Appl. Phys. B 68, 983-987 (1999) / DOI 10.1007/s003409900010

Applied Physics B
Lasers

and Optics
O Springer-Verlag 1999

Photorefractive effects in long, narrow BSO crystals with applied
electric field

G. Cedilnik®, M. Esselbach, A. Kiessling!, R. Kowarschik®, E. Nippolainer?, A.A. Kamshilin?, V.V. Prokofiev?

Linstitute of Applied Optics, Friedrich-Schiller-University Jena, Max-Wien-Platz 1, D-07743 Jena, Germany
(Fax: +49-3641947652, E-mail: cedilnik@pinet.uni-jena.de)
2Department of Physics, University of Joensuu, P.O. Box 111, FIN-80101, Joensuu, Finland

Received: 18 November 198Revised version: 3 February 1992ublished online: 7 April 1999

Abstract. In a photorefractiv8i;,SiO,g crystal with high ap-  sillenites can be changed by (purposely or accidentally) dop-
plied electric ac field of square-wave shape a fast two-waviang [10]. Different samples of nominally pure BSO were
coupling response (less thas) and a slow hologram readout shown to have different signs of the photocarriers [11] and
decay (minutes) was found for a wavelengtt®88 nm This  different photorefractive behavior [12].

can be explained by electron—hole transport with two trap The simultaneous appearance of electron and hole con-
levels. An intensity dependence of the slower complementarguction which is observed mostly in nominally undoped crys-
grating was found. llluminating with the readout wave with-tals [13] can lead to photorefractive gratings with different
out applied electric field leads to a very slow grating decayigns compensating each other. This can be used for hologram

(many hours). fixing with extended readout times compared to the writing
times (for example 150-fold) in BSO [8, 14, 15] and other sil-
PACS: 42.65.HwW: 42.70.Ln: 42.40.Ht lenites [16]. The band transport model of Kukhtarev [17] was

expanded to describe the buildup dynamics and stationary
amplitudes of electron and hole gratings and of the result-
ing space-charge field which is important for the diffraction
Photorefractive crystals of the sillenite family, i.Bi;2SiOx  efficiency. Different behaviors can be derived from models
(BSO),Bi12GeGy (BGO), andBi12TiOz (BTO) are of spe-  assuming electron and hole conduction with common trap
cial interest for wave coupling effects, phase conjugation, angenters [18] and with different trap centers for electrons and
optical storage due to their relatively high sensitivity [1, 2]. holes [13]. Both cases are compared in [19, 20]. Electron and
The buildup of photorefractive gratings can be strongly enhole excitation and recombination depend on the wavelength.
hanced by application of an electric field to the crystal. Togo, for example, in [8] electron—hole competition effects were
maximize the energy coupling, ac fields [3,4] or dc fieldsghserved a785 nmbut not at514 nmin one BSO sample.
in conjunction with moving gratings [5—7] are used. The ac  For this work a crystal of nominally pure BSO with long
method has the advantage of a simpler setup and of showind narrow geometrical shape (“fiber-like”) was used. With
ing a constant amplification over a broad range of intensig wavelength 0633 nmtwo-wave coupling and readout of
ties without resonant behavior. The square-wave electric fie'gtored h0|ograms are investigated. The observations can be
used in this work yields the largest enhancement of gratingxplained by electron—hole gratings with different trap levels
formation for a given field amplitude [4]. for electrons and holes. An extraordinary robustness against
Nominally undoped crystals of BSO and BGO are typ-erasure by illumination was found that allows readout of

ically used within the green-blue spectral range (for exa grating even after several hours of illumination with white
ample514nn) [2]. At 633 nmthe sensitivity for photore- jight.

fractive processes is found 1-2 orders of magnitude smaller.

On the other hand nominally undoped crystals were suc-

cessfully used for writing holographic gratings witBSnm 1 Experiment

wavelength [8]. It is known that nominally undoped crystals

can show differing photorefractive properties. This is becausg.1 Used crystal and optical parameters

upon production of the crystals, depending on purity of ingre-

dients and pulling conditions, differentimpurities and crystalrhe BSO crystal used in this work was grown at the Uni-

defects establish in the crystal. For example, a content Gfersity of Joensuu, Finland, from a stoichiometric melt with

Crwith 1 x 10~*wt. % weight percents was found to changethe Czochralski method in air atmosphere. The summary con-

the photorefractive properties [9]. The spectral sensitivity otent of 13 controlled impurities (e.da, V, Fe Co, Cu,
Mn, Ni, Ti, Cr) in the starting materials did not exceed

