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The influence of ruthenium addition at different doping concentrations on the optical properties and
holographic behavior of Bi4Ge3O12 crystals is investigated. Doped Bi4Ge3O12 single crystals are
grown by using the Czochralski technique. The distribution coefficient of each crystal is measured
to determine the concentration of a doped ruthenium element. Holographic experiments are
performed. Ruthenium is found to make Bi4Ge3O12 sensitive in the red spectral range. Thermal
annealing and ultraviolet exposure have been used to modify the defect structure and corresponding
absorption band of each crystal such that the holographic recording has been influenced. The
diffraction efficiency increases with increasing of ruthenium content, especially after irradiation by
ultraviolet light. © 2005 American Institute of Physics. �DOI: 10.1063/1.2140869�
I. INTRODUCTION

Photorefractive crystals have many potential applica-
tions, such as high-density data storage, optical information
processing, image amplification, phase conjugation, etc.1,2

One of the fundamental issues for the success of these appli-
cations is to improve the photorefractive performance.

Since the photorefractive phenomenon results from the
generation of suitable defects in the crystal structure, the
creation of defects is an effective way to enhance the photo-
refractive effect. These defects can be generated by an ap-
propriate doping element, by nonstoichiometric crystal
growth, or by thermal annealing at different atmospheres.
Meanwhile, the impurities can act as donors or acceptors for
charge carriers, depending on impurities concentration, va-
lence state, distribution coefficient, occupied site symmetry,
etc. For different crystals, there is a different efficient method
to create defects and change the characters of impurities.

Bismuth germanate, Bi4Ge3O12, commonly abbreviated
as BGO �2:3�, belongs to the 43 m cubic point symmetry
group and is known also as eulytine. It is colorless, transpar-
ent, and insoluble in water. Large crystals with a very good
optical quality are readily available.3,4 BGO crystals find
practical applications as scintillator materials because of
their room temperature �RT� luminescence,5 as well as in
optoelectronics as voltage and electric field sensors.6 Further-
more, undoped BGO crystal is one of the few crystals in
which it is possible to record holographic gratings at shorter
ultraviolet �UV� wavelengths at room temperature.7

In order for the photorefractive sensitivity to be im-

a�On leave from the Central Laboratory of Optical Storage and Processing
of Information, Bulgarian Academy of Sciences. Electronic mail:

vera�marinova@yahoo.com

0021-8979/2005/98�11�/113527/5/$22.50 98, 11352

ticle is copyrighted as indicated in the article. Reuse of AIP content is subje

140.113.38.11 On: Thu, 0
proved and to produce the refractive index change in a vis-
ible spectral range, appropriate dopants could be added to the
BGO structure. The BGO crystal has a large energy gap,
which appears to be a suitable matrix for extrinsic impurities,
such as transition metals and/or rare-earth elements. The ex-
istence of a photorefractive effect in the blue–green spectral
interval by adding appropriate doping elements is demon-
strated by many experimental works. The holographic grat-
ings were recorded in Cr-doped BGO crystals at 442 nm,8 in
Fe-doped and Mn-doped BGO crystals in a blue–green spec-
tral interval,9 as well as in Co-doped BGO crystals at
488 nm.10 Recently, holographic gratings were recorded in
ruthenium-doped BGO crystal plates using 514 nm light.11 In
addition, a photochromic effect was also observed. Recently,
the combination of photorefractive and photochromic effects
has been extensively used in holographic data storage, and
for such an application it is important for the induced absorp-
tion changes to be fully reversible.12

In the present article we study the influence of Ru on the
optical and holographic properties of BGO crystals at a light
wavelength of 633 nm after preliminary thermal annealing or
UV illumination treatments. The results show that Ru-doped
BGO crystals possess a photorefractive effect in this particu-
lar wavelength and demonstrate the possibility of extending
the photorefractive sensitivity of a doped BGO crystal into
the red spectral range.

