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We investigated recording dynamics of a holographic grating in the photorefractive LiNbO3
crystal under the low-intensity condition of recording beams. New expressions for the space-charge
field and the recording time constant were obtained by solving the Kukhtarev equations under the
global space -charge field, which is induced in the previous process of recording and erasing. Their
validity can be confirmed by considering the limit that the period of the grating goes to infinity
both theoretically and experimentally. It was found that the new expression for the recording time
constant allows us to determine acceptor concentration to be 1.2x10%'m™2 for pure LiNbQOj crystal
and 2.5x10°'m~2 for the 0.1 mol % iron doped LiNbOjs crystal from the measured ratio of the
recording time constant under the extremely large grating condition, in which the diffusion effect
can be neglected, to that under the small grating condition.

OCIS codes : 090.2900, 090.7330, 160.5320.

I. INTRODUCTION

Photorefractive LiNbOg3 crystal is one of the most
widely used media for optical storage, image process-
ing, optical computing, and neural networks [1-5].
Hologram recording procedure in the photorefractive
crystal can be generally explained in terms of a band
transport model developed by Kukhtarev [6]. It is
well known that the LiNbOjg crystal has a large pho-
tovoltaic effect, which is important among the various
transport mechanisms [7,8]. Rupp et al. [9] investi-
gated the strongly oxidized LiNbOgs:Fe crystals by us-
ing a holographic method and observed the enhanced
phase shifts between light intensity pattern and re-
fractive index grating due to the low concentration
of filled traps. Especially, Gu et al. [L0] studied the
growth of the spatially uniform field across the crystal
as a function of time in the fresh crystal. The results
obtained by Gu et al. clearly showed that the tran-
sient behavior of holographic gratings under the open-
circuit boundary condition is very different from that
under the steady dc voltage (SDCV) condition, which
is developed in the previous exposure for recording of

the grating. However, they did not study the growth
dynamics of holographic gratings under SDCV condi-
tion in detail, which might reveal some information on
important parameters for photorefractive behavior of
the crystal.

In this paper, we solve Kukhtarev equations sub-
ject to the SDCV condition in the low-intensity limit
of recording beams, and obtain new expressions for
the space-charge field and the recording time constant.
The new expressions are verified theoretically and ex-
perimentally by considering their simplified situation
of the large grating limit where the diffusion effect can
be neglected. In the experiment, the time dependence
of diffraction efficiency was measured as a function of
the crossing angle and the intensity of the two record-
ing beams. The experimental results can be explained
consistently with the new expressions for the space-
charge field and recording time constant, leading to
the determination of conductivities. We show that
the acceptor concentration in LiNbO3 doped with Fe
as well as pure LiNbOj3 can be determined by compar-
ing the ratio of the recording time constant under the
extremely large grating to that under the small one.
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II. RECORDING DYNAMICS OF LINBO;
CRYSTAL UNDER THE LOW-INTENSITY
CONDITION

The band transport model can be described by the
following set of equations developed by Kukhtarev:
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where Np, N}, n., and N4 are densities of filled
traps, ionized traps, charged carriers and acceptors,
respectively,. In the above equations, s is the photoex-
citation cross section, I is the total optical intensity,
(3 is the thermal generation rate of charge carriers, yr
is the carrier recombination rate, e is the electronic
charge, ;1 is the carrier mobility, kp is Boltzmann’s
constant, p is the photovoltaic constant, € is the dielec-
tric constant of the crystal, and E is the total electric
field inside the crystal.

Before solving Kukhtarev equations, the proper ex-
pressions for the photovoltaic current and the conduc-
tion current in Eq. (3) need to be considered under
the low-intensity condition of the recording beams. At
first, a typical expression for the photovoltaic term
is given as either pI or p(Np — Nj)I according to
the references of [10-12]. Here pl is used because
a change of Ng due to a light illumination is much
smaller than the initial value of Ng and Np under
a low-intensity condition. Thus the photovoltaic cur-
rent is directly proportional to the optical intensity
distribution, which is given by I = Iy + I; cos(Kz),
where K is the grating wave vector. Secondly, the
dark conductivity (o4) has to be considered with the
photoconductivity (opn), because the photoconductiv-
ity could be low under a low-intensity condition as far
as conductivity is concerned [13]. When the grating
is recorded and erased by non-Bragg matched beam,
uniform electric field , Ey = E,, = —plo/opn, re-
mains across the region where the hologram was writ-
ten (SDCV condition) [10]. By the presence of this
field, the photovoltaic current can not flow during the
second recording so that there is no contribution of
the dc component to the current density in Eq. (3).
Therefore, the correct expression for the current den-
sity under this SDCV condition should be as follows;

J=J1=(oq+ Uph)El +iKkgTuner +ph ,  (5)

where ne; and E; are the modulated component of the
density of charge carriers and the space-charge field,
respectively.