Dedicated to Prof. Dr. Eckard Krétzig on the occasion of his 60th birthday.5 x 10~4wt. %. It was cut in a fiber-like shape, this means
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Fig. 1. Absorption spectrum of the fiber-like BSO crystal (BSO 1) comparedFig. 2. Two-wave mixing setup with a BSO crystal, high voltage power
with two other samples supply HV, aperture A, and photodetector DET. Signal wave S and pump

wave P are both polarized in the plane of incidence (indicatedrimyws).
Crystal dimensions arel = 1.45mm and Ic = 10.8 mm, and electrode
large along the propagation axi$0(85mm [110] crystal-  lengthlg = 8.1 mm Electrodes are made from evaporated silver
lographic direction) and small along the other directions
(1.45mmalong [1—11] and 4.85 mm along [—112]). Sil-
ver electrodes are evaporated on the- 11) surfaces. The signal powers behind the crystal with electric field switched
short distance of the electrodes b#i5 mmallows large ap- on (Ps(U)) and off (Ps(0)). Gain factors of up t& = 1000,
plied electric fields inside the crystal with moderate applieddecreasing to 400 at the steady state were found (incident

voltages. powersPpg= 0.36 mWand Psp = 0.08 W of pump and sig-
Some optical parameters of the crystal were measaal wave, respectively). For lower power ratiBsy/ Psp the
ured at a wavelength 0833 nm An optical activity p =  gainis limited due to depletion of the pump wave.

21.1°/mm was found which agrees well with the corres-  With the arrangement given in Fig. 2 the dynamics of the
ponding values of other samples [2, 21, 22]. The (unclampedjignal powerPs behind the crystal during writing with both
electrooptic coefficienty; was determined by measuring waves was measured. All measurements in BSO with applied
the transmission of linearly polarized light through a sys-electric field show fast changes of the gain or of the diffracted
tem of polarizer, crystal, and analyzer [23]. The valye=  intensity at the moment of reversal of the square-wave field
46x10?m/V (£0.1x10°*m/V) also lies within the (that takes~ 1 mswith the used power supply). Such peaks
range of values given elsewhere [2,21, 22, 24]. An importanivere found before in BTO [25]. The reason is a change of the
parameter for the sensitivity of a photorefractive crystal is itgolarization state while the modulo of the electric field inside
optical absorption. the crystal decreases and reaches zero. The changed polar-
In Fig. 1 the absorption spectrum of the fiber-like BSOization state can lead to an increased or decreased diffraction

crystal (“BSO 1”) is compared with the spectra of a nominallyefficiency leading to peaks in positive or negative direction.
undoped bulk BSO crystal (“BSO 2”) produced in Trnovo, In the given configuration with BSO, the polarization stays
Slovakia, and a nominally undoped BTO sample. Fresndinear in the field-free case and the polarization angle rotates
losses from single reflections on both surfaces were taken in29 during propagation inside the crystal which leads to a re-
account. BSO 1 shows an increased absorption in the red addced diffraction efficiency. Therefore, with the configuration
near-infrared spectral region compared to the BSO 2. used in this work the peaks always have negative sign. They

reduce the signal as far 88% during the field reversal. In the

following figures of this work these peaks are removed and
1.2 Photorefractive properties the gaps are interpolated.

1.2.1 Experimental conditiorlhe photorefractive properties 1.2.2 Writing.The buildup ofPs for differentincident powers
of the crystal with applied electric ac field=4 kV,50H2  of the writing beams is shown in Fig. 3. For each intensity one
of square-wave shape were determined with the two-wavean see a fast increase B which reaches a maximum. For
mixing arrangement shown in Fig. 2. All measurements werdigher intensities (Figs. 3b and 3c) a slower decreasesof
performed with the incident light polarized in the plane offollows. All three curves of Fig. 3 can be very well described
incidence. The unexpanded beam oHe-Ne laser (Gaus- by the square-sum of two exponential functions with different
sian intensity profile withl.9 mm diameter) was used. The buildup timesri, t» and amplitudeg\;, Az:
incidence angle} = 3.8° leads to a grating frequendy =
9.5um~! of the holographic grating. Ps = (A1(1—exp{—t/T1}) + Azx(1— exp{—t/rz}))2 ) (1)

The long interaction lengtHd = 10.8 mm) and high ap-
plied electric field £27.6 kV/cm with £4 kV applied volt-  The first part in (1) has the higher amplitude and is responsi-
age and electrode distande=1.45mm) lead to a strong ble for the initial increase, and the second part has the oppo-
enhancement of the beam coupling process. The two-wawgte sign and thus is responsible for the following decrease of
mixing gain G is defined by the ratid’s(U)/Ps(0) of the  the signal power. Due to the dominant electron photoconduc-
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Fig. 3. Buildup of the signal intensity (measured behind the crystal) in th
two-wave mixing arrangement after switching on the waves -at0 for
different incident pump and signal powef and Psp. The pump-to-

signal intensity ratios are constant. The maximum dairs given for each
intensity
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tion found in undoped BSO [26] a grating based on electrogy
transport processes is assumed for the first part, whereas hole
transport processes are responsible for the complementary

second part. The values fef, t2, and the ratioA,/A; are
shown in Table 1 from fitting to the experimental data.

