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The quenching of the radiative e -k © recombination in barium aluminoborate glass, x irradiated at
77 K, was investigated by EPR and thermoluminescence (TL) techniques as a function of an iron impuri-
ty concentration ranging from 1073 to 0.1 at. %. The analysis of the EPR line shape of Fe**, observed
in these glasses, suggested that a large fraction of Fe impurity occupies substitutional sites of the glass-
forming network, locally charge compensated by a pair of Ba* interstitial cations. The electron untrap-
ping activation energy from the boron electron centers [D. L. Griscom, J. Chem. Phys. 55, 1113 (1971)],
obtained from the TL initial slope, is equal to 0.21 eV. The correlation between the TL intensity and the
Fe concentration was found to be exponential, and is discussed on the basis of some recent theories for

the nonradiative e “-A * recombination mechanism.

I. INTRODUCTION

The killing effect of luminescence produced by some
impurities in crystals has been a subject of extensive stud-
ies. The first model of the competitive trapping®?® of free
electrons by two different centers of different emission
wavelengths assumed a linear correlation between excita-
tion intensity and luminescence. However, experiment
has shown that the correlation is not always linear,*”’ so
that excitation and recombination models with different
carrier trapping cross sections®® were proposed. A
killing effect of luminescence was observed also in chal-
cogenide glasses containing Fe’" impurity.!® The pro-
cess was explained as a nonradiative e -k * recombina-
tion with a creation of an exciton strongly coupled with
lattice phonons. In 1964, Gold and Weisberg!!' intro-
duced the role of the nonradiative recombination process-
es in order to explain the origin of the depletion zone en-
largement at the p-n junction which results in a time
deterioration of the junction properties. This model as-
sumed that the excitation energy acquired by the irradiat-
ed electron trapped at a deep level is released by means of
a multiphonon emission or “phonon kick,” which pro-
duces a very strong local heating. Sumi!? has proposed
that the phonon kick is followed by a coherent hole trap-
ping resulting in the creation of a very unstable exciton.
He proposed a simple exponential law as a standard basis
for the adiabatic limit for the electron transition, a pro-
cess much faster than lattice motion.

Previous work!® on electron paramagnetic resonance
(EPR) measurements of decay kinetics of boron-electron
centers (BEC)! and review articles concerned with
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boron-oxygen hole centers'*!* (BOHC) between 77 K and
room temperature have shown that the resulting blue
thermoluminescence (TL) is a radiative e -4 " recom-
bination between the electrons untrapped from the BEC
and the self-trapped holes of BOHC [see Fig. 1(a)]. It
was seen'3 that at room temperature the BEC was virtu-
ally bleached, leaving an excess of BOHC’s which needed
additional heating to about 700 K for its complete
bleaching. Another luminescence, of red color, appears
at about 500 K,!¢ approximately the temperature of the
complete bleaching of the last BOHC’s, as observed by
EPR." In order to explain the red luminescence observed
at 500 K [see Fig. 1(b)], it was assumed that the imbal-
ance of electrons and holes in the glass is due to Fe im-
purity.!?

The possible charge-transport mechanisms which
occur immediately after the thermal release from the car-
rier trapping site preceding the subsequent recombination
are sketched schematically in Fig. 1. The solid lines as-
sume a less probable possibility of the carrier to be pro-
moted to the extended states by crossing the mobility
edge. For the insulating glasses it is more likely that the
entire process occurs inside the limits of the pseudogap
(dashed lines), either by means of hopping or by direct
charge-transfer process. However, such a detailed
description is beyond the scope of the present paper.

