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Abstract- A theoretical study has been done to investigate the 

significant enhancement of the photorefractive and photovoltaic 

effects of a new co-doped potassium niobate crystal (KNbO3: Fe: 

Ag) as compared to the result obtained for singly doped 

potassium niobate crystals. The co-doped Ag impurity enters the 

K site, rather than the typical Nb site, thus changing the local 

field in the lattice. It is believed that Fe perturbed by the Ag in 

the K site is responsible for an enhancement of the linear 

absorption and photocurrent, as well as for the probable increase 

in the effective trap density. An enhanced trap density is likely 

the cause of the increased photorefractive counter-propagating 

two-beam coupling efficiency. 

Index Terms— Photorefractive effect, two-beam coupling, 

KNbO3: Fe: Ag, photovoltaic effect. 

I. INTRODUCTION 

The invention of LASER gave rise a new physics called 

non-linear optics. Raman Scattering, Brillouin Scattering was 

observed through nonlinear experiment. It was also observed 

that the refractive index changes occurred for intense laser 

beams. This result opened up a whole new world of physics. 

Photorefractive (PR) effect is a nonlinear phenomena which 

changes the local index of refraction by the spatial variation of 

light intensity. The formation of nonlinear optics originated in 

the early 1960’s. The discovery of the optical second harmonic 

generation (1961) was commonly recognized as the first 

milestone of the nonlinear optics. The photorefractive effect 

was accidentally discovered in 1966 in LiNbO3 and BaTiO3 [1]. 

Two years later, holographic storage was demonstrated in 

LiNbO3 using this newly discovered effect [2]. 

Chen, in 1969, proposed a model based on the migration of 

photo excited electrons which explained the main experimental 

observations and set the basis for future theoretical and 

experimental research [3]. Kukhtarev et al, derived the 

dependence of the refractive index change on light intensity 

and material parameters and described the coupling of beams 

in thick photorefractive grating [4]. 

Under the action of laser radiation a photo-induced charge 

in the refractive index occurs in the crystal of lithium niobate. 

This phenomenon is called the “photo-refractive effect”. The 

presence of the effect of photo-refractive considerably retards 

the application of this unique crystal in optics as frequency 

transformers, electro-optic modulators etc. The photorefractive 

effect in crystals of lithium niobate of variable composition 

was investigated in 2005 [5].  

The mechanism of photorefractivity, although not fully, is 

quite well understood. This led to the recent observation of 

photorefractivity in new classes of materials such as organic 

crystals [6], polymers [7] and liquid crystals [8]. In figure 1, 

the basic mechanism is explained. The photorefractive effect is 

observed in materials which are both electro-optic and photo-

conducting. If such a sample is illuminated with a no uniform 

light intensity pattern resulting from interference of two 

mutually coherent beams, charge generation will take place at 

bright areas of the fringes.   
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Fig. 1: Mechanism of the photorefractive effect. A 

sinusoidal distribution of light intensity causes spatially 

modulating charge generation. The mobile charges diffuse and 

get trapped at the dark areas. A space charge field is 

established which changes the refractive index via the electro-

optic effect. 

Two beams of light can interact in a photorefractive crystal 

in such a manner that energy is transferred from one beam to 

other [9]. This process, which is often known as two-beam 

coupling, can be used for example, to amplify a weak, image-

bearing signal beam by means of an intense pump beam. 

Exponential gains of 10 per centimetre are routinely observed. 

Two wave mixing (sometimes referred to as two beam 

coupling) is an exciting area of research in non linear optics 

[10]. This area involves the use of nonlinear optical media for 

the coupling of two electromagnetic waves, especially the 

energy exchange between them.  

 

II. ENHANCEMENT MECHANISM 

It is possible to calculate the magnitude of the internal 

space charge field E, produced by the photo generated charges 

in SL photorefractive system from the measured value of the 

2BC gain r using the following expression:  
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where n is the index of refraction, λ the optical wavelength 

and θ the incident angle. The effective electro-optic coefficient 

reff depends on the magnitude of the applied external electric 

field but is small [11]. If one carries out the calculation using 

Eq. (1) for the systems listed in Table 1, it becomes clear that 

the calculated internal space charge field is greater than the 

external electric field, a physical impossibility. An 

enhancement mechanism must be present. The enhancement 

arises from the ability of the dipolar chromospheres to be 

aligned, not only by the externally applied poling field, but also 

by the internal sinusoidal varying space charge field produced 

by the photo generated charges [12].The resulting spatially 

periodic poling of the sample leads to a modulation of the 

birefringence of the material and to a modulation of the electro-

optic response, the combination of which can substantially 

enhance the measured photorefractive gain and efficiency.  

