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Abstract Holographic recording in a vanadium-doped
B12TiOyp (BTO) photorefractive crystal puts into evidence
a large hole—electron competition showing a fast and a slow
hologram components. From the fast component evolution,
some material parameters for the electron-donor photoactive
centers are computed. The wavelength-resolved photocon-
ductivity is shown to be strongly modified by V-doping com-
pared to undoped and doped BTO with other elements. The
increase of photoconductivity by green light preexposure is
almost negligible here if compared with undoped BTO. Ac-
tivation energy for dark conductivity measured for BTO:V is
similar to that for undoped BTO, as measured close to room
temperature, but sensibly lower than the value reported in
the literature for a much higher temperature range. Optical
absorption and EPR spectra do confirm already published
results and suggestions about the possible role of vanadium
in the sillenite structure.

PACS 42.65.Hw - 42.70.Nq - 42.65.-k - 72.20.Jv

1 Introduction

Photorefractive sillenite crystals are interesting materials for
holographic recording and image processing applications.
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As most photorefractive materials, they exhibit a rich struc-
ture of defects the nature of which is still a matter of active
research. They also exhibit a rather high optical activity and
a rather low electro-optic coefficient. Doping of sillenites
with different elements has been tried since long time ago
in the hope to improve their characteristics (increase their
electro-optic coefficient, enlarge the useful optical spectral
range, reduce optical activity) and also to help better under-
standing the mechanisms and active centers involved in the
recording process. Chmyrev et al. [1] have studied the ef-
fect of different dopants in BijoMO»9 (M = Si, Ge, Ti) and,
as far as V is concerned, concluded that it enhances pho-
tosensitivity for BijpTiOp¢ (BTO). Other researchers [2—4]
have also focused on the effect of vanadium and of Ce, Pb
[5], and Ru [6] in BTO. The inhibiting effect of Ga in sil-
lenites [7, 8] has been also reported before. The optical and
electrical characterization of doped (with Pb, Zr, Ga, V) and
undoped sillenites, mostly BTO, was also reported [8—10],
where deep and shallow centers were detected and partially
characterized from a phenomenological point of view us-
ing optical, electrical, and combined techniques. Most of
these papers, however, showed that doping always reduces
the photoconductivity without sensibly improving other in-
teresting properties.

Some degree of hole—electron competition has already
been reported even for undoped sillenites, at least for BTO
[9, 11, 12]. Such competition seems to be enhanced by dop-
ing, at least with Pb [9] and with V [2, 3]. In this paper we
are focusing on V-doped BTO and show that in this case
hole—electron competition is strongly enhanced giving rise
to a fast and a slow hologram, where the latter prodominates
in steady state, at least for 514.5-nm wavelength recording.
We characterize these hologram components and some ma-
terial parameters referred to the electron-donor photoactive
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centers. We show that the strong increase in photoconductiv-
ity exhibited by many sillenites by the action of preexposure
under green light is negligeable in BTO:V. We also confirm a
previous paper [4] indicating a strong decrease of Bi*T +h+
centers in V-doped BTO.

2 Experiments

The crystal under analysis is a V-doped BTO crystal (5.2 mm
along axis [001], 4.7 mm along axis [110], and 2.4 mm
along axis [110] that is considered as the thickness of
the sample) that is labeled BTOV-J16a and was grown
in the Federal University of Goids at Goidnia, Brazil.
Its composition, as measured by electron microanalysis
using Wavelength Disperse Spectroscopy (WDS), is [4]
Bi12.0420.08 Ti0.76+0.07 V0.16+0.02019.98 . Several different ex-
periments were carried out on this sample in order to char-
acterize it.

