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Abstract

(Kg.34Nag ¢5)NbO; o(KNN) thin films were deposited at ambient temperatures by means of RF magnetron sput-
tering. The X-ray diffraction patterns (XRD) reveal that the as-deposited films are amorphous and on annealing at
500 °C for 1 h induced nanocrystallinity with improved microstructure and optical properties. The crystallite size in
the films varies between 44 and 20 nm and is dependent on both O, SCCM and the thickness of the films. The annealing
process increased the grain size along with the roughness in the films. It is observed that the amorphous films exhibited
higher band-gap energies (3.5-3.9 V) and lower refractive indices (1.82 - 2.01 at 600 nm). On the other hand, the an-
nealed films exhibited smaller band-gap energies (3.46 —3.78 eV) and higher refractive indices (1.88-2.13 at 600 nm),
which is attributed to the improvement in the crystallinity and microstructure of the films. Further, the hardness
(1.54-10.74 GPa) and elastic modulus (17.8 — 80.3 GPa) are significantly affected by the O, SCCM and annealing tem-
perature. It is found that both the optical and mechanical properties of the KNN films are profoundly influenced by

the crystallinity, average particle sizes, packing densities and O, SCCM.
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I. Introduction

Lead-based piezoelectric ceramics are regarded as lead-
ing piezoelectric materials due to their significant prop-
erties and comparatively low processing cost 1,2. Despite
their excellent piezoelectric properties, one of the ma-
jor disadvantages of lead-based ceramics is the potential
lead volatility at higher temperatures. It is known that
lead poisoning can result in adverse effects on health such
as reduced IQ, slowed body growth, and kidney dam-
age 3. Hence, in the recent past there has been a search
to find a suitable replacement for lead-based piezoelec-
tric ceramics. (Kg 5Nag 5)NbO3 (KNN)-based piezoelec-
tric ceramics have attracted wide attention on account
of their promising piezoelectric properties compared to
other lead-free ceramics and broad operating tempera-
ture range. KNN is a solid solution of ferroelectric KN-
bOj; and anti-ferroelectric NaNbO5 4.

In addition, the rapid development in the optoelectron-
ics industry has greatly increased the demand for opti-
cal thin films. Ferroelectric materials are crucial to many
modern technologies, in particular, piezoelectric actua-
tors and electro-optic modulators. KNN in particular is
one of the most extensively studied lead-free piezoelec-
tric materials. However, research on KNN for integrat-
ed optical applications remains sparse. On the other hand,
dielectric thin films have attracted more attention owing
to their use in various applications such as microwave in-
tegrated circuits, integrated optical devices, optical coat-
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ings, anti-reflection coatings and buffer layers for growing
semiconductors 5-8. Stacks of high-index and low-index
films coated alternatively have been employed in multilay-
er structures to enhance the performance and efficiency of
optical devices. The breakdown of any such device is de-
termined mostly by the failure of any of the layers and the
degradation in its properties. Therefore, it is important to
study the properties of a single-layer oxide film, which is
as significant as studying the multilayer. There have been
a number of studies on dielectric, piezoelectric, mechan-
ical and electrical properties on the bulk and thin film of
this material 124 9-11, Further, (K,Na;_,)NbO3 shows
three phase boundaries for x = 0.17, 0.35 and 0.5, re-
spectively 12. However, most of this work has been fo-
cused on the x = 0.5 and the piezoelectric properties ap-
pear optimum when the ratio of Na/K is 50/50. Further,
the literature related to the other two-phase boundaries
x = 0.17, 0.35 is sparse. Mgbemere et al. 13 and Zang er
al. * reported on the dielectric and piezoelectric proper-
ties of (K 35Nag ¢5)NbO3 ceramics. However, there have
been no reports on the optical and mechanical studies of
(Kg.35Nag 45)NbOj in thin film form, which motivated
us to pursue this study. We are therefore reporting on the
structural, microstructural, optical and mechanical prop-
erties of nanocrystalline (K 35Nag ¢5)NbOj5 thin films de-
posited at ambient temperatures by means of RF mag-
netron sputtering. The films were deposited at different
oxygen gas pressures in standard cubic centimeters per
minute (SCCM) and post annealing at 500°C.
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II. Experimental