The nonlinear response of the material is quadratic in the 

total electric field. This can be simply seen in the case of the 

electro-optic coefficient modulation from the relationship: 
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Since reff depends on the total electric field, ∆n in Eq. (2) 

must depend quadratically on ET. As the bottom panel of the 

figure indicates, when no dc electric field is present, the 

modulation is at twice the frequency of the interference grating 

produced by the incident light. This means that there will be no 

first order diffracted beam.  

 

III. MODEL OF SPACE CHARGE FIELD WITHOUT 

APPLIED FIELD E0 

Potassium niobate (KNbO3) is a well-known electro-optic 

material, which when doped with impurities that act as donors 

and acceptors the crystal becomes photorefractive [1-3] . When 

forming an interference pattern inside the crystal with two 

mutually coherent laser beams, the donor ions are photo-

ionized and the delocalized charges are trapped by the acceptor 

ions in the dark regions. Through the linear Pockel’s effect, the 

periodic space-charge field generates a periodic index of 

refraction, i.e., photorefractive grating. In the case where a 

phase shift between the periodic index of refraction and the 

interference pattern exists, the power from one beam couples 

into the other beam, this effect maximizes with a π/2 phase 

shift [4]. 

The differences between the optical and electrical 

properties in regions of strong coupling and regions of weak 

coupling in KNbO3:Fe are investigated. The difference 

between these regions is likely due to the presence of an 

unintentional impurity. The contamination in the KNbO3:Fe 

crystals was from the post-growth poling process, since the 

regions of contamination are concentrated along the surfaces of 

the crystals where electrodes are placed.  

 

 
Fig.2. Visible/near-IR absorption spectra of KNbO3:Fe. 

(solid line) Absorption of the Fe next to Ag (region of strong 

coupling), (dotted line) absorption of the Fe next to K (region 

of weak coupling). 

The photorefractive centers (e.g., Fe) in KNbO3 go in 

substitution ally for the Nb site (FeNb — Fe in a Nb site) and 

this may be achieved with or without charge compensating 

defects. It is unlikely that Fe ions would enter the K site 

because of the relatively large difference in ionic radii. The Fe 

ions, where the ionic radii of Fe
2+

 (donor) and Fe
3+

 (acceptor) 

are too small to replace the larger K
+
 ion. Because of the 

similarities in the size and charge of Ag
+
  it is most likely to 

enter the K
+
 site (Agk—Ag in a K site), changing the local field 

in the lattice and in turn perturbing the Fe Nb (next near 

neighbor) causing a change in the linear absorption. 
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Fig. 3. IR absorption spectra of the OH

—
 feature in KNbO3: 

Fe,Ag. (Gray line) OH
—

 absorption in region of weak coupling 

and (black solid line) absorption of the OH
—

 in region of 

strong coupling (influenced by the presence of Ag). The circles 

(difference of the black and gray bands) indicate the new OH
—

 

band that forms in the presence of Ag 

The position of the K and Ag ions with respect to the other 

ions making up the host lattice in Fig. 4. The lattice structure of 

KNbO3 is shown with the substitutionally replaced K and Nb 

ions. The lattice structure is composed of a cubic cell 

consisting of niobium, potassium, and oxygen ions surrounding 

oxygen octahedral with a niobium ion in the center [7]. 

Although it is not depicted in the schematic of the lattice, the 

actual structure is elongated along one of the face diagonals of 

the cube and compressed along the other [8].  

 
Fig. 4. Fe and Ag sites in the KNbO3 lattice. The ions are 

depicted by: (large filled circles) K ions, (large open circles) O 

ions, (small filled circles) Nb ions, (small striped circles) Fe 

ions, and (large striped circles) Ag ions. 

The linear absorption plays a role in the enhancement of the 

photorefractive and photovoltaic effects, but it does not 

account for the significant improvements observed in 

KNbO3:Fe,Ag [13,14]. KNbO3:Fe has a relatively large 

absorption coefficient (4.7 cm
-1

 at 488 nm), yet the 

photovoltaic field is weak (145 V/cm). Instead of the increased 

absorption being the key parameter in the enhancement of the 

photovoltaic effect in KNbO3:Fe,Ag, it is a greater probability 

that it is due to the perturbed FeNb. The transient and steady-

state response of the current associated with the photovoltaic 

effect are generated using 514 nm laser light, Fig. 5. The 

steady-state photocurrents are approximately the same for 

regions of strong and weak-coupling, but a strong difference in 

the transient case. In the region of weak-coupling the main 

feature observed in the transient regime is the pyroelectric 

current (sharp rise with a subsequent gradual reduction as the 

crystal reaches a thermal equilibrium); a weakly opposing 

photocurrent is also present. In the region of strong coupling, 

the large pyroelectric current signal is strongly opposed by a 

sharp rise (negative direction) in the transient photocurrent. 

