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Spectral kinetics characteristics of photochromic effect and optical destruction of these
effect in BSO:Cu crystals have been investigated. It has been shown that both effects are
due to the photogeneration and optical destruction of the CuBi2+—O‘ and BiSi3+—O‘ color
centers with Cu?* ions in Bi®* positions and Bi®* ions in Si4* positions. The relaxation
parameters of these processes have been shown to depend on temperature.

HcenemoBaHbl CHEKTPAJbHO-KMHETUUECKNEe XapaKTepUCTHKU (POTOXpOoMHOro sddexrra u
ero onruueckoro crupanus B kpucramnax BSO:Cu. IToxkasano, uto oba apderra obycaoBie-
HBI IIpoIieccaMyu (pOTOTeHepaIuy U ONTHYECKOTO PaspyIIeHHs IEeHTPoB okpacku CugZ*-0~ m
BiSi3+—O‘ ¢ womamu CuZ* B mosmmusax Bi®* u momamu Bi®* B mosumusax Si**. Boiaeiena
3aBHCHMOCTh PeJIaKCAIIMOHHBIX ITapaAMeTPOB JAHHBIX IPOIECCOB OT TeMIepaTyphl .

The tasks of optical information record-
ing, treatment, and storage defines the in-
terest in research and modification of opti-
cal properties of photorefractive crystals.
Among those, the sillenite family crystals
Bi;oMO,y (BMO, with M= Si, Ge, Ti) stand
out due to high sensitivity to light from the
visible and near IR wavelength range. The
sensitivity defines a number of photoin-
duced effects (photochromic, photorefrac-
tive, photoresistive, etc.). That is why the
BMO crystals are used as functional media
in different types on light-modulating and
holographic devices. At the hologram re-
cording, photorefractive and photochromic
holographic elements arise in BMO crystals.
To date, a considerable attention has been
given to experimental and theoretical re-
search of photorefractive effect and also of
reversible changes in refractive index and
nonlinear interaction of optical rays. In
contrast, the photochromism of BMO crys-
tals is studied insufficiently. It is known
that the doping influences essentially the
optical absorption and spectral charac-
teristics of photochromic effect (PE). In
particular, doping by Al, Ga, Ca, Fe and V
ions quenches PE, while impurity Cr, Mn
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and Cu amplify and change its spectral
characteristics [1]. The spectral features of
PE are connected with intra-center transi-
tions in the doping ions of transitional met-
als [1, 2]. However, the mechanism of
charge states change in those ions under
illumination, the kinetics of thermal excita-
tion and optical extinction and also relaxa-
tion characteristics of PE, were almost not
studied. The complex research results of spec-
tral and kinetic characteristics of PE in
Bi,Si0yy crystals doped with copper
(BSO:Cu) are presented in this work.

The BSO:Cu crystals have been grown by
the Czochralski method. Copper concentra-
tion in doped crystals was 0.01 wt %. The
samples were shaped as plane-parallel plates
of 4.6 and 0.2 mm thickness and with large
(001) surfaces. The optical transmission spec-
tra #(\) were measured using Cary-5E, Spe-
cord M40, Specord NIR61 spectrophotometers
in the wavelength range A = 0.3 to 8 um. The
temperature was varied in the range T = 85
to 700 K. A nitrogen cryostat with quartz
windows was used for low temperatures. The
absorption spectra o()\) were calculated using
the method described in [3].
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Fig. 1. Spectra of stationary optical absorption oy(hv) (a, I, 3; b, 1, 3; ¢, 1, 3) and optical
absorption oP?€(hv) after illumination with energy of quanta hv = 2.73 eV (a, 2, 4; b, 2, 4; ¢, 2) at
temperature 85 (a, 1, 2; b, 1, 2; ¢, 1, 2) and 300 K (a, 3, 4; b, 3, 4; ¢, 3). Thickness of BSO:Cu

crystal d = 0.46 (a, b) and 0.02 cm (c).

