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Zinc indium selenide (ZnIn2Se4) thin films were prepared by the thermal evaporation technique with
high deposition rate. The effect of thermal annealing in vacuum on the crystallinity of the as-deposited
films was studied at different temperatures (523, 573 and 623 K). The effect of substrate temperature
(623 K) for different thickness values (173, 250, 335 and 346 nm) on the optical parameters of ZnIn2Se4
was also studied. The structural studies showed nanocrystalline nature of the room temperature (300 K)
deposited films with crystallite size of about a few nanometers. The crystallite size increased up to 31 nm
with increasing the annealing temperature in vacuum. From the reflection and transmission data, the
refractive index n and the extinction coefficient k were estimated for ZnIn2Se4 thin films and they were
found to be independent of film thickness. Analysis of the absorption coefficient data of the as-deposited
films revealed the existence of allowed direct and indirect transitions with optical energy gaps of 2.21 eV
and 1.71 eV, respectively. These values decreased with increasing annealing temperature. At substrate
temperature of 623 K, the direct band gap increased to 2.41 eV whereas the value of indirect band gap
remained nearly unchanged. The dispersion analysis showed that the values of the oscillator energy Eo,
dispersion energy Ed, dielectric constant at infinite frequency ε∞, and lattice dielectric constant εL were
changed appreciably under the effect of annealing and substrate temperature. The covalent nature of
structure was studied as a function of the annealing and substrate temperature using an empirical
relation for the dispersion energy Ed. Generalized Miller's rule and linear refractive index were used to
estimate the nonlinear susceptibility and nonlinear refractive index of the thin films.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

ZnIn2Se4 (ZIS) is a ternary semiconductor that belongs to
AIIBIII

2 CVI
4 defect chalcopyrite family. It crystallizes into a structure

belonging to the tetragonal space group I 4̄2 m with lattice
parameters a¼5.7095 Å and c¼11.449 Å [1]. The crystallite size
has been increased initially with increasing annealing temperature
[2]. The defect in this compound arises from some percentage
vacancies of Zn sites and naturally disorder is created which
causes the appearance of a large number of electronic levels in
the energy gap both very close to bottom of the conduction band
and in the mid gap region [3].

In recent years, increasing attention has been devoted to these
compounds [3–17] because of its intrinsic disorder; related proper-
ties such as optical and photoconducting [7,8]. Electro-optical
memory effect [5] is particularly notable as it is directly related
to the defect states which originated due to the intrinsic defects
[8]. Photovoltaic devices with the highest conversion efficiency of
ll rights reserved.

).
15.3% has been reported for Cu(In,Ga)Se2-based solar cells using
ZIS as the buffer layer [18]. Also, electrophotographic layers
and devices with high radiation stability have been reported for
ZIS [19].

Because of the high density of states near the band edges, the
precise determination of the band gap with optical absorption
spectroscopy becomes rather difficult and there was contradiction
about its nature (direct or indirect) and also different values for it
were reported [9]. There is variety in literature about the type of
electronic transition and corresponding value of optical energy
gap. The optical band gap varied within a very wide range (1.82,
1.95 and 2.6 eV) for ZIS in bulk from [20]. The energy gap of ZIS
single crystals was reported to be 1.74 and 1.82 eV with indirect
and direct transitions respectively [21]. The analysis of absorption
data of ZIS thin films were reported for different techniques
employed to grow the layers [12,15–17]. The energy gap of the
films grown by the chemical bath method [12] varied in the range,
2.91–3.09 eV with change of precursor concentration. Indirect
band gap energy was found to be 1.41 eV for films deposited using
a spray pyrolysis technique [15]. The data obtained of films formed
by a vacuum deposition process, revealed the existence of allowed
direct and indirect transitions with energy gap of 3.38 and 2.22 eV
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at 300 K respectively [16]. The values of allowed direct and
indirect energy gap were found to be 2.3 and 1.76 eV respectively
for films deposited using the conventional thermal evaporation
technique [17]. These values have been decreased with increasing
annealing temperature. Generally, the properties of thin films are
highly dependent on the technique used and deposition condi-
tions employed to grow the layers. Therefore, a careful optical
absorption study of this compound is required.

