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For the first time, atomic force microscope measurements on the (111) and (100) surfaces of
AgBr orystals are reported. We could image steps of varying sizes ranging from 0.9 nm to
several nm. The lateral orientation of these steps could be determined by comparison with x-
ray measturements. On the (100) surface, steps with the low index orientations {011) and
(011) were observed. On the (111), surface steps were mainly oriented in the (121) and (110)
directions. The most evident difference between these surfaces was that on the (111) surface
no crossing steps occurred. This observation will be discussed in relation to the adsorption of
dye aggregates on these crystals, which is of great importance for photographic emulsion

technology.

. INTRODUCTION

According to a recent review by Hamilton, the primary
photographic process is strongly influenced by certain sur-
face properties of the silver halides. Kink sites on the surface
and jogs on dislocations are regarded as sinks and sources for
defects (silver-ion interstitials Ag" and silver-ion vacan-
cies}. Actually, it is known that the surface generation pro-
cess is dominant in sifver halide microcrystals with respect
t0 the Frenkel mechanism. For a 0.1-um® AgBr microcrys-
tal, one pair of defects is attributed due to the Frenkel equi-
librium, and 10® or more Ag," will be surface induced. Be-
sides the production of interstitials, partially charged kink
sites and jogs play a crucial role in the nucleation and growth
of silver clusters forming the latent image. According to the
Gurney—-Mott principle,” the absorbed photon produces an
electron-hole-pair. If the electron is trapped, it is probable
that this electron combines with a mobile Ag,™ . If the trap-
ping center is close 1o a positive kink site or jog, the net
partial charge of — e/2 leads 1o a coulombic attraction of a
Ag.". Further absorption of a photon, trapping of the elec-
tron, and attraction of the silver ion will lead to the growth of
a silver cluster. The partial charge will promote this growth
until the cluster is stable encugh to act as a latent image.

Silver halide monocrystals were shown™’ to represent a
good model for studies of the photographic process. After
exposure to actinic light, half-tone images can be developed
in a chemical or a physical developer. Kanzaki® has shown
by the cbservation of printout silver that silver centers form
at the surface and not in the subsurface region, where the
Ag” concentration is high. This is a strong indication that
kink sites are nucleation centers for silver clusters. Although
there is much evidence for this concept, there are still open
questions. Classical kink sites are located on the (100) sur-
face of ionic crystals, On the (111) surface, there is no strict
analogy to these kink sites. The presence of similar, partially
charged “kinklike” sites is only presumed. A further ques-
tion is the nature of the reconstruction of the AgBr (111)
being necessary for charge neutrality.
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In this context, it is clear that the surface structure is of
great interest. To our knowledge, the only technigue applied
systematically to investigate the silver halide surface struc-
ture is metal decoration combined with scanning electron
microscopy. Hamilton and Brady® found preferential sites
forming an ordered array and proposed several possible
structural models for the (111) surface. They could not ¢b-
serve steps or kinklike sites.

The recently developed atomic force microscope
{AFM)® is a method to investigate the local structure of
insulating surfaces. Similar to the stylus profilometer, a force
senscr is raster scanned nearby the surface. With a high sen-
sitivity of about 0.01 A, the interaction force is monitored by
the measurement of the deflection of a cantilever-type
spring. Typical interaction forces range between 107° and
107" N.° Several layered compounds as highly oriented
pyrolitic graphite and highly oriented pyrolitic boron nitride
and MoS, % could be imaged with atomic resolution. The
application to the ionic crystal LiF has been reported in a
previous work. " Steps of one cell height have been imaged.
The present paper is the first systematic AFM study on the
AgBr surface. We investigated the (100) and (111) surface
of AgBr monocrystals. The local step structure could be re-
solved. Step heights and lateral orientations with respect to
the bulk lattice were determined. Distinct differences
between the step structure on the (100) and (111} were
found. These results will be discussed with respect to the
preferential growth of dye aggregates on these surfaces.
Atomiic resolution has not yet been achieved.

i EXPERIMENT
A. Sample preparation and characterization

With a crucible-free method,* single crystals of high
purity have been prepared. A 99.9995% Ag rod was heated
with a frequency coil to 600 °C. In the presence of a bromine
atmosphere {200 Torr), the AgBr single crystal was grown.
The total impurity content was determined to be less than ¥
ppm, which corresponds to the purest monocrystals ever re-
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FIG. 1. Photograph of our instrument. From the left to the right are the
nticrometric screw, the eccentric mechanism, the block of ceramics with the
STM and the leaf spring, the block with the sample, and the coarse screw.
The support of the cantilever is directly mounted to the leaf spring with a
magnet or glue.

poried in the lterature. A chemical polishing method has
been applied to obtain a minimum surface roughness.”