 

 
Fig. 5. Pyroelectric and photovoltaic currents (transient and 

steady-state) in the regions of strong coupling/perturbed Fe 

(dotted line) and no-coupling/unperturbed Fe (sold line). 

The TBC efficiency is strongly dependent on the trap 

density. The TBC efficiency can be sensitive to the magnitude 

of the photovoltaic field, but the photovoltaic effect is apparent 

only when the photovoltaic field becomes significant compared 

with the saturation field (the maximum possible field). The 

saturation field depends linearly on the trap density. An 

increase in trap density due to the incorporation of Ag into the 

material should increase the space-charge field [13], but 

because of the current lack of uniform materials, the standard 

TBC method for measuring the trap density is not feasible. 

However, given the degree of TBC enhancement in relation to 

the relatively small photovoltaic field, it is most likely that the 

improved beam coupling occurs through an enhancement of 

the trap density. 

Unlike common dopants in KNbO3 crystals where the K 

sites (K) remain unaffected by the incorporation of impurities, 

Ag ions replace K ions (Agk) and play a significant role in the 

perturbation of the main photorefractive donor site (FeNb). The 

visible absorption and the IR absorption of the OH
—

 are also 

strongly influenced by the presence of Ag, which increases the 

sensitivity and extends the spectral range. In addition, the 

perturbation of the donor ions (FeNb) enhances the photovoltaic 

effect. The incorporation of Ag also increases the trap density 

and the photorefractive counter-propagating TBC is enhanced.  

The space charge field is purely imaginary; it is given by 
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The Eqs. (3~9) illucidate several interesting properties of 

the photorefractive effect. First, the space charge field or the 

two-beam coupling gain coefficient, respectively, is diminished 

by the intensity dependent factor ξ, which can take values 

between zero and one. Second, the charge limited field Eq is 

the sum of the trap density limited field, which is proportional 

to the effective trap density N, and a free carrier density limited 

field, which is proportional to the free electron density N0. 

Therefore, the density N, usually determined from the fringe 

spacing dependence of the gain coefficient and identified with 

Ne, differs from the density Ne by a factor η, which can take 

values between one and Nd/Na and may thus differ appreciably 

from unity. Third, the density N changes with the intensity. 

Therefore, the grating vector dependence of the space charge 

field as well as the gain coefficient changes for different 

writing intensities. The formula (3) show that the space charge 

field is phase shifted by П/2 with respect to the interference 

pattern. 

On the Fig. 6, variation as a function of fringe spacing, of 

space charge field is represented for different light intensities. 

This field happens by a maximum for a fringe spacing of 

2.4μm , and then he decreases when the fringe spacing become 

of more in big addition, it is very important for the small light 

intensities. 

 

 
FIG. 6. Variation of space charge field as a function of 

fringe spacing for different light intensities I0. 

In two beams coupling, two coherent waves interfere in a 

crystal under an angle 2θ and may exchange energy in the 

region where the beams overlap. Commonly the beams are 

plane waves with polarization either perpendicular or parallel 

to the plane of incidence. In KNbO3 the grating vector of the 

phase grating is chosen parallel to the polar z axis and the 

interacting waves are polarized parallel to the plane of 

incidence. In this case the electro-optic coefficient r33 is 

responsible for beam coupling.   

 
 

FIG. 7. Two beam coupling in KNbO3 crystals with the 

grating vector parallel to the z axis and beam polarizations in 

the x-z plane. 

In Fig.7, when the incident beams are polarized 

perpendicular to the y-axis the exponential gain is given by- 
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Since the temperature is defined as a constant and BK
  is 

Boltzman’s constant and taking  e, 0, N(I0)  as a constant to 

get a simple form of equation. Thus a equation is obtain which 

has only two variables. 
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In Fig. 8, Variation for a light intensity I0 = 70 mW/cm
2
 and 

three different wavelength, of the exponential gain as a 

function of fringe spacing, the electro-optic coefficients r13 = 
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28 pm/V, r33 = 64 pm/V [14,15] and the refractive indices 

regrouped in table 1. 

 
FIG. 8. The coupling gain г as a function of fringe spacing 

I0 = 70 mW/cm
2
 and tree different 

wavelength. 

By using the same equations, we also calculated the 

exponential gain (Fig. 8) for a small modulation m = 0.06, with 

varying the light intensity and in fixing the fringes spacing to 

1.14μm. The exponential gain increases very quickly in order 

to reach the saturation effect. 

 

Table 1. Refractive indices of KNbO3 at room 

temperature for selected wavelengths λ. 