Investigations on structural, optical and electrical properties of
ZIS films grown by various methods such as chemical transport
reaction, chemical vapor deposition with iodine as the transport
agent, chemical bath deposition, spray pyrolysis and thermal
evaporation have been reported [12–17]. In this paper, the effects
of temperature on structural and optical properties of ZnIn2Se4
thin films prepared by the thermal evaporation technique, with
high deposition rate, are reported.
2. Experimental details

Ingots of ZnIn2Se4 were prepared by fusion of stoichiometric
quantities of pure elements in vacuum sealed silica tubes, which
were left at 1323 K for 10 h and then cooled to room temperature
over 48 h. Thin films of different thicknesses were prepared by the
thermal evaporation technique, under a vacuum of about 10−4 Pa,
with a deposition rate of 20 Å/s. The depositions were made at
room temperature onto clean optical flat fused quartz substrates
for optical measurements and onto clean glass substrates for
structural investigations. The deposited film with thickness of
1254 nm was annealed in vacuum for 2 h at the annealing
temperature in the range 523–623 K. Some films deposited at
substrate temperature of 623 K with different thicknesses in the
range 173–346 nm. The film thickness was monitored during
deposition by a quartz thickness monitor. Thickness of deposited
films was also checked by the Tolansky's interferometric method
[22]. X-ray diffraction (XRD) patterns were obtained for both the
powder form and the thin films using a Philips X-ray diffract-
ometer with Cu (kα) radiation (λ¼1.5418 Å).The crystallite size was
deduced using the well-known Debye Scherrer formula. The
chemical composition was checked by energy dispersive X-ray
analysis (EDX). The transmittance T and reflectance R at normal
incidence for ZIS films were recorded in the wavelength range
450–2000 nm using a double beam spectrophotometer (JASCO,
Fig. 1. Energy dispersive X-ray sp
V-570, UV–visible–NIR). All the measurements were carried out at
room temperature. The values of the refractive index n and the
extinction coefficient k were computed from the measured T, R
and film thickness d by a special computer program using the
following equations in case of interference effect is present [23]:

T ¼ ½ð1−RÞ2e−αdð1þ k2=n2Þ�=½1−R2e−2αd� ð1Þ
where α is the absorption coefficient.

R¼ ½ðn−1Þ2 þ k2�=½ðnþ 1Þ2 þ k2� ð2Þ
An approximation can be used in case of semiconductors where

n4k; n2⪢k2. Then Eq. (1) becomes:

T ¼ ½ð1−RÞ2e−αd�=½1−R2e−2αd� ð3Þ
Hence α is obtained as

α¼ ð1=dÞ ln½ðð1−RÞ2=2TÞ þ ðð1−RÞ4=4T2 þ R2Þ1=2� ð4Þ
Then the extinction coefficient k is given by

k¼ αλ=4π ð5Þ
and the refractive index n is given from Eq. (2):

n¼ ½ð1þ RÞ=ð1−RÞ� þ ½ð4R=ð1−RÞ2Þ−k2�1=2 ð6Þ
The experimental errors were taken into account to be 73% for

film thickness measurements and 71% for T and R. The errors in
the calculated values of n and k were estimated to be 73% and
72.5% respectively. Subsequently the optical parameters were
deduced.
3. Results and discussion

3.1. Structural characterization

Fig. 1 shows the energy dispersive X-ray (EDX) spectrum for
ZnIn2Se4 film in as deposited form as a representative example.
The XRD pattern of ZnIn2Se4 in powder form and those of the as
deposited (300 K) and annealed films at different temperatures
(523, 573 and 623 K) are shown in Fig. 2. The Miller indices (h k l)
are indicated on each diffraction peak using (JCPDS-card 80-0424).
The XRD pattern of ZnIn2Se4 in powder form shown in Fig. 2
revealed the polycrystalline nature of the tetragonal structure
with lattice parameters a¼5.5952 Å and c¼11.9886 Å. No other
ectrum of ZnIn2Se4 thin film.



Fig. 2. XRD pattern of ZnIn2Se4: powder form, as deposited thin film at 300 K, and
annealed thin films, of thickness 1254 nm, under vacuum at different temperatures.

