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We report optical and electrical measurements contributing for a better characterization of the
relevant photoactive center levels in undoped photorefractive Bi;,TiO,, (BTO) crystals grown in
Brazil. Comparative results for Pb-doped BTO and Bi;,GaO,, are also reported. A center
responsible for photochromism was identified at 0.42—0.44 eV, probably below the conduction
band (CB). The main electron and hole donor center is detected at 2.2 eV from the CB and the
equilibrium Fermi level is pinned at this level. Other localized centers were identified at different
positions in the band gap and their relation with the behavior of BTO under different wavelengths
and operating conditions is discussed with particular attention to holographic recording. © 2007

American Institute of Physics. [DOI: 10.1063/1.2434009]

I. INTRODUCTION

Sillenites' are quite complex materials exhibiting piezo-
electricity, optical activity, and photochromism besides their
basic photoconductive and electro-optic properties. Although
they do not allow recording large diffraction efficiency holo-
grams they are very suitable for image processing and related
applications2 because of their relatively fast response time
and their polarization properties that allow to easily separate
diffracted from transmitted beams at the crystal 0utput.3’4
Their photoconductivity is believed to be of n type whereas
their dark conductivity is of p type. They exhibit light-
induced absorption that results in a characteristic photo-
chromic darkening that is more pronounced in Bi;TiO,,
(BTO) than in Bi;»GeO,, (BGO) and Bi,SiO,, (BSO).>®
Sillenites are known to exhibit a large number of photoactive
centers in the band gap7 but their characterization is not a
simple task and is still an active research subject.

In this work we report some optical and electrical mea-
surements contributing for a better characterization of the
relevant photoactive center levels in BTO. All samples used
in this work were grown in the same laboratory in Brazil,
using the same procedures and raw chemicals.®

Mainly undoped BTO samples with stoichiometric com-
position Bi|;TiO,, and thicknesses varying from about
2-3.5 mm were studied which will be generically referred to
here as BTO. Some properties of a 1.8 mm thick Pb-doped
BTO (570 ppm of Pb) sample which will be labeled BTO:Pb
and another sillenite-type Bi;,(Ga,Bi,_,)Oy, crystal (labeled

“Electronic mail: frejlich@ifi.unicamp.br

0021-8979/2007/101(4)/043101/12/$23.00

101, 043101-1

BGaO) with 0.6<x<0.7 and thickness of 3.5 mm were also
measured for comparison. Details for growth of doped crys-
tals are given elsewhere.”'”

Il. EXPERIMENTS

Pureley electric  conductivity,  photoconductivity
(wavelength-resolved and modulated photocurrent), time-of-
flight (TOF), and holographic recording experiments at dif-
ferent wavelengths were performed on some of the samples
and the experiments and the corresponding results are de-
scribed in the following subsections. Data from different ex-
periments are analyzed in order to obtain some information
about the localized photoactive states in the band gap of this
photorefractive material.

A. Modulated photocurrent measurements

The BTO density of states (DOS) has been investigated
via the modulated photocurrent (MPC) technique. Before
presenting the results, let us first recall briefly the basic prin-
ciples of this technique.

The BTO crystal is fitted with two parallel (coplanar
configuration) ohmic electrodes on the input crystal surface,
polarized with a dc bias, and set on the cold finger of a
dynamically pumped cryostat (residual pressure lower than
10™* mbar) so that its temperature can be controlled. It is
illuminated by a modulated flux of monochromatic light, the
energy of the photons being such that this light induces band
to band generation of charge carriers. The time evolution of
the flux can be written as

© 2007 American Institute of Physics
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FIG. 1. Sketch of the experimental setup used for MPC measurements.

F=Fy4.+ F, sinQ27f1), (1)

f being the frequency of the modulation and ¢ the time. In
our experiment the ac flux (F,) is kept small (F .= Fg4./5)
compared to the dc (Fy.) one. To study BTO crystals, whose
band gap is of the order of 3.2 eV, the light was provided by
a set of nine light emitting diodes (LEDs) having a peak
emission wavelength of 380 nm. The advantage of LEDs is
that the light emission can be easily controlled by an appro-
priate polarization (dc+ac) applied to system. At a given
temperature 7 the frequency of the modulation was varied
between 12 Hz and 39.9 kHz in 21 values such that f;,,
=1.5f;. The flux of light, which can be adjusted by the po-
larization applied to the LEDs, can also be adjusted by
means of neutral filters.

With an applied field & in between the coplanar elec-
trodes, the ac current I, resulting from this modulated illu-
mination and flowing in the sample is first amplified by a
current/voltage converter (X 107) and its modulus and phase
shift ¢ referred to the excitation are recorded by a lock-in
amplifier which is also used to drive the LED system. All the
experiments are computer controlled. Figure 1 presents a
sketch of the MPC setup.

It would be too long to recall all the theory on which the
MPC spectroscopy is based. The reader can refer to previous
publications.ll*w The physics behind the technique is that
the dc flux fixes the recombination process and, conse-
quently, the dc current, whereas the ac current generated by
the ac flux reflects the trapping and release processes expe-
rienced by the ac generated carriers. We would like to
present rapidly below the basic equations used to perform a
DOS spectroscopy.

