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Abstract. We have optically characterized the newly-de- 
veloped photorefractive crystal KNSBN: Cu by two-wave 
coupling at visible and near-infrared wavelengths. The 
effective electrooptic coefficients ~(k~)r13 and ~(kg)r33, the 
effective charge carrier density Neff, the dark conductivity 
aa, the product of mobility and electron-trap recombina- 
tion time #zk, the formation and decay rate of index 
grating and the absorption coefficient e of the crystal were 
determined from visible to near-infrared wavelengths. 
Their wavelength dependences were also studied. It is 
interesting to notice that the KNSBN:Cu  crystal has 
a very large Neff and large gain coefficient F for ordinary 
ray (o-ray) in the visible region, and the photorefractive 
properties of the crystal are very different in the visible 
and near-infrared spectral regions. 

PACS: 42.70.Gz; 42.30.Va; 42.40.Kw; 42.65 

The crystal was grown by Coretech Crystal Co., Shan- 
dong, China. The chemical formula of the crystal charac- 
terized is (Ko.sNao.5)0.2(Sr0.75Bao.25)o.9Nb206 with 
0.1 wt% of Cu. The size of the crystal is 5 x 5 x 5 mm 3 with 
a dielectric constant e33 = 260, and the extra-ordinary 
and ordinary refractive indexes ne -- 2.28 and no -- 2.31 at 
632.8 nm, respectively. 

Our experiments consisted of two parts. The first part 
is the measurements of steady-state parameters. We meas- 
ured the effective electrooptic coefficient, the effective 
charge-carrier density, and the absorption coefficient. In 
the second part, we measured the dynamic parameters of 
the KNSBN: Cu crystal: the index-grating formation and 
decay rates, the dark conductivity, and the product of 
mobility and electron-trap recombination time. All these 
parameters were measured in the visible and near-infrared 
spectral region. 

Photorefractive crystals have been used to demonstrate 
a wide range of nonlinear optical applications, such as 
optical phase conjugation, real-time information 
processing, holographic optical storage, coherent light 
amplification, etc [,1-4]. To reach the final stage of 
these applications, the development and characteriza- 
tion of new photorefractive materials are of great signifi- 
cance. 

Over the years, many kinds of photorefractive mater- 
ials, such as LiNbO3, BSO, BaTiO3, and SBN have been 
studied [15, 16]. Recently, a new photorefractive crystal 
BSKNN (Ba2-xSrxKl-yNayNb5015) based on SBN gave 
rise to great interest [7, 8]. In [-81, the crystal is called 
KNSBN with the chemical formula as (Ko.sNao.5)o.2 
(Sro.TsBao.zs)o.gNb206.] It not only showed good prop- 
erties in photorefractive applications [9], but was also 
easy to grow, develop and pole. 

In this paper, we present the results of characterization 
of KNSBN:Cu  by the method of two-wave coupling. 
KNSBN: Cu is one of the crystals in the KNSBN family. 

1 Characterization of the steady state photorefractivc 
parameters 

1.1 Theoretical bases 

The electrooptic coefficients and the effective charge-car- 
rier density Neff of KNSBN:Cu  can be determined by 
measuring the gain coefficient F in two-wave coupling. 
Figure 1 depicts the geometry of the two-wave coupling 
experiment. The pump and signal beams are incident 
symmetrically into the crystal, and  the k vector of the 
photorefractive grating is along the C-axis of the crystal. 

According to two-wave coupling theory [10], the in- 
tensities of the signal and pump beams are related by 

Is/Iso = Ivo/Ive  rL, (1) 

where Iso and Is are the intensities of the transmitted 
signal beam without and with pump beam, respectively, 
[pO and Ip are the intensities of the transmitted pump 
beam without and with signal beam, respectively, L is the 
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Fig. 1. Experimental setup for two-wave coupling 

effective interaction length, and F is the coupling strength, 
and is given by [11, 12]: 

con 3 E s c  ref f 
r - - -  , (2) 

c m cos 0i 

where co is the optical frequency, c is the speed of light, n is 
the refractive index, 201 is the internal cross angle, reef is the 
effective electrooptic coefficient, and m is modulation 
depth. Esc is the photoinduced space-charge electric field 
and is given by [12]: 

where ~(kg) is the electron-hole competition factor [12], el 
and e2 are the unit vectors of the electric field of the pump 
and signal beams, 

kg = 2rc/Ag = &z sin 0/2, (4) 

where Ag is the spacing of the index grating, 2 is the 
wavelength of light in vaccum, 20 is the external cross 
angle of signal and pump beams, and 

ko = / ezN°ff (5) 
V eeokBT 

is the inverse Debye-screening length. Combining (1) and 
(2), we have 

As in0  ele2 
F = sin 2 0 cos0i '  (6) 

