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Abstract. Spectra of photoluminescence (PL), luminescence excitation, stationary
and photoactivated optical absorptions and photoconductivity are studied for
Bi1,S10y crystals. The PL spectra contain wide bands, of which shapes differ for the
cases of electronic valence-to-conduction band excitation (the photon energies
hv=13.3-4.0eV) and the excitation occurring from the impurity absorption band
(hv=2.8-29¢V). The photochromic effect and the induced impurity
photoconductivity are also observed. Recombination and intra-centre mechanisms of
the PL are discussed.
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1. Introduction

Photorefractive Bi;,Si0,, (BSO) crystals belong to a family of sillenites with the general chemical
formula Bi;;MO,, (or BMO, where M = Si, Ge, Ti or some other elements). Sillenites combine the
properties of both active dielectrics and wide-gap semiconductors, their bandgap width being equal
to AE;=3.4¢eV at the temperature 7=4.2K. The BSO crystals are employed as functional
materials in the devices aimed at recording, handling and storage of optical information. The
processes of photogeneration of electrons, their distribution over the local levels in the bandgap, as
well as formation, due to a photochromic effect (PCE), of photoinduced colour centres, take an
important part in functioning of these devices.

The local levels in the bandgap are due to intrinsic point defects, or centres, available in
BSO. The structure of the shallow bandgap levels with the thermal activation energy E,” <1.3 eV,
which are responsible for attachment and capture of charge carriers (electrons), has been studied in
details with the techniques of thermal activation spectroscopy. This structure is rather complex
[1, 2]. Besides, the existence of deep levels, with the energy of optical activation £,° =~ 2.6-3.0 eV,
has been evidenced by spectral studies of the photoconductivity and the optical absorption in BSO.
These levels are responsible for electron generation, providing a high ‘extrinsic’ photoconductivity
and a ‘shoulder’ of the absorption profile near the fundamental absorption edge in BSO [3-5].
Magneto-optical and PCE studies have revealed that the intra-centre transitions taking place in the
Bi—O complexes also contribute to the absorption shoulder [4, 6].

On the other hand, a number of effects (e.g., thermal activation and extinction of the
photoconductivity, and non-stability of the characteristics of optical holographic recording [3, 7,
8]) have been observed in the sillenites, of which understanding requires some information about
recombination centres. In this case photoluminescence (PL) studies can be useful. Nonetheless, the
PL in the sillenite has still not been studied in sufficient detail. Some spectral characteristics of the
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luminescence have been reported in Refs. [1, 5, 9] and, in particular, it has been shown that its
intensity drops drastically when the temperature increases from 80 to 300 K [1]. At the same time,
the problem of the physical nature of the recombination centres remains under discussion.

In the present work, we describe the results of PL studies for the BSO crystals, which are
complemented by the analyses of the optical absorption spectra and the photoconductivity.

2. Experimental

The BSO crystals were grown with the Czochralski method along the crystallographic direction
[001]. The samples for spectroscopic studies were prepared in the shape of polished plates with the
thicknesses d = 0.12—5.0 mm and the squares 8x8 mm? in the (001) planes. For the photoelectric
measurements, Ag-electrodes were deposited onto one of (001) planes, with the gaps being
0.7-1.0 mm.

The PL was excited from a sample bulk, using a xenon radiation obtained from DKsEI-1000
lamp. It was detected perpendicular to the propagation direction of the exciting incident light.
Dependences of the radiation intensity on the wavelength 4 were recorded for the cases of PL
spectra I”%(J) and PL excitation (PLE) spectra I"**() in the region A = 0.3—1.0 um.

