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Abstract. |t has been observed in the preceding paper that the
ionic conductivity of Agl grains with interstitial silver ions as carriers
is comparable to that of octahedral AgBr ones. Since the activation
energy of the migration of interstitial silver ions in Agl is much
smaller than that in AgBr, it is estimated that the concentration of
interstitial silver ions acting as shallow electron traps is much larger
in Agl grains than in AgBr ones, providing an explanation for the
observation by a microwave photoconductivity method that the pho-
toconductivity with photoelectrons as carriers is smaller in Agl grains
than in AgBr grains. The observation that latent image centers on
Agl grains is oxidized at more negative redox potential than that on
AgBr grains has been ascribed to the fact that the concentration of
silver ions in the vicinity of the former is smaller than that in the
vicinity of the latter owing to the difference in the solubility in water
between them. A radiofrequency photoconductivity method has re-
vealed that the activity of positive holes in Agl grains in an emulsion
is higher than that in AgBr grains in an emulsion, and is depressed
by increasing the concentration of silver ions in the emulsion. Al-
though these results make it more difficult to form latent image cen-
ters on Agl grains than on AgBr ones in conventional photographic
materials, the latent image formation on Agl grains could be en-
hanced by increasing the concentration of silver ions in conventional
materials, and by using them in photothermographic materials, in
which the concentration of silver ions was usually much higher than
in conventional ones owing to the presence of silver carboxylate.
Recent discovery that Agl grains are fixed during thermal develop-
ment in photothermographic materials has merged with the above-
stated results to reveal that Agl grains are suitable and useful for
photothermographic materials. © 2007 Society for Imaging Science
and Technology.
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INTRODUCTION

Silver iodide grains were used in “Daguerreotype” at the
beginning of silver halide photography.' However, Agl is not
used at present in any photographic materials. One of the
reasons for this is its low solubility in water,” which brings
about difficulties in achieving high sensitivity and rapid pro-
cessing in conventional photographic processes.” It is noted
that the absorbance of Agl in blue region® is much larger
than those of AgBr and AgCl,” and should be useful for
photographic sensitivity if the above-stated difficulties could
be overcome.

Although the physical properties of AgBr and AgCl
grains have been extensively studied by means of experimen-
tal methods elaborated for them from the viewpoint of their
application to photographic materials such as color films
and color papers,” those methods have hardly applied to Agl
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grains to reveal their physical properties from photographic
viewpoints.

Although photothermographic silver halide materials
have a long history,”” many photographic scientists and en-
gineers have recently been driven to improve them®” and to
develop new systems for them,*? since they are being suc-
cessfully used for medical imaging owing to their dry pro-
cessing. However, these investigators are faced with a prob-
lem to keep developed materials stable under illumination,
since undeveloped silver halide grains are not fixed, remain
after development, and are responsible for an increase in the
fog density of the materials under illumination.

A series of papers has been presented at ICIS06, the
30th International Congress of Imaging Science,' ™" to dis-
close our discoveries indicating that Agl grains are suitable
and useful for photothermographic materials. First of all, the
above stated difficulties for Agl grains to form latent image
centers are overcome in photothermographic materials, since
they contain silver ions with high concentration owing to the
presence of silver carboxylate. More importantly, Agl grains
are unexpectedly fixed during thermal development in pho-
tothermographic materials.

As a result of this progress, the knowledge of the physi-
cal properties of Agl grains has become attractive and a
worthwhile subject for study from the viewpoints of photo-
graphic science and technology. The present study has been
undertaken to measure and analyze the physical properties
of Agl grains in order to obtain guiding principles for their
design for photothermographic materials.

MATERIALS AND EXPERIMENTS
In order to achieve the above stated purposes, we prepared
Agl grains with average size of 0.14 um and octahedral
AgBr grains with average size of 0.2 um by means of the
controlled double jet method.'*" The electron micrograph
of Agl grains used in this study and the illustration showing
the structure of a typical one among them are shown in
Figure 1. According to x-ray diffraction analysis,'® the pre-
pared grains were mostly in beta phase (i.e., hexagonal
wurtzite), containing small amount (~1/4) of gamma phase
(i.e., cubic zincblende). Silver iodide emulsions with pAg of
7 and AgBr emulsions with pAg of 8 were coated and dried
on TAC film bases. Coated Agl emulsion layers were exposed
to light and developed by use of a developer with pyrogallol
as a developing agent'” at 38°C for 60 min.

In this paper, the ionic properties of Agl grains and
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Figure 1. The electron micrograph of Agl grains with average diameter
of 0.14 um used in this study (leff) and an illustration showing the struc-
ture of a typical Agl grain (right).

AgBr ones in emulsions were measured by means of the
dielectric loss method.”** The time-resolved photocon-
ductivity of these grains was measured by means of a
35 GHz microwave photoconductivity apparatus™' > and a
100 MHz radiofrequency photoconductivity apparatus.”***
To measure the oxidation potential of latent image cen-
ters on Agl grains and on AgBr ones in emulsion layers,
exposed emulsion layers were immersed in Frei’s redox
buffer solutions®™ ™" of pBr 3.0 at 25°C for 17 h, washed,
developed, fixed, dried, and subjected to the measurement of
their optical densities to obtain the residual concentration of
latent image centers as a function of the redox potential of
the buffer solution. The oxidation potential of latent image
centers was given by the potential at which the optical den-
sity of an untreated emulsion layer was reduced by half.

