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Abstract. Physical properties have been compared among AgCl,
AgBr, and Agl grains. The formation energy of interstitial silver ions
through surface kink sites is in the order of AgCl, AgBr, and Agl,
while the activation energy of the migration of interstitial silver ions is
in the reverse order. This result is ascribed to the difference in ionic
character among them, and leads to the fact that the concentration
of interstitial silver ions acting as shallow electron traps is in the
order of Agl, AgBr, and AgClI. This result is therefore responsible for
the fact that the concentration of photoelectrons, as measured by
means of a 35 GHz microwave photoconductivity apparatus, is in
the order of AgCI, AgBr, and Agl. Since the solubility in water is in
the order of AgCl, AgBr, and Agl, it is considered that the concen-
tration of dissolving impurity ions acting as positive hole traps is in
the order of AgCl, AgBr, and Agl, and that the silver ion concentra-
tion in the vicinity of latent image centers on the grain surface is in
the same order. Although these facts make it more difficult to form
latent image centers on Agl grains than on AgBr and AgCl grains in
conventional photographic materials, in which the concentration of
silver ions is kept low for their stability, it is indicated that Agl grains
are suitable for photothermographic materials, in which Agl grains
are placed in the environment with higher concentration of silver
ions than in conventional ones, and are fixed during thermal devel-
opment, contrary to AgBr and AgCl grains. © 2007 Society for Im-
aging Science and Technology.
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INTRODUCTION

Although the time-resolved photoconductivity measurement
of silver halide grains by means of a microwave photocon-
ductivity method'™® and a radio frequency photoconductiv-
ity one"*™® have provided us with important knowledge for
the clarification of the mechanism of photographic sensitiv-
ity and the design of silver halide grains for photographic
products,’ the exposure condition for the measurements
(e.g., a nanosecond light pulse for the microwave photocon-
ductivity one) is quite different from that for an ordinary
sensitometry (e.g., 10 s).

Although Agl was used in “Daguerreotype” at the be-
ginning of silver halide photography,” Agl is not used at the
present in any photographic products owing to its low solu-
bility in water,'’ which brings about difficulties in achieving
high sensitivity and rapid processing in conventional photo-
graphic processes.' It is however noted that the absorbance
of Agl in the blue region'' is much larger than those of AgBr
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and AgCL" and it should be useful for photographic sensi-
tivity if the above stated difficulties could be overcome.

A series of papers was presented at ICIS06"" to dis-
close the discovery that Agl grains have several advantages
over AgBrl and AgBr grains when they are used in photo-
thermographic materials. In addition, the result of studies
on physical properties of Agl grains was also presented in
order to provide guiding principles to design them for pho-
tothermographic materials. Thus, Agl grains have become
an interesting subject for photographic scientists and engi-
neers, providing an opportunity to grasp comprehensively
the physical properties of silver halide grains of photo-
graphic interest.

This study has been undertaken to analyze physical
properties of all the silver halide grains of photographic in-
terest (i.e., AgCl, AgBr, and Agl) grains under the same con-
ditions for measurements of physical and photographic
properties of these grains in emulsions.

MATERIALS AND EXPERIMENTS
The photographic emulsions used in this study were com-
posed of aqueous gelatin suspensions of cubic AgCl grains
with average size of 0.2 um, cubic and octahedral AgBr
grains with average size of 0.2 um, and Agl grains with
average size of 0.14 um, as described in another paper pre-
sented at ICIS'06." In order to study chemical sensitization,
emulsions were reduction sensitized by digesting them for
60 min at 60°C in the presence of dimethylamine borane as
sensitizer, and sulfur sensitized by digesting them for 60 min
at 60°C in the presence of sodium thiosulfate as a sensitizer.
These emulsions were coated and dried on TAC (cellulose
triacetate) film base to give samples for the measurements of
sensitometry and time-resolved photoconductivity. Conven-
tional sensitometry was carried out by exposing the samples
to light for 10 s. Photographic developments were made for
the AgCl and AgBr samples by use of a surface developer
MAA-1 at 20°C for 10 min,'® and for the Agl samples by a
developer with pyrogallol as a developing agent at 38°C for
60 min."”

