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Optical properties of zinc titanate perovskite
prepared by reactive RF sputtering

Jarmila Miillerové*, Pavol Sutta**, Rostislav Medlin**,
Marie Netrvalové**, Petr Novak " "

In this paper we report results from optical transmittance spectroscopy complemented with data on structure from XRD
measurements to determine optical properties of a series of ZnTiO3 perovskite thin films deposited on glass by reactive
magnetron co-sputtering. The members of the series differ by the titanium content that was revealed as an origin of the
changes not only in structure but also in dispersive optical properties. Low porosity has been discovered and calculated
using the Bruggeman effective medium approximation. An apparent blue-shift of the optical band gap energies with
increasing titanium content was observed. The observed band gap engineering is a good prospective for eg optoelectronic

and photocatalytic applications of ZnTiO3.

Keywords: perovskite, optical band gap, Taucs plot, refractive index, absorption coefficient, effective medium, voids

1 Introduction

Perovskites are materials of special stoichiometry
ABX3 with X being anions, typically oxygen or halo-
gens, B usually transition metals elements, eg Ti cations,
and A great metal cations, usually alkaline earth or rare
earth elements, eg Ca, Zn [1, 2]. Oxide mineral CaTiO3
was discovered in 1839 in the Ural Mountains and named
for Russian mineralogist .. A. Perovski. Synthetic per-
ovskites such as KNbO 3, KBNNO, and organic-inorganic
CH3NH;3Pbls have become famous recently as prospec-
tive materials for solar cells with remarkable efficiency
progress from the pioneer efficiency of 2 % in 2009 to the
efficiency jump of 22.1 % in March 2016 [2,3].

Perovskites show a great diversity of structural mod-
ifications leading to a variety of properties and practical
applications. The ideal cubic crystal structure of ABX3
is rare and more often is distorted with reduced sym-
metry [1,4]. Perovskite type mixed-metal titanium-based
oxides AT Ti!V O3 manifest unique physical and chemi-
cal properties. Using Pb, Sr, Ba, Zn or Fe as metal cations
an outstanding potential in dielectric and optoelectronic
applications arises. A great attention has been paid to
hybrid organic-inorganic perovskites. Among perovskite
applications also fuel cells, gas sensors, memory devices,
photocatalysis, non-linear optics, solar energy conversion
for water splitting and decontamination must be men-
tioned [5, 6, 7].

Zinc titanate ZnTiOg3 has been reported to have re-
markable mechanical, optical and insulating properties
[8, 9]. Due to high photocatalytic activity it has caught

high attention [10]. ZnO and TiOy are known as wide-
band semiconductors. Enormous increase of applications
based on ZnO and TiOs has been caused not only by
the improvements of their intrinsic properties but also by
the achievements of transition metal doping and mixed
oxides formations. Coupling TiOg with ZnO leading to
7Zn-Ti-O ternary oxides offers even more efficient electron-
hole pair separation under illumination and contributes to
the applications in optoelectronic devices including pho-
tovoltaic and dye sensitized solar cells, flat panel displays,
photodetectors, sensors and light emitting diodes.

Zn-Ti-O ternary compounds comprise a—ZnsTiOy4
(cubic spinel crystal structure), zinc titanate (ZnTiO3 ei-
ther cubic spinel or hexagonal perovskite structure) and
Zn;TizOg (cubic spinel structure). They are still under
extensive studies to fully understand how the incorpora-
tion of titanium takes place and how influences the phys-
ical properties. Moreover the phase transformation and
its effect on optical and dielectric properties of ZnTiO3
thin films are still under considerable debate [11, 12, 13]
and deserve further experimental consideration.

In this paper we report the analysis of optical proper-
ties of a series of ZnTiO 3 thin films deposited by reactive
magnetron co-sputtering affected by different titanium
content. Dispersive absorption coefficients and refractive
indices were determined from UV Vis transmission spec-
tra. Obvious blue-shift of the absorption edge due to the
increasing titanium content was observed. The observed
changes are discussed with relation to the structure, mi-
crostructure and phase composition of the samples.
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Fig. 1. XRD patterns of three samples scanned in the asymmetric
experiment geometry showing the polycrystalline character of the
samples

2 Experimental

A series of ternary Zn-Ti-O thin films was prepared by
reactive magnetron co-sputtering in reactive mode using
RF magnetron unit equipped with pure zinc target and
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DC magnetron unit equipped with pure 99.99 % titanium
target.

