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Optical properties of sodium niobate thin films
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NaNbO3 thin films were deposited under different conditions by rf magnetron sputtering of ceramic target. Spectral transmission of the
deposited films was measured in the UV-Visible-near IR range. Films deposited at 300 °C showed more absorption, and films annealed at
300 °C showed less absorption than those deposited at room temperature (RT), which was found to be consistent with their X-ray diffraction
(XRD) patterns. From the observed transmission spectra, refractive index, optical band gap, absorption coefficient, extinction coefficient and
film thickness were calculated for the deposited films. Refractive index at 550 nm wavelength was found to be 2.11, 2.01 and 2.34 for the films
deposited at RT, 300 °C and annealed at 300 °C, respectively. The refractive index was found to be almost constant with respect to frequency
for the films annealed at 300 °C. Optical band gap was found 3.82, 3.7 and 3.81 eV for the films deposited at RT, 300 °C, and annealed at
300 °C, respectively. Film thickness was shown to decrease with annealing. Absorption and extinction coefficients decreased with increasing
wavelength, in all the samples. Band gaps associated with different interactions have been calculated for the deposited films. Phonon assisted
indirect forbidden transition was most favorable in the deposited films.
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1. Introduction

The physical properties of thin film material depend on its thickness, surface to volume ratio, microstructure
and microchemistry; which strongly depend on its growth process. The most conspicuous phenomena associated
with thin films are optical ones. The studies on electric properties as well as the emission of electrons from thin
films have made extraordinarily rapid advances in recent years, due to their wide tailor-made applications.

Dielectric materials employed in optical coatings include fluorides (e.g., MgFy, CeF3), oxides (e.g., AlOs,
TiO3, SiO9, Tas0s5), sulfides (e.g., ZnS, CdS), assorted compounds (e.g., ZnSe, ZnTe), etc. An essential com-
mon feature of dielectric optical materials is their low absorption coefficients (o < 10%/cm) in some relevant
portion of the spectrum, where they are essentially transparent. Ferroelectric materials, such as LiNbO3, KNbOsg,
K(Ta, Nb)O3, PbTiO3 based materials, etc., are useful in optical applications, e,g., in infrared detectors, optical
waveguide devices, optical memories and displays, spatial light modulators, frequency doublers for diode lasers,
etc. [1-11]. Application of ferroelectric films in these devices hinges on successful integration of ferroelectric films
into semiconductors or other useful substrates.

Nonmetallic materials may be opaque or transparent to visible light, and if transparent, they often appear
colored. In principle, light radiation is absorbed in this group of materials by three basic mechanisms; viz.,
electronic polarization, electronic transitions across the band gap and electronic excitations to impurity or defect
levels, which also influence their transmission characteristics. Absorption by electronic polarization is important
only at light frequencies in the vicinity of the relaxation frequency of the constituent atoms. The other two
mechanisms involve electron transitions, which depend on the electronic energy band structure of the materials;
one of these absorption mechanisms involves the absorption as a consequence of electron excitations across the
band-gap; the other is related to electron excitations to impurity or defect levels that lie within the band gap.
Absorption of a photon may promote or excite an electron, across the band gap, from the nearly filled valence
band to an empty state within the conduction band, thus creating a free electron in the conduction band and a hole
in the valence band. The excitation energy F is related to the absorbed photon frequency (v); i.e., E = hv. These
excitations with the accompanying absorption can take place only if the photon’s energy is greater than that of the
band gap £, i.e., if hv > E,. At the minimum wavelength for visible light, & = 3.1 eV, means no visible light
is absorbed by nonmetallic materials having band gap energy (Eg) greater than about 3.1 eV; these materials, if
of high purity, will appear transparent and colorless. Optical measurements constitute the most important means
of determining the inter-band structure of the materials. Photon induced inter-band electronic transitions can occur
between different bands. Also optical measurements can be used to study lattice vibrations.
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In the present study, NaNbOj3 films were deposited on the quartz substrate using the rf magnetron sputtering
method. Films were deposited at room temperature and at varying substrate temperatures. The room temperature
deposited films were annealed at different temperatures. Optical parameters were measured for NaNbOg films de-
posited at room temperature, at 300 °C, and post deposition annealed at 300 °C. Deposited films were characterized
using XRD method.

