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Abstract. It is known that the tunnel luminescence in emulsion microcrystals
(EMCs) of AgBr(I) at the temperatures 7> 77 K is determined by donor—acceptor
complexes with a specific structure. Such a complex includes a paired iodine centre,
which combines two neighbouring sites of anionic sublattice, and an interstitial
silver ion Ag™ located nearby. If the AgBr(I) EMCs are distributed in a binder of
which molecules do not interact with Ag' ions, the centres are characterized by a
luminescence band with the characteristic wavelength 4,,,. = 560 nm. Modifications
of the content of silver ions in the emulsion produce an additional luminescence
band with 4,, =720 nm. If the AgBr(I) EMCs are distributed in gelatine, its
molecules interact with clusters of silver ions and form specific complexes with the
characteristic luminescence bands located at A, ~ 580 nm and A, =~ 750 nm. In
both cases, two sorts of luminescence-glow kinetics can be observed, depending on
the temperature and the Ag" concentration: a monotonic intensity increase from zero
to a maximum stationary level or a rapid ‘flash enhancement’ followed by a gradual
decrease to a lower value. Remarkably, the additional luminescence ‘flash’
stimulated by infrared radiation is detected whenever the monotonic growth is
observed. On the contrary, no infrared-stimulated glow occurs in the luminescence
band when the ‘flash enhancement’ is detected in this band. All of these results are
interpreted in terms of structural transformations taking place with the tunnel-
recombination centres in the AgBr(I) EMCs.
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1. Introduction

In this paper we study a low-temperature (77 K < 7'< 120 K) luminescence in AgBr(I) emulsion
microcrystals (EMC) which are inserted in a binder [1, 2]. Being excited by the radiation
corresponding to the intrinsic-absorption region of the EMCs (the optical wavelength A =~ 460 nm),
such a luminescence occurs due to localized traps for the charge carriers existing in a crystal
structure [3]. According to this scheme, the AgBr(I) EMCs involve paired iodine centres (I, I, ),
where the symbols T, denote the iodine ions located in the neighbouring anionic sites of a crystal
lattice. Such a centre acts as an acceptor which forms a molecular centre (I),, whenever a hole is
localized, similarly to the known V), centres in alkali-halide crystals [4]:

(G )+p—>(12) . (1)
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In Eq. (1), p means the hole which is transferred to the valence energy band. Recombination
of the localized hole with the free electron results in a ‘green’ luminescence band (A, = 560 nm).
Moreover, a similar luminescence (termed also as a ‘green flash’) appears under the action of
infrared (IR) radiation.

These considerations provide a reasonable explanation of the luminescence phenomena
occurring in both macroscopic AgBr(I) crystals and the AgBr(I) EMCs distributed either in water
(H,O) or in polyvinyl alcohol (PVA) [5]. However, they seem to be invalid for the AgBr(I) EMCs
distributed in gelatine (Gel) where the luminescence spectrum is noticeably shifted (4,,,, = 580 nm)
and the IR-stimulated ‘flash’ is not observed [6]. Additionally, a peculiar transient temporal
behaviour of the luminescence occurs there: instead of a gradual monotonic increase of the glow
intensity up to a stationary level, the luminescence increases abruptly in the initial moment (a
‘flash enhancement’), with a subsequent gradual decay to a smaller though nonzero stationary
value (a ‘luminescence fatigue’).

To interpret these discrepancies, a number of ionic processes characteristic for the AgBr(I)
EMCs have been discussed in the literature, which can lead to associated channels of non-radiative
recombination. To the best of our knowledge, a still more relevant mechanism has been suggested
in Ref. [6]. According to Ref. [6], a surface of the AgBr(I) EMCs can play a significant role in the
effects mentioned above. In particular, if Gel serves as a binder, its molecules are adsorbed at the
EMC surface and form electron traps, thus providing the conditions for radiative recombination of
the localized electrons and holes. In this respect, the authors [6] consider that the low-temperature
(T=77K) glow observed in the AgBr(I) EMCs in Gel appears due to a tunnel recombination of
the hole localized on the paired iodine centre, with the electron localized on the EMC surface.

