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Inorganic Materials for Archival Holographic Recording
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The Weizmann Institute of Science, Physics of Complex Systems, Rehovot, 76100 Israel

Inorganic material systems for archival holographic recording are considered. The emphasis is on bleached silver halide emulsions and
CdS and Se colloidal solutions. The bleached silver halide emulsions were investigated to determine the salient parameters that influ-
ence photolytic stability and diffraction efficiency. The experimental and theoretical investigations reveal that the silver halide grains,
the gelatin matrix, and the gelatin matrix voids are contributing to the holographic storage mechanism. By the adsorption of bromine
from the processing solutions on the silver halide grains, it is possible to extend the photolytic stability almost indefinitely. By suppress-
ing the influence of the gelatin matrix and the gelatin matrix voids by chemical processing, it is possible to obtain increased diffraction
efficiencies reaching 70%. The colloidal solutions were investigated to determine the basic mechanisms for photodepositing ultrathin
surface relief holographic gratings. The results reveal that the photodeposition includes primary photoreduction and secondary adsorp-
tion controlled processes. A model is developed to predict the spatial frequency response of the colloidal solutions showing that the
recorded spatial resolution is limited by the particle sizes.
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Introduction
During the past three decades, a multitude of materials
were investigated for holographic recording.1–5 These in-
cluded materials for thin, thick, absorptive, and phase ho-
lograms that were evaluated for a variety of possible
applications. Certain materials and processes are advan-
tageous because of either their high exposure sensitivity,
high diffraction efficiency (DE), high signal-to-noise ratio
(SNR), good archival storage stability, or real-time record-
ing capability. Yet none of the materials exhibit simulta-
neously all of the advantages.1–5 For example, absorptive
materials, such as silver halide (AgHal) emulsions, have
relatively high exposure sensitivity and good archival stor-
age stability, but only low DE. Dichromated gelatin mate-
rials have high DE and excellent noise characteristics, but
relatively poor exposure sensitivities and environmental
stability. Photopolymers have relatively high DE and SNR,
and real-time recording capability, but relatively poor ex-
posure sensitivity, and photochromic materials have
real-time recording and erasure capability, but only low
DE and exposure sensitivity.1–5,6

In this article, we describe the investigations conducted
at the Weizmann Institute of Science during the last 10
years with the purpose of improving existing materials and
developing new ones for holographic recording. Specifically,
we consider inorganic optical recording systems with focus
on bleached silver halide (AgHal) emulsions,7–10 which are
undoubtedly the most common materials for holographic
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recording. In addition, we consider inorganic colloids, that
photodeposit thin films on substrates when illuminated
with laser radiation.11–15 With these it is possible to record
ultrathin holographic gratings of very high resolution.

The photochemical and photophysical processes are in-
vestigated for elucidating the basic recording and storage
mechanisms with these materials. An analysis of holo-
graphic recording and readout shows certain advantages
over conventional optical recording or spectroscopy.16,17 An
important advantage is that, in addition to detecting
changes in absorption as in spectroscopy holography can
also detect dispersive changes; these dispersive changes
are most important in holographic phase materials where
the image is stored by refractive index modulations. With
AgHal phase holograms, refractive index modulations are
obtained by chemically bleaching the developed silver im-
age so that relatively high diffraction efficiencies are ob-
tained. In our experimental and theoretical studies, we
found several factors that contribute to the refractive in-
dex modulations and that it is possible to differentiate be-
tween individual contributions.7–10 Parameters that
influence these individual contributions are altered to im-
prove the overall holographic performance.

Selenium colloids and recently developed cadmium sul-
fide (CdS) colloids are investigated to determine the basic
mechanisms of photodeposition.14 In addition, an analysis
of the frequency response of holographic ultrathin surface
relief gratings is developed in which the colloid particle
size is related to the resolution capabilities.12,13

Recording and Readout Principles
Photochemical Recording. To record optical informa-

tion in any material, photons must be absorbed by that
material and cause chemical changes. These are primary
photochemical reactions and can be described by the first
and second laws of photochemistry.18 In certain recording
materials, the primary reactions are followed by second-
ary reactions. These may either occur in situ as in
    355



photopolymerization or they may be induced in vitro by
reaction with so-called developers as in photoresists and
silver halide emulsions. The amplification of primary re-
actions as achieved by secondary reactions can be most
significant. For example, in photopolymerization the am-
plification may reach 5 orders of magnitude,19 and with
chemical development of AgHal emulsions it may extend
from 6 to 9 orders of magnitude.19,20

Quantum yield improvement by increasing the absorp-
tion cross section, improving the photochemical conversion,
or minimizing relaxation and side reactions is generally
termed sensitization. Therefore, by sensitizing the primary
process and/or by enhancing the secondary amplification
step, improvements in exposure sensitivity can be achieved.

Let us illustrate photochemical recording by consider-
ing the most simple one-step primary photochemical re-
action, represented by

    A
hν → B. (1)

We assume that A is irreversibly converted to B, and
that thermal contributions can be neglected. In this case,
the differential rate equations, describing the concentra-
tion change of A and B with time, are given by

– dA/dt = ξA = dB/dt, (2)

where ξ is the overall photochemical reaction rate con-
stant, which is given by

ξ = 2.303 IA εA φA(λA/Nhc), (3)

where IA is the light intensity (in joules cm–2 sec–1) at wave-
length λA, εA the decadic molar absorption coefficient [or
cross section in cm2/mol], φA the quantum yield, N
Avogadro’s number, h Planck’s constant, and c the speed
of light. Integrating Eq. 2 yields

A(t,E) = A0exp[–ξt] = A0exp[–ξ'E] (4a)

B(t,E) = A0{1 – exp[–ξt]} = A0{1 – exp[–ξ'E]}, (4b)

where A0 is the initial concentration of A, ξ' is the inten-
sity independent rate constant, and E is the exposure given
by the intensity multiplied by the exposure time, i.e., E =
It. In special cases, where the primary reactions are re-
versible as with photochromic materials,21,22 it is possible
to exploit real-time recording and erasure.6,23

Storage and Read-out Mechanisms. Most mecha-
nisms of inducing refractive index changes can well be
explained by the Lorentz-Lorenz relation.24 For an ideal
multicomponent system where the electronic interactions
between the components and the matrix may be neglected,
it is necessary to consider the individual contributions from
each component i so that24

    

n2 − 1
n2 + 2

=
ρiRi

Mi
,

i
∑ (5)

where ρi is the material density; Ri is the molar refraction
given by Ri = 4πNαi/3Mi, with αi the molecular polariz-
ability; and Mi is the molecular weight.

Equation (5) indicates that the refractive index may be
affected by three basic mechanisms:
(1) Concentration changes shift the relative contributions
of the individual components. To be effective, this requires
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that a difference exists in the refractive properties among
the components; (2) the molar refraction Ri of one or more
components is changed. The molar refraction can be in-
fluenced by the dispersive (real) contribution of strong ab-
sorption bands as described by the Kramers-Kronig
relations16,23 and/or be induced by changes in molecular
polarizability, which originates from changes in molecu-
lar structure; and (3) the density ρi of one or more of the
components is changed. This requires an important change
in the sterical conformation of the molecules or material
transport effects. For the specific case of the one-step re-
action as described by Eq. 1, the exposure-dependent re-
fractive index change can be written as

              ∆n(E) = R0 A0 ∆R {1 – exp [–ξ' E]}, (6)

where R0 is a constant approximately given by R0 = (n2 +
2)2/6n, and ∆R is the change in molar refraction between
A and B given by ∆R = RB – RA.23,24,25

So far it has been assumed that the above three mecha-
nisms only affect local changes in concentration, molar
refraction and/or density of reactants and products, in-
duced by primary photochemical reactions. However, if the
primary reactions are followed by secondary ones, then
major influences on the matrix can take place so that the
above mechanisms and their assumptions are no longer
valid. Examples for such behavior are photopolymerization
and chemical processing of photocrosslinked gelatin for
which significant density changes in the polymeric ma-
trix are known to occur.5,6,24 Nevertheless, as shown be-
low, this difficulty can be overcome by considering the
matrix as an additional active component.

Holographic Recording and Readout. For the study
of photochemical and photophysical processes in recording
materials, linear holographic gratings are most convenient.
Typical holographic recording and readout configurations
are schematically depicted in Fig. 1. For holographic re-
cording as shown in Fig. 1(a) a laser beam is split into two
beams that are then expanded and collimated. One serves
as the reference beam with intensity IR and the other as
the object beam with intensity IO. When these two plane
waves interfere at the recording plane, the intensity I(x) of
the interference pattern can be written as

I(x) = (IR + IO)[1 + Vcos(2πx/d)], (7)

where V = 2(IOIR)1/2/(IR + IO) is the fringe visibility (or fringe
contrast) and d is the fringe spacing given by Bragg’s equa-
tion d = λ/[2sinθ,] with λ being the wavelength of the laser
and θ the angle of incidence. The reciprocal value of the
fringe spacing determines the spatial frequency f as

f = 1/d = 2sinθ/λ, (8)

which shows that for a given wavelength, f can be increased
by increasing the incidence angle.

