
A
A
t
w
i
c
o
o
t
m
t
t
t
t
t
t
l
c
s
a
a
i
o
a
�

I
A
o
d
i
t
i
p
(
d
s

g
p
b
h
g
o

R

1

Journal of Imaging Science and Technology® 51(3): 197–201, 2007.
© Society for Imaging Science and Technology 2007
Comparison in Physical Properties among AgCl, AgBr,
and AgI Grains

Tadaaki Tani
Frontier Core-Technology Laboratories, Fuji Photo Film Co., Ltd., 577 Ushijima, Kaisei-machi,

Ashigarakami-gun, Kanagawa-ken, 258-8577, Japan

E-mail: tadaaki�tani@fujifilm.co.jp

a
t

c
o
t
o
o
t
a
n
t
g

p
t
d
p

M
T
p
w
g
a
s
e
6
s
a
T
t
s
t
t
t
M
d
6

a
t
s

bstract. Physical properties have been compared among AgCl,
gBr, and AgI grains. The formation energy of interstitial silver ions

hrough surface kink sites is in the order of AgCl, AgBr, and AgI,
hile the activation energy of the migration of interstitial silver ions is

n the reverse order. This result is ascribed to the difference in ionic
haracter among them, and leads to the fact that the concentration
f interstitial silver ions acting as shallow electron traps is in the
rder of AgI, AgBr, and AgCl. This result is therefore responsible for

he fact that the concentration of photoelectrons, as measured by
eans of a 35 GHz microwave photoconductivity apparatus, is in

he order of AgCl, AgBr, and AgI. Since the solubility in water is in
he order of AgCl, AgBr, and AgI, it is considered that the concen-
ration of dissolving impurity ions acting as positive hole traps is in
he order of AgCl, AgBr, and AgI, and that the silver ion concentra-
ion in the vicinity of latent image centers on the grain surface is in
he same order. Although these facts make it more difficult to form
atent image centers on AgI grains than on AgBr and AgCl grains in
onventional photographic materials, in which the concentration of
ilver ions is kept low for their stability, it is indicated that AgI grains
re suitable for photothermographic materials, in which AgI grains
re placed in the environment with higher concentration of silver

ons than in conventional ones, and are fixed during thermal devel-
pment, contrary to AgBr and AgCl grains. © 2007 Society for Im-
ging Science and Technology.
DOI: 10.2352/J.ImagingSci.Technol.�2007�51:3�197��

NTRODUCTION
lthough the time-resolved photoconductivity measurement
f silver halide grains by means of a microwave photocon-
uctivity method1–6 and a radio frequency photoconductiv-

ty one1,6–8 have provided us with important knowledge for
he clarification of the mechanism of photographic sensitiv-
ty and the design of silver halide grains for photographic
roducts,1 the exposure condition for the measurements
e.g., a nanosecond light pulse for the microwave photocon-
uctivity one) is quite different from that for an ordinary
ensitometry (e.g., 10 s).

Although AgI was used in “Daguerreotype” at the be-
inning of silver halide photography,9 AgI is not used at the
resent in any photographic products owing to its low solu-
ility in water,10 which brings about difficulties in achieving
igh sensitivity and rapid processing in conventional photo-
raphic processes.1 It is however noted that the absorbance
f AgI in the blue region11 is much larger than those of AgBr

eceived Sep. 5, 2006; accepted for publication Jan. 3, 2007.
t062-3701/2007/51�3�/197/5/$20.00.
nd AgCl,12 and it should be useful for photographic sensi-
ivity if the above stated difficulties could be overcome.

A series of papers was presented at ICIS’0613–15 to dis-
lose the discovery that AgI grains have several advantages
ver AgBrI and AgBr grains when they are used in photo-
hermographic materials. In addition, the result of studies
n physical properties of AgI grains was also presented in
rder to provide guiding principles to design them for pho-
othermographic materials. Thus, AgI grains have become
n interesting subject for photographic scientists and engi-
eers, providing an opportunity to grasp comprehensively

he physical properties of silver halide grains of photo-
raphic interest.

