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Diffraction efficiency as a function of the applied electric field for the non-linear regime has been cal-
culated by solving numerically the beam coupling equations. The refractive index variation used in the
beam coupling equations was calculated directly from the material rate equations via the total space
charge field. The diffraction efficiency of the holograms recorded in photorefractive media is not only
a function of the applied external electric field but also a function of crystal thickness, diffusion field,
reduced fringe contrast modulation ratio and absorption coefficient of the materials. The effects of these
parameters on the efficiency of the holograms have been studied in details. In the absence of the external
applied field, it is found that the diffraction efficiency of the holograms could be maximized for a thin-
ner photorefractive crystal having lower absorption coefficient and higher value of diffusion field, which
could exist at a much lower value of reduced fringe contrast modulation ratio of the index grating. More
efficient holograms can be recorded in the presence of the externally applied electric field as compared
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1. Introduction

Photorefractive materials are of considerable research interest
for the development of optical devices [1], e.g. image process-
ing, real-time holography, optical information storage, and optical
phase conjugation. Application of externally applied electric field
has been found to enhance many of the desired properties of
these materials, such as diffraction efficiency [2], photorefractive
response time [3], and holographic storage capacity [4]. The pho-
torefractive effect appears in materials which exhibit an electric
field dependent refractive index and are photosensitive, such that
the spatial distribution of photo-generated charge carriers is mod-
ified on irradiation with light. The diffraction pattern formed by
the interference of two coherent light beams within such mate-
rials generates a non-uniform internal electric field that in turn
modulates the refractive index. The resulting refractive index pat-
tern forms a grating which can diffract light and thereby give
rise to two beam coupling, whereby one of the writing beams
gains energy at the expense of the other - a property that can be
exploited in photonic devices. A detailed study of several electric-
field related effects in photorefractive crystals, such as amplitude
and phase coupling, linear and nonlinear electro-optic effects, and
the piezoelectric effect was conducted by De Vre et al. [5]. Hologram
multiplexing has been demonstrated in photorefractive crystals
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with a variable electric field used to control the Bragg condition
[6,7].

Much innovative geometry have been proposed by various
group of workers to record holograms in these photorefractive
media with and without externally applied electric field across
the crystal in both the two and four-wave mixing geometries
[8-10]. Also, to implement photorefractive holographic interfer-
ometry in an industrial environment one must need highly efficient
holograms in real-time. One of the solutions to increase the diffrac-
tion efficiency of the photorefractive holograms is the application
of electric field and magnetic field across the crystal [11-13].
But it may be cumbersome to implement such techniques in
the industrial environment. Later, a new real-time photorefrac-
tive holographic technique using two-wave mixing geometry by
exploiting the anisotropic self-diffraction geometry was proposed
by Kamshilin et al. [14] using BTO, which was then implemented
using BSO with higher diffraction efficiency by Troth and Dainty
[15]. These two dynamic holograms had good efficiency with-
out the externally applied electric field and the main advantage
was that one can use polarizer and analyzer pair to separate out
diffracted beams. In fact, this two-wave mixing and anisotropic
diffraction geometry was very suitable to dynamic holographic
interferometry. Again in this case also the diffraction efficiency
of the holograms is about 30% for BSO and much less for BTO.
Therefore, it becomes necessary to develop a new technique
to improve the diffraction efficiency of the holograms recorded
in these photorefractive media with the weak external applied
field.
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In the present paper we propose new geometry to record more
efficient holograms in the photorefractive media (e.g. BaTiO3) with
the weak external applied field using the phase conjugate beam
of the signal beam itself act as other writing beam. The advantage
of this geometry is that more efficient holograms can be recorded
at very low applied electric field (~1 kV/cm) which is significantly
less than that reported in literature (20kV/cm) [16]. The diffrac-
tion efficiency of the holograms recorded in photorefractive media
is not only a function of the externally applied electric field but also
a functions of crystal thickness, diffusion field, reduced fringe con-
trast modulation ratio and absorption coefficient of the materials.
The effects of these parameters on the efficiency of the holograms
have been studied in details for the first time.

