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Abstract — The phenomenon of amplification of
anti-Stokes luminescence caused by two-quantum
transitions in metalorganic nanostructures arising
at ionic-covalent crystals photolisis is considered. It
is shown, that these structures are formed at the
interaction of some adsorbed organic molecules of
dyes with the metal clusters created allocated under
action of light streams actinic for a crystal. Opti-
mum conditions for formation of these nanostruc-
tures are revealed. Spectra of excitation of anti-
Stokes luminescence and the level of its intensity for
microcrystals AgClyoslgos, ZnggCdy40S, containing
molecules of some organic dyes on the surface were
investigated.

1. Introduction

At present the scientific area solving the problems of
operate in the parameters of optical radiation is actively
developed [1,2]. It in turn interest to the development
of new materials possessing optical properties which
can be used for solving of the specified tasks. Among
the media of a similar sort it is necessary to mention a
group of semiconductors in which the anti-Stokes lu-
minescence is observed. In particular, for crystals
AgHal, HgHal, TIHal with adsorbed molecules of or-
ganic dyes, at low temperatures the phenomenon of the
sensitized anti-Stokes luminescence (SASL) was ob-
served [3-6]. It arises at excitation by weak light
streams with density 10°~10" quantum-sm™>s” from
the spectral range conterminous to the strip of absorp-
tion band of adsorbed molecules of dyes, and has dou-
ble-quantum character [3]. The intensity of this lumi-
nescence, length of a wave of its excitation are con-
nected to spectral properties of adsorbed molecules of
dyes and defined by the conditions of synthesis of
samples.

At the same time, there are researches in which for
silver halide photographic materials the opportunity of
a photochemical sensitization of anti-Stokes lumines-
cence [4, 7] was found. Its result was occurrence of
new bands in the spectra of excitation of SASL pre-
sumably connected with formation of silver clusters
under the action UV radiation.

In this paper we present the results of the research
of the nature and mechanisms of low-temperature pho-
tostimulated sensitization of anti-Stokes luminescence
by the example of heterogeneous systems on the basis
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of microcrystals (MC) AgClggslyos with adsorbed
molecules of organic dyes of various classes, includ-
ing methilen blue (D1) and to salt 1,1 '-diethyl-2,2'-
hynocyanine and 3,3'-di-(y-sulfopropyl) — 9 ethil-4,5-
benzo-4’,5’-[4"5"-dimethi-leno (2"3")]-tiatiazolocar-
bocyaninebetain (D2), and also MC ZngCdg40S,
containing molecules of dyes and low-atomic silver
clusters.

2. Methods and equipment

Research was carried out with the use of the methods
of excitation spectra of SASL and photostimulated
luminescence flash (PLF) observed after the decay of
photoluminescence. With the help of the first method
the correlation of the kind of spectrum of excitation
SASL with spectra of absorption of molecules DI
adsorbed on the surface MC and D2 in various con-
centration, and also their changes in process of in-
crease in time of UV irradiation at the temperature 77
K were traced. With the help of the second method
the change in distribution of density of impurity elec-
tronic conditions MC arising as a result of adsorption
on their surface of molecules of dyes and formation
on it of silver atomic-dispersed particles at low-
temperature photostimulated process (LTPSP) [8, 9].
Measurements the luminescent parameters were
made with the help of automatic spectral-luminescent
complex [10]. The temperature of the samples was 77
K. Photoluminescence was excited by UV radiation
of a mercury line A, =365nm from DRC-120 lamp at
density of the stream 10" quantum-sm™s”. Addi-
tional UV exposure was carried out with the help of
the same lamp, but at streams of radiation of 10"
quantum-sm™>s”. Excitation of SASL MC AgCl(I)
was carried out by the radiation of a incandescent
lamp passing through the monochromator UM-2 in a
range of 600-800 nm. The density of the stimulating
stream was 10" quantum'sm™>s™ and was made con-
stant on all the spectral site. The streams of SASL
and PLF, were registered with the help of PEM-79,
working in a single-photon-counting mode.
Replacements AgClygslyos which were frown us-
ing a standard technique [6] at parameter of the
cations contents pAg=7, and also MC ZngCd4S,
frown in ISSP of the Russian Academy of Science
(Chernogolovka) were used in this work.
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3. Results and their discussion

