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By jointly solving two-centre material equations with a nonzero external electric field and coupled-wave equations,

we have numerically studied the dependence of the non-volatile holographic recording in LiNbO3:Ce:Cu crystals on the

external electric field. The dominative photovoltaic effect of the non-volatile holographic recording in doubly doped

LiNbO3 crystals is directly verified. And an external electric field that is applied in the positive direction along the

c-axis (or a large one in the negative direction of the c-axis) in the recording phase and another one that is applied in

the negative direction of the c-axis in the fixing phase are both proved to benefit strong photorefractive performances.

Experimental verifications are given with a small electric field applied externally.
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1. Introduction

Non-volatile holographic recording in LiNbOgs
(LN):Fe:Mn crystals has become an interesting topic
since it was proposed!!] in hopes of solving the problem
of washing out the stored information in singly doped
LN crystals in the readout stage. The characteris-
tics of LN:Fe:Mn crystals have ever since been inves-
tigated extensively,?~4 and the application of such a
crystal to holographic memory has been reported.!®:°!
Recently, LN:Ce:Cu crystal is found to be another
promising photorefractive material for non-volatile
holographic recording and it attracts much atten-
tion of all because it can provide a high and persis-
tent refractive-index change with weak light-induced
scattering.!” ! For optimizing the holographic record-
ing in this promising photorefractive material, the-
oretical analyses of the dopant densities and the
oxidation—reduction processing for LN:Fe:Mn crystals

are extensively made.[10~16]

However, in all extensive investigations of opti-

mizations of LN:Ce:Cu crystals, the low photon exci-
tation efficiency (only about one out of one hundred
absorbed photons can excite an electron) restricts the
practical optimization capacity, and the depth of the
total grating is greatly reduced as a result of a phase
difference of 180 degrees between shallow and deep
gratings.[112] So, the insufficient value of refractive-
index change (RIC) requires an additional energy
added to the crystal. In this paper, it is suggested that
an external electric field (EEF) is used to provide the
additional drift energy for LN:Ce:Cu crystals, which
was proved to be able to improve the holographic
recording in singly doped LN crystals.['718] Different
from its application only to holographic recording in
singly doped LN crystals, the EEF can be applied not
only to the recording but also to the fixing phases of
non-volatile holographic recording. Due to the dom-
inative photovoltaic effect in doubly doped LN crys-
tals, which is clearly proved by the spatial phase shift
(SPS) between the grating and the light interference

pattern, remarkable improvement in RIC is obtained
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by applying an EEF in the positive direction along the
c-axis (or a large EEF in the negative direction of the
c-axis) in the recording, and by applying an EEF in

the negative direction of the c-axis in the fixing phase.

2.The unified theory for the
electric-field-related

photorefractive process
2.1. Material equations with nonzero EEF

In general, the two-centre holographic recording
can be described by Kukhtarev equations modified
for doubly doped crystals.'223] When two ordinary-
polarized, coherent writing beams are symmetrically
incident upon the crystal and propagate in the zz
plane, a sinusoidal interference pattern along the x-
axis (c-axis) is produced, along which an EEF is ap-
plied. As usual, each variable is assumed to vary si-

nusoidally with z, and is replaced by its average and

(gD + 'YDNeO)N]Sl + (gS + ’YSNeO)NSE -

fundamental component of the Fourier series (denoted
by the subscripts of 0 and 1). Then, the two-centre
material equations with a nonzero EEF can be sepa-

rated into two sets of zeroth- and first-order equations

as follows:
ON, _ _
TDO = _gDNDo + 'YDNeO(ND - NDO)) (1)
ONg, _ _
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Neo = oot 9shso (5
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Nel =
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where gp = Sp,L.ILo + Sp,alH, 9s = Ss,LlLo+Ss,ulH,
kp = kp,LILo+kp ulH, and ks = kg LIro+Ksula. In
the above, the subscripts D and S indicate the deep
and shallow centres, and L and H denote the lower
(red) and higher frequency (UV) light, respectively;
N, N—, and N, are densities of centre, the electron
in a centre, and the conducting electron, respectively;
v, S, kT, kg, I and K are the recombination coef-
ficient, the photo-excitation constant, the bulk pho-
tovoltaic coefficient, crystal temperature, Boltzmann
constant, the intensity of light and the spatial fre-
quency of interference pattern, respectively; ¢, €, €
and p are the permittivity in free space, the electron
charge, the dielectric coefficient and the electron mo-
bility in the conduction band, respectively; Ej is the
EEF; The total intensity of red light Irq is defined as
I = A1 AT 4+ Ag A5, and the complex light modula-
2A, A5

Lo
and A, are the complex wave amplitudes of the two

tion m can be described as m = , where A;

recording beams.