The PE was excited by light pulses with
A = 480-450 nm (dark blue) of ¢t =1 s dura-
tion (at the same quantum energy Av). The
PE was quenched optically by illuminating
with light of A = 760-620 nm (red). Excitation
and optical destruction (OD) was studied at Ty
=85 and T9 =300 K. The stationary og(hv),
photoinduced aiphg(hv) absorption and its opti-
cal destruction onll’hr(hv) spectra were investi-
gated for it jllumination dose. The PE and
optical destruction spectra were determined as
differences Aonll’hg(hv) = otll’hg(hv) - ag(hv) and
Ao PP (RY) = o, , PE(RV) — a PP (hv)  respec-
tively, where (xmaxphg(hv) is the maximal
value of photoinduced absorption. Kinetics
of PE and OD was represented by depend-
ences Aocll’hg(t) and AoPh7(t), where t is the
total duration of photoactive illumination
doses. Influence of temperature on optical
absorption (termochromic effect (TE)) was
estimated from the Ao;Ti(hv) = o;Ti(hv) -
(xOT"(hv) spectra obtained at T, (initial) and
T; (current) temperature values. Spectra of
thermal destruction of color centers were
presented as AoTP(hv) = agqTo(RV) —
agal(hv), where agqTo%hv), 0geT%hv) are
stationary spectra prior to and after heat-
ing.

In the optical absorption spectra of
BSO:Cu crystals, there are four wide bands
in the photon energy ranges hv = 0.69 to
1.05 eV (A), 1.46 to 1.9 eV (B), 2.5 to
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3.1 eV (C, at T = 85 K), and 3.3 to 3.4 eV
(D at t = 85 K) (Fig. 1). The presence of Cu
ions causes appearance of the A and B ab-
sorption bands in near IR region (Fig. la),
because undoped BSO ecrystals in these
range show considerably weaker and mo-
notonously falling values (at hv reduction)
[4]. On the long-wave edge of the A band,
an electron vibrational structure must be
apparent, because the energy distance be-
tween its first two components, Ahv =
0.0624 eV, corresponds to the frequency of
optical longitudinal phonons
506 cm~1) in BSO crystals [6].

The B band contains four components of
almost equal in intensity at 85 K, which
form a "small comb” structure that is typi-
cal of intra-center (d-d) optical transitions
in Cu2* ions (electron configuration 3d9)
centering octahedrons of C, local symmetry
[6]. In BSO crystals, such situation will be
realized when Cu?* ions replace Bi®* ones
(CuBi2+) located in the center of oxygen
pseudo-octahedrons with the symmetry near
to Cy. The feature of those pseudo-octahe-
drons consists in that the centering Cu?*
cation (as well as Bi®*) is seven-coordinated,
i.e. one of six Cu—O bonds is replaced by
two longer bonds. The charge compensation
is realized due to the hole centers O, how-
ever, the excess positive charge of the O~
ion (hole) is not localized but jumps over
from one top to other (Fig. 2a).

(Vphon =
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Fig. 2. The oxygen pseudo-octahedron cen-
tered by Cu2+Bi ions (a) and oxygen heptahe-
dron in a center with the ions Bi3+Si (b).

The wide C band is in the "shoulder”
absorption region of undoped BSO crystals.
The intrinsic BSO defects, anti-structural
Big;3* and Big®" ions replacing Si** ions in
oxygen tetrahedrons, are responsible for ab-
sorption in this band (Fig. 1b) [4]. The
charge compensations of Bi3*g ions occurs
also, as well as for the Cug?* centers, due
to the hole centers O~ with a delocalized
hole. In the case of Bi%*g, the compensa-
tions is possible due to cation vacances in
the second coordinating sphere or due to
that a certain number of the pair centers
Bi3*g; and Bi%*g have (on the average) the
charge of Bi**g; (Fig. 2b).

The intense absorption in the D band ad-
joining to the fundamental absorption edge
of BSO crystals (Fig. lc) is caused most
likely by charge-transfer optical transitions
of the “ligand-metal” (L-M) type: 02"
<Cug?*. Such transitions is one more typi-
cal feature of Cu2* ions with coordination
number (c. n.) 6 and octahedron local sym-
metry Cqo [5]. The absorption in all bands
increases as the temperature rises (from 85
to 300 K), thus, the shift of the absorption
edge masks the D band structure (Fig. 1). A
similar temperature behavior was observed,
for example, for Cu?* ions with ¢. n. 6 in
CrCuCls crystals [5].