The alternative current I, measured by the MPC tech-
nique gives the quantity NC/u related to majority carriers
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FIG. 2. (Color online) Typical MPC spectra obtained with a BTO crystal.
Each set of symbols corresponds to a temperature at which the experiment
was performed and, in each set, each symbol corresponds to a given fre-
quency. The MPC technique was performed in the temperature range of
100-460 K in 20 K steps.

characteristics parameters from experimentally known data
as, for instance, the ac generation rate G,., according to the
equation
N(E,)C 2
M B 7TkBT

sqc, 202
||

(2)

In this equation kj is the Boltzmann constant, g the absolute
value of the electron charge, S the cross-sectional area
through which the current is flowing, u the extended state
mobility of the majority carriers, and C the capture coeffi-
cient of the probed states having a density N at the energy
E,. A proper energy scaling requires the knowledge of the
quantity N..C, also called the attempt-to-escape frequency,
since E, follows from

NyeC e
|Epe — E,| = kgT In =kpTIn ——, (3)
2mf 1)

Ny being the equivalent density of states at the band edge
E,. (bottom of the conduction band or top of the valence
band). It can be seen from Eq. (3) that a spectroscopy of the
DOS versus energy can be achieved either by changing w or
by changing 7. Experimentally we varied both quantities, w
as described above and the temperature in the range of
100-470 K in 20, 10, or 5 K steps. Note that NC/ u and |I,|
are inversely proportional so that the highest the first quan-
tity the lowest the second one.

Figure 2 shows the DOS shape estimated from a mea-
surement with a dc flux Fu=10"cm2s™! (F,=2
X 10" cm=2 s7!), the product N,.C being chosen equal to
10" s7!. In this figure each set of symbols corresponds to a
temperature and, in each set, a point corresponds to a fre-
quency: 12 Hz for the deepest in energy and 39.9 kHz for the
shallowest in energy, according to Eq. (3). Note that this
value of Ny,.C of 10'> s~! was chosen at random just to have
an overview of the possible NC/u shape. It can be seen that
in the energy range of 0.5—1 eV, NC/u values are rather low
compared to the huge rise of this quantity in the energy range
of 0.1-0.5 eV where a peak is clearly distinguishable. The
highest values of NC/ u are clearly noisy simply because the
I, values are rather low, in agreement with the remark above
on the proportionality of these quantities. That is why this
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FIG. 3. (Color online) Results of the MPC technique performed with a high
flux (Fge=5%10" cm=2s7!, F,.=10" ecm™2s7!). Top figure (a) in the tem-
perature range of 130-260 K in 5 K steps with the choice of N, ,C=2.5
X 10" 57! reveals a peak of states around 0.29 eV. Bottom figure (b) in the
temperature range of 100—160 K in 5 K steps with the choice of N,.C
=1.0X 10 s7! reveals two peak of states around 0.10 and 0.14 eV.

part of the DOS was explored with a higher flux (Fg.=5
X 10" em™2s7!, F,,=10" cm™s7!) and a higher applied
field to increase the sensitivity of the experiment.

As shown in a previous paper,14 a possible method to
determine both the energy position and the value of N,.C for
a given peak consists in adjusting this latter value, i.e., to
adjust the energy scale according to Eq. (3), in a way such
that several MPC spectra measured at different temperatures
and describing this peak are superimposing. With this
method the “peak” observed in Fig. 2 was decomposed into
three peaks at low energy as shown in Figs. 3(a) and 3(b).

To refine the evaluation of the peak positions, measure-
ments were performed in 5 K steps. Choosing Np.C=2.5
X 10" s~ it can be seen in Fig. 3(a) that several curves
(=15) are superimposing drawing clearly a peak at an en-
ergy of the order of 0.29 eV. These superimposing curves are
obtained in the temperature range of 200 K=< 7<260 K. For
temperatures lower than 200 K, MPC spectra depart from
this superimposition but still exhibit a maximum around the
same energy position. This departure is due to the progres-
sive modification of the states occupancy linked to an en-
hancement with decreasing temperature of the quasi-Fermi
levels splitting whose energy positions are determined by the
dc flux. The trapping states at 0.29 eV are progressively
filled (emptied) by the quasi-Fermi levels splitting, if the
main carriers are electrons (holes), transforming the trapping
states into recombination states that are not probed by the
MPC technique.
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FIG. 4. (Color online) Results of the MPC technique performed with a low
flux (Fge=2%10"% cm2s7!, F,,=4x 10" cm™2s7!) in the temperature
range of 300-470 K in 10 K steps. The choice of N,,C=1.25X 10" 57!
reveals a peak of states around 0.44 eV.

For the lowest temperatures (130 K<T=<155K) an-
other structure appears described by different MPC spectra
the maxima of which are not at the same energy. It means
that the N,.C chosen for the peak at 0.29 eV is not correct
for the shallowest peak observed in Fig. 3(a). A proper
choice of N,.C, such as in Fig. 3(b), aligns the MPC spectra
maxima of the shallowest structure of Fig. 3(a) revealing a
defect peak at =0.14 eV. Another peak is observed at lower
energy (=0.10 eV) that seems to have the same capture co-
efficient as the peak at 0.14 eV.

We have also explored the energy range of 0.5-1 eV
with  a low flux (Fg=2X10%cm>?2s™!, F, =4
X 10" em2 s7!) in order to minimize the influence of the dc
flux. The final result is shown in Fig. 4 where we have plot-
ted the various MPC spectra with N, ,C=1.25X10'% 571,

Clearly a peak of states appears around 0.44 eV de-
scribed by the superposition of approximately ten MPC spec-
tra. Though it is well reproduced by the superposition of
many MPC spectra, this peak is not well shaped (i.e., not as
sharp as the previous ones) and appears more as a “foot hill”
of a bigger structure, whose onset is seen on the left of the
figure, and which is simply the beginning of the very high
peak found at 0.29 eV and shown above. Finally, another
structure seems to exist deeper in the gap but it is not pos-
sible to resolve its position. Table I summarizes the MPC
results on undoped BTO. It is worth pointing out that
BTO:Pb also exhibits, at least, peaks at 0.29 and 0.44 eV
although of roughly tenfold to fifteenfold lower value than
for undoped BTO.