No kgTuK? ’
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The space-charge field (SCF) E,. can be ex-
pressed as

—ie

Esc = T

eegK

And the RIC n; can be obtained from the SCF FEg¢

according to the linear electro-optic effect

(Np, + Ng; + Net). (7)
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_ o sc 8
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where n, is the average refractive index of LN crys-

niexp(ign, ) =

tal for ordinary-polarized recoding light, ;3 is the
electro-optic coefficient and ¢,,, is the complex angle

of ny.
2.2. Coupled-wave equations

With a little modification to Kogelnik theory of
the static volume grating, the coupled-wave equations
of the two red beams in the dynamic volume grating
of the photorefractive crystals('*15] can be described
as

dA; imng

cos(ﬂ)g =-=

exp(ign,)dz = S A1, (9)
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where A, a and 6 are the wavelength, the absorption

(10)

coefficient and the incident angle of the red beam in-
side the crystal, respectively.

The SPS which is defined as the phase of the grat-
ing with respect to the light interference pattern can
be expressed as

¢ = bn, — bm., (11)

where ¢,, is the complex angle of the modulation co-
efficient m.

Considering the light absorption, the intensity of
UV light is given by

(12)

where ayy and Igg are the absorption coefficient and

Iy = Inoexp(—ayvz),

the total intensity of UV light respectively, and z is
the depth of the crystal.

3. Numerical calculations and dis-

cussion

In this section, we study dependences of RICs and
SPSs on the EEF applied to a 2-mm-thick LN:Ce:Cu
crystal.  The concentrations of Ce and Cu are
1.6x10%°m~3 and 3.8x10%*m3respectively and the
initial total electron concentration amounts to 90% of
the concentration of deep centre Cu. In the record-
ing phase, the iso-intensity recording beams (633nm,
the incident angle is 6.5° inside the crystal) and UV
light (365nm) are assumed to illuminate the crystal

for 150 min, and the recorded grating reaches satura-

tion. Then one of the red beams is used to readout
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the recorded grating for 100 min, and the final grating
arrives at a fixed state. For calculations, we divide the
crystal into a large number of layers each with a suffi-
ciently small thickness along the depth z, and the dy-
namic processes for recording and fixing a non-volatile
hologram can be analysed by jointly solving the two-
centre material and coupled-wave equations by use of
the fourth-order Runge-Kutta method with respect
to time ¢t and depth z on the following conditions:
for recording, Iyyg =200W/m?, Ity =5000 W/m?; for
fixing, Ito=0, It =2500 W/m?2. In calculation, the
parameters used here are =28, y=7.4x1075 m?/Vs,
£0=8.85x10"12As/Vm, e=1.6x10"1°C, T = 293K,
kg = 1.38x10722J /K, 13 = 1.09x 10~ m/V, ayy =
3500m~1, a=178m~!, yp = 2.4 x 1073m3 /s, 75 =
1.65 x 107'm3/s, Sp =0, Spu=3.6x10"°m?/J,
Ss.1,=3.3x107%m?/J, Ssu=3.8x10""m?/J, kp, =0,
kpu = —1.1 x107%m3/V, kg, = —7 x 1073*m?/V,
ksu = —1.4 x 10732m3/V, and n,=2.286.1%

3.1. EEF applied in the recording phase

In Fig.1(a) plotted are the variations of the SPSs
in the recording phase with the depth z under differ-
ent EEFs. We can see that the SPSs are all close to
0° or 180° in these situations, which indicates that ei-
ther the photovoltaic effect or the drift effect, or both
of them, dominate in the recording phase in the crys-
tal. At a zero EEF, the nearly 0° SPS gives a direct
verification of the dominant photovoltaic effect in the
crystal without EEF. So, in the recording phase, ei-
ther the large photovoltaic field or the EEF, or both
of them, benefit strong gratings built in the LN:Ce:Cu
crystal.
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Fig.1. Variations of (a) SPSs and (b) saturation RICs with the depth of the crystal versus EEF Ej applied
in the recording phase. The mark “—” denotes the negative direction of the c-axis.
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The variations of the saturation RICs with the
depth z with different EEFs Ey applied in the record-
ing phase are presented in Fig.1(b). Due to the rel-
atively strong absorption of UV-light, all the RICs
undergo an increasing-to-maximum-to-decreasing pro-
cess along the depth z. When an EEF is applied in
the positive direction of the c-axis, the RICs increase
with the increase of Ey; they drop down to a minimum
when the EEF completely cancels the photovoltaic
field, and grow afterward with the increase of EEF ap-
plied in the negative direction of the c-axis. The value
of RIC can be greatly increased when Ey=10kV/mm
is applied compared with that in the zero-field case.
And the small value of the dominant diffusion elec-
tric field at the minimum location gives another veri-
fication of the dominative photovoltaic effect that the
photovoltaic field is much greater than that of the dif-
fusion in doubly doped LN crystals and the location of
the minimum is a direct measure of the photovoltaic
field in this system. Due to the dominative photo-
voltaic effect in this system, applying an EEF in the
positive direction of the c-axis in the recording phase
will add an additional drift field to the photovoltaic
one and applying an EEF in the negative direction will
cancel some portion or even total of it. So, stronger
gratings will be recorded by applying an EEF along
the positive direction of the c-axis or applying an EEF
much larger than the photovoltaic field in the negative

direction of the c-axis in the recording phase.
3.2. EEF applied in the fixing phase

As performed in the recording phase, we theoreti-
cally investigate the effect of EEF applied in the fixing
phase on the fixed RICs when Ey=0 in the recording
phase. In this section, the average fixed RICs are used
to simulate their variations versus EEF.