It can be assumed that, along with CuBi2+
ions, Cu3* ions are present in the BSO ecrys-
tals that are replacing Bi ions in oxygen
pseudo-octahedrons (Cug*). The charge
compensation is not required here. Theoreti-
cal estimations show that optical transitions
in CuBi3+ (8d8) ions, located in the octahe-
dron give three wide (about 0.31 to 0.37 eV
halfwidth) absorption bands: A’, B’, and C’
[6]. From experimental spectra of transi-
tional metal ions with 3d® electron configu-
ration, spectral absorption of these bands
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Fig. 3. Spectra of photoinduced absorption
AcP'8(hv) after illumination at quantum en-
ergy hv=2.73 eV (a, 1, 3, 1'; b) and optical
destruction of photochromic effect AaP"8(hv)
after illumination at quantum energy hv =
1.63-1.98 eV (a, 2, 2') at 85 K. The curves I’
and 2' are fragments of curves I and 2 dis-
placed along vertical axis by +1 and —1, respec-
tively.

has been determined: hv = 0.94 to 1.07 (A’),
1.6 to 1.8 (B’), and 2.98 to 3.18 eV (D') [6].

As the A band in the absorption spectra
of BSO:Cu crystals corresponds to the A’
band, it can be supposed that to be due to
transitions in CuBi3+ ions with ¢. n. 6. B’
and D’ bands get (or are partly overlapped)
into the B and D bands of CuBi2+ ions with
c. n. 6. In tetrahedral crystalline field (re-
placing of ions of Si4* by Cu3* ones), the
Cu3* ion absorption bands are considerably
shifted towards IR region of the BSO crys-
tal lattice absorption, and should not be ob-
served. Entering of Cu* ions instead of Si**
and Bi%* is unlikely due to of large distine-
tions in charges and ionic radius.

The PE results in increased absorption in
the B, C bands (Fig. 1a, b, Fig. 3a), reduced
A band absorption (Fig. la, Fig. 3a) and re-
distribution in the D band (Fig. 1d, Fig.
3b). The band structure of PE AcaP8(hv)
spectra is represented in Fig. 3. It is to note
also that the PE can be essentially com-
pletely optically destruction under illumina-
tion in the 0.4 to 1.5 eV range, i.e., the
stationary absorption spectra are reproduc-
ible (Fig. 3). The temperature increase from
85 to 300 K results in decreased PE in A
and B bands related to Cu ions (Fig. la, b,
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Fig. 4. Kinetic dependences of photogenera-
tion AcP*8(t) (a, 1, 2; b, 1, 2) and partial
optical destruction AoP*(t) (a, 3, 4; b, 3, 4)
of color centers Cug?*—O~ (a) and Big**—O~
(b) in the absorption band with Av = 2.73 and
1.63 eV at 85 (a, 1, 3; b, 1, 3) and 300 K (a,
2, 4; b, 2, 4). The calculated A(xcallphg(t) de-
pendence for photogeneration in the band
hv = 2.73 eV (b, 2').

Fig. 8a). The PE in the C band (Fig. 1b,
Fig. 3a) drops similarly to that in undoped
BSO crystals [4].

The photoinduced decrease of absorption
in A and B bands is accompanied by in-
crease of absorption in B and D bands of
AaPh8(hv) spectra (Figs. 1, 8). This allows us
to assume that the PE is caused by the
change of ratioc between the color centers

connected with change of their charge state
according to the schemes: Cug3* +
e —> CuBi2+’ BIS|5+ + 2e > BISI3+' The charge
neutrality is provided in both cases by si-
multaneous formation of the hole centers
O~; thus, it is just the pair centers CuBi2+_
O~ and Big3*—O~ with a hole delocalized at
the vertices of oxygen pseudo-octahedrons
and tetrahedrons, respectively, that are re-
sponsible for PE. The suggested mechanism
of PE and OD (optical destruction) involv-
ing two types of complex centers is con-
firmed by the consideration of experimental
AaPhe(t), aPhr(t) dependences characterizing
the kinetics of the formation and destruc-
tion processes as well as by temperature in-
fluence on the relaxation parameters (Fig. 4).

Each of the dependences presented in the
semilogariphmic scale as In(1 -
Aod’hg/AocmaxPhg) = f1(¢) and ln(Aod’hr/AocOPhr)
= fo(?), where A(xmaxphg corresponds to the
AaPhg(t) value at ¢ — o, and A(xOPhr, the
AaPhT(t) value at ¢ = 0, includes three linear
sections for both types of centers. This makes

it possible to describe those as follows:

3 (1)
AaPhg = AaPhe[1 — Zagiexp(—t/ )]s
i=1
3 (2)
AP = AoBhTY a, exp(—t/1,,).

i=1

In other words, each of both processes
include three additive exponential compo-
nents, where ag, a,; are the share holding

Table 1. The relaxation of parameters characterizing the photogeneration and optical destruction

of color centers in BSO:Cu crystals.

