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Abstract—This paper reports on a study of the dynamics of electronic excitations in KBe,BOs;F, (KBBF)
crystals by low-temperature luminescent vacuum ultraviolet spectroscopy with nanosecond time resolution
under photoexcitation by synchrotron radiation. The first data have been obtained on the kinetics of photo-
luminescence (PL) decay, time-resolved PL spectra, time-resolved PL excitation spectra, and reflection
spectra at 7 K; the estimation has been performed for the band gap E, = 10.6—11.0 eV; the predominantly
excitonic mechanism for PL excitation at 3.88 eV has been identified; and defect luminescence bands at 3.03
and 4.30 eV have been revealed. The channels of generation and decay of electronic excitations in KBBF

crystals have been discussed.
DOI: 10.1134/S106378341204018X

1. INTRODUCTION

KBe,BO;F, (KBBF) crystals were first synthesized
in 1968 (Novosibirsk) [1, 2]. Only a quarter of a cen-
tury later, however, progress reached in growth tech-
nology made this crystal widely available for studies
and applications. The main difficulty encountered in
its use is associated with the layered structure of this
optical material, which decomposes rapidly at a high
temperature. As a result, the thickness of grown crys-
tals does not usually exceed 2 mm [3]. KBBF has
gained extreme popularity after its remarkable nonlin-
ear optical properties in the short-wavelength region
of the spectrum became known, to wit, the nonlinear
optical coefficient is d = 0.49 pm/V, second harmonic
generation efficiency reaches 26.1%, and the thresh-
old of damage by laser radiation (A = 1064 nm, t =
10 ns) is in excess of 40 GW/cm? [3, 4]. By now, one
successfully obtains on a KBBF crystal the sixth har-
monic (A=177.3 nm) of Nd : YVO, or Nd : YAG lasers
[3—7].

KBBF crystals belong to trigonal crystal system
(space group R32). The unit cell contains three for-
mula units (27 atoms) with the lattice parameters a =
b=0.4427(4) nm, ¢ =1.8744(9) nm, o =B =90°,y =
120° [4]. The crystallographic structure of KBBF is
formed by the anion groups [BO;]*~ and [BeFO;]>,
with the empty spaces occupied by K* cations. The
spatial structure consists of nearly planar Be,BO; six-
atom rings. In each ring, two beryllium atoms are
bound to two additional fluorine atoms located
beyond the ring plane. Neighboring rings make up a
continuous boron—oxygen framework [8, 9]. At room

temperature, the KBBF crystal is chemically stable
and nonhygroscopic. Its specific weight is 4.550 g/cm3
[10].

KBBF is an optically negative uniaxial crystal with
an optical transmission band of 153—366 nm. The
refractive indices at the wavelength of 1064 nm are
ny = 1.477 and n, = 1.400 [4]. The broad band of opti-
cal transparency and good nonlinear optical proper-
ties permit one to class KBBF among the shortest-
wave nonlinear optical crystals which have high engi-
neering potential in the ultraviolet (UV) and vacuum
ultraviolet (VUV) spectral regions. At the same time, it
is the crystallographic structure that accounts for the
specific features of the electronic structure and affects
transfer of electronic excitation (EE) energy and the
mechanisms responsible for defect formation in
KBBE These aspects require a comprehensive investi-
gation of KBBF by the methods employed in spectros-
copy of the solid state. There is a lot of publications
presently that deal with the technology of growing and
studies of the nonlinear optical properties of KBBF
(see, e.g., [11—13]). We are, however, unaware of any
papers dealing with investigation of the luminescence
characteristics of KBBE

The present work was aimed at studying the gener-
ation and evolution of EEs in KBBF crystals by time
resolved, low-temperature VUV luminescence spec-
troscopy performed under selective excitation with
synchrotron radiation.
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Fig. 1. Spectrum of the time-integrated PL component of
the KBBF crystalat 7= 7 Kand E., = (1) 6.5, (2) 8.7, and

(3) 11.1 eV. The circles and solid lines are experimental
data, and dashed lines visualize the Gaussian constituent
bands derived by resolving curve 1.

