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Abstract. The saturated value of the macroscopic electric field arising from the 
photocurrent-induced crystal capacitance in LiNbO 3 : Fe is shown to increase significantly 
with illuminating intensity. In addition, the current-intensity characteristics is shown to 
depart appreciably from the linear relationship. These measurements, together with other 
existing data are interpreted by incorporating in the charge transport process a new 
secondary photorefractive centers. 

PACS: 78.20 

The light-induced refractive index change (An) in 
LiNbO3, measured for the first time by Chen et al. 
[1, 2] showed that the saturated value of An depended 
rather sensitively on the intensity. For  instance, at 
255 W/cm 2 An reached ~ 10 -3, which nearly amounts 
to 3 times the value at 64W/cm 2. The transport 
mechanism causing this "optical damage" was later 
described by Glass et al. I-3] in terms of the bulk 
photovoltaic effect. They showed in their investigation 
of current-voltage characteristics in LiNbO 3 :Fe that 
the bias voltage necessary to reduce the photocurrent 
to zero also depended significantly on intensity: 
60 KV/cm at 0.32 W/cm 2 vs. 38 KV/cm at 0.08 W/cm 2. 
The measurement of the equivalent bulk photovoltaic 
field in LiNbO 3 :Fe by phase holography again in- 
dicated that the saturated value (gsat) increased sub- 
stantially with increasing intensity [4]. These series of 
data appear to suggest a general trend. The dark 
conductivity (aD) causes gs,t to depend on intensity to a 
certain extent [5]. However, at high intensity regime, 
its effect is negligible 1. We present here two additional 

* Supported in part by a National Science Foundation and 
BMDATC grant. 
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i For example, in the measurement of the bias voltage by Glass et 
al., the dark current constituted 3% of the total current at 
0.32W/cm a, and 13% at 0.08W/cm 2. To explain the ratio of two 
measured bias voltages, viz. 1.58, the dark current should be 58 % of 
the total current at 0.08 W/cm 2 rather than mere 13 %. 

sets of experimental measurements and interprete this 
general trend from the single viewpoint within the 
framework of a bulk photovoltaic effect. 

Experiment and Results 

First, we measured the electric field associated with the 
photocurrent-induced crystal capacitance. The crystal 
chosen was an unannealed LiNbO 3 :Fe with Fe do- 
pant concentration 0.1%/mole. (~=28cm-1)  2. The 
physical dimensions are 1 x 1 [cm] along a, c axes and 
0.1 cm along b axis. The crystal was placed in one arm 
of the Mach-Zehnder interferometer (see insert in 
Fig. i) and two optical beams from Ar + laser source 
(488 nm), having approximately equal amplitude and 
polarized along c-axis were intersected at the center of 
the crystal surface (half angle ~ 12~ The overlapped 
beam cross sectional diameter was about 0.3cm. 
Under this open circuit condition, An grows with 
exposure. The evolution in time of the spatially un- 
iform component of An was monitored by measuring 
the fringe shift of the probing weak-intensity He-Ne  
laser at the center of the overlapped region. In Fig. 1 
are presented the corresponding space charge fields 
(via the electro-optic coefficient) that develop as a 

2 Crystal purchased from Crystal Technology, Inc. Mountain View, 
Calif. 
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Fig. 1. The space-charge field associated with the photo-current-induced crystal capacitance as a function of writing time for two different 
intensities. The solid lines are theoretical fit to the data with ?=l.2cm2/W, ~lczlo/e%=0.012s -1 at I0=60mW/cm 2, see (8). Insert: 
Experimental configuration for fringe shift measurement 
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Fig. 2. Photocurrent as a function of intensity. Three different sets of 
data (a, • A) were taken on three different weeks. �9 denotes the data 
of [7]. The solid line represents the theoretical fit to the data with 
y= 1.2cm2/W, the broken line the slope of J w.r.t. I 

function of writ ing t ime for two different (total) in- 
tensities. Note  that  at 2 4 0 m W / c m  2, Ns,t reaches 
~ 7 0  KV/cm,  which is 20% higher than the value at  
60 m W / c m  z. This shows that  Nsat depends significantly 
on intensity whether  the writing b e a m  is spatially 
modula ted  or uniform I-1, 2] or whether  the crystal is 
doped  with impurities as in our  case or  subject to 
inadver tent  impurit ies [ i ,  2t. In [1] the dependence of 
g~,t on intensity is much  more  p ronounced  than  our  
results, perhaps  due to the fact tha t  intensities used in 
1-1] were higher than ours  by three orders of 
magnitudes.  
Next,  the photocur ren ts  with the same crystal under  a 
closed circuit condi t ion were measured.  The experi- 
menta l  procedures  are well detailed in the l i terature 
[-3, 6]. The  crystal c-surfaces were covered with silver 
painted electrodes and connected to a low impedance  
circuit. An expanded 4 8 8 n m  Ar § laser uniformly 
i l luminated the whole crystal  surface. Pho tocur ren t s  
were measured  for several different intensities with n o  