The spectral Effect T,=85K T, =300 K
position of R . . .
color center Relaxation time Relaxation time
absorption Share of relaxer Share of relaxer
band, hv, eV T4, S Tgy S T3, S T4, S Tg, S T3, S
4 ay as 4 ag as
Cug?*, PE 27 40 961 5.4 31 311
hv ~ 1.63 eV 0.58 0.28 0.14 0.32 0.33 0.35
OD 2.5 400 1600 11 389 1257
0.66 0.13 0.21 0.61 0.36 0.03
BiSi3+, PE 8 49 226 5 12.6 250
hv ~ 2.73 eV 0.17 0.65 0.18 0.23 0.35 0.42
OD 13.4 1800 12.7 167 1600
0.14 0.48 0.38 0.29 0.62 0.09

Note: relaxation time 1, 79, 13 and a;, a,, ag averaged over the time Tig Tog Tsg Qg Qg O3g for

PE and t,,, 19, T3, @5 g, a3, for OD.
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constants; Ty, 7., relaxation times of the
components defining the photogeneration
(ag, 14) and destruction (a,;, 1,;) processes
of the color centers. The quantities ay, a,
and 14, 1,; have been found using the suec-
cessive discrimination of the components,
starting from the most slow ones (Table 1).
The results obtained allow to get the calcu-
lated dependences Aocca”l’hg(t) and
Ao, "™(t) defined by expressions (1) and
(2), respectively, and reproducing the initial
experimental AaP”8(t) and AoP™™(t) depend-
ences to within <5 % (Fig. 4a).

Further, the following general features
of relaxation processes are to be noted: (1)
For both center types, Cugi2*—O~ and Big3*-
O, typical are large values of relaxation
time 14 and 1,; (Table 1) exceeding the time
(~1076" s) necessary for excitation of elec-
tron subsystem of the centers; (2) Both cen-
ter types are characterized by sets consist-
ing of three different relaxation times g
(tg1> Tg2s Tgg) and 1, (T, T2, Tp), that
evidences three relaxation processes with
different share contribution to be involved in
photogeneration and optical destruction of
color centers, the shares being defined by val-
ues of a,; (A, Ags, ags) and a,; (a,;, a9, a,3),
respectively (Table 1).

Distinction of the relaxation processes
related with Cug??*~O~ and Big>*~O~ centers
is seen both at low (T; =85 K) and room
temperature (T3 =300 K) and consist in
what follows.

1. At Ty = 85 K, the photogeneration of
Cugi?*-O~ centers is in general a more slow
process as compared to the Big®*—O~ center
generation, with shorter relaxation times of
fast (147) and slow (tg3) components contrib-
uting mainly (72 %) to the PE. The Big3*-O~
centers differ yet in that the main contribu-
tion (65 %) to their formation is provided by
the component with an "intermediate” relaxa-
tion time (t,4y) (Table 1).

2. Temperature rise up to Ty = 300 K re-
veals a trend to decrease the relaxation
time and equalizing of share parts of vari-
ous contributions to PE (Table 1).

3. In contrast to PE, the decay of CuBi2+_
O~ — centers is a more fast processes as
compared to BiSi3+—O‘ — ones, the fast (1,;)
and slow component (1.3) providing the
main contribution to this process (Table 1).

4. The temperature rise up to Ty =
300 K results in acceleration of the optical
destruction processes for both color center
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Fig. 5. Scheme of electron transitions respon-
sible for the charge change of Cup,>*3" and
Big®*(®*) ions at excitation (continuous lines)
and optical destruction (dashed lines) of pho-
tochromic effect without (a) and with (b) in-
volvement of thermoinduced exchange by the
charge carriers between the conductivity
band and the valence band (double dotted
lines) at 85 (a) and 300 K (b).

types, the contribution of slow processes de-
creases considerably (<1 %) (Table 1).