Recording the interference pattern according to Eq. 7 in
a photosensitive material results in a grating having a
spatial modulation of either the absorption coefficient a(x),
or the refractive index, n(x) in the form of

a(x) = a0 + a1 cos(2πx/d), (9a)

n(x) = n0 + n1 cos(2πx/d), (9b)

where a0 denotes the average value of the absorption coef-
ficient, n0 the average refractive index, a1 the modulation
Weiss, et al.
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Figure 1. Holographic recording and readout configurations:  (a) recording;  (b) readout.

a b
amplitude of the absorption coefficient, and n1 the modu-
lation amplitude of the refractive index. Equation 9 is valid
under the assumption of a linear response of absorption
and refraction as a function of exposure in which case
higher order terms can be neglected. While this may not
be true for the complete exposure response region, usu-
ally in most recording media a sufficiently large linear
exposure region exists.1

The readout of the recorded holographic gratings [Fig.
1(b)] determines the diffraction efficiency (DE), which is
defined as the ratio of the first order diffracted to the inci-
dent light powers. When the thickness L of the recording
layer is more than 1 order of magnitude larger than the
grating period d, then the coupled wave theory for thick
gratings can be applied.26 The diffraction efficiency as a
function of exposure η(E) can then be written as:23,26

  
    
η(E) ∝ sin2 πn1 B1(E){ }L

λ cos θ






+ sinh2 a1 B1(E){ }L

2cos θ






,  (10)

where λ and θ are the wavelength and the incidence angle
of the readout beam, respectively, and B1(E) is the expo-
sure-dependent amplitude of the spatial concentration
modulation of the photochemical product B (see Eq. 1). The
first and second terms in Eq. 10 represent the phase and
amplitude contributions, respectively. The higher the am-
plitude term, the larger the losses in the grating. Conse-
quently, high diffraction efficiency will only be obtained by
reducing the amplitude term, reaching a theoretical η of
100%, for a completely lossless phase grating (a0 = a1 = 0).26

Holography can also be exploited for the investigation
of basic photochemical/photophysical processes in solid
matrices, because it has certain advantages over either
conventional optical recording or absorption spectros-
copy.17,27,28 The first and probably most important advan-
tage of holography is its sensitivity to changes of both
anic Materials for Archival Holographic Recording
absorption as well as refractive index. In particular, the
refractive index changes can be probed at wavelengths out-
side the absorption band where the recorded information
is not destroyed when probed with a high intensity beam,
leading to improved detection sensitivity. Other disper-
sion-sensitive methods, such as optical rotatory spectros-
copy and ellipsometry, are limited to either optically active
materials or ultrathin layers and cannot be used for
real-time investigations. In this article, we show that the
dispersive properties of holographic phase gratings re-
corded in photographic AgHal emulsions can yield impor-
tant information about conformational changes in
macromolecular matrices that with other methods could
not have been obtained in a conclusive manner.

Second, with holographic recording, the light-induced
changes are probed directly without background by moni-
toring the DE; consequently, refractive index changes of
10–7 or absorption changes of 10–5 can still be detected.27

With conventional spectroscopy, in contrast, the measured
optical density data also contains background from
nonreactive species and optical noise, which increases the
experimental error; typical detection limits in absorption
spectroscopy would be 10–3. Furthermore, with holographic
recording at very low exposures, the square of the concen-
tration changes and the rate constants is probed,16,17 re-
sulting in significantly higher sensitivity especially during
the initial phases of the photoinduced processes.6 In com-
parison with either conventional direct optical recording
or spectroscopy, the optical density, which is linearly de-
pendent on concentration, is detected.

Third, holographic recording can be exploited for accu-
rately determining the resolution capabilities of the re-
cording materials and investigating their microscopic
characteristics12,13 as shown in this article. The spatial fre-
quency of the recorded holographic gratings can be easily
varied by changing the incidence angles of the recording
beams. This is more advantageous than methods using
optical resolution charts that introduce unwanted optical
Vol. 41, No. 4, July/August  1997     357



noise such as diffraction and speckles. In addition, in ho-
lography only very small sample areas are needed, because
the measured changes occur on microscopic scale (around
the wavelength of the readout light); for example, an area
of 50 µm may typically record 25 to 100 fringes of the ho-
lographic interference pattern, which is sufficient to cause
diffraction.

Material Parameters. Before dealing with specific re-
cording materials and processes, let us consider some rel-
evant parameters for holographic recording and readout.

1. Resolution is related to the spatial frequency [lines/
mm] that can be recorded. Resolution is conveniently
determined by measuring the spatial frequency re-
sponse of the recording medium, i.e., the dependence
of the diffraction efficiency (DE) on spatial frequency
from which the modulation transfer function (MTF)
is derived.20,29 The MTF is characteristic of the micro-
scopic recording mechanism and is related to the size
of the recording unit (pixel). As a rule, the minimal
linewidth that can be resolved in a given recording
material (without deterioration in readout) is about 1
order of magnitude larger than the pixel size.

2. Exposure sensitivity is related to the exposure needed
to obtain a predetermined value of the measured read-
out parameter. In our investigations, the holographic
exposure sensitivity is defined as the exposure value
in radiometric units [J cm–2] needed to obtain maxi-
mal DE (DEmax). For direct optical recording, the ex-
posure sensitivity is defined as the exposure needed
to obtain 50% of the maximal OD (ODmax). A deviation
in exposure sensitivity as a result of varied intensity
and exposure time for a given exposure value is known
as20 the reciprocity failure (RF).

3. Spectral sensitivity is defined as the exposure sensi-
tivity at a given wavelength. Consequently, the use-
358     Journal of Imaging Science and Technology
ful wavelength range in which the material can record
optical radiation can be related to as the spectral re-
sponse region. The broader the spectral response re-
gion, the wider the choice of light sources that can be
used with the same recording material.

4. Signal-to-noise ratio (SNR) is related to readout pa-
rameters such as image contrast. The ratio of the
maximal signal intensity to the background intensity
in the output image is a measure of SNR.2,5 Factors
that may reduce SNR are structural inhomogeneities
in recording material, that lead to light scattering.2,5

5. Dynamic Range and Exposure Latitude determine the
degree of freedom of the exposure conditions during
recording and influence the optical performance.2 The
dynamic range is the total change in absorbance or
refractive index that can be obtained and the expo-
sure latitude is the exposure range in which a required
change in absorbance or refractive index is achieved.
A limited dynamic range could limit the maximal DE.10,23

6. Storage stability is determined by how readout light,
background and thermal radiation, and other envi-
ronmental factors affect the readout performance of
the recording material as a function of time.

A variety of materials for optical holographic recording
have been investigated.1–5 The important materials to-
gether with their recording mechanisms, chemical process-
ing, and relevant parameters are listed in Tables I and II.
In this article, we shall consider in detail bleached silver
halide (AgHal) emulsions and inorganic colloids.

Silver Halide Emulsions
Recording, Processing, and Readout Mechanisms.

Optical recording in AgHal emulsions involves two steps.
In the primary recording step, a latent image is formed
TABLE I. Recording Mechanism, Processing and Recording Parameters of Optical Recording Materials

Recording materials Recording mechanism Chemical processing Sensitivity (mJ/cm2) Spectral response (nm)

AgHal emulsion
• conventional photoredox • develop, fix 10–4 to 10–1 250 to 700
• bleached photoredox • develop, bleach 10–2 to 1 250 to 700

Dichromated photoredox, develop, fix
gelatin (DCG) x-link dehydrate 10 to 103 350 to 580

Photoresist photoredox,
• negative x-link fix 10 to 103 300 to 500
• positive photoredox fix

Photopolymer photoredox, none
polymerization 1 to 103 300 to 650

Photochromics color center or organic dyes none 102 to ≥ 103 300 to 700

Photothermo-plastics photocharge, electrostatic/ none 10–2 to 10–1 400 to 650
thermal deformation

Photorefractive (Bi12Si20) photocharge, electrooptic none 10–1 to ≥ 102 350 to 550
Inorganic colloids (a-Se) photoredox/photodeposition none 103 to ≥ 104 250 to 550

TABLE II. Read-Out Parameters of Optical Recording Materials

Recording materials  Modulation DE Resolution (lines/mm) SNR Erasable

AgHal emulsion amplitude/phase 0.05 ≤ 0.70 ≤ 104 ≤ 104 > 100 ≈ 50 no
DCG phase ≥ 0.90 ≥ 104 ≈ 1000 no
Photoresist phase 0.70 > 103 ≈ 50 no
Photopolymer phase ≥ 0.90 > 103 > 100 no
Photochromics amplitude 0.04 ≤104 > 100 yes, light, heat
Photothermo-plastics phase 0.30 ≤ 103 ≈ 50 yes, heat
Photorefractive phase 0.25 ≥ 103 ≈ 100 yes, light, heat
Inorganic colloids (a-Se) phase/amplitude 0.10 ≥ 103 ≈ 50 no
Weiss, et al.



