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Abstract

 

—Experimental investigations and theoretical analysis of the effect of external illumination on the
dynamics of formation of photorefractive reflection gratings in a (100)-cut bismuth titanate crystal showed that,
in the case of counter interaction of laser beams with a wavelength of 633 nm, incoherent green light may cause
a change in the sign of the two-beam gain.
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INTRODUCTION

The two-beam interaction of coherent light waves in
photorefractive crystals is the basis for many applica-
tions of dynamic holography, such as optical memory,
adaptive correlation filtration and holographic interfer-
ometry, and spectral filtration of light [1–6]. Bismuth
titanate crystals, due to their relatively fast photorefrac-
tive response [1], are often used as a dynamic medium
in adaptive holographic devices [2, 4, 5]. Formation of
dynamic gratings in reflection geometry in these crys-
tals makes it possible to obtain a high photorefractive
response without application of external electric fields
[4, 5, 7, 8]. However, high photosensitivity of bismuth
titanate leads to photoinduced light absorption, which
accompanies counter interaction of light beams [7].
External incoherent illumination of bismuth titanate
crystals, which occurs in real devices on their basis (for
example, related to natural light), may significantly
affect the efficiency of such interaction, causing charge
redistribution over the defect centers involved in the
formation of reflection holograms.

In this paper, we report the results of experimental
investigation and theoretical analysis of the effect of
external incoherent illumination on the dynamics of
formation of photorefractive reflection gratings and the
development of photoinduced light absorption in (100)-
cut bismuth titanate crystals. It is found that green illu-
mination of a crystal in which counter interaction of
633-nm light beams occurs may change the sign of the
effective two-beam gain. A modification of the band
transport model is proposed, which makes it possible to
describe the dynamics of charge redistribution in an
crystal upon its illumination both by an interference
pattern of two coherent beams and by shorter-wave-
length incoherent radiation, whose intensity can be

changed during experiment. It is shown that the exper-
imentally observed features of development of the effi-
ciency of counter two-beam interaction and photoin-
duced light absorption can be qualitatively described
within the modified model.

EXPERIMENTAL SETUP

A bismuth titanate (

 

Bi

 

12

 

TiO

 

20

 

, BTO) single crystal
was grown by the modified Czochralski method from a
nonstoichiometric high-temperature solution of bis-
muth and titanium oxides, taken in the ratio Bi

 

2

 

O

 

3

 

 :
TiO

 

2

 

 = 10 : 1 [9]. A sample with transverse sizes 

 

4.5 

 

×

 

4.5

 

 mm

 

2

 

 and thickness 

 

d

 

 = 1.8 mm was cut from the
grown crystal perpendicularly to the [001] axis. An
antireflection coating (

 

MgF

 

2

 

) was deposited on opti-
cally polished input and output faces of the sample.

A schematic of the experimental setup for studying
the dynamics of formation of photorefractive reflection
gratings under incoherent illumination is shown in Fig.
1. An He–Ne laser beam (

 

λ

 

 = 633 nm), controlled by
the gate 

 

3

 

, was used to record reflective gratings in the
BTO crystal. The quarter-wave plate QWP and polar-
izer P made it possible to set a necessary orientation of
the laser polarization vector at the input face of the
crystal (

 

x

 

 = –

 

d

 

). The incident beam had the intensity

 

I

 

0

 

 

 

≈

 

 40

 

 mW cm

 

–2

 

; the reflectance from the input and
output faces, due to the antireflection coating, did not
exceed 1.7%. The interference pattern of the beams
incident on the output crystal face (

 

x

 

 = 0) and reflected
from it, at a sufficiently long exposure time (more than
1 s) causes the formation of a photorefractive holo-
gram. The beam intensities 

 

I

 

P

 

 and 

 

I

 

S

 

 and their variations
(caused by the interaction on the reflection hologram
and the development of photoinduced light absorption)
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were measured by the photodiodes PD1 and PD2.
Beam-splitting plate F and photodiode PD3 were used
to monitor the laser beam power. Note that light beam
reflected from the input face of the crystal (not shown
in Fig. 1) was spatially separated from the signal beam

 

I

 

S

 

 due to the slight tapering of the BTO crystal studied.