2.1 Two-wave mixing recording and erasure

The crystal was placed in a holographic setup with the [001]
axis perpendicular to the incidence plane (containing the
incident recording beams and the input crystal plane nor-
mal directions) and perpendicular to the holographic vector
K and the [110] axis parallel to K. Holographic record-
ing was carried out with intensities /z = 11.6 mW/cm? and
Is = 0.89 mW/cm? at 514.5 nm with the angle between the
incident beams being 20 = m /4 and the input light polar-
ization such as to ensure transmitted and diffracted beams
with parallel polarizations at the crystal output for maximum
beam coupling.

2.1.1 Self-stabilized holographic recording

Self-stabilized recording was carried out in the usual way on
this sample, using the first harmonic component with ampli-
tude [13]

LA (W) 19 1D sing (1

as error signal in the feedback loop, which led to ¢ =0,
where the latter is the phase shift between parallel transmit-
ted and diffracted beams behind the crystal. The second har-
monic

x40y (Ya) /iy 19 13 cos ¢ 2)

with 1?9 /1 for ¢ =0 was used to follow the evolu-
tion of the recording. Under externally applied field (few
kV/cm), one of the selected phases (¢ = 0 or ) in the feed-
back produced a running hologram, whereas for the oppo-
site i -shifted phase, the recorded hologram was almost sta-
tionary. Hologram erasure experiments showed that in the
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former case only a fast (electron-based) hologram had been
recorded, whereas in the latter case a strong hole—electron
competition results giving rise to fast and slow hologram
components with the latter predominating in steady state.
The recording of an electron-based self-stabilized running
hologram is certainly enabled by the higher speed of elec-
trons, whereas an almost stationary self-stabilized hologram
is possible because of the larger value (under steady state
condition) of the hole—electron competition arising slow
hologram component.

2.1.2 Hologram erasure

Holographic erasure experiments were carried out by switch-
ing off the weaker beam and illuminating the crystal with
the stronger one and measuring the evolution of the dif-
fracted light. In this particular case recording was not sta-
bilized and was carried out without externally applied field.
The evolution of a hologram produced by charge carriers
of opposite signs that are excited from different photoactive
centers in the band gap can be described by a set of two
coupled differential equations as reported by references [12,
14—-16] among many others. It is possible to show that in
these conditions fast (“f”’) and slow (“s”’) holograms arise
as described by the equation

N =c+|ApeT —A e 3)
with
AT )
h
TN e )
1 — k12621
and
272
e _ o [LHKL),
e M1 k22
ceoad [1+K2L3)] 6)
0, (0)(1 — e—d) Dl
272
o gh 1+ K“Ly, ~h — egoad N
e M4 K22 M= 5h(0)(1 — e—od)

where the approximations in (4) and (5) derive from the
assumption 7y 3> 7. Here we follow the notation in [12]
with the indexes “e” being for “electrons” and “h” for
“holes,” where r;’f is the Maxwell relaxation time, and
05,0(0) is the photoconductivity at the input plane in-
side the crystal. The dielectric constant is € = 47, gy =
8.85 x 10712 sm~! Q~!, the optical absorption coefficient
at 514.5 nm is @ = 412 m~! with the thickness d = 2.4 mm.
From prior experiments we substituted K ZL%) ~ 1.7 for
electrons and assumed that K 2L% « 1 for holes (L p: diffu-
sion length) and K 2152 & 1 for both with /; being the Debye
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Fig. 1 Diffraction efficiency
(au) as a function of time
(seconds, in logarithmic scale)
data (e) during the erasure of a
hologram recorded on BTO:V
with 514.5-nm wavelength
without externally applied field
and without stabilization at
514.5 nm. The continuous line
is the theo-retical fitting

n (au)

Table 1 Photoconductivity
coefficient and sensitivity at
514.5 nm

02 05 1.0 20 50 100 2000 lime(s)
BTOV BTO BTO-005" BTO:Pb
Fast Slow
S 10719 m3/J) 32 0.65 53 52 60
O/ Ir (0) (1020 sm/Q) Hologr. 27 - 60 95 60
(o2 v S
K WRP 9 180 - 80

