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Angle-resolved photoemission with synchrotron radiation has been used to probe the surface
morphologies of AgBr deposited by molecular-beam epitaxy onto Ag(111), as a function of coverage

and substrate temperature.

Depositions performed at 130°C yield results consistent with a

Stranski-Krastanov (SK) growth, whereas surfaces prepared at liquid-nitrogen temperatures exhibit
a more nearly layer-by-layer growth. These interpretations are supported by core-level and
valence-band studies, which probed the binding energies and intensities of the Br 3d core level and
the Ag(111) surface state. Low-energy electron diffraction observations show the initial SK layer to
have a (V'3 X V3)R 30° structure, while heavier depositions exhibit indications of AgBr(111) islands.
Cold depositions show no long-range order. Surface morphology changes induced by warming a

cold deposition were also studied.

I. INTRODUCTION

Silver halides, central to the photographic industry be-
cause of their photosensing capabilities, have been the
subject of many investigations. However, understanding
the relationship between both electronic and geometrical
structure and the interaction of these materials with light
remains a topic of current research and ongoing de-
bate.’? For example, typical fast photographic negative
emulsions contain tabular grains of AgBr(111), and it is
believed that latent image formation occurs at the sur-
faces of these structures.’ Consequently, it is important
not only to study bulk properties of AgBr(111), but also
to investigate its surface, including both changes in elec-
tronic structure and possible surface reconstructions.
Surface reconstruction seems likely because a simple
truncation of the AgBr lattice along the (111) direction
results in a surface plane of either all Ag or all Br atoms.
Since these atoms carry a net positive or negative charge,
respectively, reconstruction is expected in order to reduce
this large surface free energy. To effectively study these
surface phenomena, it is necessary to prepare a
AgBr(111) surface whose ordering and surface morpholo-
gy are well known.

To this end, we have performed an extensive study of
AgBr deposited on Ag(111) using angle-resolved photo-
emission spectroscopy (ARPES) and low-energy electron
diffraction (LEED). AgBr was previously shown to grow
in a (111) orientation when heavily deposited onto
Ag(111) at 130°C, although the actual structure and in-
termediate growth of the surfaces prepared were not stud-
ied.* By incrementally increasing the AgBr coverage
from the monolayer regime until bulklike samples were
obtained, we were able to separate contributions, deter-

43

mine growth modes, and gain insight into the surface
structure. Moreover, this growth and morphology infor-
mation is important not only for the understanding of the
AgBr/Ag(111) surface, but also as a general example of
the growth of an ionic material on a metal substrate.

We have studied AgBr deposited on Ag(111) as a func-
tion of coverage and temperature, and our conclusions
about its surface morphologies and growth are the fol-
lowing. (i) At substrate temperatures of 130°C, AgBr
growth occurs in a Stranski-Krastanov (SK) manner, i.e.,
a well-ordered (V'3 XV'3)R30° layer is formed at a low
break-point coverage, followed by the formation of is-
lands consistent with AgBr(111) at higher coverage. (ii)
When samples are prepared at liquid-nitrogen tempera-
tures, AgBr growth appears to be more nearly layer-by-
layer but shows no evidence of long-range order. (iii) An
overlayer prepared cold, when allowed to warm, appears
to first form the thin (V3XV3)R30° layer with weakly
ordered islands at room temperature. This is followed by
the continued coalescence and ordering of the islands at
higher temperatures, until by 130°C, the results are con-
sistent with surfaces prepared directly at that tempera-
ture.

II. EXPERIMENT

These experiments were carried out in a spectrometer’
equipped to perform ARPES, Auger-electron spectrosco-
py (AES), LEED, residual gas analysis and vapor deposi-
tions, all under ultrahigh vacuum conditions. The photo-
emission measurements were made at the University of
Wisconsin Synchrotron Radiation Center (UWSRC) on
the 1-GeV ring, Aladdin, using the University of Illinois
Extended Range Grasshopper (ERG) and the UWSRC

6405



6406

6 m Toroidal Grating Monochromator (TGM). The
combined resolution of the monochromator and the elec-
tron energy analyzer was 0.14 eV at hv =55 eV and 0.24
eV at hv =120 eV for the growth experiments at 130 and
—190°C performed on the ERG, and was 0.22 eV at
hv =120 eV for the annealing experiment performed on
the TGM. The Ag(111) substrate was cleaned with suc-
cessive cycles of Ar ion bombardment and annealing to
400°C. The cleanliness and ordering of the Ag(111) sur-
faces prepared were confirmed with AES, LEED, and by
observation of the presence of the Ag(111) surface state
using ARPES.