2. Preparation

Thin films of NaNbO3 were deposited by the rf magnetron sputtering of bulk NaNbOg pellet targets. Films
were deposited on to clean Quartz (Qz) and monocrystalline silicon surfaces. Ceramic pellets of NaNbO3 of 36 mm
diameter and 2.5 mm thickness were used as sputtering targets. The targets were prepared by the conventional
solid-state reaction method. The pumping system used was a combination of 300 I/sec diffusion pump and a
200 1/min rotary pump. The system gives an ultimate vacuum of 3 x 10~> mbar. The pressure was monitored using
a Pirani and a Penning gauge combination. The vacuum chamber was a 300 mm diameter stainless steel cylinder.
The target disk was mechanically clamped to a water-cooled assembly with magnetic arrangement. The system
was arranged in sputter down configuration with a substrate-target distance of 30 mm. Separate feed-troughs were
fitted for heater connections, and for the thermocouple that is used in contact with the substrate to estimate its
temperature. Argon (99.999 %) was used as sputtering gas. An rf system from CVC Scientific Products Ltd,
Wakingham, England, was used for sputtering. Films were deposited at a working pressure of 1 x 10~% mbar, for
30 minutes, at different substrate temperatures. All the films were deposited at a forward power of 30 W, whereas
reverse power was zero. The cleanliness of the substrate’s surface exerts a decisive influence on film growth and
adhesion. A thoroughly cleaned substrate is a prerequisite for the preparation of films with reproducible properties.
Quartz substrates were rinsed with a laboratory detergent and then rinsed with distilled water and lastly wiped
with soft dry cloth with little trace of acetone. The temperature of the substrate was monitored using a cromel-
alumel thermocouple. The deposited films were left in the chamber for 2 hrs and then removed for experimental
investigations. The films deposited at room temperature were annealed post-deposition, in a furnace at different
temperatures, in the presence of ambient oxygen.

3. Characterization
3.1. X-ray diffraction patterns

The structures of the deposited NaNbOs films, at room temperature (RT) and at substrate temperature 225, 270,
300 and 375 °C, were studied by x-ray diffraction with the help of Philips Analytical X-ray Diffractometer (PW
3710), using CuKa; radiation of wavelength 1.54056 A. Peak indexing was done by using the Joint Committee
on Powder Diffraction Standards (JCPDS) data cards. The XRD patterns obtained are shown in Fig. 1. The RT
deposited films exhibited crystalline structure with different orientations. However, it has been reported earlier
that oxide films deposited at RT, generally, show amorphous nature and crystalline structure is set at higher
temperatures [12—15].

The experimental investigations have shown that the properties of oxides depend on its growth process and
post annealing process [15]. To study the effect of annealing, films deposited at RT were annealed at 400, 500 and
600 °C. The XRD patterns of annealed films are depicted in Fig. 2.

From the XRD patterns of NaNbOs films deposited at different substrate temperatures (at 225, 270, 300 and
375 °C) (Fig. 1), it has been observed that films deposited at 225 and 270 °C show crystalline structure with single
face orientation while films deposited at substrate temperatures of 300 and 375 °C showed amorphous nature.

From the XRD patterns of the annealed films (Fig. 2), it has been observed that annealing up to 500 °C
changes the orientation of the deposited films, and annealing at higher temperature (600 °C) shows amorphous
films. The observed amorphous nature of the films annealed at higher temperatures (> 600 °C) may be due
to a deficiency of volatile sodium ions. The films deposited at RT were oriented in (101) and (221) directions.
Films deposited at substrate temperatures of 225 and 270 °C and the films annealed at 400 and 500 °C showed
orientation towards the (002) plane. This orientation is due to the coalescing islands, which proceed until the film
reaches continuity.