*Produced in the former USSR

screening length. The coupling constants are defined [12] as

1/kip =1+ K?% —1Klg, ®)

se

1/ko1 =1+ K2, —1Klgy, ©

Equations (4-7) show that the fast hologram time constant
is just that one characterizing the electron-based hologram
buildup, whereas the slow one is related to that of the hole-
based hologram, where the electrical couplings (k12 and k21)
between electrons and holes are also included. Diffraction
efficiency erasure data (e) evolution in Fig. 1 actually shows
a typical hole—electron competition erasure curve with holes
and electrons on different localized states in the band gap
of BTO:V. The first (overall growing efficiency up to about
1 s) part in the figure shows the erasure of the faster grating,
whereas the second (decreasing) part is the erasure of the
slower grating. From data fitting with (3), as shown by the
continuous curve, the following parameters were obtained:

Ar=0.17, Ay =0.25 (10)

7y =0.28s, 7, =20s (11

with ¢ = 0.011 being the background.

From (4) and (6) it is possible to compute the photocon-
ductivity coefficient (photoconductivity per incident photon,
in “second meter/Ohm” units) for electrons

0o (0VhV/IR(0) = gpeTePea ~ 27 x 10730 sm/ Q (12)

where “(0)” means “at the input plane inside the crystal,” hv
is the photonic energy, i, and t, are the electron mobility
and lifetime in the conduction band, @, is the quantum effi-
ciency of photoelectron generation, and Iz (0) =1 2(1 —R)
with 1 2 and Iz (0) being the irradiance of the erasing beam
at the input crystal plane outside and inside the sample, re-
spectively, with the reflectance R ~ 0.2. The photoconduc-
tivity coefficients above are reported in Table 1 together
with the values measured for other doped and undoped
BTO in the same setup. Data measured from wavelength-
resolved photoconductivity (WRP) experiments [8] at the
same 514.5-nm wavelength are also reported for compari-
son. Note that values from holographic techniques are sys-
tematically lower than those from WRP. We believe that this
difference is due to the fact that absorption coefficients are
computed in different ways for both experiments: for holog-
raphy, the absorption was measured in a usual spectropho-
tometer, whereas for WRP, the absorption was measured
with a photodetector very close to the sample, in which case
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Fig. 2 Photoconductivity coefficient chv/Ig(0) (sm/€2) for BTO:V
in relaxed (circles) and preexposed to 2.4-eV light (triangles) condi-
tions on different scales to appreciate details: fop figure in linear scale
and bottom figure in logarithmic scale

luminescence effects usually result in a lower apparent ab-
sorption coefficient [17]. Photoconductivity (and sensitivity)
shown in Table 1 for fast and slow holograms in BTO:V can-
not be directly compared with data for other crystals in this
table because the latter are mainly for electrons.

2.1.3 Sensitivity

From (10) and (11) we compute the holographic sensitiv-
ity [13] associated to the fast and slow components that are
respectively

A 0. /N7,
po=—— | 2 (13)
ﬂm[abs ot 0
where
3. /1f.s
[—f} = Afy/Trs (14)
a o
1—R)(1— e
II%bS _ 12( )( e ) (15)

1 —Red
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Here I,%bs represents the absorbed erasing beam irradiance.
From m = 0.5 we compute

Sr=32x10""mi/J (16)
S, =0.65%x10"1m?/J 17)
St/Ss ~ 50 (18)

As expected, the sensitivity is controlled by the faster holo-
gram, and its value (together with that of the slower one) is
reported in Table 1 and compared with those measured for
other undoped and doped BTO in the same setup.