The objective of this work is the study of the killing
effect of Fe on the radiative e “-h ¥ recombination in x-
irradiated barium aluminoborate glasses, which occurs at
temperatures between liquid-nitrogen temperature (LNT)
and about 300 K. The aim is to obtain a better under-
standing of the luminescence Kkilling effect of Fe in amor-
phous materials.
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FIG. 1. (a) Electron-hole recombination mechanism of the
blue TL emission in aluminoborate glasses x irradiated at 77 K
observed in the range of 80-310 K. At these temperatures only
the electrons of the BEC’s can be released from their traps. In
the sites where the Fe luminescence quenching action has not
been reached, the holes cannot move at these relatively low tem-
peratures. A small fraction of the released electrons may also
be trapped by Fe** impurity ions. (b) Hole-Fe?** recombination
mechanism of the red TL emission in aluminoborate glasses x
irradiated at 77 K observed in the range of 380-650 K (Ref. 16).
At these temperatures, the totality of the BEC’s is bleached and
the holes of the BOHC’s acquire mobility until a Fe?* ion is en-
countered which has originated from the Fe’* ion previously
reduced during the irradiation process.

II. EXPERIMENTAL PROCEDURES

The barium aluminoborate glass samples were pre-
pared from a mixture of weighted amounts of reagent
grade Ba(OH),-8H,0, H;BO;, and Al,O;, melted in a
platinum crucible at 1300°C for 2 h then annealed at
500°C and cooled to room temperature for 24 h. Samples
of 30Ba0-50B,0;:20A1,0; (mol %) were prepared, con-
taining controlled amounts of Fe impurity, added as
Fe,O; and Fe,SO,, as shown in Table I. The sample
denoted E, was melted by Bishay at the American Uni-
versity, Cairo, Egypt in alumina crucibles at 1340°C for
21 h with composition 30Ba0-60B,0;-10A1,0,. The
samples were cut with dimensions of 2X2X6 mm?® for
EPR and 1.5X5 X 10 mm? for TL measurements.

The EPR spectra were obtained at room temperature

TABLE 1. Area of EPR absorption at g =4.3 for given con-
centration of Fe’™.

Nominal
doping Area®

Sample*  Fe (at. %) (arb units) N (10" spins/cm?®)
E, 0.4410.33 1.13+0.08
A, 1x1073 0.77+0.55 2.11+0.2
D, 2Xx1073 0.80+0.06 2.9+0.2
A, 1X1072 1.940.1 4.810.3
D, 2X1072 2.410.2 6.1+£0.6
F, 4x1072 4.4+0.3 11+0.8
G, 2X1072 1.7+0.1 4.310.3
A, 0.1 5.91+0.4 15+1
B, 0.5 38+3 9619
B, 0.8 61+4 150+10
E, 0.45+0.003 1.1£0.08

2All samples were doped with Fe,0;, except sample G, which
was doped with Fe,SO,.
Area under the EPR absorption curve.

using a homodine x-band Bruker spectrometer. The TL
measurements were carried out with an apparatus assem-
bled in our laboratory. The temperature was controlled
by a homemade cryostat at 1 mPa (10~ torr) and mea-
sured with a Chromel-Alumel thermocouple. The TL
light was directed through a glass window and detected
by a Hamamatsu R910 photomultiplier and the signal
was amplified by OP Intersil ICH8500/ACTYV operation-
al integrated circuit. Prior to the TL measurements, the
samples were x irradiated at LNT (Mo; 40 kV; 20 mA)
for 1 h of exposure. The optical absorption (OA) mea-
surements were performed using a Carl-Zeiss DMR 21
spectrometer.

III. EPR RESULTS

The characteristic EPR lines!”'® of Fe** in the glassy
matrix are easily identified. The resonance at g =4.3 is
associated to the rhombic distortions of the local-order
“crystal field” at a tetrahedral or octahedral site!® with
E/D~+. The central Kramers doublet (m,=—1;
mg=1) produces a strong isotropic line at g =4.3. For
the remaining two doublets the effective g value is highly
anisotropic, ranging from 1 to 10, producing the largely
spread background line with a shoulder appearing at
g =10, which was attributed to interstitial Fe’™ ions (lat-
tice modifiers). The D values were estimated from the
Aasa®® diagram, which can assume every value between
1.5and3cm™ .

