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Photorefractive Saturable Kerr-Type Nonlinearity in Photovoltaic Crystals
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We deduce the equation describing the refractive index perturbation in photovoltaic photorefractive
crystals produced by the incidence of a focused laser beam and an incoherent uniform illumination.
Under short-circuit conditions the equation shows a saturable Kerr-type nonlinearity that can be
controlled by the intensity of the uniform background illuminatioZ-scan experiments in an iron
doped lithium niobate crystal are carried out using a 532 nm wavelength laser line to evaluate its self-
lensing properties and to measure its photovoltaic field. [S0031-9007(97)03237-7]

PACS numbers: 42.65.Hw, 42.65.Jx, 42.65.Tg, 72.40.+w

The action of an optical beam on the refractive indexproposed to use an additional incoherent uniform illumi-
and the self-trapping effects in photovoltaic (PV) photore-nation that is assumed to play the same role as the dark
fractive (PR) crystals were studied recently [1-3]. Theirradiance [1,2]. However, unlike the case of biased crys-
theoretical analysis predicts a saturable Kerr-type nonlintals, theoretical support for this hypothesis is lacking.
earity in this kind of material where the refractive index In this Letter, we deduce the formulation of the non-
perturbation in one dimensional form can be written as [1]inear equation in photovoltaic PR materials for a focused

I laser beam and an incoherent background uniform illumi-
no T+1, (1)  nation. We show that the form of the nonlinearity depends

] o _on the external circuit conditions of the crystal: Under
where An, is the saturable refractive index perturbation.ghort-circuit conditions the PV nonlinearity is still a satu-

| is the focused beam irradiance and the saturable intepzpe Kerr-type one and the background illumination in-
sity 1, is the dark irradiance which is defined as the ratiojegg plays the role of the dark irradiance. Therefore the
of the thermal excitation rate to the photoexcitation Crosackground illumination can be actually used to control
section and can be considered as the irradiance necessghg pyv nonlinearity and to optimize the self-focusing or
to produce a density of carriers equal to that in the darkgefocusing and the soliton formation. Under open-circuit
As in the case of PR screening solitons [4-7], this parameonditions instead the saturable intensity cannot be con-
eter plays an extremely important role in the PV solitonyrglled by the uniform illumination. Using th&-scan
formation and in determining the self-focusing or defocusformuyla that we have derived from the saturable Kerr non-
ing strength.  In fact, several authors have reported thanearity the PV field in an iron doped lithium niobate crys-
the soliton width is minimum for a soliton-to-dark irradi- t] is determined fronZ-scan experiments.

ance ratio not far from unity .[1,5,8].. Slmllar conc_:lusmns Figure 1 depicts the configuration of the light beam
were obtained for the screening soliton configuration [6,7]propagation used in our analysis. For the convenience of
Because of the extremely low dark irradiance in PV matethe analysis, a cylindrical Gaussian laser beam with inten-
rials (for LINbG; it is often of the order of microwatts per sity distribution(x, z) = (0, z) exgd —2x2/w2(z)] is as-
square centimeter [1] or even much smaller [9]), solitonsymed to propagate along taedirection. The crystal's
formation requires a rather low focused beam irradiancg axis is oriented parallel to the gradient direction of the
and this results in an incredibly long time (hours or muchgayssian beam, i.e., theaxis. The spatial extent of the
more) [S], since the soliton formation time is roughly of Gaussian beam along the direction perpendicular to both
the order of the dielectric relaxation time, which in turn the ¢ axis and the propagation axiss assumed to be infi-

is inversely proportional to the soliton intensity. In order pite. An incoherent light with uniform intensity distribu-

to obtain faster time response a trapped beam with mucfion 7, illuminates the total volume of the crystal. For
higher intensity than the dark intensity is desired. How-

ever, in this case, the nonlinearity expressed by Eq. (1)

would have inconveniently reached oversaturation. Con- ¢ Ir

sequently, the electric field induced by the photorefraction P t cL f [/ D
inside the crystal is almost uniformly screened in the illu- I D_

Ai’li:A

minated region [2] and the lenslike refractive index varia-

. . A=532nm

tion would never be achieved. Therefore, the extremely PRC far-field
low dark irradiance actually restricts the practical PV soli- —~—— f—— 4 —]
ton formation. In order to avoid the limitations arising z 00

from the low value of the dark irradiance several authors FIG. 1. Gaussian beam propagation configuration.
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simplicity, the polarization of the two light beams is as- Steady state for short-circuit conditior-In steady

sumed to be linear and to be along the crysteléxis. state,dNp, /ot = 0 and dp/at = 0. For a short-circuit
The material response of a PR medium in which thecondition the current (along the crystatsaxis direction)

electrons are the sole charge carriers is governed by thie constant. In typical PR material,, Njy, Ny >> n for