 

 
 

IV. MAJOR IMPROVEMENTS OF THE 

PHOTOREFRACTIVE PROPERTIES IN KNBO3  

Potassium niobate (KNbO3) is a well-known electro-optic 

material, which when doped with impurities such as Fe, Ni, 

Mn, or Rh becomes photorefractive. A common problem 

experienced with these materials is a lack of uniform 

photorefractive properties.  

In both the unintentionally and intentionally co-doped 

materials, the regions of strong TBC have an enhanced linear 

absorption throughout the visible and near-infrared spectral 

regions. The KNbO3:Fe,Ag crystals vary in the total fractional 

volume of darker regions in each crystal, corresponding to the 

total amount of Ag in the melt, increasing with greater 

concentrations of Ag. Because the same spectral differences 

occur in both the intentionally and the unintentionally co-doped 

crystals, and because the same type of darker regions found at 

the edges of the unintentionally codoped crystal are distributed 

throughout the crystal volume in the intentionally co-doped 

crystals, Ag electrodes can diffuse into singly doped KNbO3:Fe 

during poling is quite reasonable. The absorption spectra of the 

KNbO3:Fe,Ag  for regions of strong coupling and weak 

coupling by using light polarized in the ac plane, E║a, 

optimum for counter propagating TBC. When investigating the 

absorption of the perturbed Fe (Fe influenced by Ag in the 

strong coupling region) with the unperturbed Fe (Fe influenced 

by K in the weak coupling region), the absorption coefficients 

are significantly greater over the visible spectral region 

extending further into the near-infrared. The enhanced 

absorption is also significant when compared with published 

results in which a greater concentration of Fe was used and 

post-growth reduction further increased the Fe
2+

 (visible) 

absorption [8]. The fact that the Ag ions do not directly 

contribute to the linear absorption is proof that it is the 

influence of the Ag on the Fe (perturbed Fe) that enhances the 

linear absorption and not the Ag ions alone. 

In the lattice structure of KNbO3, some of the Nb sites are 

replaced by Fe ions and some of the K sites are replaced by Ag 

ions. Attribute the increased photorefractive gain and reduced 

response time to the perturbation of Fe by the AgK as well as a 

possible increase in the effective trap density due to the 

incorporation of the silver ions. Because of the perturbed Fe, 

there are significant enhancements to the electrical and optical 

properties (that is, photocurrent, photovoltaic field, and linear 

absorption). And because of the change in the material 

properties of the modified crystal (Ag,Fe:KNbO3), the counter-

propagating two-beam coupling efficiency has increased by 

nearly two orders of magnitude compared to singly doped 

Fe:KNbO3 crystals, and has a 1/e response time of less than a 

few hundred microseconds. 

V. RESULT & DISCUSSION 

Developing the eq.(3) and (11) from theoretical studies, it is 

observed that the coupling gain г is a function of fringe spacing 

Λ with respect to wavelength, λ  and the temperature defined as 

a constant and BK
  is Boltzman’s a constant. 

The three variable г, λ and Λ are interdependent. The 

independence of the coupling gain on the fringe spacing is 

shown for wavelength λ=488 nm in figure-6.it is observed that 

the exponential gain passes through a maximum for a spacing 

of 2μm. It is interesting to note that when the fringe spacing 

increases, the gain decreases very rapidly. Parameters are in 

constant, defined by, 

 

Modulation, M=0.06 

n1=2.3 (for wavelength, λ=488 nm) 

n2=2.2 

r13=28 pm/v 

r33=64 pm/v 

1

11
2

2





  

 

The variation for the coupling gain г with the fringe 

spacing Λ for five different values of wavelengths (λ1=458, 

λ2=476, λ3=488, λ4=497, λ5=514) is furnished in figure-..The 

curves have same shape for all values of wavelengths as 

exhibited for single value of wavelength in figure 9. 

 
 

Fig 9: The coupling gain г as a function of fringe spacing Λ 
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Fig: 10: The coupling gain г as a function of fringe spacing 

 

 

Figure-9 and figure-10 show the theoretical calculated 

curves which were developed in this study. It is interesting to 

point out the experimental obtained the gain coefficient г as a 

function of fringe spacing Λ curve for polymers show the 

similar shape. In fact, the peak of the experimental and the 

theoretical curves both occur around the same value of 2μm. As 

the spacing increases, both the curves show similar very rapid 

decreases in the gain coefficient. 

 

VI. CONCLUSION 

 This study has been done to the enhancement of the trap 

densities in the organic polymers. It was observed that a gain in 

the coupling coefficient is a direct result of the increase in the 

trap densities. The new doped material KNbO3:Fe:Ag has been 

investigated for increased photorefractive counter-propagating 

two-beam coupling efficiency. Very fast coupling responses in 

KNbO3:Fe:Ag as well as significant increases in the sensitivity 

and gain coefficient because of the change in the material 

properties of the modified crystal (Ag,Fe:KNbO3). 
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