Egs. (1), (2), (4), and (5) can be solved with the
standard linearization procedure using first order per-
turbation under the condition of a small modulation
ratio, i.e., m = I1/Ip << 1. After some algebraic
manipulations, the solution for the space-charge field,
E,., is given by

Euu(z,t) = —mE[1 — e:cp(——Tt—)]cos(Kz +¢) , (6

where 7, is the recording time constant and ¢ is the
phase shift of the refractive index grating with respect
to the periodic light intensity pattern. The saturation
space-charge fields E2. and the time constant 7, are
given by
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In Egs. (7) and (8), we have used the expressions
for the dielectric relaxation time(ry;), the diffusion
field(Ey), the saturation field(E,), the drift field(E,)
and the photovoltaic field(E,) as follows:
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It should be noted that the photovoltaic term on
the space-charge field more clearly appears in the nu-
merator of Eq. (7) compared with the corresponding
result obtained by Gu et al. [10]. The validity of Egs.
(7) and (8) can be confirmed by considering the limit
that K goes to zero (the large grating limit) so that
diffusion effect can be neglected (E4=0), reducing to
the following simplified expressions;
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where e=eg€,, €5 is the relative dielectric constant
of the medium, and €,=8.85x10712C2/Nm?. As ex-
pected, these results are exactly same as the cor-
responding results [14] for the photorefractive index
change under the uniform illumination with a single
recording beam.

III. EXPERIMENTS

The experiments were performed with a two-wave
mixing scheme as shown in Fig. 1. Two Ar-ion laser
beams (A = 514.5nm), which were divided by a beam
splitter, interfered inside the crystal to form a sinu-
soidal grating. We used ordinary polarized record-
ing beams to minimize the beam coupling effect, and
the intensity ratio of the two recording beams was
made to realize the small modulation ratio of 1/3.
A non-Bragg matched beam was employed for eras-
ing the grating after the first recording, as shown
in Fig. 1. The He-Ne laser beam (A = 632.8nm),
which is extraordinarily polarized, was used to utilize
the large rs3 electro-optic coefficient for detecting a
space-charge field which is induced inside the crystal
during the recording process. Two different types of
LiNbQj3 crystals were investigated in the experiment;
one is the nominally pure lithium niobate (congru-
ent LiNbOs; 1.54x10x4.55 mm3[abc-axis]) and the
other is the lithium niobate doped with 0.1 mole% Fe
(LiNbO3:Fe; 1.58x10x4.61 mm?[abc-axis]).

To analyze the experimental results obtained un-
der the various conditions consistently, the modula-
tion ratio (1/3) and the intensity of the reading beam

FIG. 1. Schematic diagram of experimental setup for
holographic recording and reading system; P: polarizer,
RAP: right angle prism, M: mirror, ND: neutral density
filter, BS: beam splitter, and D: detector.

(lmW /cm?) were kept the same for all experiments.
Hologram recording experiments were carried out un-
der two extremely different crossing angles of the two
recording beams; i.e., 20=60°(A = 0.51um; small
grating) and 260=8°(A = 3.69um; large grating). The
crystal was regularly cleaned at 190°C for five hours in
a hot oven in order to restore its virgin condition. Af-
ter the first recording, only the hologram was erased
optically using a non-Bragg matched erasing beam.
Then, during the period of the second recording pro-
cess, the diffraction efficiency was measured as a func-
tion of recording time by use of a weak He-Ne laser
beam to characterize Eq. (6).