2. EXPERIMENTAL DETAILS

We studied KBBF crystals of optical quality grown
at the Institute of Geology and Mineralogy of the
Siberian Branch of the Russian Academy of Sciences
(Novosibirsk) by spontaneous crystallization in a plat-
inum crucible, 40 mm in diameter and 50 mm high, in
a pit furnace with ohmic heating [14]. The starting
reagents were K,CO;, BeO, H;BO;, KBF,, and KF of
99.999% purity. The KBBF compound was prepared
by solid-phase synthesis

K,CO; + 8BeO + 2H;BO, + 2KBF,
= 4KB62BO3F2 + C02 + 3H20.

The salt powders were mixed thoroughly and
placed into a platinum glass, which was subsequently
heated for 12 h up to a temperature of 900°C. The fur-
nace was maintained at this temperature for 4 h and
turned off thereafter. The extent to which the reaction
has progressed was checked by weighing, and identifi-
cation of the powder thus prepared with KBBF was
performed by testing for generation of the second laser
harmonic with the wavelength A = 1064 nm. The pow-
der thus produced was subsequently used as the start-
ing reagent for growing KBBF crystal.

A mixture of KF with H;BO; was used as solvent.
The starting composition of the KBBE KFE H;BO,
mixture was 1.0 : 4.5 : 2. After homogenization run at
750°C for several hours, a seed was dropped into the
melt, and the temperature was lowered down to the
equilibrium point at about 710—720°C. The growth
proceeded with the temperature reduced with a rate
that increased gradually from 0.5°C to 5.0°C per day.
In the time of growth, the temperature decreased by
55—60°C.
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The plates thus produced, 20 x 20 mm in size, con-
sisted of large blocks up to 2.0 mm thick. The samples
intended for spectroscopic studies were plane-parallel
transparent plates measuring 6 x 5 x 1.5 mm.

The time-resolved photoluminescence (PL) spec-
tra in the 1.2—6.2 eV interval, time-resolved PL exci-
tation spectra (3.7—21.0 eV), spectra of reflection at
an angle of 17°, and the PL decay kinetics measured
with subnanosecond time resolution were obtained
under selective excitation by synchrotron radiation
(SR) at the SUPERLUMI station [15] of HASYLAB
laboratory. The SR pulses of the DORIS storage ring
had a Gaussian shape (FWHM = 130 ps) produced
with a repetition period of 96 ns. The measurements
were performed at a temperature of 7 K with a gas-flow
helium cryostat providing a vacuum of not worse than
7 x 107! Torr. The time-resolved spectra were
recorded in a time window of thickness Af with a delay
of &t relative to the SR excitation pulse. In this study;,
recording was done simultaneously in two indepen-
dent windows with the parameters 8¢, = 0.5 ns, Af, =
2.3 ns (fast component) and &z, = 14 ns, At, = 58 ns
(slow component). One recorded also a PL spectrum
without time resolution (time-integrated component).
For selective excitation of PL by synchrotron radiation
in the 3.7—21.0-eV interval one used a 2-m-long vac-
uum monochromator equipped with an Al grating
(spectral resolution 0.32 nm). The PL excitation spec-
tra were normalized to equal number of photons inci-
dent on the sample. PL spectra in the 1.5—6.2-eV
interval were measured with a 0.3-m (ARC Spectra
Pro-308i), R6358P (Hamamatsu) photomultiplier
tube, or CCD camera. PL spectra were nor corrected
for the spectral sensitivity of the optical path. The fast
components in the PL decay kinetics were analyzed
with the use of the convolution integral, with due
allowance for the instrument contour of the excitation
pulse (FWHM of about 300 ps).

3. RESULTS OF THE EXPERIMENT

The low-temperature luminescence of KBBF crys-
tals was studied within a broad spectral region, from
1.4 to 6.2 eV, under selective excitation by photons of
various energies E., ranging from 3.7 to 21.0 eV. At
7 K, the PL spectrum of the KBBF crystal is domi-
nated by a broad band of maxima in the 3.6—4.2-eV
interval (Fig. 1). The position of the maximum and the
spectral contour of the band depend on the exciting
photon energy, which suggests that the PL curve
observed is not a single band. Table 1 presents the
characteristics of the decomposition of the time-
resolved PL spectra of the KBBF crystal measured at
T=7Kand E, =6.5,8.7,and 11.1 eV. As seen from
the table, all the changes in the profile of the observed
PL band originate from the variation of the amplitudes
of the three main Gaussian-shaped constituent bands
peaking at 3.03, 3.88, and 4.30 eV. In what follows, the
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amplitudes of the constituent bands are referred to the
intensity of the observed PL band normalized against
unity.

