IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Luminescence kinetics of iodine-doped silver bromide crystals: concentration and excitation

intensity dependences

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
1996 J. Phys.: Condens. Matter 8 6445
(http://iopscience.iop.org/0953-8984/8/35/013)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.206
The article was downloaded on 13/05/2010 at 18:35

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/8/35
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matt8r(1996) 6445-6456. Printed in the UK

Luminescence kinetics of iodine-doped silver bromide
crystals: concentration and excitation intensity
dependences

L Nagli and A Katzir

Raymond and Beverly Sackler Faculty of Exact Science, School of Physics and Astronomy,
Tel-Aviv University, Tel-Aviv 69978, Israel

Received 26 October 1995, in final form 13 March 1996

Abstract. The decay kinetics of iodine bound excitons in AgBr:I crystals have been studied.
Luminescence kinetics, quenching and changes in kinetics are observed to depend on the iodine
concentration and the excitation intensity. These observation are discussed in terms of donor—
donor and donor—acceptor interactions. The probabilities of energy migration via iodide ions
and probability of luminescence quenching are estimated.

1. Introduction

AgBr:l crystals, at low temperatures, show an intense luminescence at 2.5 eV when excited
by energy at the indirect absorption edge. At relatively low iodine concentrations this
luminescence has been attributed to the radiative decay of iodine-bound excitons [1-7].
At higher iodine concentrations the 2.5 eV emission band shifts to a longer wavelength
and is assigned to donor—acceptor recombination [8]. At low-power pulse excitation, the
luminescence decays exponentially. At temperatures Ael and low concentrations
(10'8 cm~2 or less) the decay time of this luminescence is about4 71, 2, 9]. At higher
iodine concentrations the kinetics of the luminescence are more complicated [5].

High-intensity excitation luminescence has been studied mainly in pure AgBr crystals
in order to investigate excitonic molecules and droplets of the electron—hole liquid [10-12]
in such crystals.

The main purpose of the present work is to investigate the iodine-bound exciton
luminescence in AgBr:l crystals under high-power density excitation. In particular, we
examine the dependence of the luminescence kinetics of the excitation power density in
order to clarify the interactions between iodine-bound excitons in AgBr crystals.

2. Experimental details

Pure and I-doped crystals were grown from the melt in our laboratory by the Bridgman—
Stockbarger technique using pure starting materials.

The iodine concentration was assumed to be equal to the Agl concentration added to
the AgBr melt. We have also checked the iodine concentration with a method proposed by
Moser and Lyu [1] using the ratio of the luminescence band at 2.5 eV to that at 2.12 eV and
some spectra shown in the literature and have found good agreement with the assumption.
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Figure 1. Dependence of the relative quantum yield of the iodine-bound exciton luminescence
at 20 K on the concentration of absorbed quanta at 440 nm in AgBr crys@ls:iodine
concentration of 4x 10* cm3; v, iodine concentration of .& x 107 cm=3; v, iodine
concentration of 4 10 cm=3.

The residual iodide ion concentration in nominally pure AgBr crystals was estimated to be
4 x 10'® cm~3; doped samples containedx410'6, 1.6 x 107, 2 x 10'® and 2x 10'° cm™3
of iodide ions.