A 35 GHz microwave photoconductivity apparatus with
a 355 nm nanosecond light pulse™ was used to get the
time-resolved photoconductivity and sensitivity of the
samples at room temperature.'® Figure 1 shows the pieces of
the film coated with an AgBr emulsion, which were exposed
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Figure 1. Pieces of film coated with an AgBr emulsion, which were ex-
posed fo light pulses for several nanoseconds through neutral density filters
of variation of opfical density, and developed by MAA-1.

to light pulses for several nanoseconds through neutral filters
of varied density in the microwave photoconductivity appa-
ratus and developed by use of MAA-1. The ionic conductiv-
ity of these grains in emulsions was measured by applying
the dielectric loss method'*™" at room temperature to dried
emulsion layers which were about 100 wm thick.

RESULTS AND DISCUSSIONS

The results obtained in the series of this study are summa-
rized in Table I. Some remarks and explanations are made
below.

In a silver halide grain, a photoelectron is generally cap-
tured by a trap and combines with an interstitial silver ion to
form a silver atom, when the concentration of interstitial
silver ions is high under conditions yielding low activity of
positive holes. Since the rate of this reaction (r,) is in pro-
portion to the product of the concentrations of interstitial
silver ions and photoelectrons, the maximum concentration
of photoelectrons as given by the peak height of the signal of
a time-resolved photoconductivity measurement (V,) is pro-
portional to light intensity (I).""® When the concentration of
interstitial silver ions is low under conditions yielding high
activity of positive holes, a captured electron is liable to re-
combine with a positive hole. Since the rate constant of this
reaction (r,) is proportional to I?, V, is proportional to I'/.

Figure 2 shows the ionic conductivity and ionic relax-
ation time in AgCl and AgBr grains. Since the ionic relax-
ation time in AgCl grains is very long as compared with that
in AgBr grains, it is predicted that photoelectrons survive
much longer in AgCl grains than in AgBr ones. This predic-
tion could be confirmed by the microwave photoconductiv-
ity measurement of these samples, as shown in Figure 3. As
seen in this figure, photoelectrons disappear within 20 nano-
seconds in AgBr grains, while photoelectrons in AgCl grains
survive for more than several microseconds. In accord with
this result, a radio frequency photoconductivity apparatus
could detect the photoelectrons in AgCl grains, while it
could not detect the photoelectrons in AgBr and Agl grains.
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Table 1. Comparisons in physical properties and photographic performance among
AqCl, AgBr, and Agl grains. (Ag; Interstitial silver ion; pK,=pAg+pX.)

AgCl grains AgBr grains Agl grains
lonic conductivity ~ ~5x 108 Oct: ~2x 10 ~1x1073
(ohm™ em™") Cub: ~5x 10
lonic relaxation ~100 ps Oct: ~50 ns ~100 ns
time Cub: ~200 ns
Adtivatn. energy 0.53 eV Oct: 0.34 ¢V 0.45 eV
for fonic (ub: 0.39 eV
conductivity
Activation energy  0.018 eV 0.042 eV 0.62 eV(cl)?
for Ag; migration 0.29 eV(c L)¥

0.40 eV*
Formation energy ~ 0.51 eV Oct: 0.31 &V ~0.05 eV
of Ag? from Cub: 0.35 eV
surface kink sites
Photoconductivity  Large Large Very small
with elecirons
(Vo)
V, vs light Voo /2 Oct: Vel (low),  Vec '/
intensity (/) in ns Vor /2 (hi/qh)
Cub: Voe /2
V, vs lin ps Voe I (low) V=0 V=0
Voe /2 (high)
Photoconductivity ~ Not Small Large
with positive detectable
holes
pK(? 975 1231 16.09
Sensitiv. of High/weak High/medium Low/steep pAg
primitive grains pAg pAg dependence
on ns exposure dependence dependence
“(E+2E,)/3.

The decay kinetics of photoelectrons in silver halide
grains is not simple, since they depend on several factors,
which differ among silver halide grains. Some of the aspects
of photoelectron decay kinetics in silver halide grains could
be observed by means of the 35 GHz microwave and
100 MHz radiofrequency photoconductivity —measure-
ments."® In accord with the prediction that r, should in-
crease with I more intensely than r,, the proportionality of
V, to I in the region with low I was followed by the propor-
tionality of V, to I'? in the region with high I in both the
cases of the microwave photoconductivity of octahedral
AgBr grains and the radio frequency photoconductivity of
cubic AgCl grains. In accord with the prediction that r,
should increase with the ionic conductivity of silver halide
grains with interstitial silver ions as carriers, the proportion-
ality of V, to I was observed in the microwave photoconduc-
tivity measurements only with octahedral AgBr grains,
which have the highest ionic conductivity among the grains
studied. It is inferred that the proportionality of V, to I
could not be observed in the microwave photoconductivity
of Agl grains owing to the facts that the absorbance in the
blue region and the activity of positive holes are much larger
in Agl grains than in AgBr and AgCl grains."

