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THE FEATURES OF EXCITATION AND ERASURE OF PHOTOCHROMIC
EFFECT IN Bi;SiO, CRYSTALS DOPED BY Al, Ga AND Sn

The results of experimental investigations of the processes of excitation and erasure of photo-
chromic effect (PCE) in Bi;,SiO,q crystals, undoped and doped by Al, Ga and Sn ions (BSO, BSO:Al,
BSO:Ga, BSO:Sn, respectively) are presented. Complex PCE spectra and PCE optical erasure spectra
(OE PCE) as well as PCE excitation and PCE erasure functions were obtained. It was shown that the
set of individual components for PCE spectra of doped crystals is almost similar for different impurity
ions with a different ratio between intensities of these components. The BSO doping is observed in
weakening of PCE within the blue-green range of the spectrum and its rise within the spectral range of
hv = 0.5 - 2.0 eV. OE PCE is almost complete, only for BSO:Sn crystals the components that cannot be
erased can be observed. An existence of the limiting photon energies (hv* = 2 eV) which are the reason
of PCE for the crystals in a stationary initial state is determined. However, it leads to the PCE erasure
if the crystals are in the state with maximum saturated PCE.

Keywords: Bi,SiO, crystals, doping by Al, Ga and Sn ions, photochromic effect, optical erasure of
photochromic effect.

ITonaHo pe3yabTaTH eKClePMMEHTAIBLHHX JOCHIIKeHb NpomueciB 30y/as:eHHs] Ta racinasa ¢orox-
pomHoro edexrty (PXE) y kpucranax Bi;SiOy, Heseropanux i jgeropanux ionamu Al, Ga i Sn (BSO,
BSO:Al, BSO:Ga,.BSO:Sn, Bignosinno). OTpumano ckiaagHo-cTpykrypoBaHi cnektpu ®XE, cnekrpn
ioro ontuyHoro racinng (OI' ®XE), a Takoxk ¢ynkuii 30ya:xennsa ta racinng ®XE. Iloka3ano, mo
Ha0ip inguBinyaabHux koMnoHeHT cnekTpiB @XE JjieroBanux KpucrajiB NPAKTUYHO OJHAKOBUI, Bif-
MiHHUM /ISl Pi3HUX JOMILIOK € JiMIIe CHiBBiIHOLIEHHS] iIHTEHCMBHOCTEl UX KOMIOHEHT. Brums Jjery-
BaHHs Ha (poToxpomizm kpuctajiB BSO nouasrae B ociiadnenni ®XE y cuHbo-3es1eHiii 061acTi ciekTpa
Ta Oro miacuiieHHi B ciekTpaabHoMy aiana3oni 3 hv = 0.5 - 2.0 eB. OI' ®XE BusIBJISETHCH NPAKTHY-
HO MOBHUM, JiMiIIe It KpuctaaiB BSO:Sn npucyTHi Heo0opoTHI KoMIIOHeHTH B GJIMXKHii iHpadepBo-
Hiii 00acTi ciekTpy. BeTaHOBIIEHO, IO iCHY€E rPaHUYHe 3HAYEHHS eHeprii KBaHTIB cBiTia (hv* = 2 eB),
doro3dyrxenns sike 3ymoBioe ®XE, siKmo ocaiKyBaHi KpUCTAIU 3HAXOAATHCHA B CTAlliOHAPHOMY
BUXiIHOMY cTaHi. OnHaK, e npuBoAuTh 10 racinng ®XE, AK0 KpucTaIu NPHUBEJeHi y CTaH 3 MaK-
cuMajJbHuM, HacnieHum OXE.

KumouoBi ciioBa: kpucramu Big,SiOy, nerysanus ionamu Al, Ga i Sn, poToxpoMHHuii eeKT, ONTHIHE
raciaus poToXpoMHOTO eeKTy.