External incoherent illumination of the crystal was
performed using a semiconductor light-emitting diode
LED with the average wavelength 

 

λ

 

i

 

 

 

≈

 

 515

 

 nm and the
spectral width 

 

∆λ

 

i

 

 

 

≈

 

 30

 

 nm. Homogeneity of illumina-
tion of the crystal region where the reflection hologram
was formed was provided by the imaging lens IL. Vari-
ation in the current through the LED made it possible to
control the illumination intensity in the range from 0.2
to 10 mW cm

 

–2

 

.

DYNAMICS OF REFLECTION GRATING 
FORMATION

The change in the optical absorption and the effi-
ciency of counter interaction on the reflection grating,
occurring during the experiment, were interpreted from
the time dependences 

 

I

 

P

 

(

 

t

 

)

 

 and 

 

I

 

S

 

(

 

t

 

)

 

 within the inex-
haustible pump approximation, since the pump (

 

P

 

) and
signal (

 

S

 

) beams interacting in the crystal had intensi-

ties satisfying the inequality 

 

(

 

x

 

) 

 

�

 

 (

 

x

 

)

 

. Generally,
these intensities, due to the interaction on the reflection
grating, are related by the expression [8]

 

(1)

 

where the effective gain 

 

Γ

 

ef

 

(

 

t

 

) = (2

 

π

 

/

 

λ

 

)

 

r

 

ef

 

E

 

SC

 

(

 

t

 

)

 

 is
determined by the refractive index 

 

n

 

0

 

 of the crystal and
the effective parameters, which take into account the
features of counter interaction and grating formation
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dynamics: electro-optic constant 

 

r

 

ef

 

 and the space
charge field 

 

E

 

SC

 

.

For inexhaustible pump, we assume that

 

(

 

x

 

) = (0)

 

e

 

xp(–

 

α

 

x

 

)

 

. As a result, we can find the
absorption coefficient for a laser beam from the relation

 

α

 

(

 

t

 

) = ln[

 

I

 

0

 

(1 – 

 

R

 

)

 

2

 

/

 

I

 

P

 

(

 

t

 

)]/

 

d

 

, which suggests equal reflec-
tances 

 

R

 

 for the input and output crystal faces. The
effective gain can be found in this case from the exper-
imental data: 

 

Γ

 

ef

 

(

 

t

 

) = ln[

 

I

 

S

 

(

 

t

 

)/

 

RIP(t)]/d + α(t).

The experiments on the dynamics of grating forma-
tion were performed in seven stages of the same dura-
tion: ∆t = 1800 s. In the first stage of each experiment,
the crystal was illuminated by only incoherent light
with the intensity ILED = 0.2 mW cm–2. This procedure
made it possible to erase the previously written holo-
gram and obtain approximately the same initial state of
the crystal. The dynamics of the development of photo-
induced light absorption was not analyzed in detail in
this stage; however, estimation showed that the absorp-
tion coefficient generally increased from the initial
value α(0) ~ 0.3 cm–1 to α(t1) ≈ 1.6 cm–1.

In the second stage, incoherent illumination was
retained the same as in the first stage. At the onset of the
second stage (t = 1800 s) the gate G (Fig. 1) was
opened. As a result, we could measure furthermore
(using the experimental data for IP(t) and IS(t)) the effi-
ciency of light-beam interaction under incoherent illu-
mination on the photorefractive grating formed by
these beams and changes in the optical absorption of
the crystal. In each of the five subsequent stages, the
incoherent illumination intensity increased in compari-
son with the previous stage.

The time dependences α(t) and Γef (t) calculated
from the above relations for a laser beam with a polar-
ization vector having an orientation close to optimal and
making the angle θP(–d) = 50° with the y axis at the input
face of the crystal (see Fig. 1) are shown in Fig. 2a. The

ĨP ĨP
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Fig. 1. Schematic of the experimental setup for studying the dynamics of formation of photorefractive reflection gratings under inco-
herent illumination.
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formation of a reflection grating, observed in the sec-
ond stage of the experiment, is accompanied by an
increase in the optical absorption of the crystal by
~0.35 cm–1. With an increase in the incoherent light
intensity, the photorefractive grating amplitude
decreases and, at ILED = 3.0 mW cm–2 for t > 11800 s,
the effective gain becomes even negative.