Discs of diameter 8 mm and thickness 3 mm were cut and polished and mounted
in a cryostat (CTI-Cryogenics). Luminescence generally was measured at about 20 K.
The steady-state luminescence was transmitted through a Hilger—Watts quartz prism
monochromator and detected with a photomultiplier (EMI 9558Q; S-20). Continuous
excitation of the luminescence was produced by a high-pressure Xe lamp which was
monitored with a small Airy monochromator. A pulsed nitrogen laser (LSI Science, Inc.,
model VSL-337ND) or a pulsed dye laser (LS| Science, Inc., model DLM-220) was used
for high-power pulsed excitation. In the case of the nitrogen laser the excitation was at
337 nm (3.68 eV), with a maximum pulse energy of 40D and a pulse duration of 3 ns.
In the case of the dye laser, a Coumarin 440 dye with a maximum pulse energy.cf 60
at 440 nm (2.82 eV) and pulse duration of 3 ns was used. The laser output was focused on
the crystal surface to a spot diameter of about 2 mm in the case ekditation and about
0.5 mm in the case of dye laser excitation. To vary the excitation power density a set of
neutral glass density filters was used. For extremely low-level excitation, the laser beams
were defocused. For measurements of the luminescence pulses the photomultiplier output
was fed into a digital processing oscilloscope (HP model 54602A). The output signal was
averaged over 256 pulses. The time resolution of the detection system was about 20 ns.
The recorded emission spectra were corrected for the relative spectral sensitivity of the
photomultiplier and the dispersion of the monochromator.

To analyse our results it is necessary to know the concentration of the electron—hole
pairs or free excitons created by the excitation. This concentration is proportional to the
volume densityN,;,, of the absorbed quanta which may be determined from

Nuhs = NO“()‘)[:]- - eXp(—Ot()\.)d)] (1)

where Ny is the surface density of the exciting quantais the absorption coefficient at the
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Figure 2. Steady-state luminescence spectra of AgBr crystals at 20 K with various iodine
concentrations (a.u., arbitrary units): ——x410* cm=3; — ——, 16 x 107 cm™3; - - - -,
2 x 10'8 cm3. Excitation was by a Xe lamp at 425 nm.

wavelengthh andd is the thickness of the sample. The absorption coefficient at 440 nm for
crystals activated with iodine concentration ok210°-2 x 108 cm2 from 10—40 cm!

[2,8]. At 337 nm the absorption coefficient is about«210® cm~? [4]. Therefore the
maximum volume density of the absorbed quanta for 440 nm excitation is in the range
7 x 10'7-3 x 10*%%cm™3. For 337 nm excitation this value is aboutx310?° cm=3. The
dependences of the relative quantum vyield of the luminescence on the volume excitation
densities show a reduction in the quantum yield at concentrations of absorbed quanta, which
depends on the iodine concentration in the sample (figure 1). The value of the absorbed
guanta concentration at which this reduction begins apparently coincides with the iodine
concentration in the samples. This confirmed our estimated values of the concentration of
the absorbed quanta.

3. Experimental results

The experimental results of this work are divided into two parts. The first deals
with measurements of luminescence kinetics under low-power pulse excitation intensity.
The second part deals with the high-power excitation effects on iodine-bound exciton
luminescence.

Typical steady-state luminescence spectra of nominally pure and iodine activated AgBr
crystals excited by a 440 nm Xe lamp light are shown in figure 2. An emission band appears
at 2.55 eV, with a weaker band at 2.12 eV in lightly doped AgBr crystals. Increasing the
concentration of iodine up to 2 10'" cm~3 results in an increase in the intensity of the



6448 L Nagli and A Katzir

o\
ke O
®
>
&
=)
4(-:‘ (o]
5 \
o (o]
o
) 1 .
>
=
=)
©
o
[s]
i L i i
5
10’ 10" 10" 10"®

Concentration (Cm—s)

Figure 3. Dependence of the relative quantum yield of AgBr crystal luminescence at 20 K on
iodine concentration with excitation by 440 nm light pulses with a surface quantum density of
about 164 cm2,

luminescence near 2.5 eV, accompanied by a decrease of the intensity of the band near
2.12 eV. Any further increase of the iodine concentration leads to a decreasing relative
guantum yield of the luminescence as shown in figure 3 and to a long-wavelength shift of
the luminescence band. At an iodine concentration of about@® cm~2 the 2.5 eV band

is shifted to 2.4 eV. These spectra coincide well with previously reported results (see for
example [1, 8]).