Still, the assumption made in Ref. [6] has received no theoretical or experimental
substantiation. Currently there are no reliable data that would establish unambiguously the nature and
the properties of the centres of electron localization. To fill this gap, a series of experimental works
has been undertaken, with detailed studies of the low-temperature luminescence in the AgBr(I) EMC
and, in particular, its spectral and temporal features under the action of various physicochemical
factors [1, 7-10]. In the present work, we report the data that illustrate the influences of such factors
as the temperature, the emulsion-binder nature and properties, the content of silver ions and the
additional IR radiation. The results obtained and their interpretation enable us to refine the structure
of the tunnel-recombination centres in the AgBr(I) EMCs and disclose their specific behaviour and
transformations caused by the external influences mentioned above.

2. Problem description and experimental methods

We used EMCs AgBr_(I,) (x=0.03) for our luminescence studies. From now on, these EMCs
will be referred to as the AgBr(I) EMCs — without special indication of the iodine molar
concentration x. Additionally, special conditions of the EMC environment will be indicated in
parentheses, so that ‘AgBr(I) EMC (H,O)’ means that the EMCs are distributed in water as a binder,
‘AgBr(I) EMC (PVA)’ implies that the binder is PVA, etc. The AgBr(I) EMCs (Gel) were obtained
in a 5% solution of Gel, using a method of controlled two-jet emulsification [11] according to the
double-exchange reaction

AgNO;+ [KBr (97%) +KI (3%)] — AgBr(I) + KNO;. 2)

The AgBr(I) EMCs (H,O) (or so-called ‘sol” EMCs) were obtained by instant emulsification
of IN solutions of AgNO; and (KBr + KI) at 70°C. The sol was formed during 2s and a

174 Ukr. J. Phys. Opt. 2023, Volume 24, Issue 3



Structure and transformations

sedimented powder was repeatedly washed with demineralized water to remove soluble salts. The
content of silver ions in the emulsion was monitored by an EV-74 ion-meter. In the finished
emulsion, the content of silver ions was adjusted by adding AgNO; or KBr solutions. The
crystalline structure and the dimensions (i.e., the characteristic size d) of the AgBr(I) EMCs
synthesized in the above manner were controlled using an electron microscope UMV-100K and
observing their carbon replicas shaded with platinum. Typical electron-microscopic photographs
of the AgBr(I) EMCs synthesized in Gel, PVA and H,O are shown in Fig. 1.

Fig. 1. Electron-microscopic photographs of carbon-platinum replicas of the AgBr(l) EMCs distributed in
different binders: (a) Gel (d = 0.2 ym), (b) PVA (d = 0.1 ym), and (c) H,O (d = 15 uym).

The content of silver ions was characterized by a ‘bromine potential’ parameter
pBr=—lg([Br]). Then the true [Ag'] ion concentration can be determined with the relation
—lg([Ag']) = 12.28 — pBr [12] and a linear pBr increase would mean an exponential increase in the
[Ag'] concentration. The low-temperature luminescence spectra of the AgBr(I) EMCs and the kinetics
of luminescence intensity were detected upon excitation by rectangular-shaped light pulses with the
repetition rate 800 Hz. The appropriate procedures and an experimental setup have earlier been described
in Ref. [13]. In our case, only the phosphorescence of the luminescence centres was measured, with the
relaxation times 7> 2.0 ms. It is just these relaxation processes associated with photo-excitation of the
AgBr(I) EMCs that are of our main interest.

The kinetics, i.e. the temporal evolution of the luminescence intensity /(¢) to a stationary level
I, is characterized by the numerical coefficient

F= (Imaxflst)/lmax' (3)

We observed two sorts of the luminescence kinetics. In case of a monotonic increase we have
Lo = I, and F' =0, whereas in case of a ‘flash enhancement’ the intensity increases strongly at the
initial moments, after which it decreases gradually (which is sometimes treated as a ‘luminescence
fatigue’ effect [14-16]), so that we have [,,,, > [, and 0 < F < 1. Note that in the context of current
discussion, the ‘flash enhancement’ is always accompanied by the ‘luminescence fatigue’ so that
both terms describe two sides of the same phenomenon.