2. Mathematical description

The electric fields of the signal beam (Es) and conjugate of the
signal beam (E) are given by,

Es = Asexpli(K - 7 — wr)] (1)
Ecs = Acs exp[—i(K - F — wt)] (2)

where As and A are the amplitudes of the signal beam and conju-
gate of the signal beam, respectively, K is the grating wave vector,
w is the frequency of the beams and 7 and t are the space and time
coordinates while propagating through the photorefractive crystal,
these waves interfere and give rise to the resultant intensity I as,

I=Io[1+ f cos(2kg - X)] (3)

where Iy =1I; +Is is the sum of the intensities of the two beams, kg
is the magnitude of the grating wave vector, Is = |As|2, Ics = |Acs|% are
the signal beam intensity and conjugate signal beam intensity. f is
the grating modulation depth given by,

_2\/gls  2yM
T lg+ls T 1+M

with the parameter M (the intensity ratio of the two beams) defined
by,

M = les (4)
I

If Np and N{) be densities of neutral and ionized donor impurity,

the net generation rate of electrons N, is given by the difference

between the rates of generation of electrons from the donors level

and recombination of electrons to the donor level, and is equal to,

Ne = (Br+sl) (Np — Nj) — yrNNj, (5)

where s is the photo-excitation cross-section, y is the electron
ionized recombination constant, fr is the thermal excitation rate
of electrons and N is the concentration of electrons in the conduc-
tion band. Neglecting the thermal generation (i.e. St < sI) the net
generation of the electrons can be written as,

Ne = sI(Np — Nj,) — yrNNj, (6)

The factors responsible for the motion of electrons in the conduc-
tion band are: (i) diffusion force due to incident spatially modulated
light intensity from the regions of higher concentration to the
regions of lower concentration, (ii) drift force due to an externally
applied electric field and (iii) due to photovoltaic effect. Therefore,
the total current density J can be written as,

J =Jor +Jpitt +Jp, (7)
where
Jor = euNE (8a)

on
Joiff = HkBTa (8b)
Jpu = Pu(Np = NI (8¢)
Egs. (7) and (8a)-(8c) yield,
3 )
J = euNE + tkgT 5" + pu(Np — Np)I (9)

where u is the electron mobility, p, is the photovoltaic constant,
E is the electric field, e is the electronic charge, kg is the Boltz-
mann constant and T is the temperature. Combining Eqgs. (5) and
(9) in continuity equations, one can write the rate equation for the
electron concentration in the conduction band as,
oN 19/

— —N,+ -2

ot et e ix

Similarly, the continuity equation for the density of ionized donors
can be written as

oONE
ot

The electric field in the crystal is given by one dimensional (along
the x-axis) Poisson’s equation,

O e, . i

— = —(Ny—N, -N 12
5 = 5N~ Ni—N) (12)
where ¢ is the static dielectric permittivity (independent of posi-
tion) and N} is the density of ionized acceptor. For the steady state
case the electrostatic condition implies that,

(10)

=N, (11)

VxE=0 (13)

And also assuming that N« Ny, Np — Ny, Nb ~ N, and after a few
steps of algebraic manipulation the equation for the number of free
electron takes the form,

N =Ny [1 +m cos(2f<g &)] (14)

where Ng =g(lg)Tg, g(lp) is the linear generation rate and ty is the
life-time of free electrons. Here, m is the reduced fringe contrast
modulation ratio given by,

M
~ [T+ (B/slo)]
Integration of Eq. (12) gives the electric field component E, (along
the x-axis) as,
(J — eD(ON/0x))

Ex = T (16)

m (15)

where, D = ukgT]e is the diffusion coefficient.
Egs. (6), (14) and (16) yield,

_ ) 1 ﬁ _L@_ 2m sin(2/2g~§)
etNo 14+ m cos(2kg-X) M

= 17)
1+ m cos(2kg - x)

For aboundary condition of constant applied voltage V over a mate-
rial of length L, we must have

L L k
Dk

1/de:K: J 1/ L.

