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Photoelectron is the foundation of latent image formation, the decay process of photoelectrons is influenced by all

kinds of trapping centres in silver halide. By analysing the mechanism of latent image formation it is found that electron

trap, hole trap, and one kind of recombination centre where free electron and trapped hole recombine are the main

trapping centres in silver halide. Different trapping centres have different influences on the photoelectron behaviour.

The effects of all kinds of typical trapping centres on the decay of photoelectrons are systematically investigated by

solving the photoelectron decay kinetic equations. The results are in agreement with those obtained in the microwave

absorption dielectric spectrum experiment.
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1. Introduction

In modern society, photoelectric materials are be-
ing used in ever more diverse fields with the devel-
opment of information technology. Silver halide mi-
crocrystals, as a typical photoelectric material, have
been used in the photographic process for over 150
years, and much has been understood of their pho-
tochemical properties in gelatine emulsions.'"2] New
impetus to study silver halide comes from its kinet-
ics. It is well known that its photographic property is
dominated by the formation efficiency of latent im-
ages. The formation process of latent images con-
sumes free photoelectrons, and there are also other
processes which affect the density of free photoelec-
trons, including recombination with trapped holes,
permanent trap by deep traps, and participation of
free photoelectrons in the formation of sub-latent im-
ages. Therefore, the decay kinetics of photoelectrons
in silver halide plays an important role in the photo-
graphic process. The study of the photoelectron kinet-
ics can reveal the microscopic mechanism of the pho-
tographic process and provides a new way of study-

ing the photographic property of silver halide. In the

early studies of photoelectron kinetics microwave ab-
sorption technique was utilized.?=1% Now, the inves-
tigations include the transient microwave photocon-
ductivity (TMP) technique, microwave absorption di-
electric spectrum (MADS) technique, and computer
simulation. Using TMP and MADS techniques, the
decay kinetics of photoelectrons in silver halide can
be easily measured. For example, the decay kinet-
ics and the influence of different dopants and sensitiz-
ers on the decay process of photoelectrons have been
studied using TMPB~5 and MADSI6~19 techniques.
There are also works which utilize computer simula-
tion and TMP, MADS techniques to study the doping
effect at low temperatures as well as the shallow elec-
tron trap effect at room temperature.[11_17] So far,
efforts were focused on investigations in various as-
pects of the photoelectron behaviours under different
conditions and from different perspectives. But there
lacks a systematic study of the influence of different
trapping centres on the decay process of photoelec-
trons in silver halide. As a result, we cannot know
clearly which kind of trapping centres obviously influ-

ences the photoelectron decay under a fixed condition
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and what the mechanism of their actions is. In this pa-
per, with the aid of photoelectron decay microscopic
kinetics equations and microwave absorption dielectric
spectrum experiment, we investigate the influences of
typical trapping centres on the decay kinetics of pho-

toelectrons.
2.Mechanism of latent image for-

mation

The mechanism of latent image formation has al-
ways been a central theme in photographic science.
According to the Gerry—Mott theory, the process of
latent image formation can be described as follows:[1®!

Light Absorption AgX +hv — e * + ht*;

Trapping e *+T — e, h™ +T,, - h™;

Recombination e™* +ht — X, e~ +ht* = X;

Nucleation e~ + Agi+ — Ag, Ag e " + Agi’L,

e * + Aglt + Ag — Agy;
Growth e™* + Ag™ + Agy — Ags,
e+ Agi+ + Ags — Agy,

* and h'™* are free photoelectron and free

where e~
photohole, respectively; e~ and h™ are trapped pho-
toelectron and trapped photohole, respectively; T" and
Ty, are electron trap and hole trap, respectively; Agi+
is interstitial silver.

Light absorption of a photon by a silver halide
grain creates a free photoelectron in the silver halide
conduction band and a free photohole in its valance
band. The indirect bandgap and momentum conser-
vation rules prevent the direct recombination of the
free photoelectron and free photohole, although they
can recombine in other ways, as we will see below.?]
The photoelectron and photohole begin to execute a
random walk through the microcrystals. Photoelec-
tron and photohole can be trapped at lattice defect
Therefore,

the free photoelectron becomes a trapped photoelec-

sites, such as kink sites at the surface.

tron after it is trapped by electron trap (i.e. electronic
process), and the free photohole becomes trapped pho-
tohole after it is trapped by the hole trap. Silver
halides are characterized by a high concentration of
mobile interstitial silver ions.['?! If a migrating inter-
stitial silver ion encounters a trapped photoelectron
(i.e. ionic process), a silver atom forms. However, sil-
ver atoms are unstable. If the electronic process and
ionic process occur again at this site, a two-atom silver
cluster forms. The two-atom silver cluster is consid-
ered to be permanently stable,?! and the process of
its formation is called “nucleation” stage. Although

being stable, this two-atom silver cluster cannot ini-

tiate the development reaction. Thus, if this centre
initiates development, additional silver atoms must
be formed at this site by the repetition of the elec-
tronic and ionic processes. These additional events are
called “growth” steps. The number of growth events
required to produce a silver cluster that will initiate
development depends on the developer and the devel-

opment conditions,2%! but it is typically three or four.