Fig. 3. Spectral behavior of transmittance T and reflectance R for as deposited thin
film at 300 K, and annealed thin films of ZnIn2Se4, of thickness 1254 nm, under
vacuum at different temperatures.
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observable diffraction peaks corresponding to other binary phases
could be detected besides the main ZnIn2Se4 ternary phase. The
polycrystalline structure of the powder form is transformed to
nanocrystallite structure by thermal deposition on to glass substrate
at room temperature (300 K) with crystallite size of about a few
nanometers. A major peak is observed for all annealed samples shown
in Fig. 2, at about 26.981 and its equivalent d-spacing is of 3.30 Åwhich
corresponds to reflection from (1 1 2) plane. This indicates that the
nanocrystallites are preferentially oriented with (1 1 2) planes parallel
to the substrate. The evaluated crystallite size increased appreciably
from few nanometers of the as deposited films up to 31 nm with
increasing annealing temperature to 623 K. The measurements are
performed on (1 1 2) diffraction peak. The formed crystallite size of
ZnIn2Se4 films at different annealing temperatures is calculated from
the full width at half maximum, FWHM, of the (1 1 2) peak using
Debye–Scherrer's formula [24]

D¼ Kλ=βo cos θ ð7Þ
where k is the constant¼0.89, βo is the FWHM, λ is the wavelength of
radiation and θ is the angle of diffraction. The obtained results
confirmed that the so called intermediate structure between ordered
and disordered glassy semiconductor of ZnIn2Se4 films [25] or so
called quasiordered material [26] is a nanocrystallite grain structure
ZnIn2Se4 films [2] and it is not amorphous structure film as it was
reported by Refs. [27,28].

3.2. Optical properties

To study the effect of temperature on optical properties of
ZnIn2Se4 thin films, the spectral behavior of the transmittance T(λ)
and reflectance R(λ) are depicted in (Figs.3 and 4). All measure-
ments were performed at normal light incidence in the wave-
length range 450–2000 nm. Fig. 3 shows The spectral behavior of T
(λ) and R(λ) for the as deposited film of thickness 1254 nm
annealed films in vacuum at different temperatures (523, 573
and 623 K). Fig. 4 shows the spectral behavior of the transmittance
T(λ) and reflectance R(λ) for the deposited films of different
thicknesses (173–250–335–346 nm) at substrate temperature of
623 K. It could be noted that all samples show the same character
and there is a linear dependence in the region of strong absorption
edge. It is also to be noted that the absorption edge is in the
wavelength range 500–700 nm separating transparent region from
absorption region and can be used to determine the type of optical
transition and the corresponding value of energy gap. Above the
absorption edge in two Figs. 3 and 4, the appearance of inter-
ference maxima and minima at the same wavelength indicating
the optical flatness of the deposited films. Fig. 3 revealed that
there is influence of annealing temperatures on the transmission
edge whereas Fig. 4 revealed that there is no influence of film
thickness on spectral behavior of T and R. The values of n and k can
be also determined in the same range of wavelength (450–
2000 nm). At transparent region of wavelength 41000 nm, k¼0,
and the value of n can only be calculated for such films.
3.2.1. Optical constants
The spectral behavior of the optical constants n and k are

depicted in Figs. 5 and 6 respectively for as deposited ZnIn2Se4
thin film of thickness 1254 nm annealed films in vacuum at
different temperatures. Fig. 5. shows that the spectral distribution
of refractive index n decreases with increasing annealing tem-
perature. The dispersion curve of refractive index n, for the as
deposited films, shows two different intensities peaks at 593 and
670 nm, which can be explained by using multi-oscillator model
[29]. The position of these two peaks was slightly shifted to higher
wavelength and their intensities decreased as result of annealing.
At wavelength 41000 nm, the spectral behavior of n is the normal
dispersion, which is explained by single oscillator model [30]. The
absorption index k decreases with increasing wavelength and it
arrives to zero value at 706 nm for as deposited films at 300 K. This
cutoff value of k increases with increasing annealing temperature
up to 800 nm at 623 K. After the cutoff values of the absorption
index k, an increase of k is observed may be due to the free carrier
absorption contribution. The spectral behavior of the optical



Fig. 4. Spectral behavior of transmittance T and reflectance R for as deposited
ZnIn2Se4 thin films at substrate temperature of 623 K for different thicknesses.

Fig. 5. Spectral behavior of refractive index n of ZnIn2Se4 thin film, with thick-
ness 1254 nm, for as deposited at 300 K and annealed in vacuum at different
temperatures.