This study has been undertaken to analyze physical
roperties of all the silver halide grains of photographic in-

erest (i.e., AgCl, AgBr, and AgI) grains under the same con-
itions for measurements of physical and photographic
roperties of these grains in emulsions.

ATERIALS AND EXPERIMENTS
he photographic emulsions used in this study were com-
osed of aqueous gelatin suspensions of cubic AgCl grains
ith average size of 0.2 �m, cubic and octahedral AgBr
rains with average size of 0.2 �m, and AgI grains with
verage size of 0.14 �m, as described in another paper pre-
ented at ICIS’06.13 In order to study chemical sensitization,
mulsions were reduction sensitized by digesting them for
0 min at 60°C in the presence of dimethylamine borane as
ensitizer, and sulfur sensitized by digesting them for 60 min
t 60°C in the presence of sodium thiosulfate as a sensitizer.
hese emulsions were coated and dried on TAC (cellulose

riacetate) film base to give samples for the measurements of
ensitometry and time-resolved photoconductivity. Conven-
ional sensitometry was carried out by exposing the samples
o light for 10 s. Photographic developments were made for
he AgCl and AgBr samples by use of a surface developer

AA-1 at 20°C for 10 min,16 and for the AgI samples by a
eveloper with pyrogallol as a developing agent at 38°C for
0 min.17

A 35 GHz microwave photoconductivity apparatus with
355 nm nanosecond light pulse5,6 was used to get the

ime-resolved photoconductivity and sensitivity of the
amples at room temperature.18 Figure 1 shows the pieces of

he film coated with an AgBr emulsion, which were exposed
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1

o light pulses for several nanoseconds through neutral filters
f varied density in the microwave photoconductivity appa-
atus and developed by use of MAA-1. The ionic conductiv-
ty of these grains in emulsions was measured by applying
he dielectric loss method19–21 at room temperature to dried
mulsion layers which were about 100 �m thick.

ESULTS AND DISCUSSIONS
he results obtained in the series of this study are summa-

ized in Table I. Some remarks and explanations are made
elow.

In a silver halide grain, a photoelectron is generally cap-
ured by a trap and combines with an interstitial silver ion to
orm a silver atom, when the concentration of interstitial
ilver ions is high under conditions yielding low activity of
ositive holes. Since the rate of this reaction �rt� is in pro-
ortion to the product of the concentrations of interstitial
ilver ions and photoelectrons, the maximum concentration
f photoelectrons as given by the peak height of the signal of
time-resolved photoconductivity measurement �Ve� is pro-
ortional to light intensity �I�.1,18 When the concentration of

nterstitial silver ions is low under conditions yielding high
ctivity of positive holes, a captured electron is liable to re-
ombine with a positive hole. Since the rate constant of this
eaction �rr� is proportional to I2, Ve is proportional to I1/2.

Figure 2 shows the ionic conductivity and ionic relax-
tion time in AgCl and AgBr grains. Since the ionic relax-
tion time in AgCl grains is very long as compared with that
n AgBr grains, it is predicted that photoelectrons survive

uch longer in AgCl grains than in AgBr ones. This predic-
ion could be confirmed by the microwave photoconductiv-
ty measurement of these samples, as shown in Figure 3. As
een in this figure, photoelectrons disappear within 20 nano-
econds in AgBr grains, while photoelectrons in AgCl grains
urvive for more than several microseconds. In accord with
his result, a radio frequency photoconductivity apparatus
ould detect the photoelectrons in AgCl grains, while it

igure 1. Pieces of film coated with an AgBr emulsion, which were ex-
osed to light pulses for several nanoseconds through neutral density filters
f variation of optical density, and developed by MAA-1.
ould not detect the photoelectrons in AgBr and AgI grains. r