The stationary signal intensity was measured in depen- 0-04 ]

dence on the incidence angte (Fig. 4) with beam pow-
ers Pp=0.31 mW, Ps =5.7uW and an applied voltage of

Table 1. Values forti, 12, and the ratioAy/A; from fitting to the experi-
mental data

Ppo+ Pso/mW 71/s 72/ Az/ A
0.041 40 — 0
0.39 028 60 —0.24
51 0.017 Q50 —0.58

e
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Fig. 4. Dependence of the stationary signal povy and response time
71 on the incidence anglé in the two-wave mixing arrangement. An-
gles® = 1° to 7° correspond tad = 36pum to 5.2 um (K = 0.17um~1! to

1.2 um™1) of the grating spacing (grating frequency). Incident powers were
Ppo = 0.31 mW for the pump beam anBso= 5.7 uW for the signal beam,
applied voltageUyy = £3.0kV at 50 Hz The grey lineis an exponential

fit, the black line connects experimental points

Upy = £3.0kV at 50 Hz A maximum is found for} = 4°.
The response time is found to increase with increasing in-
cidence angle. This can be well fitted by an exponential law

(grey line).

1.2.3 ReadoutAfter writing the photorefractive grating for

5 min with both waves the signal wave was switched off at
t = 0. The writing powers werdpp = 0.36 mW and Psp =
0.029 mW (as in Fig. 3b). Figure 5 shows the powej that

is diffracted from the pump wave in the direction of the sig-
nal wave (different time-scales in Fig. 5a and b). One can see
first a decrease dP; within 2.5s Then the power increases
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Fig. 5. Intensity of diffracted light after writing a grating fds min and
switching off the signal wave dt=0 in a short time-scaleaj and a long
time-scale If). Writing powers werePpg= 0.36 mW and Psp= 0.028 mW



crystals. Although optical activity and electrooptic coefficient

lie in the usual region the absorption spectrum differs consid-

' erably between BSO 1 and BSO 2 with the first one having

after 1 h erasure | : a much higher absorption in the red up to the infrared spectral

—after 12 h erasure | : range. The reason is different impurities and crystal defects
! that have to be specified.

after 1 min erasure| :

2.2 Photorefractive properties

400 500 600  2.2.1 Writing.The development of the two-wave coupling

t (s) signal powerPs upon illumination in BSO 1 shows two ex-
Fig. 6. Intensity of the diffracted light after writing a grating férmin and ponentlals ,Of opposite Slgn_ with different t|mg constants (1).
erasing for different time periods (illuminating with pump wave without ap- T iS behavior can be explained by the formation of two com-
plied electric field). The reason for the increase in18é curve after250s  plementary gratings due to electron and hole conduction with
and300 sis not known separate trap levels for both charge carrier types. The time

constants for both parts (Table 1) are approximately inversely

with approximately the same rate forming a curve with a relaproportional to the total optical power. Their relative con-
tively symmetric “dip”. After that the signal intensity reaches tributions depend on the intensity. An intensity dependence
a maximum with a diffraction efficiency nearly as high as theof the two-wave coupling coefficient with applied electric
one att = +0. For abouB0 sthe intensity stays at that max- square-wave field was found in dopB@O:Cd crystals [27].
imum with little change, then decreases again with a much results from additional shallow traps. The model there is
slower rate (decrease tgdin about3509. Such a behav- based onone charge carrier type. For description of the effects
ior was observed with all three writing intensities from Fig. 3,in the BSO 1 sample it seems to be necessary to include shal-
even with the low intensity where no decrease of the gain i#ow traps either for one or for both types of charge carriers.

seen upon writing (Fig. 3a). The response time; of the process increases with in-
We note that the first decrease (and the following increaseyeasing spatial frequency of the grating according to [19].
is slower than the fast buildup with time constanin Fig. 3b. The stationary signal power shows a small dependence