3.2. Transmission spectra

The spectral transmissions (at 6 ° angle of incidence) of the NaNbOs films were measured using a UV-
visible-near infrared double beam spectrophotometer (Hitachi, model 330). The observed transmission spectra of
the NaNbOs films deposited at different conditions are shown in Figs. 3 — 5. It has been observed that the films
deposited at 300 °C substrate temperature show more absorption while those films annealed at 300 °C shows less
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F1G. 1. X-ray diffraction patterns of NaNbOs films, deposited at different substrate temperatures

absorption than the films deposited at RT. The observed high absorption of the films also suggests an amorphous
nature for the deposited films at higher substrate temperature, as has been observed in the XRD study. The lower
absorption of the annealed films, at 300 °C, suggests a reorientation of the film crystallites in single face and also
to the decrease in oxygen vacancies in the deposited films when annealed in the presence of ambient oxygen, as
has been observed from the XRD patterns. The increase in absorption in the films, deposited at 300 °C, may be
due to the higher oxygen deficiency and some amount of sodium deficiency, so the deposited films may not be in
stoichiometric composition [16]. These deficiencies, in the films, may also be caused by the preferential sputtering,
which removes atoms from the film leaving the deposited film sub-stoichiometric [17].

The preferential sputtering in oxide thin films can be explained on the basis of Winter and Sigmund model [16],
according to which, the energy transfer coefficient in a head on collision process between an ion of mass m and
a target of mass M is given by Ep = 4mM/(m + M)?. Applying this equation to the collision of oxygen with
oxygen and niobium atoms of the growing film, with oxygen, yields value of Er as 1.0 for oxygen-oxygen and
0.5 for oxygen-niobium collision. This means that only 50 % of the energy is transferred in the case of oxygen-
niobium collisions. Hence, more energy is delivered to the oxygen atoms than to the niobium atoms, leading to
higher re-sputtering of oxygen atoms from the film. Compounds made up of elements with smaller difference in
masses have fewer tendencies to be sputtered out from the film. The sub-stoichiometry causes degradation in the
refractive index of the film.
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4. Optical properties

Optical constants, such as, refractive index (n), optical band gap (), absorption coefficient («), extinction
coefficient (k), and thickness of the films have been calculated, for NaNbO3 films deposited on quartz (Qz)
substrate (n = 1.55, transmittance = 0.96), using Swanepoel’s envelope technique [18].

It is clear from Figs. 4 — 6 that the transmission in the film samples, deposited at the substrate temperature
300 °C, is lower than that the samples deposited at RT. It shows high absorption in the samples deposited at
300 °C substrate temperature, and thereby showing amorphous nature, which is in conformity with the results
obtained from XRD patterns, Fig. 1. The film absorption has been reported to increase with high-level substrate
temperature [12]. The absorption is low in the samples annealed at 300 °C, indicating good quality of NaNbO3
films, Fig. 5. The low absorption in the films deposited at RT in comparison to that in the films annealed at
300 °C (as confirmed by XRD patterns, Fig. 2) may be attributed to the variation in the rate of re-crystallization,
in these samples. Meanwhile, the peak transmission of all the films deposited in the present study is very much
lower than that of the quartz substrate used, indicating very high absorption in these films. No many maxima and

minima were observed in the transmission spectra of the present samples, which may be due to non-uniformity in
the film thickness.

4.1. Refractive index (n)

According to Swanepoel’s envelope technique [18], the refractive index (n), at wavelength J, is given by

1/2
n()‘):(N+(N2—n§)1/2) 7
where ng is the refractive index of the substrate, at wavelength A, and
2y [Ty (N) =T (V)] | n2+1
Trr (N) T (V) 2 7
where T (A) and T,,, () are the transmission maxima and minima, respectively, corresponding to wavelength A
obtained from the envelope, as shown in Figs. 3 — 5.

Figure 6 shows the calculated values of n with A\ for the films deposited at different conditions. At 550 nm
wavelength, the refractive index (n) values for films deposited at RT and 300 °C were 2.11 and 2.01, respectively;
and 2.34 for the samples annealed at 300 °C. The degradation of n in the samples deposited at higher substrate
temperature is due to sub-stoichiometry in the films due to preferential sputtering in the deposited films. Fig. 7
shows that n decreases with increasing wavelength for the films deposited at RT, and at 300 °C; while n remains
almost constant for the samples annealed at 300 °C. The low value of packing density in the samples may be one of
the reasons for the decrease in n with increasing wavelength, in the samples deposited at RT and at 300 °C, since

N
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these samples may be oxygen deficient. In the samples annealed at 300 °C, in the ambient oxygen atmosphere, the
oxygen stoichiometry and hence the packing density improves, and n remains constant with varying wavelength.
Value of n has been reported 2.21 for the single crystal of NaNbOg [19], at 550 nm.