Concentrations of Fe’" in the glass samples were
determined from the g =4.3 line by calculating the area
under the absorption curve and normalizing for the mass
and spectrometer amplification. For reference, samples
B, and B, containing the larger amounts of Fe were
prepared, where the nominal values are expected to be
very close to the real concentrations. The relation be-
tween the areas of the g =4.3 lines of the samples B, and
B, is 1.6, as expected from the added concentrations of
Fe. The error in the integration of the EPR signal was
estimated to be about 7%. The true concentrations of
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TABLE I1. Correlation between the [Fe*" Joa
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/[Fe** Jgpr value, normalized to the B, sample.

OA band Sample
amplitude FWHM thickness N (Fe3H) Correlation
EPR
Sample A (arb units) (10° cm™!) d (cm) (10" spins/cm?) [(h/N g 3+)X(150/3.78)]
A, 0.36 44 0.795 15 0.95
B, 2.25 44 0.840 96 0.93
B, 3.78 44 0.816 150 1.00

Fe’", as well as the nominal doping, are given in Table I.
The nonintentional doping of 10 %at. % (~1.13X10'8
spins/cm?) is not negligible. The effect of x irradiation of
the E, sample is a monotonical decrease of the EPR Fe**
signal as a function of exposure time. As the x-irradiated
exposure time for the purpose of TL measurements was
only 1 h, it is estimated that the decrease of [Fe’™ ] is no
more than 3%.

Samples D, and G, were doped with the same concen-
trations of Fe, except that in the former Fe** ions were
added and in the latter, Fe?*. The Fe3™ EPR measure-
ments detected a smaller signal for the G, sample, show-
ing that the melting time (2 h) at 1300°C did not reach
ferrous-ferric equilibrium in ordinary oxide glasses. In
order to obtain the equilibrium, a longer time of about 20
h at 1400°C is necessary in an ordinary oxide glass.?!

IV. OA RESULTS

The OA absorbance curves in the range 4X103
cm'-27X10° cm™! of the 4,, B,, and B, samples con-
taining 0.1, 0.5, and 0.8 at. % of Fe, respectively, are
shown in Fig. 2. The broadband having its maximum at
10X 10° cm™! is attributed to Fe?™ ions and the full
width at half maximum (FWHM) for these three samples
is equal to 4.4 10° cm™'. From Table II it is seen that
the OA band amplitude  is proportional to [Fe?* ], since
the FWHM is constant, and d is the sample thickness.
Table II also shows that the correlation between the ratio
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FIG. 2. Optical absorption spectra of the 4,, B, and B,
samples, where the 10X 10* cm™! band is attributed to Fe?*.
As the FWHM is constant, the band amplitude 4 is proportion-
al to [Fe?" ], which is correlated with [Fe’"] from EPR mea-
surements (see Table II).

[Fe?*]/[Fe’"] and the N(Fe’") value, measured by
EPR, is constant in the range of 0.1-0.8 at. % of Fe dop-
ing levels. It is observed that (see Fig. 2) the Fe** UV
absorption band-tail displacement is towards lower ener-
gies in the visible with increasing Fe concentration.

V. TL RESULTS

TL emission of the samples 4,, 45, D,, D, E,, E,,
F,, and G, were observed in the temperature range of
77-300 K. The samples 4, B,, and B, did not exhibit
any detectable luminescence. A typical TL curve ob-
tained is shown in Fig. 3. The results were reproducible
after successive procedures of annealing at 500°C for
about % h, followed by a new x irradiation.

The activation energy of the TL process was deter-
mined for the samples E, and E, by the initial slope
method.?? From the logarithmic plot versus 1/T the ac-
tivation energy was found as (0.21+0.05) eV for E, and
(0.22%0.05) eV for E, sample. Therefore, the difference
of 10 at. % of the aluminum content in these samples did
not affect sensitively the activation energy.

The areas under the TL curves are shown in Table III.
Notice that the TL area decreases exponentially with the
increase of the Fe’* concentration (see Fig. 4).

The TL intensity of E, is about 1 of the value observed
in sample E,, both having equivalent concentration of
nonintentional Fe3™ impurity. The difference between
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FIG. 3. TL curve of glass sample A; obtained between the
temperatures of 77 and 300 K.
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TABLE III. TL emission quenched by different concentrations of Fe** and Fe?".