The luminescence decay curve at low-power excitatigg,( < 10*° cm~3) is the same
for nitrogen and dye laser excitation but depends on the iodine concentration. Figure 4
shows examples of pulsed luminescence decay in AgBr crystals with different iodine
concentrations, under excitation by a Coumarin dye laser emitting 440 nm giving a surface
density excitation of about #6cm~2. The luminescence decay is exponential with a decay
time 7o = 15.2 us at 20 K in crystals with iodine concentration in the range 20—

1.6 x 10*” cm~2 (figure 4, curve 1). At higher concentrations up te 20'® cm=3, at which

the relative quantum yield decreases, the luminescence pulse also decays exponentially, but
with a decay time shorter than that for crystals with low iodine concentration (figure 4,
curve 2). At still higher iodine concentrations the luminescence pulse kinetics became more
complicated (figure 4, curve 3).

Increasing the excitation power intensity higher than some level, which depends on
iodine concentration in the crystal, leads to a saturation of the luminescence pulse intensity.
Figure 1 shows the normalized dependence of the relative quantum yield of the iodine bound
exciton luminescence on the concentration of absorbed quanta at 440 nm for AgBr crystals
with various iodine concentrations. The relative quantum yield was taken as the integral
over time of the luminescence pulse divided by the absorbed quanta concentration.

Increasing the pulsed excitation power density leads to luminescence decay changes.
This effect is weak in samples with low iodine concentration, even at the highest excitation
density. For concentrations of iodine higher tharx 40 cm2, however, changes in
the decay kinetics are much more pronounced. At a moderate excitation intensity the
luminescence decay is faster and becomes non-exponential in the initial part. At still higher
excitation intensities a fast component of the luminescence pulse appears. Examples of
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Figure 4. Normalized luminescence decay curves under excitation by a Coumarin 440 dye laser
with a surface power density of ¥cm3 for AgBr crystals doped by iodine with concentrations

of 4 x 10'5-1.6 x 10" cm~3 (curve 1), 2x 108 cm=3 (curve 2) and 2 10 cm=3 (curve 3)

(a.u., arbitrary units). The solid curves are theoretical approximations of the experimental decay
curves.

the normalized luminescence decay curves are shown in figures 5 and 6 for AgBr crystals
activated with iodide ion concentrations o61x 10'” and 2x 10*® cm™2 and excited by

dye or N, lasers. At an excitation power where the fast component in the luminescence
pulses appears, the spectral distributions of the fast and slow components were measured
(figure 7). In these measurements the luminescence pulse was measured on a slow time
scale of the oscilloscope and the slow part of the luminescence pulse was approximated
by an exponential decay. The fast-component intensity was estimated by subtracting the
intensity of the slow component from the initial intensity of the luminescence pulse. It is
seen that spectra of the fast and slow components of the luminescence pulses coincide with
the luminescence spectra measured under weak continuous excitation of a Xe lamp.

4. Discussion

4.1. Theoretical background

The appearance of the fast component of the luminescence, the shortening of the slow
component of the luminescence and the threshold nature of these effects are typical in
stimulated luminescence. However, the observed decrease in the relative quantum yield of
the luminescence with rising excitation intensity (figure 1) and the absence of a narrowing
of the luminescence spectrum of the fast component of the luminescence pulse (figure 7)
indicate that the primary reason for the luminescence decay changes may be luminescence
guenching at high excitation powers. This quenching may be due to resonant excitation
energy transfer from iodine-bound excitons to quenching centres and due to resonant
excitation energy migration under identical iodide ions to centres, where this energy is
guenched [13-15].
Very similar effects of kinetic changes with various concentration of activators have
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been observed in crystals and glasses activated by rare-earth ions [16-19]. These studies
showed that the dependence of the luminescence pulse intérmityimer can be described
by the following expression:

1(t) = loexp(—[t/traqa + T1(1)]} 2

wherer,,, is the radiation decay time ard(z) is determined by the various non-radiative
channels of excitation energy losses at various time intersaldhe functionTi(¢) is
expressed by

th r<n
M(t) = { y1%° at{n<r<n (3)
tW,, t > 1.

