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THE OPTICAL ABSORPTION EDGE OF Bi;,Si0,0 DOPED BY VANADIUM

Spectral-temperature dependence of the optical absorption edge for undoped Bi,SiO,
(BSO) and doped 3d-vanadium ions (BSO:V) crystals were investigated. Crystals were grown
by the Czochralski method. Research was performed within the spectral range for the following
photon energy hv = 2 — 3.4 eV, temperature was varied in cycles “cooling — heating” between
330 — 85 — 300 K. It was found that the optical absorption edge of BSO, BSO:V crystals obeys
the Urbach rule; the temperature cycles of “cooling — heating” hysteresis are characterized by
temperature dependence of the spectral absorption. The model of electron-phonon interaction
(EPI) was used in order to characterize optical transitions, which form the absorption edge. In
the framework of the model, the effect of vanadium ions results in an appearance of anomalies
in the temperature dependence of the parameter ¢ (T), characterizing the EPI. It also leads to
anomalies of isoabsorbing width of the band gap (pseudo-band gap) E4* (T).

Keywords: optical absorption edge, temperature dependencies, Bi;»SiO,q crystals, vanadium
doped, Urbach rule, temperature hysteresis.

JlociiizkeHO CHeKTPaJbHO-TEeMIIEPATYPHI 32J1€KHOCTI KPaliloBOro ONTHYHOIO0 IOITHMHAHHSA
Heseropanux kpucrauaiB Bi;SiO, (BSO) i neroanux 3d-ionamu Banaxgio (BSO: V). Kpucranau
BHpoIeHi 3a MmeronoM Yoxpanbcbkoro. JlocaigkeHHs] BHKOHAHI B CNEKTPaJbHOMY Jdianma3oHi
IJIsl TAaKUX eHepriii ¢oroHiB hv = 2 — 3.4 ¢B npu BapiloBaHHiI TeMmepaTypu B IUKJIAX «0XO0JIO0-
JUKeHHsl - HarpiBanHs» B aiama3oni 330 — 85 — 300 K. BceraHoBjieHo, 10 KpaiioBe onTH4YHE
noriauHaHHsa kpucraiais BSO, BSO:V ninnopsakoByeTbcs npaBuiy Ypoaxa, TemnepatypHi nu-
KJIH «OXOJOJKEeHHSI - HArpiBaHHs» XapaKTepU3yIOThCs TicTepe3ncoM CHEKTPAJIbHO-
TeMIepaTypPHHUX 3aj1e:KHOCTell noriimHaHHdA. Bukopucrana Mojge/b eIeKTPOH-QOHOHHOI B3a€MO-
aii (E®@B) B onTuyHHX nmepexoaax, mo ¢GopMyloTh Kpaii moriuHanHsa. B pamkax nanoi mogeui
BILIMB iOHIB BaHaJil0 NoJsirac B IOsIBi aHOMaJIili TeMmepaTypHHX 3aJle;KHOCTell mapaMerpa ¢
(T), axuii xapaktepusye E®B, a Takox anomauiii i30a0copOuiliHoi mMpuHU 32a00pOHEHOY 30HU -
Eq* (T).

KawuoBi cyioBa: kpaiioBe ONTHYHE TIIOTJIMHAHHSA, TEMIEPATYpHI 3aJIe)KHOCTi, KPHCTAIH
Bi1,Si0,¢, neroBani BanagieM, nmpaBuio Ypbaxa, TeMrnepaTypHHUil TicTepesuc.

