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Abstract

We report on photoinduced, intensity dependent absorption in ‘blue’ rhodium doped BaTiO3. The change in absorption,
observed under illumination by visible or infrared radiation, has successfully been modeiled. Agreement obtained between
theory and cxperiment indicates that the shallow trap model can effectively characterise the intensity dependent behaviour at
red and infrared wavelength, and can be used to calculate essential photorefractive parameters in this important wavelength

range for diode-laser applications.

1. Introduction

BaTiO; has always been regarded as a promising
photorefractive material due to its large electroop-
tic coefficients and dielectric constants. However its
practical applications have been impeded by its rel-
atively long response time and limited sensitivity at
near infrared wavelengths, compatible with solid state
laser diodes. Research on improving the properties
of BaTiOs has lead to modifications in technology
of growing these crystals and using different dopants
[1-3]. A new type of BaTiO; has been grown with
rhodium as a main dopant, which gave the crystal a
characteristic blue colour and infrared sensitivity [4].
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The crystals exhibit an enhanced absorption in the red
and infrared region, in comparison with a nominally
undoped BaTiOj3, with a characteristic peak at approx-
imately 640 nm. ‘Blue’ BaTiO;3 crystals have been
also recently grown [5], by adding RhO; to the melt,
and it has been shown that they have similar absorp-
tion characteristics and photorefractive response to the
crystals reported in Ref. [4].

In this contribution we present experimental and
theoretical results on intensity-dependent effects ob-
served in ‘blue’ BaTiOs crystals, namely light-induced
absorption and transparency {6]. We demonstrate that
the ‘standard model’ with a single deep trap level, suc-
cessfully used to describe the behaviour of undoped
barium titanate, cannot be used for this new type of
photorefractive crystal. In order to explain the change
in absorption with intensity of illumination, shallow
levels had to be included in the band—transport model.
The mechanism of the photorefractive effect with a
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two level system succeeded in explaining complex
photorefractive phenomena such as a sublinear depen-
dence of the responsc time on intensity, intensity de-
pendent space-charge ficld and absorption coefficient
[6-8].

The additional traps, existing closer to the valence
band edge, can play a significant role in the charge dis-
tribution, mainly capturing carriers photoionised from
deep traps. This important modification of the number
of active photorefractive levels is particularly relevant
for compatibility of ‘bluc’ BaTiO3; with longer, in-
frared wavelengths, since lower encrgy photons within
this spectral region are also capable of photoexcitation.

2. Theoretical framework

Light-induced absorption is commonly interpreted
in terms of a two-centre model, assuming deep and
shallow traps with an intensity-dependent population
[6-8]. The additional secondary photorefractive cen-
tres are shallower than the primary deep centres and
highly ionised at room temperaturc. However, when
the crystal is illuminated, shallow traps acquire holes
generated by photoabsorption of the deep traps. Since
the photoionisation cross-sections of deep and shal-
low levels are different, this change in distribution of
charges is reflected in the change of absorption coef-
ficient for the illuminating light.

We used a two-centre model, hence assuming
just onc additional trap centre, with one dominant
charge carriers, viz. holes, and considered the effect
of dual wavelength illumination on the absorption. A
schematic diagram of our model is presented in Fig. 1.

For hole transport in our material we consider deep
‘empty’ donor traps (concentration denoted by N)
and ‘filled’, acceptor sources (concentration denoted
by N') with total deep centre concentration Np =
N+ N*. M and M are the concentrations of shal-
low centres with total shallow centre density My =
M+ M . The parameters S, 3, and y are, respectively,
the cross-section for photoionisation, rate of thermal
jonisation and the recombination constant. The unsub-
scripted parameters refer to the deep centres and the
corresponding parameters with subscript ‘s’ refer to
shallow-trap coefficients. /; and fp arc the intensitics
of beams | (signal) and 2 (pump), with wavelengths
A and As, respectively. We assume that all photons
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Fig. |. Model diagram of photorefractive infrared-sensitive BaTiOs
with deep and shallow centres and two wavelength ilfumination.

absorbed result in the photoionisation of a charge car-
rier, i.e. the quantum efficiencies of both deep and
shallow centres arc taken as unity.

The material cquations derived for the two-centre
model previously | 7,8] have been modified to include
the two wavelength illumination. Since in our case sig-
nal and pump beams are incoherent, there is no beam
coupling between them. The signal beam is therefore
only influenced by the presence of the second bcam
via an intensity dependent contribution to the thermal
ionisation rates of the deep and shallow centres and
given by:

Bh) =B+ S(A)l, (B
Bs(12) = Bs + Ss(A) Iy, (2)

where S(A) 1, and Sq(A2) [, are the photoionisation
rates due to pump beam 2. To calculate the intensity
dependence of the absorption cocfficient, we assumed
uniform illumination for both beams, set the electric
ficld and current to zero in the material cquations, and
solved them under steady-state conditions. By doing
this we obtain the following expression for the popu-
lation of shallow centres filled with holes due to pho-
toinduced transfer of charge from the deep levels [8]:

MY = o (I I {ELL L) — [(£(11,1))?
—ap(h, 1) (p(li. L) — DNpM)' 2Y, (3)

where
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YsS(AD) [T+ B(L) /S(AN
I, ) = . (4
pth. 1) vSc(Ar) (I+Bs(12)/5s(/\|)1|> )
|
S S 5
T 20p(h ) - 1) =
and
E=p(l1, 1) (Np+Mrp) + Np — Na. (6)

Na is the concentration ol compensating acceptors.