The band at 3.03 eV becomes excited most effi-
ciently in the crystal transparency region, where its
relative amplitude reaches as high as 0.20. In the
region of fundamental absorption, the relative ampli-
tude of this band decreases approximately by a factor
20 for the fast component, and by 4—5 times, for the
time-integrated component. Figure 2 presents a PL
spectrum measured with a CCD camera. The low-
energy band peaking at about 3 eV stands out here
more clearly due to the differences in spectral sensitiv-
ity between the PM tube and the CCD camera in this
spectral region.

The two other constituent bands become excited
efficiently at all the excitation energies used. Interest-
ingly, the band at 3.88 eV is dominant, with a relative
amplitude of 0.91-0.99, while that of the 4.30-eV
band is 0.10—0.20 (see table).

Besides the three main constituent bands, two
additional low-intensity bands were revealed in
decomposition of the PL spectra. The band at 2.2 eV
(FWHM = 0.2 eV) having a relative amplitude of
0.01—0.02 is excited only at E,, = 6.5 and 8.7 eV. The
band at 4.5 eV (FWHM = 0.8 eV) with a relative
amplitude of 0.03—0.05 becomes excited at E,
8.7 eV only.

Figure 3 displays excitation spectra of the time-
integrated PL components at 4.1 eV and a reflection
spectrum of the KBBF crystal measured at 7 K. The
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Parameters of time-resolved PL bands of the KBBF crystal
at7 K

E,,eV | Gaussian Eex €V
(AE, eV) | component 6.5 8.7 11.1
3.03 Ie 0.21 0.01 0.01
(0.99) I 0.17 — -
It 0.19 0.04 0.05
3.88 Ir 0.92 0.94 0.97
(1.10) I 0.91 0.96 0.97
It 0.95 0.99 0.99
4.30 Ie 0.21 0.13 0.09
(0.42) I 0.09 0.14 0.12
It 0.11 0.09 0.11

Note: E,,, AE, and I, are the position of the maximum, FWHM,
and amplitude of the Gaussian constituent with respect to
that of the observed PL band normalized to unity; v stands
for the fast (F), slow (S), and time-integrated (T) compo-
nents of PL; E,, is the energy of exciting photons.

strongly by about a factor 20 and reveals a sharp peak
with a maximum at 8.7 eV. At excitation energies E,, >
10.0 eV, this peak overlaps partially with another one at
10.6 eV, after which one observes a smooth falloff of
the PL excitation efficiency down to 40% for the fast
and time-integrated components, and to 20% for the

PL excitation spectrum obtained at £, = 4.1 eV per-
mits isolation of three regions. In the 5.0—8.0 eV
region, the excitation spectrum is only weakly struc-
tured, and the excitation efficiency is fairly low and
does not exceed 10% of the observed maximum. In the
8.0—10.0 eV region, the PL excitation efficiency grows
a
g
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Fig. 3. Excitation spectrum of the (/) slow, (2) fast, and
Fig. 2. PL spectrum of the KBBF crystal at 7= 7 K and (3) time-integrated PL components at £, = 4.1 eV, and
E. = 11.1 eV, measured in the 2.5-6.2-eV interval by reflection spectrum (4) for a KBBF crystal at 7= 7 K. The
means of a CCD camera. reflection spectrum is offset vertically for clarity.
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Fig. 4. PL decay kinetics of the KBBF crystal measured at
7 K in the luminescence band at 4.1 eV with the exciting
photon energy of 11.1 eV. Solid line is the approximation,
open circles are experimental data.

slow PL component. Time-resolved excitation spectra
of the other PL bands were also measured, but they all
turned out to be identical with the one considered
above and are not displayed in the Figure. The low-
temperature reflection spectrum of KBBF is domi-
nated by a peak at 9.7 eV. In the 9.8—10.6 eV region,
the reflection intensity drops sharply by about one
half, to transform subsequently in the energy region
extending to 21 eV to a weakly structured spectrum.