An automated measuring complex was used in our experiments. Selective excitation was
provided by a diffraction monochromator MDR-4. For excluding red and IR irradiation, a filter
based on a saturated solution of CuSO, in water was used. To detect radiation, we employed a
diffraction monochromator MDR-12 with a step motor (the resolution 0.02 nm) and a
photoelectron amplifier FEU-136 equipped with a cooling system, which was operated in the
quantum counting regime. After amplification, a signal from FEU-136 came to a discriminator,
and then to a counter. Control of the spectral complex and its connection with a computer was
performed using a standard CAMAC system. Most of the measurements were fulfilled at the
temperatures 7 =4.2£0.2 and 80 K. The I"“(2) and I"**(%) dependences were represented as
functions of the light photon energy Av, I"“(hv) and I"**(hv) (with v=1/1), after taking into
account the conservation conditions for the radiation flux: dN; =I"“(1)dA =—-I""(hv)dhv and
dN, = I""5Q)d) = —IPE(hv)dhv.

The spectra of stationary (fo(hv)) and photoinduced (#*(hv)) optical transmissions were
measured using a spectrophotometer Cary-4E. The photoinduced state was excited by a dark-blue
light. Besides, we measured the spectra of stationary (ae(hv)) and photoinduced (a”(hv))
absorptions, as well as the spectra Ao (hv) = o (hv) — ao(hv) that characterize the optical
absorption variations due to PCE excitation. The absorption spectra were calculated with the
technique described in Ref. [10].

The photoconductivity was measured using a monochromator SPM-2 (the resolution
~0.02 eV), a standard technique for synchronous detection, and a voltmeter-electrometer B7-30.
The measurements were carried out under a constant electric field and the light was modulated
with the frequency of 12 Hz. We collected the following spectra: (i) the stationary conductivity
A" (hv) = 6¢""(hv) — " (hv), (ii) the photoconductivity after activation of samples by the dark-blue
light, Ad”"(hv) = ¢”"(hv) — 6" (hv), and (iii) the induced photoconductivity, Ac” “(hv) = ""(hv) —
od”"(hv), where 6" (hv), o”"(hv) and o”(hv) imply the electric conductivities under the conditions
of irradiation, dark-blue activation and darkness, respectively. All the spectra were normalized
with respect to the instrument function of photon flux spectral distribution.

The optical absorption and the photoconductivity were studied in the photon energy region
hv=0.5-3.4 eV at T = 80 and 290 K. A xenon lamp DKSSh-600 W with a light filter (hv*" = 2.8
2.9 eV) were used for photoactivating. Individual components of the spectral contours were
separated using a technique borrowed from Ref. [11].
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3. Results and discussion
PL in the BSO crystals is observed in the region Av=1.0-2.9 eV. The spectral shape I'“(hv)

exc

depends notably on the exciting photon energy #v™ (see Fig. 1a, curves 4 to 8), though it does not

change while the temperature increases from 4.2 up to 80 K.
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Fig. 1. (a) Spectra of PL excitation /"5(hv) in the bands with hvqax = 1.9 (curve 1), 2.1 (curve 2) and 2.35 (curve
3) eV, and PL spectra I™(A) under light excitation with hv®*° = 3.35 (curve 4), 3.7 (curve 5), 3.6 (curve 6), 3.52
(curve 7) and 2.8 (curve 8) eV (T = 4.2 K). (b)Y Spectra of stationary (ao(hv), curve 1) and photoinduced (cr""(hv),
curve 2) absorptions and PCE spectrum (Aa”"(hv), curve 3), as measured at T =290 (curve 1) and 80 K (curves
2 and 3). (c) Spectra of stationary conductivity (Ac™(hv), curve 2), photoconductivity (Ac”"(hv), curve 1) and
induced photoconductivity (Ac”°(hv), curve 3) measured after UV activation at 7=290 (curve 2) and 80 K
(curves 1 and 3).

