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Surface characterization study of Ag, AgO, and Ag2O using x-ray photoelectron spectroscopy and
electron energy-loss spectroscopy
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Electron energy-loss spectra~ELS! have been obtained from polycrystalline Ag metal, AgO powder, and
Ag2O powder using primary electron-beam energies ranging from 100 to 2000 eV. These samples were
characterized using x-ray photoelectron spectroscopy~XPS! to determine the compositions and chemical
species in their near-surface regions. The ELS spectra obtained from these three materials are significantly
different, implying that ELS is a useful technique for distinguishing between Ag metal, AgO, and Ag2O or
analyzing mixtures of these species. Such an analysis is difficult using techniques including XPS or Auger-
electron spectroscopy because spectral features of these species are quite similar and closely spaced. The ELS
spectral features consist of losses due to the formation of surface and bulk plasmons and interband transitions.
An attempt has been made in this study to assign the processes responsible for the ELS features observed in the
spectra. This interpretation will be improved as the electronic structures of Ag metal, AgO, and Ag2O are better
understood.
y
al
lu

e

e

i
la
a

e
y
t

m
em
le

e
is
th

de
ta
ta
e

an

in
e

an
e-
re

t
f
ure
PS
s

tral
er-
en
.
nd
e not
se

s
is

re-
be-
l,

,

s in
lex
rful

om-

ing
ven
INTRODUCTION

The silver-oxygen system has been studied extensivel
the past1–9 due to its important industrial and technologic
applications. Among the most important of these is the a
mina supported silver-catalyzed epoxidation of ethylene.10–21

Supported Ag is unique in that it is the only metal that s
lectively produces ethylene oxide rather than CO2 and H2O.
A more recent application takes advantage of the high p
meability of oxygen through silver membranes22,23 in order
to produce a flux of hyperthermal oxygen atoms24 by
electron-stimulated desorption.6,25 The study of the silver-
oxygen system is complicated by the fact that oxygen
often present in multiple states including atomic, molecu
and subsurface states as reviewed by van Santen
Kuipers.13 Since the amounts and chemical forms of oxyg
present at a Ag surface depend upon the previous histor
the sample, it is difficult to study a particular chemical sta
of oxygen without influence from other states. Another co
plication in the characterization of the silver-oxygen syst
is the presence of contaminants. Previous x-ray photoe
tron spectroscopy~XPS! studies of AgO and Ag2O have
shown1,2 that CO2 present in the air is responsible for th
formation of Ag2CO3 on these surfaces. The corrosion res
tance properties of silver have been attributed in part to
formation of this carbonate layer.26

XPS has been used widely to study silver and its oxi
because it is capable of providing important chemical-s
information about the Ag-O system, although the interpre
tion of the results is complicated and occasionally controv
sial. There is general consensus among m
studies1–5,7,8,27,28that the binding energy~BE! of the Ag 3d
peaks exhibit a negative shift as the oxidation state is
creased. Some earlier studies failed to observe th
PRB 620163-1829/2000/62~16!/11126~8!/$15.00
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shifts.29,30 These shifts are in the range of a few tenths of
eV, which is one of the sources of difficulty in the interpr
tation of the spectra. Mixtures of Ag metal and oxides a
very difficult to study since their Ag 3d peaks are so closely
spaced. The AgMNN Auger peaks exhibit a somewha
greater shift than the Ag 3d peaks during the oxidation o
silver, but there is not general agreement in the literat
regarding the magnitude of these shifts. Valence-band X
~VBXPS! often is a useful technique for examining system
that exhibit subtle changes in the XPS core-level spec
features. Generally, more effort will be required to und
stand the VBXPS data obtained from the silver-oxyg
system,1–5,28,31but these features also seem rather similar

Clearly, the study of the Ag-O system is complicated a
the analyses of the data obtained from these systems ar
straightforward. The purpose of this investigation is to u
electron energy-loss spectroscopy~ELS! and XPS to charac-
terize Ag, AgO, and Ag2O reference samples. XPS provide
both compositional and chemical-state information, which
useful in understanding the ELS data. The goal of this
search is to develop ELS as a method for distinguishing
tween different Ag-containing materials including Ag meta
Ag2O, AgO, Ag2CO3, Ag~NO3!, and others. Apparently
ELS data have not been published for Ag2O and AgO so this
present study will serve as a basis for future development
this area. Attempts are made below to assign the comp
spectral features. These results also provide a powe
means of studying Ag chemistry such as the thermal dec
position of Ag2CO3.