Note that Eq. (4) reduces to Eq. (10) inRef. [8] in
the case of a single beam /; and low thermal ionisation
ratc 3 of deep centres.

The redistribution of charge between deep and shal-
low centres causes a change in the absorption coef-
ficient of the crystal proportional to M* as given by
Eq. (3). So the absorption coefficient at wavelength
A1 due to the presence of both beams is given then by
the formula:

a(li, I) = (he/AND{S(A)Na
+ [Ss(AD) = S(ADIMI (L)} (7

and ag = (hc/A)) S(A)) Na is the low intensity ab-
sorption coefficient, when I} = [, ~ ), assuming all
the absorption is associated with the deep centre pho-
torefractive specics N* (= N, in the dark). Note that
« increases if Sq(Ay) > S(Ay) (induced absorption)
and decreases if S;(A;) < S(Ay) (induced trans-
parency). Fig. 2 is a plot of M" (according to Egs.
(3) to (6)) normalized to the total number of shal-
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Fig. 2. Theoretical plot of the density of filled shallow centres
normalised to the total density of shallow centres as a function
of the intensity /; at different intensities of beam 2: [; =0 (bold
line), I» = 10 mW/cm? (dashed line), I, = 100 mW/cm? (dotted
line) and /> = | W/em? (solid line).

low centres My as a function of illumination inten-
sity I at different intensities of beam /,. The curves
arc based on the crystal parameters given in Table 1,
with signal beam 1 corresponding to wavelength 633
nm and pump beam 2 to wavelength 800 nm. As we
can sce, the density of filled shallow traps is a satu-
rating {unction ol the intensity /1. The bold line cor-
responds (o £, = 0 and, as we can see in this case, at
low intensity the density of filled shallow centres M *
is only weakly populated because the thermal ionisa-
tion rate from the shallow centres dominates over the
transfer of charge from the deep centres by photoex-
citation from beam 1. As the intensity /| increases the
photocxcitation dominates over the thermal excitation
and therefore a significant filling of the shallow traps
is obtained.

If the thermal ionisation rate from deep traps is
negligible and I, = 0, Eq. (4) shows that strong
intensity-induced filling of the shallow centres occurs
at a characteristic saturation intensity given by I; =
Lo = B/Se(Ar) [8,11]. This intensity corresponds
approximately to the region of the inflexion point in
the curve in Fig. 2. A redefinition of the saturation in-
tensity is needed when the shallow illumination source
is included, as described by Egs. (1) and (2). It is
seen in Fig. 2 (hat at high values of /; the maximum
amount of filling of the shallow traps is independent
of I, and its dependence is only through the ratio
po = 1¥S(AD1/1ySs(Ar) |, which is the saturated
value of the parameter p given by Eq. (4.) If po < I,
the shallow traps arc weakly populated, and if pp >> |
they are almost completely populated. It is noted that
al a particular intensity /; = [y, the density of filled
shallow traps remains constant, regardless of the mag-
nitude of the secondary beam /5 as shown by the com-
mon crossing point of the curves in Fig. 2. From Eq.
4 it is found that the particular intensity /o can be ex-
pressed as:

where
Iy = B/S(A1), and
7= [S(A2)S(AN /1S (A S(A) ]

Physically, the crossing point only occurs when i > 1.
In most of the photorefractive crystals the dark (ther-
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Table |
Crystal parameters used in numerical simulations

Deep centres

Secondary centres

Density of specics

Np=N+N"=13x10%cm?

My=M+ M* =11 x 10" cm—?

Nawk = Np = Na =2 x 10" cm™* Ml =0
Photoexcitation cross-section at 633 nm S=134cm2y! S =2cem?) !
Photocexcitation cross-section at 800 nm §$=57cm?! S =22cem?y!
Photoexcitation cross-section at 750 nm S=77cmiy! Sg=24cm?)!
Photoexcitation cross-section at 514 nm §=83cmi)! Se=1.8cm?)!
Thermal excitation rate B=5x10"4"! Bi=01s""
Recombination coefficient ratio yg/y 0.5 0.5
mal) decay time (r) of the charges in the deep traps ' ' ' ' '
. - ~ . n L]
is quite large and can range from several minutes to — her o . . 7
years, in particular in our crystal 7 ~ 30 min. Assum- g5 L
ing B ~ 77, the paramelter Iy, is negligible and in this Rl S 1
~aQe A 9 _ o -
case, Eq. (8) reduces to ly = Ly /(17 — 1). s |9 .
a /
5 00 / 1 h
] |
O 1
. . i i 1, 6330m
3. Comparison between the numerical model and = ;
. O 01 =
experiments 2 | [5)
[ C-AXIS
< !
O i
’ - - . . 0.2 il 1 1 n i L 1
We have performed a number of photoinduced 00 oo oa ne s o

