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a b s t r a c t

Lanthanum doped Bi3TiNbO9 thin films (LBTN-x, La3+ contents x = 5%, 15%, 25% and 35 mol.%) with layered
perovskite structure were fabricated on fused silica by pulsed laser deposition method. Their linear and
nonlinear optical properties were studied by transmittance measurement and Z-Scan method. All films
ccepted 9 February 2011
vailable online 15 February 2011

eywords:
onlinear optical absorption
anthanum doped Bi3TiNbO9

exhibit good transmittance (>55%) in visible region. For lanthanum doping content are x = 5%, 15% and
25 mol.%, the nonlinear absorption coefficient of LBTN-x thin films increases with the La3+ content, then
it drops down at x = 35 mol.% when the content of La3+ in (Bi2O2)2+ layers is high enough to aggravate the
orthorhombic distortion of the octahedra. We found that, 25 mol.% is the optimal La3+ content for LBTN-
x thin films to have the largest nonlinear absorption coefficient making the LBTN-x film a promising

ype o
ulsed laser deposition
ptical constant

candidate for absorbing-t

. Introduction

Ferroelectric thin films have great potential for photonics appli-
ations due to their high optical nonlinearity, fast response and
ood compatibility with the fabrication process of waveguide and
ntegrated-optic devices. Although ferroelectric (Pb,La)(Zr,Ti)O3
PLZT) thin films with perovskite structure are well-known can-
idates, which have attracted much attention in the past decade
1,2], the toxicity of lead restricts its applications in certain areas.
ecent research exhibited that most bismuth layer-structured fer-
oelectric (BLSF) thin films, a kind of lead-free materials, also have
xcellent linear and nonlinear optical properties [3–5]. Among BLSF
aterials, Bi3TiNbO9 (BTN) has attracted more attention due to its

igh Curie temperature (Tc > 900 ◦C) [3,6–8]. There are a number
f investigations on the crystal structure, synthesis and electrical
roperties of La3+ doped BLSF ceramics [9–12]. Zhu et al. reported
hat the concentration of oxygen vacancy decreases with La3+ dop-
ng in BLSF ceramics, which bring about the increasing of the
emnant polarization. When the La3+ content is greater than a criti-

al value, the distortions of octahedra become drastically, inducing
decrease of the remnant polarization [12]. Most of recent works

ocus on the issues of doping site of La3+ and try to understand the
rystal structural changes caused by the La3+ substitution. How-
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ptical device applications.
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ever, the effect of La3+ ions doping on optical properties of the BTN
thin films has not been systematically studied up to now.

This letter reports an experimental investigation of the optical
properties of La3+ doped BTN thin films grown on silica substrates
by pulsed laser deposition (PLD). The band gap, linear refractive
index and linear absorption coefficient were obtained by opti-
cal transmittance measurement. The nonlinear optical absorption
property of the films was investigated by the Z-scan technique with
femtosecond laser pulses.

2. Experimental

Lanthanum doped Bi3TiNbO9 [LBTN-x, La3+ contents x = 5%(L1), 15%(L2), 25%(L3),
35 mol.%(L4)] pellets used as PLD targets were prepared by conventional solid-state
reaction technique with starting materials Bi2O3, TiO2, Nb2O5, and La2O3 in powder
form. The powders were mixed by ball milling in ethanol for 12 h, then the dried mix-
ture was calcined at 700 ◦C for 3 h. Excess 20 mol.% Bi2O3 was added to compensate
for the Bi evaporation during the sintering process. In order to obtain dense LBTN-x
ceramics, 5% polyvinyl alcohol solution prepared by immersion in a water bath at
90 ◦C was added to the mixed powders at the ratio of 1:95 (polyvinyl alcohol solu-
tion to the mixed powders). The screened uniform mixture of the powder was finally
pressed into disks of 2 cm in diameter and sintered at 1000 ◦C for 2 h in a conven-
tional box furnace. Dense yellowish pellets were acquired through this procedure.