IV. DISCUSSION

The typical curves of the diffraction efficiency mea-
sured as a function of the recording time are shown
in Fig. 2(a) under the large grating condition and
Fig. 2(b) under the small grating condition for
pure LiNbO3. Each experiment was performed with
recording beams of different intensities; i.e., Ip=5.1W
/em?(o) and Ip=10.2W /cm?(0)). The same experi-
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FIG. 2. Evolution of diffraction efficiencies for LiNbOg
with 5.1W /cm? (o) and 10.2W /cm?(0); (a) under the large
grating condition (A=3.69um), and (b) under the small
grating condition (A=0.51um). Solid curves are the best
fitting using 7 = sin®[no(1 — ezp(—t/74)].
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TABLE 1. Conductivities, Cross sections, and Acceptor concentrations determined from experimental results

oq (Q cm)™! S (&%) Na(m™9)

x10716 x10716 x 1021
LiNbO3 5.6 + 0.2 29+ 0.3 1.2 + 02
LiNbOgz:Fe 8.9+ 0.4 111 + 17 2.5+ 04

ments were also carried out with LiNbOj:Fe and the
corresponding results are shown in Fig. 3(a) under the
large grating condition and Fig. 3(b) under the small
grating condition. Here, two different intensities of
recording beams for LiNbOj:Fe are Ip=30mW /cm? (o)
and Io=60mW /cm?(0). This significant difference in
I between LiNbO3 and LiNbO3:Fe is due to the fact
that the photovoltaic constant for LiNbOg:Fe is much
larger than that for LiNbOj [7]. The solid curves in
Figs. 2 and 3 are obtained by the best fitting with
n = sin®[no(1 — exp(—t/7,)] [15], yielding the best fit
values of 7,. From these results, one can find that
7, depends strongly on the crossing angle, but only
slightly on Iy for LiNbOs while 7, depends strongly
on both the crossing angle and Iy for LiNbOj3:Fe.
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FIG. 3. Evolution of diffraction efficiencies for

LiNbO3:Fe with 30mW/cm?(o) and 60mW /cm?(0); (a)
under the large grating condition{A=3.69um), and (b) un-
der the small grating condition (A=0.51pxm). Solid curves
are the best fitting using 1 = sin*[no{1 — exp(—t/7y)].

In our experiment, E; under the large grating con-
dition is so small that it can be neglected. There-
fore, o4 and opn can be determined by using two cou-
pled equations, Eq. (10) and opp = S Iy, where S
is the cross section for the photoexcitation, with the
best-fit values of two time constants corresponding to
two different conditions of Iy obtained from Fig. 2(a)
for LiNbO3 and Fig. 3(a) for LiNbO3:Fe. The val-
ues obtained for conductivities are listed in Table 1,
which are of the same order of those measured di-
rectly using an electrometer [16]. Here e,=32 is used
[17]. Note should be taken that oq < opp for LINDO3
while o4 ~ oy, for LiNbO3:Fe under our illumination
condition. Thus one can expect easily from Eq. (9)
that the saturation diffraction efficiency, which is pro-
portional to sin?(constant x E2,), depends strongly on
Iy for LiNbQ3 : Fe under the large grating condition.
These expectations can be clearly confirmed from the
corresponding experimental results shown in Fig. 3(a)
while the saturation diffraction efficiency is approxi-
mately independent of I for LINbO3 as shown in Fig.
2(a).

Furthermore, it is generally known that E, > Eg
and Ns < Np [10,18]. Therefore, the 74 for the small
grating (7s.¢.) is given by
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From Egs. (10) and (11), it is possible to obtain the
ratio of 7, for the large grating (tr.¢.) to 7s.c. for the
small grating under the same I as follows
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By using Eq.(12) with the numerical values
obtained for o4 and o, listed in Table 1,
one can determine the acceptor concentration
to be (1.240.2)x10*'m~3 for pure LiNbOz and
(2.5+0.4)x10*'m~3 for LiNbO3z:Fe. We found that
these values of N4, listed in Table 1, are comparable
to the result obtained by Tyminski et al. [19] using
the holographic grating-decay pattern measurements
in pure LiNbO3, and are much smaller than a known
donor density of the order of 1024/m?® in LiNbOg:Fe
[20].
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V. CONCLUSION

In conclusion, we have solved Kuktahrev equations
by taking account of not only the steady dc voltage
but also the low-intensity of the recording beams. The
modified expressions for the space-charge field and
the recording time constant are derived. In order to
verify these modified expressions, we performed holo-
graphic recording experiments as a function of the
various crossing angles and intensities of two record-
ing beams. It was found that experimental results
can be explained consistently by using modified ex-
pressions, yielding the numerical values of conductiv-
ities from the intensity dependence of 7, under the
extremely large grating condition in which diffusion
effects can be neglected. We have also demonstrated
that the acceptor concentration can be determined by
using the ratio of two recording time constants un-
der the extremely large grating and the small grating
with the corresponding prediction. We believe that
these modified expressions for the space-charge field
and the recording time constant under the steady dc
voltage condition should be useful in explaining the
photorefractive hologram recording mechanism with
photovoltaic effect.
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