98
The decay kinetics of photoelectrons in silver halide
rains is not simple, since they depend on several factors,
hich differ among silver halide grains. Some of the aspects
f photoelectron decay kinetics in silver halide grains could
e observed by means of the 35 GHz microwave and
00 MHz radiofrequency photoconductivity measure-
ents.18 In accord with the prediction that rr should in-

rease with I more intensely than rt, the proportionality of

e to I in the region with low I was followed by the propor-
ionality of Ve to I1/2 in the region with high I in both the
ases of the microwave photoconductivity of octahedral
gBr grains and the radio frequency photoconductivity of
ubic AgCl grains. In accord with the prediction that rt

hould increase with the ionic conductivity of silver halide
rains with interstitial silver ions as carriers, the proportion-
lity of Ve to I was observed in the microwave photoconduc-
ivity measurements only with octahedral AgBr grains,
hich have the highest ionic conductivity among the grains

tudied. It is inferred that the proportionality of Ve to I
ould not be observed in the microwave photoconductivity
f AgI grains owing to the facts that the absorbance in the
lue region and the activity of positive holes are much larger

n AgI grains than in AgBr and AgCl grains.13

This short electron lifetime in AgBr grains leads to sig-
ificant dependence of the photographic performance of

able I. Comparisons in physical properties and photographic performance among
gCl, AgBr, and AgI grains. �Agi

+: Interstitial silver ion; pKsp = pAg+ pX.�

AgCl grains AgBr grains AgI grains

onic conductivity
ohm−1 cm−1�

�5�10−8 Oct: �2�10−5

Cub: �5�10−6
�1�10−5

onic relaxation
ime

�100 µs Oct: �50 ns
Cub: �200 ns

�100 ns

ctivatn. energy
or ionic
onductivity

0.53 eV Oct: 0.34 eV
Cub: 0.39 eV

0.45 eV

ctivation energy
or Agi

+ migration
0.018 eV 0.042 eV 0.62 eV�c � �27

0.29 eV�c� �27

0.40 eVa

ormation energy
f Agi

+ from
urface kink sites

0.51 eV Oct: 0.31 eV
Cub: 0.35 eV

�0.05 eV

hotoconductivity
ith electrons
Ve�

Large Large Very small

e vs light
ntensity �I� in ns

V� I1/2 Oct: V� I �low�,
V� I1/2 �high�
Cub: V� I1/2

V� I1/2

e vs I in µs V� I �low�
V� I1/2 �high�

V�0 V�0

hotoconductivity
ith positive
oles

Not
detectable

Small Large

Ksp
10 9.75 12.31 16.09

ensitiv. of
rimitive grains
n ns exposure

High/weak
pAg
dependence

High/medium
pAg
dependence

Low/steep pAg
dependence

�E� + 2E��/ 3.
eduction-sensitized AgBr emulsions on exposure time. It
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as been made clear in a previous paper22 that reduction
ensitization centers are composed of dimers of silver atoms,
nd that they act as positive hole traps (i.e., R centers) or
lectron traps (i.e., P centers). As seen in the upper figure in
igure 4, reduction sensitization R centers together with P
enters significantly enhance the latent image formation in
gBr emulsions on exposure for 10 s,6,22 while they hardly
nhance the latent image formation on exposure for several
anoseconds. Since photoelectrons disappear within 20
anoseconds in AgBr grains as seen in Fig. 3, the result in
ig. 4 indicates that it takes more than 20 nanoseconds for
eduction sensitization R centers to capture positive holes
nd to prevent them from recombining with photoelectrons.

Owing to long relaxation time of ionic processes asso-
iated with low ionic conductivity in AgCl grains, photoelec-
rons in AgCl grains survive for a long time and are liable to
ecombine with positive holes, rr being in proportion to I2.
his prediction could be confirmed by observing the dete-

ioration of the efficiency of latent image formation in AgCl
rains with high intensity exposure.23 As Brust and others
eported at ICPS’98,24 iodide ions with concentration as
mall as about 1 mol % increase the ionic conductivity of
gCl grains by about two orders of magnitude and signifi-
antly enhance the latent image formation, as seen in Figure
. The present author has confirmed that there are three
tates of iodide ions on AgCl grains, i.e., adsorbed iodide
ons, epitaxitially deposited AgI, and recrystallized AgClI,25