The luminescence ‘flashes’ of the AgBr(I) EMCs in different spectral ranges under IR
irradiation were measured as follows. The AgBr(I) EMCs were excited by light during 1 min.
Then the IR radiation with Ag > 1000 nm was switched on (an IKS-3 filter or germanium light
filter with the thickness 1.5 mm were used) after a ‘dark’ interval of 30 s, when the afterglow was
practically absent. A luminescence ‘flash’ at a given wavelength was detected by a cathode storage
oscilloscope C8-12. The IR-radiation influence was characterized by the maximal change in the
luminescence intensity occurring during the ‘flash’, Iy, = Ly — 1o, With 1,,,, being the maximal
value of the ‘flash’ intensity, /, the afterglow intensity at the wavelength at which the ‘flash’ was
studied. The dark interval was chosen such that the effect of IR radiation began when 7, = 0.
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3. Experimental results

Our experimental investigations testify that in all the situations considered, the luminescence
spectra can be classified according to their spectral characteristics and the conditions of
observation (see Table 1). The results presented in Fig. 2 show that the luminescence spectra of the
AgBr(I) EMCs (H,0 and PVA; pBr = 4), which are obtained upon excitation with 1 =460 nm in
the temperature range 77 K < 7< 86 K, are characterized by a broad ‘green’ emission band BB1
with 4,, ~560nm (see curvel in Fig.2a). With increasing temperature (7> 86 K), the
luminescence band BB1 undergoes a temperature ‘quenching’ (see curve 1 in Fig. 2c) with the
activation energy ¢ ~ 0.12 eV (see insert in Fig. 2c, curve 1). The latter corresponds to the energy
£=10.10+0.16 eV of displacement of the interstitial silver ion Ag;" in the AgBr(I) EMCs, with the
index ‘i’ indicating the interstitial location of the ion in the crystalline lattice [16].

Table 1. Spectral luminescence bands and conditions for their observation, as found at the
characteristic excitation wavelength A, = 460 nm.

Emission-band Binder Characteristic Characteristic Characteristic content of
notation glow wavelength  temperature range Ag' ions (at T="77 K)
PITS (at pBr = 4)
BB1 H,O, PVA =~ 560 TTK<T<8K pBr=4
BB2 H,O, PVA =720 86 K<T<95K 5<pBr<7
BGlI Gel ~ 580 TTK<T<8lK pBr=4
BG2 Gel =750 80K <T<95K 4<pBr<7
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Fig. 2. (a) Luminescence spectra Iphos(A) measured for the AgBr(l) EMCs (H.O and PVA; pBr=4) upon
excitation by A =460 nm at different temperatures T: 1 — 81K, 2 — 86K, 3 — 88K, 4 — 885K, 5 — 90K,
6-104 K, 7-108 K, 8 — 112 K, and 9 — 117 K. (b) Excitation spectra of luminescence observed in the AgBr(l)
EMCs in different glow bands (see Table 1): 1' — BB2 (T = 96 K) and 2' — BB1 (T = 104 K). (c) Temperature
dependences of maximal intensities detected inside the bands BB1 (curve 1) and BB2 (curve 2). Insert shows
dependence of Ig(Iphos) on the inverse temperature.

In the process of temperature ‘quenching’ of the glow band BB1, the luminescence band BB2
with A4, =720 nm appears (see curves 2 to 9 in Fig. 2a), of which intensity increases with

increasing temperature in the region 80 K <7< 90 K but decreases at 7> 95 K. The increase and
decrease of the BB2 luminescence intensity (see the insert in Fig. 2¢, curve 2) occur with the same
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thermal activation energies as those observed for the band BB1 (see the insert in Fig. 2c, curve 1).

The luminescence spectra observed for the AgBr(I) EMCs (Gel) differ in that the short-
wavelength luminescence band BG1 is characterized by 4,,, = 580 nm, while the long-wavelength
band BG2 resulting from the temperature ‘quenching’ is observed at A, = 750 nm. The energy
characteristics of the ‘quenching’ process are detected within the same range (¢ = 0.10+0.16 eV) as
for the AgBr(I) EMCs (PVA and H,0). For a comparison, Fig. 3 illustrates transformations of the
luminescence spectra that happen in the region of temperature ‘quenching’ (7> 90 K) of the
‘green’ emission bands BB1 and BG1 for AgBr(I) (H,O) and AgBr(I) (Gel).

Notably, the excitation spectra detected for the luminescence bands BB1, BG1 and BB2,
BG?2 are similar to each other and, regardless of the binder and the temperature, they demonstrate a
single maximum located at A ~ 460 nm (see Fig. 2b and Fig. 3b).