The films were deposited by pulsed laser ablation on double-sided polished
fused silica substrates with the surface area of 10 mm × 5 mm. A KrF excimer laser

(LPX205i, Lambda Physik, 248 nm wavelength, 30 ns pulse width and 4 Hz repeti-
tion rate) was focused on the surface of a rotating target. The optimized deposition
temperature, oxygen pressure and laser energy density were at 700 ◦C, 13 Pa and
2.0 J/cm2, respectively. After deposition, all films were annealed in situ for 30 min
with 0.5 atm O2 pressure. In order to get a uniform thin film, the target and the
substrate holder were rotated during deposition.

dx.doi.org/10.1016/j.jallcom.2011.02.048
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:binyang@hit.edu.cn
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Fig. 2. Direct band gap of LBTN-x thin film as a function of photo energy.

n2 = 1 + 0 0 , (1)

T
T

Fig. 1. Optical transmittance of LBTN-x thin film on fused silica substrate.

The crystalline structure of the deposited films was characterized by X-ray
iffraction (XRD). The optical transmittance spectra of the thin films were mea-
ured by a Hitachi U-3410 UV/VIS spectrophotometer. The nonlinear absorption
oefficients of the LBTN-x films were determined by single-beam Z-scan technique.
n our experiments, a Ti sapphire laser, with the wavelength of 800 nm, a repetition
ate of 1 kHz, and a pulse width of 100 fs, was employed as the light source. The typ-
cal peak power density was 1 GW/cm2. The sample transmission was monitored by
power meter.

. Result and discussion

XRD patterns of LBTN-x thin films indicate that all deposited
lms are in single-phase structure. The transmittance spectra of
he as-prepared LBTN-x thin films on the silica substrate with dif-
erent La3+ content are shown in Fig. 1. All films exhibit very good
ransmittance (>55%) in visible region. It is clear that the transmit-
ance drop in the high frequency side is due to interband absorption
n the thin film. The oscillations in the transmittance come from the
nterference due to reflection from the top surface of the film and
he interface between the film and substrate. The uniform periodic
scillating optical transmittance indicates that the film has a flat
urface and a uniform thickness. The optical band gap energy Eg

f the films are estimated from the graph of (hv˛)2 vs hv based on
he relationship between the linear absorption coefficient ˛ and the
and gap energy Eg: (hv˛)2 = const(hv − Eg), where hv is the incident

ight energy. Specifically, the value of Eg can be estimated by extrap-
lating the linear portion of the (hv˛)2 vs hv graph to (hv˛)2 = 0
Fig. 2). It is obvious from the experiment value in Table 1 that the
and gap increases with La3+ content.

For a single-layer film with weak absorption on a transparent
ubstrate, the linear refractive index n, absorption coefficient ˛
nd film thickness d can be obtained from the transmittance curve
ased on the envelope method [13,14]. The results are shown in
able 1. According to the Pikhtin–Yas’Kov model [15], band gap

ncreases with the decrease of refractive index. Our experimental
esults are consistent with the Pikhtin–Yas’Kov model. As the of
a3+ content increases, the refractive index of LBTN-x thin films
ecreases but the band gap of the thin films increases.

able 1
hickness, band gap, refractive index, and linear absorption coefficient of LBTN-x thin film

Sample La3+ content (mol.%) Thickness (�m) Band ga

L1 0.15 1.506 3.269
L2 0.45 1.452 3.440
L3 0.75 1.215 3.461
L4 1.05 1.372 3.525
Fig. 3. Refractive index as a function of wavelength and the dispersion curve of
LBTN-x thin films on fused silica substrates. The open symbols are experimental
values while the solid lines are theoretical fittings.