L/, L euNoL J; 14+m cos(2kg - X) w L

L .
5 / 2m sin(2kg - X) dx (18)
0

1+m cos(2]é<g - X)

For a large number of fringes in the crystal length (L) one can write,

L
1/ 1 o1
L Jo 1+m cos(2kg -X) 2,/(1-m2)
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1 / 2m sin(2kg - X)
L' Jo 1+m cos(2kg - %)
which implies that,

J=2/(1-m?)ooE, (20)

0o = eitNo (21)

dx=0 (19)

where E; =V/L is the magnitude of the externally applied electric
field.
It may be noted that for the applied electric field, the conductiv-

ity of co-sinusoidal illumination is reduced by a factor 2+/(1 — m2)
related to the conductivity o for uniform illumination at the same
average intensity [17]. Eq. (17) can also be written as,

24/(1 —m2)

1+m cos(2f<g -X)

2m sin(2f<g -X)

d- =
1+ m cos(2kg - X)

E=E, (22)
Eq. (22) consists of two parts, the first part represents the field due
to drift and the second part is the field due to the diffusion. Here E,4
is known as the characteristic field and is given by,

Dky  (kgT
Ei=—f = (T) ke (23)
The characteristic field is independent of the material properties
and depends on the temperature only. In the absence of an exter-
nally applied electric field the charge is migrated due to diffusion
only and Eq. (22) reduces to,

2m sin(21q<g -X)

E=-E (24)

9 +m cos(2f<g -X)
Eq. (24) is the space-charge field (SCF) (for diffusion alone) and
is denoted by Es.. In photorefractive materials the SCF plays an
important role and is created by two different mechanisms: (i) the
drift (due to the applied field) and (ii) the diffusion (independent
of the applied field). The SCF which is created due to charge sep-
aration introduces a change in the refractive index via the linear
electro-optic effect (Pockels effect), is given by [18,19],

1
An= jn?reffEsC (25)

where An is the change in refractive index, rey is the effective
electro-optic coefficient and n, is the unperturbed refractive index.
This change in the refractive index leads to a refractive index grat-
ing and the diffraction efficiency (7) of such a grating is given by
[20,21],

ol . 2 ml

= - . ——A 26
1 exp( cos 03) >t (Acos@B n) (26)
Using Eqs. (24)-(26) the diffraction efficiency (7) takes the form

_ al o1 5 7l 2m sin(2f<g -X)
n =exp (f o5 93) -sin <2”rreffEd' X st Tim cos(2y 50) (27)

Eq.(27) represents the diffraction efficiency of the index grating

without the externally applied field. In the presence of an externally

applied electric field of magnitude E, the diffraction efficiency of
the index grating takes the form,

= ex (— o ) sin? <Lln3r
=P~ os O Jcos g2 T el

2/(1 -m2 2m sin(2kg - X
Eq- (I-m?) _p, 2msinCk %) (28)
14+ m cos(2kg - X) 1+ m cos(2kg - X)
Eq. (28) represents the expression for the diffraction efficiency of

the index grating as a function of the externally applied electric
field.
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Fig. 1. Variation of diffraction efficiency with crystal thickness for different values
of diffusion field with and without applied electric field.