Depositions were performed in situ by resistively heat-
ing AgBr wrapped in Pt wire in a shuttered assembly.
These depositions were monitored with a quartz-crystal
microbalance and the chamber pressure was <9X 10710
torr during evaporation. All coverages are expressed in
terms of the spectroscopically determined SK break-point
coverage, to which we have assigned by definition a value
of ©=1. An absolute determination of this break-point
coverage was attempted ex situ, using in vacuo deposition
and external neutron activation measurement of the
amount of AgBr deposited onto either glass or SiN,.
However, a precise value was not obtained. The amount
of Ag at the SK break point was determined to be
equivalent to 0.41+0.41 monolayer (ML) of Ag(111), the
most reliable sample giving a result of 0.42 ML of
Ag(111). The necessity of performing the neutron activa-
tion depositions onto different substrates also introduces
questions of relative sticking coefficients and sublimation
rates. Although imprecise, it is very useful to have an in-
dependent indication that the break point occurs at depo-
sitions corresponding to an amount of Ag equivalent to 1
ML or less of Ag(111). Additionally, it is very useful to
compare these results with our observations at the break
point of a (V'3 XV'3)R30° LEED pattern which suggests
a coverage of % ML. However, we cannot rule out the
other possibilities, such as a 2 ML coverage being associ-
ated with the (V'3 XV3)R30° LEED pattern.

To minimize probe-induced damage, all AgBr samples
were cooled to liquid-nitrogen temperatures during pho-
toemission and LEED measurements. This cooling sub-
stantially slows interstitial Ag™ migration, thus inhibit-
ing latent-image formation associated with Ag atom clus-
tering.>® Although the effectiveness of this procedure
had been demonstrated for photoemission,4 LEED mea-
surements had never been previously attempted, and
therefore samples probed by LEED were never subse-
quently used for photoemission. However, no detrimen-
tal effects were observed due to the low-current, low-
energy (0.8-2.0 puA, 50-200 eV) electron beam. At-
tempts to perform AES (30 pA, 2000 eV), on the other
hand, produced a significant degradation of LEED pat-
terns.

Degradation of the samples by background gases also
was not a problem. During our experiments, the vacuum
was typically in the 107 !° torr range, although occasion-
ally the pressure rose into the 10° torr range when sam-
ples cooled to —190°C were returned to room tempera-
ture. It is interesting to note that the AgBr overlayers
prepared at 130°C showed a remarkable resistance to
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adsorption-induced change as evidenced by valence-band
and core-level photoemission. Even after an exposure to
atmospheric pressure, little change could be seen in spec-
tral features. The exposed sample was not used for subse-
quent experimentation.

The bulk of the remainder of this paper will discuss the
growth and surface morphology studies of AgBr deposi-
tions (a) prepared at 130°C, (b) prepared at —190°C, and
(c) prepared at —190°C followed by stepwise annealing
to 130°C. This will be followed by a brief conclusion.

ITI. RESULTS AND DISCUSSION

A. Deposition at 130°C

When AgBr is deposited on Ag(111) at 130°C, the
core-level and valence-band photoemission results are
consistent with Stranski-Krastanov growth. In this mod-
el, a thin, two-dimensional layer is formed followed by
subsequent island growth. Figure 1(a) contains ARPES
spectra of the Br 3ds,,;,, core levels with increasing
AgBr coverage, deposited at 130°C. The spectra were
taken at Av=120 eV to maximize surface sensitivity. Ini-
tially, only a single pair of spin-orbit-split peaks is observ-
able at BY (binding energies with respect to the silver Fer-
mi level) =67.97£0.06 and 69.021+0.06 eV. At coverages
above ©=1, an additional feature grows in at higher
binding energy, B¥=69.85+0.04 eV. The “three-line”
spectrum observed at these higher coverages is actually
an overlapping of two spin-orbit-split doublets differing
in binding energy by ~0.8 eV. The lower binding energy
doublet is associated with the initial SK layer, and the
higher binding energy doublet with islands. Based on the
literature concerning AgBr growth at this temperature,’
and on LEED observations (discussed below), these is-
lands appear to be AgBr(111). The binding energies of all
three peaks remain nearly constant within 0.1 eV over all
coverage ranges. While the width of the SK component
remains constant at 0.35 eV, the width of the island com-
ponent increases slightly to 0.41 eV at higher coverages,
possibly indicating the formation of surface and bulk con-
tributions.