The KNN sputtering target was prepared with the con-
ventional solid-state reaction method from individual
high-purity powders (>99.99 %) of K,CO3, Nay,CO3,
and Nb,Os. To account for the loss of Na and K, 1 wt%
of extra Na,CO3and K,COj; were added. The starting
materials were mixed in accordance with the desired sto-
ichiometry of the KNNceramics. A planetary ball mill
(Fritsch GmbH, Germany) was used to prepare the pow-
ders. The calcined powders were ground again for 10 h.
The powders were then uniaxially pressed to produce the
KNN target measuring 56 mm in diameter and sintered at
900 °C for 3 h. The films were deposited at ambient tem-
peratures on SiO, substrates at different O, SCCM and
at a fixed power of 70 W for 3 h under the sputtering gas
pressure of 35 m Torr. Initially, the KNN thin films were
deposited at different O, SCCM for a constant duration
of 3 h. Afterwards, the thicknesses of the films was calcu-
lated using the envelop method and verified with a stylus
profiler. Subsequently, we were able to estimate the sput-
tering rate at different O, SCCM. In order to get the same
order of thickness in all the films deposited at distinct O,
SCCM, this sputtering rate was optimized.

The crystal structure and phase purity of the target ma-
terial and the deposited thin films were analyzed with
an X-ray diffractometer (Rigaku, TTRAX). The chemical
composition of the thin films was analyzed with a scan-
ning electron microscope (Leo 1430vp) equipped with en-
ergy dispersive spectroscopy (EDS). Spectral transmis-
sion characteristics in the wavelength range 200— 1400 nm
were measured with a UV-VIS-NIR spectrophotome-
ter (UV 3101PC, SHIMDZU). The optical constants were
calculated using the envelope technique 5. Photolumi-
nescence measurements were performed at room temper-
ature with a thermo-spectronic double monochromator
coupled to a GaAs photomultiplier with a conventional
photon counting system (AMINOCO-Bowman-2). Me-
chanical properties such as elastic modulus and hardness
were measured using a nanoindenter (CETR-UMT-2).
The Oliver — Pharr standard method was used to calculate
the composite hardness and elastic modulus.
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where P .. is the peak indentation load, A is the projected

area of contact under load, B is a constant that depends on
the geometry of the indenter tip, and S is the experimen-
tally measured contact stiffness.

III. Results and Discussions

(1) Crystallinity of the KNN target and thin films

Fig. 1 shows the XRD pattern of the KNN sputtering tar-
get and along with the films annealed at 500°C and de-
posited under different O, SCCM. The XRD pattern of
the target clearly indicates the single-phase formation of
KNN phase without any impurities. All the as-deposit-
ed films were found to be structurally amorphous and be-
came partially crystalline after the post-deposition anneal-
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ing. Because it is known that the oxide thin films naturally
grow in the amorphous state, the activation energy is giv-
en either in the form of temperature or ion bombardment
to initiate the crystal growth 16, In other words, the pres-
ence of diffraction peaks can be used to evaluate the struc-
tural order over a long range of the material. On anneal-
ing at 500 °C, all the films were crystallized to a perovskite
structure with K,;NbgO ¢ as secondary phase. Since no
split in the peaks is observed, the XRD patterns were in-
dexed as pseudo cubic structure. Further, with an increase
in O, SCCM, the intensity of (001) peak increases where-
as the intensity of (101) peak decreases, and is attribut-
ed to the lower surface energy of (001) plane 7. The for-
mation of K,Nb,O¢ phase is expected because Na,O is
more volatile when compared with K,O 18. Further, the
formation of K,NbyO 4 (JCPDS file 28 - 0788)is expect-
ed because K,NbO ¢ forms at lower temperatures com-
pared to pure KNN. In addition, it is known to form the
(Na, K)NbgO,; as secondary phases in the KNN-based
ceramics and thin films owing to the volatization of K
and Na. Moreover, it has also been observed that K-rich
films form the K,;NbyO¢ whereas Na-rich films form
the Na,NbyO4 as a secondary phase 19. Besides, the for-
mation of secondary phases depends upon the deposition
technique, surface free energy of the substrate and the de-
position and annealing temperatures. The weight percent-
age of the secondary phase is calculated using the follow-
ing expression
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Fig.1: XRD pattern of the KNN sputtering target and films an-
nealed at 500 °C, deposited at different O, SCCM.
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where I, and Iy denote the intensities of the strongest
reflections of K,;NbgO ;¢ and KNN phases, respectively.
The weight percentage of the K,NbyO (¢ phaseis calculat-
ed and isin the range of 3 -5 %. Further, itis also observed
that the intensities of all the KNNpeaks enhance gradual-
ly with increasing O, SCCM, which shows the improve-
mentin crystallinity in the films. Furthermore, it indicates
that larger-sized crystal grains and a lower concentration
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of crystal defects are present in the annealed films. This
mechanism occurs as a result of grain boundary motion
owing to a reduction in the total boundary surface energy.
The improvement in crystallinity of KNN films with an
increase in O, SCCM can be explained as follows: during
the deposition, it is possible that energy exchange and heat
generation originating from the oxidation of species as-
sisted the crystallization of KNN films, and then resulted
from the formation of high-quality films upon annealing.
Further, when oxygen was introduced into the chamber,
the sputtered species reacted with oxygen molecules to
cause heat generation and energy redistribution on the sur-
face to the substrate; at the same time this process would
promote migration and crystallization of the sputtered
species. Interestingly, the films exhibited better crystallini-
ty at lower annealing temperatures when compared with
the available literature 20-22, The average crystallite size
of the films was estimated using Scherrer’s method and the
average crystallite size increases from 20 £ 4 to 44 + 4 nm
linearly with an increase in O, SCCM.