It is known that, in the case of counter interaction in
(100)-cut crystals, which is considered here, the sign of
the effective electro-optic constant ref depends on the
orientation of the polarization vector [8]. The maxi-
mum negative value of ref in the crystal studied is
observed at θP(–d) = 140°. The time dependences α(t)
and Γef (t) for such a polarization of the incident laser
beam are shown in Fig. 2b. Comparison of the depen-
dences Γef (t) in Figs. 2a and 2b, corresponding to effec-
tive electro-optic constants with different signs, sug-
gests that the space-charge field ESC(t) of the reflection
grating behaves identically in these experiments,
although the time dependences of the optical absorp-
tion, α(t), are different.

THEORETICAL MODEL 
OF THE SPACE-CHARGE FIELD FORMATION 

FOR A PHOTOREFRACTIVE REFLECTION 
GRATING

Figure 2 indicates that an increase in the illumina-
tion intensity leads to an increase in optical absorption,
followed by a decrease, down to a change in the effec-
tive gain sign. Such a change in the sign of Γef,
observed both at the positive value of the effective elec-
tro-optic constant ref (for θP(–d) = 50°) and at ref < 0 (for
θP(–d) = 140°), may occur only due to the change in the
sign for the electric field of the grating.

For theoretical analysis of the dynamics of the field
amplitude and photoinduced light absorption, we will
use the band transport model, which suggests the pres-
ence of closely located donor-trap pairs in a crystal
[10]. In the case of observation of photoinduced
changes at a wavelength of 633 nm, which is consid-
ered here, it is sufficient to consider the two levels cor-
responding to donors (ED) and traps (ET), from which
electrons can be excited by red light to the conduction
band (Fig. 3). Incoherent green light excites electrons
from the ED and ET levels and from the deep second
donor center with the ionization energy EL. We will take
into account the effects of recombination of free charge
carriers to the centers unoccupied by electrons; tunnel
transitions of electrons between donor and trap centers,
ED and ET; and the transitions from traps (ET) to empty
(ionized) donors (EL).

For a photorefractive grating with the vector  =

(2π/Λ) , directed along the x axis, the material equa-

K

x 0

tions corresponding to the model under consideration
have the form

(2)
∂N
∂t
------- SD IR IG+( )N–=

+ γ D N0 N– M–( )n βMNM βNM N ,–+

0
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Fig. 2. Experimental dependences of the (1) effective gain
Γef (t) for a photorefractive reflection grating and (2) the
absorption coefficient α(t) (2) under incoherent illumina-
tion at the average wavelength λi ≈ 515 nm, for two orienta-
tion angles of the laser beam polarization vector at the input
face of the BTO crystal: θP(–d) = (a) 50° and (b) 140°. The
illumination intensity ILED = 0.2 (t = 1800–3600 s), 0.4
(3600–5400 s), 0.8 (5400–7200 s), 1.6 (7200–9000 s), 2.4
(9000–10 800 s) and 3.0 (10 800–12 600 s) mW cm–2.

Conduction band
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Fig. 3. Energy-band diagram of a BTO crystal for the band
transport model with closely located donor–trap pairs and
deep donor centers and a schematic diagram of electronic
transitions (shown by arrows) under red (photon energy
�ωr) and green (�ωg) illumination.
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(3)

(4)

(5)

(6)

(7)

where N and n are the concentrations of electrons at
donor centers and in the conduction band, respectively;
SD and γD are, respectively, the photoexcitation cross
sections of electrons from such donors and the constant
for recombination to the donor center in an empty
donor–trap pair; å is the electron concentration in
traps, ST and γT are, respectively, the photoionization
cross section and the recombination constant for trap
centers; and L is the concentration of ionized deep
donor centers, which have the photoexcitation cross
section SL in the neutral state and are characterized by
the recombination constant γL. The coefficient ΓL char-
acterizes the probability of tunnel transition of elec-
trons from traps to deep donors, and βNM and βMN are the
probabilities of tunnel transitions of electrons between
the donor and trap in a donor–trap pair (Fig. 3). The
parameters N0, L0, and NA are, respectively, the total
concentrations of such pairs, deep donors, and the
acceptors compensating for the charge of empty donor–
trap pairs in darkness; IR is the laser intensity; IG is the
incoherent light intensity; E is the space-charge field of
the grating; e is the elementary charge; ε is the static
dielectric permittivity of the crystal; µ is the electron
mobility; kB is the Boltzmann constant; and T is temper-
ature.