RESULTS AND DISCUSSION

Figure 2 shows the dielectric loss curves of Agl and AgBr
grains in emulsions in terms of the magnitude of dielectric
loss as a function of frequency. It is known that the fre-
quency, which gives a peak in a dielectric loss curve, is pro-
portional to the ionic conductivity of the grains
studied.”'®" Silver iodide grains exhibited two peaks in the
dielectric loss curve. Taking into account the similarity in
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Figure 2. Dielectric loss as a function of frequency of Agl grains in emul-
sion layers at room femperature (rt.) and —50°C, and of octahedral
AgBr grains in an emulsion layer at room temperature.

crystal structure’ and dielectric loss curve between Agl
grains and octahedral AgBr ones, we ascribe the lower fre-
quency peak of Agl grains in an emulsion layer to the con-
ductivity of the grains with interstitial silver ions as
carriers.”® The ionic conductivity of Agl grains was compa-
rable to that of octahedral AgBr grains. The Arrhenius plot
of the ionic conductivity of Agl grains exhibited a straight
line. The slope of the straight line gave the activation energy
of 0.45 eV, which was much larger than that for the ionic
conductivity of octahedral AgBr grains.”'*>’

Table I summarizes the ionic properties of Agl and
AgBr. It is noted that the activation energy of the migration
of interstitial silver ions in a large Agl crystal’” is much larger
than that in a large AgBr crystal,” and comparable to the
measured activation energy of the ionic conductivity of Agl
grains in an emulsion. Since the activation energy for the
migration of interstitial silver ions in a large Agl crystal is the
same as that in an Agl grain, the above result indicates that
only small energy is necessary in order to form an interstitial
silver ion from a surface kink site on Agl. Figure 3 shows the
energy levels of silver ions in AgBr and Agl grains on the
basis of the results in Table I as well as an illustration show-
ing the displacement of a silver ion at a surface kink site to

Table 1. lonic properties of silver iodide and silver bromide.

Agl AgBr AgBr
(tetra-deca.) (octahedral) (cubic)
Activation energy of ionic conductivity’ 045 eV 0.34 eV 0.39 eV
Activation energy for migration of 0.62 eV(ll) 0.042 eV
interstifial silver ion (after Friauf) 0.29 eV(L)
0.40 eV
Formation energy of Frenkel pair 0.60 eV 1.06 eV
(after Friauf)®
Formation energy of an interstitial silver ~0.05 &V 031 eV 035 eV
ion through a surface kink sife’
Formation energy of a silver ion vacancy ~0.55 eV 0.75 eV 0.71 &V
through a surface kink site
Potential difference between surface and ~0.25 eV 0.22 eV 0.18 eV
interior’
*Measured and estimated values for Agl and AgBr grains in emulsions used in this study.
*Measured values for large Agl and AgBr crystals (Refs. 30 and 31).
(E+2E,)/3
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Figure 3. Estimated energy levels of silver ions in Agl and ociahedral
AgBr grains and an illustration showing the displacement of a silver ion at
a surface kink site fo an interstitial position fo form a space charge layer.

an interstitial position to form a space charge layer. In an
Agl grain, the energy level of a silver ion at a surface kink
site is slightly lower than that of an interstitial silver ion. This
situation enhances the formation of the space charge layer,
and makes the potential difference between the surface and
the interior of Agl as large as 0.25 eV, and much larger than
those of octahedral AgBr grains (i.e., 0.22 eV), and cubic
AgBr ones (i.e., 0.18 eV).

Although the ionic conductivity of Agl grains with in-
terstitial silver ions as carriers is comparable to that of AgBr
grains, the concentration of interstitial silver ions is much
higher, so their mobility is much lower in Agl grains than in
AgBr ones. Since interstitial silver ions act as shallow traps
for photoelectrons, it is predicted that the drift mobility of
photoelectrons in Agl grains is smaller than that of photo-
electrons in AgBr grains.

Figure 4 shows the observed curves of the time-resolved
photoconductivity with photoelectrons as carriers in Agl
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Figure 4. Timeresolved photoconductivity with photoelectrons as carriers
in Agl and AgBr grains in emulsions as measured by means of a 35 GHz
microwave photoconductivity apparatus on exposure fo a light pulse with
wavelength of 355 nm for several nanoseconds at room temperature.

and AgBr grains, measured at room temperature by means
of a 35 GHz microwave photoconductivity apparatus. We
assume that the signal intensity is proportional to the con-
centration of photoelectrons and therefore to the photocon-
ductivity. In spite of the fact that the absorption coefficient
of Agl at 355 nm* is nearly one order of magnitude larger
than that of AgBr,” the photoconductivity with photoelec-
trons as carriers in Agl grains was much smaller than in
AgBr grains. One of the reasons for this result should be
ascribed to the above stated fact that the concentration of
interstitial silver ions acting as shallow electron traps is larger
in Agl grains than in AgBr ones.