Such a long readout with the large diffraction efficiency wason the spatial frequency with a maximumkat= 0.69pum~*
observed only after writing periods of at ledsinin. As is (¢ = 4°). This behavior agrees well with the calculated curve
clearly seen in Fig. 5b, the second decrease is much slowét [4] for an applied electric square-wave field in BSO where
than the decrease during writing with the time constant the maximum is found at the same spatial frequency region.
(Fig. 3b). These calculations are based on the Kukhtarev model assum-
ing single charge carrier type and single trap level which
1.2.4 ErasureA remarkable feature is the insensitivity of is also valid for the two-carrier, two-trap-level model in the
the BSO 1 crystal against erasure by illumination withoutinitial time where one type of gratings has a much higher
electric field. The holographic grating was first written by buildup rate.
signal and pump wave with applied electric field fmin The decrease of the signal power after some time in
(Ppo= 0.36 mW and Pso = 0.029 mW, as in Fig. 3b) where Fig. 3 is observed only for sufficiently high incident pow-
saturation of the relevant processes is expected. After that tig§s. Such a behavior was also mentioned in [16] for BTO
signal wave and the electric field were switched off. The crys* = 633 nm K = 30um~?) though the reason for this is still
tal was illuminated by the pump wave only for different time unclear.
periods. After that the electric field was switched on again and
the diffracted pump intensity was measured (Fig. 6). One caB.2.2 ReadoutJpon readout with applied electric ac field

see an appreciable grating still present even &affen of il- immediately after writing, the diffracted intensity shows an
lumination. We note that in the time without applied electricoscillation which is also explained in the model of two charge
field no diffraction of the pump wave could be seen. carrier types. The first decrease is due to the decay of the

A comparable insensitivity against optical erasure withoutast (electron) charge grating, the second slow decay results
applied field was also observed upon illumination with whitefrom the decay of the remaining complementary (hole) grat-
light (halogen lamp) of same intensity. On the other hand, theéng. The readout can also be described by the square sum of
grating formation process was found to take place by illumitwo exponential functions, similar to (1). But with this the
nation of the crystal with both waves without electric field symmetry in the dip (Fig. 5a) is not obtained.
with a rate and amplitude in the order of the case where the Another deviation from the theory is seen in our measure-
ac electric field is on. ments. The theory predicts a decrease of the diffracted power

to a minimum value of zero after the first decrease. This is not
reached in Fig. 5. Such a deviation was also found and dis-

2 Discussion cussed in [8]. There it was supposed that a phase shift of the
complementary gratings or a complex relaxation rate (lead-
2.1 Material properties ing to anisotropic relaxation) could lead to a non-complete

compensation. We propose another explanation based on self-
Measurement of the optical properties of the BSO 1 crystaénhancement and the optical activity of the material. Self-
show large differences between two different nominally pureenhancement of the grating results from interference of the
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reading beam with the diffracted wave [28,29]. The grat-mentary gratings lead to a fast increase of the gain due to the
ing strength is expected to be strongly inhomogeneous irfast primary grating builduprg = 0.28 sat0.39 mWincident
side the crystal due to wave-coupling during writing. Self-power) and a much slower readout decay due to the slower
enhancement (and intensity decrease in the crystal depth ddecay of the secondary grating (falling tgelin 350 3.

to absorption) leads to an inhomogeneous decay of the grat- When illuminating the crystal without applied electric
ings inside the crystal during readout. Therefore exact confield, a much slower grating decay was found. Aft@rhillu-
pensation of the gratings cannot occur simultaneously in theination, the diffraction efficiency reach25% of the value
whole crystal. Diffracted parts from different depths in thewithout illumination which corresponds to a decrease of the
crystal cannot add to zero because of more or less differegrating amplitude td0%. Erase of the holographic grating
polarization angles (or states) due to the optical activity. Sevithin minutes could only be reached by simultaneous illumi-

diffraction efficiency never reaches zero at this minimum.
An applied electric field strongly enhances the diffraction

efficiency at readout. No diffracted signal could be seen when

the voltage was off. This enhancement was described for

nation and application of an electric field.

BTVO [30] before. There a modulated conductivity accordingReferences

to the modulated donor and trap occupation was proposed as
explanation which leads to an additional charge accumulation1.
and thus to a stronger diffraction grating. 2.

3.
2.2.3 ErasureThe storage times for large grating periods 4.
(as is the case here with = 10um) in the one charge carrier

model is given by the dielectric relaxation time of the crystal:

)

whereepe is the permittivity of the crystal and the con-
ductivity. Storage times in darkness of more tt2ihh were
reported in undoped BSO [1, 16]. lllumination increases the1g.
conductivity by creating additional mobile charge carriers and
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We reported about a nominally pure BSO crystal with an
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nally pure BSO crystal. This crystal shows a strong photore-
fractive response at a wavelength6#3 nmwith an electric 25
square-wave field applied to the crystal. In a two-wave coup-
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seen. This can be explained by two-trap-level, electron—hole7.
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mentary grating on the writing intensity was found but could 28
not be explained. The amplitude of the primary grating over,,
spatial frequency shows a maximum as the theory for singlesg.
charge-carrier, single-trap model describes. The two comple-
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