IIpeacraBieHbl pe3yabTAThl IKCHEPHMEHTAJIBHBIX HCCJIeJ0BAHUI MPOLECCOB BO30Y:KICHUS U
raueHusi poroxpomuoro 3¢gdexra (®XIJ) B kpucramiax Bi;SiO,g, HeJernpoBaHHBIX U JETHPOBaH-
mbix wonamu Al, Ga u Sn (BSO, BSO:Al, BSO:Ga, BSO:Sn, coorBercTBeHH0). TloyueHbl CI10KHO-
CTPYKTYpHpPOBaHHbIe crieKTpbl ®XJ u ero ontnyeckoro ramenus (OI' @XI), a raxske pyHKIHH BO3-
Oyxnenust u ramenuss ®X9I. IlokazaHo, 4To0 HA00P HHAMBHAYAIbHBIX KOMIOHEHT cleKTPoB DX3 Je-
THPOBAHHBIX KPHCTA/LIOB PAKTHYECKU OJUHAKOB, OTJHYMTEIbHBIM /LISl Pa3HBIX IPUMecel 0Ka3bIBa-
eTcsl IMIIbL COOTHOLIEHHe MHTEHCHBHOCTell 3THX KOMIOHEeHT. Bimsinue JiernpoBaHusi Ha (oToxpo-
Mu3M kpuctamioB BSO cocrout B ocinadiaenun ®XJ B cHHe-3e/IeHOi 00J1aCTH CHEKTPa H €ro ycuJje-
HUH B CNEeKTPaabHOi auana3one ¢ hv = 0.5 - 2.0 3B. O’ ®XD sBJsieTcs] NPAKTHYECKH MOJTHBIM, TOJIb-
KO UIs1 KpucTa1oB BSO:SN MOkKHO BBIIeJIMTh HEOOpaTHMBbIe KOMIOHEHTbI B OynkHeli mHppakpac-
HOii 00JIaCTH CHEKTPa. YCTAHOBJICHO, YTO CYIIECTBYET IPAHMYHOEC 3HAYECHHE JHEPrMH KBAHTOB CBETA
(hv* = 2 3B), dporoBo3dy:kaeHune KOTOpbIMH oGyciaoBauBaer MXI, eciau HcciieayeMble KPHUCTALIbI
HAXOJATCH B CTALMOHAPHOM HCXOJHOM cocTosiHMH. OgHaKo, 3T0 NpUBOAUT K ramenuio ®X9I, eciau
KPHCTAJLIBI IEPeBE/IeHbl B COCTOSIHME ¢ MAKCHMAIbHBIM, HachblleHHbIM PX0.

KioueBsbie ciioBa: kpuctamisl BigpSiO,, neruposanune nonamu Al, Ga u Sn, ¢poroxpomusiii a¢dexr,
onTHYecKoe ranreHne GoToxpoMHOro s pexra.
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1. Introduction

Sillenite Bi;;MO,, (BMO, where M = Si, Ge, Ti) crystals are effectively applied in
different optoelectronic devices [1]. Recording, processing and storage of optical infor-
mation are based on the photorefractive and photochromic effects as well as on the high
photosensitivity of these crystals in the blue-green region of the spectrum. A large num-
ber of practical applications determine the demand for optimization of optical and photoe-
lectric properties of BMO (for instance, by doping). It is well-known that Al, Ga, Ca, and
B impurity ions result in decreasing the photoconductivity and optical absorption, in
weakening the photochromic effect (PCE), and in improving the electro-optical properties
[2-5], They sufficiently influence on the characteristics of spatial light modulators, too
[6,7]. Cu, Al, Mn and Ni ions lead to the number of non-stationary effects (a differentia-
tion of excitation intensity for holographic gratings, an erasure of their diffraction effi-
ciency, a non-smoothness of recording and destruction (at the readout) kinetics for 3D
holograms [8], and an instability of the photo-induced absorption in BMO crystals).

An influence of impurity ions is determined by the changes which they cause in the
structure of the local energy states of the band gap (BG) and/or in the dominate mecha-
nism of electronic transitions.

The number of regularities in the changes of BMO functional characteristics, de-
pending on the character of intracenter electronic transitions for 3d ions (Cr, Mn, Fe, Cu,
Ni, Co) has been revealed by now [9-12]. New data, concerning trap levels, deep centers
and quasidipoles in BMO crystals doped by ions of non-transition metals were obtained
by using the methods of thermo-activation and optical spectroscopy [5]. However these
data are scattered, partly inconsistent and not sufficient for generalizations, for instance,
for determination of the role of impurity level — gap transitions. Useful information can
be obtained from investigation of PCE in BMO crystals doped by different p-elements.

The results of investigation of the features of excitation and erasure of PCE in
Bi,Si0O (BSO) crystals doped by p-elements with 3, 4 and 5 sp-electronic configura-
tions BSO:Al (3s%3p'), BSO:Ga (4s?4p") and BSO:Sn (5s°5p?) are presented in the paper.

2. Experiment

BSO, BSO:Al, BSO:Ga and BSO:Sn crystals were grown by Czochralski method
along [001] crystallographic direction. The content of impurity ions in the crystals ac-
cording to the spectral emission analysis was equal to 0.046 (BSO:Al), 0.05 (BSO:Ga)
and 0.12 (BSO:Sn) mass.%. Samples were prepared in the form of the set of polished
plates of 0.3 + 5 mm thickness with large (001) planes. Before PCE analysis all samples
were brought to equilibrium by heating up to 800 K and subsequent slow (few days) cool-
ing in darkness down to T, = 85 K.