HccnenoBaHbl CHeKTPAJBLHO-TEMIIEPATYPHbIe 3aBHCHMOCTH KPaeBOro ONTHYECKOro IIO-
rJIONIEeHHs] HeJIerHpoOBaHHBIX KpucTawioB Bi;SiO,; (BSO) u aerupoBanubix 3d-nonamu BaHa-
aus (BSO:V). Kpucraniasl Beipamensl 1o Meroay Yoxpanbckoro. MccienoBanus BbINOJIHEHBI B
CHeKTPaJbHOM AHMAaNa3oHe sl TAKUX dHepruii ¢oronoB hv = 2 — 3.4 B npu BapbHpPOBaHUU
TeMIepaTypbl B HUKJAX «OXJIaskAeHUe - Harpes» B Auana3oxe 330— 85 — 300 K. Ycranos.eHo,
YTO0 KpaeBoe ONTHYeCKOe Moriouenue kpucraanos BSO, BSO:V nogunnsiercs npapuay Ypoa-
Xa, TeMIepaTypHble IHKJIbI OXJa’KIeHHe — HarpeB XapaKTepU3yIOTCSl THCTepPe3ncoM  CHeK-
TPAJIBHO-TEMNEPATYPHBIX 3aBUCHMOCTell morjgomennsi. HMcmoas3oBana MoJes b JJIeKTPOH-
¢ononnoro B3aumoaeiicteus (APB) B onTHueckux nepexoaax, GopMupyOMUX Kpail morjouie-
HHusA. B pamkax qaHHOW MoJeJiM BJAMsSIHHE HOHOB BaHAJAUS 3aKJI0YaeTCs B MOSIBJEHUH aHOMAJIHUI
TeMIepaTypPHBIX 3aBHCUMOCTell mapamerpa, xapakrepusywuero d®B - ¢(7), a Tak:ke aHoOMa-
Juii n30a6cOpOUMOHHOI MHUPUHEI 3aNpeEnnoii 3oub1 E4* (T).

KiroueBble ciioBa: kpaeBoe ONTHYECKOE MOTJOIIEHUE, TEMIIEpaTypHbIE 3aBHCHUMOCTH, KpPH-
cramisl Bi;;Si0,, TerupoBaHHbIC BaHAAWEM, TPaBUIO YpbOaxa, TeMIepaTypHBIH THCTEPE3HC.
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1. Introduction

Sillenite family crystals with common formula Bi;;MO,, (BMO, where M = Si, Ge,
Ti, etc.) have a group of unique useful properties. This causes their successful application
in different fields of functional electronics. Particular attention paid to use sillenite as a
light modulating element base in devices of different types, as well as devices dynamic
holography and optoinformatics. Recording, processing and storage of optical infor-
mation in these devices based on high photosensitivity of BMO (~ 10 J/cm? at the blue-
green region of the spectrum near the fundamental absorption edge) in conjunction with
reversible photochromic and photorefractive effects [2-5].

A large amount of work was done to expand their application possibilities in optimi-
zation BMO spectroscopic properties by doping procedure. It was shown that the intra-
center electronic transitions in the impurity d-elements (Cr, Mn, Fe, Cu, Mo, Ag) affect
the photochromic effect [6-10]. However, BMO are wide band gap semiconductors (band
gap (BG) A Eg = 3.3 eV) and it is also important to study the possibility of changing the
structure of local levels in BG by embedding the impurity introduction d-elements, i.e.
varying impurity optical absorption and photoconductivity.

The role of d-electrons in formation of the energy states in BG is a complex ques-
tion. For example, energy states can be formed as result of hybridization t, and e-states,
which formed by splitting d-states of impurity ions in crystal field, with the band states
[11]. Such states are ejected from the valence band in BG and could significantly affect
the mechanism of electron transitions that form the fundamental optical absorption edge.
However, impact of d-elements on sillenites absorption edges remains mostly unstudied.

Results of experimental investigation of the temperature dependence of optical ab-
sorption edge for undoped crystals (BSO) and crystals doped by vanadium 3d-ions
(BSO:V) are presented in the paper.

2. Experiment setup

Crystals BSO and BSO:V where grown by Czochralski process along crystallo-
graphic direction [001]. Emission spectrum analyses show content of the dopant vanadi-
um in BSO:V at 0.06 mass.%. The samples were prepared as polished plates with a thick-
ness of 2.52 mm for BSO and of 5.02 mm for BSO:V. Sample area was 8x7 mm®. Optical
transmission spectra t(4v, T;) were obtained within a spectral energy range of hv =2 — 3.4
eV by using a double-beam spectrophotometer «Specord-M40» and a nitrogen cryostat
with built-in crystal holder and heater. The spectral region overlaps s a region where BSO
crystal is transparent. Parameter 7 is the measurement temperature. It discretely changed
in cycle "cooling - heating" in the range of T = 300—85—300 K at the rate ~ 10 Kec™
with a step 5 + 10 K. In order to eliminate the influence of backward scattered light all
manipulations (heating, placing a sample in a cryostat) were carried out with a weak red
illumination that does not cause the photochromic effect. The optical absorption a(/v,T})
spectra were calculated from the transmittance as described in [12].