2.2 Wavelength-resolved photoconductivity

Wavelength-resolved photoconductivity (WRP) experiments
were carried out as described elsewhere [17], and the result
is shown in Fig. 2. Results for undoped BTO are shown in
Fig. 3 for comparison. BTO:V shows the characteristic sharp
step in WRP spectra at 2.2 eV but, differently from undoped
BTO, exhibits a steadily increasing spectra without steps in
the 1.2-2.2 eV range and shows almost no preexposition
effects with 2.4-eV illumination.
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The optical intensity absorption coefficient of BTO:V is 50 Hz Z7
shown in Fig. 4, where we see that the absorption shoul- i 600 [P s
. . o
der close to the band gap and starting by 2.4 eV is weaker - 7
than for undoped BTO. It is believed that this shoulder is ///w"/
mainly due to the Bi** 4 h™ center occupying the Ti** va- 300 &
cancy in the characteristic sillenite oxygen tetrahedral [18]
and its lower value may indicate a lower concentration of
these centers. This result may indicate that at least part of 0% o1 o3 o3 " os
the Bi*t + h't centers (acting simultaneously as acceptors v W

and donors) are here substituted by alternating V3* and V>+
centers, thus dramatically reducing the overall photoconduc-
tivity compared to that for other crystals as reported in Ta-
ble 1.

2.4 Dark conductivity

Dark conductivity in photorefractive materials can be mea-
sured using different techniques including direct electric (dc
using an electrometer, ac using the so-called impedantiomet-
ric technique, or just a simple lock-in amplifier) and holo-
graphic techniques. The large hole—electron competition in
BTO:V makes it difficult to use holographic techniques, so
that we restricted ourselves to direct electric (dc or ac) tech-
niques.

2.4.1 Direct electric techniques

The current in the dark was measured in our laboratory as
a function of the applied voltage for different frequencies as
illustrated in Fig. 5. From these data the complex ac conduc-
tance

C(w) =[Cyc + A0’ | +1Bw (19)

was measured as a function of the (angular) frequency w
for different temperatures as illustrated in Fig. 6. Note that,

Fig. 5 Absolute value of the complex dark current (pA) as a func-
tion of the applied voltage for different frequencies varying from 10 to
50 Hz, for BTO:V at 30°C (top) and 90°C (bottom)

— : : : 4 120°¢
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1o e S—- & & a 110“|c
& 100°c
5
3
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o
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10-:0

60
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Fig. 6 Frequency dependence of the absolute value of the dark con-
ductance |C(w)| (A/V units) in log-scale for different temperatures
from 30 to 120°C as measured on BTO:V

as the temperature increases, the frequency dependence is
less pronounced as clearly shown in Fig. 6. The conduc-
tance is then extrapolated to w = 0 by fitting experimental
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data with (19). In this case data fitting required adjusting the
s-exponential of w in the real part of the complex conduc-
tance. The presence of a term in w in the real part of the
conductance is an indication of a hopping mechanism in-
stead of a band transport mechanism involved in the process
[19, 20]. The dc dark conductance Cq4. thus obtained, for
temperatures in the range 30-120° C, gave a typical Ar-
rhenius curve, as seen in Fig. 7. From this curve the dark
conductivity activation energy is computed to be 0.89 for
BTO:V as reported in Table 2 together with that for undoped
and other doped BTO for comparison. Note that these val-
ues are, except for Ga-doped BTO, lower than those close to
1 eV reported from impedantiometric techniques [6, 21] al-
though at a much higher temperature. The dark conductivity
of BTO:V as extrapolated to 30°C is 60-fold larger than that
for undoped BTO measured in the same conditions.

Our lower activation energies may indicate that dark con-
ductivity in the room temperature range could be controlled
by hopping or by tunneling, whereas at higher temperature
it could be rather controlled by excitation to extended (prob-
ably valence band) states.

2.5 EPR spectra

Papers by Baquedano et al. [22] and Carvalho et al. [4] re-
ported an isotropic nearly Lorentzian EPR line for a BSO
crystal at room temperature (RT) and at 90 K that appeared

5
£ ;
~ E, =0.89 eV
Oy

c 220 b ; ........... .....................
B
25 : H : :

2.5 2.7 2.9 3.1 33 35

1000/T (K"

Fig. 7 Dark conductivity for BTO:V plotted as a function of inverse
temperature with Arrhenius fitting (solid line) giving a 0.89 eV activa-
tion energy

to be due to a hole center rather to an electron. This confirms
the presence of a Bi** +h* defect in the M*T (M = Ti, Si,
Ge) vacancy in the center of the oxygen tetrahedral sillenite
structure referred to by many researchers.