The power ratio was Pri/(Pri + Pz,), where Pr; is
the power delivered to titanium target and Pz, is the
power delivered to zinc target. The series contains seven
members deposited with increasing atomic percentage ti-
tanium content. Structure and titanium content was doc-
umented by EDS and EELS measurements and confirmed
by Auger electron spectrometry depth profiles [14]. The
thin films of the thickness of 200 - 300 nm were deposited
on clean Corning Eagle 2000 glass substrates and on crys-
talline silicon wafers.

Structural properties of the films deposited on silicon
substrates were analysed by X-ray diffraction (XRD) us-
ing an automatic powder diffractometer XPert Pro with
CuKa characteristic radiation (A = 0.154 nm). Two
goniometer setups (Bragg-Brentano symmetric 6 — 6,
Seemann-Bohlin asymmetric w — 26) were used. XRD
patterns were collected from 25 to 65 degrees (0 —6) and
from 25 to 75 degrees (w — 26), [15]. In order to iden-
tify the phase composition and basic microstructure pa-
rameters (crystallite sizes and micro-strains) of the films

Fig. 2. HR - TEM images of the samples of 2.4 at% of titanium (left) and 6.7 at% of titanium (right)

Table 1. XRD identification of the structure of the samples

Sample:

Prevailing

. Phase . Thickness

Ti Structure identification c1’rystalhte (nm)
(at%) size (nm)
0 polycrystal (002) ZnO 84 235
1.1 polycrystal (002) ZnO 60 210
24 polycrystal (002), (101) ZnO, bimodal 52 210
5.2 polycrystal ~ (104) ZnTiOs, (004) TiO2 atanas, bimodal 40 170
6.7 polycrystal ~ (104) ZnTiOs, (004) TiO2 atanas, bimodal 48 225
8.7 polycrystal ~ (104) ZnTiOs, (004) TiO2 atanas, bimodal 19 290
12.5 amorphous  (104), (110) ZnTiO3 overlapped and shifted

due to intersticial oxygen - 310

bimodal = bimodal distribution of crystallites
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Fig. 3. Transmittance spectra of the samples under study — the
legend notifies the titanium content in at%

line profile analysis of the strongest lines was performed.
Crystallite sizes and micro-strains were evaluated by pro-
cedures based on the Voigt function [16, 17, 18].

UV VIS spectrophotometry was used to obtain addi-
tional microstructural (void volume fraction) and opti-
cal parameters of the films (refractive indices, absorption
coefficients, optical band gap energies). Dual beam spec-
trophotometer Specord 210 with air blank reference chan-
nel was used to collect UV Vis transmittance spectra of
the samples deposited on glass.

3 Optical properties and
structure: Results and discussion

The analysis of XRD patterns showed that with in-
creasing atomic percentage titanium content the phase
composition evolved from ZnO to Zn,Ti;_, O, and from
more to less crystalline structure which was clearly seen
from the asymmetry of the diffraction line profiles, Fig. 1.
The sample of the highest titanium content was identi-
fied as amorphous. With increasing titanium content the
evolution of the polycrystalline structure of decreasing
crystallite size (except of the amorphous sample of the
highest titanium content of 12.5 at%) and the preferred
orientation of crystallites in a certain direction against the
surface (Tab. 1) was observed. The thickness was deter-
mined from fitting optical transmittance measurements.
Moreover, the samples of the intermediate titanium con-
tent (from 2.4 to 8.7 at%) were found to have bimodal
crystallite size distribution. Cross-sectional HR-TEM im-
ages of the samples of the atomic percentage titanium
content of 2.4 and 6.7 confirming the presence of various
crystallites are in Fig. 2.

In the optical transmittance spectra (Fig. 3) — the
transmittance of the Corning Eagle 2000 glass substrate is
indicated — apparent interference fringes are present due
to weak absorption of light above the absorption edge.
The onset of the material transparency at the wavelengths
>~ 300 nm is obviously shifted what indicates the dif-
ferences in optical band gaps of the samples of different
titanium content.
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Fig. 4. Photon energy dependent refractive indices and extinction
coefficients of the sample of 5.2 at% of titanium