3. Result and discussion

From Eq. (28) it is clear that the diffraction efficiency is a
function of diffusion field, externally applied electric field, reduced
fringe contrast modulation ratio, crystal thickness and absorption
coefficient of the photorefractive material. Variation of diffrac-
tion efficiency with the crystal thickness (for m=0.8, 0g=28°,
Kgx=3,a=0.2cm~!, A=632.8nm, n,=2.41, ry5=28 x 1071 cm/V)
for different values of diffusion field are shown in Fig. 1(a)—(c).
From these figures it is evident that the diffraction efficiency of
the refractive index grating varies periodically with the crystal
thickness like a damped harmonic oscillation. In this case the
absorption of the material plays the role of the damping force in
the diffraction grating. The diffraction efficiency of the refractive
index grating is found to be higher for the higher value of diffusion
field and maximum diffraction efficiency can be achieved in
thin photorefractive material provided the diffusion field of the
materials is more than 2 kV/cm. The diffraction efficiency can be
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Fig. 2. Variation of diffraction efficiency with crystal thickness for different values
of reduced fringe contrast modulation ratio with and without applied electric field.

enhanced under the application of the applied electric field. For
an electric field of magnitude 1kV/cm the diffraction efficiency
is enhanced from 66% (without electric field Fig. 1(a)) to 80%
(Fig. 1(b)) and for the applied electric field be 2kV/cm it is 86%
(Fig. 1(c)) and is different for different values of diffusion field.

Fig. 2(a)-(c) shows the plots of diffraction efficiency with
crystal thickness for E;=2kV/cm, 05=28°, Kgx=3, a=02cm™1,
1=632.8nm, n,=2.41, ryr=28 x 10710 and for different values of
reduced fringe contrast modulation ratio without applied electric
field (Fig. 2(a)) and with the applied electric field (Fig. 2(b) and
(€)). It is clear that the diffraction efficiency of the refractive index
grating is higher for the higher values of reduced fringe contrast
modulation ratio (without applied electric field). It is interesting to
note here that under the application of external field the material
response becomes reverse i.e. the diffraction efficiency of the index
grating is found to be higher for the lower values of reduced fringe
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Fig.3. Variation of diffraction efficiency with crystal thickness for different values of
the absorption coefficient of the photorefractive materials with and without applied
electric field.

contrast modulation ratio (Fig. 2(b) and (c)). From Fig. 1(a)-(c), one
can see that the maximum diffraction efficiency of the index grat-
ing is shifted towards the lower values of crystal thickness as we
increase the externally applied field. Diffraction efficiency can be
raised by applying electric field. It increases from 46% to 80% when
the applied field is increased from 0 to 1kV/cm and it reaches to
90% when we apply an electric field of magnitude 2 kV/cm for the
reduced fringe contrast modulation ratio m= 0.5 which is quite less
than m (=0.9) [16].

In Fig. 3(a)-(c) we show the effect of the crystal thickness on
the diffraction efficiency for a sample for m=0.8, 05 =28°, Kz-x=3,
Eg=2kV/cm, A =632.8nm, ny =241, ryp=28 x 10710 and for differ-
ent values of absorption coefficient. From these figures it is obvious
that the diffraction efficiency of the index grating increases with
crystal thickness and reaches to a maximum and afterwards it
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decreases and becomes minimum and again it increases and shows
a periodic variation with the thickness of the material. It can be
easily understood that the diffraction efficiency is lower for more
absorbing materials. It is interesting to note that the maximum
diffraction efficiency is observed at different crystal thicknesses for
different values of absorption coefficient whereas its minimum is
at the same crystal thickness for all values of absorption coeffi-
cient of the material. Further the maximum diffraction efficiency
of the index grating is shifted towards the lower values of the
crystal thickness for the higher values of absorption coefficient.
The diffraction efficiency of the grating can be raised by applying
external applied electric field. The second maximum of diffraction
efficiency is observed with lower height to first maximum and the
third maximum with lower height to the second maximum and so
on due to the material absorption.

Variation of diffraction efficiency with reduced fringe con-
trast modulation ratio for L=2cm, 05=28° Kg-x=3, ®=0.2cm™!,
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Fig. 5. Variation of diffraction efficiency with reduced fringe contrast modulation
ratio for different values of crystal thickness of the materials with and without
applied electric field.