W, is the probability of the luminescence quenching by quenching centres at the shortest
possible distanc®,,;,. This exponential portion occurs in the initial part of the luminescence
processt < t;. The later part of the decay curverat< ¢t < ¢, is a luminescence-quenching
interaction over different distancdg wherey is determined by the overlap integral of the
luminescence spectrum of the luminescence centres and the absorption spectrum of the
qguenching centres and by the concentration of the quenching centres (the so-tedted F
decay law [17]). In the final stage at> ., the luminescence pulse decays exponentially. In
this time range the decay time is determined by the migrating excitations with probability
W,, through luminescence centres to the region of a strong interaction, where they are
guenched.

4.2. Low excitation intensities

At low excitation intensities, where the relative quantum yield of the luminescence is not
dependent on the excitation intensity (see figure 1), the dependence of the luminescence
intensity decay curves on the iodine concentration seems to fall into three ranges. In the
concentration range of 30cm=2 or less in which the curve of the luminescence pulse does
not change with increasing iodine concentration the luminescence intensity is approximated
by the expression

I = Agexp(—t/t) + C 4)

wherery is the exponential decay time adg andC represent the relative amplitudes of the
exponential part of the luminescence kinetic and slow recombination luminescence which is
observed in AgBr crystals [1, 5, 14]. Values @f Ao andC in this concentration range are
independent of the iodine concentration and ar 1, 0.98 and 0.02, respectively. The
value of 152 us for tp differs slightly from the value reported in [1, 2] because of thermal
guenching of the luminescence at 20 K. In this concentration range the luminescence is
due to radiative transitions in well separated non-interacting iodine-bound excitons. In the
concentration range 16-10® cm2 the luminescence pulse may also be approximated by
equation (4), but,, becomes smaller and at a concentration of about1®*® cm3 it is

equal to 98 us. In this concentration range the dependence of the relative quantum yield
of the luminescence on iodine concentration decreases (figure 2). In the theoretical part
of the discussion it is shown that the shortening of the exponential decay time with rising
luminescence centres concentration can be explained by excitation energy migration over
unexcited identical luminescence centres up to the strong interaction range with quenching
centres. In AgBr:l crystals with intermediate iodine concentrations, the process of excitation
migration over iodide ions to the quenching centres becomes effective. In this case, the
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Figure 5. Normalized luminescence decay curves for AgBr crystal with x 107 cm=3

iodine concentration under excitation by dye laser pulses with wavelength 440 nm (curves 1
and 2) and by M laser pulses (curves 3-6) (a.u., arbitrary units). Curves 1 and 2 presents
the luminescence pulses with absorbed excitation quanta concentration equii a8 and

7 x 1017 cm~2 subsequently. Concentrations of the absorbed excitation quanta for curve 3 are
equal to 15 x 10'° cm~3, for curve 4 are Z x 10 cm~3, for curve 5 are 2 x 107° cm3 and

for curve 6 are 3 107° cm=3. The solid curves are a theoretical approximation by equation (6)
with the parameters listed in table 2.

luminescence pulse decay timg may be expressed by/4; = 1/t + 1/, Where

1/7, is equal to the energy migration probabili%y,,. At an iodine concentration of

2 x 10 cm3, W, is about 36 x 10* s71. At still higher iodine concentrations, the
luminescence decay becomes more complicated and has already been explained by donor—
acceptor recombination [5]. The acceptor is a hole localized on the iodide ion and the
electron donor centre is an interstitial silver atom [5]. The luminescence decay at this iodine
concentration may also be explained by luminescence quenching. In this concentration
range, two quenching mechanisms seem to participate in the luminescence process. In the
initial stage, luminescence is determined by direct interaction between iodine-bound excitons
and quenching centres distributed over distaRc& he luminescence decay curve at a later
stage is determined by the excitation energy migration over iodide ions to the quenching
centres. In this case the normalized luminescence decay curve may be approximated by the
expression