It was shown with Rutherford backscattering spectros-
copy that the crystal is well ordered up to at least two to three
layers below the surface.'” From scanning electron micros-
copy and optical interference microscopy, we concluded
that the mean surface roughness is beiow 30 am. Ellipso-
metry confirmed that the crystals are contamination free.
No adsorbed silver-cyanc complexes from chemical polish-
ing with KCN are present at the surface. AgBr surfaces are
known 10 be inert in air. Water films do not abserb (ellipso-
meter measurements}. For AFM measurements, samples
were cut from the AgBr rod after x-ray orientation. Caution

SA

{a})

was taken to avoid contact with metals, which would lead to
corrosion of the samples. All measurements have been per-
formed under red light. Actually, one of the major advan-
tages of the AFM is that any exposure to actinic radiation
can be avoided.

B. Instrumentation

The instrument is mounted on a commercial antivibra-
tion table and is operated in ambient air. The deflection of
the cantilever is monitored with electron tunneling. For this
reason, a scanning tunneling microscope {(STM) device is
fixed to a ceramic block (cf. Fig. 1). The cantilever support
is attached to a leaf spring. With two screws the leaf spring
can be bent, leading to a well-defined approach of the lever to
the STM tip. STM and cantilever together act as the force
sensor. This sensor is approached to the sample with a com-
bination of micrometric screw and eccentric mechanism.
This way smalil, controlied movements of 5 nm can be made.

All movable parts are pressed against hard springs, rais-
ing the stiffness of the instrument. We used 810, cantilevers
produced by microfabrication.’™!! Owing to the smail di-
mensions of the cantilevers (1.5X 40X 140 um®), a spring
constant of 0.7 N/m can be combined with the high reso-
nance frequency of 63 kHz. The high resonance frequency of
the whole system including the cantilever is important to get
insensitive to mechanical vibrations of the building and
acoustic noise.'® The choice of machinable ceramics is justi-
fied by the similar thermal expansion coefficients of ceram-
ics and piezomaterial leading to small thermal paths, and
thus high stability of the tunneling gap and the interaction
distance between probing tip and sample.

One severe problem in atomic force microscopy is tip
conditioning. At present, microfabrication technique is not
able to add a sharp tip to the rectangular or triangular canti-
levers. The experimentalist has the choice to use an edge of

750A

{b}

FIG. 2. (a) 1800 2250-A line-scan image of AgBr(111}. The step height varics between 9 and 28 A. The step direction corresponds to { 1Z21]. (b} Bird view
of the same measurement. With the help of computer modeting, the surface can be illuminated by an imaginary light source.
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the cantilever by tilting the lever or 1o glue small diamond
fragments to the end of the lever. Although the second meth-
od needs some manual skill, it turned out to be favorable to
minimize multiple tip effects. Scanning electron microscopy
studies of such levers showed that the tip radii are in the
range of less than 1000 A. The end of the diamond is formed
by a tetrahedron confined by crystallographic faces.

il RESULTS
R — Figures 2-5 are examples of the measurements of AgBr.,
{a} 750A The typical force between probing tip and samples was set

repulsive ranging between 10~* and 1077 N. Successive im-
ages were very reproducible and revealed small thermal
drifts of about 100 A/h in the lateral direction. The typical
time to acquire one image was i-5 min. Therefore, distor-
tions due to thermal drift can be neglected.

Determining the angle of the steps relative to the crys-
tallographic axes, the different calibration of the piezoscan-
ner has to be taken into account. The accuracy of the angle is
about &°.

Figure 2 is a 18002250 A? area of the AgBr(111)
surface. The width of the terraces is a few hundreds of A and
the height ranges from 9 to 28 A. The steps are guite parallel.
The orientation is attributed to the | 121]. On different loca-
tions of the sample, other steps in the [ 110] directions were
found. An interesting feature is shown in Fig. 3. Here a step
changes its direction. Starting from the upper right to the
lower left, the [121] turns into [011], returns to [121},
changes to [ 112], and finally extends in the [ 110] direction.

All the steps we could image on the (111) surface were
FIG. 3. (a) 1800 2250.47 ¢ AsBr(11). Starting from ih well separated by large terraces. In contrast to this is the
righ£ m. thi lower left, a step c(;:z:'gZS itsg diiictiozn'fm?; ?11%1;01:; th:{%}%}ﬁt‘ behavior on the (100) surface. As shown in Flg. 4, the steps
returning again to the [ 121}, changing to the [112], and extending finally ~ CrOsS each other and the terraces are surrounded by steps.
inthe [ 110] direction. (b) Schematic diagram showing the step orientation. The step heights vary from 10 to 80 A. The orientation of the

T50A

{b}

FIG. 4. (a) 3000 3750-A? line-scan image of AgBr(100). The steps cross each other. Some curvature of the steps is visible. Thus the crystailographic
directions cannot be attributed uneguivocally. (b} Corresponding bird view.
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FIG. 5. (a) 3000 3750-A2 line-scan image of AgBr(100). The steps running diagonally can be attributed to | 1107 and [ 110]. (b) Corresponding bird view.

steps on the (100) was not as conclusive as in the case of the
(111). We observe a slight curvature of the steps as shown in
Fig. 4. However, in many images the steps aligned in the
[011] and [011] direction. Figure 5 is an example for this.