0
400 500 600 7002
7\’ o0\
,nm

Fig. 3. (a) Luminescence spectra of AgBr(l) EMCs (pBr = 4) as measured for different binders: dashed curves 1,
2 and 3 correspond to H,O and solid curves 4, 5 and 6 to Gel. The temperatures are T =97 K (curves 1 and 4),
104 K (curves 2 and 5) and 112 K (curves 3 and 6). (b) Excitation spectra of luminescence in the AgBr(l) EMCs
as measured for different binders: curves 1' and 2' correspond to H,O and curves 3' and 4' to Gel. Curves 2, 3,
1" and 4' correspond respectively to the phosphorescence bands BB1, BG1, BB2 and BG2 (see Table 1). The
temperatures are T = 96 K (curve 2'), 98 K (curve 3'), 104 K (curve 1'), and 110 K (curve 4').

For the bands BB1 and BG1 (see Table 1) observed for AgBr(I) (H,O and PVA) and AgBr(I)
(Gel; pBr =4), the differences are seen both in the kinetics of luminescence intensity approaching
to a stationary level and in the spectra of luminescence ‘flashes’ detected under IR irradiation. For
example, the evolution of the BB1 luminescence intensity /,,,(¢) to a stationary level is monotonic
for the AgBr(I) EMCs (H,O and PVA) at 77 K (see curve k; in Fig. 4 and curve k; in Fig. 5). At
the same time, the spectrum of the ‘flash’ I,y observed after the excitation is turned off is
characterized by the bands BB1 and BB2 under the condition of influence of the IR radiation (see
Table 1 and curve 1 in Fig. 4a).

As seen from Fig. 4 (curves k, and k;) and Fig. 6 (curve k;), the evolution of the BGI
luminescence band to a stationary level is characterized by a ‘flash enhancement’ for the AgBr(I)
EMCs (Gel; pBr = 4). Then the luminescence ‘flash’ stimulated by the IR radiation is absent in the
entire spectral range under test (see curve 2 in Fig. 4a). Now let us dwell upon the AgBr(I) EMCs
(Gel + PMT), where PMT implies 1-phenyl-5-mercaptotetrazole (an anti-fog additive that serves
as a complexing agent for silver ions). Here the increase in the luminescence intensity inside the
band BGI1 up to a stationary level is monotonic, with no ‘flash enhancement’ (see curve k4 in
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Fig. 4). However, a luminescence ‘flash’ stimulated by the IR radiation is observed in this case
(see curve 3 in Fig. 4a).

Remarkably, the long-wavelength bands BB2 and BG2 reveal a monotonic luminescence
increase up to stationary levels in both cases of the AgBr(I) EMCs (H,O and PVA) and the
AgBr(I) EMCs (Gel; pBr =4) (see curve kj; in Fig. 5 and curve k; in Fig. 6). Notice that the bands
BB2 and BG2 can appear in these systems not only due to the temperature ‘quenching’ of the
‘primary’ bands BB1 and BG1. The other reason is a changing content of silver ions in the
emulsion (4 < pBr < 7 —see Fig. 5a and Fig. 6a), which is observed at 7= 77 K.
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Fig. 4 (a) Spectra of luminescence ‘flashes’ stimulated by IR irradiation, as observed for the AgBr(l) EMCs at
T =77 K after turning off the excitation. Different curves correspond to different binders: curve 1 to H,O and
PVA, curve 2 to Gel, and curve 3 to Gel + PMT (107> mol per 1 mol of AgBr). (b) Kinetics of glow intensity Tohos(t)
observed for the AgBr(I) EMCs (pBr = 4), which correspond to different luminescence bands (see Table 1) and
binders: curve ki — BB1 and, curve k, — BG1 and H,O + Gel (56 mol %), curve ks — BG1 and Gel, and curve
ks — BG1 and Gel + PMT (107 mol per 1 mol of AgBr).

Some changes are observed in the BB1-luminescence kinetics for the AgBr(I) EMCs (H,O
and PVA) with increasing pBr parameter. This kinetics is now characterized by the ‘flash
enhancement’ (see curve k; in Fig. 5). Similar changes are found in the kinetic behaviour typical
for the band BB2 (see curve ky in Fig. 5). It should be noted that the magnitude of the ‘flash
enhancement’ is higher for the ‘green’ band BBI1. This is characterized by the inequality
F(BB1) > F(BB2) in terms of the factor F' (see Eq. (3)). Om the contrary, the ‘flash enhancement’
kinetics for the band BGI1 in the AgBr(I) EMCs (Gel) takes place within the whole range
4 <pBr<7 (see curves k; and k, in Fig. 6). However, the ‘flash’ behaviour becomes more
expressive with increasing content of silver ions and the numerical coefficient F increases:
F(pBr=17) > F(pBr =4).