For MC AgCI(I) with adsorbed molecules D1 and D2 in
concentration from 107 up to 10 mole% at temperature
77 K and the mentioned above streams of excitation the
spectrum of SASL was located in the same area as the
spectrum of photoluminescence and had a maximum at
515 nm. The position of the spectra of excitation and
their shape corresponded to the kind of the spectra of
absorption of adsorbed molecules of dyes. They changed
the form, position and intensity in the process of transi-
tion from mono-molecules forms to the aggregate
of dyes (Fig. 1 and 2, curve 1,6). In the case of mole-
cules D1 adsorbed on the surface of crystal starting with
the concentration 10™* mole% and higher the formation
of H-aggregates, takes place at the same time for D2
J-aggregates [11] are mainly formed. The received initial
results specify the participation of both monomeasured
forms of dyes, and their aggregates in SASL of excita-
tion and correlate with the data of the work [3].

The influence on all the researched samples at tem-
perature 77 K of UV radiation with A;,,=365nm and
density of a stream 10'° quantum-sm™s™' resulted in the
change of the form intensity and in some cases a spec-
tral arrangement of bands of SASL excitation. So, for
MC AgCI(I) with adsorbed molecules D1 in concentra-
tion 10~ mole% the spectrum of excitation SASL, the
maximum of which is located in the field of 620-
630 nm, moved to the area of 670 nm in process of
increase of UV exposure and then and to 690 nm. Thus
the intensity in the maximum of the spectrum monoto-
nously increased on the intensity by 4-5 times (Fig. 1,
curve 1-4) at exposure times from 1 up to 100 s. The
changes of a similar sort were observed for the samples
MC AgCI(I) containing on the surface of molecule D2
in concentration 10° mole% (Fig. 2, curve 1-4), al-
ready at times of exposure 0.1 s. However the position
of the maximum of the spectrum of the SASL excita-
tion of samples varied nonmonotonously. At first the
displacement occured from 630 to 670 nm, and then at
increase in time exposure up to 100 s back to 655 nm.
At the same time for samples MC AgCl(I) with ad-
sorbed molecules D1 and D2, maxima of the initial
spectra of excitation lay in the field of 670-680 nm,
under the action of UV irradiation only the intensity
was varied (for example, Fig. 1 and 2, curve 6, 7).

The researches with the help PLF shown, that as a
result of irradiation by ultraviolet adsorbed molecules
D1 and D2 pure and with MC AgCI(I) the concentra-
tion of deep electronic traps changed.

Concentration of conditions with photoionization
energy 1.30 — 2.00 eV grew in process of increase in
time UV exposure at temperature 77K as for pure
(Fig. 3, curve 1-3), and containing on the surface of a
molecule of dyes (Fig. 3, curve 5-7).

Concentration of conditions with photoionization
energy 1.30-2.00 eV grew in process of increase in
time UV exposure at temperature 77K as for pure
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(Fig. 3, curve 1-3), and containing on the surface of
a molecule of dyes (Fig. 3, curve 5-7).
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Fig. 1. Spectra of excitation of SASL for MC
AgCl(I) +D1 (10 mole%) before (curve 1) and after
UV irradiation at T=77K during 1 s (curve 2), 10 s
(curve 3), 100 s (curve 4); MC AgCIl(I)+(D1 (10
mole  %)+AgNO;(10°  mole%)) (curve5); MC
AgCI(D+D1 (10° mole%) before (curve 6) and after
UV irradiation at T=77K during 10 s (curve 7), 100 s
(curve &)
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Fig. 2. Spectra of excitation of SASL for MC AgCI(I)
+D2 (10~ mole %) before (curve 1) and after UV irra-
diation at T=77K during 1 s (curve 2), 100 s (curve 3);
MC AgCI(I)+D(10°momp%)+AgNO5(10° momb %))
(curve 4); MK AgCII) + (Kp2 (10° moms%)
+AgNO;(10° mole %)) (curve 5); MC AgCI(I)+D2
(10” mole %) before (curve 6) and after UV irradiation
at T=77K during 100 s (curve 7), 1000 s (curve 8).
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Fig. 3. The spectra of PLF stimulation of pure MC
AgCl(I) before (curve 1) and after UV irradiation at
T=77K during 10 s (curve 2), 100s (curve 3); 1000 s
(curve 4); MC AgCI(I)+D2 (10° mole %) no (curve 5)
and after UV irradiation at T=77K during 1 s (curve 6),
10 s (curve 7); MC AgCI(I)+ AgNO; (10° mole %)
(curve ).