A =632.8nm, ny=2.41, r,p=28 x 10710 and for different values of
diffusion field is shown in Fig. 4(a)-(c). It is evident from these
figures that the diffraction efficiency increases with increasing
reduced fringe contrast modulation ratio and is higher for higher
values of diffusion field with constant diffusion field (without elec-
tric field) Fig. 4(a). With the external field one can seen that higher
diffraction efficiency is obtained at lower values of the reduced
fringe contrast modulation ratio as compared to that without field.
However, the magnitude of the diffraction efficiency maxima of the
index grating is unaffected with the variation of applied electric
field. It can also be seen that there is no change in the magnitude of
diffraction efficiency with the diffusion field but the maxima and
minima of the diffraction efficiency are observed at the lower val-
ues of the reduced fringe contrast modulation ratio for the lower
values of diffusion field.
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Fig. 5(a)-(c) shows the plots of diffraction efficiency with the
reduced fringe contrast modulation ratio for E; =2 kV/cm, 05 =28,
Kgx=3,0=0.2cm™1,1=632.8nm, n;=2.41,r,5=28 x 1010 and for
the photorefractive materials of different thicknesses and with the
applied electric field. From these figures one can easily see that thin-
ner material shows higher diffraction efficiency than that of thicker
materials. If we apply an external field the maxima of the diffraction
efficiency is observed at the lower values of m but the magnitude
of the maximum diffraction efficiency remains unchanged with
the applied. When the magnitude of the applied field is 1 kV/cm
the minima of the diffraction efficiency is observed at the par-
ticular value of m for L=2cm and L=4 cm whereas for L=3 cm it
shows maxima at that particular value of m. But for the applied
field 2 kV/cm one of the minima’s of the diffraction efficiency for
L=2,3,and 4 cm observed at the same value of m=0.45, not all but
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Fig. 7. Variation of diffraction efficiency with absorption coefficient of the photore-
fractive materials for different values of diffusion field with and without applied
electric field.

maxima are different for different values of crystal thickness and
are observed at different values of m.

Variation of diffraction efficiency with the reduced fringe con-
trast modulation ratio for E;=2kV/cm, 05=28°, Kg-x=3, L=2cm,
1=632.8nm, n,=2.41, ryr=28 x 10719 and for different values of
absorption coefficient is shown in Fig. 6(a)-(c) without and with
externally applied electric field. A periodic variation is observed
in diffraction efficiency with reduced fringe contrast modulation
ratio. Efficiency is different for different values of absorption coef-
ficient. The material having lower absorption coefficient shows
higher diffraction efficiency. The maxima and minima of the diffrac-
tion efficiency are observed at the same value of m for any value
of absorption coefficient. However, the maxima and minima are
shifted towards the lower values of m for the higher values of
applied external electric field [Fig. 6(a)-(c)].
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Fig. 7(a)-(c) depicts the variation of diffraction efficiency as
a function of absorption coefficient of the material for m=0.8,
0p=28° Kg-x=3,L=cm, A =632.8nm, n; = 2.41, rr=28 x 1071% and
for different values of diffusion field with and without the exter-
nally applied electric field. From these figures it is evident that the
diffraction efficiency decreases with increasing absorption coef-
ficient and it has different magnitudes for different values of
diffusion field. Further, its magnitude is higher for higher values
of diffusion field in the absence of field. On applying the electric
field the efficiency is lower for higher diffusion field. When we
apply electric field of magnitude 1 kV/cm, the observed diffraction
efficiency is lower for higher values of diffusion field. However,
in the case when the magnitude of the externally applied elec-
tric field is 2kV/cm the magnitude of the diffraction efficiency
is found to be higher for higher values of diffusion field. Thus,
one can say that with the application of external electric field of
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Fig. 9. Variation of diffraction efficiency absorption coefficient of the photorefrac-
tive materials for different values of crystal thickness of the materials with and
without applied electric field.