The spectra of steady-state and photo-induced optical transmission were registered
by Cary-4E spectrophotometer at T=TO in the range of photon energies hv = 0.5 - 3.4 eV,
covering the entire optical transparent region of BSO crystal. Photo-induced states of the
samples were excited and erased by the light with photon energies hv; =2 + 2.8 eV and
hv, = 0.5 + 2.3 eV, respectively, using 600 W HLPA halogen lamp equipped with inter-
ference filters. The procedure was as follows. At first, for the samples brought to equilib-
rium state the steady-state transmission spectra to(hv) were measured. After photo-
activation of the samples by the light with hv, (10 min) leading to transition of electronic
subsystem out of the equilibrium state, the spectra of photo-induced transmission t*'(hv,
hv,) with hv, as a parameter were taken.

After that the samples were illuminated by the light with hv, < hv; providing the re-
turn of the electronic subsystem to an equilibrium state and t*(hv, hv,) spectra (with hv,
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as a parameter) characterizing the optical erasure (OE) of photo-induced transmission
were registered. For elimination of the backlight influence all manipulations (warming,
placing a sample in the cryostat) were carried out using a weak red illumination, which
does not cause PCE.

The steady-state absorption spectra ao(hv), the absorption spectra after photo-
activation o”'(hv) and the PCE optical erasure spectra apd(hv) corresponding to transmis-
sion spectra, also the difference spectra characterizing PCE and its optical erasure were
taken: Ao”(hv) = o”'(hv) — ae(hv) and Aa™(hv) = o™ (hv) — a*(hv), respectively, where
o™ presents maximum photoinduced absorption (saturated PCE).

35
Besides the function of PCE excitation f,(hv, )= JAa P'dhv(hv, )- integral absorp-
0.5
tion characterizing PCE in dependence on the energy of excitation photons and function
35
of optical PCE erasure fz(hv2 ): IAapddhv(hvz) — integral absorption characterizing
0.5

OE PCE dependence on the energy of photons erasing PCE were investigated. The ab-
sorption spectra were calculated by the method [13].

3. Results and discussion

The obtained results are as follows. Doping of BSO crystals by Al, Ga and Sn ions
leads to the change of their tint from yellowish-brown to almost colorless ones. Their
tone depends on the content and type of impurities changing from pale-pinkish (BSO:Al)
to smoky (BSO:Ga) or greenish one (BSO:Sn).

The steady-state optical absorption spectra of all investigated doped crystals are
weakly structured as was mentioned before for BSO:Al and BSO:Ga [2, 3]. Contrary to
BSO crystals, they do not have the well-known shoulder of optical absorption correlating
with the spectral position of maximum impurity photoconductivity of BSO in the blue-
green spectral range. The similarity between influences of Al, Ga and Sn ions is also in
the strong fall of absorption in all investigated region and short-wavelength shift of the
edge of fundamental absorption for 0.1 + 0.2 eV (relative to BSO).

However, an increase of BSO:Sn crystal absorption compared with the BSO crystal
one is revealed within the near infrared spectral region [19]. It is well-known that yellow-
brown color of undoped BSO is mainly determined by its own non-stoichiometrical de-
fects: antistructural and ions substituting Si** ions in the centers of oxygen tetrahedra. The
presence of ions was proved by neutron structural investigations [14]; the ions were re-
vealed by the methods of magnetic circular dichroism and optical detected magnetic res-
onance [15]. A discoloration of BSO crystals is observed at the partial compensation of
A" Ga** and Sn*" ions by intrinsic BSO defects at their substitution of Si* ions. An ad-
ditional color centers can be determined by Sn** ions.

Spectra of photoinduced absorption o”(hv) of pure and doped BSO crystals are suf-
ficiently different in the character of spectral intensity distribution. However, for both
these crystals two spectral ranges, A and B, with hv =~ 2 — 3.3 and 0.5 — 2 eV, respective-
ly, can be separated. In the A-range Al, Ga and Sn ions lead to decrease to photoinduced
absorption, while in the B-range it increases.

PCE spectra Ao”'(hv) have complex structure (Fig. 1). We decomposed the spectra
into individual Gaussian components by using the procedure presented in [16]. This tech-
nique allows determining the number of components, their spectral positions and half-
widths without a priori setting of these parameters. Similar spectral positions (hvy. i) and
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close values of half-widths for i-components of PCE of BSO, BSO:Al, BSO:Ga and
BSO:Sn crystals (with slight difference in intensity) were determined for A-range. Most
probably, these bands are associated with intrinsic BSO defects. New bands of PCE spec-
tra observed at incorporation of Al, Ga and Sn ions are formed in the B-range (Table 1).
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Fig. 1. Spectra of PCE Aa”'(hv) (1, 2) under light illumination with hv, = 3.35 (1), 2.27 eV (2) and
optical destruction of PCE a™(hv) (1', 2’) under light illumination with hv, = 1 (1), 2.2 eV (2/) for BSO