3. Results and discussion

The following results were obtained. Dope of V - ions leads to change in color from
yellow-brown, for undoped BSO, to light orange. This result similar to discoloration of
BSO for AI** and Ga®* acceptors, which replace Si** ions in centers of oxygen tetrahe-
drons in BSO crystal lattice. These acceptors compensate donor centers, the presence of
which is due to native defects in BSO, which, in turn, reduce impurity absorption (bleach-
ing) and photoconductivity. We can assume that levels of BG infused by vanadium ions
are also acceptors.
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The optical absorption edge of Bi;,Si0,, doped by vanadium

There is no an absorption shoulder, which is correlated with a maximum of spectral
impurity photosensitivity for BSO in the blue-green spectral range, in optical absorption
spectra of BSO:V, poorly structured as opposed to BSO.

Functions a(hv, 7;) for both of crystals (BSO and BSO:V) rises quickly and mono-
tonically with increasing the photon energy hv as it is close to the absorption edge. In ad-
dition, they are shifted to longer wavelengths (“red" shift) with a temperature increase.
Such kind of behavior a( hv, 75) is similar to the Urbach rule [1]:

a(hv,T) = a exp{a(T) h - E, } , 1
oo, Eo are coordinates of the convergence point of In(a(hv,T;)), parameter o(T) =
= A In(a(hv, T;)) / A(hv) is a steepness of the dependences, k is the Boltzmann constant.
The representation of dependencies a(hv,T;) in semilogarithmic In(a(hv,T;)) scale con-
firms the performance of the Urbach rule (Fig.1).

Extrapolation to the high values of hv linear sections of these dependencies meet in a
point with coordinates ao and Eq . It should be noted that this points were different not
only for different crystals but also for heating and cooling cycles (Table 1). At the same
time E, correlate with BSO BG at low temperatures.

Table 1
Urbach rule parameters
Parameters

Temperature cycle Crystal o oL | Eg oV o 9 110 VKT 0K
Cooling BSO 307,9 3.1 0,29 2,3 2,64 107,8
Heating BSO 4459 3.1 0,33 2 3,41 104,2
Cooling BSO:V 42,9 2.65 0,17 4 2,98 78
Heating BSO:V 35,5 2.65 0,3 2 4,05 73,9

In a model interpretation of the Urbach rule the o(7) dependences are explained by
participation of excitons or phonons in the interband valence band — conduction band
transitions. In the case of the phonon participation, the dependence should be as follows

o(T)= U{EJ tanh(mj : (2)

th 2kT

where hv,, is an effective phonon energy in a single oscillator model, o, is a parameter
associated with constant g, which determine a value of the electron-phonon interaction
(EPI) as g = (%)(c0) ™.

The obtained dependences o(T) well converge for undoped BSO, where they are vir-
tually identical in the cycles of cooling and heating. Anomalous jumps in the o(T) de-
pendencies were observed at 7; = 200 and T, = 270 K for BSO:V crystal. Besides, de-
pendences o(T) are significantly different for cycles cooling and heating (Fig. 2).

The values of 6, hv, and g are given in table 1. For both crystals EPI force place a
major, g >1, which is typical fore for predominance of ion-covalent bonds. In binary sem-
iconductors of A"'BY type, were g << 1 covalent bonds are predominant. Furthermore, the
influence of vanadium appears in increase of EPI (relatively to BSO) in cooling cycles,
while cycles of heating performs the same value of g.