Before ending this section we would like to say a word
about the precision on the determination of some of the
peaks parameters with the method we used above. When

TABLE 1. DOS for BTO.

|E,~E,| NC/u N NC/ /(N C)
(eV) (10°X V/cm?) (10°x s71) (V s/cm?)

0.10 1.5 1.0 1.5

0.14 7 1.0 7

0.29 110 250 0.4

0.44 0.11 12.5 0.01
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FIG. 5. (Color online) Wavelength-resolved photocurrent measurement
setup: LED source of light illuminating the sample CRY by a collimating
lens L and electronically chopped at frequency f (f=200 Hz in this case) by
the chopped source (CHS) driven by the reference oscillator of the lock-in
amplifier (LA). The latter is used for the measurement of the photocurrent
through transverse electrodes by the side of the crystal sample and fed by a
dc high voltage (HV) source. The transmitted and incident [sampled by the
beamsplitter plate (BS)] irradiances are detected by photodetectors DT and
DR and measured by the lock-in amplifier. The switch (SW) allows sequen-
tially feeding the lock-in amplifier with the photocurrent and the signals
from photodetectors for measurement. Different LEDs covering the wave-
length measurement range are rotated in the setup using a stepping motor.
The whole experiment is controlled by a computer.

peaks are clearly detected such as those presented in Fig. 3
the determination is rather accurate. However, the N .C
value we use enters in a logarithmic energy scaling. Thus, if
we assume that this quantity is fixed within a factor of 2, it
results in an error of the order of 10 meV [kzT In(2)] on the
energy position at a temperature of 200 K. For structures
such as the one described in Fig. 4 the error is slightly
higher. A decrease by a factor of 4 of the N,.C used to plot
the MPC spectra results in an energy position of the peak
shifted by 20 meV downward. With such a decrease of N.C,
we still obtain a superposition of the MPC spectra though
slightly worse. In conclusion, we believe that the N,.C we
found are determined within a factor of 2—4 and the energy
positions with an error of the order of 10-20 meV.

B. Wavelength-resolved photoconductivity

Wavelength-resolved photoconductivity (WRP) is a
powerful tool for detecting localized levels in the band gap.
It is a complementary technique for MPC because the latter
detects unpopulated levels whereas WRP detects only (at
least partially) populated ones. The experiment is carried out
using discrete sources of light provided by almost monochro-
matic LEDs as schematically depicted in Fig. 5 and using
electrodes on the lateral faces (transverse configuration) of
the samples in order to collect all the current generated in the
volume of the sample. The current is measured using a
lock-in amplifier synchronized with the frequency-modulated
light shining the sample in order to get rid of currents that
are not associated to the light. More details about the appa-
ratus and the technique are described elsewhere."

The technique requires the measurement of the effective
absorption coefficient in order to compute the light distribu-
tion (and associated photocurrent) in the sample’s thickness.
A photocurrent coefficient o results from

J. Appl. Phys. 101, 043101 (2007)

0
o= hvw—q,un(ba, 4)

- 10)
which is computed from the experimental quantities

_ Ipn ﬁﬂ—aD (5)
TTHDVI0)1 e’

where i, is the measured photocurrent, € the interelectrode
distance, D and H the sample’s thickness and height, respec-
tively, 1(0) the irradiance at the sample input plane inside the
sample, V the applied voltage, a the irradiance absorption
coefficient, g the absolute value of the charge of the electron,
m and 7 the mobility and lifetime of the photoexcited charge
carrier in the extended states, and ® the quantum efficiency
of charge carrier photogeneration. The aD term above is
computed from the experimentally measured signals from
photodetectors DR and DT in Fig. 5.

The optical transitions giving rise to a current are either
transitions from the valence band (VB) states to empty, or at
least partially empty, defect states, leading to hole genera-
tion, or transitions from filled, or at least partially filled, de-
fect states towards the conduction band (CB), leading to
electron generation. Increasing the photon energy introduces
new transitions and each of them results in an increase of the
current so that an upward step in ¢ should be detected.

All experiments showed a transient behavior, at least in
certain wavelength range, characterized by a large initial
photocurrent rapidly decaying to a stable stationary value.
We believe such a behavior arises from inverse polarization
due to space-charge shielding. In fact, it is practically impos-
sible to avoid some parts of the sample to be less illumi-
nated, mainly near the electrodes. In these darker regions the
photoconductivity oy, is lower and the electric field £ is cor-
respondingly higher in order to keep the current density j
=ou,é constant. In the region where the illumination
changes, & does change too and according to the Maxwell’s
equation

eegV .é=p (6)

there should be an accumulation of electric charge there.
Charges of opposite sign accumulate on the opposite dark-
to-bright and bright-to-dark regions along the interelectrode
direction and these charges produce a space-charge field op-
posing the externally applied field. Such an electric polariza-
tion was, in fact, detected in our experiments with BTO. This
polarization is a rather slow effect because it depends on
charge transport in the sample’s volume which is controlled
by the so-called Maxwell or dielectric relaxation time. It is
therefore possible to reduce the effect of electric charges
polarization by measuring the photocurrent at the very begin-
ning before charges are able to sensibly diffuse. Also, the
illumination is kept on without applied electric field for a
sufficiently long time in between two successive measure-
ments in order to allow the accumulated charges to diffuse
away. All data in this paper were obtained following this
procedure.