The changes in the spectral structure of the IR-stimulated ‘flashes’ occurring in the AgBr(I)
EMCs under the condition of varying content of the silver ions within the range 4 <pBr <7 are
also noteworthy. So, the ‘flash’ spectra for the AgBr(I) EMCs (H,O and PVA; pBr=4) are
characterized by a presence of the two bands, BB1 and BB2 (see curve 1 in Fig. 5¢). The intensity
Iqsn of the BB1 ‘flash’ decreases with increasing pBr, while the corresponding intensity /g, for
BB?2 increases (see curve 2 in Fig. 5 ¢). Finally, only a single BB2 ‘flash’ remains at pBr =7 (see
curve 3 in Fig. 5¢).
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Fig. 5. (a) Luminescence spectra for the AgBr(I) EMCs (PVA) observed at pBr = 4 (curve 1), pBr =5 (curve 2)
and pBr = 7 (curve 3). The temperature is T=77 K.

(b) Excitation spectra observed at T=77 K for the luminescence bands BB1 (curves 1' and 2') and BB2
(curve 3') at pBr = 4 (curve 1') and pBr = 7 (curves 2' and 3').

(c) Spectra of luminescence ‘flashes’ observed at pBr = 4 (curve 1), pBr = 5 (curve 2) and pBr = 7 (curve 3). The
temperature is T = 77 K,

(d) Kinetics of luminescence growth observed at T=77 K for the bands BB1 (curves k; and k;) and BB2
(curves ks and ky). Curves ki, ks and kz, k4 correspond respectively to pBr = 4 and pBr=7.
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Fig. 6. (a) Luminescence spectra for the AgBr(I) EMCs (Gel) observed at pBr =4 (curve 1), pBr=15 (curve 2)
and pBr = 7 (curve 3). The temperature is T = 77 K.

(b) Excitation spectra observed at T =77 K for the luminescence bands BG1 (curves 1' and 2') and BG2
(curve 3') at pBr = 4 (curve 1') and pBr = 7 (curves 2' and 3').

(c) Spectra of luminescence ‘flashes’ observed at pBr = 4 (curve 1), pBr = 5 (curve 2) and pBr =7 (curve 3). The
temperature is T = 77 K.

(d) Kinetics of luminescence growth observed at T =77 K for the bands BG1 (curves k; and k;) and BG2
(curves k; and ky4). Curves ki, ks and k3, k4 correspond respectively to pBr = 4 and pBr=7.
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There is no ‘flash’ for the AgBr(I) EMCs (Gel; pBr=4) in the entire spectral range (see
curve | in Fig. 6¢). The ‘flash’ appears with increasing pBr and its spectrum is characterized by a
presence of the two bands, BG1 and BG2 (see Table 1), of which intensities increase with
increasing pBr (see curves 2 and 3 in Fig. 6¢). The ratio of the BG1 and BG2 intensities reveals the
same dependence on the pBr parameter as observed by us in the previous case of the BB1 and BB2
bands.

An increase in the content of silver ions up to pBr =7 induces no change in the excitation
spectra. These spectra are always characterized by a single maximum located at 4 ~ 460 nm. This
is valid either for the AgBr(I) EMCs (H,O and PVA — see Fig. 5b) or for the AgBr(I) EMCs (Gel —
see Fig. 6b). Moreover, the same refers to all of the luminescence bands BB1, BB2, BG1 and
BG2.

4. Discussion

The centres responsible for the BB1-band luminescence in the AgBr(I) EMCs (H,O and PVA) and
its temperature transformation include a paired iodine centre (I, I, ) and a closely located interstitial
silver ion Ag;", which form a single donor-acceptor complex {(I, I, ) Ag;'} [3]. In view of the
reaction given by Eq. (1), the origin of the ‘green’ glow can be explained by the scheme

() aer} «p— {(15) Ag] +em
N {(I;)aa Ag?} > {(11) Agl} -+,

where e is the electron and Aw, denotes the irradiated photon. The temperature quenching of this

, “4)

luminescence band is described by the series of ionic reactions:
— 0 —
{(12 ) Ag; } +Ag - {(12 ) Ag5}+e -
aa aa

N {(Ig)aa Ag?z} +Agi+—>{(15)aa Agg} ve

Here {(I, ).sAgi, } denotes a cluster in which the molecular iodine centre defined by Eq. (1)

)

is combined with several Ag ions, with n =2, 3, ... being the number of these ions.