Fig. 6. Spectral behavior of absorption index k of ZnIn2Se4 thin film, with thickness
1254 nm, for as deposited at 300 K annealed in vacuum at different temperatures.

Fig. 7. Spectral behavior of refractive index n and absorption index k for as
deposited ZnIn2Se4 thin films at substrate temperature of 623 K.
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constants n and k for ZnIn2Se4 thin films deposited at substrate
temperature of 623 K is depicted in Fig. 7. The results depicted in
Fig. 7 represent the average values of n and k for different
thicknesses in the range 173–346 nm. The obtained results indi-
cated that the optical constant n and k are independent on the film
thickness. One single peak is observed on the dispersion curve of n
at 700 nm corresponding to the cutoff value of k as shown in Fig. 7.
The behavior of the two curves shown in Fig. 7 is similar to those
of the as deposited films at room temperature with increase in
both of the intensity of the peak of n at 700 nm and the values of k
beginning from 400 nm to the cutoff value of k at 700 nm owing
to the effect of substrate temperature. This observation is
certainly due to the improvement of crystallinity under the effect
of temperature.

3.2.2. Determination of energy gap
The optical energy gap Eg and the type of transition is

determined from analysis of the absorption coefficient α near the
fundamental absorption edge using the equation by Bardeen et al.
[31] as

αhυ¼ Aðhυ−EgÞm ð8Þ
where A is a constant depending on the transition probability, h is
Planck's constant, υ the incident photon frequency, and m¼1/2
and m¼2 for direct and indirect band gap transition respectively.
Since Eg¼hυ, when (αhυ)¼0, an extrapolation of the linear region
of the plots of (αhυ)2 and (αhυ)1/2 versus photon energy (hυ) on the
x-axis gives the values of the optical band gap Eg. According to the
measured absorption spectra, (αhυ)1/2 and (αhυ)2 versus hυ curves
of ZnIn2Se4 thin films for as deposited at 300 K and after annealing
are shown in Figs. 8 and 9 respectively. Fig. 8 shows an indirect
allowed transition with energy gap for as deposited ZnIn2Se4 thin
films of 1.71 eV accompanied with absorption tail of phonon
energy of 53 meV. This behavior indicated that the following
modified equation represents such a transition.

αhυ¼ Bðhυ−Eg ind7EphononÞ2 ð9Þ
where Eph is the energy of accompanied phonons. The presence of
indirect gaps is attributed to an acceptor-conduction band transi-
tion [32]. Fig. 9 illustrates a direct allowed transition with energy
gap for as deposited ZnIn2Se4 thin films of 2.21 eV. Such a
transition occurs in case that the incident photon energy is higher
than 2.21 eV. The values of energy gap of as deposited ZnIn2Se4
thin films grown by different techniques and the values obtained
in the present work were listed in Table 1. The band gap values
obtained in this work of as deposited films are in good agreement



Fig. 8. Dependence of (αhv)1/2 on (hv) of ZnIn2Se4 thin films for as deposited
annealed in vacuum at different temperatures with thickness 1254 nm.

Fig. 9. Dependence of (αhv)2 on (hv) of ZnIn2Se4 thin film, with thickness 1254 nm,
for as deposited at 300 K and annealed in vacuum at different temperatures.

Table 1
The values of energy gap of as deposited ZnIn2Se4 thin films grown by different
techniques compared with the values obtained in the present work.

Transition
type

Eg (eV)
[16]

Eg (eV)
[15]

Eg(eV)
[17]

Eg (eV)
[12]

Eg (eV) (present
study)