In the process of enhancement UV exposure of an ir-
radiation maxima of spectra PLF, increasing on inten-
sity, were displaced to 1.80-1.85 eV (Fig. 3, curve 6,7).
At times exposure down to 1000 s, the maximum of
concentration of deep conditions allocated at 1.60 eV
(Fig. 3, curve 4). Similar changes in spectra of stimula-
tion PLF were observed for MC AgCI(I), preliminary
processed by solutions AgNO; of the various concen-
tration (for example, Fig. 3, curve 8). It specifies that
the traps formed under the action of UV radiation at
temperature 77 K in the MC AgCI(I) with adsorbed
molecules of dyes DI and D2 and registered in the
spectra of stimulation of PLF have silver nature.

The observed changes in behavior of spectra of PLF
stimulation for all the investigated samples MC
AgCI(]) including the dyes which do not containing
molecules on the surface under the action of UV radia-
tion are qualitatively similar to those which take place
in MC AgCl as a result of LTPSP [9]. Confirmation of
participation of adsorbed atomic-molecular silver parti-
cles formed on the surface of MC AgCI(I) as a result of
LTPSP in the excitation of SASL is the change of posi-
tions of maxima of its spectra in process of UV irradia-
tion increase of samples in comparison with the initial
spectra of absorption of adsorbed molecules of dyes.
However the direct correlation of the changes in the
spectra of SASL excitation with the behavior of PFL
spectra shouldn’t be expected as only optical transi-
tions of electron from impurity centers in a conductiv-
ity band in the latter case are fixed. At the same time
consecutive displacement the maximum of the spec-
trum of SASL excitation is apparently the display of
dimensional effect of an arrangement of energetic
states of adsorbed atomic-molecular silver particles in
the forbidden gap of the crystal. The consequence of
this effect is also a reduction in intensity of spectra of
SASL excitation at the times of UV irradiation of about
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1000 s, resulting in the association of larger silver
centers with other energetic characteristics.

The data of SASL for the MC AgCI(I) the surface
of which is processed with the water-ethanol solu-
tions containing molecules of dyes and AgNO; con-
firm these conclusions completely. Their spectra of
SASL excitation appeared identical to similar spectra
of the samples MC AgCI(I) with adsorbed molecules
of dyes in which LTPSP took place (Fig. 1, curve 5,
Fig. 2, curve 4, 5).

For MC Zng¢Cdy40S with adsorbed molecules
D1 and D2 at the temperature 77K SASL was ob-
served. Its spectrum of excitation, as well as in the
case of the AgHal crystals was located in the field of
absorption of adsorbed molecules of dyes. Additional
drawing on the surface of these samples of silver ions
from AgNO; solutions in the various concentration
making from 10” up to 10”7 mole % resulted in the
change of spectra of SASL excitation. At occurrence
on MC surface of additional concentration of ad-
sorbed particles of silver of a various degree of dis-
persion the change of intensity and position of a
maximum of a band of SASL excitation was ob-
served. The maximum of the spectrum for all the sam-
ples was displaced in the area of energy excitation 1.9
eV. The intensity of a spectrum of excitation strongly
depends on the concentration of silver centers on the
surface of MC Zng¢Cdg4S and was maximal at the
concentration of the solution AgNOj; equal to 107 mole
%. By the results of the research of SASL excitation
spectra of and stimulations spectra of PLF a conclu-
sion about the similar nature of the centers participat-
ing in SASL excitation has been made.