II. EXPERIMENTAL DETAILS

Ru-doped BGO crystals were grown by using the
Czochralski technique, with the aid of an automatic
diameter–weight control. Stochiometric Bi2O3:GeO2 pow-
ders were mixed in molar proportion 2:3. Ruthenium was

introduced to the melt solution during the crystal growth in

© 2005 American Institute of Physics7-1
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the form of RuO2 oxide. The ruthenium concentrations in the
grown crystals, determined by inductively coupled plasma
atomic absorption spectrometry, are given in Table I. Accord-
ing to Table I, samples with a low and high ruthenium con-
tent are denoted as BGO:Ru�I� and BGO:Ru�II�, respec-
tively.

The distribution coefficient � represents the ratio be-
tween the molar concentration of the Ru in the crystal �the
nominal doping level� and the molar concentration of the
same element in the melt solution �the actual doping level�.
The distribution coefficient of Ru in our BGO crystals was
obtained to be 0.11.

Optical transmission spectra were measured in the wave-
length range 280–800 nm using a Cary 5E model spectro-
photometer. Reflection spectra were measured on plates with
one polished and one ground side, in a visible spectrum us-
ing a Perkin-Elmer 330 spectrophotometer with special ref-
erences for calibration at 488, 514.5, 576, 633, and 672 nm.

The absorption coefficient � �cm−1� of the crystal plate
after UV exposure and after thermal annealing was calcu-
lated by using the following formula:

T =
�1 − R2�exp�− �d�
1 + R2 exp�− 2�d�

, �1�

where T is the transmission coefficient, R the reflection co-
efficient, and d is the crystal thickness.

The UV source was an arc lamp and the whole spectrum
of the lamp was used in order to have the maximum UV
output of I=0.63 W/cm2. In the bleaching process, thermal
annealing for 1 h at 450 °C in the oxygen atmosphere �ther-
mal bleaching� was used.

Holographic gratings were carried out with a standard
two-wave mixing setup. BGO:Ru�I� and BGO:Ru�II� paral-
lelepipeds with edges, oriented with respect to the crystallo-

graphic �110�, �1̄10� and �001� directions were prepared for
holographic experiments. The crystals dimensions are listed
in Table I. The holographic recording geometry was set up as
a transmission grating using a 633 nm He-Ne laser light. The
angle � between the two writing beams was 15° and the
grating vector was perpendicular to the �001� direction. Dur-
ing the writing, one of the recording beams �signal beam�
was blocked for about 0.1 s in every 5 s and the other beam
�the reference beam� was used to monitor the grating
buildup. During the erasure, only the reference beam was
incident on the crystal by completely blocking the signal
beam with a shutter. The diffraction efficiency � was defined
as the ratio between the diffracted intensity and the input

TABLE I. Summary of Ru-doped Bi4Ge3O12 crystal parameters.

Notation
Ru concentration

�1018 cm−3
Dimensions

a�b�ca �mm�3

BGO:Ru�I� 1.1 9.5�9.5�6
BGO:Ru�II� 6.1 9.5�9.5�9

aThickness.
beam intensity by taking into account the surface reflection.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje

140.113.38.11 On: Thu, 0
No external electric field was applied. The samples were
thermally annealed after each experiment in order to empty
all possible defect traps.

III. RESULTS AND DISCUSSION

Ruthenium-doped BGO crystal samples were slightly
yellowish colored. The optical absorption spectra of Ru-
doped BGO, measured after UV exposure and after thermal
annealing, are shown in Figs. 1�a� and 1�b� for a low and
high Ru concentration, respectively. The absorption coeffi-
cient of undoped BGO is also presented in Fig. 1 for com-
parison. As it is shown, a low concentration of Ru does not
change the absorption shoulder of BGO; however, with
higher Ru concentration, the optical absorption is shifted to
the visible spectral range. Even in the bleached state the
optical absorption in highly Ru-doped BGO crystal is larger
than that of undoped BGO crystal. The changes in the ab-
sorption increase with the Ru content—the higher the ruthe-
nium doping level, the larger the absorption coefficient. To
measure the absorption spectra after UV exposure, the
samples are illuminated with UV light for about 30 min. The
results, as illustrated in Fig. 1, show that the UV irradiation
induces visible absorption change that extends from �

FIG. 1. Absorption coefficient � �cm−1� dependence on the wavelength �
�nm� of BGO crystals, doped with different concentrations of ruthenium: �a�
BGO:Ru�I� and �b� BGO:Ru�II�. A straight line is after annealing at 450 °C;
a dotted line is after UV exposure for 30 min. The absorption spectrum of
undoped BGO is presented for reference �dashed line�.
=700 nm up to the absorption edge. The photochromic mag-
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nitude, which is defined as the difference of the crystal ab-
sorption after UV exposure and after thermal annealing, in-
creases with the Ru concentration. We anticipate that this
absorption change is probably due to the valence change of
Ru caused by the photoinduced charge transfer from the UV
sensitive absorption centers to the visible-light sensitive ab-
sorption centers via the conduction �valence� band. We sup-
pose that the ruthenium ions increase the effective trap center
concentration in a BGO structure and, as a consequence, the
absorption throughout the investigated spectral range in-
creases with the donor concentration.

Furthermore, the UV-induced defects are stable at room
temperature. The colored crystals recovered their transpar-
ency by thermal annealing or by illumination with visible
light. The response to UV light is fast and the induced ab-
sorption almost reached saturation in several minutes for
highly Ru-doped BGO, as shown in Fig. 2�a�. However,
when using the same light intensity, the optical bleaching
process was much slower than the coloration one. Figure
2�b� shows the optical bleaching dynamics by using 457 nm
�2.7 eV� for the same sample. The absorption of the crystal
changed very quickly in the beginning �0–16 min� and then
very slowly decayed. Several hours were necessary for the
crystal to become transparent. In these two experiments, a
weak beam with the wavelength of 633 nm from a mono-

FIG. 2. The optical coloration dynamics in a BGO:Ru�II� sample using UV
light with I=0.63 W/cm2 �a� and an optical bleaching process using 2.7 eV
light �b�.
chromator was used as the probe beam.
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The photochromism in BGO crystal is associated mainly
with the presence of dopant since the undoped BGO crystal
does not exhibit any appreciable photochromic effect. The
absorption coefficient change obtained in highly Ru-doped
BGO is lower than the absorption coefficient change
achieved in the case of Mn- and Fe-doped BGO, and very
similar to those reported for BGO:Co.13 Unfortunately, the
valence state of Ru in BGO crystals in not known yet, how-
ever, Ru could exist in different valence states depending on
its position in the crystal lattice, temperature, irradiation, etc.
If the Ru exists in three different valence states Ru3+/4+/5+ �as
it does in similar cubic oxide crystals�,14 it is possible to
assume that Ru4+ can trap the carriers, changing its valence
to Ru3+ and Ru5+, depending on whether electrons or holes
are considered.

The holographic recording dynamics strongly depends
on the history of the crystals. Figures 3�a� and 3�b� compare
the recording and erasure characteristics measured after an-
nealing, after UV exposure, and when the samples are in
their initial state �without any preliminary treatments such as
UV irradiation or thermal annealing�. As shown in Fig. 3,
when the crystals are in a bleached state, the diffraction ef-

FIG. 3. The diffraction efficiency evolution during holographic recording
and erasure at wavelength �=633 nm for �a� BGO:Ru�I� and �b�
BGO:Ru�II� crystals after annealing, at an initial state and after UV illumi-
nation. Grating spacing �=0.61 �m, recording intensity I=38 mW/cm2, no
external electric field.
ficiency is much lower than in the other two cases. Mean-
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while, after UV irradiation, the diffraction efficiency in-
creases by more than four times in the case of highly Ru-
doped BGO, compared to the sample without preliminary
treatment.

The refractive index modulation 	n was calculated from
the experimental diffraction efficiencies �shown in Fig. 3� by
taking into account the surface reflection and by using
Kogelnik’s formula:15

� = exp�−
�d

cos �
�sin2�
 	n d

� cos �
� , �2�

where � is the absorption coefficient, d is the crystal thick-
ness, � is the vacuum light wavelength, and � is the angle
between the two recording beams inside the crystal. For the
crystals processed by the UV exposure, the maximum in-
duced refractive index modulation of the BGO:Ru�1� crystal
was 	n=1.7�10−6 and that of the BGO:Ru�II� crystal was
	n=3.2�10−6, respectively. The crystal with a higher Ru
concentration shows both higher diffraction efficiency and
larger refracted index changes. The refractive index change
increase could be attributed to the presence of more trap
centers in the highly Ru-doped BGO crystal, which provide a
larger donor concentration for photorefractivity.16 These
changes are similar to those reported by Moya et al. for
Cr-doped BGO, where the achieved refractive index modu-
lation was 	n=1.89�10−5 using laser irradiation with wave-
length of 442 nm.8