absorption measurements using both visible (514.5
and 633 nm) and infrared radiation (800 nm) [12].
We observed light-induced transparency (maximum
change A = —0.55 cm™') when an o-polarised He-
Ne beam was incident ona 7.3 x 5.6 x 3.0 mm® ‘blue’
BaTiO3 crystal. However, the transmission character-
istics for this beam were significantly changed when
a second, strong pump beam (also o-polarised) from
a Ti:sapphire laser was simultaneously incident onto
the crystal. In this case the absorption increased by
up to 0.2 cm™' for an incident infrared beam of 10
W/ecm?. The experimental results obtained for ab-
sorption dependence on different intensities and for
different wavelengths, were then interpreted using
the theorctical model described earlier. In order to
determine the essential parameters required for mod-
elling, additional experiments on two-beam coupling
and dark decays had to be performed [12] yielding
important information such as effective trap density,
and thermal excitation rates of shallow traps. Us-
ing these parameters, we have determined values for
the photoionisation cross-section of S; ~ 2 ¢m? J—!
at 633 nm, and a total density of shallow traps M1 ~
1.1x 10" cm~*. Once the shallow trap properties have

Intensity 1, (W/cmz)

Fig. 3. Change in the absorption cocfficient at 633 nm as a function
of the He-Ne intensity /| with and without /5 (800 nm); /> = 1.3
W/cm?. Filled dots are experimental data taken as shown in inset,
solid line 1s a theoretical curve based on the parameters given in
Table 1.

been characterised at a certain wavelength, we are able
to determine the magnitudes of photoionisation cross-
scction at any other wavelength, using the absorption
spectrum and by fitting the change in the absorption
coefticient to experimental data. The model parame-
ters used in our theoretical fits to experimental data
are summariscd in Table 1.

Fig. 3 presents the experimental data and the the-
oretical fit for the change of absorption for an o-
polarised He-Nec beam (A = 633 nm) in the presence
of an o-polarised A, = 800 nm beam. The o—polarised
beams were used in order to minimise photorefractive
grating cffects and errors due to fanning. The intensity
of the secondary illuminating beam [, was kept con-
stant at 1.3 W/cm? and the transmission of the He-Ne
beam was monitored as a function of intensity with
and without beam /,. The change in absorption co-



162 M. Kaczmarek et al. / Optical Materials 4 (1995) 158-162

efficient according to Eq. (7) can now be written as
Aa(l)) =a(l;, I, = 1.3 W/em?) — a(1},0). It may
be noted from Fig. 3 that the theoretical prediction
(plotted as a solid line) reproduces the experimental
results quite well. Similar agreement was achieved for
other Ti:sapphire infrared wavelengths [ 12].

We have also conducted experiments at other wave-
lengths to extend our model to the visible (green)
spectral region. Fig. 4 is a plot of the change of the ab-
sorption cocfficient for He-Ne (633 nm) with a pump
beam of wavelength 514.5 nm, and intensity /> = 3.6
W/em?: Aa(l)) = a(l. [, =3.6 W/cm?) —a(1},0).

To produce the theoretical curves we used the same
numerical mode!l with the paramcters predicted for
514.5 nm, as given in Table 1. As can be scen the
agreement between theory and experiment presented
in Fig. 4 is also good. Residual discrepancies may in-
dicate that we have reached the limits of the two-centre
model, and in order to obtain better results other ef-
fects such as inclusion of electrons as well as holes,
participating in the charge transport, or more compli-
cated trap-level structures will have to be tested. In
fact, it has been recently suggested that the three-trap
level model, with a third centre in the middle of the
gap is able to reproduce accurately the change of ab-
sorption occurring at visible wavelengths [13].

4. Conclusions

We have performed dual-wavelength intensity-
dependent absorption measurements in ‘bluc’ BaTiO;
using simultancous visible and infrared radiation.
In parallel, a theoretical model was derived to aid
the interpretation of the experimental results and to
identify, and quantify, decp and shallow trap param-
eters. We have shown that the band-transport model
which includes shallow traps adequately explains the
observed change in absorption for different wave-
lengths. Additionally, we have provided a mcthod to
control the absorption coelficient by simultancous il-
lumination with two beams of dilferent wavelengths.
Extension of this modcl to incorporate more than two
traps may prove to be necessary to simulate results
obtained with shorter wavelength visible radiation.
However, such an approach may encounter similar
difficultics through further unknown parameters for
any additional traps invoked.
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Fig. 4. Change in the absorption cocfficient at 633 nm as a
function of the He-Nc intensity /| with and without 1> (514.5
nm); I = 3.6W/cm?. Filled dots are experimental data, solid lin¢
is a theoretical curve based on the parameters given in Table 1.
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