4.2. Optical band gap

The excellent transmission of dielectric materials in the visible region of the spectrum is found to terminate
at shorter wavelengths with the onset of the UV absorption edge. The critical radiation wavelength, A, at which
this occurs, is given by A.(um) = 1.24/E, (eV). These values physically correspond to electronic transitions from
the filled valence band levels, across the energy gap E,, to the unfilled conduction band states. Multiple peaks
near the UV absorption edge indicate the complexity of these processes. At long wavelengths, the high optical
transmission is limited by absorption due to the vibration of lattice ions in resonance with the incident radiation.
The frequency of maximum absorption is related to the force constant and masses of vibrating anions and cations.
The optical band gaps for the films deposited at RT and at 300 °C has been calculated to be 3.82 and 3.7 eV,
respectively; and for the films annealed, at 300 °C, this value was found to be 3.81 eV. The band gap for single
NaNbOs crystal has been reported 3.4 eV [20].

4.3. Film thickness

The thickness (d) of the film is given by [18]:
_ A1z
4 (n1/\2 — n2/\1) ’
where \; and A\, are the wavelengths of two successive maxima and minima; n; and ng are the refractive indices
at A\; and Ao, respectively.

The calculated thicknesses of the films deposited at RT and 300 °C were obtained as 3455 and 5182 A,
respectively, while a value of 3132 A was obtained for the films annealed at 300 °C after depositing at RT. The
lowering of the thickness in the annealed samples may be explained on the basis of reduction of voids between
islands during the process. The voids are filled up by coalescence process, recrystallization and reorientation of
the film crystallites.

4.4. Absorption and inter-band transitions

Absorption coefficient («) of the film is given by [18]:

_log ()
- lle)
where,
1/2
By (B2~ (02 - 1) (2 )]
oo (n— 1) (n—n2) ’
with

2
& ng

E, = —|—(n2—1) (nz—ni)7

n is the refractive index of the film; 7T, is the maximum transmission of the film, and d is the film thickness.
The absorption coefficient (o) was found to decrease with increased wavelength for all the NaNbOg3 films,
deposited under different conditions. The calculated value of o was determined to be 4.67 x 10° /ecm for the
samples deposited at RT, at 550 nm wavelength. In the region of strong absorption, the interference fringes
disappear. Values for n in strong absorption region were estimated by extrapolating the values calculated in the
other parts of the spectrum [18].
The extinction coefficient (k), at wavelength J, is given by:

aA

4’

Observations, shown in Fig. 8, indicate that k£ decreases with increasing wavelength, for all the NaNbO3 film
samples, prepared under different conditions. Also, Absorption coefficient may be expressed as a function of the
incident photon energy, hv, as [21]:

a(hv) =A(hv —E,)™, (D
where A and m are constants, and the value of m decides the nature of transition. These observations may be
analyzed according to this relation. The value of E, has been calculated at and beyond the absorption edge.
The variations of the absorption coefficient with the incident photon energy have been plotted for the estimation
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of energy gap. The band gap was found to be composition dependent for dielectric films [22-25]. The radiation
absorbed by a solid can be converted into elastic vibrations in it, and it may initiate photon-electron, photon-phonon
and other interactions.

The photon-electron interaction leads to direct transition probability and this interaction satisfies Eq. (1) with
m = 1/2. Figs. 9(a), 10(a) and 11(a) show a? vs. hv curves, for the films deposited at RT, at 300 °C, and for
the films annealed at 300 °C, respectively. Extrapolation of the straight portion of the curve, a? vs. hv, gives
the direct allowed energy band gap of the film samples. The value for the direct allowed energy band gap was
estimated from the intersection of the tangent, drawn near the absorption edge, in the o vs. hv plot (the straight
line portion), with the energy axis. The direct allowed energy band gap values were obtained as 3.4 eV for the
films deposited at room temperature and 300 °C, and 3.2 eV for the films annealed at 300 °C.