The following different WRP experiments were carried
out:
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FIG. 6. Photocurrent coefficient measured as a function of the photon en-
ergy on undoped BTO:WRP/R (@), WRPeq/N (+), and WRPpre (OJ).

e WRP: Means the photocurrent measured from lower to
higher photonic energies with LEDs at their maximum
possible power in the setup.

e WRPpre: Same as before but with the sample being
preexposed for at least 30 s with a given radiation (in
this paper it was always with hv=2.4 eV) immediately
before any measurement, that is to say, before measur-
ing the light irradiance with photodetectors DT and
DR, and before measuring any of the successive iy, at
each different voltage for each one of the different
wavelengths in the spectral range.

e WRPeq: Measurement carried out from lower to
higher photonic energies but with all LEDs being fixed
at a preselected value of photonic flux (photons per
unit surface and unit time). The LEDs with a maxi-
mum flux lower than the selected one are also included
in the run, as well, with their maximum available flux.

The above experiments were carried out on samples in
the following different conditions:

e “Relaxed:” The sample was kept for a couple of hours
in the dark at 80—90 °C for achieving a thermal equi-
librium of the charge carriers population in the local-

®
e ®y |

1000

s (0™ smicy

A by
N SRS N ;¢ W F
,

v {8V}

FIG. 7. Photocurrent coefficient (right-side axis) and absorption coefficient
(left-side axis) measured as a function of the photon energy on undoped
BTO for WRP/R (@) and WRPpre ().

J. Appl. Phys. 101, 043101 (2007)

100

BO [

B0 fo

R

b 30

a0 b

l

=

hy (&%

FIG. 8. Expanded view and inset of ¢ in Fig. 7 showing steps that are rather
clear for the preexposed WRPpre ((J) experiment and rather weak or diffi-
cult to detect for the relaxed WRP/R sample (@) at 1.3, 1.4, 1.7, and 1.9 eV.
Other steps at 2.0, 2.2, 2.4, and about 2.5 eV are neatly detected in both
experiments.

ized states in the band gap. This temperature was
shown to partially relax optically excited deep traps in
undoped BTO but is not high enough to bring them to
full thermal equilibrium.

* “Normal:” The sample has already been submitted to
at least one full spectral range measurement run in the
last couple of days and was not submitted to any spe-
cial treatment for relaxation. Although normal state is
not well defined, it is relevant because it represents the
actual state of the sample in current applications.

In the following we will use a notation summarizing both the
type of experiment and the state of the sample such as
WRPeg/R for the case of an equalized photonic flux
(WRPeq) on a (partially) relaxed sample. A simple WRP
experiment on a normal sample, for example, will be labeled
WRP/N and so on. For experiments with preexposition at
hv=2.4 eV the results do not depend on the state of the
sample so that they will be simply labeled WRPpre.

1. BTO

Measurements were carried out mainly on undoped BTO
and also on BTO:Pb and BGaO for comparison. Results for
undoped BTO are reported on a semilog scale in Fig. 6 to get

05

s (10%smiq)
¢ {107 sm/Q)

by (eV)

FIG. 9. Photocurrent coefficient measured for different photon energies in
WRP/N regimes for BGaO (V) for BTO:Pb ((J) and for undoped BTO (O).
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FIG. 10. Expanded view of the photocurrent coefficient in Fig. 9: WRP/N
regime for BGaO (V), BTO:Pb (), and undoped BTO (O).

a general overview. There we see that the photocurrent coef-
ficient o measured with preexposure (WRPpre) is roughly
fivefold larger than measured in normal conditions
(WRPeq/N) and fiftyfold larger than for the relaxed sample
(WRP/R) in the low energy range of 1.2—1.3 eV. At hv
=2.0 eV the preexposed photocurrent coefficient is about
sevenfold larger than for the normal sample and thirtyfold
larger than for the relaxed one whereas these relations are 12
and 25, respectively, at hv=2.2 eV. From hv=2.5 eV on, all
three curves exhibit roughly similar values for o. Measuring
with equalized flux (WRPeq) or not (WRP) did not show
significative differences for BTO.

Figure 7 shows the photocurrent o coefficient together
with the corresponding absorption coefficient « for a preex-
posed (WRPpre) and a relaxed (WRP/R) sample with the
following relevant features:

e Both curves show a sharp peak at 3.2 eV for g, corre-
sponding to the band gap edge.

e The absorption curves are somewhat “rounding,” in-
stead of sharply increasing, as they approach the band
gap edge. The rounding of the absorption coefficient
near the band gap edge is probably due to the presence
of luminescence effects that are detected in this setup
because the transmitted light is measured using a

J. Appl. Phys. 101, 043101 (2007)
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FIG. 11. Photocurrent coefficient measured as a function of photon energy
on BTO:Pb in WRPpre (), WRP/N (O), and WRPeg/N (@) regimes.

