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ABSTRACT: We present a theoretical analysis of the photorefractive response time as a function of applied electric
field in different types of photorefractive materials on the basis of Kukhtarev rate equations. We study the variation of
photorefractive response time with grating spacing and light intensity. We also study the photorefractive response time
with grating spacing in absence of the applied electric field for KNbO;:Fe crystal and compared the results with the
experimental results. Agreement between theoretical and the experimental results are found to be reasonably good.
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. INTRODUCTION

Photorefractive crystals [1-3] are the most widely used optical materials because of their large nonlinear optical effects
even at low laser powers (mW/cm?) combined with excellent optical qualities. In recent years a number of applications,
like self-focusing and defocusing effects [4], optical phase conjugation [5], photorefractive resonators [6, 7],
holographic storage [8], beam cleanup [9], image amplification [10], programmable optical interconnections [11],
neural network simulation [12] etc. have been proposed and demonstrated in laboratory. Zhou et al. [13], presented an
analytical solution of the response time of two-wave coupling at large modulation depths using the empirical correction
function introduced by Kwak et al. [14]. It was shown that the response time depends on both the material and
experimental parameters. Zhang et al. [15], measured the photorefractive response time of KNbO;:Mn:Rb and
KNbOs:Fe:Rb and compared with KNbO3z:Mn and KNbOs:Fe, respectively. As a result, it was found that the
photorefractive response time in KNbO;:Mn:Rb is 3-10 times shorter than that in KNbO3z:Mn and in KNbOs:Fe:Rb 6
times faster than that in KNbOs:Fe. Raita et al. [16], measured the response time of sillenite material Bi;,SiO,, (BSO)
at 810 and 980 nm of wavelengths by applying the polarization self-modulation effect. The response time was found to
be 130 ms at 810 nm and 540 ms at 980 nm with incident intensities of 110 and 200 mW/cm?, respectively. Chen et al.
[17] investigated the influence of stoichiometry and MgO dopant on the photorefractive sensitivity and response time
of LiNbOs:Fe crystals. Kong et al. [18] investigated photorefractive properties of LiNbO3:Fe, Zr and compared these
with LiNbO;:Fe, Hf, the concentration of Fe?" ions is strongly increased in LiNbOs:Fe, Zr. It was found that the
photorefractive response time of these as-grown crystals is only 2s and the sensitivity is larger than 12 cm/J, which is
desirable for volume holographic storage.

Effects of grating spacing on photorefractive response time have been investigated theoretically only for BSO and
BaTiO; with and without applied electric field [19]. In the present work, the effect of grating spacing and light
intensity on the photorefractive response time in absence and presence of the applied electric field for different classes
of photorefractive materials, LiNbO3;, KNbO3:Fe, KNSBN, SPS, BGO and GaAs, has been investigated thoroughly.
Photorefractive response time with grating spacing in absence of the applied electric field for KNbOs:Fe crystal have
also been studied and compared the theoretical results with the experimental results reported by Ewart [20].
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1. THEORETICAL DESCRIPTION

When two monochromatic light beams of intensities interact in a photorefractive medium, an interference pattern is
formed which creates refractive index grating via photorefractive effect. The refractive index grating moves if the two
beams have differing frequencies by very small amount and remains stationary if the two beams have the same
frequency. Assuming the slowly varying amplitude approximation and neglecting the second-order time derivatives for
space charge field (SCF), we get the following differential equation for the transient SCF [21],
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where, e is the electronic charge, M is the mobility, &, is the free space permittivity, &  is the relative static

dielectric constant, E; is the applied electric field, E; = kBTkg/e is the diffusion field, kBT is the thermal energy
. 2 . . .

which is the product of the Boltzmann’s constant kB and absolute temperature T, kg = Tﬂ is the spatial grating

frequency with the grating spacing A, ¥y is the carrier ionized trap recombination rate, N =N, +n,, N, and Na

stand for the densities of neutral donor atoms, and neutral acceptor atoms, respectively.
The Eq. (1) could be rewritten in the following form as [21, 22],
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In presence of applied DC electric field (% 0] , EQ. (8) reduced in the real and imaginary part is given by,

a:(EM +EED)_iE0 (9)
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where, 7, = Hlo is the dielectric relaxation time, N, = 7,Sl ;N is the average electron density, s is the photo-

&€
ionization cross section, |O is the intensity of the light, 7 = is the recombination life time, Eq = GN—A is

7eNa £r&oKy
the limiting SCF, and E, = 7iNa is drift field.
K,
Integrating the Eq. (5), transient solution of the SCF is given by [22]
Esc(t): m%Esc [1_exp (_ﬂt)] (10)
. 21,105 . . . . . .

with m = is the modulation depth, | o and | are the pump and signal beam intensities respectively.