There are many pathways by which photoelec-
trons may be lost and inefficiencies in silver clus-
ter formation arise. But the principal one is
recombination.!'® There are two types of recombina-
tion centres: one near the conduction band, where
trapped electrons and free holes are recombined, is
referred to as TEFH-recombination centre; the other
lying above the valence band, where free electrons and
trapped holes are recombined, is referred to as FETH-
recombination centre. In silver halide photoholes have
lower mobile velocity than photoelectrons, therefore,
FETH-recombination centre is the main recombina-

tion centre.

From the above analysis, it can be seen that pho-
toelectrons play an important role, that the decay pro-
cess of photoelectrons can reflect the intrinsic pho-
tosensitive process and can influence the photosensi-
tivity. The main trapping centres which affect the
decay of free photoelectrons are electron traps (in-
cluding shallow electron trap and deep electron trap),
hole traps, and FETH-recombination centres. They
have different effects on the photoelectron behaviour.
With the assumption that there is only one kind or
some kinds of trapping centres in the silver halide,
the equations that describe the kinetics of barriers
can be found. By solving the equations using com-

(1] the photoelectron decay curves

puter simulation,
with different trapping centres can be obtained. In
addition, the photoelectron decay curves of different
silver halide emulsions can also be obtained by the
microwave absorption dielectric spectrum experiment.
The experimental setup and the principle have been
described in Ref.[9].

experimental results, the influences of different trap-

Combining the simulated and

ping centres on the photoelectron decay can be inves-
tigated.
3.Influence of trapping centres

on the photoelectron decay

3.1. Recombination centre
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The influence of FETH-recombination centre on
the decay of free photoelectrons can be described by

the following equations:

dn

q =G, (1)
dp, AFE,
(ft :Pr(Prpr)PPvaPreXP< kT ) — KePr T,
(2)
dp _ dp:
E_G_ (dt +Krprn>7 (3)

where n and p are the densities of free photoelec-
trons in the conduction band and free photoholes in
the valence band, respectively; p, is the density of
the trapped photoholes in the FETH-recombination
centre; G is the formation rate of free electron—hole
pairs by illumination; p, and k, are the rate con-
stant for trapping hole of recombination centre and
the rate constant for recombination between electrons
and holes; AF, is the difference of energy levels be-
tween recombination centre and valence band; P, is
the density of the recombination centre; k is Boltz-
mann’s constant and T is the absolute temperature
(300K); Ny is the effective density of state of the va-
lence band.

Figure 1 shows the simulated result of free pho-
toelectron decays for different densities of recombina-
tion centres at both low and high exposure intensities
(y-axis is normalized). Here I denotes the exposure
intensities. We assume that the hole capture cross sec-

tion of the recombination centre is much larger than
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Fig.1. The simulated curves of free photoelectron

decay with the variation of the density of the re-
combination centre at exposure intensity 1=5.35x1015
photons/cm?® and at I=>5.35x101° photons/cm3.

the electron capture cross section. As can be seen, at
low intensity the density of recombination centres has
little effect on the photoelectron decay, while at high
intensity the effect is considerable. This indicates that
the recombination centre has stronger trapping abil-
ity and affects the decay of free photoelectrons only
at high exposure intensity. Van den Eeden et alll!
performed the transient microwave photoconductivity
experiment of AgCl by adjusting the exposure inten-
sity in a wide range, and their results are consistent

with our conclusion.
3.2. Hole trap

The kinetic process of photoholes in hole trap can

5,

b _q_do (5)

be described by the following equations:

d
% = pn(Pa — pn)p — PthPheXP< -

a—  dt’
where py, is the density of the trapped holes in the
hole trap;, py is the rate constant for hole trapping
of hole trap; AFE}, is the trap depth of hole trap; P,
is the density of hole traps. The other parameters are
defined as previously.