The PL kinetics decay of KBBF at 7 K was mea-
sured for different values of E,, ranging from 2.9 to
4.4 eV under selective excitation by photons with
energies £, = 8.7 or 11.1 eV. In all the cases studied,
the decay kinetics was found to follow identical pro-
files. Figure 4 exemplifies the PL decay kinetics mea-
sured for £, = 4.1 eVand E_, = 11.1 eV. The kinetics
is dominated by a fast exponential component with a
time constant T = 2 ns, with superposing micro- and
millisecond-range components seen as a pedestal in
our measurements. The ratio of the exponent ampli-
tude to the height of the pedestal is about 0.96.

4. DISCUSSION OF THE RESULTS

The quantum-chemical calculations of the elec-
tronic structure of KBBF [11, 16, 17] suggest that the
valence band (VB) of KBBF is about 10 eV in width
and consists of two subbands derived primarily from
the oxygen 2p orbitals. The VB top is practically free of
hybridization between the boron and oxygen orbitals,
with the potassium p orbitals becoming evident 10 eV
below the VB top. The bottom of the conduction band
is derived from hybridized orbitals of boron and oxy-
gen, whereas the beryllium 2p orbitals contribute
moderately to higher-lying states of the conduction
band. The large width of the KBBF band gap should be
attributed to mixing of the fluorine and oxygen 2p
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orbitals [11]. The value E, =5.259 eV calculated by the
DFT method [11] appears to be an underestimation,
because experimental measurements [3, 4] show the
optical transparency band of KBBF to extend to
153 nm (8.1 eV). The lowest-energy EEs in KBBF
crystals are produced by electron transfer from states
at the valence band top to those of the conduction
band bottom, i.e., in electron transitions within an
anion group.

In the reflection spectrum of KBBF (Fig. 3), the
lowest-energy dominant peak at 9.7 eV falls into the
region of a comparatively narrow and intense band
peaking at 8.7 eV in the PL excitation spectrum and,
thus, can be identified with creation in the crystal of
unrelaxed EEs. A comparison of the reflection spectra
of KBBF (Fig. 3) with the experimental and theoreti-
cal data available for other borates (for instance,
Li,BO, [18, 19]) suggests a well substantiated estimate
for the KBBF band-gap width of £, = 10.6—11.0 eV.

Photoluminescence is most efficiently excited in
the region of fundamental absorption of the crystal.
The sharp monotonic growth of the PL excitation effi-
ciency observed to occur in the 8.0—8.5 eV interval
correlates with the increase of optical absorption in the
region of the long-wavelength fundamental absorption
edge. In full agreement with the Bouguer—Lambert
law, as the excitation energy continues to increase, the
competing process of decreasing VUV photon free
path initiating growth of the fraction of surface energy
losses becomes dominant, which gives rise to the high-
energy slope of the excitation peak at 8.8—10.0eV. The
maximum of the peak at 8.7 eV signifies a balance
reached between these competing processes. The
shape of the KBBF PL excitation spectrum in the
region of 8.0—10.0 eV suggests the excitonic mecha-
nism of energy transfer in this crystal, a feature char-
acteristic of systems in which luminescence is of exci-
tonic origin, or where excitons act as an intermediate
link in energy transfer to luminescence centers.

Further increase of the energy of exciting photons
provokes decay of the excitation efficiency. Above
10 eV, the structure of the reflection spectrum behaves
in opposite phase to that of the excitation spectrum of
the fast and time-integrated PL components (Fig. 3).
This may be considered as an indirect evidence for the
formation in KBBF of mobile EEs in photoexcitation
of the crystal in the region of fundamental absorption.
Their efficient migration may end up in nonradiative
relaxation at surface defects, thus accounting for sur-
face energy losses.