exc

Under excitation with 2v™ > 3.4 eV, i.e. below the fundamental absorption edge energy for
the BSO, the I"“(hv) spectra occupy the region Ahv, = 1.5-2.7 eV. This is a so-called ‘PL of the
type I'. The spectra involve broad structured bands consisting of five components, with the
halfwidths Ahv = 0.010-0.024 eV and the positions /vy, of maxima equal to 1.72, 1.90, 2.10,
2.36 and 2.52 eV. The long-wavelength tail of the I”“(hv) curve is characterized by narrow
equidistant maxima. The corresponding distances are Ajav = 0.063 eV, which coincides with the
excitation energy of the longitudinal optical phonons for the BSO crystals (508 cm™' — see
ref. [12]). The intensities of the components decrease with decreasing #v*“. The most intense
component with Av,,x = 1.9 eV has also been observed in Ref. [9]. However, the whole set of the
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spectral PL components is shifted towards the short-wavelength region, when compared to the
components with Avy,,,=1.77, 1.46, 1.3 and 1.17 eV obtained in Ref. [1]. In contrast to the results
obtained in Ref. [1], the main contribution to our I”“(hv) spectra stems from the low-energy
components rather than from the high-energy ones.

The selective excitation spectra I”““(hv) for the spectral PL components of the type I are
identical and look like doublets consisting of narrow bands with Av,,,=3.75 and 3.4 eV. A weakly
pronounced band with /&v,,,,= 3.65 eV appears in the tail of the first narrow band (see Fig. la,
curves 1 to 3). The Stokes shift between the spectral bands /”“*(hv) and the components of the
I™(hv) spectra amounts to 1.25-2.0 ¢V. Such a significant shift has earlier been marked as a
feature characteristic for the PL in many Bi-containing compounds [1, 13, 14]. A narrow peak
located at /vy = 3.39 eV, in which practically all the PL is excited, has also been observed in
Refs. [1, 5]. On the other hand, no information has ever been reported concerning the availability
of peaks with Avy,,, = 3.75 and 3.65 eV.

Under the excitation with /v ~2.8-2.9 eV (i.e., in the tail of the fundamental optical
absorption band for BSO — see Fig. 1b, curves 1 and 2) we have found the two PL bands located in
the regions /sv, =2.0-2.9 eV and hv; = 1.0-1.7 eV. We term the latter as a ‘PL of the type II’. The
first band includes the components peaked at the energies /vy, equal to 2.76, 2.55 and 2.34 eV
and the halfwidths Ahv=0.01-0.023 eV, whereas the second band comprises two components
(MVmax2 = 1.52, 1.4 eV and Ahv = 0.010-0.018 eV — see Fig. 1a, curve 8§).

Note that changes in the shape of the PL spectra occurring under decreasing excitation energy
(from 1™ > 3.4 ¢V down to /v = 2.8 eV) have already been observed in Bi;;GeO,, crystals [5].
The different shapes of the I”“(hv) spectra are caused by specific excitation conditions, thus
indicating different physical mechanisms for the PL of the types I and II.

For further discussion of our results it is necessary to take into consideration the peculiarities
of energy band structure in the BSO crystals, as well as the specific features of their optical
absorption and photoconductivity. It has been shown in Refs. [15, 16] that both the conduction and
valence bands are mainly due to the structural complexes of bismuth oxide. Namely, the
conduction band is formed by the 6p-orbitals of bismuth and the valence band by the p-orbitals of
oxygen. The latter band consists of three subbands, electron transitions from which into the
conduction band result in a characteristic triplet (3.55, 3.65 and 3.75 e¢V) in the near-UV range.
The corresponding peaks have been observed in the reflection spectra [16]. The triplet mentioned
above is also present in our I““(hv) spectra: the peak centred at 3.75 eV is the most intense, that
located at 3.65 eV peak is weakly expressed, while the peak 3.55¢eV is somewhat shifted
(hvmax= 3.4 eV). Its spectral position corresponds to a sharp increase in the stationary optical
absorption and to the peak of intrinsic photoconductivity observed at 80 K (see Fig. 1), i.e. it
determines the low-temperature width of the bandgap in BSO. A shift of the peak usually observed
at hvma= 3.55 eV may be caused by the indirect-band mechanism of the optical transitions [17].