Hole traps are situated above the valence band.
They can capture free photoholes and prevent photo-
holes from recombining with photoelectrons, which is
favourable to the efficient utilization of photoelectrons
in forming latent images. As discussed in the previ-
ous section, the effect of recombination centres only
appears at high exposure intensity. Therefore, it is
expected that the effect of hole traps will become sig-
nificant only at high intensity exposure, as the effect
This is illustrated in

the simulated results shown in Figs.2, 3 and 4. Fig-

of recombination centres does.

ure 2 shows that the increase of the density of hole
traps hardly causes any change of the free photoelec-
tron decay behaviour at low exposure intensity. Fig-
ures 3 and 4 show that the decay behaviour begins to
change with the density of hole traps at higher inten-
sity, and the larger the density of recombination cen-
tres, the clearer the variation of the photoelectron de-
cay behaviour with the change of density of hole traps.
These results indicate that the influence of hole traps
on the photoelectrons decay is an indirect process, and
it acts on the decay behaviour through recombination
centre. Thus no matter whether it is strong or not,
the recombination centre can influence the behaviour

of hole traps.
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Fig.2. The free photoelectron decay curves with

different densities of hole traps at I=5.35x10'%
photons/cm3.
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Fig.3. The free photoelectron decay curves with

different densities of hole traps for I=5.35x10'?
photons/cm3.
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Fig.4. The free photoelectron decay curves with

different densities of hole traps for I=5.35x10'?
photons/cm3.

3.3. Electron trap

The kinetic process of photoelectrons in electron

trap can be described by the following equations:

dn dn,
— =G - 6
dt dt’ ©)
dne AEe
dt - ﬂe(Ne - TLe)TL - ﬂeNcneeXp< - kT > ) (7)

where n, is the density of the trapped electrons in the
electron trap, [, is the trapping rate constant for elec-
tron trapping of the electron trap. AF, is the trap
depth of the electron trap; N, is the density of elec-
tron traps; N, is the effective density of state of the
conduction band. The other parameters are defined

as previously.
3.3.1. Shallow electron trap

Figure 5 shows the experimental result obtained
with increasing concentration of K4Fe(CN)g, which is
well known as a kind of shallow electron trap dopant.
We can see that there is a fast decay of photoelec-
trons initially, which is followed by a slower decay at
the subsequent phase, named as the fast process and
slow process, respectively (the increasing curve is the
process of producing photoelectrons during exposure,
while what we are especially interested in is the decay
process of free photoelectrons after exposure). On the
whole, the increase of the concentration of K4Fe(CN)g
will extend the decay time of free photoelectrons (the
time during which the free photoelectrons decay from
100% of the maximum intensity to 10% of it).

Free photoelectron number

T T T T T T 1
0 100 200 300 400 500
Time/ns
Fig.5. The experimental curves of the photoelec-

tron decay when the doping concentration is Oppm,

0.5ppm, or 1ppm.
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Fig.6. The simulated curves of the photoelectron de-
cay when the doping concentration is 1ppm, 4ppm, or

8ppm.

The simulated result is shown in Fig.6. Not
only the free photoelectron behaviour but also the
behaviour of photoelectrons trapped in shallow elec-
tron traps is simulated simultaneously. The simulated
result is in good agreement with the result for the
experiment containing a fast process and a slow pro-
cess. (Considering that all the photons are converted
to photoelectrons in simulation, the number of pho-
toelectrons is relatively larger in simulation than ac-
tually, so the concentration of electron traps is one
order larger in simulation than in experiment to pro-
duce the similar effect.) The increase of the shallow
electron trap’s concentration will accelerate the fast
process and slow down the slow process, and simulta-
neously increase the decay amount in the fast process.
In Fig.6, the curve of the shallow-trapped photoelec-
trons is below that of the free photoelectrons. The
curve of the shallow-trapped photoelectrons first rises
up and then goes down. The rising-up section is the
process in which photoelectrons are captured in the
shallow electron traps, and the going-down section is
the process in which photoelectrons are set free from
the shallow electron traps. It is apparent that the
rising-up section for the shallow-trapped photoelec-
trons corresponds to the fast process of free photoelec-
trons, and the releasing process of the shallow-trapped
photoelectrons corresponds to the slow process of free
photoelectrons. Figure 7 shows the simulated result
when only shallow electron traps exist in silver halide.
It can be seen that the free photoelectrons immedi-
ately reach an equilibrium after a fast decay process,
and at the same time the shallow-trapped photoelec-

trons also reach an equilibrium after a fast ascending

process. The decay of photoelectrons results from the
competition between the trapped process by the elec-
tron traps and the de-trapping process from them.
At the beginning, there are few trapped photoelec-
trons, so the amount of free photoelectrons is much
larger than that of trapped photoelectrons. Thus the
probability of photoelectrons being trapped by shal-
low electron traps is larger than that of de-trapping,
leading to the acceleration of the free photoelectron
decay. With the increase of trapped photoelectrons,
the probability of de-trapping will increase gradually
until the two competitive processes reach a balance. If
there are other deeper trapping centres, they will cap-
ture free photoelectrons causing the decrease of the
free photoelectron number and the destruction of the
balance. At this moment the shallow-trapped pho-
toelectrons will be released so as to provide photo-
electrons for the deeper trapping centres. Then, the
released photoelectrons will be trapped permanently
by deep electron traps, or recombine with photoholes
in recombination centres, or join in the formation of

latent images.

free photoelectron
1.0 A i 1ppm
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y  0.81 8ppm
[
[
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153
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Time/ns

Fig.7. The simulated curves of the photoelectron de-
cay when the doping concentration is: 1ppm, 4ppm,
or 8ppm. The model used in this simulation includes

just one shallow electron trap.

