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The paper discusses the influence of doping Bi,,$i0,, {BSO) crystals with Al,
Ga and Ca on photoconductivity and absorption of the crystals. Surface laser
damage resistance and light modulation in these gyrotropic crystals are inves-
tigated. Crystal growth procedure by Czochralski method is described. Some
examples of doped BSO crystal application for light modulators and elec-
trooptic fibre sensors are given.
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Bi;;Si0,, (BSO) single crystals have cubic symmetry, high electrooptic coeffi-
cients (close to those for LINbO}), low temperature dependence of optical pro-
perties, low melting point (~930 °C). This determines the possibility of appli-
cation of these crystals in devices using electrooptic effect such as light modu-
lators and optical sensors of voltage and electric field strength. But investig-
ations have shown that the possibility of BSO practical application is limited
by some factors: 1) high photoconductivity of usual single crystals; 2) increased
absorption in shorter visible wavelength region; 3) low surface laser dp.mgge
threshold; and 4) considerable optical activity of BSO crystals (polarization
plane rotation 22°/mm at 0.63mcm), which usually restricts utilisation of opti-
cal elements having increased length and increased ratio of element’s length to
its transverse dimensions which is necessary to decrease driving voltage when
transverse electrooptic effect is used.

The results of investigations which allowed to overcome all these prob-
lems and to obtain efficient electrooptic material are given in this report. The
first two disadvantages of usual BSO crystalsv proved to be possible to remove
by doping with Il and III group elements’ oxides. Spectral dgpendencs: of _hght
conductivity of BSO crystals on doping with Ca] Al and Ga is shown in Fig. 1.
Photoconductivity of the doped crystals is considerably lower than for the un-
doped ones. Conductivity spectral dependence' of .Al and Ga dop_ed crystals fs
practically flat. Photoconductivity decreases with increase of dqpmg element’s
concentration |(see curves 1-3 for Ca doping). These results which tl}e authors
reported in details? are in general agreement with the data of 3] Joint doping
with Ca and Ga gives possibility to obtain BSO crystals having resistance of
10%4-10' ohm.cm with practically damped photoconductivity for all spectral re-

gion.
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Doping with II and III group elements allows to reduce substantially opti-
cal absorption in short wavelength region. Absorption spectra dependence of
BSO crystals doped with Ca, Al, Ga is shown in Fig. 2. These additives shift
absorption edge from ~480nm to ~420nm. It allows to use such crystals for
modulation of short wavelength visible light. It is necessary to stress that no
“optical damage” effect was observed in such doped crystals under short wave-
length illumination in contrast to LiNbOj; crystals.

Both doped and undoped BSO crystals have low laser damage threshold
after usual mechanical polishing. Its value determined by focussing 1.06 laser
light on the surface of the crystal is not higher than ~250kW/cm?. As photo-
acoustic investigations have shown for volume and powdered BSO crystals the
probable reason for this is formation of thin absorbing layer on crystal surface.
The layer is probably composed of compounds with lower Bi valency. Special
chemico-mechanical surface treatment allows to remove this absorbing layer
and to increase damage threshold up to ~150MW/cm? which is sufficient for
most practical application®.
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Fig 1 Photoconductivity (y) spectral dependence of doped BSO crystals: a) doping with Ca;
concentration 0.25 (1), 0.45 (2), and 0.5 w.% (3); and b) addition of Al (4) and Ga (5)
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The complicated problem of light modulation in gyrotropic BSO crystals
using Jones matrix method was analysed. Seven types of modulation character-
istics were obtained in dependence on input light polarization, crystal length
and crystal orientation in relation to analyzer. By that 100% modulation depth
can be obtained for linear polarization of input light in contrast to circular po-
larization. So doped BSO crystals can be effectively used for light modulation.

Growth of doped BSO crystals is more complicated as compared to nomi-
nally pure crystals. If doping oxides are added directly to BSO melt they are
not dissolved and film on melt surface is formed. It is necessary to use co-
precipitation or solid state reaction of main components and doping oxides to
obtain batch for uniform melt preparation. Effective distribution coefficients
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Fig 2 Absorption (a) spectral dependenc
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K, of Al, Ga and Ca in BSO crystals are 0.12-0.20 (K value depends on tem-
perature gradient in the growth system). This decreases top pulling speed ow-
ing to appearance of concentration supercooling at melt-crystal phase boun-
dary especially at low temperature gradients.