nd that the enhancement of the latent image formation by
odide ions in any state is more significant in a sulfur-
ensitized emulsion than in an unsensitized one. The analy-
is of the ionic conductivity of AgCl grains with iodide ions
as given the energy levels of silver ions in these samples,

igure 4. Characteristic curves of octahedral AgBr grains without �U�
nd with reduction sensitization R centers �R� and with R and P centers �P�

n emulsions, which were exposed to light for 10 s �upper figure� and for
everal nanoseconds �lower figure�.
igure 3. Time-resolved photoconductivity of AgBr and AgCl grains as
easured by means of a 35 GHz microwave photoconductivity
igure 2. Ionic conductivity and ionic relaxation time as a function of
Ag value for AgBr and AgCl grains in emulsions.
ccording to which iodide ions make silver ions at a surface
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2

ink site unstable and make it easy for them to jump into
nterstitial positions.25

It has already been reported that the electron trapping
rocess in AgCl grains is diffusion limited owing to the pres-
nce of abundant silver ions at surface kink sites acting as
raps for electrons, and hardly influenced by additional elec-
ron traps such as electron trapping sensitization centers on
he grain surface.5 On the other hand, the electron trapping
rocess in AgBr grains, which also takes place on the grain
urface, is reaction limited and influenced by such electron
raps as sulfur sensitization centers on the grain surface.5

This prediction could be confirmed by measuring the
ependence of electron lifetimes on the concentration of
ulfur sensitization centers, as shown in Figure 6. Namely,
he lifetime of photoelectrons was independent of the con-
entration of sulfur sensitization centers in pure AgCl grains.
t is therefore considered that sulfur sensitization is not as
ffective in AgCl emulsions as in AgBr ones. As seen in this
gure, the electron lifetime in AgCl grains becomes influ-
nced by sulfur sensitization centers and effective for the
nhancement of latent image formation when a small
mount of iodide ions are introduced onto the grains.

As described in the papers presented at ICIS’06,13–15 AgI
rains play an unique role in making photothermographic
aterials sensitive and stable, since they are highly sensitive

n photographic materials with a high concentration of silver
ons such as photothermographic ones and are furthermore
xed during thermal development in the materials.13–15

rom the viewpoint of photographic science and engineer-
ng, these findings have made AgI grains more attractive
han before.

As seen in Table I, the formation energy of interstitial
ilver ions through surface kink sites is in the order of AgCl,
gBr, and AgI, while the activation energy of the migration
f interstitial silver ions is in the reverse order.26,27 Since the

onic conductivity of AgI grains is comparable to that of
ctahedral AgBr grains, it is estimated that the concentration
f interstitial silver ions acting as shallow electron traps is

igure 5. Ionic conductivity and photographic sensitivity of AgCl grains
ithout and with iodide ions in recrystallized AgClI phase on the grain

urface as a function of the amount of iodide.
uch larger in AgI grains than those in AgBr grains. s

00
igure 7 shows the comparison in photoconductivity among
gCl, AgBr, and AgI grains as a function of exposure to a
55 nm light pulse. In spite of the fact that the absorption
oefficient of AgI at 355 nm is nearly one order of magni-
ude larger than those of AgBr and AgCl, the photoconduc-
ivity of AgI grains is much smaller than those of AgBr and
gCl grains. This result is in accord with the observation
escribed in an other paper presented at ICIS’06.13 Taking

nto account the fact that the absorption coefficient of AgCl
rains at 355 nm is the smallest among the grains studied, it
s inferred that the activity of photoelectrons is in the order
f AgCl, AgBr, and AgI grains. It was also indicated on the
asis of the photoconductivity with positive holes as carriers,
easured by means of the radio frequency photoconductiv-

ty apparatus, that the activity of positive holes was higher in
gI grains than in AgBr grains.13