In our opinion, the fact that the ‘temperature quenching’ of the ‘green’ emission in the
AgBr(I) EMCs is accompanied by the appearance of a new band of tunnel luminescence (BB2 for
the AgBr(I) EMCs (H,O and PVA) or BG2 for the AgBr(I) EMCs (Gel) — see Table 1) indicates
that the centres responsible for the ‘green’ emission experience some structural transformation
during the temperature ‘quenching’. The tunnel luminescence associated with the band BB2
located at Ay, =~ 720 nm can be described by the following scheme:

{(I;I;)Agi+n} +p—> {(Ig)aa Ag;;} te
N {(Ig)aaAg?n} > {(11) A |+,

with Av',, being the transformed photon energy.

(6)

It is reasonable to suppose that the adsorption of gelatine molecules on the AgBr(I)-EMC
surface leads to a reduction of surface electron-localization centres: interstitial silver ions Ag;" (or
interstitial silver molecules Agif) are transformed into neutral Agi0 atoms (or Agizo molecules).
Newly formed centres {Ag;,'Gel} (with n =1, 2 and Gel" denoting a gelatine molecule) are deeper
traps for electrons; they have a smaller capture cross-section, if compared to the surface electron-
localization centres {Ag;,'} (n =1, 2). This manifests itself in the fact that the kinetics of the BG1
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luminescence is characterized by a presence of the ‘flash enhancement’ (see curve k; in Fig. 4),
while the luminescence ‘flash’ stimulated by the IR radiation is absent (see curve 2 in Fig. 4a).
This luminescence-intensity decrease relative to its initial value (i.e., the luminescence ‘fatigue”’)
has earlier been studied for the AgBr(I) EMCs (Gel) at A = 580 nm [14-16].

The above assumption concerning formation of the {Ag;,’Gel'} (n=1, 2) complexes is
supported by the ‘flash enhancement’ observed for the AgBr(I) EMCs (H,O + Gel) with
additionally introduced gelatine (see curve 2 in Fig. 4a). Another confirmation can be seen in the
fact that the centres (Ag;, Gel") are not formed in the AgBr(I) EMCs (Gel + PMT) where the
introduction of PMT prevents the interaction of gelatine with the surface-located interstitial silver
ions. As a result, the ‘flash enhancement’ effect disappears (see curve k4 in Fig. 4) and the
luminescence ‘flash’ stimulated by the IR radiation emerges (see curve 3 in Fig. 4a).

Finally we note that, since the band BG2 (see Table 1) appears in the AgBr(I) EMCs (Gel)
during the temperature ‘quenching’ of the ‘green’ emission, it would be natural to assume that the
gelatine molecules interact also with the luminescence centres located on the surface, thus forming
donor—acceptor complexes {(I, I, )Ag;, Gel’} (n=2). The latter retain the ability for the tunnel
recombination with A,,,, = 750 nm, which is described by the reaction given by Eq. (6). A great
energy depth and a small electron-capture cross-section for the {Ag; Gel"} donor centres provide
the ‘flash enhancement’ of the BG1 luminescence with 4,, = 580 nm and the absence of any
‘flash’ stimulated by the IR radiation. In its turn, this also indicates that the energy depth (counted
from the conduction-band bottom) of the levels of electron localization at the centres
{(I, I,)Ag;,"Gel’} (n=1, 2) is much greater than that of the centres {(I, I, )Ag;,"} (n=1, 2)
which are the source of the IR-stimulated ‘flash’.

The centres responsible for the tunnel recombination with /,,,, = 560 nm (i.e., the band BB1) in
the AgBr(I) EMCs (PVA) undergo a structural transformation not only due to the temperature
‘quenching’. At the fixed temperature 7= 77 K, this also happens due to changes in the content of
silver ions (4<pBr<7). In this case, newly formed centres retain the ability for the tunnel
recombination with 4,,,, = 720 nm (the band BB2), which proceeds according to the scheme given by
Eq. (6). In addition, just as in the case of the AgBr(I) EMCs (H,O; pBr =4), the BB1-luminescence
kinetics for the AgBr(I) EMCs (PVA; pBr=4) is monotonic and we have the parameter /' =0 (see
Eq. (3) and curve k; in Fig. 5). When the content of silver ions increases up to the level of pBr=7,
the luminescence kinetics for the BB1 and BB2 bands occurring after structural formation of the
centres reveals the ‘flash enhancement’ effect (see curves k, and k, in Fig. 5). Its presence is
associated with the centres of molecular-cluster dispersity Ag;, (n =2, 3, ...).