To explain the results obtained, it is to
take into account that the BSO and BSO:Cu
crystals are highly doped compensated wide-
band semiconductors, i.e. these crystals con-
tain ionized donors and acceptors due to
intrinsic defects. In the photoconductivity
spectral regions corresponding to dark blue
and red light, a sharp photoconductivity in-
crease by 1 and 5 to 6 decimal orders, re-
spectively, is observed. This is due to elec-
tron transitions from non-ionized donor lev-
els and ionized acceptor ones to the
conductivity band [7, 8]. Taking into ac-
count that the PE is excited by dark blue
light and is destruction by red one for un-
doped BSO crystals and those doped with
different impurities [1], we believe the pho-
togeneration and optical destruction proc-
esses of color centers with the electron
transitions shown in Fig. 5.

Moreover, we assume that the fast com-
ponents of generation (1,7, ) and destruc-
tion (t,;, T,9) of color centers providing the
main contribution (about 70 to 80 %) in the
intensity change of B (CuBi2+—O‘ centers)
and C (BiSi3+—O— centers) induced absorp-
tion bands define directly the recharging
CuBi3+(—)CUBi2+ and B'S|5+<—>B|S|3+ ions at low
temperatures. The recharging is provided
due to optical emptying of ionized acceptors
(photogeneration, illumination with dark

Functional materials, 14, 1, 2007
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Fig. 6. Spectra of thermoinduced optical absorp-
tion AaTi(hv) after heating from 300 to 620 K (1)
and cooling from 620 to 300 K (2); thermal discol-
oration spectra AaTP(hv) of BSO:Cu crystals after
heating-cooling cycle (3, 3').

blue light) or non-ionized donors (optical
excitation with red light). The emptying of
acceptors or donors is accompanied by the
diffusion transport of charge carriers (elec-
trons) in the conductivity band and re-trap-
ping in the local levels of the forbidden gap
formed by the Cug* and Big%" ions (Fig.
5a). The low mobility of electrons in the
BSO (u~ 1072 cm2/V.c) explains the large
values 1,7, T59 and 1., T,

The decrease of Tgl> Tg2 and 1,4, 7,5 at the
temperate increase to T, = 300 K against
the sharp decrease of photoconductivity [7,
8], decrease of PE and OD effects can be
explained by involvement of competitive
thermal ionization processes of the ac-
ceptors and donors (Fig. 5b). Due to these
processes, at heating to T = 400-450 K, we
observed TE (additional thermally induced
coloration), but a further temperature in-
crease caused thermal decomposition of
color centers (Fig. 6).

Of a particular interest is the presence of
slow components (g3 and t,3) in photogen-
eration and optical decay processes of
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Cug?*-O~ and Big®*-O~ centers. Perhaps
the slow processes are thermally activated
association (dissociation) of the CuB-2+,
Big;3*—O~ defects into Cug2*—O~ and Big;>*-
O~ centers. The association (dissociation) is
accompanied by equilibrium state estab-
lishment in the electron subsystem due to
strong electron-phonon interaction in sil-
lenite crystals of [9]. In addition, the
Cugi?*-0O~ and Big;3*—O~ centers can be ori-
ented (disoriented) under illumination.

The physical mechanisms of such proc-
esses can be various for complex defects in
various crystals. In particular, the axial
CuBi2+—O‘ centers are oriented in the KTaO,
crystals under action of polarized light with
time constant of about 1620 s at 245 K
[10]. The relaxation time of the mentioned
long-time relaxation processes decreases
with increasing temperature, that is in
agreement with the experiment (Table 1).
Stability of the Cug?*—O~ and Big;3*—O~ cen-
ters and some increase in the PE band in-
tensity is provided in both cases.
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TepMoiHAYKOBaHA pejlaKcallid ONTUYHOTO NMOTIWHAHHSA
ta ¢oroxpomuuii epexr y kpucraaax Bi,SiO,;:Cu

T.B.Ilanuenko, K.JO.Cmpineys

HocaigKeHO CIeKTpPaJbHO-KiHeTHUHI XapaKTepucTUKu (HOTOXPOMHOTO edeKTy Ta Horo
onTruHe crupaHHa y Kpucramax BSO:Cu. ITokasano, mo obuzsa ederra 00yMOBIEHL mmpoie-
camu (poToreHepallii Ta ONITUUHOrO PYUHYBaHHSA IEHTPiB 3a6apBIeHHSI CuBi2+—O‘ Ta BiSi3+—O‘
3 iomamm Cu?* y mosumiax Bi* i iomamum Bi®* y mosumiax Si**. Busasieno samexmicts
peJlaKcallifHUX IMapaMeTpiB JaHUX IIPOIleciB Bifx TeMmIlepaTypu.
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