that needs a secondary, chemical amplification (develop-
ment) step of the latent image.20,30–32 The explanation for
the mechanism of latent image formation in silver halide
(AgHal) emulsions is still controversial.20,30–32 The most
widely accepted model was advanced by Gurney and Mott33

about 50 years ago and was refined by others.20,30 In this
model, the latent image is viewed as consisting of small
metallic silver specks created by a stepwise growth of elec-
tronic and ionic events. In other models, the silver specks
are treated as a new phase nucleated from the supersatu-
rated AgHal crystals.20,30 All these models assume that the
latent image silver specks cathalize the secondary devel-
opment step. Yet the silver speck explanation cannot fully
account for all photographic phenomena,31 so a
photoelectrochemical model (PEC) that treats the record-
ing and amplification processes in a comprehensive man-
ner was developed.31,32 This PEC model assumes a
monosize and monosensitive array of AgHal detectors hav-
ing a given grain redox potential (Eg). The potential Eg,
which is influenced both by light and by chemical envi-
ronment, is expressed as being proportional to the loga-
rithm of the ratio of the number of photons over the number
of oxidized defects in the grain. Chemical amplification is
controlled by Eg through the induction period (τ) of chemi-
cal development.32

The secondary processing step in holographic recording
usually includes additional stages.1–5 First, conventional
chemical development (amplification) of holographically
recorded latent images converts the AgHal grains to el-
ementary silver (Ag0) particles, resulting in an amplitude
hologram with low diffraction efficiency (DE).1–5 Then by
oxidizing the holographic silver image with appropriate
bleaching solutions, the Ag0 particles are reconverted into
silver salt (usually silver bromide) grains, resulting in a
phase hologram with much higher DE.1–5 Before proceed-
ing, let us first clarify the terminology used in chemical
processing of bleached AgHal materials. We start by dif-
ferentiating between processing procedures (a sequence
of steps) and formulations (a list of chemicals). Below are
the definitions for terms we use when dealing with chemi-
cal processing that involves bleaching.

Bleach procedures that result in a reversal (or comple-
mentary) image of the original record are referred to as
reversal bleach (RB).2–5 Analogously, procedures that re-
sult in a direct copy of the original record are referred to
as direct bleach.3 Finally, procedures that completely re-
move by bleaching and fixing all of the silver and silver ha-
lide from the emulsion are termed silver halide sensitized
gelatin (SHSG).5,8,9 Any bleach formulation that reduces and
dissolves Ag0 particles and completely removes them from
the emulsion layer during the bleaching step is a solvent
bleach. Solvent bleach formulations can be used with RB
and SHSG procedures.5,9 Any bleach formulation that
rehalogenates bleached silver during the bleaching step is a
rehalogenating bleach. Rehalogenating bleach formulations
can be used with direct bleach, RB, and SHSG procedures.7,8,9

Except for SHSG, the AgHal grains in bleached holo-
grams, unfortunately, retain some light sensitivity and
may darken photolytically by exposure to readout or en-
vironmental radiation. The techniques to overcome pho-
tolytic darkening can be divided into three groups: (1)
recrystallization into less light-sensitive silver salts34

such as ferrocyanides34,35 and iodides34,36;  (2)
postprocessing with desensitizing dyes such as safra-
nine derivatives37,38; and (3) desensitization by aqueous
bromine3,39 or halogen vapors.40,41 Unfortunately, recrys-
tallization according to (1) significantly increases scat-
Inorganic Materials for Archival Holographic Recording
tering34,35; dye desensitization according to (2) substan-
tially complicates the chemical processing with the un-
pleasant side effect of irreversibly dyeing the holograms
and the processing equipment3; and, halogen desensiti-
zation according to (3) also complicates processing and
necessitates additional safety precautions such as fume
hoods, due to toxic halogen vapors.3

To increase the photolytic stability of bleached holograms
and to overcome the disadvantages of the above methods,
new ammonium dichromate and ferric-sulfate-based
bleach formulations were developed.7 In these formula-
tions, minute quantities of bromine are chemically syn-
thesized in the bleach bath by chemical oxidation of
bromide. These bleach formulations also simplify the pro-
cessing procedures, because no clearing bath and post pro-
cessing desensitization are needed and they increase the
holograms’ transmittance and the DE.7 Unfortunately, the
DE of holograms stored in bleached AgHal emulsions are
limited to less than 70%,2–5,7,42,43 so they do not reach the
theoretical value of 100% approached by dichromated gela-
tins or photopolymers3–5,6 (see Table II). The limitation in
DE for bleached AgHal emulsions originates from several
factors: (1) the AgHal grains grown in size by recrystalli-
zation in the bleach bath scatter the readout light and
thereby reduce DE and SNR;2–5,7,42,43 (2) emulsion thick-
ness variations that result from material removal during
chemical processing;44 (3) nonlinear recording that result
from nonlinear exposure responses;2–5,45,46 (4) light scatter-
ing by AgHal grains during recording;46,47 and (5) absorp-
tion losses from emulsion staining that result from
developer/bleach interactions, sensitizer residues, and
photolytic darkening 3,7,9,42,43

Another significant factor that may reduce DE depends
on the limited dynamic range of refractive index modula-
tion obtained with chemical processing. The dynamic range
of refractive index modulation originates from the reac-
tions of individual emulsion components with the chemi-
cal processing solutions.7–9 To explain the origin of the
individual contributions to the overall refractive index
modulation in bleached AgHal emulsions, we present Fig.
2, which schematically depicts the principal recording and
processing steps in bleached AgHal emulsions for the RB
and SHSG processing procedures.

With RB processing procedures, shown in the upper part
of Fig. 2 (Steps 1 and 2), the Ag0 particles in the exposed
and developed areas are during the bleaching step either
completely removed (with solvent bleach formulations) or
transferred to the unexposed areas and reconverted to
AgHal (with rehalogenating bleach formulations ).43,48 For
comparison, note that with direct (or conventional) bleach
processing,3–5 the AgHal grains from the unexposed areas
are first removed by fixing and then the remaining silver
particles are reconverted into silver salt grains. With both
the RB and direct bleach procedures, the primary contri-
bution to the refractive index variation is due to the AgHal
grains. Holographic patterns are stored as a spatial modu-
lation in the number of AgHal grains imbedded in gelatin;
such a spatial modulation will result in a refractive index
modulation where those areas with AgHal grains have
higher refractive indices than those without.

A secondary contribution originates from the gelatin
binder. During the development and bleaching steps, re-
action by-products are generated that in turn cause gela-
tin crosslinking so as to harden (tan) the gelatin matrix.20,49

Such differential hardening is believed to result in addi-
tional refractive index modulation7,42,43,48,50 where those re-
gions with hardened gelatin have higher refractive indices
Vol. 41, No. 4, July/August  1997     359



than the unhardened ones. As a result, the DE of the ho-
lographically recorded patterns may increase or de-
crease depending on whether the refractive index versus
exposure due to the AgHal grains changes in the same
or opposite direction with that due to gelatin hardening.7,48

As shown at the bottom of Fig. 2, the refractive index due
to AgHal changes in the opposite direction to that of the
gelatin hardening as would occur with the RB procedure.
Note that with the direct bleach procedure, the changes
would be in the same direction.

It is also possible to store the holographic patterns as a
refractive index modulation primarily due to gelatin hard-
ening.5,8,9,51 In AgHal emulsions, this is achieved with the
SHSG procedure, as shown in Fig. 2 (Steps 1 to 3). The
initial difference in gelatin structure induced by differen-
tial hardening is amplified by the subsequent washing and
dehydration steps. An additional1 contribution to the re-
fractive index modulation may be introduced in the SHSG
procedure by gelatin matrix voids produced due to AgHal
removal. The final sizes of the voids depend on the degree
of gelatin hardening and swelling.9 The refractive index of
the voids is typically lower than that of gelatin so that the
gelatin matrix voids change the refractive index in the op-
posite direction relative to that of the gelatin hardening.

Experimental Procedures and Results. Transmission
holographic gratings were formed in AgHal commercial
photographic plates by recording the interference pattern
of two plane waves. The plane waves were derived from an
argon laser at wavelength of 514 nm and were symmetri-
cally incident on the plates. The RB processing procedures
were evaluated with photographic plates (Agfa 8E56) and
incident angles of ±30°; thus the recorded spatial frequency
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Figure 2. Schematic representation of the principal processing
steps of RB and SHSG processing procedures in silver halide
(AgHal) emulsions. The steps of RB are shown in the upper part
of the figure; the steps of SHSG also include the lower part. The
exposure responses of the refractive index are depicted for the
individual contributions at the bottom.
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was about 2000 lines/mm. The SHSG processing procedures
were evaluated with photographic plates (Kodak 649F) and
incident angles of ±15°; thus the recorded spatial frequency
was about 1000 lines/mm. Reflection gratings were recorded
with two plane waves: one incident from the emulsion side at
+5° and the other from the opposite substrate side at –15°,
resulting in a spatial frequency of about 3800 lines/mm. This
configuration was chosen to separate between refracted and
specularly reflected readout.