I + - -  
B z 

where 

8 ~ 2 n 3 k B T  
A = ~(kg)ref  f e~  2 , (7) 

2ko e2  / Ne f  f 

B - 4 ~  - &z  "X/eeokBT " (8) 

A and B can be derived by best fitting of the experimental 
results of the gain coefficient F versus external cross angle 
20. One can then determine Nef f from B, and ~(kg)reff from 
A. The effective electrooptic coefficient ref f is dependent on 
the electrooptic coefficients of the crystal, the geometry, 

and the polarization of the two coupling beams. In the 
configuration of our experiment, when the signal and 
pump beams are ordinary waves [13, 14], 

ele2 = 1, (9a) 

reff = r13, (9b) 

and, when the beams are extraordinary waves [13, 14], 

ele2 = cos 20i, (lOa) 

reff = r33 COS 2 0 i - -  r13 sin 2 0 i -}- An(F33 + r13 ) sin 2 20i 
ne 

r33 when 0i is very small, (10b) 

where A n  = ne - no<<n, and n = neno(nZ s in2 01 + 
2 no COS 2 0i ) -  1/2. 

Thus, keeping the same cross angles and measuring 
the coupling gain coefficient F for the o-ray and e-ray, 
respectively, we have, 

/'o r13 
- ( 1 1 )  

Fe r33"  

1.2 E x p e r i m e n t s  a n d  d i s c u s s i o n s  

The experiment was performed in both the visible and 
near-infrared spectral region. In the visible region, we used 
different wavelengths of an argon-ion laser: 514.5, 496.5, 
488.0, and 476.5 nm. In the near-infrared region we used 
a Ti: Sapphire laser. The wavelengths of 706.1,750.0, and 
810.0 nm were used. 

In the experiment at visible wavelengths, we chose the 
pump and signal beams to be polarized as ordinary waves, 
because when using extraordinary rays, the gain coeffic- 
ient F can not be measured accurately due to the strong 
fanning effect in the crystal. With the choice of o-ray 
polarization, according to (6) and (9) 

A sin 0 1 
F - sin 2 0 cos 0i" (12) 

I + - -  B 2 

Figure 2 shows the measured gain coefficient F as a func- 
tion of the external cross angle of pump and signal beams 
at 514.5, 496.5, 488.0, and 476.5 nm. The solid curves are 
best fits of equation (12) and yield values of parameters 
A and B. From A and B, we derived ~(kg)rl3 and Neff. 

It is interesting to note that the K N S B N : C u  has 
a large gain coefficient F for o-rays in the visible region. 
This is because it has a very large Neff at these 
wavelengths. According to (6-8), around the cross angle of 
maximum gain, the gain coefficient F is proportional to 
re v l / 2  because the two-wave coupling-gain coefficient ffl • eff 
F for the o-ray is considerably large although the elec- 
trooptic coefficient ~(kg)r13 is relatively small. The very 
large Neff (and therefore, B) makes the maxium gain coef- 
ficient F appearing at a very large cross angle 20. This is 
different from other photorefractive materials, such as 
SBN, where the gain for the o-ray is much smaller com- 
pared to KNSBN:Cu,  and F appears at a much smaller 
cross angle, usually less than 20 ° [15, 16]. 
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Fig. 2. Gain coefficient F vs external cross angle 20 at visible 
wavelengths 

The same measurements were performed in the near- 
infrared, except that extraordinary rays were chosen as 
pump and signal beams, and 

A s i n 0  cos20i  
F = -  sin 2 0 cos 0i (13) 

I + - -  
B z 

Figure 3 shows the experimental results and the fitted 
curves for F versus cross angle 20 according to (13) at 
706.1, 750.0, and 810.0 nm. The parameters ~(kg)r33 and 
Neff were derived from the fitted A and B. Table 1 sum- 
merlzes the experimental results of  the steady-state para- 
meters of the K N S B N  : Cu crystal. 

From the values of  ~(kg)r13 , ¢(kg)r33, and Neff ,  w e  
found that within the visible and near-infrared, respective- 
ly, the product of electron-hole competit ion factor and the 
effective electrooptic coefficient ~(kg)r l3  and ~(kg)r33 
show little wavelength dependence. Their average values 
are 

~ ( k g ) r l 3  ---= 27.3 pm/V,  (14) 

(kg) r33 = 115.0 pro/V, (15) 

On the other hand, the effective charge-carrier density Neff 
is strongly dependent on wavelength. We also measured 
the absorption coefficient c~ at visible to near-infrared 
wavelengths. Figure 4 gives the experimental results of 

and Nef f at visible to near-infrared wavelengths. It is 
noticed that both Neff and c~ decrease drastically as the 
wavelength increases. Neff decreases by more than 30 
times when the wavelength increases from 476.5 to 
706.1 nm, while the absorption coefficient c~ at 476.5 nm is 
also more than 30 times larger than that at 706.1nm. 
From Fig. 4, one can see a clear correlation between Neff 
and c~. 

