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ABSTRACT:

In this study, single crystals of Bi;;TiO2 doped with niobium and terbium were grown by Top Seeded
Solution Growth technique (TSSG). Samples with good optical quality were obtained and were
investigated concerning optical absorption, optical activity, electro-optic effect, and
photoconductivity. It was verified that doping with terbium and niobium changes the defects

structure characteristic of sillenites, affecting in different ways the optical behavior of crystals.
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1. Introduction

Sillenite crystals, having compositions Bi12MO2, where M = Ti, Si, Ge and other, exhibit a number of
interesting properties such as optical activity, piezoelectricity, photoconductivity, and linear electro-
optical effect. The combination of photoconductivity with the linear electro-optical effect results in the so-
called photorefractive effect, that consist of a reversible light-induced change in the refractive index of the
crystal [1]. The photorefractive effect observed in these materials is determined by the transport
dynamics associated with the photogeneration and trapping of electronic charge carriers in localized
centers in the crystal bandgap [2]. Being intrinsically related to the localized centers, the performance of
photorefractive materials can be altered by doping, and eventually improving it with suitable impurities.

In sillenite family, Bii2TiO2 (BTO) crystals present some practical advantages for photorefractive
applications, such as lower optical activity, higher electro-optic coefficient, higher photoconductivity and
increased sensitivity to red light [1], and the influence of impurities on the properties affecting the
photorefractive response of BTO has been subject of extensive research [3-7]. However, the search for
new compositions resulting in crystals with improved photorefractive response remains as a present
challenge.

The present study is concerned to the growth of BTO crystals doped with terbium and niobium, and the
investigation of their optical properties by optical absorption, optical activity, electro-optic, and
photoconductivity measurements.

2. Crystal Growth

The terbium and niobium doped BTO crystals were grown using the Top Seeded Solution Growth
technique (TSSG) from nonstoichiometric liquid phases because BTO melts incongruently [8]. The raw
materials were bismuth oxide (Bi203, Johnson Matthey, 99.995%), titanium oxide (TiO2, Johnson
Matthey, 99.995%), terbium oxide (Sigma-Aldrich, 99.9%), for terbium doped BTO crystal (BTO:Tb), and
niobium oxide (Nb205, Sigma-Aldrich, 99,99%), for niobium doped BTO crystal (BTO:Nb). The liquid
phases with compositions 10Bi203: xTiO2:(1-x)/4Tb407 (x = 0.95 and 0.90) for BTO:Tb and
10Bi203:xTi02:(1-x)/2Nb205 (x = 0.95 and 0.90) for BTO:Nb were used.

Crystals were grown using a resistive heating furnace equipped with a 2416 Eurotherm microprocessor-
based digital temperature controller unit attached to a Pt-Pt10%Rh thermocouple. Temperature
fluctuations were lower than 0.2°C and the axial temperature gradient above the melt was of about
30°C/cm. BTO seeds oriented along the [001] direction were used attached to a pure platinum seed
holder. All runs were carried out in air using pulling rates of 0.20 mm/h and rotation rates of 30 rpm.
Pulling and rotation rates were kept constant throughout each experiment and crystal diameter was
visually controlled by changing the furnace temperature. After growth, the crystals were thermal annealed
in temperatures between 700 and 750°C during about 72 hours to eliminate thermal stress. More details
concerning crystals growing can be found in references [3, 9].

Crystals with dimensions of up to 80 mm in the axial direction and of about 13x13 mm in the cross section
were obtained. Intrinsic defects were observed in the initial part of grown crystals. A dark core was
observed in the crystal shoulder, where the solid/liquid interface is convex. Some inclusions and voids
appeared in the region of growth interface shape inversion from convex to planar, which occur after the
crystal diameter reachs its stationary value. However, samples free of macroscopic defects, with volume
up to 300 mm3, were cut from the middle part of crystals, and optically polished according to adequate
crystallographic orientations. Figure 1 shows examples of as-grown crystals and polished samples of
BTO:Tb and BTO:Nb crystals.
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Fig. 1. BTO:Tb single crystals, on left, and BTO:Nb single crystals, oilirirghit. .

