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Infrared-Induced Dispersal of Hole Traps in AgBrf
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Infrared radiation has been found to cause a redistribution of the clusters of traps for
valence-band holes in doped silver-halide crystals. This new effect was found by moni-
toring the concentration of trapped holes by the equivalent concentration of free electrons
in the conduction band. Reciprocity failure was also found at low irradiation levels. In

addition to their relevance to solid state physics, these new effects extend the analogies
between normal and complementary photographic images.

Previous work at this Laboratory has shown
that the growth of photographic silver specks
within the volume of silver-halide crystals is
paralleled by the condensation of holes together
with Ag' vacancies. " This condensation occurs
at suitable sites in the crystal and gives rise to
clusters. which constitute the complementary pho-
tographic image. "

The condensation of holes and vacancies may,
under suitable conditions, fail-to be paralleled
by the primary photographic condensation of elec-
trons and Ag' ions. This is the case when the
temperature is low enough to decrease sufficient-
ly the mobility of interstitial silver ions. '*' In
this case, the optically freed electrons build up
a conductivity which can be long lasting or even
permanent in the dark. "

In experiments at this Laboratory, up to about
10" electrons/cm' have been obtained in the con-
duction band of suitably doped silver-halide sin-
gle crystals. " At these low concentrations the
electron effective mass and mobility are safely
assumed to be constant. Therefore, the growth
of electronic conductivity under irradiation pro-
vides relevant information concerning the nuclea-
tion and growth of hole traps. ' Hopefully, fur-
ther relevant information could be obtained by
investigating the behavior of the complementary
image under infrared (IR) irradiation, i.e., under
conditions which have long been known to give
rise to the classical Herschel and Debot effects
which (see, e.g. , Mitchell') concern a redistribu-
tion, caused by IR irradiation, of the silver nu-
clei (constituting the latent image) between the
surface and volume of silver-halide grains.

In the present work, we have used conductivity
techniques to detect and study the occurrence of
an effect of IR radiation upon the complementary
image clusters. This effect is indeed of the
Herschel-Debot type. This, together with a re-
ciprocity failure for the formation of complemen-

tary image clusters upon irradiation in the visi-
ble, extends the analogies between normal and
complementary photographic images.

The techniques for irradiation and for conduc-
tivity measurements have been described in Ref.
2. The 545-nm wavelength line from a high-
pressure mercury source was selected as de-
scribed in Ref. 2. The IR source was a Model
8c Leuci 250-% near-IR lamp.

(A) Irradiation with visible light only. —Curves
A, B„and C in Fig. 1 represent typical photocon-
ductivity growth curves' at 7'7'K for doped AgBr
crystals. Doping, dimensions, annealings, and
irradiation conditions of specimens are as dis-
cussed in Ref. 2.

Curve A in Fig. 1 is typically the growth curve
that is obtained using a virgin specimen or one
which has been stored in the dark at room tem-
perature. ' It appears evident that the majority
of the hole traps are created during illumination
and that their nucleation needs an incubation peri-
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FIG. 1. Photoconductivity growth curves (arbitrary
units) of a doped AgBr crystal at 77 K. Curve A refers
either to a virgin specimen or to one which has been
stored in the dark at room temperature. Curves B, C,
D, E, and + refer to successive reilluminations of the
specimen following 20 min of storage at 77'K to allow
decay. IB irradiation preceeded the D and E growths.
Note that a small amount of permanent conductivity is
left after a decay. Each successive growth is referred
to this conductivity level.
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FIG. 2. Effects of IB irradiation on a doped AgBr
crystal previously irradiated with visible light (545 nm)
at 77 K (solid line). The dashed line was drawn on the
basis of other experiments and it shows qualitatively
the effect of the fA"st IR irradiation when it oeenra at
a later tiHle. Conductivity in arbitrary units ~

od. This incubation period is evidenced even bet-
ter at lower light intensities, at which reciproci-
ty failure is very evident. As an example, a xe-
duction by a factor 10 in the light intensity, xe-
quires an increase by a factor 90 in the exposure
time (i.e., an increase by a factor 9 in the over-
all dose) to reach the same conductivity level.

Curves 8 Rnd C are obtained upon two succes-
sive reilluminations ea,ch following 20 min of
dark storage at 77'K to allow decay. A detailed
discussion of curves of the types A, B, and C in
Fig. I may be found in Ref. 2. Nevertheless, it
is useful to stress here that (i) following the
flI'st 11I'RdlRtloQ Rnd decRy the Slope of the photo-
current growth curves satux ates rapidly, and re-
mains nearly constant at the light intensity lev-
els used, also under prolonged irradiation (e.g.,
up to & h); (ii) this slope saturation value re-
mains nearly constant, also in subsequent decay
and reirradiation experiments, provided that the
samples are kept in the dark at low temperature
and that this storage does not last much more
than a-I h; (iii) at variance with the growth
curves, the different decays do not obey a sim-
ple kinetics, with one (or few) decay time. For
this reason the growth-curve parameters are ob-
tained on a quantitative basis Rnd the effects of
different treatments upon the rapidity of decay
are described in a qualitative fashion.