The DE was determined by reading out the powers of
incident (Ii), transmitted (It), and diffracted (Id) beams at
Bragg conditions. The absolute DE is then given by

DE = Id/Ii. (11)

To correct for the losses from reflection, absorption, and
scattering, the transmittance through the exposed and
processed gratings far from the Bragg conditions were
measured. Thus, the normalized and exposure-dependent
DE is given by the ratios of the diffracted powers to the
transmitted powers at normal incidence, as

DEnorm(p) = Id(p)/It(p)cosθ. (12)

To evaluate the long-term stability to read-out and en-
vironmental radiation, we used an accelerated light sta-
bility test: The processed holograms were illuminated with
a laser beam set at an exposure energy of 100 J/cm2 from
an Ar laser at 514 nm; this exposure represents an in-
crease of about 5 orders of magnitude relative to normal
readout levels. In addition, the holograms were exposed
to direct sunlight for several hours. The resultant pho-
tolytic darkening was measured with a spectrophotometer
at 514 nm as the transmittance Te of the exposed holo-
grams and expressed as a change in optical density.7

The evaluated developers were CW-C2, which is a cat-
echol-containing solution;43 MAA, which is a metol-ascor-
bic acid developer formulation;7,48 and MAAS, which is a
newer, sulfite-containing version10 of MAA. Both MAA and
MAAS produce7,23 a sensitivity increase by a factor of about
6 over CW-C2. The developer formulations are detailed in
Table III.

The bleaches tested7 contained either ammonium dichro-
mate (ADC) with sulfuric acid (SA) or ferric sulfate (FS) as
the oxidizer to which either potassium permanganate (KPM)
or ammonium persulfate (APS) were added for the oxida-
tive in vitro synthesis of bromine from potassium bromide
(KBr). Some bleach formulations are detailed in Table IV.

The quantity of molecular bromine generated in the
bleach solutions according to the spectroscopic analysis7,23

together with the calculated stoichiometric quantities and
solution redox potentials are listed in Table V. The trans-
mittance Tu of unexposed and processed photographic
plates (Agfa 8E56) as well as transmittance Te after accel-
erated illumination are also included in Table V. The cal-
culated bromine values for the bleaches WM-X1
(containing ADC, KBr, and KPM)7,23 and WM–Y1, WM-
Y3, or WM-F1 (Table IV) were determined according to
the following chemical reactions, respectively:

MnO4
– (aq.) + 4H+ + 3 Br– (aq.) →

   1.5 Br2 (aq.) + MnO2 (s.) + 2 H2O,        (13)

S2O8
2– (aq.) + 2 H+ + 2 Br– (aq.) →

                         Br2 (aq.) + 2 HSO4– (aq.). (14)

In the reference bleach solutions ADC / SA / KBr (WM –
Y0) and FS/KBr (WM-F0), no bromine could be detected;
Weiss, et al.



TABLE III. Developer formulations used in RB and SHSG
Processing Procedures

Chemical CW-C2 (g/l) MAA (g/l) MAAS (g/l)

Catechol 10 — —
Metol — 2 2
Ascorbic acid 5 20 20
Urea 50 — —
Sodium sulfite 5 — 50
Sodium carbonate 30 50 50
(anhydrous)
Deionized water to 1 l to 1 l to 1 l
Inorganic Materials for Archival Holographic Recording
TABLE IV. Formulations of WM-X and WM-Y Bleaches

Chemicala) WM-Y0 WM-Y1 WM-Y2 WM-Y3 WM-F0 WM-F1

ADC 3 3 3 — — —
KBr 30 30 30 30 30 30
SA conc. (cc/l) 2 2 2 2 — —
APS — 10 — 10 — 10
FS — — — — 30 30
Br2 (cc/l) — — 1.0 — — —
EDTA — — — — 30 30

a) Quantities in g/l, unless otherwise indicated, ADC—ammonium
dichromate; SA—sulfuric acid; APS—ammonium persulfate;  FS—ferric
sulfate; EDTA—ethylene diamine tetraacetic acid disodium salt.
TABLE V. Measured (anal.) and calculated (calc.) bromine concentrations, redox poten-
tials (E) and holographic emulsion transmittance, unexposed (T u) and exposed by ac-
celerated light stability test exposure (T e) S for different bleach formulations.

Bleach Br2 (anal.) (cc/l) Br2 (calc.) (cc/l) E (calc.) (V) Tu (%) Te (%)

PBQ-2 — — — 67.7 40.5
WM-X0 — — — 62.0 42.0
WM-X1 0.9 1.0 +0.42 70.5 70.5
WM-X2 1.0 — — 71.5 71.5
WM-Y0 — — –0.21 61.5 57.4
WM-Y1 0.3 0.8 +0.73 70.0 70.0
WM-Y2 1.2 — — 71.1 71.1
WM-Y3 0.2 0.8 +0.94 69.4 68.6
WM-F0 — — –0.03 60.2 53.7
WM-F1 — 0.8 +0.91 68.6 67.8
this is consistent with the calculated negative redox po-
tentials (see Table V) of these systems.

The absorption spectra of a holographic emulsion (Agfa
8E56), exposed and processed with WM-Y2, according to
a reversal bleach procedure7,10,23 clearly indicated that bro-
mine is adsorbed into the holographic AgHal/gelatin coat-
ing. Furthermore, the disappearance of the charge transfer
transition strongly suggested that bromine is mainly
adsorbed at the AgHal interface.7,23 We also found that
photolytic darkening with our samples could occur after
prolonged soaking in water and isopropanol with a con-
comitant disappearance of the bromine absorption bands.

Figure 3 shows the change in optical density (OD) induced
by the accelerated illumination (exposure of 100 mJ/cm2)
as a function of the holographic recording exposure for
different bleach formulations. Clearly, the bleaches con-
taining bromine (see Table V) show little, if any, deterio-
ration in transmittance or OD after the accelerated light
exposure. Not surprisingly, the bleaches with the highest
bromine quantities (WM-X2, WM-Y2) also exhibited high
stability at test conditions. Also evident is that relatively
large density changes only occur with the bleaches not con-
taining bromine. Moreover, these changes increase mono-
tonically with exposure as shown in Fig. 3. This last
observation is indicative of an increase in sensitivity to
printout silver formation due to an increase in AgHal grain
size20 with recording exposure as a consequence of AgHal
material transport during the bleaching process.12,23,24 The
same samples were also inert to direct sunlight exposure.
Also no signs of darkening were found with samples over
one year old that were processed with WM-X2; this indicates
that long-term stability can be achieved with this bleach.

The absolute DE as a function of exposure for transmis-
sion gratings developed in CW-C2 and bleached with three
different solutions according to a RB processing proce-
dure7,10,23 are depicted in Fig. 4. Two phenomena become
apparent when comparing the two ADC / KPM (WM-X0,
X1) based bleaches against a well-known parabenzo-
quinone based bleach (PBQ-2).7,42,43 First, the DE response
is shifted to higher exposures and, second, the maximum
DE reached are significantly higher with the KBr contain-
ing bleach (WM-X1). While the first mainly indicates a
different refractive index modulation response, the sec-
ond is also partly due to an increase in transmittance
through the processed emulsion. This higher transmit-
tance stems from bromine bleaching the sensitizing dye
in the recording layer20 as observed by the disappearance
of the magenta coloration and the appearance of the yel-
lowish emulsion color.

The bleaches containing bromine were also evaluated
for reflection holographic recording: Figure 5 shows DE
as a function of exposure for reflection gratings recorded
in Agfa 8E56 processed with the WM-X1 (KPM contain-
ing) formulation as well as those processed with PBQ-2
according to a RB procedure.7,10,23 Here, comparable DE
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Figure 3. Change in optical density induced by accelerated illu-
mination (100 J/cm2) as a function of recording exposure for dif-
ferent WM bleach formulations. The developer used was MAA.
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has been achieved by both bleach formulations; however,
as discussed above, the new WM formulations were sig-
nificantly more stable against photolytic darkening by
print-out silver. No significant differences were found in
the holographic results and the photolytic stability of emul-
sions processed in bleaches containing bromine that was
either chemically synthesised in the bleach solution or
added from the bottle and dissolved in the bleach.7,23

Our experimental results clearly indicate that bromine
in the emulsion layer is the direct cause for the strong
desensitization of photolytic print-out silver formation. In
the presence of large quantities of Br2, which is partly
bound in the gelatin matrix and partly chemisorbed at
the gelatin/AgHal interface, the inhibition of latent im-
age formation can be explained by two mechanisms. First,
from a molecular point of view, chemisorbed bromine dis-
sociates into the atomic species and ultimately injects holes
into the AgHal valence band,30 which either increase re-
combination rates with electrons from the conduction band
or reverse the nucleation process of metallic silver forma-
tion.20,30 Second, from a thermodynamic point of view, the
oxidation potential of the emulsion layer is significantly
increased by the introduction of bromine, again causing
heavy latent image inhibition.32