I, +1,

Substituting the value of & from Eq. (9) in the Eq. (6), the parameter [ can be written in the following form as,
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According to Yeh [14], there is a fundamental limit for grating formation given by the time known as photorefractive
response time, and the response time is required to generate the space-charge density that builds-up the steady-state

space-charge field across one grating.
where, real part in the Eq. (11) is the photorefractive response time 7 given by [21],
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and imaginary part in the Eq. (11) is the characteristic frequency @ given by [21],

iy
1 EM Eq (13)

T

T =T

I1l.  RESULTS AND DISCUSSION

Eq. (11) is used to investigate the effect of the grating spacing and light intensity on the photorefractive response time
in the absence and presence of the applied electric field for different photorefractive materials. The required parameters
for the present calculations are taken from the work of Serrano et al. for LiNbO; [23]; Zhou et al. for KNSBN [24];
Shumelyuk et al. for SPS [25]; Aubrecht et al. for BGO [26]; Brost et al. for GaAs [27], and Montemezzani et al. for
KNbO;:Fe [28].
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I11. (a). VARIATION OF THE PHOTOREFRACTIVE RESPONSE TIME WITH THE GRATING SPACING

Variation of the photorefractive response time with the grating spacing in the absence and presence of applied electric
field for LiNbOs;, KNSBN, SPS, BGO and GaAs are shown in Figs.-1(a)-(e), respectively. From the Fig.-1(a), it is clear
that for LiNbO; the photorefractive response time increases up to the saturation value 0.42 sec with the increasing
grating spacing and in the presence of applied electric field (Eo=10 kV/cm) as well as in the absence of applied electric
field. The value of response time is slightly smaller for all values of grating spacing in the absence of applied electric
field.

It could be seen from the Fig.-1(b), that for KNSBN the photorefractive response time increases upto the saturation
value 1.5 sec with the increasing grating spacing in the absence of applied electric field. In contrast to LiNbO; in this
case its value in the presence of applied electric field is smaller than that in the absence of applied electric field for all
the values of the grating spacing. Further, its values are higher than that of LiNbO; due to its large value of dielectric
constant and small value of mobility-life time combination.

From the Figs. 1(c)-(e), it could be seen that the maximum values of photorefractive response time are 55 msec, 50
msec and 12 msec for SPS, BGO and GaAs materials, respectively in the presence of applied electric field as well as in
the absence of applied electric field for lower grating spacings. In the absence of applied electric field it decreases
slowly with the increasing grating spacing for these materials. In the presence of applied electric field it is evident from
the Figs. 1(c)-(e) that the SPS has much smaller value of photorefractive response time than those of BGO and GaAs
for lower grating spacing.

The Fig.-1(f) shows the variation of the response time with the grating spacing in the absence of applied electric field
for KNbOs:Fe crystal. From this Fig., it could be seen that the response time increases linearly with the increasing

grating spacing upto A ¢=0.5um and further, it increases sharply for A g > 0.5 pum. Our calculated results are found to
be in good agreement with the experimental results reported by Ewart [20].
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Fig. 1. Variation of response time with grating spacing in absence and presence of applied electric field for (a) LiNbO; (b) KNSBN (c) SPS  (d)
BGO (e) GaAs (f) variation of response time with grating spacing in absence of applied electric field for KNbO3:Fe. Theoretical results (solid line)
and Experimental results (empty dots).