[Fe’*] [Fe**] A4° 4° TL [Fe*™ ]/[Feal]
Sample (10'® spins/cm?®) (10'7 jons/cm®) (arb units) (arb units) (arb units) (%)
E, 1.13+0.08 0.60+0.04 333 33.2 37.0+0.5 5
A, 2.1+0.2 1.1+0.1 25.0 25.0 25.7+0.5 5
D, 2.91+0.2 1.5+0.1 19.8 19.8 19.0+0.5 5
G, 4.31+0.3 21+1 13.1 4.1 4.1+0.5 33
A, 4.8+0.3 2.5+0.2 11.3 11.3 12.0+0.5 5
D, 6.1+0.6 3.2+0.3 7.8 7.8 6.3+0.5 5
F, 11+0.8 5.8+0.4 1.8 1.8 1.9+0.5 5

?Calculated from Eq. (1).
®Calculated from Eq. (3).

the TL of these samples is due probably to the difference
in the glass compositions and melting conditions.

Among the TL of the samples D, and G,, described
above, a slightly larger area was found for D,, richer in
Fe’* within the limit of the experimental error. The re-
ported killing effect of photoluminescence (PL) in chal-
cogenide glasses'® due to Fe’™ ions suggest that the
remaining ferrous ions in aluminoborate glasses are also
effective in the TL quenching in the present experiment.

The dependence of the TL area on the concentration
[Fe3" ] is adjustable to an exponential law:

A*=46.3exp{ —2.93X 10" ®(cm*/ion)[Fe**]} , (1)

where A* is the calculated area under the TL curve in
arbitrary units and [Fe*%] is given in units of 10'®
ion/cm®. The results are listed in Table III. It will be
seen later that this expression can be identified with the
exponential term which appears in the Sumi'? model.

VI. DISCUSSIONS

As the interstitial Fe>* ions do not contribute to the
EPR line at g =4.3,!” we are concerned mainly with the
substitutional sites in the glass-forming network.

2
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FIG. 4. Relation between the TL intensity and Fe** concen-
tration.

The Ba?* single ion alone is expected to produce a lo-
cal field with axial symmetry, which should produce a
g =6 line (or shoulder), not observed in the spectrum.
There is no way for the single Ba?* ion to produce a local
electric-field symmetry which could generate the ob-
served strong g =4.3 line. Only the attraction of a
second positive ion produces the necessary condition for
the g =4.3 site.!”

Another point which should be considered is that in
alkali-earth borate glasses the double-tetrahedral B,0,
structure, charge compensated by a bivalent ion, has
lower formation energy.?? Thus, there are two most prob-
able local structures likely to occur as the Fe3* site, satis-
fying conditions stated above:

(a) the double-tetrahedron FeBO, containing two non-
bridging oxygens (NBO) and charge compensated by a
pair of Ba?* ions [see Fig. 5(a)];

(b) a FeOg4 octahedron entwined with a BO, tetrahed-
ron FeBOy, where all the oxygens are bridging (BO) and
the charge compensation is again performed by a pair of
Ba?* ions [see Fig. 5(b)].

Both of these Fe*™ sites can be considered as “substitu-
tional,” even though the boron never appears inside an
octahedral structure. Therefore, let us denote as “inter-
stitial” only those Fe’* or Fe®' ions attracted near a
negatively charged glass-forming structural unit for local
charge compensation. Thus, the “substitutional” Fe3"
ion is subjected to a strong interaction between its exter-
nal orbitals and the p orbitals of the neighboring oxygens
producing a molecular orbital.’ Remembering that the
minimum ratio for the ionic radii of a cation to be
tetracoordinated is 0.19 and hexacoordinated is 0.414, it
is expected from the following ratios of cation-oxygen ra-
dii of 0.51 (Fe**); 0.63 (Fe?"), and 0.43 (AI’") that they
all be hexacoordinated, but the tetrahedral site is more
difficult for occupancy by Fe?*. Therefore, the Fe?™ ions
are expected to be found more likely only in octahedral
or interstitial positions.