∂M
∂t

-------- ST IR IG+( )M– γ T N0 N– M–( )n+=

– βMNM βNM N ΓLML,–+

∂L
∂t
------ SLIG L0 L–( ) γ LLn– ΓLML,–=

ρ e L M– N– N0 NA– n–+( ),=

∂E
∂x
------

ρ
ε
---,=

∂
∂x
------ eµnE µkBT

∂n
∂x
------+⎝ ⎠

⎛ ⎞ ∂ρ
∂t
------,–=

Within the approximation of low contrast (m � 1) of
the interference pattern forming the photorefractive
grating, the system of equations (2)–(7) can be linear-
ized by expanding unknown functions in Fourier series.
The use of the approximations of adiabaticity and low
light intensity leads to a closed system of equations for
zero spatial harmonics, which was solved by numerical
methods allowing simulation of incoherent illumina-
tion of a crystal. The functions found make it possible
to calculate the time dependence of the optical absorp-
tion

(8)

where �ω is the laser photon energy; in addition, they
can be used for numerical analysis of the system of
equations for the amplitudes of the first spatial harmon-
ics, N(1)(t), M(1)(t), L(1)(t), and n(1)(t). The dynamics of
these charge gratings, according to Eqs. (5) and (6),
determines the time dependence of the grating electric
field:

(9)

CALCULATION RESULTS AND DISCUSSION

The time dependences of the optical absorption and
the space-charge field of a photorefractive hologram,
calculated in accordance with the experimental condi-
tions, using the above-described technique and rela-
tions (8) and (9), are shown in Fig. 4. Numerical analy-
sis was performed for a grating with the period Λ =
120 nm and the following material parameters of a
crystal: N0 = 1.2 × 1025 m–3, L0 = 4.3 × 1025 m–3, NA = 2.6 ×
1024 m–3, γD = 8 × 10–18 m3 s–1, γT = 1.3 × 10–15 m3 s–1, γL =
3 × 10–19 m3 s–1,ΓL = 2.54 × 10–27 m3 s–1, βNM = 10–4 s–1,
βMN = 1.6 × 10–3 s–1, ST = 8.5 × 10–5 m2 J–1, SD = 1.05 ×
10−5 m2 J–1, SL = 4 × 10–5 m2 J–1, µ = 2 × 10–6 m2 V–1 s–1,
and ε = 4.16 × 10–10 F m–1.

Comparison of the curves in Figs. 2a and 4 shows
that the experimentally observed dynamics of induced
optical absorption and the efficiency of counter laser-
beam interaction under incoherent illumination is in
qualitative agreement with the results of the calcula-
tions within the model considered here. The analysis
performed shows that the increase in the optical absorp-
tion with an increase in the illumination intensity is
related to the preferred occupation of the trap centers
having the photoionization cross section ST > SD by
electrons (see formula (8)). In this case, the amplitude
of the trap-charge grating M(1) decreases, whereas, for
the donor-charge grating N(1), which is in antiphase
with M(1), the amplitude increases. The amplitude L(1) of
the deep-donor grating, which is in phase with the trap-
charge grating, increases with the illumination inten-

α t( ) �ω SDN 0( ) t( ) STM 0( ) t( )+[ ],=

ESC t( ) e

mε K
---------------=

× L 1( ) t( ) N 1( ) t( )– M 1( ) t( )– n 1( ) t( )–[ ].

4

0

0 t, s

–ESC, 105 V m–1

12000

–4

1

2 2

α, cm–1

0

3

1

2

–2

80004000

Fig. 4. Time dependences of the optical absorption coeffi-
cient α(t) and the space charge field ESC(t) for a photore-
fractive hologram in a BTO crystal, calculated in accor-
dance with the experimental conditions.
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sity, however, to a lesser extent, than N(1). As a result,
the space-charge field, determined by relation (9),
changes its sign at some illumination intensity. Note
that the amplitude of the free-charge-carrier grating sat-
isfies the inequality n(1) � N(1), M(1), L(1).

CONCLUSIONS
Thus, the possibility of controlling the efficiency

and sign of the photorefractive reflection grating
formed in a bismuth titanate crystal by 633-nm laser
radiation under incoherent green illumination has been
experimentally demonstrated. A modification of the
band transport model has been proposed, according to
which closely located donor–trap pairs (allowing pho-
toexcitation of electrons to the conduction band by red
light) and deep donor centers (the latter can be photo-
excited only by incoherent light) are present in the crys-
tal. The numerical analysis performed here shows that
the experimentally observed dynamics of optical
absorption and effective gain of the photorefractive
reflection grating is in qualitative agreement with the
predictions of the proposed modification of the theoret-
ical model.
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