

in Fig. 7(e).
Fig. 7(c) and 7(f) present the changes of total reflectivity and

transmittance in ZnS0.5O0.5 with vacancy defects at a photon energy of
0.35 eV (Mid-infrared light) and 0.13 eV (Far-infrared light), respec-
tively. Without considering the fraction of absorption, the transmit-
tance of ZnS0.5O0.5 with oxygen or sulfur vacancies is considerably re-
duced with increasing vacancy concentrations. For example, Fig. 7(c)
clearly show that the transmittance of the system is decreased by
12.59% compared to defectless composition when the oxygen vacancy
concentration reaches 0.125 at 0.35 eV. Similarly, Fig. 7(f) reveals that
the sulfur vacancies also decrease the transmittance of defect-free
ZnS0.5O0.5 significantly. Therefore, we conclude that the generation of
vacancy defects should be avoided during the preparation of ZnS1−xOx

compounds.

4. Conclusion

In summary, we have used first-principles calculations of structural,
mechanical, and optical properties of the zinc-blende ZnS1−xOx com-
pounds. We have found that alloying oxygen into ZnS can improve the
mechanical properties of materials effectively without reducing the
transmittance in the infrared region. However, the presence of sulfur
vacancies and oxygen vacancies in the system would weaken the me-
chanical strength as well as reducing the infrared optical transmittance
of ZnS1−xOx compounds. We suggest that the level of vacancy defects

Fig. 6. The mechanical properties including (a) Elastic constants and (b) Bulk
modulus of ZnS0.5O0.5 with oxygen vacancies or sulfur vacancies at different
concentrations c.
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should be kept to a minimum during the fabrication of ZnS1−xOx

compounds. Therefore, we conclude that the alloying ZnO with ZnS can
be a potential approach to achieve desirable infrared window materials
with enhanced mechanical strength and good inferred optical proper-
ties, but in practice the structure needs to be carefully examined to
reduce the detrimental effect of vacancy defects.
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Fig. 7. The effect of vacancy defects on
optical properties. (a) The total re-
flectivity, (b) the absorption coeffi-
cient, and (c) the variations of total
reflectivity and transmittance for
ZnS0.5O0.5 with oxygen vacancies at a
photon energy of 0.35 eV (Mid-infrared
light) and 0.13 eV (Far-infrared light);
(d), (e), and (f) are the corresponding
plots for ZnS0.5O0.5 with sulfur va-
cancies. The red bars represent the re-
gion used for infrared window mate-
rials. (The insets show the red color
range covering the mid-wave and long-
wave infrared region.). (For inter-
pretation of the references to color in
this figure legend, the reader is referred
to the web version of this article.)
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