(8) Effects of IR radiation. —In Fig. 2 are
shown the results of experiments in which the
crystal was illuminated with IR light during the
coIlduct1v1ty decRy. One Sees that the onset of R

steady IR ixradiation causes a sharp transient

increase of conductivity. On the other hand, if
the first irradiation occurs during decay, the
tI'RnsleQt lncx'eRse of conductlvlty ls follow'ed by
an acceleration of the decay. Subsequent IR ir-
1 Rd1atlons occul I'1ng wheQ the decay ha, s been
completed, have the sole effect of increasing the
conductivity level at a new value which remains
constant as long as the IR irradiation continues.
This effect is not found if the crystal has not
beeI1 pl evlously 1I'I'Rdlated w1th v181ble light
while kept at low temperature.

Irradiation with IR also affects the "memoxy"'
of the crystals, as seen by subsequent irradia-
tion with 545-nm light. In Fig. 1, IR ix'radiation
has been used between the conductivity growth
experiments relative to curves C and D and
those relative to curves E and E. The effects
upon the "memory" are evident and they will be
discussed in more detail in what follows.

(C) Discussion and data analysis. —As previous-
ly pointed out' the growth of the secondary photo-
conductivity, following the start of nucleation of
hole traps, obeys the rate equation

dn/dt = (I/7)(n, + ct-n),

where n measures the number of photoliberated
electrons, no measures the number of hole traps
present in the crystal at the beginning of each
particular irradiation, c measures the rate at
which new traps are created, and 7 measures
the time constant for filling the hole traps at the
given illumination level. Upon integration Eq.
(I) gives

n =a(l-e " )+ct,

where a=n0-cT. The n0, 7', and c values relative
to the different experiments were obtained by
computer least-squares fits of Eq. (2) to experi-
mental points. The fitting was so satisfactory
that, e.g., in Pig. 1, theoretical and experimen-
tal points coincide within drawing accuracy.

Information on the number, nucleation, and re-
arrangements of hole traps are contained in the
above parameters. The effects of IR radiation
on the hole traps are evidenced and measured by
the changes caused in these parameters.

In Fig. 3 we report the parameter values of a
set of six successive visible light irradiations,
ea.ch followed by a dark decay of conductivity,
Rs discussed in Ref. 2. It appears evident from
the figure that Rll parameters tend to behave
asymptotically under these conditions.

In Fig. 4 we report a similar set of values,
relative to curves B, C, D, E, and I' Shown in
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FIG. 3. Typical behavior of the parameters c, v,
and n0 for a set of six successive growth curves (not
shown in figure) each followed by a dark decay of con-
ductivity. Parameter v is expressed in seconds, while
the orders of magnitude of the units for the remaining
two parameters are, fox ~„=10'cm ', and for e,
=10 cm ~ sec

FIG. 4. Behavior of the parameters c, 7., and no for
the set of five growth curves 9, C, 8, Z, and 5 of
Fig. 1 (same units as 1n Fig. 3) ~ The specimen was no't

that of the case of Fig. 3, but is behaved in a similar
way except for the difference in the actual values of the
parameters. In the present case the specimen was IR
irradiated twice (i.e., prior to the D and E growths).

Fig. l. At variance with the case of Fig. 3, the
specimen mas IR irradiated prior to the D and E
growths. The change in the asyrnptotie behavior
of the no, v, and c values, mhich mas already
evident from Fig. 1, is here illustrated quantita-
tively.

This effect of IR irradiation is very mell inter-
preted i.n terms of a dispersal of the complemen-
tary image centers. Such a, dispersal is expect-
ed to increase the lattice disorder and thus to
increase the number of centers capable of trap-
ping holes and to stabilize this trapping by a fur-
ther ionic step of the type discussed in Ref. 2.
This will cor'r'espond, therefore, to an increase .

of both the no and c values. The increase in the
T value is also explained in terms of the men-
tioned dispersal. In fa.et, in this case, the *'ini-
tially present traps*' mill need a longer time to
stabilize the trapping by a process of the type
discussed in Ref. 2.

The above model is consistent mith results
shomn in Fig. 2. In fact, the untrapping of car'-
riers oper ated by the IR, evident from the fig-

ure, is the first step for the redistribution of the
complementary image clusters and it is also con-
sistent with the increased electron-hole annihila-
tion r'ate.

In conclusion, these effects of IR may be con-
sidered (apart from the different techniques by
which they are revealed) as the Herschel-Debot
effects as seen from the point of viem of the com-
plementary photographic image.
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