magnitude 2kV/cm the diffraction efficiency shows the reverse
effect to that with the field of magnitude 1kV/cm [Fig. 7(b)-(c)].
From Fig. 7(a)-(c) one may conclude that the diffraction effi-
ciency of the holograms can be enhanced by applying the electric
field of smaller magnitude (E; <1kV/cm) which is possible for
much lower value of diffusion field (E; <1kV/cm) of the pho-
torefractive material. This means that the diffraction efficiency
of the hologram can be increased by applying lower magnitude
of the electric field with the very small value of the diffusion
field.

Variation of diffraction efficiency with absorption coefficient
for E;=2kV/cm, 0p=28°, Kg-x=3, L=2cm, A=632.8nm, n,=241,
Tefr=28 x 10719 and for different values of reduced fringe contrast
modulation ratio is shown in Fig. 8(a)-(c). From these figures it is
clear that the diffraction efficiency decreases with the increasing
absorption coefficient. Its magnitude is different for different
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values of m but it is higher for lower values of m in absence of the
applied field. When we apply electric field of magnitude 1kV/cm,
observed diffraction efficiency is lower for higher values of m but
for lower values of m (=0.5) there is no change in the magnitude
of the diffraction efficiency. But with external electric field of
magnitude 2 kV/cm it shows the reverse effect of that in case of the
external field of 1kV/cm, i.e. for m (=0.5) the diffraction efficiency
reduces from 59% to 27% and for m (=0.9) it increases from 18%
to 43% while for m=0.8 it reduces to a minimum value. Thus, one
may conclude that without electric field the diffraction efficiency
of the hologram recorded in photorefractive media is better than
that of the recorded in the presence of electric field.

Variation of diffraction efficiency with absorption coefficient
for m=0.8, E;=2kV/cm, 0p=28°, Kz-x=3, A=632.8nm, n,=241,
Teff=28 x 10-10 and for the materials of different thickness is shown
in Fig. 9(a)-(c). It is evident from these figures that the diffraction
efficiency decreases with the increasing absorption coefficient of
the material and its magnitude is different for different values of
crystal thickness but is higher for higher values of crystal thickness
in the absence of the externally applied electric field. On apply-
ing the electric field of magnitude 1kV/cm, diffraction efficiency
is lower for higher values of crystal thickness. But with the exter-
nal electric field of magnitude 2 kV/cm it shows the reverse effect
to that in case of the externally applied electric field of 1 kV/cm.
From Fig. 9(a)-(c) one may observe that the diffraction efficiency
of holograms can be increased by increasing the crystal thickness
of the photorefractive materials in the absence of the electric field
whereas, in the presence of the electric field (E; <1kV/cm) the
diffraction efficiency of holograms can be enhanced by reducing
the crystal thickness of the photorefractive materials.

4. Conclusion

The diffraction efficiency of a holographic index grating in pho-
torefractive materials has been calculated by solving the material
rate equations via the total space charge field. It is found that in the
absence of externally applied electric field the diffraction efficiency
of the grating is higher for the higher reduced fringe contrast modu-
lation ratio. It is interesting to note here that under the application
of externally applied electric field the response of the materials
becomes opposite i.e. the diffraction efficiency of the index grating
is found to be higher for the lower reduced fringe contrast modula-
tion ratio and vice versa. Diffraction efficiency can be enhanced by
applying external electric field. It can be enhanced up to 95% with
a field of 20kV/cm [16] but in the present case it can be enhanced
from 46% (without field) up to 80% with the applied electric field of
magnitude 1 kV/cm. It reaches to 90% for an electric field of 2 kV/cm
(for the reduced fringe contrast modulation ratio m=0.5). With
the application of the externally applied electric field more effi-
cient holograms can be recorded at very low applied electric field
(~1kV/cm) which is very less than that used in the earlier work
(20kV/cm) [16].
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