photodotector placed close (about 15 mm) to the rear
face of the sample. From the shape of the absorption
coefficient curve it seems that photoluminescence may
be quite relevant from about 2.7 eV on, so that photo-
current data in this range may not be reliable because
it cannot be directly related to the incident radiation.
e Relaxation and preexposure are clearly affecting the
absorption coefficient (and the photocurrent too, as ob-
served in the previous and following graphics) mainly
in the 1.2—-2.4 eV range, as expected. The steps in the
photocurrent coefficient in Figs. 6—8 indicate the pres-
ence of populated photoactive centers at least at 1.3,
14, 1.7, 1.9, 2.0, 2.2, 2.4, and 2.5 eV. The one at
2.2 eV is the only one that is sharper for the relaxed
sample than for the preexposed one (probably because
of the higher contribution of the nearby levels in pre-
exposed samples) thus indicating it is the lowest en-
ergy level which is not affected by temperature relax-
ation and is likely to be the one characterizing the
Fermi level. This value is in agreement with data in
the literature indicating the Fermi level to be about
1 eV above the VB or 2.2 eV below the CB. All other
steps detected below 2.2 eV are strongly enhanced by
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< | d < FIG. 12. Irradiance absorption coefficient vs photon en-
; % P! p
£ // @/ /@%ﬂ%‘?ﬁ@ ‘\ 500 £ ergy measured close to the sample for undoped BTO (O
3 . ﬁ/ ] for thermally relaxed, V for preexposed light) and
' 4 /d@ BTO:Pb (O), all on the left-side axis, and for BGaO
500 (@) on the right-side axis.
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preexposure at 2.4 eV so that we believe they are be-
tween the Fermi level and the CB. These levels are
partially populated probably by pumping electrons
from the VB and/or states below the Fermi level upon
illumination with energetic photons in previous experi-
ments or because of preexposure. These levels in the
1.3-2.0 eV range are able to store electrons for a time
long enough to record holograms, as will be reported
in Sec. II D. For energies higher than 2.6—-2.7 eV the
photocurrent is rather monotonically growing and it is
not possible to clearly identify discrete steps, probably
because of the photoluminescence effects we have al-
ready mentioned before.

2. Doped BTO

Figure 9 exhibits a similar broad shoulder in ¢ near the
band edge, with a sharp peak at 3.2 eV, for BTO:Pb, BGaO,
and BTO. The peak at 3.2 eV is roughly 10~*-fold lower for
BGaO.

The expanded view in Fig. 10 does not show steps in o
for BGaO in the 1.2-3.2 eV range except at about 2.7 and
2.8-2.9 eV. This figure also does not show steps in o for
BTO:Pb from 1.2 eV until the sharp step at 2.2 eV and the
steadily increasing curve from this point on. Also noticeable
is the lack of a step at 2.0 eV which is always present and
rather large for BTO. Figure 11 shows that the effect of pre-
exposure on BTO:Pb is much weaker than for BTO. Influ-
ence of the preexposure is only visible around 1.5 eV where
o is clearly higher for the WRPpre measurement than for the
other experiments. This fact indicates that either the distribu-
tion of states in the 1.2—-2.2 eV range is different in BTO:Pb
compared to BTO, with almost no states in the range of
1.7-2.0 eV, or that, if the distribution is the same, these
states are rapidly relaxing.

Figure 12 shows the irradiance absorption coefficient
measured for undoped and doped BTO but the reader should
keep in mind that these curves are affected by luminescence
effects, as discussed above. It is interesting to note a broad
absorption band at about 1.8 eV for BGaO that is absent on
BTO:Pb and undoped BTO. This peak is believed'® to have
no relation with BGaO itself but with contamination with Mn
and Ca. In any case the absorption curves themselves, al-
though necessary for photoconductivity data processing, do
not seem to bring about much information about localized
states of sillenites.

C. Light-induced absorption

Photochromism in sillenites is believed to arise from the
electron filling of initially empty shallow traps (St) by the

J. Appl. Phys. 101, 043101 (2007)
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FIG. 13. (Color online) Erasure of a hologram in BTO:Pb recorded with
633 nm beams and erased with one of the recording beams: (A) without
preexposure; (B) and (C) same as for (A) but preexposed with a spatially
uniform A=532 nm light illumination for a few minutes before starting (af-
ter preexposure switching off) 633 nm recording. Curves (B) and (C) are the
curves measured along each one of the incident beams. All three curves are
artificially shifted in time for better observation. Data for (A) (V) is fitted
(full line) by a couple of in-phase exponentials whereas (B) and (C) data (CJ
and O) are fitted (full line) by a couple of counterphase exponentials. Same
experiment on undoped BTO always leads to a monotonically decreasing 7.

action of light during optical recording in Dt (deep traps) and
is adequately described by the so-called two-center model.
The thermal relaxation of these filled shallow traps is rather
slow so that the associated photochromic effect remains for
some time even in the dark. The density of these St is usually
much lower than that of Dt so that they can be easily satu-
rated. In spite of their lower density, their darkening effect is
rather pronounced probably because of their comparatively
large effective photon cross section. BTO crystals undergo
strong light-induced photochromic darkening with radiation
in the visible wavelength range and darkening with 514.5 nm
wavelength light, for example, is noticeable in nominally
undoped and Pb-doped BTO for as low an irradiance as a
few uW/ cm?.® Such an effect was also verified at least on
undoped BTO using light in the wavelength range of 514.5-
633 and even 780 nm, but not with 1064 nm.'® The activa-
tion energy of these St centers involved in photochromic
effect was measured from absorption relaxation decay time
in the dark at various temperatures (using the Arrhenius tech-
nique) and reported18 to be Egr=0.42+0.02 eV, presumably
below the CB, for undoped BTO.

D. Photorefractive recording

Photorefractive recording in undoped sillenites is pre-
dominantly associated to n-type photoconductivity.19 Holo-
grams are known to be easily recorded on undoped BTO
with light at least in the visible 514.5 nm (2.4 eV)—633 nm
(1.96 eV) wavelength range. The holographic recording in

TABLE II. Fitted parameters from holographic erasure on BTO:Pb with 633 nm.