The surface morphology of the as-deposited and an-
nealed film deposited at 10 O, SCCM is shown in Figs. 2a
and 2b, respectively. The as-deposited films show very
small shallow dimples on the surface without distinct
grains and with an average grain size of 15 nm. It is in-
teresting to note that on annealing the morphologies of
all the samples become highly densified with a homoge-
neous distribution of particles. The surface morphology
of the as-deposited films is smooth while the annealed
films show an enhancement in grain growth owing to the
crystallization and hence these films exhibit the denser
microstructure. The average grain size of 180 nm is ob-
tained for the film deposited at 10 O, SCCM. The im-
provement in the microstructure and average grain size
can be correlated to the annealing effect, which improves
the nucleation, grain growth and packing density. To con-
firm the stoichiometry of the films, EDAX analysis was
performed on the film deposited at 10 O, SCCM. It was
found that the composition of the films almost achieved
the target composition. The obtained stoichiometry of
the films is (Kq34Nag ¢5)NbOj3 o and the details of the
elemental percentages are tabulated in Table 1.

(2) Optical properties

Fig. 3 shows the optical transmittance spectra of as-de-
posited and annealed KNN films deposited under differ-
ent O, SCCM. It is observed that the as-deposited films
are more transparent compared with the annealed films
owing to the absence of scattering grain boundaries. The
transmittance of all the films is around 90 % in the region
above the band-gap energy. The transmittance peak coin-
cides with the transmittance of the substrate, which indi-
cates that good optical films are formed. All the transmis-
sion spectrashow interference fringes which originate ow-
ing to interference at the air and substrate-film interfaces.
The sharp fall in transmission and disappearance of fringes
at shorter wavelength is due to fundamental absorption of
the films.
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Table 1: The required and obtained percentages of ele-
ments in KNN film deposited at 10 O, SCCM.

Element Required atom- | Obtained atom-
ic percentage ic percentage
K 7 6.91
Na 13 13.04
Nb 20 19.98
O 60 60.07

The obtained composition is (K 34Nag ¢5)NbO 3 o

Fig.2: (a) Surface morphology of the as-deposited film with film
thickness 300 nm deposited at 10 O, SSCM (b) Surface morphology
of the annealed film with film thickness 280 nm deposited at 10 O,
SCCM.
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Fig.3: The optical transmittance spectra for as-deposited and an-

nealed KNN films deposited at different O, SCCM.
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The refractive index (n) of the film is derived by employ-
ing the envelope method 15 based on the following expres-
sions:

05705
n= [N+ (NZ— ng) } 4)
where,
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T naxand T are the corresponding transmittance max-

imum and minimum ata certain wavelength A, and 74 is the
refractive index of the substrate used. If 7; and 7, are the
refractive indices of two adjacent maximum or minimum
atwavelengths 1; and 1, then the thickness of the films (d)
can be calculated with the following expression:
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Also, the optical packing density (P) of the films is calcu-
lated using the relation,

where ny, is the bulk refractive index (2.2) of KNN 23 and
ngis the observed film refractive index. The thicknesses of
the deposited films are in the range of 300500 nm.