An isotropic EPR line centered at g = 2.006 was also
observed by Carvalho et al. [4] on BTO at 20 K and a
much weaker one for g in the interval 1.9981-1.9984 for
BTO:V without evidences of an EPR line for V, thus in-
dicating the latter to be in the nonparamagnetic valences
+5 and/or +3 and showing that the Bi3* + h* centers are
most of them being substituted by V3* and/or V> on the
tetrahedric site. New EPR spectra were now measured in
this work on a BTO:V and undoped BTO single crystals
at room temperature in an ESP-300 Bruker spectrometer
working at 9.8 GHz, with standard Bruker cavity operat-
ing with 100 kHz magnetic field modulation with a mi-
crowave power of 5 mW. The frequency was measured with
a Hewlett Packard 5350B microwave counter. The new spec-
tra in Fig. 8 confirmed the presence of a strong line probably
arising from a hole (h™) in the oxygen tetrahedral in BTO
that is dramatically reduced in BTO:V.

3 Discussion

We have investigated the strong hole—electron competition
due to donors and ionized donors on different localized

{  BTO pure

’;:\ |: l /
L) |
59 [l BTO:V
g A/
22 M WL
'E_' e P L 1, scanneika
G i
f=] | f.l
] I
K| |
=
@3] il

L)

1000 2000 3000 4000 5000

Magnetic Field B (Gauss)

Fig. 8 EPR spectra of undoped and V-doped BTO showing a large
symmetric signal indicating a hole in a symmetric environment (prob-
ably the oxygen tetrahedral site) for the former and a strong reduction
of such a hole in the latter

Table 2 Dark conductivity

activation energy (eV) Sample 30-120°C 150-250°C higher than 300°C
BTO 0.83 1.06 [6] 0.99 [21]
BTO:V 0.89 - -
BTO:Pb 0.80 - -
BTO:Ga 0.66 0.48 [24] -
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states in the band gap of BTO:V that produces a fast and
a slow holographic component. Self-stabilized holographic
recording techniques allow one to select whether to record
an electron-based only hologram or a combined hole- and
electron-based one by adequately selecting the operating
conditions in the feedback stabilization loop.

The present work do confirm previous reports indicating
that V-doping may reduce the density of Bi** + h* centers
(that act as photoactive donors and acceptors) which might
be at least partially substituted by V3* and/or V>* ions. The
phenomenological effect of V-doping is a large increase in
dark conductivity, a majoritary participation of deep pho-
toactive acceptor centers in optical recording and a dramatic
reduction of photoconductivity and of preexposure effects
with green light. The two former effects (dark conductivity
and photoactive acceptors increasing) may be related since
conductivity in the dark in sillenites is usually associated
with holes and hole-donors. Doping with Pb has a similar
effect on preexposition but produces a much reduced effect
on photoconductivity. Other elements like Zr also reduce the
photoconductivity and preexposition but in a much reduced
scale. Another peculiar and unique feature of V-doped BTO
is the lack of sensible steps in the 1.2-2.2 eV range of the
WRP spectrum that are supposed to indicate the position of
empty donor centers in localized states between the bottom
of the conduction band and the Fermi level at 2.2 eV below
it. The negligible light preexposure effect may be directly re-
lated to the absence of these levels for the preexposure green
light to pump electrons to. The way vanadium acts to pro-
duce these effects and to increase the role of deep acceptor
traps in the recording process is, however, unclear.