An analysis of the normal emission intensities of these
core levels, as shown in Fig. 1(b), is strongly supportive of
the SK growth model. At low coverages the integrated
intensity from the Br 3d levels increases linearly as the in-
itial SK layer is formed. At higher coverages the total in-
tensity remains nearly constant as the additional AgBr
goes into island growth, leaving a substantial portion of
the initial SK layer uncovered. This behavior of integrat-
ed, total intensity is identical to that observed for Auger
intensities in systems that exhibit SK growth.® A sharp
break in slope occurs between these two regions at the
point where the SK layer is completed. We have assigned
this point the value ©=1.0 and all depositions are ex-
pressed relative to it. (As discussed above, it seems high-
ly probable that the ©=1.0 point corresponds to a depo-
sition of less than or equal to a Ag(111) monolayer, and it
is likely that the coverage is actually about 1 ML.)
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Moreover, further support of the SK growth is seen in an



analysis of the area of the lowest binding energy peak
(BF=68), which is associated with the SK layer only and
has no overlap with the island components. It shows a
similar linear growth to © =1, and then a very slow at-
tenuation as the layer is covered by islands. Off-normal
emission results are also consistent with the hypothesis of
a SK growth mode.’

The existence of island structures is seen with scanning
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FIG. 1. Br 3d core-level results for AgBr/Ag(111) samples
prepared at 130°C. (a) Normal emission ARPES spectra of the
Br 3ds,, 3, core levels taken at hv=120 eV. O indicates cover-
age relative to the SK break-point value. The polarization of
the light lay in the plane containing the surface normal and
[170], with an angle of incidence of 60° relative to the surface
normal. (b) A plot of total Br 3d (@) and SK component
3ds5,,(O) integrated intensity as a function of coverage at
130°C. The Sk break point is indicated. Although data for cov-
erages up to ©=137 were used to determine the post-break-
point line, points beyond ©=13 are not shown to allow the
break-point region to be clearly presented.
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FIG. 2. Scanning electron micrograph of a heavy coverage of
AgBr (©6=92), deposited onto Ag(111) at 125°C.

electron microscopy (SEM) in similarly prepared samples.
Figure 2 is a micrograph of a high coverage of AgBr eva-
porated onto Ag(111) at 125°C. It is estimated that the
coverage is on the order of ©~92. The surface is found
to be 38% covered with islands. This sample was shown
by x-ray diffraction to have AgBr(111) ordering.

Changes in the valence-band spectra are in accordance
with Stranski-Krastanov growth also. Figure 3(a) shows
a series of these spectra collected at Av=>55 eV, with in-
creasing AgBr coverage deposited at 130°C. The Ag(111)
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FIG. 3. (a) Valence-band and (b) surface-state normal emis-
sion ARPES spectra taken at hv=>55 eV for AgBr/Ag(111)
samples prepared at 130°C. The coverages (O) are expressed as
multiples of the SK break point, as indicated in Fig. 1. The ex-
perimental geometry remained as outlined in Fig. 1.
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surface state is shown on an expanded scale in Fig. 3(b).
The surface state is strongly attenuated by AgBr deposi-
tion and by ©=0.5 is no longer observable. Further
changes in the bulk valence band occur very slowly since
a large portion of the surface remains covered only by the
thin SK layer. Although the valence-band maximum,
Bf=~1.8 eV, is evident by ©=1-3, a Fermi edge is still
observable even at ©=137.