The most part of Fe ions in the barium aluminoborate
glasses appear as Fe>* with only a negligible amount, less
than 5% of the total Fe,?>?® of remaining Fe?™ ions. To
our knowledge, nothing about Fe** ions in these glasses
has been reported. The appearance of such hypothetical
Fe** ions would occur only at the expense of BOHC’s,
not confirmed by EPR. As the x irradiation of 8 h of ex-
posure produces a decrease of about 27% of the Fe’™"
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FIG. 5. (a) Double-tetrahedral FeBO; structure containing two nonbriding oxygens (NBO) charge compensated by a pair of Ba**
ions; (b) a structure composed of a FeOg octahedron entwined with a BO, tetrahedron (FeBOy), where all of the oxygens are bridging
(BO) and the charge compensation is again performed by a pair of Ba’" ions.

EPR signal intensity at g =4.3, it follows that with a
favorable local configuration such as described above, it
is possible for the charge-compensated Fe** ion to trap a
photoelectron thus creating a nonparamagnetic Fe** ion
constituting a local negatively charged center. When the
irradiated sample is heated from 77 to 300 K, the totality
of the electrons stored in BEC is released recombining
with holes with the emission of a blue phosphorescence
[see Fig. 1(a)], although a remaining number of holes still
continue to be present in their traps of BOHC’s."* As-
suming that their counterpart electrons were trapped by
a small fraction of Fe’" ions (a negligible amount for 1 h
of x irradiation), their recombination does not occur be-
fore the complete BOHC bleaching at 400°C, which is
consistent with the appearance of a red TL emission ob-
served at the same range of temperature.'> !

The e -h ' recombination blue TL emission is com-
pletely killed at Fe’* doping concentrations above 0.1
at. %. Assuming that the Fe*" ions are uniformly distri-
buted through the sample and that each Fe’>* ion is a TL
killer, the effective volume of killing was evaluated as
Vg =6.7X 1072 cm?®, which corresponds roughly to a ra-
dius of action of 25 A. The fraction of tetrahedral BO,
units for the present molar fraction of BaO was calculat-
ed as 0.36 using the expression derived by Beekenkamp,”

N,=[x/(1—x)][1+exp(10.85x —5.0)]" ", (2)

where x is the molar fraction of the alkali-earth oxide and
N, is the fraction of BO, units.

Multiplying this value by Vg, we obtain the number of
tetracoordinated borons localized around the radius of
action of a Fe*™ ion, equal to 460 tetrahedra. Therefore,
this is the maximum number of BOHC’s possible to be
contained inside this volume, since each hole is trapped
near a BO, tetrahedral unit.!* If the Fe’* would be with-
drawn from the center of the sphere of the killing action,
each electron released by heating from a BEC would be
caught, after penetrating the sphere, by an antibonding
molecular orbital of the nearest of the BOHC’s available
in the volume. This is followed by a radiative recombina-
tion with the hole trapped in the p-7 molecular bonding
orbital.!* Now, if a Fe’* ion is present at the tetrahedral

FeO, (or octahedral FeOgz) molecular orbital, located at
the central point, such a radiative recombination will be
inhibited. We propose that this action is possible by
means of a strongly delocalized FeO, (or FeO4) molecular
excited (antibonding) level very close to the conduction
band whose action would be effective in the radius of
~25 A. Therefore, each of the 460 possible radiative
processes is inhibited inside this volume and the detailed
mechanism of the e -k ' recombination is explained
with the help of some recent theories found in the litera-
ture.

In order to investigate if the Fe?™ ion is also effective
as a TL emission killer, the samples D, and G, were con-
sidered, both nominally doped with 2 X 1072 at. % of Fe,
but with different [Fe>* ]/[Fe, ] ratios. Assuming that
the frequency factor of the dependence of the TL intensi-
ty with Fe concentration is independent of the ionization
state of the Fe atom, Eq. (1) can be expressed as

A**=46.3 exp{ —2.604 X 10" Y[Fe’* ]

—6.211 X107 Y[Fe** ]} . 3)