external field applied, a D was negligible in our  
measurement .  In  Fig. 2 are presented three sets of 
photocur ren ts  as a function of intensity. Each set of  
da ta  was taken dur ing the single run, and three 
different sets were obta ined  in three different weeks. 
Fo r  a fixed intensity, the pho tocur ren t  values vary 
appreciably  a m o n g  the three different sets, meaning  
tha t  the reproducibi l i ty  of the da ta  is poor.  However ,  
dur ing each single run the accuracy of the da ta  point  is 
well within 10%. Figure 2 clearly indicates that  the 
measured  photocur ren ts  depar t  significantly f rom the 
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linear current-intensity relationship. For comparison, 
we have also plotted in Fig. 2 photocurrents measured 
by Glass et al. [7] with no external field applied. 
Table 1 summarizes the intensity enhanced values of 
4*sat, the bias voltage, and the photocurrents, as re- 
ported by different groups. The general trend men- 
tioned above can be seen clearly from this table. 
We next interprete the data. The photo-induced cur- 
rent and the photorefractive effect are attributed to 
directional charge excitation and transport from Fe 2 § 
centers, followed by retrapping at Fe 3§ sites [3]. In 
this two-level model, transport theories predict in- 
tensity independent gsat and linear response of photo- 
current, o~sat to a certain measure depends on intensity 
due to a dark current. However, the dark conductivity 
is negligible at the intensity levels used for most of the 
measurements in Table 1. We show that the nonlinear 
effects mentioned above can be accounted for by 
introducing, in the charge transport process, an in- 
termediate level, that is produced and maintained by 
the light exposure. The high lying excited levels of 
Fe 2 + and Fe 3 § impurity or the formation of a second- 
ary photorefractive centers may constitute this level. In 
fact, color centers were reported to be produced during 
two-photon absorption experiment in LiNbO 3 and to 
affect significantly the ensuing photorefractive process 
[8]. In addition, a nonlinear light absorption occuring 
in LiNbO 3 :Co was attributed to a two-step-process 
via an intermediate state of Co I-9]. Hence, it would 
appear realistic to introduce a third level in the 
transport process. This level, in turn, may absorb light 
and enhance the bulk photovoltaic charge transfer. 
The total current then consists of the usual two level 
photovoltaic term, the dark current (aD) and the term 
contributed by the secondary impurity center, i.e. 

J = [ t r  o § KI(E + 4*)] o~I + cro(E + 4*) + Jint" (1) 

Here, ~o denotes the bulk photovoltaic coefficient and 

~1 = (e/hv)#z + ~Cofi (2) 

incorporates (a) the photoconductivity (#,r the mo- 
bility and life time of the electron) and (b) the possible 
modification of tco arising from the lattice polarity 
change in the presence of external (E) as well as space 
charge (4*) fields [10, 11]; 13 represents the linear field 
dependence of K 0. d~nt is determined by three factors : i) 
the excitation rate from the secondary photorefractive 
center (rr*I/hv), ii) the net directional charge transport 
mean free path ,(A*--l*+v+-o ~ . _ ~ , ~ *  t* ,* ~3, and iii) the den- 
sity given in terms of the life time (z*) and the quantum 

3 We assume that the secondary impurity center is also in a local 
asymmetric potential, and the probabilities p*,p*_ of intervalence 
charge transfer in the _+c directions and the corresponding mean 
free paths l* l* differ. 