111. (b). VARIATION OF PHOTOREFRACTIVE RESPONSE TIME WITH THE LIGHT INTENSITY

Figs.2(a)-(e), present variation of the photorefractive response time with the light intensity in the presence and absence
of the applied electric field for LiINbO3;, KNSBN, SPS, BGO and GaAs respectively. It is clear from the Fig.-2(a) that
the photorefractive response time decreases abruptly from 40 sec to about 2 sec for the lower light intensity in the
absence of applied electric field. In the presence of applied electric field its values is slightly smaller with 27 sec for the
lower light intensity. From the Fig.-2(b), it could be seen that in KNSBN for the lower light intensity the behavior is
similar to that found in the Fig.-2(a) but the values of the photorefractive response time in the absence of applied
electric field and in the presence of applied electric field are 80 sec and 30 sec, respectively.
Unlike behavior is observed for SPS, BGO and GaAs as could be seen in Figs.-2(c)-(e) respectively. From these Figs.,
it is clear that the photorefractive response time decreases with increasing light intensity in the presence of applied
electric field as well as in the absence of applied electric field. But in the presence of applied electric field its value is
higher than that in the absence of applied electric field for the lower light intensities in contrast to LiNbO3; and KNSBN
for which its value is lower in the presence of applied electric field.
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Fig. 2. Variation of response time with light intensity in absence and presence of applied electric field for (a) LiNbO; (b) KNSBN (c) SPS
(d) BGO (e) GaAs

I\VV. CONCLUSION

From the present study it could be concluded that for LiNbO; and KNSBN, the response time increases with the
increasing grating spacing in the absence as well as presence of applied electric field. For LiNbO; and KNSBN, the
response time decreases in the presence of applied electric field. For the SPS, BGO and GaAs materials the response
time attains constant values for higher values of grating spacing as compared to that in LiNbO3z; and KNSBN in both the
cases. In the presence of applied electric field, it was found that the GaAs has much smaller value of photorefractive
response time than those of SPS and BGO for the lower grating spacing. Response time with grating spacing in absence
of the applied electric field for KNbO3:Fe crystal has been studied and compared with the experimental results.
Agreement between theoretical and the experimental results are found to be reasonably good.

Copyright to JIRSET DOI:10.15680/1JIRSET.2015.0407153 6387



—
@ .
k. ISSN(Online) : 2319-8753

IJIR SET ISSN (Print) : 2347-6710

International Journal of Innovative Research in Science,
Engineering and Technology

(AN 1SO 3297: 2007 Certified Organization)

Vol. 4, Issue 7, July 2015
ACKNOWLEDGEMENT

Ruchi Singh is grateful to the University Grants Commission (UGC), New Delhi for providing the financial support in
the form of fellowship.