The Holographic Storage Mechanism. Based on ex-
perimental evidence, we have developed a relatively simple
semiempirical model for elucidating the storage mecha-
nism of bleached AgHal holograms.10 The model treats
the bleached emulsions as a composite material consist-
ing of several components, all of which independently
contribute to the overall refractive index modulation.
These contributions are due to AgHal grains, gelatin,
and gelatin matrix voids. The model predicts how each
of these contributions may influence the DE versus ex-
posure responses of holographic gratings recorded in
bleached AgHal emulsions.10,23

For simplification, we assumed that the refractive in-
dex modulation owing to each of the three contributions
of AgHal grains, gelatin hardening, or void formation are
linearly dependent on exposure over a relatively large
range. We believe this assumption to be valid, because the
individual refractive index modulations result from sec-
ondary reactions of the silver halide development process;1

such modulations have been determined to depend linearly
on the silver optical density modulation,47 which in turn
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Figure 4. Diffraction efficiency as a function of exposure for
holographic transmission gratings developed in CW-C2 and
bleached with either PBQ-2, WM-X0, or WM-X1 formulations.
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is essentially linear with exposure.1 Such a linear depen-
dence can be derived by the linear approximation of Eq. 6.
The refractive index modulation at a given exposure can
thus be derived from the difference between the refrac-
tive indices at some exposure level and zero exposure.
Specifically, the linear dependence of the refractive index
modulation on exposure p for any contribution i can now
be written as

∆ni(p) = γip – ti, (15)

where γi and ti are constants that depend on recording ma-
terial properties as indicated in Eq. 6. The range for ∆ni

(p) is 0 ≤ ∆ni (p) ≤ ∆nsi, where ∆nsi is the refractive index
change at saturation.

We can find the overall composite refractive index modu-
lation as the sum of the modulations owing to the indi-
vidual contributions by applying the Lorentz-Lorenz
addition principle of fractional refractive indices for a mul-
ticomponent system24,44,50,52 (Eq. 5), written as10,23

∆ntot(p) = ∑i∆ni(p). (16)

As alluded to in Fig. 2, there may be a phase shift of π
between some of the contributions for certain processing
procedures, such as RB. Such phase shifts of π are ac-
counted for in Eqs. 9 and 16 by using the appropriate sign
before ∆ni(p). For example, for RB, the refractive index
change with exposure owing to AgHal grains is negative,
whereas that of gelatin is positive.

The three independent contributions have a total of nine
independent variables as γi, ti and ∆nsi. With the RB and
SHSG processing procedures, only two contributions are
dominant, and because the refractive index modulation
owing to the individual contributions are interrelated with
each other,7,8,9,20,49 the number of independent variables can
be reduced to three.10,23 Substituting Eq. 15 into Eq. 16
and Eq. 16 into Eq. 10, which is the DE solution derived
from the coupled wave theory,26 yields the exposure-de-
pendent diffraction efficiency for thick transmission phase
gratings, with the grating vector being parallel to the re-
cording plane, as

η(p) = A sin2 [π∆ntot(p)L/2λcosθ], (17)
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where A is the attenuation factor for absorption losses
(equal to 1 for a pure phase material), L the grating thick-
ness, λ the wavelength and θ the incidence angle of the
readout beam. The grating thickness L is assumed to be
independent of exposure p. This assumption is reasonable
for the RB and SHSG processing procedures. Specifically,
with the RB procedure, we use a rehalogenating bleach
formulation, in which there is almost no AgHal removal
from the emulsion layer, and consequently almost no
shrinkage. With the SHSG procedure,8,9,10,23 the shrinkage
that occurs by complete AgHal removal (fixing) is uniform
and independent of exposure. However, with other pro-
cessing procedures, such as in the direct bleach procedure,
shrinkage is dependent on exposure,44 and so L(p) must
replace the constant L in Eq. 17.

Our model was evaluated by recording holographic grat-
ings in bleached silver halide materials using the RB and
SHSG processing procedures. Specifically, the RB proce-
dure was tested to determine the influence of adding sulfite
to a tanning developer formulation (MAA), and the SHSG
procedure was tested to determine the influence of gela-
tin-swelling agents introduced into the hot water soak
bath.

The linear responses of the refractive index modulation
versus exposure for the individual contributions were de-
termined separately by using interferometric knife edge
experiments.10,23 Figure 6 shows the experimental refrac-
tive index modulation as a function of exposure in Agfa
8E56 emulsions, which were processed with the RB pro-
cessing procedure, using the MAA developer. The results
shown are for two contributions in a composite emulsion
system with linear responses according to Eq. 15. As can
be seen, the slopes of the two contributions have opposite
signs, which reflect their reversal (π-shifted) response; a
negative slope was obtained for the response of the AgHal
contribution (i = 1) and a positive slope for the contribu-
tion due to gelatin tanning (i = 2). Note that the resultant
composite emulsion response goes through a minimum
before reaching saturation.

Figure 7 presents the calculated and experimental DE
versus exposure response for thick holographic transmis-
sion phase gratings recorded in Agfa 8E56 emulsions and
processed with the RB processing procedure using the MAA
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Figure 6. Refractive index modulation as a function of exposure
in Agfa 8E56 emulsions, processed with the RB processing proce-
dure. The linear responses of the AgHal (∆n1) and gelatin (∆n2)
contributions with the parameters in Eq. 15 being γ1  = – 2.9 ×
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developer.7,10,23 The DE response was calculated according
to Eq. 17, by using the composite refractive index modula-
tion versus exposure response shown in Fig. 6. The calcu-
lated response predicts a maximum DE of less than 100%;
the maximum DE occurs where ∆ntot (p) is highest, indi-
cating a limited dynamic range of the refractive index
modulation of the composite emulsion. The good agree-
ment between theory and experiment indicates that our
model is indeed suitable for representing the holographic
storage mechanism in reversal bleached emulsions. Spe-
cifically, the contribution owing to gelatin also has to be
considered, especially when using a tanning developer for-
mulation, such as MAA, even in conjunction with a
nontanning bleach formulation, such as WM-F1.

Figure 8 depicts the calculated and experimental results
for holographic transmission phase gratings recorded in
Agfa 8E56 emulsions processed with the RB processing
procedure using the MAAS developer.10,23 These results,
with the sulfite-containing formulation MAAS, show that
the storage is primarily due to one contribution, i.e., γ2 =
∆ns2 = 0, indicating that the gelatin matrix was not sig-
nificantly affected by the MAAS processing. This is in agree-
ment with the fact that the addition of a sufficient amount of
sulfite to tanning developers suppresses the usual tanning
action in combination with strongly oxidizing bleaches.49 An
important practical consequence of the elimination of the
gelatin contribution, by processing with MAAS in the RB
processing procedure, is that the maximal measured DE
was increased by about 10% as seen by comparing Figs. 7
and 8. This was confirmed by the calculation predicting a
maximum DE of 100% with only one conribution.

Similarly, the refractive index responses were obtained
for Kodak 649F emulsions, which were processed with the
SHSG processing procedure.8,9,10,23 Note that with the
SHSG processing procedure, the contribution of the AgHal
grains to the composite refractive index modulation is com-
pletely eliminated by the fixing and subsequent water
soaking steps. Nevertheless, these steps cause void for-
mation by material removal and subsequent amplification
by gelatin swelling (see Fig. 2). In any case, only two con-
tributions need be considered. Because they originate from
the initial silver development processing step, identical
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threshold and saturation exposure values were chosen.
Linear responses according to Eq. 15 were taken for the
individual contributions. A response with positive slope
was obtained for the contribution owing to gelatin tan-
ning (i = 1) and a negative and much lower slope for the
gelatin matrix void formation (i = 2).10,23

The DE responses for holographic transmission gratings
recorded in Kodak 649F are presented in Fig. 9. Figure 9(a)
shows the calculated and experimental responses of DE as
a function of exposure for holographic transmission grat-
ings processed with the SHSG procedure.8,9,10,23 The calcu-
lated DE response was computed according to Eq. 17, by
using the composite refractive index modulation versus
exposure response shown in Fig. 9(a). Good agreement ex-
ists between the calculated and experimental results. This
verifies our assumption that the storage mechanism in
SHSG holographic gratings essentially involves two con-
tributions. Figure 9(b) depicts the response of the overall
refractive index modulation, and the calculated and experi-
mental DE as a function of exposure for transmission grat-
ings processed with SHSG in the presence of
triethanolamine (TEA).8,9,10,23 The TEA was introduced into
the hot water soak solution at 10%. Again, good agreement
between the experimental and calculated results was ob-
tained with only one contribution being dominant; in this
case, the refractive index modulation is solely due to gela-
tin tanning. These results indicate that TEA influences the
dynamic range of the composite refractive index modula-
tion. This can be attributed to index matching or mismatch-
ing of voids in the gelatin matrix by gelatin-swelling agents.9

Because TEA with a refractive index of about 1.47 is much
closer to the gelatin refractive index (n ≈ 1.50) than the
indices of other liquids involved in the processing, such as
water (n = 1.33) and isopropanol (n = 1.38), the contribu-
tion owing to matrix void formation is negligibly small. Note
that the experimental results with the swelling agent sor-
bitol (n ~ 1.33) instead of TEA were identical within experi-
mental error to the pure water soak control results.9