Fig. 3 shows the relations between the refractive index and
wavelength for the LBTN-x thin films. Data points are experimental
results and the curves are from theoretical fitting. The refractive
index of the LBTN-x thin film decreases drastically as the wave-
length increases, showing a typical shape of a dispersion curve
near an electronic interband transition. The dispersion data in the
interband-transition region are modeled based on a single elec-
tronic oscillator. This theory assumes that the material is composed
of a series of independent oscillators which are set into forced
vibrations by incident radiations. According to the single electronic
oscillator model proposed by Didomenico and Wemple [16], the
dispersion of the refraction index can be described by the well-
known Sellmeier relation:

S �2
1 −
(

�0/�
)2

where �0 is the average oscillator position and S0 is the average
oscillator strength. By fitting the refractive-index data to Eq. (1),

with different concentration of La3+.

p (eV) Refractive index at
� = 800 nm

Linear absorption coefficient at
� = 800 nm (×104 m−1)

2.195 7.159
2.168 11.350
2.095 9.288
2.016 3.035
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Table 2
Average oscillator position, average oscillator strength, energy of the oscillator, and nonlinear absorption coefficient ˇ of LBTN-x thin film with different concentration of
La3+.

Sample Average oscillator
position (nm)

Average oscillator
strength (m−2)

Energy of the
oscillator (eV)

ˇ (fitting for 2PA,
×10−7 m/W)

ˇ (fitting for 3PA,
×10−7 m/W)

L1 350 2.531 × 1013 3.543 0.1521 0.1716
L2 290 3.829 × 1013 4.276 0.1612 0.1774
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film may be useful in space vehicles because of its relatively high
L3 190 8.864 × 1013

L4 333 2.523 × 1013

he values of �0 and S0 are obtained. The energy of the oscillator is
iven by ε0 = hc/e�0 (c is the speed of light, h is Plank’s constant, and
is the electronic charge). The fitted values of �0, S0 and ε0 of the
BTN-x thin films are shown in Table 2. One can see from Fig. 3 that
he single oscillator dispersion relation fits very well to the experi-

ental data. It was reported that S0 is independent of the band gap,
ut depends strongly on the packing density of the material [17].
herefore, the low value of S0 obtained here is due to the lower
acking density of the films. S0 increases with the content of La3+

xcept in L4 sample, which means that the densities of L1, L2 and
3 samples increase with the La3+ content. The fabricating condi-
ions of the thin films are the same, but the thicknesses of them are
ifferent. The thickness of L1, L2, and L3 samples decreases with
he La3+ content (Table 1). It means that the densities of L1, L2, and
3 samples increase with the La3+ content, which is in agreement
ith the foregoing result.

The Z-scan results without an aperture for the LBTN-x thin films
re shown in Figs. 4 and 5. It is obvious from Figs. 4 and 5 that the
pen-aperture curves comprise normalized transmittance valley,
ndicating the presence of nonlinear absorption in the film. There
re two kinds of nonlinear absorption: multi-photon absorption
nd free carrier absorption. Because the width of incident laser
ulse (100 fs) is much smaller than the recombination time of free
arriers in the films (nanosecond or longer), the free carrier absorp-
ion effect is negligible. Thus, the nonlinear optical absorption in
BTN-x thin films is attributed to two-photon absorption (2PA) and
hree-photon absorption (3PA) [18]. Since the bandgap in LBTN-x
3.269–3.525 eV) is larger than the excitation energy of the laser
2hv = 3.1 eV), 2PA can not be attributed to a direct transition pro-
ess. However, 2PA can occur at 800 nm in LBTN-x thin films from

trong laser pulse with intermediate levels in the forbidden gap
nduced by impurities [19].