Since the PL of the type I is excited owing to the electron transitions from the valence
subbands into the conduction band, it would be natural to assume a recombination mechanism for
this PL. This mechanism is also supported by a significant width of the spectral curve I"“(hv),
whereas for the I”“(hv) spectra this is evidenced by a presence of the band localized near the
fundamental absorption edge and a correlation of its location with that of the peak of the intrinsic
photoconductivity. The measurements of the PL spectra excited in the band located at hiv =3.4 eV
under different PL-detection delays Az relative to the exciting light pulse have shown that the PL
intensity drops drastically (by about two orders of magnitude) already at Az> 10~ s. This fact does
not contradict the recombination mechanism, too (see Ref. [1]). In this case, the electron states of
the recombination centres are strongly influenced by the crystalline lattice, and the spectral
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positions of the PL bands depend on crystalline material and its bandgap. Indeed, in the PLE
spectra of Bi4Ge;0;; crystals with a wide enough bandgap (AE, = 4.35 eV) the PL spectrum shifts
towards the UV range (Ahv =3.10-1.77 eV), with a maximum occurring near 2.48 eV. Moreover,
a clear link between the short-wavelength PL bands and the local levels in the bandgap has been
established [13]. Important additional evidences to the recombination mechanism of the PL of the
type I in BSO can be obtained from the studies of its kinetics, which are now in progress.

One has to take into consideration intense temperature quenching of the PL of the type I [1]
and temperature activation of the intrinsic photoconductivity with increasing temperature up to
300 K [3], on the one hand, and increase in the intensity of this PL and temperature quenching of
the photoconductivity of BSO at 7 < 80 K (see Fig. lc, curves 1 and 2), on the other hand.
Temperature activation and quenching of both the photoconductivity and the PL can be described
in the framework of a multi-centre recombination model for broad-band n-type semiconductors
[18], where the photoconductivity is controlled by s-centres of rapid recombination and r-centres
of slow recombination. These centres differ in the cross-sections of electron capture
(C,/C; << 107) and in their energy positions inside the bandgap (the r-centres are closer to the top
of the valence band than the s-centres.) Adhesion of non-equilibrium charge carriers, electrons in
our case, to the #-levels near the bottom of the conduction band should also be taken into account.
With increasing temperature, the #-levels become empty and the electrons from the conduction
band get onto the s-centres, thus blocking the channels of rapid regeneration. As a consequence,
the photoconductivity increases, the PL through the s-centres is quenched, while the PL. compo-
nent channelled through the r-centres is enhanced. Probably, this is the reason why the PL of the
type I is quenched and the IR-luminescence occurs in the BSO crystals at 7= 300 K, as observed
in Ref. [1]. On the contrary, at low temperatures the free s-centres provide a clear experimental
observation of the PL of the type I and a decrease in the intrinsic conductivity (see Fig. 1a, c). In
this case the spectral positions of the PL components of the type I define the optical activation
energy for the s-centres. In this manner we obtain E,° equal to 1.75, 1.9, 2.1, 2.36 and 2.52 V.

The large Stokes shift of both the PL and the PLE components, AEg = 1.25-2.0 eV, as well
as their significant halfwidths, point to strong electron-phonon interactions. The latter may be esti-
mated by the Huang-Rhys factor, Syz = AEg/2h"" = 10—17, which in our case is substantially lar-
ger than the same parameter typical for many semiconductors (e.g., one has Syz=2.66 ¢V for
GaAs and Sy = 1.44 ¢V for InSb [19]). The large Stokes shift may take place in the crystals with
significant ionic degrees of bonds. A relevant theoretic analysis [20] has demonstrated that, in the
case of BMO, this is caused by a strong hybridization of Bi 6p—O(1)2p-states in the Bi-(O1)
sublattice.