Except for the sample G, where the [Fe**]/[Fe ]
ratio was evaluated as 33%, we assumed the value of 5%
(Refs. 25 and 26) for all the samples, on the basis of our
OA measurements of the samples 4,, B, and B, (Fig. 2
and Table II). The calculated values of 4* [see Eq. (1)]
and A** [see Eq. (3)] may be compared with the experi-
mental values of TL, shown in Table III. Both equations
were satisfied for all the samples containing 5% of
[Fe?* ], but only Eq. (3), where also the Fe’* ions were
included as the luminescence killers, was satisfied for all
the samples, G; being also included. It is clear, therefore,
that both Fe>" and also Fe?" ions are efficient lumines-
cence killers.

Bishop and Taylor!® observed a PL quenching caused
by iron impurity in chalcogenide glasses. They argued
that the iron inhibits the luminescence by the introduc-
tion of nonradiative competitive centers, since any other
light emission with different wavelength was not ob-
served, as being associated with the killing of that
luminescence. They suggested, based on the work of
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Robbins and Dean,?® that the nonradiative e "-h * recom-
bination occurs by means of the energy transfer of the ex-
citon recombination to the excited states of the d band of
a Fe ion. In the sequence, the excited ion relaxes nonra-
diatively with phonon emission. However, the central
idea of their model is the prediction that a free electron
or hole will not have sufficient electron-phonon coupling
for the self-trapping necessary for the radiative recom-
bination. On the other hand, the exciton has a strong
coupling with the lattice, so that the nonradiative recom-
bination with phonon emission is predominant. In chal-
cogenide glasses, the iron mostly appears in ferrous state,
remaining only about 1% of Fe*". Although the killing
effect of iron was observed, the authors raised the ques-
tion about which valence of Fe is the killer, or whether
both are effective.

VII. CONCLUSIONS

The Fe’" and Fe?* ions are efficient killers of the blue
TL emission of the e "-h * recombination in x irradiated
barium aluminoborate glasses, at temperatures between
77 and 300 K. The quenching is total for Fe-doping con-
centrations above 0.1 at. %. Each Fe** ion prevents any
radiative e " -h * recombination within a radius of action
of 25 A.

The activation energy of electron untrapping from the
BEC, AE =0.21 eV, is not very sensitive to glass compo-
sition variations of B,0; and Al,O; of about 10 mol %,
suggesting that the electron traps are far apart, enough to
prevent from interacting between themselves.

It was observed that the TL efficiency follows a de-
creasing exponential law with increasing Fe concentra-
tion. Assuming that the quenching process is due to a
coherent capture of holes due to the strong multiphonon
emission after the capture of an electron near Fe’' (or

3765

Fe?™), the observed TL intensity is in excellent agree-
ment with the Sumi?’ theory.

In this work it was shown that the Fe’" and Fe?* ions
are efficient killers of the e -2t recombination lumines-
cence. An efficient quenching of luminescence has been
reported by Bishop and Taylor'® in chalcogenide glasses,
where the Fe?" ion is the predominant one. Therefore,
we conclude that the e “-2 * recombination luminescence
quenching is not sensitive to the particular oxidation
state of the ion impurity. Also the interstitial Fe ions in
the aluminoborate glasses cannot be ruled out as TL kill-
ers.

In the radius of action of 25 A around a substitutional
Fe’" ion in the site [see Fig. 5(a)] of a B,O, double-
tetrahedral structural unit, a FeO, molecular-orbital anti-
bonding state is strongly delocalized from mixing with
the conduction-band states. An alternative site is the
structure [see Fig. 5(b)] of FeO, octahedron entwined
with a BO, tetrahedron (FeBO,). The e -k ¥ radiative
recombination is inhibited by the highly efficient competi-
tive multiphonon emission process of coherent hole cap-
ture, which generates an exciton which interacts strongly
with the lattice, producing additional multiphonon emis-
sion, leading to the nonradiative e ~-h * recombination.
As the change in the oxidation state of the Fe’* ions is
negligible in the process, we conclude that it plays a role
of a catalyst, where a single ion accounts for the killing of
a great number of e -4 * luminescent recombinations.
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