Direct
allowed

3.38 – 2.3 2.91–3.09 2.21

Indirect
allowed

2.22 1.41 1.76 – 1.71
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with the values reported by Zeyada et al. [17]. The other values of
the energy gap listed in Table 1 are not in agreement with this
work and this can be attributed to the deposition technique and
deviation of the material from the stoichiometry. The values of
indirect and direct energy gap for as deposited ZnIn2Se4 thin films
decreases with increasing annealing temperature as shown in
(Figs. 8 and 9) and also in Table 2. Fig. 10 shows the variation of
both direct Edg and indirect Eing optical band gaps of ZnIn2Se4 thin
films versus annealing temperature. It is clear from this data that
the increase of annealing temperature leads to the increase in the
crystalline part as shown in Fig. 2 and decrease in the absorption
edge as shown in Fig. 3 and thus decrease in the values of direct
and indirect optical band gaps. This behavior is in agreement with
that reported by Hendia and Soliman [33]. Figs. 11 and 12 show the
plot of both (αhυ)1/2 and (αhυ)2 versus hυ for ZnIn2Se4 thin films
deposited at substrate temperature of 623 K. The results illustrate
an indirect and direct allowed transition with energy gaps of
1.70 eV and 2.41 eV respectively. The value of the energy of
accompanied phonon is of 44 meV for ZnIn2Se4 thin films depos-
ited at substrate temperature of 623 K. The variation in direct and
indirect energy gaps of ZnIn2Se4 thin films as a function of
temperature is indicated in Table 2. The optical energy gaps
obtained in this work is in agreement with the values reported
by some authors [2,15,21,34–36], but differ from the results
obtained by some others [12,27,33].

3.2.3. Dispersion analysis
In order to analyze the refractive index dispersion of the films,

we used the single-oscillator model, developed by Wemple and
DiDomenico [30]. The single-oscillator model for the refractive
index dispersion can be expressed as follows [30]:

n2 ¼ 1þ ½EdEo=E2o–ðhυÞ2� ð10Þ
where Eo is the single-oscillator energy for electronic transitions
and Ed is the dispersion energy which is a measure of the strength
of inter band optical transitions. Eo and Ed can be obtained from
Eq. (10) by Plotting (n2−1)−1 versus (hυ)2 as shown in Figs.13 and
14. Fig. 13 illustrates the plot of (n2−1)−1 versus (hυ)2 for ZnIn2Se4
thin films of thickness 1254 nm deposited at 300 K and annealed
in vacuum at different temperatures (523, 573 and 623 K). Fig. 14
shows the plot of (n2−1)−1 versus (hυ)2 for as deposited ZnIn2Se4
thin films at substrate temperature of 623 K with thickness range
173–346 nm. The values of Eo and Ed are directly determined from
the intersection with the vertical axis (Eo/Ed) and the slope
(EoEd)−1. The calculated values of Eo, Ed and the corresponding
dielectric constant at infinite frequency ε∞, are tabulated in
Table 2.

In the transparent region, the relation between the refractive
index n and the wavelength λ is given by the following rela-
tion [37]:

n2 ¼ εL–ðe2=4π2C2εoÞðN=mnÞλ2 ð11Þ
where εL is the lattice dielectric constant, c is the speed of light, εo
is the permittivity of free space and N/mn is the ratio of carrier
concentration to the effective mass. The values of εL and N/mn can
be obtained by plotting n2 versus λ2 as shown in Figs. 15 and 16.
These two figures illustrate the plot of n2 versus λ2 for ZnIn2Se4
thin films deposited at 300 K and annealed in vacuum at different
temperatures and films deposited at substrate temperature of
623 K respectively. These figures also show that n2 decreases
nonlinearly with increasing λ2. The value of εL is determined from
the extrapolation of the linear portion of the curve towards λ2¼0
and its slope results in the value of N/mn. The values of εL and N/mn

are also listed in Table 2. The disagreement between values
of ε∞ and εL indicates formation of free carriers in ZnIn2Se4 thin
films [38].

Empirical relation for the dispersion energy Ed is given by [30]

Ed ¼ βNcZaNe ð12Þ
where β has a value of 0.3770.05 eV for the covalent com-

pounds, Nc¼4 is the cation coordination number, Za¼2 is the
formal chemical valence of the anion and Ne¼8 is the average
number of valence electrons per anion. The covalent nature of
structure tends to decrease with increasing annealing tempera-
tures, which corresponds to decrease of β values shown in Table 2.
Furthermore, the value of β is increased at substrate of tempera-
ture of 623 K. The values of β are somewhat different from the



Table 2
Temperature dependence of optical parameters of ZnIn2Se4 thin films.

Annealing temperatures (K) Eo (eV) Ed (eV) no χ(3) (10−11esu) n2 (10−10esu) Eg (eV) ε∞ εL β (eV) N/mn (1056 kg−1 m−3)

direct indirect

(3 0 0)n 2.29 16.19 2.84 1.70 2.26 2.21 1.71 8.08 10.18 0.25 8.02
(6 2 3)nn 2.08 16.52 2.99 2.71 3.42 2.41 1.70 8.95 12.83 0.26 16.80
523 2.41 14.83 2.67 0.98 1.38 2.16 1.64 7.15 9.21 0.23 8.32
573 2.44 12.83 2.50 0.52 0.79 2.13 1.56 6.25 7.98 0.20 8.11
623 2.46 10.58 2.30 0.23 0.38 2.08 1.41 5.30 6.80 0.17 6.92

n as deposited temperature.
nn substrate temperature.