3500 25 4
3000 | g 27
o 2500 4 =~ 19—
%“2000 - E ]
o 1500 4 o 13 o
S 1000 - B o
500 - 7
0 ——T 5 ——TT
15 2 253 354 45 5 15 2 25 3 35 4 45 5
hc/A(eV) hc/A(eV)
(a) (b)
« 141
‘:'lé\ 12 4 4
& 10 4 3,,_\ 3-5 1
S e g
3 ¢ | é" 25 1
4 S 2]
2 1.5

r 1 1 1 111 - T T T T
15 2 25 3 35 4 45 5 15 2 25 3 35 4 45 5

hc/A(eV) hc/A(eV)
© (D

FIG. 9. o™ as a function of hc/ A, for different m values, in the samples deposited at RT



590 V. Lingwal, A.S. Kandari, N.S. Panwar
1400 4 Q ig -
- 1200 4 7 16 -
»'-E- 1000 § 14 1
S 800 o ~y }ﬁ .
w600 o
- 8 —
3 400 4 3 ¢ 4
200 - 4 -
0~ 2 T T T T T T T
1.5 2 25 3 354 455 15 2 25 3 35 4 45 5
hc/A(eV) hc/A(eV)
(@) (b)
@ 127 35 |
2 10 ] . 3
< g i 25
I g
3 6 | 5‘;’, 2
4 &
2 15 A
0 1 L} L} L} L} L} L} L}
15 2 25 3 35 4 45 15 2 25 3 35 4 45 5
hcﬁ\.(eV) hcﬂ.(eV)
(©) (d

F1G. 10. o™

as a function of he/\, for different m values, in the samples deposited at 300 °C

4500 -
4000 30
3500 - S 554
o, 3000 - »-E-
g 2500 4 o 20
< 2000 4 o 4s
g 1500 - g 15
1000 - 3 10 -
500 -
0 L | p—| { L L L] L 5 L L L L L L L
15 2 253 354 45 5 152 25 3 35 4 45 5
hc/A(eV) hc/A(eV)
(a) (b)
© 16 Sl
—~ 14 | 4
g 12 D 35 1
N’ ,I_‘ 3 4
S 10 - g
i L) 2.5 -
3 8 a
6 -'5 2
4 J 1.5 A
2 1 0

15 2 25 3 35 4 45 15 2 25 3 35 4 45 5
he/A(eV) he/A(eV)
(© (@)

FIG. 11. a”

' as a function of hc/ A, for different m values, in the samples annealed at 300 °C

The photon-phonon interaction leads to indirect allowed transition probability and is given by Eq. (1) with
m = 2; and F; is indirect allowed energy band gap. Figs. 9(b), 10(b) and 11(b) show the variation of a'/? with
hv. The indirect allowed energy band gap from the a'’? vs. h plots is found to be 2.2, 2.09 and 2.0 eV; for the
films deposited at RT, 300 °C, and for the films annealed at 300 °C, respectively.
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In addition to the photon assisted electronic transitions there are phonon assisted interaction probabilities that
give rise to the inter-band absorptions in the films corresponding to the energy levels in forbidden band. Excitons
may be formed by direct photons only or by photon-phonon assistance. This direct absorption probability in the
forbidden gap is given by Eq. (1) with m = 3/2; and the a?3 vs. hw plots are shown in Figs. 9(c), 10(c)
and 11(c), for films prepared at different conditions. The values of direct forbidden gap energy (associated with
this mechanism) were found to be 2.3, 2.06, and 2.12 eV, for the samples deposited at RT, at 300 °C substrate
temperature, and for the samples annealed at 300 °C, respectively. Excitons may also be formed by photon-phonon
interactions. The phonon assisted probabilities or indirect absorption probability in the forbidden gap is given by
Eq. (1) with m = 3. Figs. 9(d), 10(d) and 11(d) shows o'/ vs. hw plot to obtain the indirect forbidden energy gap
E,, associated with this mechanism. The values of indirect forbidden energy gap E, were found to be 2.24, 1.86,
and 1.63 eV, for the samples deposited at RT, at 300 °C and for the samples annealed at 300 °C, respectively.

From these measurements, the most satisfactory representation is obtained for a'’? s, hy plot, which suggests
phonon assisted indirect forbidden transitions in the deposited NaNbOj3 films.
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