The close agreement between the calculated and experi-
mental results in the linear region (below saturation) con-
firms the validity of our model. In the saturation region,
the experimental results showed increasing deviations
from the theoretical curve. This indicates that other fac-
tors are becoming increasingly important in the satura-
tion region. These include recording nonlinearity,45,46

recording intermodulation noise (noise gratings),47 and in-
creased grain size,7 all leading to increased light scatter-
ing during readout46,50 and decrease in dynamic range
owing to increasing contribution of bias illumination.47

Another effect not included in our model but that may
become increasingly important at high exposures is the
chemical neighbor effect, which contributes to nonlinear
recording.20

Inorganic  Colloids
Photodeposition Processes and Mechanisms. The

formation of thin layers by photodeposition (PD) from inor-
ganic colloid solutions irradiated by visible and ultraviolet
radiation has been investigated since the late 1970s.11,53–57

Specifically, photodeposition of amorphous selenium (a-Se)
layers has been exploited for recording high-resolution
patterns56 and submicrometer holographic gratings.11,12,13

The PD holograms are ultrathin surface relief gratings of
layer thicknesses in the range of tens to hundreds of na-
nometers.11,12,13 More recently, cadmium sulfide (CdS) or
zinc sulfide (ZnS) colloids, irradiated with UV and visible
light, were found to form similarly thin Cd or Zn layers.14,15
Weiss, et al.



Photodeposition has the following inherent advantages:
first, the deposited thin film thickness as well as lateral
film thickness variations can be accurately controlled.
Second, optical recording is carried out in one step with-
out the need of additional chemical processing steps (such
as in photolithography). The main disadvantage of the
current colloidal PD systems is their low exposure sensi-
tivity; e.g., to deposit a film of 100 nm thickness, an expo-
sure of several J/cm2 is needed.12–13

To explain the various processes involved in PD, let’ s
resort to the schematic representation of Fig. 10. The
photoreactor cell, filled with the colloidal solution, is ir-
radiated through the transparent window. As a result of
the irradiation, the following macroscopic photochemi-
cal/photophysical phenomena were observed in the a-Se
system: (1) The size of the colloidal particles in-
creased.53,54,58 This leads to (2) sedimentation of the col-
loid to the bottom of the cell.53,54,58 (3) solid a-Se material
is photodeposited at the suface of the reactor window or
on any other substrate immersed into the solution. With
the recently developed CdS colloidal system,14 additional
phenomena have been observed: (4) An additional and
different colloid of elementary Cd is formed in the reac-
tor,14 which may sedimentate, according to (2), and/or
deposit,14 according to (3). The phenomena associated
with (1), (2), and (4) are called volume photoprecipitation
(VP),14,53,54,58 and those according to (3) are called surface
photodeposition (SP).53,54

Photodeposition Procedures and Results. The
preparation of the Se colloidal solutions are based on a
slow chemical reduction of selenious acid in the presence
of sulfite,53,54 according to the reaction of

 
    
H2SeO3(aq) + 2Na2SO3(aq)

→
← Se(s)

0 + 2Na2SO4(aq) + H2O.
(18)

The detailed procedure to prepare the Se colloids in-
cludes three stages.53,54 In stage (a) the cool reaction solu-
tion (4°C) is prepared; in stage (b), the nucleation and
growth of solid a-Se particles, according to Eq. 18, is in-
duced by heating the reaction solution (a) to room tem-
perature, and, finally, in stage (c), the colloid solution of
(b) is aged at 4°C for at least two days. The sizes of the
particles at this stage range typically54,55 from 10 to 70
nm. In order to obtain reproducible PD results, it is neces-
sary to age the colloids, according to stage (c). When the
colloids in the photoreactor cell (Fig. 10) are exposed to
UV or visible radiation (<580 nm), the PD processes set
in. The chemical transformation during PD can be de-
scribed by an autocatalytic photoreduction reaction,58 simi-
larly to the dark reaction of Eq. 18.

The preparation of the photoactive CdS colloid sol is
based on a two-step chemical reaction sequence of 14

    
Cd(aq)

2+ + SO3(aq)
2− OH−

 →
←  CdSO3(s) , (19)

and

    
CdSO3(aq.) + Na2S(aq.)

OH−

 →
←  CdS(s) + Na2SO3(aq) . (20)

In the first step, a solution of a water soluble cadmium
salt (CdCl2, Cd(NO3)2, etc.) is added to a solution of so-
dium sulfite producing solid cadmium sulfite as assessed
by powder x-ray diffraction spectra and in accordance with
Eq. 19. In the second step, the colloidal system is created
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by nucleation and growth of solid CdS particles, accord-
ing to Eq. 20, by adding a solution of sodium sulfide to a
solution containing the sulfites of cadmium and sodium.
This two-step reaction sequence increases the exposure
sensitivity of the colloid solutions by several orders of mag-
nitude when compared to a one-step precipitation.14

For the PD experiments, the colloid solutions were
poured into polymethylmethacrylate (PMMA) spectro-
scopic cuvettes of 1-cm optical path and equilibrated at
the operating temperature. The metastability and photo-
activity of the standard CdS hydrosol are shown in Fig.
11. It shows the effect of irradiation by a UV lamp (high
pressure Hg with a power of about 1.6 W/cm2) on the col-
loidal absorption spectra.14 The shoulder in the absorption
spectra in the range of about 380 to 460 nm can be assigned
to the CdS sol.59 With irradiation, the absorption is sig-
nificantly lower, indicating the decrease of CdS. This is
owing to continuous transformation of CdS to Cd0, thereby
gradually decreasing the number of CdS particles. As a
consequence, the number of exposures that can be applied
to the same sample is limited. Nevertheless, we found that
by additional precipitation of CdS from the soluted Cd2+

ions of irradiated sols (by adding Na2S, according to Eq.
20), their photoactivity could be recovered.14

As noted earlier, the exposure sensitivity of the CdS col-
loids increased significantly when a two-step reaction se-
quence, according to Eqs. 19 and 20, was used for the
preparation. We attribute this sensitivity increase to the
presence of cadmium sulphite that creates a reducing and
basic environment enabling the photoreduction of CdS to
elementary Cd0. This assumption is supported by further
evidence: we found that the addition of sulfurous acid sig-
nificantly decreased the exposure sensitivity and that the
addition of hydroquinone or triethanolamine under basic
conditions increased the exposure sensitivity.

The experimental results lead to three important conclu-
sions.14,23 First, the CdS colloidal particles are identified
as the photoactive centers. Second, the number of CdS
particles and not the soluted Cd2+ concentration determine
the photodynamic range. This represents an important
difference between the CdS and the Se colloids where ex-
hausting the Se colloid photoactivity is much more difficult,
because additional Se particles are continuously generated
during irradiation.53,58 Third, basic and reducing conditions
in the CdS colloid sol increase its photoactivity.

The temperature dependence of the film growth kinetics
indicate that PD is not a pure photochemical process, but

Figure 10. Schematic representation of a photoreactor cell and the
volume  photoprecipitation (VP) and surface PD (SP) processes.
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is governed by thermally activated processes. To estimate
the magnitude of thermal activation of the SP process, the
quasi-linear growth rates [dξ/dt]QL were determined at vari-
ous temperatures14,23 producing an Arrhenius-type activa-
tion graph shown in Fig. 12. In accordance to the
Arrhenius-type activation equation of

[dξ/dt]QL = [dξ/dt]0 exp(–EA/kT), (21)

we extract from the slope of Fig. 12 an activation energy
of EA ≈ 0.68 eV. From the similarity of the CdS activation
energy to that obtained60 for the Se PD process (EA ≈ 0.7
eV), we assumed that the thermally activated processes
involve chemical reduction of the photoactivated Cd2+/CdS
to Cd0, Brownian motion of the colloidal particles from the
bulk to the solution/substrate interface, and their adsorp-
tion onto the substrate.14,23

It was found that SP significantly depends on the sub-
strate material as assessed from PD experiments with
several substrate materials.14 Specifically, the following
relative substrate adsorption affinities were found for Cd:

glass < mylar < PMMA < Cd film.

It was therefore concluded that the colloidal particle
adsorption onto the substrate represents the rate-deter-
mining step. This is also supported by the SP growth ki-
netics: the initial growth rates during the induction period
are much smaller than those obtained during the continu-
ation stage.14,54,61

We found that the exposure sensitivity decreased by
several orders of magnitude when the irradiation wave-
length was changed from the UV (364 nm) to the visible
(458 nm).14,23 Therefore, to determine the growth rates and
deposition times of CdS sols at visible irradiation, we in-
creased the sensitivity by resorting to reactor windows
with predeposited thin Cd layers of about 200 Å. Figure
13 shows the Cd film deposition rates at two laser power
levels as a function of photon energy derived from the dis-
crete visible wavelengths of an argon laser. The deposi-
tion rates decrease as the laser power and wavelength
increase. Note that the dependence of deposition rate on
wavelength is much stronger than would have been ex-
pected from the spectral absorbance results (Fig. 11) alone.