The transmittance of a homogeneous non-scattering
thin film with parallel interfaces deposited on a thick un-
coherent substrate is a nonlinear function of the wave-
length, the film thickness and the complex refractive in-
dices of the film and the substrate. The spectral refractive
index n and the extinction coefficient k are the real and
imaginary parts of the complex refractive indices of the
film and the substrate. Spectral refractive indices n and
extinction coefficients k of the films were extracted from
the measured transmittance spectra using a global opti-
mization procedure based on genetic algorithm. The op-
timization procedure minimized differences between the
experimental and theoretical transmittance in the broad
spectral region including the region in the vicinity of the
absorption edge and enabled to search for the solution
with preventing false solutions at local minima. The the-
oretical transmittance was calculated using the theory in
[19] and the Tauc-Lorentz dispersion model for the refrac-
tive index and the extinction coefficient [20] that has been
currently employed for the parameterization of the opti-
cal functions of amorphous materials. Results for n, k are
in good agreement with the theoretical calculations [21].

In Fig. 4 the results of n, k versus the photon energy
Ephot = he/X, (h is the Planck’s constant, ¢ is the
speed of light) related to the wavelength A can be seen
for the sample of 5.2 at% of titanium. The Kramers-
Kronig dispersion relation is apparently obeyed. The peak
of the refractive index Ej is the so-called central energy
Ey in the Tauc-Lorentz dispersion model, the peak of
the extinction coefficient E..s is the resonance energy of
the electronic transition. Resulting wavelength dependent
refractive indices of all samples are in Fig. 5. Central
energies are clearly blue-shifted with growing titanium
content.

Extrapolating spectral refractive indices to the in-
frared ie to the non-absorbing region the so-called re-
fractive index in the long wavelength limit n., can be
obtained. This parameter is related to the atomic struc-
ture and the mass density. The values of n,, in Tab. 2
show that with the increasing titanium content this pa-
rameter starts to decrease after apparent initial growth.
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Fig. 5. Refractive indices of the ZnTiO3 samples of different tita-
nium content
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Fig. 7. Absorption coefficients of the ZnTiO3 samples of different
titanium content

Fig. 6 shows a somewhat skewed distribution of n., as a
function of titanium content illustrating this trend. The
solid line represents fitting by Gumbel distribution ex-
treme function. This observation indicates that samples
of growing titanium content up to~ 7 at% became denser.
Surprisingly this trend stops then and n., starts to de-
crease. This means that the titanium content does not
play the single role in the mass density of the samples.
We deduce that the same importance originates from the
phase composition, structure and crystallite size.

Refractive indices of the samples in the region from 300
nm up to the central energy apparently increase with
increasing titanium content what can be seen in Fig. 3.

As often expected the presence of microvoids may play
important role in photovoltaic applications of perovskites.
Internal surfaces of voids can be broken by light-induced
charge carriers what translates to light-induced defects,
eg an oxidation. Thus it is recommended to control the
porosity and to keep it as low as possible using proper de-
position chemistry. On the other hand porosity is required
for forming perovskites for photocatalytic or oxidation re-
actions [22]. Therefore the determination of the porosity
via various effective medium approximations (EMA) deal-
ing with effective properties of a medium with inclusions
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Fig. 6. The refractive index in the long wavelength limit versus the
titanium content

[23, 24] is evitable. According to EMA a mixture of differ-
ent materials can be considered as a homogenous medium
having an effective refractive index that can be obtained
from refractive indices and volume fractions of individual
components. Bruggeman EMA (BEMA) [24] is useful in
case of aggregate structure filled randomly with a mixture
of two or more phases. This approximation represents a
realistic model for systems with irregularly shaped par-
ticles corresponding well to perovskites with crystalline
grains of conical or cylindrical shape.

According to BEMA the following equation is valid for
a composite film of several crystalline/amorphous con-
stituents of volume fractions pi (¢ = 1,2,...) and pv
(microvoids) in the non-absorbing region

2 2 2 2
n —n ng—n
P o5t 5t
ny + 2ngg 5+ 2nZ, 1)
ng— 2 1 —n?
o0 o0
+ot =0,
P2 on2, P on2,

while . p; + p, = 1. In (1) n, are refractive indices of
individual constituents and n, = 1. The ratios of volume
fractions p;/p; of individual constituents (ZnO, TiOq,
ZnTiO3) were determined from XRD measurements. The
refractive index in the long wavelength limit n., can be
directly included as the effective medium refractive index
to avoid dealing with the complex refractive indices in (1).
Results for voids volume fractions p,, in Tab. 2 show that
the porosity was kept below 10 % reaching a minimum at
6.7 at% of titanium.