5. Conclusions

The low-temperature luminescence phenomena in silver-halide crystals are closely related to the
intrinsic and impurity defects, which determine the photosensitivity of a material and the
resolution obtained at the room temperature [18]. Actually, investigations of the luminescence
mechanisms and their vulnerability to various external factors offer a valuable method for studying
the structure of these defects and the energy-migration processes taking place in the crystals
mentioned above. A special role of the complexes that combine iodine ions and interstitial silver
ions has been reliably established in the earlier works [1-3, 7, 18]. In this paper, we further
develop the concepts and the ideas of Refs. [1-3, 7, 18] and apply them to the AgBr(I) EMCs
where the situation is complicated due to a strong effect of the surface which acts as a ‘mega-
defect’ influencing all the processes inside the microcrystals.
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In particular, our experimental results lead to suggestion that the origin of the ‘green’
luminescence band BB1 in the AgBr(I) EMCs (H,O and PVA), which is located at 4,,,, = 560 nm,
is associated with the tunnelling mechanism and caused by recombination of the holes localized at
the paired iodine centres (I, I, ). Here the electrons are localized at the interstitial silver ions Agf
near the (I, 1, ) centres [3] rather than on the surface of the AgBr(I) EMCs. This suggestion is
supported by the activation-energy value obtained by us (see the insert in Fig.2) and by the
luminescence kinetics (see Figs. 4-6), which agree well respectively with the energy and the temporal
characteristics of the silver ionic subsystem [19] in the AgBr(I) EMCs. Due to IR illumination or
temperature increase, the interstitial silver ions Ag;" located near the paired iodine centres are able
to form the centres of molecular-cluster dispersity Agi,,+ (n=2, 3, ...). The electrons localized at
the centres Ag;,” (n = 2) retain the ability for the tunnel recombination with the holes localized at
the (I, 1, ) centres, thus producing the luminescence band BB2 with 4,,,, = 720 nm.

The adsorption of gelatine molecules on the AgBr(I) EMC surface leads to reduction of the
surface interstitial atomic-molecular silver centres Agi,,+ (n=1, 2), with formation of the
complexes (Ag;, 'Gel") (n =1, 2) that form deeper traps for electrons with a small capture cross-
section. This manifests itself in a slight shift of the luminescence band BG1 (see Table 1) towards
Amax = 580 nm, as well as in a peculiar evolution of the luminescence intensity towards its
stationary level. Then the kinetics is characterized by the ‘flash enhancement’ effect, i.e. the
temporal behaviour of the intensity shows an initial peak after which the intensity gradually
decreases to the stationary level. This is also called the ‘luminescence fatigue’ [14—16]. Moreover,
the luminescence ‘flash’ stimulated by the IR radiation is absent in the entire spectral range under
study. The electrons localized at the donor centres (Ag;,’Gel") (n =2) retain the ability for the
tunnel recombination with the holes localized at the acceptor centres (I, I, ), thus inducing the
luminescence band BG2 located at 4,,,, = 750 nm.

Note that the behaviour of the luminescence characteristics observed in the experiments is
crucially determined by the EMC environment. For example, single Ag" ions and their aggregates in
some glassy and crystalline materials produce the emission bands with the maximums located in the
region 400470 nm and the lifetimes of about 75-110 ps under the condition of photo-excitation at
the wavelengths 270—470 nm [20, 21]. The difference between these data and our results is explained
by the specific luminescence-centre structure discussed in Section 4 and by the influence of the EMC
surface, which cannot be neglected in view of sub-micrometer sizes of the EMCs (see Fig. 1).

Our last remark concerns a ‘slow” kinetics of the luminescence observed in Figs. 4-6, which
seems to be counter-intuitive and at variance with the relaxation times 10°—10~ s typical for such
phosphorescence crystals [22]. The matter is that the kinetic curves reported by us do not illustrate
an ‘afterglow’ occurring sometimes after the exciting factor disappears [23] but rather show how
the stationary luminescence is being established after a constant excitation factor is switched on. In
this context, the kinetic curves of Figs. 4-6 are determined by the processes of formation and re-
structuring of the luminescence centres rather than by their radiative lifetimes. The kinetic curves
presented in this paper are in good agreement with the characteristic times typical for
displacements of interstitial ions, formation of clusters, diffusion of electrons and/or holes, etc.,
especially if we remind of our low-temperature conditions.