Growth method was similar to the one used by us previously for
Bi,,GeO,, crystal growth®. Platinum crucibles and alumina heat isolation were
used. Two growth systems having correspondingly “low” (~50K/cm) and
“high” ( ~ 100K/cm) axial temperature gradients were tested. Top pulling speed
at which concentration supercooling has not occurred yet is very low at 50K/
cm temperature gradient, it is not more than 1mm/h even for small ( ~ 10-
20mm) crystal diameter. Some growth defects appearing in the crystals at high-
er pulling speed are shown in Fig. 3: defect central part of crystal (so called
“growth column”) with strong stresses (Fig. 3a, polarized light), strong disloca-
tion density near this stressed region (Fig. 3b showing etch pits’ ring), faceted
interface surface at the end of the crystal grown in low temperature gradients
(Fig. 3¢).

It is advantageous to use higher axial gradients ~ 100K/cm which give the
possibility to pull crystals with speed 2-3mm/h and to avoid some defects
mentioned above. High melt viscosity restricts also crystal rotation speed. Pic-
tures of of flows induced in melt by crystal rotation are shown in Fig. 4. In-
crease of rotation: velocity from ~ 30 to ~ 90 rev/min (Fig. 4a-4d) complicates

(@) (b)

(c) (d)

ic pi i in BSO melt (top view) at crystal rotation rate
i2 4 Schematic pictures of hydrodynamic flows in (
rie 30 r:v/ min ?a), 60 rev/min {b), 75 rev/min () and 90 rev/min {d)
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considerably flow pictures. By that crystal growth becomes unstable and we
did not succeed in growth of uniform crystals at high rotation velocities. The
preferable rotation velocity was ~ 30 rev/min in our experiments. Investig-
ations of optical uniformity of crystals grown in different conditions have
shown that it is possible to remove growth defects (growth striae connected
with supercooling, “growth column” in the central part of the crystals, inclu-
sions of other phases, optical stresses and so on) and to obtain uniformly
doped BSO crystals with high optical quality. Crystals having weight up to 1
kg were grown.

Optical elements made of these crystals were applied in optical modula-
tors using both transversal and longitudinal electrooptic effects. In the last case
modulator active element was a 10X 10X 0.2mm plate with transparent elec-
trodes and antireflection coatings on both sides. Such element can be used for
amplitude and phase modulation of laser light and amplitude modulation of
white light. Dynamic range of amplitude modulation of laser light with spectral
width not more than 10A reaches 100dB. Dynamic range of white light modu-
lation in 0.44-0.7mcm spectral region is ~40dB. Numerical aperture of the
modulator is 0.2, which corresponds to ~ 11° beam divergency. Half-wave re-
tardation voltage is equal to 4kV for 0.63 mcm and to 6.5 kV for 1.06mcm.
Polarized light losses are ~ 10% and can be diminished by better antireflection
coatings. Minimum duration of optical pulse obtained for the element with
such thickness is ~0.5ms. Limiting optical power density of laser light going
through the element is ~ 150MW/cm?. It is possible to improve some modula-
tor’s parameters at the expense of other parameters. For example, optical pulse
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Fig 5 Optical scheme of measurement. (a) and pulse form of light going through BSO element
{b). Longitudinal electrooptic effect is used. 1 ~laser; 2 — generator; 3 —beam splitter and

“S‘:ial mirror; P polarizers; M~ active BSO element; PM — photomultiplier, K —optical
wedge
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duration can be diminished when dynamic range and limiting power density
(which is connected with transparent electrodes’ characteristics) are decreased.
Form of light pulse obtained in such modulator is shown in Fig. 5b, while mea-
surement scheme is represented by Fig. 5a. Pulse rise time is seen not to ex-
cieﬂed ~ 10ns, so pulse duration can be decreased approximately down to this
value.

Driving voltage at 100% modulation depth for transversal electrooptic ef-
fect and elements with increased length is 100-500V in dependence on light
wavelength and element dimensions. Modulator frequency range is 1073-107
Hz, dynamic range exceeds 80 dB. Temperature stability for 0-80°C is not
worse than 1%. Frequency range depends on modulator design. 25% modula-
tion depth was obtained at 7GHz frequency at driving power ~4 W and
2 x 2mm aperture for 0.63 light wavelength.

Another possible field of BSO elements applications is connected with
optical sensors of voltage, electric and magnetic field strengh, electric current.
Such sensors are especially attractive in fibre optic vanants which give the pos-
sibility to measure parameters under high electromagnetic interference. Using
doped BSO elements we have constructed such sensors which can be used for
measurement of voltage in 10-10*V range, electric current in 1-2000A range,
electric field strength in 30 up to 2.10° V/m range, magnetic field strength
from 0.2 Oe up to some tens of KOe. This measurements can be carried out
in frequency range from 0 up to 200MHz (measurements at frequencies up to
5 GHz are also possible) with accuracy not worse than 1%. Accuracy change
is not more than 3% in — 60°C up to + 85°C temperature range.

So doped BSO crystals represent very efficient material for a number of
practical applications.
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