A B 7% % ®
Curve Preexposed (Arbitrary unit) (Arbitrary unit) B/A (s) (s) o T (rad)
A No 0.27 0.34" 1.26 5.9 37 6.3
B 532 nm 0.71 -0.36 -0.51 3.6 184 51 0.87
C 532 nm 0.72 -0.35 -0.49 3.2 172 54 0.89
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FIG. 14. Erasure of holograms in BTO:Pb recorded during 2 min with a
laser diode of 780 nm wavelength, observed along the reference beam di-
rection (upper graph) and along the signal beam (lower graph). The curves
showing a local maximum result from 3 min preexposure at 524 nm light
from a LED. The monotonically decreasing curves are without preexposure.

undoped BTO with A\=780 nm (1.59 eV) and A=1064 nm
(1.16 eV) with visible light preexposure7 was already re-
ported.

1. Direct recording

Nonpreexposed holographic recording in the range of
514.5-633 nm was carried out for BTO and BTO:Pb that
always showed predominantly n-type holograms on more
than one photoactive center as already reported elsewhere'®
for BTO and Pb-doped BTO, and shown here for 633 nm on
BTO:Pb in curve A of Fig. 13. The latter curve was fitted
with

A . B
n= |Ae—t/7'scel<p+ Be_l/TSC|2 (7)

and the corresponding parameters are reported in Table II.
These results indicate that at least two different deep trap
photoactive centers are involved in photorefractive recording
with 633 nm. Similar results had been previously reported20
for Bi;,GeO,, and Bi,SiO,.

Recording with 780 nm also showed predominantly
n-type holograms in BTO and Pb-doped BTO. However, al-

J. Appl. Phys. 101, 043101 (2007)

though not conclusive for BTO, hologram erasure on
BTO:Pb clearly shows a monoexponential curve (see curves
IB and 2B in Fig. 14) thus indicating that 780 nm recording
involves a single photoactive center at least for Pb-doped
BTO. These monoexponential curves were very accurately
fitted with Eq. (7) with B=0 and the resulting parameters are
reported in Table III.

2. Preexposed recording

Preexposed BTO samples either undoped or Pb-doped
were shown to exhibit hole-electron competition. Such a
competition is evidenced in holographic recording experi-
ments when n-type and p-type holograms occur to be re-
corded on different localized states. In this case counterphase
holograms are obtained, also exhibiting different recording
time constant and a very characteristic shapezL22 upon era-
sure. When n- and p-type carriers do contribute to the re-
cording on a single photoactive level, instead, either elec-
trons or holes predominate and the erasure is always
monotonically decreasing as if one single charge carrier was
involved.

Hole-electron competition occurs under the following
slightly different conditions for undoped and Pb-doped
samples:

* Undoped BTO: Recording with 780 nm (1.59 eV) and
preexposure using uniform light with hv=2 eV, as re-
ported elsewhere?! always leads to an erasure holo-
gram curve typically characterizing the simultaneous
presence of n-type and p-type holograms in different
photoactive centers. Instead, preexposure with photo-
nic energy lower than 2 eV or recording with hv
=2 eV with or without preexposure always leads to a
monotonically decreasing hologram erasure curve.

* Pb-doped BTO: Holograms were recorded and erased
with the same light, using a 633 nm (1.96 eV) laser
with 532 nm (2.33 eV) or shorter wavelength preex-
posure. In this case erasure exhibits the typical hole-
electron competition shape observed in Fig. 13 (curves
B and C). Same experiment with same preexposure
was carried out on BTO:Pb but recording and erasing
with 780 nm (1.59 eV) and also showed a typical
hole-electron competition as shown in Fig. 14 (curves
1A and 2A). All curves exhibiting hole-electron com-
petition (curves B and C in Fig. 13 and curves 1A and
2A in Fig. 14) were also fitted with Eq. (7) and the
resulting parameters are reported in Table II for
633 nm recording and in Table III for 780 nm record-
ing. In these cases A and 7, represent n-type holo-

sC
grams and B and ch represent p-type holograms,
where the minus sign in B indicates that they they are
opposite sign holograms. The parameter ¢ is a random
phase shift probably arising from environmental per-
turbations. This phase shift perturbation is likely to
occur in hole-electron competition because of the very

large difference in their characteristic recording time.
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TABLE III. Fitted parameters from holographic erasure on BTO:Pb with 780 nm.

A B sC sC (p
Curve Preexposure (Arbitrary unit) (Arbitrary unit) B/A (s) (s) L (rad)
1A 524 nm 0.72 -0.30 -0.72/0.3 13 461 35.5 -0.34
1B No 0.34 98
2A 524 nm 0.54 -0.21 -0.54/0.21 15.3 556 35 0.43
2B No 0.332 97

3. Dark relaxation

Holographic dark relaxation is controlled by the conduc-
tivity in the dark. The study of the diffraction efficiency de-
cay in the dark of a previously recorded (with A=514.5 nm
light) hologram, as the one shown in Fig. 15, was already
reported elsewhere'® and carried out at different temperatures
in order to compute its associated activation energy from an
Arrhenius plot. This activation energy resulted to be about
1 eV, presumably above the VB because conductivity in the
dark is known to be of p type. This value is in agreement
with previously reported values of 1.1 eV,"” 1.06 eV.° and
0.99 eV, among others. Note that relaxation in Fig. 15 per-
fectly follows a monoexponential decay instead of a double
exponential as it is the case in light-erasure experiments.
This fact is in agreement with the model of dark erasure
occurring via a single hole-donor level, which is probably
the Fermi level at about 1 eV above VB.