We consider that the ionic character of silver halide,
hich is in the order of AgCl, AgBr, and AgI, reflects the

ormation energy of interstitial silver ions through surface
ink sites and the activation energy for the migration of

nterstitial silver ions. Since a silver ion at a surface kink site
nd an interstitial position in the crystal structure of silver
alide bear one half and unit positive charge, respectively,

he former is more stable than the latter, and the difference
n energy level between them should increase with increasing
onic character from electrostatic viewpoint. It is known that
nterstitial silver ions migrate in AgBr and AgCl according to
he interstitial mechanism,26 whose effectiveness should in-
rease with the increasing ionic character of silver halides.
hese results should lead to higher concentration of inter-

igure 6. Photoelectron lifetimes in AgCl grains without and with recrys-
alized AgClI phases as a function of the amount of sodium thiosulfate
sed for formation of sulfur sensitization centers on the grains.
titial silver ions acting as electron traps and lower photo-

J. Imaging Sci. Technol. 51�3�/May-Jun. 2007
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J

onductivity with electrons as carriers in AgI grains com-
ared to AgBr and AgCl.

It has been often observed that electron traps are pro-
ided by crystal defects in silver halides, while positive holes
re trapped by impurity ions.1 The difference in the activity
f positive holes is attributed to the difference in the solu-
ility of impurity ions acting as positive hole traps in silver
alides and in the height of the top of the valence band of
ilver halides. Since the solubility in water is in the order of
gCl, AgBr, and AgI, the solubility of impurity ions acting as
ositive hole traps in silver halides should be in the same
rder. According to the measurement of the electronic struc-
ures of silver halides by means of ultraviolet photoelectron
pectroscopy, the height of the top of the valence band is in
he order of AgI, AgBr, and AgCl.28 Therefore the reactivity
f positive holes in silver halide grains towards their sur-
oundings is in the reverse order.

The low activity of photoelectrons and the high activity
f positive holes in AgI grains, as stated above, make them

ess sensitive than AgBr and AgCl grains in conventional
hotographic materials, where the concentration of silver

ons is kept low for the stability of photographic processes.
n other papers presented at ICIS’06,13–15 it has been indi-
ated that the silver ion concentration in the vicinity of la-
ent image centers on AgI grains is much lower than that in
he vicinity of latent image centers on AgBr grains, and that
he increase in the silver ion concentration in an emulsion
nhances latent image formation, although it usually dete-
iorates the photographic stability of a conventional emul-
ion.

Owing to the presence of silver carboxylate, photother-
ographic materials contain silver ions in relatively high

igure 7. Photoconductivity �as signal intensity� with a 35 GHz micro-
ave photoconductivity apparatus as a function of relative exposure, for
gCl, AgBr, and AgI grains in emulsions.
. Imaging Sci. Technol. 51�3�/May-Jun. 2007
oncentration as compared with conventional media,13–15

hey are nevertheless stable owing to antifogging actions of
gents added to them. Silver iodide grains absorb blue light
uch more intensely than AgBr and AgBrI grains, and show

heir photographic ability under conditions of high concen-
ration of silver ions. In addition, it has been recently dis-
overed that AgI grains are fixed during thermal develop-
ent of the photothermographic materials.13–15 We

herefore conclude that AgI grains are quite suitable and
seful for photothermographic materials in order to achieve
igh sensitivity and stability.

EFERENCES
1 T. Tani, Photographic Sensitivity: Theory and Mechanisms (Oxford

University Press, New York, 1995).
2 L. M. Kellogg, Photograph. Sci. Eng. 18, 378 (1974).
3 R. J. Deri and J. P. Spoonhower, Appl. Phys. Lett. 43, 65 (1983).
4 R. J. Deri, J. P. Spoonhower, and J. F. Hamilton, J. Appl. Phys. 57, 1968

(1985).
5 T. Oikawa, N. Saeki, T. Kaneda, A. Hirano, and T. Tani, J. Imaging Sci.

Technol. 39, 233 (1995).
6 T. Tani, T. Tasaka, M. Murofushi, K. Hosoi, and A. Hirano, J. Imaging

Sci. 47, 1 (2003).
7 L. M. Kellogg, J. Hodes, and J. Muenter, “Measurement of photocarrier

decay times in silver halide emulsion grains using radiofrequency
techniques”, Proc. IS&T and SPSTJ International East-West Symposium
II (IS&T, Springfield, VA, 1988) paper C11–15.