In the near-infrared at 2 = 706.1 nm, we also meas- 
ured the two-wave coupling gain coefficient F using both 
e-rays and o-rays at an external cross angle 20 = 7.6 °. We 
o b t a i n e d / ' e  = 2.96 c m -  1 and Fo = 0.59 c m -  a. Since ~(kg) 
is independent on the polarization, and, in our experiment 
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Fig. 3. Gain coefficient F vs external cross angle 20 at near-infrared 
wavelengths 

Table 1. Steady-state photorefractive parameters 

.)~ Fma x Nef f ~x ~ ( k g ) r l 3  ~(kg)r33 
[nm] [cm -1] [1016cm-3] [cm -1] [pm/V]  [ p m / V ]  

476.5 10.63 11.7 4.14 
488.0 8.80 9.0 3.16 
496.5 8.00 7.9 2.47 
514.5 6.57 5.8 1.50 
706.1 8.10 0.46 0.13 
750.0 5.95 0.26 
810.0 3.70 0.13 
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Fig. 4. Wavelength dependence of effective charge-carrier density 
Nef f and absorption coefficient 

with e-rays, the external cross angle 20 corresponding to 
the maximum gain was about 20 30 °, and reff ~ r33 with 
an error less than 1.6%, we used (10) to derive ~(kg)rl3 in 
the near-infrared region with ~ (kg)r 3 3 = 115.0 pm/V from 
the previous e-ray experiment, and obtained 
~(kg)r13 = 2 4 p m / V ,  which is a little smaller than the 
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result given by (14). Because the electrooptic coefficient r13 
is independent of wavelength, the difference between the 
values of ~(kg)ria derived in visible and near infrared is 
due to the factor ~(kg). This indicates that the electron- 
hole competition factor is a little smaller in the near- 
infrared region. 

2 Dynamic photorefraetive parameters 

2.1 Measuremen t s  o f  aa and #72 R 

We determined the dark conductivity ~d and the product 
of mobility and recombination time #z~ by measuring the 
decay rate as a function of the intensity of the erasing 
beam. When there is no externally applied electric field 
and, in the limit that the grating spacing is much larger 
than the diffusion length la = ( # ' C R k B T / e )  1/2 [6, 17]. the 
photorefractive index decay rate z -  1 can be written as 
[6, 17]: 

e 
.g 1 = (0. d _]_ h c  e # Z s 2 I ) / e E o ,  (16) 

w h e r e  O'd, #"OR, ld, and dz-  1/dI can be determined from the 
experimental plot of z -a  versus intensity I. 

To determine the light-induced decay rate, a refrac- 
tive-index grating was created by illuminating the 
K N S B N : C u  crystal with two writing beams. (They are 
called pump and signal beams in the two-wave coupling 
scheme). We set the external cross angles to be 53.3 ° for 
488.0 and 514.5 nm, and 78.8 ° for 702 nm so that the 
index-grating spacings were approximately the same. 
After the steady state was achieved (it took several sec- 
onds at visible wavelengths and several minutes at 
706.1 nm), one writing beam (signal beam) was blocked, 
and an erasing beam was incident along the direction of 
the pump beam. The intensity of the Bragg-reflected eras- 
ing beam in the direction of the transmitted signal beam 
was recorded. Figure 5 shows the measured exponential 
decay rate z -  1 versus the erasing beam intensity I. Table 2 
summerizes the deduced results. We see that ld << Ag/2~  in 
the three cases, consistent with the assumption for using (16). 

The decay rate at lW/cm 2 for 514.5 and 488.0 nm are 
of the same order of magnitude, 1.0s -1, while for 
702.0 nm the decay rate 3.37 x 10 -a s-1 is much smaller 
than that in the visible region. The dark conductivities ad 
at 514.5 and 488.0 nm are about  the same, while they are 
much smaller at 702.0 nm. The value of #~R at 702.0 nm is 
also 20 times smaller than that at the visible wavelengths. 
This indicates that the photorefractive charge carriers for 
visible and near-infrared wavelengths are due to the exci- 
tation (ionization) of electrons from different energy levels 

of the impurity in KNSBN : Cu. Thus, KNSBN : Cu shows 
much different photorefractive properties at visible and 
near-infrared wavelengths, which may l ead  to different 
applications by using different wavelengths. For  example, 
at visible wavelengths K N S B N : C u  can be applied to 
phase conjugation [8,9], while a near-infrared wave- 
lengths, it is a very good candidate for optical holographic 
storage. 