32,33

A similar approach has been successful in distinguish
between various tin oxides and metal. This too has pro
very difficult using XPS because the Sn 3d5/2 peaks differ by
only 0.2–0.5 eV between SnO and SnO2.

34–37 Powell38 first
showed that ELS data obtained from SnO and SnO2 are dis-
11 126 ©2000 The American Physical Society
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PRB 62 11 127SURFACE CHARACTERIZATION STUDY OF Ag, AgO, . . .
tinctively different, making ELS the best surface techniq
for distinguishing between SnO and SnO2. VBXPS spectra
do exhibit some subtle differences between SnO
SnO2,

39–42 but it is insensitive43 to a metastable transitiona
Sn oxide readily observed35,40,44,45by ELS and believed to be
Sn3O4,

46,47 which is always present at Sn oxide surfaces.
ELS has other advantages over XPS as well. Since

electron beam is used as the primary excitation sou
small-spot ELS can be performed with a spatial resolution
low as 10 nm using commercially available scanning Au
microscopy ~SAM! systems. By restoring, high-resolutio
spatial chemical-state distributions can be obtained, i.e.,
ing scanning ELS~SELS!. The depth sensitivity can also b
varied easily using ELS by varying either the primary-be
energy40 or the incidence and collection angles.48 It should
be possible to obtain three-dimensional, chemical-state in
mation by performing SELS at different primary-beam en
gies. Furthermore, the ELS signal strength can be varied
a large range since an electron source with a broad dyna
range provides the primary excitation. Therefore, ELS d
can be collected rapidly compared to VBXPS data. Howev
the primary electron-beam current must be kept low eno
so that electron-beam damage to the surface is minimize25

ELS has been used to study the optical properties of
and other metals.49–52 The features in the loss spectrum
Ag are well documented, but the interpretation of their orig
is still controversial. The reason for the uncertainty in t
interpretation of the Ag loss spectra is mainly due to
difficulty in determining which physical process is respo
sible for a given loss feature during the inelastic scattering
electrons at the surface. These processes include creati
volume and surface plasmons and interband and interb
transitions and possibly momentum transfer of scatte
electrons as well as multiple scattering events. The anal
and interpretation of ELS data are complex. In order to
sign features due to electronic transitions, it is necessar
have a good representation of the electronic band structu
the material under study. Moreover, plasmon features c
plicate interpretation of the ELS data of metals. Plasma
cillations in a metal are defined as the collective longitudi
excitation of the conduction-electron gas. Plasmons
quantized plasma, which can be excited by passing an e
tron beam through a metal film or reflecting electrons off
surface. The reflected or transmitted electron beam will ty
cally exhibit energy losses equal to integral multiples of
plasmon loss energy. Depending on the electronic osc
tions, plasmons are classified as surface~transverse! or vol-
ume ~longitudinal!. The energy loss from the surface an
volume plasmons in the free-electron approximation is
lated by

Esp5
Evp

&
. ~1!

The interpretation of ELS data is further complicated b
cause multiple-loss features consisting of both surface
volume plasmons may be present in the spectra.

Seah50 provides a general description of several metho
that have been developed to assign the nature of the va
features. One technique consists of varying the prima
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beam energy in order to observe intensity changes in
spectral features. The probability of exciting a surface pl
mon for a metal53 is given by

P5~pe2/2\!@m/~2E0!#1/2, ~2!

whereE0 is the primary-beam energy,m the electron mass
ande the electron charge. Based on this equation, decrea
the primary-beam energy increases the probability of ex
ing surface-plasmon losses so the intensities of surfa
plasmon features increase. Furthermore, the intensitie
bulk plasmons decrease. This variation in surface a
volume-plasmon intensities is demonstrated in an ELS st
of Sn metal by Hoflund and Corallo48 in which the surface
sensitivity was varied by changing both the primary-be
energy and the incidence and collection angles in the exp
ment. The variations in the relative intensities of surface a
bulk plasmons and the multiple-loss features follow the
pected trends. If these trends are not followed, then the
tures are due to interband or intraband transitions, wh
have more complex intensity variations with primary-bea
energy.