8 K. Hosoi, A. Hirano, and T. Tani, J. Imaging Sci. Technol. 46, 67 (2002).
9 R. Jenkins, in Pioneers of Photography: Their Achievements in Science
and Technology, edited by Eugene Ostroff (SPSE, Springfield, VA, 1987).

10 J. F. Padday and A. H. Herz, in The Theory of the Photographic Process,
4th ed., edited by T. H. James (Macmillan, New York, 1977), pp. 25–36.

11 M. Cardona, Phys. Rev. 129, 69 (1963).
12 Y. Okamoto, Nachr. Akad. Wiss. Goettingen, Math-Phys. Kl. IIa, Math-

Phys-Chem. Abt. 275, 14 (1956).
13 H. Mifune, T. Tani, S. Yamashita, S. Aiba, T. Ohzeki, and K. Yamane,

“Ionic and electronic properties silver iodide grains”, Proc. ICIS’06
(IS&T, Springfield, VA, 2006) pp. 224–226; T. Tani, H. Mifune, and S.
Yamashita, J. Imaging Sci. Technol. 51, 202 (2007).

14 H. Mifune, K. Yamane, T. Ohzeki, F. Nariyuki, K. Watanabe, M.
Yoshikane, M. Nakanishi, and T. Maekawa, “Photothermographic
materials with nano-particles of silver iodide”, Proc. ICIS’06 (IS&T,
Springfield, VA, 2006) pp. 227–229; T. Funakuba, H. Mifune, and T.
Ohzeki, J. Imaging Sci. Technol. 51, 207 (2007).

15 H. Mifune, T. Funakubo, T. Ohzeki, K. Ohzeki, and K. Yamane,
“Photothermographic materials with silver iodide tabular grains”, Proc.
ICIS’06 (IS&T, Springfield, VA, 2006) pp. 230–232; T. Funakuba, H.
Mifune, and T. Ohzeki, J. Imaging Sci. Technol. 51, 212 (2007).

16 T. H. James, W. Vanselow, and R. F. Quirk, J. Soc. Photogr. Sci. Technol.
Jpn. 19B, 170 (1953).

17 T. H. James and W. Vanselow, Photograph. Sci. Eng. 5, 21 (1961).
18 T. Tani, “Photoconductivity and latent image formation in silver halide

grains on nanoseconds exposure”, Proceedings of AgX 2004:
International Symposium on Silver Halide Technology (IS&T, Springfield,
VA, 2004) pp. 83–86.

19 J. van Biesen, J. Appl. Phys. 41, 1910 (1970).
20 S. Takada and T. Tani, J. Appl. Phys. 45, 4767 (1974).
21 K. Ohzeki, S. Urabe, and T. Tani, J. Imaging Sci. 34, 136 (1990).
22 T. Tani, M. Murofushi, J. Imaging Sci. Technol. 38, 1 (1994).
23 J. F. Hamilton, in The Theory of the Photographic Process, 4th ed., edited

by T. H. James (Macmillan, New York, 1977), pp. 133–145.
24 T. B. Brust, M. R. Mis, and K. J. Lushington, ICPS’98, Proceedings of the

International Congress of Imaging Science (KVCV, Antwerp, Belgium,
1998) pp. 11–14.

25 T. Tani, “Iodide ions on cubic AgCl grains as studied by their physical
properties”, Proc. Autumn Meeting SPSTJ (SPSTJ, Kyoto, Japan, 2006)
pp. 73–74.

26 R. J. Friauf, in The Physics of Latent Image Formation in Silver Halides,
edited by A. Bradereshi, W. Czaja, E. Tosatti, and M. Tosi (World
Scientific, Singapore, 1984), p. 74.

27 R. J. Friauf, op. cit:, p. 79.
28 R. S. Bauer and W. E. Spicer, Phys. Rev. B 14, 4539 (1976).
201