following set of equations [10]: cw laser irradiance. Thus Egs. (2), (4), and (5) yield the
aN; following results:
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(6) where f = No/(Np — Ny), Ip = (egoksT/e2Na)'/? is
Here Np, N, N4, and n are, respectively, the volume the Debye length, and, = kzT/elp = eN4lp/egg is
density of total donors, ionized donors (acceptors) nonthe limiting space-charge field corresponding to the Debye
photoactive ions (that compensate the ionized dohgfs  wave numberk, = 1/Ip. If along thec-axis direction
in the dark), and photoelectrons in the conduction bandhe spatial extentv(z) of the Gaussian laser beam is
s is the photoexcitation cross sectiofiy is the thermal much less than the width of the crystdl at x —
excitation rate of the electrong, isethe charge density, +d/2, E(x,z) = E, (constant),dE/ox = 0, and N =
is the electric current density, arfd is the space-charge N4. Consequently, the current can be expressed by
field. The other parameters are the recombination coef- _ B
ficient y, the electric charge, the electron mobilityy, Jo = epnoEo + ks(Np = Na)lk, )
Boltzmann's constantg, the absolute temperatuile the  where ny = n(x — *=d/2) = (sl + Br)/vf is the
photovoltaic constank for the polarization used in this photoelectron density at — *d/2. The constantE
configuration, the dielectric constaatof the crystal, and will generally depend on the external circuit condition
the permittivity of the vacuunz,. ¢ is the unit vector and the illumination. From Egs. (6) to (9), one can get
pointing to thec-axis direction. the space-charge field
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whereE, = kyN,/eu is the photovoltaic field constant, Therefore the expression (10) for the space-charge field

I, = Br/s is the so-called dark irradiance, and = can be simplified to
I + Iz + 1,;. The last term in Eqg. (10) originates from I
the diffusion term. If the intensity(x, z) varies smoothly E =~ — (12)

E,—.
with respect tox the diffusion effects in typical PR PI+Ig+ 1
media may be neglected relative to the PV effects andhrough the linear electro-optic effect, the crystal’s re-
the dimensionless ternpdE/dx = (eeo/eNs) (JE/dx)  fractive index perturbation follows the saturable Kerr-type
is expected to be much less than unity [1]. The constantonlinearity
field Ey (or the current denS|ty0) can be computed from 7
the potential condmonﬁE dl = 0. For a short-circuit An; = Ang ——7——, (13)
condition and a Gaussian-like intensity distribution with I+ Ig + 1y
characteristic scale’(z) much smaller than the sample’'s where Any = nirE,,/z is the saturable refractive index
size and under the conditiofy =~ 1(0,z), a numerical perturbation,n, is the unperturbed background index of

calculation predicts an approximate relation refraction, and is the effective electro-optic coefficient.
Equation (13) is, formally, similar to Eq. (1) but with
Ey ~ 0.8 w(z) E, <E, a1) & *la~Iras the saturable intensity. The possibility

of using Iz to increase the effective dark irradiance is
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clearly supported now by Eq. (13). According to the Apparently, the nonlinearity represented by Eq. (14) suf-
theoretical results by Vallewt al.[1] one can directly fers from the same issue of oversaturation as Eq. (1). The
conclude that by keeping the background and solitorphysical reason for this is that the charge carriers photoex-
irradiance at a similar higher value, fast PV spatial solitorcited by the uniform illumination will accumulate on the
formation without oversaturation is possible. By the way,two end surfaces of crystal normal to theaxis and this

the nonlinearity expressed by Eq. (13) relies strongly omwill result in an almost saturated electric field equal to
the short-circuit condition. We will show next that such Ey = —E,Iz/(Ix + I;) = —E, [see Eq. (9)]. This satu-
nonlinearity cannot be obtained for an open-circuit crystalrated field would prohibit the index perturbation induced

Steady state for open-circuit conditierIn this case by any additional irradiance.

there is no steady-state currgit = 0). Following the Transient regime for short-circuit condition-By us-
same derivations as above it can be shown that thimg the same boundary condition for a short-circuit condi-
refractive index perturbation has now the form tion and a quasi-steady-state approximation/dt = 0),
I+ 1 through a tedious derivation the following dynamic equa-
An; = Apg ———%— . (14) tion can be obtained from Egs. (2) to (6):
I+ 1 + 1 |
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(15)
wherer,, = egoyNa/[eusI;(Np — N4)]is the Maxwell | The refractive index perturbation, through the electro-

relaxation time. Under the assumptidfy > N4 (f < optic effect, has the same form,