3. Optical Characterization
Optical absorption spectra were taken at room temperature in the range of 700 to 400 nm, using a
Beckman DU®-70 Spectrophotometer. The absorption coefficient a, taking in account multiple reflections,
was calculated by the equation
_p\2p—ad
T = (1-R)“e . (1)

1-R2e—2ad’

where T is the transmission coefficient, d is the sample thickness, and R is the reflection coefficient,
calculated considering normal incidence and using the refractive index dispersion curve for pure BTO [8].

Figure 2 shows the absorption spectra of doped and undoped BTO crystals, for comparison. The optical
absorption of doped crystals in the spectral range from about 2.6 to 3.1 eV (477-400 nm) is slightly
smaller than that of undoped BTO. This behavior can be attributed to the lower concentration of the anti-
site (Bi3y" + h}) defect replacing partially Ti** in tetrahedral site. Such defect in undoped sillenite crystals
is responsible for the absorption shoulder in this spectral region [10]. However, the crystal doping with 5+
or 3+ ions modify this typical defects structure , probably by changing the anti-site defect (Bi3" + h}) to
Bi3t, in the first case, or to Bij', in the second one [11]. One consequence is the reduction of the
absorption shoulder in doped crystals. Also, the results suggest a decrease in the optical absorption of
doped crystals from about 1.8 to 2.1 eV (690-590 nm) that can diminish the photosensitivity of crystals in
this region.
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Fig. 2. Absorption coefficient o (cm1) as a function energy (eV).

BTO is optically active, i.e. the polarization plane of linearly polarized light passing through the crystal is
rotated by an angle @ The specific rotation (p,) is used to specify this property being calculated by the
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ratio of the rotation angle and crystal thickness. The measurement procedure consists in placing the
sample between crossed polarizers, illuminate it with expanded lasers beams, adjust the analyzer until
extinction, and measure the rotation angle of the analyzer. Lasers at wavelength 632.8 and 543.5 nm were
used in this work. Table 1 presents the measured p, values for doped and undoped crystals, showing that
Nb doping increases the optical rotatory power by about 14%, for 632.8 nm, and 9%, for 543.5 nm, and Tb
doping causes no change.

The electro-optical and photoconductivity measurements were carried out using a transverse
configuration like shown in Fig. 3, where the general labels of sample dimensions are indicated.

TABLE 1. Properties of undoped BTO and doped with Nb and Tb.

Energy (eV), . .
Wavelength (nm) BTO BTO:Nb BTO:Tb

Electro-optic coefficient, ~ 126 (632.8) (54£0.1) (5.9£0.1) (5.20.2)
ra (pm/V) 2.28 (543.5) (5.4+0.1) (5.9+0.1) (5.3+0.1)
Specific optical rotation, ~ 1-96 (632.8) (6.2£0.1) (7.120.1) (6.5%0.2)
po (°/mm) 2.28 (543.5) (10.3+0.1) (11.20.1) (10.00.3)
Optical absorption 1.96 (632.8) 4.13 4.80 3.68
coefficient, a (cm-’) 2.28 (543.5) 7.49 8.12 9.76
]():/ﬂ\;r::)mducmity' ot (7.3£0.7)x10-14  (1.0£0.1)x10-11  (8.2+0.8)x10-14

T

Fig. 3. Schematic representation of crystals samples used for electro-optical and photoconductivity measurements, where H, d and [
are the height, thickness and distance between electrodes, respectively.

BTO is a cubic crystal with space group 123, so the electro-optic tensor has just three nonzero mutually
equal components 74, = 15, = 143. The values of ry; for BTO:Tb and BTO:Nb were evaluated using the
experimental procedure proposed by Henry et al. [12], which allows discriminate the effect of the optical
activity from that of the field induced birefringence, necessary due to the high optical rotatory power of
sillenite crystals. The experimental setup is schematically represented in Figure 4. The 632.8 and 543.5
nm lines of He-Ne lasers were used. Silver electrodes were deposited on {110} faces, transverse to the
light propagation. A dc voltage was applied across the crystal electrodes to generate the linear
birefringence, changing the linearly polarized input light into an elliptically polarized one. The first linear
polarizer is used to select the orientation of the input light polarization. For a fixed position of this
polarizer, the analyzer is rotated to determine the maximum and minimum of the output intensities at the
photodetector. These values are used to calculate the ellipticity as
Vy = Imax — Imin. 2)