For many of semiconductors and dielectrics anomaly temperature dependences of
o(T) are accompanied with the temperature anomalies of so-called optical pseudo-gap

Eg (T), which is determined as an energy coordinate at the same absorption coefficient
a, and is measured at different temperatures. In interpretation with a significant role of
phonons the dependence is approximated by the following expression

113



A.Y. Osetsky, T. V. Panchenko

@ (b)
241 241
22 22
2,04 2,04 i
5184 . FS 5184 ks J
— ; — 3 B
< NP 4 < L A
18 PN ;;i 2 1.6 Ay, 1
. , Vs,
14+ // vV 14 Vil
¢ e
1,2 r .,r‘/‘. /’. - T T r 1.2 r Ed & & r T .
245 250 255 260 265 270 245 250 255 260 265 2,70
E, eV E, eV
©) )
24 24
~22 ~22
£ = e ;
S : S 4
3 s 3 3 A
< 201 _.-'- - < 201 ~ .’; 72
~ £ i s 1
4 3 ;
18 S8 2 g 18 /7
b oo .",‘ B A7 :;.
215 220 225 230 235 240 245 220 225 230 235 240 245
E, eV E, eV

Fig. 1. Dependences In(a(hv, T;)) for crystals BSO (a ,b) and BSO:V (c,d) for cycles: cooling
(a,c) and heating (b,d) at T =85 (b,1;¢,1;d,1), 173 (a,1;¢,1;d,2), 203(b,2),233 (a,2;b,3;c,2), 253
(a,3;¢,3;d,3), 273 K (a,4;b,4;c,4;d,4).
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Fig. 2. Dependences o(T) for crystals (a) - BSO: cooling (1), heating (2) ;
(6) - BSO:V : cooling (1), heating (2)
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A and 6 — empirical constants, and 8 must correlate with the value of the Debye tempera-
ture for these materials, E; (0) — extrapolated value of Ej(T) at 7= 0 K. The obtained

dependencies E;(T) showed at Fig.3, we see that they are well approximated by (3),
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only for the heating cycle of the crystals. For the cooling cycle, there are anomalies that
do not correlate with the temperature dependences of anomalies o (T). Effect of vanadium
is shown in the values A and 6 (Table. 1) and a greater degree of deviation dependencies

Eg (T) described in the expression (3).
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Fig. 3. Dependencies E*¢(T) for a = 12,1 cm! crystals (a) - BSO: cooling (1), heating (2) ; (b) - BSO:V :
cooling (1), heating (2)

4. Conclusions
The results show a significant temperature hysteresis, which presents itself in differ-
ent spectra of o (hv, T) dependencies o (T) and E; (T) measured at the same temperature

T; cycles of cooling and heating. This situation can be explained by assuming that the
electronic optical transitions occur between the "tails" of acceptor ionization states densi-
ty (shallow levels), near valence band top and conduction band. In undoped BSO such a
kind of acceptors could be present as Bi**, replacing Si*" ions in the centrals of oxygen
tetrahedrons. Their presence is confirmed with neutron spectroscopy research [13]. Vana-
dium ions as acceptors can displace antisite bismuth and create own “tails” density of
states, the shape and size of these “tails” determine the difference of spectral dependen-
cies a(hv). The long-optical shift of the curves o( hv, 7) with temperature rise, are mostly,
due to, temperature dependence of BG, which is close to linear. Anomalies of dependen-

cies o(7) and E; (T) may be caused by additional ionization of acceptors due to the lev-

el-depopulation of some shallow donor levels near the bottom of the conduction band
with temperature decreas. In this case the subsequent heating cycle will take place with-
out the redistribution of electrons between the donor and acceptor and anomalies will dis-
appear, as it takes place for BSO crystals. However, for BSO crystals anomalies do not
vanish completely. Perhaps they have other nature.

Similar anomalies of Urbach rule parameters were observed in many materials with
exponential shape of the absorption edge: SbSI, Sb,S;, Gd,(M00,);, KH,PO,4, KTN,
KTaO3, PbZrO;, BaTiO;, CdTiOs, SrTiO3, PbTiO3, NaNbOjz, LiNbO; In [14] these
anomalies are associated with phase transitions of a particular nature (such as "melt -
crystal”, "non-polar phase - ferroelectric phase™). However, there are no phase transitions
in the studied temperature range for tested sillenite crystals. So, additional studies are re-
quired to resolve the nature of these anomalies.
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