Utilizing the open apeture Z-scan theory for multiphoton
bsorption the nonlinear absorption coefficient ˇ can be deduced

ig. 4. Open-aperture Z-scan data of LBTN-x thin films measured at 800 nm using
00 fs pulse. The symbols are the measured data and the solid lines are the theoret-

cal fittings for 2PA.
.526 0.3126 0.3795

.724 0.2921 0.3387

from the normalized transmittance T for open aperture by Eq. (2)
[20,21]:

T = 1[
1 + (n − 1)ˇLeff(I0/(1 + z/z0)2)

n−1
]1/n−1

(2)

where Leff = {1 − exp[(n − 1)˛L]}/[(n − 1)˛] is the effective film
thickness, L is the film thickness, ˛ is the linear absorption coef-
ficient, I0 is the laser intensity at the focal point, and z0 = 2�ω2

0/�
is the Rayleigh range of the beam. n is the number of absorbed pho-
tons (n = 2 for 2PA; n = 3 for 3PA). Figs. 4 and 5 show the Z-scan
results without an aperture for the LBTN-x thin films fitted for 2PA
and 3PA, respectively. The nonlinear absorption coefficients ˇ of
these thin films are shown in Table 2. Because silica substrate shows
very weak nonlinear optical property, the large nonlinear absorp-
tion observed here is from the LBTN-x films. The magnitudes of ˇ
increase with La3+ content of LBTN-x thin films except L4 sample.
The magnitude of ˇ depends on impurity band [19]. The total effec-
tive intermediate-level density increases with the La3+ content of
LBTN-x. This is exactly the reason why the two-photon absorption
effect enhances when the La3+ content of LBTN-x thin films except
L4 sample.

The nonlinear absorption coefficient of SrBi2Nb2O9,
Bi3.25La0.75Ti3O12, Bi3.75Nd0.25Ti3O12, and Bi2Nd2Ti3O12 thin films
are 1.1 × 10−7, −6.76 × 10−8, 5.24 × 10−7, and 3.1 × 10−7 m/W,
respectively [4,5,22,23]. The high nonlinear absorption of LBTN-x
film compares favorably with the nonlinearities of good nonlinear
optical materials. This means that the new LBTN-x film is promising
for applications in nonlinear optical devices. Especially, this thin
Curie point (Tc > 900 ◦C).
As stated above, the linear and nonlinear optical properties of

L4 sample are different from those of other samples. According to

Fig. 5. Open-aperture Z-scan data of LBTN-x thin films measured at 800 nm using
100 fs pulse. The symbols are the measured data and the solid lines are the theoret-
ical fittings for 3PA.
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revious studies [9], La3+ ions in LBTN-x begin to partly substitute
he Bi3+ in (Bi2O2)2+ layers when La3+ content x ≥ 25%. In L4 sample,
= 35%, the substitution content of Bi3+ in (Bi2O2)2+ layers is high
nough to aggravate the orthorhombic distortion of the octahedra,
eading to remarkable changes of linear and nonlinear properties of
4 sample compared to other samples. Hence, x = 25% is the optimal
a3+ content for LBTN-x to obtain the largest nonlinear absorption
oefficient.

. Conclusion

LBTN-x thin films with layered perovskite structure were pre-
ared on fused silica substrates by the pulsed laser deposition
ethod. The linear optical constants were determined from the

ransmittance spectra using the envelope method. With increas-
ng La3+ content, the refractive index of LBTN-x thin film decreases
ut the bandgap of the thin film increases. The dispersion in the
efractive indexes are fitted by the Sellmeier dispersion relation
nd described by an electronic oscillator model. Average oscilla-
or strength increases with the content of La3+ except L4 sample,
n which the La3+ content exceeded the critical value. The nonlin-
ar optical properties are obtained using a Z-scan technique at a
avelength of 800 nm with a 100 fs duration laser. The magni-

ude of ˇ depends on the population of the impurity band. Our
esults showed that when x ≤ 25%, the nonlinear absorption coef-
cient of LBTN-x increases with the La3+ content. For the case of
4 sample, x = 35%, the substituted content of Bi3+ in (Bi2O2)2+ lay-

rs is high enough to aggravate the orthorhombic distortion of the
ctahedra, resulting a remarkable change in linear and nonlinear
ptical properties. Therefore, x = 25% is the optimal La3+ doping
ontent for LBTN-x to obtain the largest nonlinear absorption
oefficient.
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