Table 1. Saturated values of space charge field (~sat), bias field to 
reduce photocurrent to zero (Eb), and photocurrent at two different 
intensities and the % difference w.r.t, the lower values 

Crystal gs,t, Eb Current Intensity Diff. Ref. 
~ , [cm -1] [kV/cm] [Pa / mW]  [mW/cm 2] E%] 

LiNbO 3 23 
(<0.22) 64 

LiNbO 3 38 
0.2 wt- % Fe 60 
(38) 

LiNbO 3 11 
0.05 %/mole Fe 17 
(12) 
LiNbO 3 
0.2 wt- % Fe 
(45) 
LiNbO 3 58 
0.1%/mole Fe 69 
(28) 

LiNbO 3 
0.1/mole Fe 
(28) 

94 x 103 
255 x 103 178 [1] 

80 58 [3] 
320 

1.5 
55 [4] 

6 

20 80 
20 [7] 

24 320 

60 Present 
19 

240 result 

2.9 63 Present 
17 

3.4 220 result 

production efficiency (q) from the primary photo- 
excitation at Fe 2+ sites. Thus 

/ int  = eA*(a* I /hv) [ (c~I /hv)qz*/(1 + rr*I(1 - q)z* /hv)] 

�9 [1 + (#z/A*) (E + 4*)] (3) 

Clear ly ,  Jint increases according to 12 power law. 
This additional current term, viz. Jint can  describe the 
set of data summarized in Table 1. Under a uniform 
illumination, 1=10 and the closed circuit condition 
(4*ao = 0), the current without external field is given by 

J = ~:oCdo(1 + Ylo), (4) 

where 

7 = eA*~r*~*q/[(hv) 2 too(1 + rr*I0 Z*(1 - q)/hv)] 

= (~r,'c*/hv). (A*/A)q(1 + rr* Io~*(1 - q)/hv)- i (5) 

represents the photovoltaic coefficient a t  the inter- 
mediate level, scaled w.r.t. ~Co; A denotes the charge 
transport mean free path for two level scheme, i.e. 
l + p + - l _ p _  [3]. Equation (4) readily describes the 
nonlinear current-intensity characteristics measured in 
our experiment. Under the same conditions, the bias 
field needed to reduce the photocurrent to zero is 

E b = (~Col~q) [(1 + ~Io)/(1 + ~rDl~cleI o 

+ ~Co#~7Io/~1A*)] (6) 

Note that in the intensity range where o- D is negligible, 
E b still increase with I o [3] provided ~Co#,/~clA*~ 1. 
Under an open circuit condition, the crystal capaci- 
tance field ~ evolves in time as 

=0  (7) 
•t 
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With no external field present (E=0) and for I = I  o 
one finds for go#Z/~qA*~ 1 

(~Co) 1+710 
o~(z, t)= ~ 1 +aD/~cl~Io 

�9 { 1 - exp [ - (~cl c~I + a,)t/~ %] }. (8) 

o~(z,t) grows and saturates in time scale mainly de- 
termined by the light intensity. The steady state 
value of the spatially uniform component of g(z, t) is 
given with the neglect of a D for simplicity by 

O~sat = (1s163 (1 "~ 71o). (9) 

It is clear from (8) and (9) that ~sat increases with 
intensity whether the illuminating beam is spatially 
modulated as in our case or spatially uniform as in the 
case of Chen et al. [1]. The data reported in [4] can 
also be interpreted by finding the fundamental com- 
ponent of g(z, t) in (1). In our analysis we have not 
considered the effects of external field [12] or the 
change in the primary impurity densities [13], which 
have been detailed in the literature. 
The coefficient 7 appearing in (9) can be determined 
from the two measured gsat values (see Fig. 1). One 
finds for low intensity regime (~*I(1 - q)z*/hv ~ 1) 

7 ~ 1.2 cm2/W. (10) 

Using the 7-value thus found in (4) one can account for 
the nonlinear current-intensity characteristics (see Fig. 
2) 4. It should be noted that the coefficient 7 depends on 
many parameters, characteristic of the nature of the 
secondary photorefractive center, e.g. a*, z*, and A*. 
In particular, the effective photovoltaic mean free path 

4 The absolute value of our photocurrent is much smaller than 
the values reported in the literature for LiNbO 3 :Fe, perhaps due to 
contact problems. 

A* could be much larger than that of Fe z + centers, i.e. 
~CoiJZ/~clA* ~ 1, if the intermediate level lies close to the 
conduction band edge. 

Conclusion 

In conclusion, we have discussed in this paper the 
intensity-enhanced bulk photovoltaic effects in 
LiNbO 3 crystals by introducing secondary photore- 
fractive centers. We have shown that, although the 
origin of these new centers is not clear so far, it is 
capable of describing various measurements reported 
in the literature. This effect is of practical importance 
in that it may improve significantly the photorefractive 
sensitivity in LiNbO 3 crystals. Presently, we are in- 
vestigating this effect further by writing holograms in 
pulsed mode of laser operation, and comparing the 
ensuing photorefractive sensitivity with that of cw 
hologram recording. 
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