For all optoelectronic applications, fundamental opti-
cal absorption is a meaningful issue. From Fig. 3 we can
see that the onset of the absorption in the samples is dif-
ferent. Let us define the absorption edge (in eV) simply
as the intersection of the linear part of optical transmit-
tance with the horizontal axis at the transmittance equal
to zero. As seen the absorption edges (Tab. 2) are well
shifted to the blue and ultraviolet region and grow with
increasing titanium content.
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Fig. 8. The relation of the Tauc’s optical band gap energies to the
crystallite size corresponding to the samples with varying titanium
content

The absorption coefficient « is related to the extinc-
tion coefficient k through the relation « = 4wk/\. Fig-
ure 7 demonstrates the changes of the absorption coef-
ficients of samples with varied amount of titanium and
therefore various band gap energies as a result of the
changing titanium content can be expected. The iso-
absorption gaps Fys are often used to express the values
of photon energy at which the absorption coefficient in
the samples achieves the value of 10*cm™".

Due to disorder in the mixed-phase semiconductors the
valence and conduction band edges are extended. Then
the band tails are quite blurred with no clear abrupt en-
ergy above which photons are absorbed via interband
transitions. Therefore several procedures based on vari-
ously expressed density of state distributions in the ex-
tended states near the valence and conduction bands and
the transition matrix elements can be used for calculat-
ing the band gap energies. A usual practice is the so-
called Tauc’s plot originating from the constant transition
matrix element squared. The related optical band gaps
are determined from the extrapolation of linear parts of
Tauc’s plots (ahw)'/? oc (Epnot—ESP* (ESP! is the Tauc’s
optical band gap) to the energy axis. The values of Tauc’s

optical band gaps versus the crystallite size are depicted
in Fig. 8. Two groups of values corresponding to prevail-
ing ZnO at lower titanium content and ZnTiO 3 at higher
titanium content can be recognized.

Optical band gap energies are summarized in Tab. 2.
The results provide a satisfactory mean of comparing op-
tical absorption in the samples. An interesting symptom
is that the band gap energies are organized in two groups
corresponding to the samples with prevailing ZnO and
ZnTiO3 (Fig. 8). Moreover it is seen that optical band
gap energies reflect well the increasing titanium content
and the changing structure and are blue-shifted (towards
higher energies ie towards smaller wavelengths). Further-
more we can conclude similarly as in [25] that a gradual
increase of optical band gap energies occurs with the de-
crease of the crystallite size (Tab. 2, Fig. 8). This modi-
fication of the absorption spectrum can be linked to the
size effect. Although the size effect is more recognizable
at the crystallite size below 10 nm, it occurs even at the
crystallites of less than 100 nm and comprises not only
quantum size effect but also the effects of grain bound-
aries on thin film properties.

4 Conclusions

Extensive optical characterization of ZnTiOj3 thin
films based on the transmittance spectra analysis in UV
Vis region complemented with knowledge on structure
from XRD has been successful to show that the films with
growing titanium content evolve from polycrystalline to
amorphous structure with increasing optical band gap
energies. The spectral dependencies of refractive indices
and absorption coefficients were determined to indicate
changes linked to the film structure and the density. The
void volume fractions have been determined using the ef-
fective medium approximation to find conditions for ob-
taining samples with predictable void fraction. The anal-
ysis demonstrated that the optical band gaps increase
with increasing titanium content that corresponds to de-
creasing crystallite size. From our analysis it implies that
the tuning of the optical band gap with the sample com-
position, ie the titanium content is also possible.

Table 2. Optical properties of the ZnTiO 3 samples of different atomic percentage content of titanium

Sample: Absorption  Central  Tauc’s
Sample: Noo Do edge energy E, Foa
Ti (at%) (%) (eV) (eV) (eV)  (eV)
0 2.028 9.3 3.05 3.38 3.04 3.14
1.1 2.064 8.1 3.01 3.5 3.05 3.15
2.4 2.064 8.1 3.03 3.75 3.08 3.21
5.2 2.133 2.3 3.2 4.01 3.35 3.44
6.7 2.187 0.5 3.03 4.19 34 3.46
8.7 2.153 1.5 3.18 4.43 3.43 3.6
12.5 2.128 1.9 3.2 4.58 3.62 3.65
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