1(t) = Bexp(—yt®®) + Ay exp(—t/ty) (5)

where B is the relative concentration of the iodine-bound excitons quenched because of a
resonant interaction between excitons and quenching centres distributed over digtance
Ay is the relative concentration of the iodine-bound excitons quenched owing to exciton
energy migration to the quenching centrgsis the interaction parameter between iodine-
bound excitons and quenching centres apds the decay time at the later stage. These
concentration-dependent quenching mechanisms of the iodine-bound exciton luminescence
at low excitation intensities, which manifest themselves by changes in the luminescence
kinetics, are very close to the ideas proposed by Czaja [7]; he observed spectral changes in
the zero-phonon line of the iodine-bound exciton luminescence.
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Figure 6. Normalized luminescence decay curves for an AgBr crystal witti @8 cm3 iodine
concentration under excitation by 440 nm dye laser pulses with an absorbed quanta concentration
of 106 cm2 (curve 1) and by M laser pulses with an absorbed quanta concentration equal to
1.7x10*® cm=2 (curve 2), 13x 10'° cm~23 (curve 3), 3«10 cm3 (curve 4) and X 107° cm—3

(curve 5) (a.u., arbitrary units). The solid curves are theoretical approximations by equation (6)
with the parameters listed in table 3.

4.3. High excitation intensities

At high excitation intensities the dependence of the relative quantum yield on excitation
power density decreases (see figure 1), and the luminescence decay is not exponential over
the entire iodine concentration range measured (see figures 5 and 6). The experimental decay
curves of the luminescence pulses at this high-power excitation are well approximated by
the expression

1(t) = Asy €XP(—1/T75) + B exp(—yt®®) + Ay exp(—t/tq) (6)

where the parametet;, is the relative concentration of the iodide-bound excitons quenched
by direct interaction with nearby quenching centres. The best-fit curves of the luminescence
pulse shapes to equation (6) are presented in figures 5 and 6 by solid curves and the best-fit
parameters obtained for different concentrations of iodine and different intensities of the
excitation are listed in tables 2 and 3.

The values ofts,, andzy are given by the following equations:

1/7:fsr = 1/Trad + l/fq
1/‘[‘?[ = 1/Trad + 1/Tm~

Using these equations, the probability, = 1/, of the luminescence quenching at small
distances between bound excitons and quenching centres and the migration probabilities
W, = 1/, were estimated and listed in table 4.

Changes in the luminescence decay curve begin to be observable at absorbed quanta
volume densities (concentrations of electron—hole pairs) higher than the iodine concentration
in crystals. It may be thought that, in this excitation intensity range, raising the
excitation power density cannot significantly alter the concentration of the iodide-bound
excitons. Therefore, observed effects of the luminescence pulse changes cannot be due to
luminescence quenching by the interaction between iodine-bound excisions and unexcited

("
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Figure 7. Luminescence spectra of the falf)(and slow @ ) components of the luminescence
pulse in AgBr:I crystals with an iodine concentration o6 % 1017 cm~2 at 20 K under excitation

by 337 nm N laser pulses (a.u., arbitrary units). The absorbed excitation quanta concentration
is 9x 10 cm3.

Table 1. Luminescence decay parameters at low excitation intensiti&s. is the iodine
concentration in the crystaltyp and t,; are the decay times of the exponential part of the
luminescence pulse which characterizes radiative probability and energy migration probability,
accompanied by quenchingip, Ay is the relative concentration of the iodine-bound excitons
which decay exponentially, anft is the relative concentration of the iodine-bound excitons
which decay in accordance wittbFster’s law;y is the donor—acceptor interaction parameter.