(a), BSO:Sn (b), BSO:Ga (c), BSO:AIl (d)crystals.
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Table 1
Estimated Gaussian band parameters
Crystal Bi1,Si0,:Sn Bi1,Si0,:Al Bi1,Si0,y:Ga
Parame- | Band vuglt]; Strength Band | Half width | Strength Band vt:gltl;l Strength
ters (eV) V) (em™) (eV) (eV) (em™) (eV) V) (cm™)
1. 0.58 0.02 0.27 - - - - - -
2. 0.8 0.018 0.16 0.8 0.04 0.31 0.8 0.041 0.11
3. 1.07 0.037 0.58 1.17 0.038 0.17 1.09 0.045 0.17
4, 1.35 0.04 0.63 1.52 0.037 0.12 1.45 0.045 0.14
5. 1.57 0.04 1.0 1.74 0.038 0.14 1.6 0.045 0.16
6. 1.83 0.04 1.39 1.95 0.037 0.16 1.86 0.042 0.16
7. 2.1 0.039 1.45 2.16 0.04 0.18 2.12 0.04 0.19
8. 2.36 0.04 1.25 2.42 0.041 0.23 2.37 0.041 0.23
9. 2.62 0.04 1.38 2.71 0.041 0.22 2.66 0.041 0.25
10. 2.87 0.025 1.35 2.95 0.018 0.26 2.88 0.026 0.19
11. 3.09 0.024 1.64 3.16 0.026 0.21 3.1 0.026 0.19
12. 3.2 0.023 1.4 3.37 0.026 0.23 3.26 0.026 0.17

By illuminating BSO crystals with the photons of hv, energy, practically complete
optical erasure of all PCE bands can be obtained, and the mirror symmetry of OE PCE
spectra Aa™(hv) and PCE spectra is observed (Fig. 1). The erasure of all PCE bands can-
not be obtained for BSO:Sn crystals, namely, the bands from the B-range formed by Sn

ions are not possible to be erased (Fig.1, b).
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35
An analysis of the functions determined as f,(hv,)= IAapidhv(hvl) and
05

35
fz(hv2 ): jAa P dhv(hv, ) has shown an interesting feature in PCE excitation and PCE
0.5
erasure. There is a threshold value of photon energy hv* = 2 eV for all investigated crys-
tals. Such photons excite PCE if the crystal is in the stationary state, and erase PCE if the
crystal is in photo-excited state (Fig. 1).

For the further discussion of this feature one must take into account that PCE in un-
doped BSO is determined by formation of photochromic centers [15], in BSO:AI,
BSO:Ga and BSO:Sn crystals the situation is similar. The [AlsO,], [GasiO4], and
[SnsiO4] centers are formed in this case. AI**, Ga*" and Sn** ions substitute Si*" ones, and
a charge compensation for AI** and Ga®* is provided by a hole centers O [17-19]. It is
important that absorption spectra are formed by intracenter transitions in all cases.

In this case the presence of threshold photon energy hv* can be explained by means
of the model of configuratio‘n coordinates (Fig. 2).
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Fig. 2. Diagram of configuration coordinate. Dependencies of potential energy U of photo-
chromic [Al5;0,4]- centers on the configuration coordinate y for stationary state (A), photo-induced
PCE-determining state (B) and the one which cause PCE erasure (C).

The 1 — 1’ transitions correspond to the ranges of photon energy and coordinates
for which PCE is excited. Energy difference between cross point (M;) and minimum

energy (Og) in the curve B determines the energy of thermal PCE erasure AE;1 required

for thermal activation of B — A transitions. This concept corresponds with experimental
data showing that at heating up to room temperature PCE in BSO:Al, BSO:Ga and
BSO:Sn crystals disappears. 2 — 2’ transitions point to the filling of electronic levels of
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excited C state which is the final state for photochromic centers irradiated by the light
from hv, range. 1 — 1’ and 2 — 2 ranges have the same limiting values of hv* energy
(which corresponds to 1’ and 2 transitions): minimum for PCE excitation and maximum
one which limits B — C transitions. Energy difference between cross point M, for C and
A curves and minimum energy (Oc¢) in the curve C determines the energy of thermal PCE

erasure AE;2 for C — A transitions. The case of AE;2 ((AE;1 means the possibility of C

— A transitions with activation energy close to zero, i.e. OE PCE (3 transitions) at low
temperatures (less then RT).

4, Conclusions

So, we can conclude that in BSO:Al, BSO:Ga and BSO:Sn crystals with isomorphic
substitution by AI**, Ga®* and Sn** ions of Si** ones, the features of excitation and erasure
of PCE are determined by intracenter character of electronic transitions in photochromic
[AlsiO4], [GasiO4], and [SnsiO4] centers.
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