Thus, the received results specify that under the
action of UV radiation the transformation of the crys-
tals surface creation of atoms and formation of low-
atomic silver clusters from them take place. The ad-
sorbed silver centers of atomic-molecular dispersion
together with molecules of organic dyes form nanos-
tructures which are the effective centers of double-
quantum impurity absorption of light resulting in
SASL occurrence.

Let's consider the possible mechanisms of SASL
excitation with the participation of such centers. Ad-
sorbed molecules of dyes and low-atomic silver clus-
ters can form metalorganic nanostructures, participat-
ing the in excitation of this luminescence as uniform
impurity center, one the levels of with lies near the
middle of the forbidden gap. Then excitation of
SASL is the most probable on the cascade mecha-
nism of consecutive absorption of two photons [2].
The center in that case formed in the result of LTPSP
should possess the spectrum of absorption completely
different from the spectrum of its molecule as SASL
intensity at a constant stream excitation increases by
one or two orders. However such changes were not
observed experimentally.
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At the same time adsorbed of silver atomic-
molecular particles are formed as a result of LTPSP
including located near the molecules of dyes are elec-
tronic traps themselves. But these states are not the
effective centers of double-quantum SASL excitation
[12]. It is necessary to note, that SASL for MC
AgCI(I), not containing molecules of dyes on the sur-
face is excited by the same light streams. But its inten-
sity is only at long noticeable exposure microcrystals
to UV radiation and on two order less, than in the case
when molecules of dyes adsorbed on the surface [12].
For MC Zng,Cdg4S with adsorbed silver atom-
molecular particles and not containing molecules of
dye SASL is not observed. Apparently, the optical
transitions of electrons from the valence band to the
impurity silver centers are improbable. At the same
time the transition of the electrons localized at levels
of these centers, to the conductivity band has high
probability. Hence, deep electronic traps caused by
adsorbed particles of silver Ag,” (n=1,2 ...), can trap
and keep an electron without excitation for much
greater time, than lifetime of excited state of a mole-
cule of dye. It should result in the increase in probabil-
ity of anti-Stokes excitation of a crystal in the case of
electron transition from the excited molecule of dye in
the impurity silver center (Fig. 4, a) [13,11]. However
for the realization of the mechanism with electron
transfer the basic state of a dye should be located in
the valence band of a crystal or near it on distance of
the order kT. Then the cation-radical of a molecule of
a dye can be restored by the capture of electron from
the valence band.

If the level of the basic condition of a dye lies high
in the forbidden gap of a crystal SASL excitation by
means of two quantum is feasible in the discussed sys-
tems only in the case, when the transfer of energy of
electronic excitation from the molecule of the dye
which has swallowed up quantum of light to impurity
silver ion Ag," (n=1,2...), stimulating electron transition
from the valence band to this center [13,14]. As a result
the ion is neutral, and free hole appears in a valence
band. By the following quantum it The photoionization
of this center, is carried out. The electron which appears
in the conductivity band radiativly recombinates with
the hole, localized in the center of luminescence (Fig. 4,
b). It is necessary to note, that the energy transmitted
from the excited molecule of a dye to the impurity silver
center essentially can stimulate as the electron transition
from a valence band to the local level (Fig. 4b, (1)) as
the electron transition from the local level to the con-
ductivity band (Fig. 4b, (2)).

In the second case it can develop as a significant
change of PLF amplitude for MC AgCI(]),
Zn 60Cdy 40S with adsorbed molecules of dyes in proc-
ess of formation of appreciable concentration of low-
atomic silver clusters as a result of LTPSP.
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At the same time for the investigated samples this
effect was not observed, that specifies small probability
of realization of process 2 in the scheme (6) (Fig. 4).
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Fig. 4. The models of SASL occurrence. The model
of consecutive transfer of an electron (a) and energy
(b) from the molecule of a dye to the impurity center.
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