Direct electric conductivity in the dark was also mea-
sured at different temperatures on an undoped BTO sample
with golden electrodes evaporated on one of the crystal faces
(coplanar configuration) and separated by approximately
2 mm. An Arrhenius-type plot of these data is reported in
Fig. 16 where one curve is for increasing and the other for
decreasing temperature from which data of an activation en-
ergy of 0.85 eV are computed. This value however, is sensi-
bly lower than those already reported in the literature by
other researchers for this material and also lower than the
one obtained from holographic dark relaxation and reported
above.
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FIG. 15. Diffracted light measured during dark relaxation in a hologram
previously recorded in an undoped BTO. Measurement is carried out using
short pulses of the same A=514.5 nm beams used for recording. Data (O)
are fitted by a monoexponential decay curve (full line).

E. Time of flight

Time of flight (TOF) allows the determination of the
trap-limited mobility or drift mobility w,, of charged carriers
and has already been used for sillenites before.” The experi-
ment was carried out for Pb-doped and undoped BTO using
a short (3—4 ns) pulse of UV light illuminating just the sur-
face of the sample in contact with one of the electrodes while
the sample was kept under steady and uniform illumination
of green (525 nm) or blue (430 nm) light. Indeed it was
impossible to record a transient for the sample being main-
tained under dark or even under steady red (630 nm) illumi-
nation. The applied field in between the electrodes was cho-
sen such that we recorded the drift of electrons. TOF
experiments led to electronic mobilities up=0.16 and
~1.6 cm? V™! s7! referred to room temperature for BTO and
BTO:Pb, respectively. On the other hand we have reported
above (Sec. IT A) a roughly tenfold to fifteenfold lower DOS
for BTO:Pb than for BTO. Considering that u, and DOS are
roughly inversely proportional to each other, these data are
clearly consistent.

lll. DISCUSSION

Photoconductivity experiments confirmed the well
known band gap of 3.2 eV for all the studied crystals, in
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FIG. 16. Arrhenius plot of dark photocurrent measured on an undoped BTO
both for increasing (up arrow) and decreasing (down arrow) temperature.
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agreement with the band gap being known to mainly depend
on the Bi-O bond and not on Ga or Ti. However, these
measurements showed that the BGaO crystal presents some
properties rather different from the two others. We shall
come back to this crystal later. Both on the BTO and BTO:Pb
the MPC technique reveals peaks of localized states around
0.1, 0.14, 0.29, and 0.44 eV, probably below the CB, these
last two peaks being less intense by a factor of say 12 in the
BTO:Pb material.

Photoconductivity measurements performed with photon
energy in the range of 1.2-3 eV reveal a localized state at
2.2 eV, presumably below the CB, which is likely to be re-
sponsible for the pinning of the Fermi level E; in both BTO
and BTO:Pb crystals. Several other states were detected—
they were particularly visible with the undoped BTO
crystal—and attributed to levels of states in between Ey and
the CB because they were apparently empty under equilib-
rium after thermal relaxation. Some filled states in between
E; and the VB were also detected but not accurately sepa-
rated into discrete levels because of the limitations of our
WRP technique.

Electrons can be optically pumped to fill in centers in the
1.2-2.2 eV range, probably below the CB, that relax to equi-
librium within hours in the dark for undoped BTO. In fact,
dark electric conductivity showed quenching (in growing
temperature runs) effects over conductivity in BTO (see Fig.
16) thus indicating that out-of-equilibrium distribution of
charge carriers does persist for some time after illuminating
the sample. In BTO:Pb we did not detect as much centers as
in BTO in the same range of energy. It may exist some levels
around 1.5 eV, also probably below the CB, put into evi-
dence by the WRPpre experiment, but with a lower density
than in undoped BTO, since the WRPpre signal was smaller
in BTO:Pb than in BTO. The fact that BTO:Pb presents less
states or less dense levels than in BTO is underlined by the
higher overall optical absorption coefficient we observe in
Fig. 12 in the Pb doped material near the band edge. Indeed,
less localized levels results in less larger wavelength (less
absorbed) radiative relaxation of the photocarriers from the
extended to the localized states thus promoting band-to-band
shorter wavelength (more absorbed) radiative recombination
instead. Despite the evidences that BTO:Pb exhibits less
states or less dense states than BTO, deep states are present
in both materials that limit the electron transport. The pres-
ence of these deep states, well below the CB, is probably the
reason why we had to illuminate the crystals of BTO and
BTO:Pb with a steady green or blue light to observe clear
transient signals in the TOF experiment. We think that by
doing so we filled these deep levels that become less active
for trapping the carriers while they drift through the material.

Holographic experiments, only possible for BTO and
BTO:Pb, showed that, without preexposure, recording is pre-
dominantly of n type (electrons) and likely to occur mainly
around the Fermi level and in at least one more level. Re-
cording is believed to rely mainly on Bi**+h* centers, occu-
pying Ti** vacancies, that are at the same time donors
(Bi*+h*+hv—Bi>*+¢”) and acceptors (Bi**+h*+e”
— Bi’*) thus enabling the building up of the necessary space-
charge modulation for holographic recording. Recording is
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also possible even with photon energy much lower than
2.2 eV (for instance, 1.59 eV, A=780 nm), the energy gap
between E and the CB. Such a recording cannot be based on
a two-photon recording mechanism because the recording
beams are relatively weak. It is therefore likely that a two- or
multiple-step mechanism involving more than one localized
level in the band gap has to be considered. A possible expla-
nation is that the electrons are first optically pumped to
one—or more—intermediate levels from the occupied levels
located below the Fermi level and then excited to the CB and
redistributed in these states to record the hologram. The in-
termediate states concerned are probably those in the energy
range of 1.3—1.5 eV below the CB detected by the WRPpre
experiment. They cannot be deeper in the gap otherwise tran-
sitions from these intermediate levels and the CB, essential
for electrons distribution during hologram recording, would
not be possible for a wavelength of 780 nm.