Our results demonstrate that the structure of the tunnel-recombination centres in the AgBr(I)
EMCs suggested in this study and the transformations of this structure induced by different
external factors can provide a meaningful interpretation of real experimental behaviours of the
luminescence bands, including their spectral and kinetic characteristics. The interactions discussed
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by us open new resources for controlling light emission and absorption properties. In particular,
this can be useful while improving the AgBr(I) EMCs as materials of detectors or detecting
elements for a highly sensitive and high-resolution holography, a radiography or X-ray techniques.
Additional possibilities can be associated with the processes of chemical and spectral
sensitization (e.g., via admixtures of organic dyes) or applying specific atmospheric conditions to
formation of the EMCs (e.g., changing oxygen concentration). The relevant studies are now in
preparation and will be presented elsewhere.
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Anomauin. Bioomo, wo myHenvHa JMOMiHecyeHyis 6 emynvciinux mikpokpucmanax (EMK)
AgBr(l) 3a memnepamyp T>77 K eusnauaemvcsi OOHOPHO-AKYENMOPHUMU KOMIICKCAMU 3i
cneyugpiunoro cmpykmypoio. Takuil Komniekc micmumos naprull UOOHUL yenmp, saKkutl 06 €oHye
08a CYCIOHI 8y31U AHIOHHOL RIOIPAMKU, | PO3MAUIOBAHUL NOPYY MINCEY3N06UL UOH CpIOaa Ag+.
Axwo EMK AgBr(l) posnodineni y 36’s3yi0uill peuosuri, MONEKYIU SKOI He 83aeMOOIomb i3
dionamu Ag', mo maki yewmpu Xapaxmepusyiomca cmMyeolo NOMiHecyeHyii 3 XapakmepHoio
O0BHCUHOIO XBUTE Ayay = 560 HM. 3minu emicmy tioHie cpibna 6 emyavcii cmeopiooms 000amKo8y
cmy2y OMIHeCYeHYIl 3 Ay = 720 um. HAxwo EMK AgBr(l) posnodineni 6 sicenamuni, mo t1o2o
MONEKYIU 83AEMOOIOMb I3 Klacmepamu UOoHIe cpibna ma ymeopowms chneyudiuni Komniekcu 3
XapaxkmepHumuy cmy2amu JTrOMIHecyeHyii, po3smauio8arHumu NPpu Ay <~ 580 HM § Apye = 750 Hu. B
000X 8UNAOKAX MOJNCHA CROCmepieamu 08a MUNU KiHemuKu JIOMIHECYEeHMHO20 CBIUeHHS, 3ANeHCHO
6i0 memnepamypu ma konyenmpayii Ag'. Lle Monomoune 3pocmanns iHmeHcueHoCi 6id Hyns 00
MAKCUMATLHO20 CMAYIOHAPHO20 pi6HS ab0 WEUOKe «NOCULEHHS CRANAxXy» 3 HACHYNHUM
NOCMYNOBUM CHAOAHHSIM 00 0EAK020 HUNCHO20 3HAYenHs. [Ipumimno, wo 000amKosull «CRAIax»
JIOMIHecYenyii, cmumyIbo8anuil IHppauepsoHUM BURPOMIHIOBAHHAM, GUSGISACMO WOPA3Y, KOAU
cnocmepizaemo MoHOmMoOHHe 3pocmanns. Haenaxu, 6 cmysi atominecyenyii ne UHUKAE JCOOHO20
iH(pauepgoHo2o CGiueHHs, SAKWO 6 Yill CMY3i PecCmpyeEMO «ROCUNeHHs cnanaxyy. Yci yi
pe3yibmamu nPoiHMepnpeno8anHo 8 MepMIHAX CMPYKMYPHUX Nepemeopens, uo 8i00yearmscs 3
yeumpamu mynenvroi pekombinayii 6 EMK AgBr(I).

Knrouosi cnosa: mixkpoxpucmanu AgBr(I), nHusbxomemmnepamypra moMiHeCyeHYis, eMyIbCilina
38 A3)I04A  PeYoBUHA, UYEeHMpPU MYHeAbHOI pekomOiHayil, iHppauepgoHe BUNPOMIHIOBAHHS,
KiHemuKxa 11oMiHecyeHyii.
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