FIG. 4. Temporal behavior of the square root of diffraction efficiency during
the writing process �a� and the erasure process �b� for BGO:Ru�I�—circles
and BGO:Ru�II�—rectangular symbol. The symbols � and � illustrate the
measured data; the solid curves represent best fit to the experimental data.
Figures 4�a� and 4�b� show the temporal evolution of the
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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square root of the calculated diffraction efficiency �c for two
Ru concentrations after UV illumination during the grating
buildup �a� and erasure �b� processes. The diffraction effi-
ciency is calculated from the experimental diffraction effi-
ciency by taking into account the surface reflection and the
absorption of the crystal. The straight lines are the best fits to
the experimental results, using the equations, which describe
the square root of calculated diffraction efficiency behavior
in writing and erasure regimes:

��c = ��c sat�1 − exp�− t/�r�� , �3�

��c = ��c sat exp�− t/�e� , �4�

where �r and �e are writing and erasure time constants, re-
spectively. The�c sat is the saturation of the calculated dif-
fraction efficiency. Figure 4 shows that the simple exponen-
tial law can fit the experimental data very well. These writing
and erasure behaviors are typical for a photorefractive effect
with a single impurity level.16

The observed diffraction efficiency temporal behavior
resembles that reported for undoped and Cr-doped BGO
crystals, and is slightly different from those of Fe- and Mn-
doped crystals, where the writing dynamics is more compli-
cated, starting with fast growth decreasing and finally ap-
proaching the steady-state value. The later behavior was
explained, assuming that the compensating space-charge
field created a secondary space-charge grating, which was
not observed in a Ru-doped BGO crystal. From the theoret-
ical fit we calculated the writing time constant to be �r

=4.8 min and erasure time constant to be �e=24 min for
BGO:Ru�I�; and �r=6.4 min and �e=26 min for BGO:Ru�II�,
respectively. Here, the writing time constants of both crystals
are similar. We believe that the donor and acceptor concen-
trations increased simultaneously so that both crystals have
the similar concentrations of the photoexcited carrier density
in the conduction band, which is the main factor to determine
the writing time constant in the photorefractive crystal.16

These results show that Ru doping induces a shallow
trap density in BGO crystals so that the holographic record-
ing wavelength of the crystal can be extended to the red
spectral range. The highly Ru-doped BGO crystal has a
larger light-induced absorption change during UV illumina-
tion and refractive index change during holographic record-
ing, which both phenomena indicate that more trap centers
exist in such a crystal.17 In the BGO crystal structure, each
Ge4+ ion is coordinated by four oxygen ions, forming a tet-
rahedron, and each Bi3+ ion is coordinated by six oxygen
ions. We suppose that Ru can replace Ge4+ ions in the tetra-
hedral position, as well as occupy other lattice sites. Further-
more, depending on the Ru concentration, it is possible for
the oxygen content to be changed. The origin of photo-
chromic and photorefractive centers still requires more ex-
perimental verifications. However, due to the ability of Ru-

doped BGO to record photorefractive gratings at the red
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spectral range, we hope that, with an increasing Ru concen-
tration, it would be possible for the photorefractive charac-
teristics to be optimized.

IV. CONCLUSIONS

BGO single crystals doped with two concentrations of
Ru were grown successfully by using the Czochralski tech-
nique. It was found that the Ru addition to the BGO crystal
structure generates sufficient density of suitable traps for
photoinduced charge carriers in the red spectral range. The
absorption and the effective trap densities increase with Ru
concentration. Photorefractive behavior has been observed in
Ru-doped BGO crystals at 633 nm. The states of the trap
centers in Ru-doped BGO crystals can be manipulated by
UV or visible light illumination. Thus, these crystals have the
potential for nonvolatile holographic storage, using a two-
step sensitization method.
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