Figure 5 shows the observed curves of the radiofre-
quency photoconductivity with positive holes as carriers,
which were injected from positive-hole-injecting dye mol-
ecules in the excited state. As seen in this figure, the photo-
conductivity with positive holes in Agl grains was much
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Figure 5. Timeresolved photoconductivity with positive holes as carriers in Agl and AgBr grains, as measured
by means of a 100 MHz radiofrequency photoconductivity apparatus on exposure to a xenon flash lamp for
several microseconds af room femperature. Positive holes were injected fo the grains from excited dye mol-

ecules with chemical structure shown.
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Figure 6. Fractions of Agl and AgBr grains having latent image centers in
coafed emulsion layers in terms of normalized opfical densities of the
emulsion layers when they were treated by Frei's buffer solutions with
redox pofenfials indicated in the abscissa, washed, developed, fixed,

and dried.

larger than in AgBr grains. These results indicate that the
activity of positive holes is larger, and that of photoelectrons
is smaller in Agl grains than in AgBr ones.

Figure 6 shows the oxidation of latent image centers on
Agl and AgBr grains in emulsions by Frei’s buffer solutions
with redox potentials indicated on the abscissa. A coated
emulsion layer was immersed in the buffer solution, washed,
developed, fixed, dried, and subjected to the measurement of
its optical density. We assume that the normalized optical
density of a treated emulsion layer is nearly equal to the
fraction of the grains with at least one latent image center.
The oxidation potential of latent image centers was given by
the redox potential, at which half of the grains could still
have latent image centers after the redox treatment. As seen
in this figure, the oxidation potential of the latent image
centers on Agl grains was nearly 200 mV more negative than
that of the centers on AgBr grains.

This result indicates that the silver potential of latent
image centers on Agl grains in an emulsion is more negative
than that on AgBr grains in an emulsion with the same
concentration of silver ions in the bulk between these two
emulsions, and that the concentration of silver ions in the
vicinity of latent image centers is smaller in the former than
in the latter. This situation makes it more difficult to form
latent image centers on Agl grains than on AgBr grains, since
the latent image formation is enhanced by increasing the
silver potential and therefore the concentration of silver ions
in the vicinity of latent image centers. It is therefore expected
that the latent image formation on Agl grains in an emul-
sion is markedly enhanced by the increase in the concentra-
tion of silver ions (i.e., the decrease in pAg) in the emulsion.
This prediction was confirmed by observing the remarkable
pAg dependences of the sensitivity of Agl grains as shown in
Figure 7, and the low-intensity reciprocity law failure of Agl
emulsions as shown in Figure 8.

Figure 9 shows the pAg dependence of the observed
curves of the radiofrequency photoconductivity with posi-
tive holes as carriers, which were injected from positive hole-
injecting dye molecules in the excited state to Agl grains in
an emulsion. A similar result was observed when Agl grains
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Figure 8. Reciprocity law behavior of Agl grains in emulsions with varia-
tion of pAg in terms of the relative exposure (E=1f) required fo give the
opfical density of 0.2 above fog after development as a function of |,
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Figure 9. Effect of pAg on the timeresolved photoconductivity of Agl
grains with positive holes as carriers, as measured by means of a
100 MHz radiofrequency photoconductivity apparatus af room tempera-
ture. Positive holes were injected fo the grains from the excited dye mol-
ecules with chemical structure shown in Fig. 5.

instead of the dye molecules were excited in the same
sample. The concentration of positive holes in Agl grains, as
represented by the ordinate, significantly decreased with de-
creasing the pAg of the emulsion. It is therefore expected
that a decrease in the pAg of an Agl emulsion brings about
an enhancement of latent image formation in it, not only by
increasing the silver potential in the vicinity of latent image
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centers, but also by depressing the activity of positive holes
in Agl grains in the emulsion.

The inference that the silver ion concentration in the
vicinity of latent image centers is much lower on Agl grains
than on AgBr grains indicates that the surface of an Agl
grain is not a favorable place for latent image formation in a
conventional photographic emulsion, in which the concen-
tration of silver ions is kept low for the stabilization of pho-
tographic processes, and also that the increase in the silver
ion concentration in a conventional emulsion is expected to
enhance the latent image formation, as seen in Figs. 7 and 8,
although it usually deteriorates its stability.

Owing to the presence of silver carboxylate, photother-
mographic materials contain silver ions in considerably
higher concentration compared to conventional media,'®™"
but 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 ex-
hibit high sensitivity only under the condition with high
concentration of silver ions. In addition, it has been recently
discovered that Agl grains are fixed during thermal develop-
ment in photothermographic materials on the contrary to
AgBr and AgBrl grains.'™ We therefore propose that Agl
grains should be quite useful and suitable for photothermo-
graphic materials to achieve high sensitivity and stability.
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