These results show that the shallow electron traps
will temporarily capture photoelectrons, and the pho-
toelectrons will escape from shallow traps because of
thermal excitation and eventually get lost in the deep
traps or recombination centres, or combine with in-
terstitial Ag ions. Therefore, shallow traps are like a
reservoir. Firstly, photoelectrons are stored up. Dur-
ing this stored-up period and the tardigrade process
of releasing the shallow-trapped photoelectrons, there
will be a certain amount of Ag clusters such as Ag,

Agy, Ags Ag, formed. Furthermore, the more tardily
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the shallow-trapped photoelectrons are released, the
more opportunity for the formation of Ag clusters
there is. Now, Ags or Ag, are commonly thought
of as the effective latent image nucleus. The forma-
tion of latent image is a key tache in the photographic
process. Thus, the lifetime or the decay time of the
free photoelectrons plays an important role in the ef-

ficiency of latent images formation.
3.3.2. Deep electron trap

The effect of sulfur-plus-gold sensitization cen-
tre shifts from shallow electron traps to deep electron
traps.[??] Figure 8 shows the case that sulfur-plus-gold
sensitized centres appear as deep electron traps. The
solid curve denotes the unsensitized T-shape AgBrl,
and the dotted curve denotes the sensitized emulsion.
From the figure we can see that the curve of sensi-
tized emulsion is below that of unsensitized emulsion
on the whole, which indicates that the deep electron
trap accelerates the whole decay process resulting in
the decrease of decay time. Figures 9 and 10 show
the simulated curves of free photoelectrons and pho-
toelectrons in deep electron traps in different concen-
The simulated

results agree with the experimental results, and also

trations after exposure, respectively.

show that the higher the deep trap concentration, the
more quickly the photoelectrons decay, and that al-
most all the photoelectrons are trapped by deep traps
and the equilibrium between free photoelectrons and
trapped photoelectrons have nearly disappeared. Cer-
tainly, the equilibrium will still exist of those deep
electron traps with shallower depth. But the propor-
tion between free photoelectrons and trapped photo-
electrons in such an equilibrium is much smaller than
that in the equilibrium produced by shallow electron
trap. From the perspective of kinetic equations, for
deep electron traps, AF, is bigger. Inversely, the sec-
ond term, namely the de-trapping term, is smaller.
This indicates that the photoelectrons in deep elec-
tron traps have a low de-trapping ability, and that the
deeper the trap, the lower the de-trapping ability. So
deep electron traps have a distinct trapping ability on
photoelectrons. Once the photoelectrons are trapped
by deep electron traps, it is difficult to escape. Thus,

under the action of deep electron traps, free photoelec-

trons will keep reducing. Simultaneously, the equilib-
rium produced by shallow electron traps are broken
up continuously, leading to the continuous releasing of
photoelectrons from shallow electron traps and even-
tually being trapped in deep electron traps. However,
as mentioned above, the acceleration of the photoelec-
tron decay process is not favourable to the enhance-
ment of the latent image formation efficiency, for a
short decay time is unfavorable to form the stable Ags,
which is the key to the nucleation and growth of latent

images.

1.0 ) — unsensitized emulsion

sensitizing time: 75min

Free photoelectron number

Time/ns

Fig.8. The comparison of the decay curves of unsensi-
tized T-shape AgBrl emulsion and the sulfur-plus-gold

sensitized emulsion with long sensitizing time.
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Fig.9. The simulated decay curves of free photoelec-
trons with changing density of the deep electron traps.
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deep traps corresponding to Fig.9.

4. Conclusion

Combining the photoelectron decay microscopic
kinetics equations and the microwave absorption di-

electric spectrum experiment, the influences of recom-

bination centre, hole trap, shallow and deep electron
traps on the decay of photoelectrons are investigated
and the following conclusions can be arrived at: elec-
tron traps have effect at low exposure intensity, while
recombination centres and hole traps have effect at
high exposure intensity. Shallow electron traps accel-
erate the decay of photoelectrons at initial stage, and
On the whole, shal-

low electron traps can lengthen the decay time of free

retard the subsequent process.

photoelectrons, and deep electron traps accelerate the
whole process of the photoelectron decay.

Because the preparation of silver halide is influ-
enced by many factors such as temperature, pressure,
purity etc, the trapping centres are very different in
different group, even with identical materials and un-
der nearly the same conditions. According to these
conclusions and the typical experimental curves, we
can estimate how many kinds of trapping centres there
are in a certain emulsion, and the photosensitivity can
be improved by adjusting the parameters of trapping

centres or doping with new trapping centres.
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