LEED observations made of additional samples
prepared at 130°C reveal that both the SK layer and the
islands are well ordered. The (1X1) Ag(111) substrate
LEED spots (O, Fig. 4) were observed for all samples de-
posited at 130°C with a maximum coverage of ©=4 be-
ing prepared in this manner. The substrate spots were
also observed for the © =10 sample annealed to 130°C as
discussed below. At ©=1.0, upon completion of the SK
layer, a sharp (V'3XV'3)R 30° pattern (pattern A) is ob-
served as diagrammed in Fig. 4(a). A similar LEED pat-
tern was observed previously for light coverages of
Br/Ag(111),'° Cl/Ag(111),"'713 and I/Ag(111)."* At
©=1.5, an additional pattern (pattern B) coexists with
the (V'3XV'3)R30° pattern. Upon further deposition of
AgBr to ©>2.0, the (V3XV'3)R30° spots were no
longer visible, while pattern B became stronger and
sharper. In pattern B, diagrammed in Fig. 4(b), addition-
al spots (X and m) appear at ~0.3 Ag(111) reciprocal
lattice units away from the (1X1) substrate spots (O).
Additional spots (@) are located at the vector sum of two
0.7 Ag(111) lattice vectors. Pattern B is not a simple
(3X3) pattern, but is similar to LEED patterns observed
at heavier coverages of Br and Cl/Ag(111),!>!'713 and
seems to correspond to a superposition of oriented
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FIG. 4. Simulations of the LEED observations for the
AgBr/Ag(111) samples prepared at 130°C. Beam voltage=115
V, beam current=1.2 uA. (a) At the SK break point, ©=1, a
(V3XV3)R 30° pattern is observed. The Ag(111)-1X1 spots
(0), and (V3XV3)R30° spots (+) are shown. (b) Above the
SK break point, contributions from the islands are seen. The
Ag(111)-1X1 spots (O), spots consistent with single scattering
from an unrotated AgBr(111)-1X1 structure (@), and spots pos-
sibly due to multiple scattering (X ) from both the Ag(111) and
AgBr(111), are shown. Positions where AgBr(111) and
multiple-scattering spots are coincident are denoted (M). When
observing pattern B, the spots were sharp, although very weak.
Often portions of the pattern were very dim and not all spots
were observed. However, there was no systematic absence of
spots which would be reflective of any further structural infor-
mation. Also it is not unusual to observe only the first ring of
multiple-scattering spots around substrate beams, as described
in Ref. 13.
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Ag(111) and AgBr(111) reciprocal lattices. Note that the
lattice parameters of Ag, 4.09 A, and AgBr, 5.77 A, have
a ratio of approximately 0.7. Spots not predicted by this
simple superposition (X, Fig. 3) are best described by
multiple diffraction'® as proposed for Cl/Ag(111).!h12
Pattern B was observed at all higher coverages prepared
at 130°C and for the © =10 annealed sample as discussed
in Sec. IITC. It is interesting to note that although the
photoemission surface component of the SK layer (Fig. 1)
does not attenuate quickly, the (V'3 X V'3)R 30° pattern is
lost very rapidly. This seems to suggest the possibility
that the AgBr islands are compressing the SK layer be-
tween them, thus maintaining the core level intensity but
disrupting the ordering.

In summary, for AgBr depositions performed at
130°C, the photoemission results agree with the interpre-
tation that growth is of Stranski-Krastanov type and
LEED observations show both the initial SK layer and
the islands to be well ordered. Due to the SK growth of
AgBr deposited at 130°C, the determination of any sur-
face reconstruction of the AgBr(111) surface has not been
accomplished here. As will be discussed next, the eva-
porations carried out at lower temperatures and the an-
nealing of a heavy low-temperature deposition also failed
to produce a continuous film of AgBr(111). With the re-
sults presented here, however, the SK layer and
AgBr(111) island components of the 130°C depositions
may be separated, allowing further studies to focus on
contributions originating only from the AgBr(111) is-
lands. Additionally valuable knowledge has been gained
of the temperature dependence of AgBr growth.

B. Deposition at —190° C

In contrast, with the substrate at —190°C during the
deposition, the AgBr appears to grow nearly layer-by-
layer due probably to a lower AgBr surface mobility.”
The Br 3d core level shows only the spin-orbit-split
3ds,y,3,, pair. Figure 5(a) shows a series of these core
levels, with increasing AgBr coverage. At low coverages,
O <1 the binding energies are very similar to those of the
warm depositions, B F=68.05+0.05 and 69.06+0.05 for
the 3ds,, and 3d;,, components, respectively. However
as coverage increases there is a shift of ~0.4 eV to higher
binding energy. The peak width also increases at cover-
ages at and above ©=1.0, suggestive of multiple sites.
(Notice the filling in of the spectral valley.) The peak
width at © <1 is 0.36 eV, and again is comparable to the
SK component of the 130° C depositions. The width
then increases to 0.51 eV for coverages at and above
O =1, suggestive of multiple sites. A plot of the integrat-
ed intensity of the Br 3d core level peaks as a function of
coverage is shown in Fig. 5(b). The Br signal increases in
an exponential manner with an eventual leveling off at
O =4, presumably due to mean-free-path effects. In con-
trast to the 130°C data, no sharp break in slope is seen.
This is consistent with a model of more nearly layer-by-
layer growth, which is possibly due to kinetic limitations.