Simultaneous n-type and p-type holograms are recorded
in different levels but only with preexposure. A possible ex-
planation may be that preexposure may pump electrons from
the Fermi into other levels where n-type holograms are re-
corded and at the same time a sufficiently large amount of
holes are left behind in the Fermi level to enable the record-
ing of a predominantly p-type hologram on it. Preexposure
simultaneous n-type and p-type holograms are easier to oc-
cur in BTO:Pb than in BTO and we may speculate about this
fact being due to a lower density of electron donors in
BTO:Pb that would facilitate their relative “exhaustion” dur-
ing preexposure. The lowering in the density of donors in
BTO:Pb may occur by the Pb** (that are not photoactive)
occupying some of the Ti** antisites thus reducing the num-
ber of Bi**+h* (donors) in these antisites.

The monoexponential hologram relaxation in the dark
(see Sec. II D 3) is confirming the widespread model of a
single species (holes in the Fermi level at 0.85—1 eV above
the VB) being responsible for dark erasure in sillenites. De-
creasing temperature runs of dark photoconductivity in Fig.
16 showed a Fermi level at 0.85 eV (presumedly above the
VB) which is somewhat lower than the 0.95—1.05 eV re-
ported in the literature using different techniques and also
deduced from our photoconductivity measurements showing
a huge step at 2.2 eV (or 1.0 eV above the VB).

Slowly decaying photochromic effect was detected in
BTO and BTO:Pb. The activation energy for this effect
turned to be 0.42 eV as measured for BTO. We may be
tempted to believe that this one is the same 0.44 eV level
already reported from MPC experiments in spite of the latter
technique being unable to detect slowly decaying states that
is the case of photochromic centers here.

It is worth remarking that we were unable to record a
hologram in BGaO and there were no localized states de-
tected in the 1.2—2.2 eV range. These two facts are consis-
tent with our assumption that donor states in this range are
necessary for n-type holographic recording. We may there-
fore think of BGaO as a structure similar to BTO where all
Ti** are substituted by Ga**+h* (electron acceptor) thus re-
ducing the density of Bi**+/4* (donors and acceptors) occu-
pying these sites and thus preventing holographic recording.
This hypothesis is consistent with the 10°-fold higher dark
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FIG. 17. Schematic representation of photoactive levels in the BTO band
gap, with energies measured from the bottom of the CB. Filled electron-
donors are in gray and empty levels in white. The DOS is qualitatively
represented by the width of the full-line limited levels whereas the dashed-
line limited ones are not. The succession of states close to the VB represent
the almost continuous localized states distribution at this position with a few
discrete ones at 2.4, 2.5 and 2.6 eV.

(probably hole-based) conductivity exhibited by BGaO and
Ga-doped BTO (Ref. 5) compared to BTO. If this Ga-based
acceptor level is closer than 1.2 eV from the VB we would
not have been able to detect it with WRP experiments as it
was probably the case here. We shall also recall that record-
ing holograms requires the simultaneous presence of electron
donors and acceptors inside the band gap in order to be able
to redistribute electric charge carriers under the action of
light. This is possible on BTO and BTO:Pb because of the
presence of Bi**+/4* (donor and acceptor) but is certainly not
the case of BGaO.

The analysis of the data from experiments reported in
this paper as well as from recent publications about similar
BTO samples and discussed above seems to lack of a con-
clusive picture about the distribution of photoactive centers
in the band gap of this material. This is probably due to the
fact that there is not a “unique” BTO and that from one
crystal to another, depending on the preparation, some de-
fects may predominate over others. It is therefore not surpris-
ing that from one crystal to some other one we found differ-
ent results. Nevertheless, considering the undoped BTO and
BTO:Pb, we have shown that for both materials the Fermi
level was pinned around 2.2-2.3 eV below the CB. In addi-
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tion, the MPC technique reveals the same levels, probably
close to the CB, with different densities, the ratio of which is
corroborated by the ratio of the TOF mobilities we deter-
mined. The WRPpre experiments showed that the same lev-
els around 1.3—1.5 eV are also present in both crystals in
smaller density in the BTO:Pb than in BTO. These levels are
likely to be those involved in hologram recording either only
n type or both n and p types without and with preexposure,
respectively. Hence, BTO and BTO:Pb are not as different in
terms of defect levels as it could appear at first sight and we
have summarized in Fig. 17 the various levels that could be
encountered in these crystals. Of course it is clear that more
work is needed to decide if these results are so general that
they could apply to any BTO crystals. We shall take advan-
tage of the present results to compare these BTO crystals
with other materials, as we did here with BGaO, putting into
evidence that differences in density of defect levels are re-
flected by very different behaviors in terms of charge carriers
transport properties from one type of crystal to another.

IV. CONCLUSIONS

The analysis of the data from experiments reported in
this paper as well as from recent publications about similar
BTO samples and discussed above is still not able to provide
a conclusive picture about the distribution of photoactive
centers in the band gap for this material. The diagram in Fig.
17 is one, among other possibilities, that may account for
many features of BTO.
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