)
Imax+ Imin
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The first polarizer is then rotate by /4 radians, the measurement procedure is repeated and the value of
Vo+r/a is computed. This whole procedure is carried out for different values of applied dc voltage and the
set of results are fitted to the equation
2
52 (sin(¢/2)\?]".
V92+V92+,,/4:1+[1—?( v )] 3)

where 6§ = 277Tn3r41E0d, ¢? = p? + 8%, d is the crystal thickness, n is the refractive index at the specific

wavelength [8], pis twice the rotation angle of the light polarization through the sample due to the optical
activity, E, is calculated dividing the value of applied dc voltage by I, the distance between electrodes. The
value of electro-optic coefficient r; is calculated from the fitting results. Samples with dimension d =
3.8mm, H = 6.3mm and [ = 4.8mm for BTO:Tb, and d = 3.4mm, H = 4.71mm and [ = 4.38mm for BTO:Nb

=111

s 07 N —

Fig. 4. Schematic representation of the experimental setup used for the electro-optic measurements. 1. Laser light source; 2.
mechanical chopper; 3. spatial filter and beam expander; 4. polarizer; 5. crystal with silver electrodes on the (110) faces; 6. analyzer;
7. lens to project the light in the front face of photodetector; 8. photodetector; 9. lock-in amplifier.

The measured values of 1, coefficients are shown in Table 1. We can observe no dispersion of values for
the wavelength tested, as expected according to ref. [13], but the doping with niobium produce an
increase of about 9% in the value of r,; in comparison with undoped crystal. Terbium doping do not affect
these properties.

Wavelength-resolved photoconductivity experiments were carried out by illuminating the sample with
white light-monochromator system and collecting the resulting photocurrent using electrodes on the
transverse opposite lateral sides of the crystals, as shown in Figure 3. A dc voltage was applied between
the electrodes and a Keithley System Electrometer Model 6514 was used to measure the current. The
photoconductivity coefficient ¢ was calculated from [14]:

i hv a
— ph .
o P _ = 4
- H V I1(0) 1-e-ad’ ( )

where i,; is the photocurrent, V the transversely applied voltage, hv is the photonic energy, a the
absorption coefficient, I(0) the irradiance at the input plane inside the sample, I is the inter-electrode
distance, H and d are height and thickness of crystal. In all wavelength-resolved photoconductivity
experiments, it was used the absorption coefficient of BTO crystal. Dark conductivity was obtained by
direct measurement of dc dark current iz« as a function of applied voltage V using a Keithley System
Electrometer Model 6514. All experiments were conducted at room temperature.

Figure 5 shows the results for the photoconductivity coefficient calculated by the Eq. 4, and dark
conductivity values are shown in Table 1. The effect of terbium doping on photoconductivity is negligible.
However, the niobium doping increase both dark conductivity and photoconductivity by about 3 orders of
magnitude. So, the Nb5* ion changes in a significant way the structure of defects in the crystal, increasing
the density of charge donors responsible for the dark conductivity and donors centers that can be
photoexcited in a rate greater than in undoped crystal. This behavior combined with the suppression of
absorption shoulder, discussed above, suggest that the Nb5+ ions compete with the generation of the anti-
site (Bi3t + h}), reducing its concentration and changing the mechanism of photogeneration of charge
carriers in the doped crystals. The effect of this behavior on the photorefractive response of Nb-doped
crystal are being studied.
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Fig. 5. Plot of normalized photoconductivity c as a function of energy (eV) for applied fields parallel to BTO pure, BTO:Nb and
BTO:Tb.

4, Conclusions

Terbium and niobium doped crystals with good crystalline quality were grown by TSSG technique. The
results show that the doping with terbium ions do not cause significant changes in the investigated optical
properties of crystals. However, the niobium doping causes important changes in the defects structure of
crystals, modifying its photo-electrical response, affecting specially its photo and dark conductivity. The
effect of such changes on the photorefractive behavior of Nb-doped BTO are in progress.
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