For E,, > E,, exciton formation is paralleled by the
appearance of separated charge carriers, namely, of
holes in the valence band and of the corresponding
number of electrons in the conduction band. If the
energy of the exciting photons E, only slightly exceeds
E,, the Kinetic energy of the electron in the conduction
band will be not high enough to leave the potential well
created by the hole Coulomb potential. In this case,
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the most probable process is recombination in genetic
electron—hole pairs [20—22]. The pattern of the exci-
tation spectrum of the slow KBBF PL component in
the 10.0—21.0 eV region suggests that electron—hole
recombination occurs predominantly in genetic elec-
tron-hole pairs (Fig. 3). As the energy E., increases,
the kinetic energy of an electron in the conduction
band and, accordingly, the probability of separation of
electron-hole pairs increases too. In this case the sep-
arated charge carriers can be captured and/or recom-
bine at local defect levels. And it is with this case that
we identify the excitation spectra of the fast and time-
integrated KBBF PL components in Fig. 3.

In both cases, defects must be involved, because the
fact itself of PL photoexcitation in the crystal trans-
parency band excludes the possibility of EE self-trap-
ping. It is known [23] that if viewed in terms of EE
dynamics, lattice defects can be formally divided into
two categories, namely, defects favoring EE localiza-
tion (localization centers) and those transforming the
EE energy to the excited state of the defect (transfor-
mation centers). The cross sections of exciton trap-
ping by these centers differ in their dependence on
energy. At energies below £, the cross section for trap-
ping by a localization center (point defect or an insig-
nificant lattice distortion) increases with decreasing
energy and reaches a maximum near the bottom of the
exciton band. The exciton trapping cross section for a
transformation center (self-trapped hole, charged or
neutral impurity) exhibits the opposite behavior with
energy [23]

After photocreation of the exciton at energies
below E,, it relaxes following the dispersion curve to
the lower part of the exciton band, where it becomes
trapped by localization centers in interaction with the
vibronic states. In this part of the exciton band, the
competition in trapping by the transforming centers is
suppressed. The exciton trapped by a localizing center
is equivalent to an exciton created in the very begin-
ning at the exciton band bottom. This is why the relax-
ation channel culminating in annihilation of a trapped
exciton is dominant at excitation energies below E,
(Fig. 3).

The situation is different at energies above E,. A
significant part of the EE energy can become lost in
nonradiative relaxation at luminescence quenching
centers (for instance, uncontrollable impurities) or as
a result of surface losses. Because the probability of
recombination of band electrons and holes is fairly
small, the main channel will be here recombination of
the band electron (or hole) with a trapped carrier of
opposite sign. This brings about formation of a local-
ized EE, which relaxes via interaction with the
vibronic states. In the top part of the exciton band, this
relaxation channel interferes weakly with states of a
free exciton, which results in a high probability of
trapping of the localizing EE by transformation cen-
ters. This culminates in a drop of the luminescence
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yield of the trapped or self-trapped EEs at excitation
energies above E, (Fig. 3).

These processes may result in radiative annihilation
of the exciton, exciton energy transfer to a lumines-
cence center, or migration of the exciton with subse-
quent nonradiative relaxation. Additional studies
would, however, be needed to reliably identify the
luminescence centers in KBBE. As follows from gen-
eral considerations, the contribution of the excitonic
mechanism to energy transfer can be significant only
in the case of high concentrations of the above defects,
when the probability of exciton formation in the
immediate vicinity of these centers increases. At the
same time, detailed discussion of this problem at this
stage would be hardly possible, because there are only
a few studies of macroscopic defects in a real KBBF
structure [24, 25], and as for experimental works on
point defects in KBBEF, they are absent altogether.

5. CONCLUSIONS

Thus, this paper presented results of the first study
of KBBF crystals by low-temperature, luminescent-
optical vacuum ultraviolet spectroscopy performed
with nanosecond time resolution. A combined analy-
sis of these first experimental data on the photolumi-
nescence decay kinetics, time-resolved PL spectra,
time-resolved PL excitation spectra and reflection
spectra measured at 7 K has produced an estimate of
the band gap width E, = 10.6—11.0 eV, identified the
predominantly excitonic mechanism of PL excitation
at 3.88 eV, and resolved the defect luminescence bands
at 3.03 and 4.30 eV. The channels of creation and
decay of electronic excitations in KBBF crystals have
been discussed.
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