1) and without uniform illuminatiorf; the dynamic equa-

tion (15) is simplified to that obtained by Zozulg al. Ani(t) = Ang[l — exp(—t/7m)]. (18)
[11]. However, using the same approximation for the

short-circuit condition, neglecting the diffusion term and Experiment—The perturbation of the refractive index
assuming thatp /w(z) < 1 for a Gaussian beam Eq. (15) in Eqg. (13) can be experimentally measured using the so-

can be simplified to called Z-scan technique. In this technique the crystal is
EYo ] placed at a distancefrom the focal point of the focused
Tm o +E=-E) I+ 1o+ L In + 1, (16)  peam along its propagation direction. The intensity at

the center of the far-field diffracted beam is measured

Here we also neglect the contribution froRy to the . L .
saturable space-charge field due to the short-circuit corvithout any refractive index perturbation and after steady-

" . : ._State focusing (or defocusing) has been achieved. The
Sg:ﬁgo[fq' (11)). Equation (16) has a single eXponeml'fjﬂratio of the latter over the former value is the normalized

E(t) = E[1 — exd—t/7,)] transmittancerl that is measured for different distances
§ Tm)l» 17 (scanning forz). The dependence df uponz has been
I 17 already formulated using Eq. (13) for a one-dimensional

E, = —E, T+ e+ 1, | Gaussian beam [12]

VI + Z2(V1 + Z2 + By)?

T(Z,Agg) = ;
’ \/wl + Z2(1 + Z2 + Bo)? + 2BoAdoZ] + 4B3A DS

(19)

where Z = z/z9, zo is the confocal parameter of the of the Gaussian beam is abolt pum. The confocal pa-
Gaussian laser beangy, = Iy/Ir, andl is the intensity rameterz, is 1.4 mm. The Gaussian laser beam is extraor-
of the Gaussian beam at the focus¢, = kAnoL is the  dinarily polarized and has an intensiy = 693 mW/cn?
saturable phase perturbation through the crystal samph focus. The total power is 0.24 mW. The other beam is
with the thicknes& along the beam propagation direction. expanded and collimated into a diameter of 5 cm to pro-
For carrying out theZ-scan experiment, a laser beamvide a uniform illumination for the total volume of the
from a diode pumped frequency doubled Nd:YAG cwsample and this uniform illumination is also extraordinar-
laser with wavelength of 532 nm is divided into two ily polarized. In order to avoid recording a reflective PR
beams. One of them is focused by a cylindrical lens (focagrating the uniform illumination beam is frequency shifted
length= 11.5 cm) to provide the one-dimensional Gauss-(400 Hz, which is much larger than the inverse response
ian beam. The measured minimum radiysat the focus time of self-lensing effect) by a piezoelectric mirror (PZT).

4037



VOLUME 78, NUMBER 21 PHYSICAL REVIEW LETTERS 26 My 1997

To reduce the possible fanning effect caused by the unief £, = 3.5 X 10* Vem™! is deduced for this crystal
form illumination itself the incidence angle of this beam (ny = 2.25, » = 30.8 pmV~!). This value is in good
onto the crystal is slightly periodically varied by a pendu-agreement with that measured from a holographic tech-
lar mirror with a frequency of 4.3 Hz. The intensity of the nique using the same sample [14]. The paramgteob-
uniform illumination in the total volume of the sample is tained by fitting also approaches the estimated one. Song
kept constant/z = 180 mW/cm?. The estimated inten- et al. have also measured self-lensing effects in LiNbO
sity ratio B¢ is 3.9. The sample used in our experiment iscrystal using aZ-scan experiment [15], but the shape of
an iron (0.015 wt %) doped LiNbQcrystal. The dimen- their normalized transmittance is quite different from ours,
sions are).85 mm X 3 mm X 10 mm, where the crystal probably because they used different experimental condi-
thickness along the laser propagation direction is 0.85 mrtions. For example, they used a circular symmetric Gauss-
(L < nzp) and the crystal width normal to the crys@l ian beam (the steady-current distribution inside the sample
axis direction is 3 mm. The Gaussian beam covers entirelis consequently different from that in our configuration),
the sample in the direction normal to the crystakis. The much stronger intensity than ours, no background illumi-
crystal faces perpendicular to tloeaxis are painted with nation, and no short-circuited sample. For such conditions
silver paste and short circuited. The absorption coefficienthe oversaturation of the nonlinearity would have occurred.
a of this crystal aih = 532 nmis1.9 cm™!. In conclusion, we derived the nonlinear equation for a
In the experiment, the scattering (or fanning) effect isphotovoltaic PR material to include the effect of an inco-
found to be small and can be neglected during the formaherent uniform background illumination. The theoretically
tion of the self-lensing structure. The reason for this isderived saturable Kerr-type refractive index nonlinearity
probably due to the following two facts: On the one handfor the short-circuit condition is accurately verified ilZa
the gain for the scattering light amplification is much lowerscan experiment. The control of nonlinearity by the back-
because of the small thickness of the sample in the beaground illumination is responsible for the good data fitting
propagation direction [13]. On the other hand, the uniformand the reasonably good value computed for the Fe-doped
illumination beam with a periodically varied direction also LiNbOj; crystal used in these experiments.
functions as an erasing light for the fanning grating for-
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