The LEED observations for surfaces prepared cold
support this interpretation. AgBr deposition resulted
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only in a continued blurring of the (1X 1) spots of the Ag
substrate. No ordering of the samples deposited at
—190°C was observed up to © =10 (the maximum cover-
age prepared), at which point even the substrate spots
were no longer observable. The attenuation of the sub-
strate spots at higher coverages is consistent with a
reasonably homogeneous deposition, as opposed to the is-
land growth at 130°C. The blurring at lower coverages
and lack of any adsorbate ordering is compatible with the
observation of peak broadening in the core-level photo-
emission, i.e., the existence of many similar, yet not iden-
tical, sites.

The valence-band photoemission observations are also
in accord with the nearly layer-by-layer growth mode.
Figure 6(a) contains a series of valence-band spectra, with
increasing AgBr coverage, deposited at —190°C. Again,
the surface state, shown in Fig. 6(b), is fully attenuated by
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FIG. 6. Identical to Fig. 3, but for samples prepared at

—190°C.

©=~0.5. The valence-band spectra undergo changes with
increasing coverage similar to those seen at 130°C, but
much more rapidly. A significantly different spectrum
exists at coverages as low as © =3, whereas for samples
prepared at 130°C, coverages at least ten times greater
are required to induce similar changes. The valence-band
maximum again is observed at BF=~1.8 eV. However, a
Fermi edge cannot be observed above ©=4. These re-
sults are consistent with a more uniform covering of the
surface than that seen for the 130 °C depositions.

C. Deposition at — 190 °C with subsequent annealing

In this section it will be demonstrated that surfaces
prepared cold can be converted into the 130°C struc-
tures, by a gentle annealing process. On two separate oc-
casions, a cold coverage of © =10 was prepared and sub-
sequently heated in a controlled manner, once for photo-
emission measurements and once for LEED observations.
The resulting Br 3d core-level spectra are shown in Fig.
7. The bottommost spectrum is of the original cold over-
layer and agrees well with those seen in Fig. 5(a). Upon
warming to room temperature and being held there for
12 h, the spectrum now clearly contains four features due
to two separate spin-orbit-split doublets: one at a binding
energy consistent with that of the initial SK layer, and a
second at a binding energy at or near that of the original
cold overlayer. Upon further warming, the SK layer
component remains unchanged, while the second doublet
shifts to even greater binding energy, finally reaching
values consistent with the ordered-AgBr(111)-island com-
ponent of the 130°C depositions. The LEED observa-
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FIG. 7. Br 3d core-level, normal-emission ARPES spectra of
a ©=10 overlayer prepared at —190°C, showing the evolution
of components upon heating. The bottom spectrum is of the
original cold overlayer. The temperature increases from bottom
to top, as is indicated along with the length of time. The LEED
patterns which were observed for corresponding samples are
also indicated and refer to those diagrammed in Fig. 4. The ex-
perimental geometry is given in Fig. 1.

tions made on the second sample revealed that while the
original cold overlayer showed no ordering, warming to
room temperature produced a pattern similar to Fig. 4(b),
but less well defined. Upon further heating, the pattern
sharpened and the background decreased. After the final
annealing to 130°C, a sharp pattern B was observed along
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with extremely faint (V'3 X V'3)R 30° spots within the first
ring of Ag(111)-(1X1) spots. These (V'3XV'3)R30°
spots were not observed for the © =2 depositions at
130°C. They may either have existed and not been
detected due to their low intensity, or may be a result of
formation of islands upon annealing which are larger but
more sparsely distributed over the surface. The behavior
observed in these warming experiments indicates that
upon heating, the initial SK layer forms quite quickly,
followed by the coalescence and ordering of the
remainder of the AgBr into AgBr(111) islands.

IV. CONCLUSIONS

Angle-resolved-photoemission =~ measurements and
LEED observations have been used to study the growth
of AgBr on Ag(111). We have found that at 130°C,
growth occurs in a Stranski-Krastanov manner, while at
—190°C, growth is more nearly layer by layer. Only the
structures formed at 130 °C show long-range order. AgBr
overlayers that were prepared cold undergo a change in
surface morphology upon warming, eventually reproduc-
ing spectral and diffraction features very similar to those
exhibited by 130°C depositions.
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FIG. 2. Scanning electron micrograph of a heavy coverage of
AgBr (©6=92), deposited onto Ag(111) at 125°C.