The PL of the type II is excited by the light from the regions of the absorption shoulder and
of the maximal extrinsic photosensitivity in BSO, so that we have /v =2.8-2.9 eV =n". In
other words, the photochromic effect is accompanied be the emission caused by appearance of the
photoinduced colour centres (see Fig. 1a, b). It has been revealed that these centres occur as a
result of changes in the charge states of the non-stoichiometric Bi*'s; and Bi’’g; ions substituting
Si*" ions in the oxygen tetrahedra of BSO via the following scheme: Bi’'g; + e — Bi*'g + e —
Bi*'g; [4, 6]. The model of the intrinsic defects in BMO suggesting a trivalent and pentavalent
bismuth in the Si or Ge positions has been developed in Ref. [21]. It has been successfully used
while synthesizing new sillenites, in which the M-positions are occupied by various pairs of
trivalent and pentavalent ions [22]. This model has also been engaged in the explanation of basic

physical properties of BMO [23]. Moreover, the presence of Bi}; ions has been firmly established

using the neutron-diffraction structural studies for the BMO crystals [24].
The relations between the intensity increase (or decrease) for the PCE bands and the excess
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(or lack) of bismuth in the BMO crystals with non-stoichiometric compositions have been
ascertained in Ref. [4]. The availability of the paramagnetic centres Bi3; +/ (with 4 denoting the

holes located in the nodes of GeO4 oxygen tetrahedra) has been found in thermally decolorized
Bi;,GeO, crystals after their photoactivation with the photons 4v = 2.8-2.9 eV, using the methods
of magnetic circular dichroism and the optical detection of magnetic resonance [6]. It is natural to
assume that the Big; ions are formed due to reducing of the Bii ions. The PCE spectrum in the

region hv=2.30-3.1 eV contains the four individual components located at 2.37, 2.65, 2.90 and
3.08 eV (see Fig. 1b, curve 3). They correspond to the optical transitions in tetrahedral oxygen
complexes Bi*';— O, which are generically related to the transitions 1Sy— 'P; and 'Sy— P,
between the energy levels of the free Bi'™ ion. In this case, the absorption associated with the
component located at Avy,, = 2.9 eV in the PCE spectrum may be accompanied by the emission
occurring in the components with Avy,,, = 2.76, 2.55, 2.34 eV in the PL spectrum.

Hence, the PL of the type II represents, most probably, an intra-centre luminescence. The
absence of correlations among the band positions in the PCE and IPC spectra (see Fig. 1b, c,
curve 3) is also in favour of this conclusion. The latter fact indicates that the electrons are re-
distributed over deep and shallow levels in the bandgap, as a result of photoactivation of BSO by
the light with the photon energy /v*“= 2.8-2.9 eV. The nature of the second band in the PL of the
type II needs further studies.

4. Conclusions

Summarizing the main results of this work, we have studied different spectral characteristics of the
PL and the PL excitation for the BSO crystals. Basing on our data obtained for the PL spectra, the
photochromic effect and the induced extrinsic photoconductivity, we have demonstrated the
following:

(i) The PL excited inside the region of the optical transitions ‘valence-to-conduction band’ in
BSO has the recombination character; it can be described in the framework of the multi-centre
recombination model;

(i1) The PL excited in the region of the high-energy band in the PCE spectrum has the intra-
centre nature, while the Bi*'g; — O~ complexes can well represent the recombination centres.
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Anomauyin. Jocniosceno cnexkmpu @omontominecyenyii (@JI) i 36y0xcenus arominecyeHyii,
CMAayioHaprux i GOMoaKmueo8aHUX ONMUYHO20 NOIUHAHHA | QOMONPOGIOHOCMI 6 KpUCmanax
Bi3Si0. Cnexmpu @DJI micmams wupoxi cmyeu, popma axkux 6iOpisHACMbCA 0N BUNAOKI8
eeKMPOHHO20 30Y00ICeHHs. 3d CXeMOK BANeHMHA 30HA—30HA NPOBIOHOCMI (eHepzis GomoHnie
hv = 3.3-4.0 eB) i 36y0xcenns 3i cmyeu domiukosoeo noeiunauns (hv = 2.8-2.9 eV). Cnocmepe-
JHCEHO MAKONC POMOXPOMHULL epekm ma iHOYKo8aHy domiukosy omonpogionicms. 062080peHo
pexombinayitinutl i enympiyenmposuil mexanizmu DJI.
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