Figs. 4a and 4b illustrate the variation in the refractive in-
dex (ngpp, » = 600 nm) and packing densities of the as-de-
posited and annealed films as a function of O, SCCM, re-
spectively. It is observed that the refractive index of the
films increased with an increase in O, SCCM both in
the as-deposited and annealed films. Further, the annealed
films exhibited higher values of refractive index compared
to the as-deposited films. The values obtained for the re-
fractive index ranged between 1.82-2.01 and 1.88-2.13
at 600 nm in the dispersion-free region, while the opti-
cal packing density values ranged between 0.77-0.89 and
0.81-0.96 for the as-deposited and annealed films, respec-
tively. Interestingly, both the refractive index and packing
density of the films show similar variation with O, SC-
CM, which can be attributed to the increase in the crys-
tallinity and improvement in the microstructure (Fig. 2b).
In addition, the low values of 7 observed for the as-de-
posited films can be correlated to the amorphous nature
of the films and low adatom mobility at the ambient tem-
peratures. Furthermore, the as-deposited films are highly
disordered owing to their amorphous nature, resulting in
lower film density, which in turn leads to the lowering of
the refractive index. Upon annealing, there is a reduction
ininter atomic spacing, resulting in the densification of the
films (porosity decreases), which leads to anincrease in the
refractive index, and it can also be correlated to the film
packing density, microstructure and crystallinity. The ex-
tinction coefficient is the fraction of light lost in scattering
and absorption per unitdistance in a participating medium
indicates low loss. The extinction coefficients of the as-de-
posited and annealed films were estimated, and the values
areinthe order of 10-3to 10-4, which shows that these films
exhibit low optical loss.
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Fig.4: (a) Variation in the refractive index of as-deposited and
annealed films as a function of O, SCCM.(b) Variation in the
packing density of as-deposited and annealed films as a function

of O, SCCM.

The optical band-gap energy values are a good qualita-
tive estimation of stoichiometry. The optical band-gap en-
ergy (E,) for all the films was calculated using the Tauc re-
lation 2‘%, which is given by ahv = g (/w—Eg)ﬂ, where by is
the photon energy, fis a constant, which is a measure of
crystalline order in the deposited films. In the present case,
the band-gap energy (E) was estimated by assuming an
allowed indirect (7 = 2) electronic transition between the
highest occupied state of the valence band and the lowest
unoccupied state of the conduction band. The variation in
the optical band-gap energy of as-deposited and annealed
films as a function of O, SCCM is shown in Fig. 5a. It can
be seen that the optical band-gap energy of the films de-
creased with O, SCCM. The band-gap energy of the as-
deposited films was in the range of 3.5-3.9 eV, which de-
creased to 3.46-3.78 eV for the annealed films. The ab-
sorption edges of the as-deposited and annealed film de-
posited at20 O, SCCM are shown in Fig. 5b. The decrease
in optical band-gap energy with annealing may be attribut-
ed to the increase of intermediary energy levels within the
band-gap energy, the increase in crystalline nature and im-
provement in the surface morphology of the films, which
are confirmed from the XRD patterns and SEM images,
respectively. Moreover, the annealed films exhibited a red
shiftin the optical spectrum, which confirms the reduction
in the band-gap energy of the annealed films.
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Fig.5: (a) Variation in the optical band-gap energy of as-deposited
and annealed KNN films as a function of O, SCCM. (b) Absorption
edges of as-deposited and annealed film deposited at 20 O, SCCM.

(3) Photoluminescence studies

Photoluminescence (PL) is the spontaneous emission of
light from a material under optical excitation. The inten-
sity of the PL signal provides information on the quali-
ty of surfaces, interfaces and optical band gap energy. The
PL spectra of the KNN thin films were measured at room
temperature in the wavelength range of 300—550 nm with
the excitation wavelength 280 nm. Fig. 6 illustrates the PL
spectra of annealed films deposited under different O, SC-
CM. All the PL spectra of the films exhibit a characteris-
tic peak at around 360 nm, which corresponds to the near
shortest visible blue emission. Furthermore, the character-
istic peak of the films exhibits a slight shift in the peak po-
sition with the variation in O, SCCM. This can be corre-
lated to the grain growth in the films. It is well-known that
the PL peak intensity, peak width and frequency shift are
strongly dependent on the film density. With increasing
0O, SCCM, the particle size becomes larger and the ratio
of the surface area to volume decreases, leading to a reduc-
tion in oxygen vacancies of the films. Hence, the films tend
to be more compact with fewer defects, which cause the
decrease in intensity and line width. The PL study com-
plemented the optical studies of the KNN films.