2.2 M e a s u r e m e n t  o f  index-grat ing-formation rate 

The index grating is created by the interference of two 
writing beams. The interfering intensity distribution is 
given by: 

I (z)  = Io [1 + m cos (kgz)] 

= Io + mlo  cos (kgz), (17) 

where 

2 
m - - -  (18) 

11 + I 2  

is the modulation depth, I1 ,  I2 are the intensities of the 
two writing beams, and 

I0 = I1 + I2 

is the total intensity. 
Unlike the decay rate, the formation rate is not only 

a function of the total intensity of the two writing beams, 
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Fig. 5. Index-grating decay rate vs erasing intensity at visible and 
near-infrared wavelengths 

Table 2. Dynamic photorefractive 
parameters 2 ~ ad pZR la A~ z a 

[nm] [cm - i] [(f~cm)- 1] [cm2/V] [nm] [nm] [s - 1] 

488.0 3 .16  2.08x10 ii 3.23x10-1i 9.16 545.8 1.30 
514.0 1.50 2.22x 10 - i i  2.24x 10 -1i 7.63 575.8 0.96 
702.0 0 .13  8.28x10 -i4 9.44x10 t4 0.50 575.5 3.37x10 -3 

a Value at lW/cm 2 
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but  also varies with their modu la t ion  depth m. In (17), 
only the modu la t ion  of the total  intensity mIo contr ibutes  
to the fo rmat ion  of the index grating, while the dc com- 
ponen t  does not. 

We measured  the fo rmat ion  rate of the index grat ing 
in K N S B N :  Cu at the wavelength  of 488.0 nm. With the 
total  intensity of the incident beams kept  constant ,  we 
measured  the fo rmat ion  rate with different modu la t ion  
depths  m at 488.0 nm. Figure 6 shows the exper imental  
results with the total  intensity I0 kept  as 0.684 W / c m  2 and 
1.49 W / c m  2, respectively. It is not iced that  with the total  
intensity kept  constant ,  the fo rmat ion  rate is a sublinear 
function of the modu la t ion  depth m. 

In Fig. 7, we replot  the exper imental  results in Fig. 6 
with the fo rmat ion  rate as the ordinate,  and  mIo, the 
p roduc t  of total  intensity I0 and modu la t ion  depth m, as 
the abscissa. Fo r  compar i son  with the decay rate at the 
same wavelength,  the exper imental  results of  the decay 
rate versus intensity at 488 .0nm are also reploted in 
Fig. 7, with the erasing intensity as abscissa and the decay 

rate as ordinate.  We find that  the fo rmat ion  rate and the 
decay rate are close to each other  when the value of mIo 
equals the erasing intensity. At 1 W / c m  2, the fo rmat ion  
rate and the decay rate at 488.0 nm are abou t  1.2 s -  1. 

3 Conclusion 

In summary ,  we have thoroughly  character ized the photo-  
refractive propert ies  of the K N S B N : C u  crystal. The  
p roduc t  of the electron-hole compet i t ion  factor  and the 
electrooptic coefficient ~(kg)r13 were measured  to be 
2 7 . 3 p m / V  and ~(kg) r33- - l l5pm/V,  respectively. The  
K N S B N :  Cu crystal has a very large Neff and a large gain 
coefficient F for o-rays at  visible wavelengths  (10.7 c m -  a 
at 476.5 nm). Because the electrooptic  coefficient r33 is 
much  larger than  r13 for K N S B N : C u ,  the K N S B N : C u  
crystal is expected to have a very much  larger gain for 
e-rays in the visible region. The  effective charge-carr ier  
density Neff is s t rongly dependent  on wavelength,  and 
changes f rom 0.46 x 1016 to 11.7 x 1016 cm -3 f rom 706 to 
476 nm. The  absorp t ion  coefficient c~ of the crystal  is 
between 0.13 4 .14cm -1 f rom 706 to 476nm.  There  is 
a clear correlat ion between N e f  f and c~. K N S B N : C u  also 
shows a large difference in dark  conduct ivi ty  o-a, the 
produc t  of mobi l i ty  and e lect ron- t rap recombina t ion  t ime 
ffVR, and the decay rate v-1 at visible and near- infrared 
wavelengths.  At 488 .0nm Ga = 2.08 x 10 -11 (~cm) 1 
/X~R = 3.23 x 1 0  - 1 1  cm2/V, and z 1 = 1.2 s -1 at 1W/cm 2', 
while at 702 nm, aa = 0.828 x 10 13 (~cm) -a ,  
/A"c R = 0.944 x 10-13 cm2/V, and z -1 = 3 .7x  1 0 - 3 s  -1 at 
1W/cm 2. At the visible and near- infrared wavelengths,  the 
photorefract ive  propert ies  of the crystal are quite differ- 
ent. This m a y  lead to different appl icat ions of 
K N S B N :  Cu by using different wavelengths.  The nonlin- 
ear  optical  appl icat ions of K N S B N : C u  at visible and 
near- infrared wave-lengths are promising.  
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