Different from the mechanism in the recording
phase, the mechanism in the fixing phase is much
more complicated. Electrons are excited by reading
red light from shallow ions and move in the conduc-
tion bands, and then they are finally trapped in a deep
centre. Since there is a phase difference of nearly 180
degrees between the recorded shallow and deep grat-
ings in the doubly doped LN crystal,['''?l the large
photovoltaic field and EEF in the positive direction
of the c-axis in the fixing phase go against a strongly
fixed grating. As shown in Fig.2, the fixed RICs in-
crease with the increase of EEF applied in the negative
direction of the c-axis, but in contrast they decrease
with the EEF applied in the positive direction of the c-

axis increasing. So, in the fixing phase of non-volatile
holographic recording, an EEF in the negative direc-
tion of the c-axis should be applied in order to improve

the photorefractive performance.
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Fig.2. Variations of averaged fixed RICs versus EEF
FE applied in the fixing phase. The mark “~” denotes

the negative direction of the c-axis.
4. Experimental verification

4.1. Experimental setup and process

Experiments are performed with congruent 2-
mm thick LN crystals doped with 0.307wt.% Cey03
and 0.011wt.% CuO, grown in air by the Czochral-
ski method and annealed at 900" C in air for 6 hours.
An ordinary-polarized beam from a 30-mW He—Ne
laser is split into two beams each with an intensity
of 2500W /m?, which are incident upon the crystal
symmetrically at an incident angle of 15°. The grat-
ing wave vector is aligned parallel to the c-axis of the
crystal. The 365nm UV light for sensitization is pro-
duced with an intensity of 200W/m? from a 25-mW
Art laser.

exposed to the UV for one hour. Then the holograms

In the experiments the crystals are pre-

are recorded by the two interfering beams, together
with the UV light, until quasi-saturation is reached.
Finally, the holograms are fixed with only one He—
Ne laser beam. In the experiments, the diffraction
efficiency is defined as the ratio of the intensity of
the diffracted light to that of the total reading light.
During recording, one of the beams is blocked from
time to time, and correspondingly another beam is
diffracted from the recording grating, allowing us to
evaluate the diffraction efficiency. During fixing, only
the beam used for diffraction observation is still used

for both readout and measurement.

4.2. Experimental results
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Considering a practicable and inexpensive way to
provide an EEF, we use a small field of 1kV/mm in
this transmission geometry. The experimental results
of applying the EEF in the recording phase are pre-
sented in Fig.3(a). Applying the EEF Ey=-1kV/mm
can reduce the intensity of the photorefractive grat-
ing by cancelling a portion of the photovoltaic field,
but applying the EEF Ey=1kV/mm will increase it by
adding a drift field in the crystal. So, the diffraction
efficiency is decreased when the EEF Ey=-1kV/mm
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Fig.3. Variations of diffraction efficiency versus time

under different EEF's separately applied in the record-

The mark
‘> denotes the negative direction of the c-axis.

ing phase (a) and in the fixing phase (b).

is applied and enhanced when the EEF Fy=1kV/mm
is applied.

The experimental results of applying an EEF in
the fixing phase also show a well agreement with cal-
culations which are plotted in Fig.3(b). Applying the
EEF Ey=-1kV/mm will enhance the RIC, but apply-
ing the EEF Ey=1kV/mm will reduce the RIC in the
crystal, so the final diffraction efficiency is increased
by applying Ey=—1kV /mm and decreased by applying
Ey=1kV/mm.

4.3. Discussion

Since the transmission geometry and the solid
electrodes are adopted in experiments here in this ar-
ticle, a small EEF is used. In the reflection geometry,
because the thickness of the crystal along the c-axis
can be much smaller, a larger EEF may be easily ap-
plied by using liquid and transparent electrodes, thus
a remarkable improvement will be observed. Here, ac-
tive phase stabilization is ensured in this case where
the fringe spacing of the holographic grating is much

smaller than that in the transmission geometry.
5. Conclusion

On the basis of a unified theory for an electric-
field-related photorefractive process, we investigate
the dependences of the values of the RICs and SPSs
on the EEF applied in the recording phase and also
the dependences of the values of the averaged fixed
RICs on the EEF applied in the fixing phase. Due
to this two-centre system, RIC in the doubly doped
LN:Ce:Cu crystals can be greatly improved by apply-
ing an EEF in the positive direction of the c-axis (or
a large EEF in the opposite direction) in the record-
ing phase and by applying an EEF in the negative

direction of the c-axis in the fixing phase.
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