From the point of view of the chemical composition and
according to Valant and Suvorov [23], the sillenite structure
as represented by

Bij»(Big §o.2)O19.2 (20)

is formed by Bi—O-coordinated octahedra sharing corners to
form regular tetrahedra, where their centers are 80% occu-
pied by Bi** and 20% vacant (0J), as represented inside the
parenthesis in (20). The vacant tetrahedra have four oxygen
ions occupying their four corners, but in the Bi**-occupied
tetrahedra one of the oxygens is replaced by the lone elec-
tron pair from the central Bi** ion. The incorporation of
Ti*t ions in the sillenite structure occurs by partially fill-
ing the tetrahedral vacancies and substituting the Bi** in
the tetrahedra according to the formula

Biio(Bigh 4 TittToo—+)O19044x, 0<x<02 (21

Besides Bi3* donors, photoactive acceptors should be also
included in order to allow for space charge spatial modula-
tion, as required to enable optical recording. Acceptors like
Bi>* cannot be included because they are believed [23] to be

unstable at the high temperature the crystal is grown. Instead
Bi** plus a hole h™ in the form of the 4+ ion [Bi** 4+ ht]
that is simultaneously a donor (Bi*T +h* —Bi>* 4+¢7) and
an acceptor (ionized donor) (Bi*T +h* +e~ — Bi’t)is cer-
tain to be present. The introduction of this 4+ charged ion in
the structure may follow the same pattern as with Ti**: one
[Bi*T + h'] filling a vacant tetrahedra site and four other
substituting four Bi** with four oxygen ions completing the
missing oxygens in the corners of the substituted tetrahedra
and balancing the charges according to the following for-
mula:

: 3+ 3+ + -4+
Bii2(Big§_gy_a.[BI"T +1 ]5ZT15X 00.2-x—2)019.244x+4z

O0<x+4+2z<0.2 (22)

It is still possible to optically pump electrons from donors
(Bi** and ) to produce new photoactive acceptors Bi>* at
room temperature, thus also explaining (at least partially)
light preexposition effects in sillenites.

Still, according to Valant and Suvorov, the addition of
vanadium to the compound above occurs by substituting the
Bi** ions by V% and incorporating an oxygen ion without
modifying the tetrahedral vacancies following the formula

(midt 34 41 ySedd
Bito(Bigg ge_y_g,[BI'T + AT ] VTS Doox—z)

X 0192 +4x+y+4z5

O0<x+2z<02, 0<4x+y+4z<0.38 (23)

Note that by reducing the density of Bi** centers an indirect
reduction in [Bi3T + h*] also occurs. For the sample in this
paper with y = 0.16, 5x = 0.76, and 4x 4+ y + 4z = 0.78,
the formula above reduces to

Bipp (Big?’{n [Bi3+ + h+] V(S)j’i6Tigﬁ6 DO.O45)019.98 (24)

0.015

where the density of Bi’T and [Bi** + h™] centers is
strongly reduced by the presence of V1. As the exchange of
electrons is essentially operated via these two centers, their
lower concentration may explain the dramatic reduction in
photoconductivity here. The donor Bi3T is more directly af-
fected by the introduction of vanadium, so that its relative
concentration may be lower, and this fact may explain the
relative decrease of donor centers observed in holographic
experiments on BTO:V as reported above.

It is also possible that the presence of the highly charged
V5t jon in BTO:V may inhibit, to some extent, the for-
mation of Bi’t by electron pumping by light, thus con-
tributing to the reduced preexposure effect reported for
BTO:V.

4 Conclusions

BTO doping with V leads to very peculiar features in the
behavior of this (and probably other) sillenite. Its charac-
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teristics are not sensibly improved by V-doping, but these
experiments and results allow one to get a somewhat deeper
insight and open new questions about the nature of the mate-
rial and about the mechanisms involved in optical recording
in sillenites. Some possibilities were discussed about the ef-
fect that V may produce on the chemical nature of BTO, but
this matter is still lacking solid experimental support and re-
quires further experimental work.
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