This short electron lifetime in AgBr grains leads to sig-
nificant dependence of the photographic performance of
reduction-sensitized AgBr emulsions on exposure time. It
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Figure 2. lonic conductivity and ionic relaxation fime as a function of
pAg value for AgBr and AgCl grains in emulsions.
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Figure 3. Timeresolved photoconductivity of AgBr and AgCl grains as

measured by means of a 35 GHz microwave photoconductivity
apparatus.
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Figure 4. Characteristic curves of octahedral AgBr grains without (U)
and with reduction sensitization R centers (R) and with R and P centers (P)
in emulsions, which were exposed fo light for 10 s (upper figure) and for
several nanoseconds (lower figure).

has been made clear in a previous paper™ that reduction
sensitization centers are composed of dimers of silver atoms,
and that they act as positive hole traps (i.e., R centers) or
electron traps (i.e., P centers). As seen in the upper figure in
Figure 4, reduction sensitization R centers together with P
centers significantly enhance the latent image formation in
AgBr emulsions on exposure for 10 s,*** while they hardly
enhance the latent image formation on exposure for several
nanoseconds. Since photoelectrons disappear within 20
nanoseconds in AgBr grains as seen in Fig. 3, the result in
Fig. 4 indicates that it takes more than 20 nanoseconds for
reduction sensitization R centers to capture positive holes
and to prevent them from recombining with photoelectrons.

Owing to long relaxation time of ionic processes asso-
ciated with low ionic conductivity in AgCl grains, photoelec-
trons in AgCl grains survive for a long time and are liable to
recombine with positive holes, r, being in proportion to I.
This prediction could be confirmed by observing the dete-
rioration of the efficiency of latent image formation in AgCl
grains with high intensity exposure.”> As Brust and others
reported at ICPS'98,** iodide ions with concentration as
small as about 1 mol % increase the ionic conductivity of
AgCl grains by about two orders of magnitude and signifi-
cantly enhance the latent image formation, as seen in Figure
5. The present author has confirmed that there are three
states of iodide ions on AgCl grains, i.e., adsorbed iodide
ions, epitaxitially deposited Agl, and recrystallized AgCIL,”
and that the enhancement of the latent image formation by
iodide ions in any state is more significant in a sulfur-
sensitized emulsion than in an unsensitized one. The analy-
sis of the ionic conductivity of AgCl grains with iodide ions
has given the energy levels of silver ions in these samples,
according to which iodide ions make silver ions at a surface
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Figure 5. lonic conductivity and photographic sensitivity of AgCl grains
without and with iodide ions in recrystallized AgCll phase on the grain
surface as a function of the amount of iodide.

kink site unstable and make it easy for them to jump into
interstitial positions.”

It has already been reported that the electron trapping
process in AgCl grains is diffusion limited owing to the pres-
ence of abundant silver ions at surface kink sites acting as
traps for electrons, and hardly influenced by additional elec-
tron traps such as electron trapping sensitization centers on
the grain surface.” On the other hand, the electron trapping
process in AgBr grains, which also takes place on the grain
surface, is reaction limited and influenced by such electron
traps as sulfur sensitization centers on the grain surface.’

This prediction could be confirmed by measuring the
dependence of electron lifetimes on the concentration of
sulfur sensitization centers, as shown in Figure 6. Namely,
the lifetime of photoelectrons was independent of the con-
centration of sulfur sensitization centers in pure AgCl grains.
It is therefore considered that sulfur sensitization is not as
effective in AgCl emulsions as in AgBr ones. As seen in this
figure, the electron lifetime in AgCl grains becomes influ-
enced by sulfur sensitization centers and effective for the
enhancement of latent image formation when a small
amount of iodide ions are introduced onto the grains.

As described in the papers presented at ICIS'06, "> Agl
grains play an unique role in making photothermographic
materials sensitive and stable, since they are highly sensitive
in photographic materials with a high concentration of silver
ions such as photothermographic ones and are furthermore
fixed during thermal development in the materials."” ™"
From the viewpoint of photographic science and engineer-
ing, these findings have made Agl grains more attractive
than before.