Nevertheless, it is well known that the optical properties
of the films are generally related to the grain size and de-
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fects in the films. In particular, the latter may evolve owing
to (i) lattice mismatch between the substrate and the films,
(i1) inter diffusion of atoms between the substrate and film,
(1i1) deficiency of oxygen vacancy, and (iv) deviation in the
stoichiometry. The lattice mismatch induces strain owing
to the formation of misfit dislocations, while the inter dif-
fusion of atoms occurring generally at the high processing
temperatures leads to the formation of point defects at the
interface. However, it may be noted that the contribution
of point defects may be negligible as the presently inves-
tigated films were annealed only at 500 °C. Similarly, the
presence of oxygen vacancies in the films reduces the op-
tical band gap. However, the obtained EDS analysis of the
investigated samples reveals that the deposited films were
significantly free from oxygen vacancies. Another source
of the defects is the stacking faults caused by the consid-
erable deviations in the stoichiometry. From the present
study, clearly the obtained optical properties of KNN thin
films show that these films are potential candidates for ap-
plication in optical devices and electro-optic modulators.

Intensity (arb.units)

——00, SCCM
——100,SCCM
20 0, SCCM

L 1 L 1 " 1 " 1 n
300 350 400 450 500 550
Wavelength (nm)

Fig. 6: PL spectra of annealed films deposited under different O,
SCCM.

(4) Mechanical properties:

The variation in hardness and elastic modulus of the
KNN films as afunction of O, SCCM is showninFig. 7.1t
is observed that both the hardness and elastic modulus of
the films are found to decrease with an increase in O, SC-
CM. Also the as-deposited films show higher values com-
pared to the films annealed at 500 °C. Further, the hard-
ness of the films is found to be 10.74 to 3.4 GPaand 7.23 to
1.54 GPa for the as-deposited and for the films annealed at
500 °C, respectively. The elastic modulus values are in the
range of 80.3—30 and 68.3—17.8 GPa for the as-deposit-
ed and for the films annealed at 500 °C, respectively. It is
significant to note that the values obtained for the hard-
ness and the elastic modulus are comparable with the val-
ues reported in the literature 21, 25, 26 The reduction in the
elastic modulus and hardness values of the films with the
increase in O, SCCM may be due to the increase in bond
length between the metal and oxygen, the increase in av-
erage particle size/crystallite size and surface roughness,
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which is observed from the SEM images and XRD pat-
terns. Creep and thermal drift do not play major role in this
case because the measurements were performed atambient
temperatures. Further, it is interesting to note that optical
band-gap energy of the films as a function of O, SCCM
showed similar behavior to the hardness and elastic mod-
ulus as a function of O, SCCM. Moreover, it is observed
that with an increase in O, SCCM, the average crystallite
size of the films increases and the SEM images also con-
firmed the similar behavior. This dependence shows that
both the optical and mechanical properties of the KNN
films are heavily influenced by the crystallinity, average
particle sizes, O, SCCM and annealing temperature.
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Fig. 7 : Variation of the elastic modulus and hardness of the KNN
thin films deposited at ambient temperature and annealed at 500 °C

as function of O, SCCM.

IV. Conclusions

Nanocrystalline (Kq34Nag ¢5)NbOj3 g thin films were
deposited on SiO, substrates by means of RF magnetron
sputtering, and their optical properties reported for the
first time. The as-deposited films were found to be amor-
phous and exhibited crystallinity on annealing at 500 °C.
The refractive index and packing density of the films were
found to increase whereas the band-gap energy decreased
with an increase in O, SCCM. The enhancement in the
refractive index of the KNN films was attributed to im-
provement in the crystallinity, packing density and mi-
crostructure of the films. The higher values obtained for
the hardness and elastic modulus of the films grown inam-
bient temperature were attributed to the smaller particle
sizes. It was observed that the post-annealing tempera-
ture and O, SCCM heavily influenced the structural, mi-
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crostructural, optical and mechanical properties of KNN
thin films.
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