Also remarkable is that the volume PD process (VP) dis-
appeared at wavelengths above about 450 nm,14 suggest-

Figure 11. Absorption spectra of CdS colloidal sol.  (a) nonirradiated;
(b) irradiated sol with UV lamp beam of 1.6 W/cm2.
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ing that the PD process with CdS sols has to overcome an
intrinsic threshold value of photon energy. From this tran-
sition to a pure SP deposition process (above about 450 nm),
the threshold value is estimated at an energy of ≥2.8 eV.
Similar evidence for an energy threshold mechanism was
found for fluorescence excitation at wavelenghts above 430
nm with CdS, confined in surfactant-containing colloids.59

In the absence of VP, there is almost no scattering and the
laser beam passes through the solution without attenua-
tion. As a result, SP on predeposited windows, both in the
front and the back of the reactor, proceeded at almost equal
rates and layer thicknesses. These phenomena observed
with the CdS system are the first direct experimental evi-
dence that SP is a distinct step in the PD process.

1/T x 10 3 (oK x 10 3)

Figure 12. Log of quasi-linear Cd film growth rate as a function
of the reciprocal photodeposition temperature.

Figure 13. Cd film photodeposition rate as a function of photon
energy (wavelength), at  22˚C  for various laser powers of  (a) 10
W/cm2;  (b) 7 W/cm2.  Visible PD was on very thin predeposited
Cd layers (≈200 Å) on PMMA substrates.
Weiss, et al.



A general PD model for our CdS colloids was proposed14,23

that can consistently explain all the observed evidence. In
this model, the chemical mechanism is best represented
by the reaction scheme of

    
CdSs

hν
 →

←  e– + h+ , (22)

    
Cd e Cds aq

Cd CdS OH

s
2 02

0

+ +  →
← 

−

( / .)
–

/ // / //

( ) ,
Red ∆

(23)

where Eq. 22 represents the primary step that by the ab-
sorption of light quanta hν induces62 the generation of elec-
tronic charge carriers (e–, h+) in the conduction and valence
bands of CdS. Equation 23 schematically represents the
secondary step that produces elementary cadmium (Cd0)
and includes several subprocesses as alluded to by the sym-
bols on top of the arrows: Cd0/CdS indicates that the
photogenerated electrons reduce CdS to Cd0; our investi-
gations do not show whether this may result first in
mesoscopic clusters within the CdS colloidal particles (Cd0/
CdS) or whether these transform into elementary cadmium
colloidal particles (Cd0

(s)) in one step. Either of these can
occur according to the photon energy threshold evidence.
OH–/Red indicates that the Cd0 clusters/particles catalize
the fast chemical reduction of solid or soluted Cd2+ ions
under basic (OH–) and reducing (Red) conditions. Similar
cathalytic behavior was observed with rhodium-coated CdS
colloidal particles.62 This subprocess may occur either with
colloidal particles in the bulk solution (VP) or with par-
ticles adsorbed onto substrates (SP). The ∆ indicates that
these subprocesses are temperature activated. As dis-
cussed earlier, SP differs from VP in that it must include
an adsorption/desorption equilibrium during the initial
deposition stage.

Note that the PD processes as described by Eqs. 22 and
23 exist as chemical equilibria, including the reverse pro-
cesses of electronic carrier recombination62 and the chemi-
cal oxidation (Ox) of elementary cadmium to Cd2+ ions,
respectively. These reverse processes are expected to de-
crease the quantum efficiency of the PD process. However,
by choosing favorable chemical conditions (OH–/Red), car-
rier recombination can be reduced and the right arrow
reactions increased as manifested by a significant increase
in exposure sensitivities.14,23

Holographic Photodeposition and Results. Al-
though, the precise mechanisms that govern the PD pro-
cess are not completely clear yet, earlier investigations
revealed that the processes leading to surface PD are
highly localized;1–6 they mainly occur in the irradiated ar-
eas of the interface between the solution and substrate,
and the ultimate recording resolution seems to be related
to the size of the colloid particles in the solution.55–57 The
following model12 specifically accounts for holographic re-
cording in conjunction with PD recording media. When
recording simple holographic gratings by interference be-
tween two plane waves the cosinusoidal input exposure Ei

along the x-direction is

Ei(x) = E0 + E1 cos(2πxf), (24)

where E0 is the average exposure, E1 is the amplitude of
the modulated exposure, and f is the spatial frequency of
the grating. The modulation function Mi, associated with
this input exposure, is defined as Mi = E1/E0. Quite gener-
ally, the optical recording from colloids by PD is not linear
Inorganic Materials for Archival Holographic Recording
over wide exposure ranges.53,61 However, a sufficiently large
linear PD growth region exists over which the resultant
thickness of the PD layer can be approximated by a linear
exposure dependence.56,14 In this linear range, the varia-
tion of the grown layer thickness along x, as a result of a
cosinusoidal exposure Ei(x), will be given by

h(x) = h0 + h1 cos(2πxf), (25)

where h0 is the average layer thickness and h1 is the am-
plitude of the film thickness variation. The corresponding
surface grating modulation function Mg is then Mg = h1/h0.
The modulation transfer function M of the photodeposited
layer can be defined as the ratio of the modulation of the
grating surface to the input exposure,29 that depend on
the spatial frequency of the exposure, hence:

M(f) = Mg(f)/Mi(f). (26)

Alternatively, the modulation transfer function M(f) can
be derived by considering how the optical input signal is
affected by the colloidal recording medium. When record-
ing a linear interference pattern, this can be described by
a linespread function characteristic of the photodeposition
recording material. The optical linespread function is the
spatial intensity profile produced by a thin (input) sheet
of light when scattered by the recording medium. Similar
to photographic emulsions, the spatial linespread func-
tion A(x) can be written as63

    
A(x) = 1

K
e−2 x / K , (27)

where K is the linespread parameter that depends on the
characteristics of the recording material. The M(f) is ob-
tained by taking the Fourier transform of the linespread
function of Eq. 27, to yield63

M(f)=[1 +(πKf)2]– 1. (28)

To derive the M(f) in PD systems, the mechanisms that
contribute to the linespread parameter K were considered.
These included the optical extinction cross section58 and
linear particle aggregation number (N = 3); the optical
cross section included55,57 the geometrical cross section of
πa2 for monodisperse particle sizes a, and the correction
factor n/λ0, accounting for the light scattering cross sec-
tion,64 with n being the refractive index of the colloidal
recording medium. Accordingly, the PD modulation trans-
fer function was written as12

M(f) = [1 + (3π2na2f/λ0)
2]–1. (29)

Because in our experiments we also measured the fre-
quency response of the diffraction efficiency, we have to
relate it to the theoretical M(f) derived in Eq. 29. For thin
phase holographic gratings used in our investigations, the
diffraction efficiency is given by11,13

    
η( f ) = 1

4
(2π∆nh1( f ) / λ0 )2 , (30)

where ∆n is the difference between the refractive indices
of the grating and the surrounding medium (air) and λ0 is
the freespace readout wavelength. Using Eqs. 26 and 30,
we obtain another theoretical expression for the M(f) re-
sponse in our thin phase holographic grating system:
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M ( f ) =

λ0η 1
2 ( f )

π∆nh0Mi
. (31)

Finally, from Eqs. 29 and 31, we obtain the frequency
response of the diffraction efficiency for photodeposited
gratings:

    
η 1

2 ( f ) =
π∆nh0Mi / λ0

1 + (3π 2na2 f / λ0 )2 . (32)

To conclude the theoretical section above, we observe
that Eq. 29 relates the frequency response of the modula-
tion transfer function to the microscopic parameters of the
colloid system. Similarly, Eq. 32 relates the theoretical
diffraction efficiency frequency response to the microscopic
characteristics of the colloid.

For holographic recording,11,12 the colloid solutions were
first equilibrated at room temperature and poured into
polymethylmethacrylate (PMMA) spectroscopic cuvettes.
For simplicity, the cuvettes were not temperature con-
trolled; such control would be necessary, however, if high
reproducibility of results is desired. Nevertheless, this is
of little importance when evaluating normalized results
that correct for eventual temperature fluctuations and,
as a result, thickness variations. The colloid solutions in
the PMMA cuvettes were then illuminated by the inter-
ference patterns of two plane waves from an Ar ion laser
at wavelengths of 488 and 514 nm and exposures ranging
from 3 to 1000 J/cm2. The offset angle between the two
beams was varied between 20° and 70° to obtain spatial
frequencies ranging from about 700 to about 2200 lines/
mm. As a result, a-Se gratings were photodeposited on the
front and back surfaces in accordance with the process
given in Eq. 18. The optical readout of the holographic
gratings was performed with an He-Ne laser at 633 nm;
this wavelength was chosen so that the transmission
through the a-Se films would be larger.