The measurements on these two faces of AgBr have been
performed with different tips. The results were consistent,
and multiple-tip effects could thus be excluded. The highest
resolution we could achieve is shown in Fig. 6. The ste
height is 9 + 1 A. With an interreticular distance of 5.77 A
(unit cell), this corresponds tc about two unit cells in
AgBr."" The step profile is not uniform, but exhibits some
substructure. At present it cannot be excluded that this sub-
structure is due.to the roughness of the probing tip or due to
some adsorbates jocalized at these steps. The atomic lattice
could not be resolved until now. Possible reasons are poor tip
conditioning or bad signal-to-noise ratic. Future work will
tend to clarify this point.

V. DISCUSSION

AFM is the only technigue by which terraces and steps
of atomic dimensions were detected on AgBr surfaces. Such
structures could not be revealed by vacuum deposition of
metallic nuclei on the {111) faces of epitaxial AgBr films,
although it was assumed from this study®’ that the highly
ordered metallic nuclei were formed at preferential surface
sites of unidentified character. The size and the concentra-
tion of platinum-palladium particles deposited on AgBr
(111) surfaces were found 1o be influenced by the presence
of an adsorbed cyanine dye forming highly ordered aggre-
gates (so-called J aggregates}. The resulting appearance of
patchlike deposition of the metal particles suggest that cer-
tain high-energy surfaces sites were blocked preferentially
by dye adsorption. However, no information about the exis-
tence of steps and discontinuities was obtained from these
studies.”
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AFM thas revealed the structure of surface terraces and
steps even at the surface of optimally polished AgBr mono-
crystals. Rutherford backscatiering spectroscopy’® per-
formed on identically prepared AgBr crystal surfaces
showed that the crystal is well ordered up to at least two to
three layers below the surface.

The presence of steps on the {111} surface and the
changes of their orientation support the existence of the pre-
sumed “kinklike” sites. A quantitative comparison will need
higher resolution of the step structure. A fundamental differ-
ence was found between the (111) and (100) faces, the pos-
sible consequences of which will be discussed.

SOA
2 w

FIG. 6. 600X 750-A7 area of AgBr(100). The step is 9 + 1 A high. The
origin of the substructure in the step region is not clear,
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AFM has shown that no crossing of steps is observed on
the (111) face of AgBr, whereas on the (100) face the steps
cross each other very often, which leads to smaller ordered
surface domains. Itisknown'® that aggregating cyanine dyes
are used to modify the crystal growth of silver halides. These
molecules inhibit only the octahedral (111) faces of AgBr
from random overgrowth by silver chloride, which then oc-
curs on the other sites of the grain.'® The action of these dye
aggregates, so-called *“site directors,” is probably due to the
fact that such aggregation takes place preferentially on those
faces where large, two-dimensional dye crystals can grow
epitaxially, i.e., on (111) faces of AgBr. On (100) faces, the
dimensions of ordered dye aggregates must be smaller, and
aggregation occurs in at Jeast two crystallographic direc-
tions. The mechanism of dye aggregate formation of AgBr
surfaces may be the following: Nucleation for the formation
of ordered J aggregates occurs within 20 ms after addition of
the dye solution to the silver halide.'® This nucleation prob-
ably starts at sites of highest surface energy, i.c., at the steps
on the terraced AgBr surface.'” The growth into a larger dye
aggregate is diffusion controlled and takes a minimum time
of a few tenths of a second until an aggregate with a certain
stability is formed.?®?! A highly stable, two-dimensional dye
crystal which may attain dimensions up to 100 um (Ref 22)
is formed after adsorption times of the order of 60 min.”!
Such dye aggregates have been studied by electron diffrac-
tion and synchrotron radiation. They were shown to exhibit
a brickstonelike arrangement of the dye chromophores.”
The structure of octahedral AgBr surfaces is still unknown.
A comparison of our AFM resuits with different models pro-
posed by Hamilton and Brady® or by Baetzold, Tau, and
Tasker® is difficult because of the large unceriainties men-
tioned above. A conclusive answer to this question can only
be given if atomic resolution is achieved. This is the purpose
of further AFM studies on AgBr crystal surfaces.

Insummary, we have shown that AFM is able to resolve
the step structure of AgBr monocrystals. The orientation of
the steps coincide with low index orientations. On the (111)
face, the {121} and the {110) directions of the steps are
predominant. Changes in step orientations have been ob-
served. The steps are found to be well separated by terraces,
whereas in the case of (100} face crossing steps were found
very often. On the {100) surface, the correspondence of the
steps to certain directions was not as definiteason (111), but
a preference of {110} and (110) was found. These results
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may help o understand the growth of dye aggregates on
AgBr being important for spectral sensitization. Finally,
some indications about the origin of “kinklike” sites on the
(111) were found.
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