Ny 70, Tsl 12
(cm3) (ns) Ao, Ay B (s?)
(4-16)x10® 152 1 — —

2 x 1018 9.8 1 — —

2 x 10t° 7.2 0.83 0.17 240

iodide ions as in the case of low excitation intensities and high iodine concentrations. We
suggest that in the high excitation intensity range the quenching centres are electron centres,
created in the crystal by strong excitation and have absorption spectra in the range of the
iodine-bound exciton luminescence [20]. These centres must have relatively short lifetimes
because the kinetics and relative quantum yield of the luminescence reset to prior values
when the excitation intensity is reduced. If the concentration of the quenching centres is
proportional to the concentratioN,;,, of the absorbed excitation quanta, then, in the case
of the dipole—dipole interaction, the migration probability, to quenching centres should
depend linearly on /R®, whereR is the mean distance between quenching centres [13].
Figure 8 shows the dependenceVif, on 1/R® whereR is defined as;f’lnNa,,x)l/"*. It can
be seen that good agreement is obtained between theory and experiment.

The quenching probability¥, at small distances between iodine-bound excitons and
quenching centres also depends linearly pR(see figure 8, curve 2) and may be explained
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Table 2. Luminescence decay parameters at high-power excitation for AgBr crystals with
an iodine concentration of.& x 107 cm=3. The meanings of the parameterg, A;; and

B in tables 2 and 3 are the same as in table 17,1 is the combined probability of the
radiative transitions and quenching probability at close distance between iodine-bound excitons
and quenching centreds, is the relative concentration of such excitons.

Naps Tsl Tfst y X 1073
(10 cm3)  (us) (us) Ay B A (sTY?)
1074-102 151 — 1 — — —
7 x 1072 127 — 064 036 — 0.33
1.7 119 071 047 014 039 0.35
2.7 11.2 047 030 0.17 053 0.38
12 109 042 027 01 062 0.35
30 103 034 019 0.09 071 0.37

Table 3. Luminescence decay parameters at high excitation for AgBr crystals with a
2 x 10'8 cm2 jodine concentration.

Naps Tsi Tfst y X 10_3
(109 cm3)  (us) (us) Aa B Ape  (SY?)
0.001 8.9 — 0.63 0.37 — 0.36
0.17 8.4 0.85 0.62 0.08 0.31 0.20
1.3 6.9 0.4 035 0.12 0.583 0.31
9.7 7.0 032 0.29 0.06 0.7 0.37

33 6.8 0.28 0.22 0.046 0.74 0.30

Table 4. Energy migration probability,, and quenching probability¥, determined using
equation (7) in crystals with an iodine concentration o ¢ 107 cm=3.

Naps Wi Wq
(cm™3) 10*sl) @fsh
7 x 107 1.3 —
17x10° 18 1.3
27x 101 23 2.06
12x10%0 26 2.3

3x 1020 3.1 2.9

by the distance distribution of the quenching centres in proximity to iodine-bound excitons.
This distribution of the closely spaced quenching centres may be due to a large Bohr exciton
radius for iodine-bound excitons in AgBr crystals [21].

5. Summary

The spectral and kinetic properties of AgBr:l crystals have been studied as functions of the
iodine concentration over four orders of magnitude and as functions of excitation intensity
over five orders of magnitude. Raising the iodine concentration or exciton power density
guenches the luminescence. This luminescence quenching manifests itself by a reduction in
the relative quantum yield of the luminescence, and by changes in the luminescence pulse
shape. All observed effects may be explained self-consistently as being due to three types
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Figure 8. Dependences of the probabiliti#, (O ) and W, (V) on the concentration squared
of the absorbed quantsi?, for AgBr crystals with an iodine concentrationélx 10t cm3.

of dipole—dipole interaction between the iodide-bound excitons and unexcited iodide ions
and between iodine-bound excitons and quenching centres, which are produced by high-
intensity excitation. At low-power excitation, quenching effects are explained by excitation
energy migration via unexcited iodide ions to the quenching centres and by direct interaction
between iodine-bound excitons and quenching centres, distributed over some distakice
high-power excitation the direct interaction between iodine-bound excitons and quenching
centres in the close vicinity explain additional effects observed under high-power excitation.
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