REFERENCES

[1] P. Gunter, and J.P. Huignard, “Photorefractive Materials and Their Applications”, Vol. | & I, Springer, New York, 1988.
[2] L. Solymar, D.J. Webb, and A. Grunnet-Jepsen, “The Physics Applications of Photorefractive Materials”, Clarendon, Oxford, 1996.
[3] N.V. Kukhtarev, V.B. Markov, S.G. Odulov, M.S Soskin, and V.L. Vinetskii, “Holographic storage in electrooptic crystals. |. Steady state”,
Ferroelectrics, vol. 22, pp. 949-960, 1979.
[4] Anita Thakur, and Jamal Berakdar, “Self-focusing and defocusing of twisted light in non-linear media”, Optics Express, vol. 18, no. 26,
pp. 27691-27696, 2010.
[5] Sunita Rani, and Devendra Mohan, “Study of optical phase conjugation in amorphous Zn(x)-S(y)-Se(100-x-y) chalcogenide thin films using
degenerate four-wave mixing”, Spectrochim Acta A Mol Biomol Spectrosc., vol. 118, pp. 733-36, 2014.
[6] S. A. Tatarkova, Malgosia Kaczmarek, Changxi Yang, and Robert W. Eason, “Photorefractive ring resonator with seeding as an externally
driven oscillator”, Physical Review A, vol. 66, pp. 043807, 2002.
[7] Bradley M. Jost, and Bahaa E. Saleh, “Signal-to-noise ratio improvement by stochastic resonance in a unidirectional photorefractive ring
resonator”, Optics Letters, vol. 21, no. 4, pp. 287-289, 1996.
[8] W. Phillips, J.J. Amodei, and D.L. Staebler, “Optical and holographic storage properties of transition metal doped lithium niobate”, RCA
Rev. vol. 33, pp. 94, 1972.
[9] Arthur E Chiou, and Pochi Yeh, “Beam cleanup using photorefractive two-wave mixing”, Optics Letters, vol. 10, no. 12, pp. 621-623, 1985.
[10] X.G. Xu, X.D. Mu, Z.S. Shao, C.L. Du, M.H. Jiang, H.S. Luo, and H.Q. Xu, “Noise Reduction in Photorefractive Image Amplification by
Contradirectional Two-Wave Mixing in Rh-Doped BaTiO; Crystal”, Chinese Physics Letters,vol. 17, pp. 507, 2000.
[11] Arthur E. Chiou, and Pochi Yeh, “Energy efficiency of optical interconnections using photorefractive holograms”, Applied Optics, vol. 29,
no. 8, pp. 1111-1117, 1990.
[12] Yann Frauel, Gilles Pauliat, Andre” Villing, and Gerald Roosen, “High-capacity photorefractive neural network implementing a Kohonen
topological map”, Applied Optics, vol. 40, no. 29, pp. 5162-5169, 2001.
[13] Z. Zhou, X. Sun, Y. Li, Y. Jiang, H. Zhao, K. Xu, and Q. Wan, “Dynamic solutions of the photorefractive two-wave coupling at large
modulation depths”, Optics Communications, vol. 32, pp. 128-134, 1996.
[14] C.H. Kwak, S.Y. Park, J.S. Jeong, H.H. Suh, and E.H. Lee, “An analytical solution for large modulation effects in photorefractive two-wave
couplings”, Optics Communications, vol. 105, pp. 353-58, 1994.
[15] Zhi-guo Zhang, Y. Ding, and H.J. Eicher, “Improvement of the two beam coupling response time in Photorefractive doubly doping KNbO3”,
Chinese Physics Letters, vol. 14, pp. 103, 1997.
[16] E. Raita, O. Kobozev, A Kamshilin, and V.V. Prokofiev, “Fast photorefractive response in Bi;2SiOy in the near infrared”, Optics Letters,
vol. 25, no. 17, pp. 1261-1263, 2000.
[17] S. Chen, H. Liu, Y. Kong, Z. Huang, and J. Xu, “High photorefractive sensitivity and fast response time of near-stoichiometric and MgO
doped LiNbOs:Fe crystals”, Crystal and Research Technology, vol. 41, no. 8, pp. 790 =794, 2006.
[18] Y. Kong, S. Wu, S. Liu, S. Chen, and J. Xu, “Fast photorefractive response and high sensitivity of Zr and Fe codoped LiNbOscrystals”,
Applied Physics Letters, vol. 92, pp. 251107, 2008.
[19] M. Ewart, “Reduced KNbOs for photorefractive applications”, Ph.D. thesis, Diss. ETH No. 12484, Swiss Federal Institute of Technology,
1998.
[20] G.C. Valley, and M.B. Klein, Optimal properties of photorefractive materials for optical data processing, Optical Engineering, vol. 22, pp.
704-711, 1986.
[21] P. Yeh, “Introduction to photorefractive nonlinear optics”, New York, John Wiley; 1993.
[22]Sang J Lee, Hye Ri Yang, Eun Ju Kim, Yeung Lak Lee, and Chong Hoon Kwak, “Kinetics of two wave mixing gain for moving grating
technique in photorefractive BaTiO; crystal” Optics Express, vol. 16, pp. 19619, 2008.
[23] E. Serrano, V. Lopez, M. Carrascosa, F. Agullo-Lopez, “Steady-State Photorefractive Gratings in LiNbO3 for Strong Light Modulation
Depths”, IEEE J Quantum Electronics, vol. 30, pp. 875-880, 1994.
[24] Z. Zhou, X. Sun, Y. Li, Y. Jiang, H. Zhao, K. Xu, and Q. Wan, “Dynamic solutions of the photorefractive two-wave coupling at large
modulation depths”, Optics Communications, vol. 132, pp. 128-134, 1996.
[25]A. Shumelyuk, S. Odoulov, D. Kip, and E. Kréatzig, “Electric-field enhancement of beam coupling in SPS”, Appl. Phys. B, vol. 72, pp. 707-
710, 2001.
[26] I. Aubrecht, L. Solymar, A. Grunnet-Jepsen, “Space charge field enhancement in photorefractive materials by applied sinusoidal fields: An
approximate analytical solution”, Optics Communications, vol. 139, pp. 73-76, 1997.
[27]G.A. Brost and K.M. Magde, “On the mobility-lifetime product in GaAs determined by photorefractive measurements”, Optical Materials,
vol. 4, pp. 252-255, 1995.
[28]G. Montemezzani, C. Medrano, M. Zgonik, and P. Ginter, “The Photorefractive Effect in Inorganic and Organic Materials” 301-373, in
Nonlinear Optical Effects and Materials ed. by Glinter P, (Springer-Verlag, Berlin, Heidelberg), 2000.

Copyright to JIRSET DOI:10.15680/1JIRSET.2015.0407153 6388