As seen in Table 1, the formation energy of interstitial
silver ions through surface kink sites is in the order of AgCl,
AgBr, and Agl, while the activation energy of the migration
of interstitial silver ions is in the reverse order.”** Since the
ionic conductivity of Agl grains is comparable to that of
octahedral AgBr grains, it is estimated that the concentration
of interstitial silver ions acting as shallow electron traps is
much larger in Agl grains than those in AgBr grains.
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Figure 6. Photoelectron lifetimes in AgCl grains without and with recrys-
talized AgCll phases as a function of the amount of sodium thiosulfate
used for formation of sulfur sensitization centers on the grains.

Figure 7 shows the comparison in photoconductivity among
AgCl, AgBr, and Agl grains as a function of exposure to a
355 nm light pulse. In spite of the fact that the absorption
coefficient of Agl at 355 nm is nearly one order of magni-
tude larger than those of AgBr and AgCl, the photoconduc-
tivity of Agl grains is much smaller than those of AgBr and
AgCl grains. This result is in accord with the observation
described in an other paper presented at 1CIS’06." Taking
into account the fact that the absorption coefficient of AgCl
grains at 355 nm is the smallest among the grains studied, it
is inferred that the activity of photoelectrons is in the order
of AgCl, AgBr, and Agl grains. It was also indicated on the
basis of the photoconductivity with positive holes as carriers,
measured by means of the radio frequency photoconductiv-
ity apparatus, that the activity of positive holes was higher in
Agl grains than in AgBr glrains.13

We consider that the ionic character of silver halide,
which is in the order of AgCl, AgBr, and Agl, reflects the
formation energy of interstitial silver ions through surface
kink sites and the activation energy for the migration of
interstitial silver ions. Since a silver ion at a surface kink site
and an interstitial position in the crystal structure of silver
halide bear one half and unit positive charge, respectively,
the former is more stable than the latter, and the difference
in energy level between them should increase with increasing
ionic character from electrostatic viewpoint. It is known that
interstitial silver ions migrate in AgBr and AgCl according to
the interstitial mechanism,”® whose effectiveness should in-
crease with the increasing ionic character of silver halides.
These results should lead to higher concentration of inter-
stitial silver ions acting as electron traps and lower photo-
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Figure 7. Photoconductivity (as signal intensity) with a 35 GHz micro-
wave photoconductivity apparatus as a function of relative exposure, for
AgCl, AgBr, and Agl grains in emulsions.

conductivity with electrons as carriers in Agl grains com-
pared to AgBr and AgCl.

It has been often observed that electron traps are pro-
vided by crystal defects in silver halides, while positive holes
are trapped by impurity ions." The difference in the activity
of positive holes is attributed to the difference in the solu-
bility of impurity ions acting as positive hole traps in silver
halides and in the height of the top of the valence band of
silver halides. Since the solubility in water is in the order of
AgCl, AgBr, and Agl, the solubility of impurity ions acting as
positive hole traps in silver halides should be in the same
order. According to the measurement of the electronic struc-
tures of silver halides by means of ultraviolet photoelectron
spectroscopy, the height of the top of the valence band is in
the order of Agl, AgBr, and AgClL.*® Therefore the reactivity
of positive holes in silver halide grains towards their sur-
roundings is in the reverse order.

The low activity of photoelectrons and the high activity
of positive holes in Agl grains, as stated above, make them
less sensitive than AgBr and AgCl grains in conventional
photographic materials, where the concentration of silver
ions is kept low for the stability of photographic processes.
In other papers presented at ICIS06," " it has been indi-
cated that the silver ion concentration in the vicinity of la-
tent image centers on Agl grains is much lower than that in
the vicinity of latent image centers on AgBr grains, and that
the increase in the silver ion concentration in an emulsion
enhances latent image formation, although it usually dete-
riorates the photographic stability of a conventional emul-
sion.

Owing to the presence of silver carboxylate, photother-
mographic materials contain silver ions in relatively high
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concentration as compared with conventional media,

they are nevertheless stable owing to antifogging actions of
agents added to them. Silver iodide grains absorb blue light
much more intensely than AgBr and AgBrl grains, and show
their photographic ability under conditions of high concen-
tration of silver ions. In addition, it has been recently dis-
covered that Agl grains are fixed during thermal develop-
ment of the photothermographic materials."””™  We
therefore conclude that Agl grains are quite suitable and
useful for photothermographic materials in order to achieve
high sensitivity and stability.
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