Fig. 10. Variation of both direct Edg and indirect Eing optical band gaps of ZnIn2Se4
thin films versus annealing temperature.

Fig. 11. Dependence of (αhv)1/2 on (hv) for as deposited ZnIn2Se4 thin films at
substrate temperature of 623 K.

Fig. 12. Dependence of (αhv)2 on (hv) for as deposited ZnIn2Se4 thin films at
substrate temperature of 623 K.

Fig. 13. Plot of 1/(n2−1) versus (hv)2 of ZnIn2Se4 thin films, with thickness 1254 nm,
for as deposited at 300 K and annealed in vacuum at different temperatures.
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reported one for the covalent compounds, that can be attributed to
the deviation of films from stoichiometry and also may be due to
the defect chalcopyrite structure of ZnIn2Se4.

Semi-empirical relation based on Miller's generalized rule [39]
can be used for the estimation of the nonlinear refractive index n2
and susceptibility χ(3). A combination of Miller's generalized rule
with linear refractive index and WDD dispersion parameters Eo
and Ed are used to calculate the nonlinear susceptibility χ(3) by the
following relation [40]:

χð3Þ ¼ AoðEd=EoÞ4=ð4πÞ4 ¼ Aoðn2
o−1Þ4=ð4πÞ4 ð13Þ
where Ao is 1.7�10−10 (for χ(3) in esu) and no is the static
refractive index calculated using Eq. (10) at the limit of n as hυ
approaches zero, no¼(1+Ed/Eo)1/2; ε∞ ¼ n2

0.
The n2 can be calculated from the relation [41]

n2 ¼ 12πχð3Þ=no ð14Þ

The static refractive index no, susceptibility χ(3) and nonlinear
refractive index n2 are tabulated in Table 2.



Fig. 14. Plot of 1/(n2−1) versus (hv)2 for as deposited ZnIn2Se4 thin films at
substrate temperature of 623 K.

Fig. 15. Plot of n2 versus λ2 of ZnIn2Se4 thin films, with thickness 1254 nm, for as
deposited at 300 K and annealed in vacuum at different temperatures.

Fig. 16. Plot of n2 versus λ2 for as deposited ZnIn2Se4 thin films at substrate
temperature of 623 K.
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4. Conclusion

The effect of temperature on ZnIn2Se4 thin films prepared by
the thermal evaporation process with high deposition rate was
studied in this paper. ZnIn2Se4 thin films deposited at room-
temperature (300 K) and at substrate temperature of 623 K. The
as deposited film of thickness 1254 nmwas annealed in vacuum at
different temperatures (523, 573 and 623 K). Whereas the formed
films at substrate temperature of 623 K were deposited for thick-
ness in the range of 173–346 nm. The room-temperature deposited
ZnIn2Se4 thin films have a nanocrystallite structure with crystallite
size of about a few nanometers increased to 31 nmwith increasing
the annealing temperature up to 623 K. The measurements are
performed on the preferred orientation plane (1 1 2). The optical
constants of ZnIn2Se4 thin films were estimated and they were
found to be independent on film thickness. The effect of annealing
temperature on the optical constants was also investigated. The
absorption analysis of the as deposited films revealed the
existence of allowed direct and indirect transitions with optical
energy gaps of 2.21 and 1.71 eV respectively. The indirect allowed
transition is accompanied with phonon energy of 53 meV. The
values of energy gaps decreased with increasing annealing tem-
perature. The direct band gap increased to 2.41 eV for films
deposited at substrate temperature of 623 K. The covalent nature
of structure was found to decrease with increasing annealing
temperatures. The refractive index dispersion data was found to
obey the single-oscillator model and the values of the oscillator
energy Eo, dispersion energy Ed, dielectric constant at infinite
frequency ε∞, lattice dielectric constant εL, nonlinear susceptibility
χ(3) and nonlinear refractive index n2 were determined as a
function of the annealing and substrate temperature.
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