The grating morphology was determined by two inde-
pendent methods;13 atomic force microscopy (AFM),13,23 and
optical readout. The AFM micrograph in Fig. 14 shows an
area of 2000 × 2000 nm of a typical PD hologram with a
grating period of about 500 nm. The cosinusoidal surface
relief is of relatively smooth texture indicating that the
colloidal particles coalesce during the PD film growth.57

Alternatively, from the measured DE, we evaluated11,12 the

Figure 14. AFM micrograph of a holographic grating recorded
by PD from an a-Se sol.
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amplitudes of the film thickness variations h1, according
to Eq. 30. The resultant PD holograms were ultrathin sur-
face relief gratings of average layer thicknesses in the
range of 100 to 2200 nm and with amplitudes of the relief
thickness variations in the range of 20 to 40 nm. Notewor-
thy is that the gratings recorded at λ = 488 nm exhibited
about twice the maximum DE than those recorded at λ =
514 nm, i.e., 13% as compared to 6%. This is probably be-
cause the deposition rate at the wavelength of 488 nm is
significantly greater than at 514 nm, allowing a faster grat-
ing recording time. Specifically, the PD exposure sensitiv-
ity of the gratings recorded at 488 nm was about 23 nm/J,
and that at 514 nm was about about 2 nm/J.

Figure 15 shows the experimental DE and theoretical M(f)
as a function of spatial frequency for PD holographic grat-
ings. The significant decrease of DE higher than 1300 lines/
mm indicates that the resolution is limited in our a-Se col-
loid system. Equation 31 shows that M(f) is directly pro-
portional to η1/2; therefore, in Fig. 15 the theoretical [M(f)]2

and the normalized experimental DE are compared. We
observe that although the general tendency of the experi-
mental points and the solid theoretical curves follow a simi-
lar behavior, some discrepancies occur. This indicates that
our simplified model should include additional mechanisms.
For example, in our model, Brownian motion of the par-
ticles and ionic diffusion were neglected.12 Also, ionic diffu-
sion between the irradiated and dark areas at the substrate/
solution interface with increasing spatial frequency should
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Figure 15. Theoretical [M(f) ]2 (solid line) and experimental DE
(points) as a function of spatial frequency for PD holographic grat-
ings with recording wavelengths of  (a)  514 and (b)  488 nm. The
experimental points are normalized by the low-frequency values.
The solid curves were calculated from Eq. 29 with n = 1.33  and a
= 77 nm.
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be included. Such adjacency effects have been observed and
accounted for in the responses of modulation transfer func-
tions in photographic emulsions.63

The theoretical frequency response in Fig. 15 was cal-
culated from Eq. 29 for particles with sizes of 77 nm. Be-
cause the experimental holographic gratings were
photodeposited with colloidal particles of sizes ranging
from 30 to 80 nm, the results indicate that the recording
resolution may be limited by the largest particles in the
colloid population. Therefore, the colloid particle size dis-
tribution must be reduced to record higher spatial frequen-
cies. For example, to exceed f ≈ 3000 lines/mm, it would be
necessary to resort to particles with amax ≤30 nm.

Conclusions
Inorganic material systems suitable for archival optical

holographic recording were investigated, with an empha-
sis on bleached silver halide emulsions and colloidal solu-
tions. Holographic recording and readout was shown to
be a powerful tool for elucidating basic photochemical and
photophysical mechanisms. Specifically, holographic re-
cording helped to determine dispersive contributions to
optical storage in composite phase recording materials.
Also the microscopic deposition mechanism of inorganic
colloidal particles could be evaluated by the spatial fre-
quency response of holographic recording.

Bleached silver halide holograms generally suffer from
photolytic degradation. By using bromine in the bleach
bath formulations, significant increases in the image sta-
bility to photolytic degradation were found. The spectro-
scopic and holographic investigations indicated that Br2

is adsorbed onto he AgHal grains, which explains the in-
creased stability by the inhibition of latent image forma-
tion and, consequently, of photolytic silver formation.

Experimental and theoretical investigations allowed us
to differentiate between individual contributions to the
refractive index modulation within the composite AgHal
emulsion system. These contributions originate from
microstructure formation induced by holographic record-
ing and chemical processing, including silver halide grain
relocalization by recrystallization and gelatin / gelatin void
matrix structurization by crosslinking and swelling. Spe-
cifically, increased contribution from the gelatin matrix was
found with tanning developer formulations, which include
catechol or metol, and/or tanning bleach formulations, which
include parabenzoquinone or ammonium dichromate. But,
reduced gelatin matrix contribution was found with the
addition of sulfite to tanning developers and/or using
nontanning oxidizing agents, such as ferric sulfate, in the
bleach formulations and/or adding bromine to the bleach
formulations. Furthermore, increased contribution of voids
in the gelatin matrix was found in SHSG holograms with
increased processing temperature. This contribution was
reduced by the addition of triethanolamine to the water
soak by index matching of the voids to the matrix.

The holographic experiments together with our theoreti-
cal analysis further revealed that the reduction in the
number of contributions to the refractive index modula-
tion in a composite emulsion layer may have a favorable
practical consequence; namely, the maximum DE increases
and may reach 100% in the case of homogeneous and
lossless volume phase gratings. Note, however, that with
composite systems, the dynamic range of refractive index
modulation will only be limited if the slopes of individual
contribution responses are of opposite signs.

The improvements achieved with our processing proce-
dures and formulations of bleached AgHal emulsions in
Inorganic Materials for Archival Holographic Recording
terms of DE, SNR, and stability to readout and environ-
mental radiation can be exploited for a number of holo-
graphic applications. These include holographic optical
elements for replacing conventional refractive optics,9,65–67

filters for optical pattern recognition,68,69 elements for
all-optical neural networks,70 and planar holograms for
three-dimensional display applications.71 With planar ho-
lograms where the readout beam propagates within the
holographic plate, losses due to light scattering become
important. Therefore, we suggest further optimization of
the present reversal bleach procedures to minimize grain
growth during processing.

Inorganic colloidal solutions such as amorphous Se, CdS,
and ZnS are deposited on substrates when irradiated with
UV and visible radiation. The experimental evidence re-
garding photodeposition with the recently developed CdS
colloidal system can be consistently explained by a rela-
tively simple reaction model. The model shows several
subprocesses similar to the Se system that seem, there-
fore, to be of general nature common to all colloidal PD
systems. First, the colloidal particles are the photoactive
centers that absorb the light and induce the primary pho-
toelectronic charge generation. Second, the photoactivated
colloidal particles then induce secondary processes, of
which the most important one is chemical reduction under
suitable (basic) conditions. In the bulk of the photoreactor,
this leads to the particle growth and sedimentation of the
sol, termed volume photodeposition (VP). Third, some col-
loidal particles move by Brownian motion to the solution/
window interface, where they are adsorbed; the adsorp-
tion affinity depends on the substrate material. Similar
to VP, the adsorbed and photoactivated particles again
form chemically reduced material, which, in this case, re-
sults in the formation of thin films, termed surface
photodeposition (SP). The SP process is thermally acti-
vated and is rate-limited by the adsorption step.

In addition, our results reveal some specific features that
characterize certain colloidal systems. For example, the
Se system consists of elementary particles, whereas the
CdS particles are ionic solids. Therefore, the Se colloids
photoreduce soluted Se4+ to solid Se0 by an autocatalytic
process, keeping the same colloidal composition. This is
different for the CdS sols, which photoreduce to Cd0 by a
heterocatalytic process, thereby changing colloidal com-
position. In this respect, we may anticipate that, for ex-
ample, Si or Ge colloidal systems would behave similar to
the Se sols and that CdSe or AgBr colloid solutions would
resemble the CdS system. Also interesting is the exposure
response of the CdS system, which shows a much stron-
ger dependency on wavelength than expected from the col-
loidal absorption spectra alone. This indicates a photon
energy threshold barrier in the primary photoprocess
mechanism. The threshold energy value is estimated to
be about 2.8 eV as indicated by the absence of the VP pro-
cess at wavelengths higher than 450 nm, where the SP
process was performed onto predeposited Cd layers. This
last phenomenon represents the first direct experimental
evidence that SP is a distinct step in the PD process.

The resolution capabilites of the photodeposition pro-
cess from inorganic colloids were analyzed by a theoreti-
cal model and determined experimentally by holographic
recording. The proposed microscopic model relates the
spatial frequency responses to optical recording param-
eters and to the colloid system particle sizes. Therefore,
on one hand, the theoretical relationships enable us to
evaluate the influence of colloid particle sizes on the reso-
lution possible with the photodeposition process. On the
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other hand, holographic recording can be exploited as an
experimental method for determining the particle sizes of
a given colloid from the measured resolution capabilities.
The maximum experimental diffraction efficiency of holo-
graphic gratings recorded by photodeposition with a-Se
colloids reached 13% with a spatial frequency of f = 1100
lines/mm. The diffraction efficiencies decreased with in-
creasing spatial frequency, and dropped to half of the maxi-
mal DE at f ≈ 1500 lines/mm. These resolution capabilites
were achieved with colloid particle sizes reaching 80 nm.
To obtain ultrahigh spatial frequencies of higher than 10,000
lines/mm, the theoretical derivation indicates that the col-
loid particle size should be restricted to amax ≤10 nm.
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