EXPERIMENT

Three samples were examined in this study including
Ag foil ~99.991% purity! from Goodfellow, a AgO powder
~99% purity! from Aesar, and a Ag2O powder~991% purity!
from Alfa. The Ag foil was cleaned by Ar1 sputtering until
no O or C contaminants could be observed using XPS.
AgO and Ag2O powders were pressed into Al cups and
serted into the UHV system, where they were heated un
vacuum at 130 °C for 30 min to reduce the surface conta
nation levels consisting of hydrocarbons, Ag carbona
bicarbonate, water, and hydroxyl groups. The Ag oxid
were not sputtered because this may alter the O-to-Ag a
ratio and induce structural damage.

After the various treatments the samples were charac
ized using XPS and ELS in a Perkin-Elmer PHI 5600 s
tem. The XPS data~nonmonochromatized! were taken using
an Al anode in the high-energy-resolution mode. The E
data were taken using primary-electron-beam energies r
ing from 100 to 2000 eV, and the primary-beam ener
maximum was used to set the zero point of the spectra.
full width at half maximum~FWHM! of the primary-beam
energy distribution was approximately 0.6 eV. The prima
electron beam and the analyzer were each 45° off the sam
normal.

RESULTS AND DISCUSSION

Ag0 ELS

The electronic band structure of silver has been stud
extensively using experimental as well as theoreti
models.53–60 These studies show that silver possesses in
esting and unique characteristics among the transition
noble metals. Silver has relatively narrow 4d bands, which
are located about 4 eV below the Fermi energy (EF) level.
For this reason its optical properties have characteristic
both free and bound electrons. The free-electron contribu
arises from a strong hybridization of thes andp orbitals.
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11 128 PRB 62HOFLUND, HAZOS, AND SALAITA
The loss spectra obtained from polycrystalline silv
metal are shown in Figs. 1~a!–1~j! for energies ranging from
2000 to 100 eV, respectively. Two peaks at 3.8 and 7.4
dominate the low-energy spectra. Although the 3.8-eV f
ture has been attributed to various loss processes, Seah50 has
shown that it is due to a surface-plasmon loss. Howe
there is no feature at a loss energy of 5.35 eV that wo
correspond to a bulk-plasmon loss feature as predicted
Eq. ~1!. This may be due to the fact that Ag is not a fre
electron-like metal. Otto and Petri61 have suggested that th
7.4-eV feature is due to creation of volume plasmons. Thi
consistent with a study of the optical properties of Ag
Ehrenreich and Philipp,59 who find that the energy-loss func
tion peaks at 7.5 eV near the free-electron plasma freque
The assignment of the 7.4-eV loss peak as a bulk-plasm
loss peak is consistent with the data shown in Fig. 1. As
primary-electron-beam energy is increased from 100 to 2
eV, the 7.4-eV feature becomes more prominent compare
the 3.8-eV feature. This is the correct intensity variation
the former is due to a bulk-plasmon loss and the latter is
to a surface-plasmon loss. The probabilities of exciting s
face plasmons for several primary-beam energies calcul
using Eq.~2! are shown in Table I. Although not appare
from the data shown in Fig. 1 because the intensities of th

FIG. 1. Electron energy-loss spectra obtained from a clea
polycrystalline Ag metal surface for primary energies of~a! 2000,
~b! 1900,~c! 1500,~d! 1200,~e! 1000,~f! 800, ~g! 500, ~h! 300, ~i!
200, and~j! 100 eV.

TABLE I. Probabilities of surface-plasmon excitations for Ag0.

E0 ~eV! Probability E0 ~eV! Probability

100 0.58 1000 0.18
200 0.41 1200 0.17
300 0.33 1500 0.15
500 0.26 1900 0.13
800 0.20 2000 0.13
r
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spectra were scaled arbitrarily by the data collection s
ware, the intensity of the 3.8-eV feature decreases as
primary-electron-beam energy increases. Ingram, Nebe
and Pemberton52 have performed ELS on polycrystalline A
using primary-electron-beam energies of 200 and 1500
They found that the peak-area ratio of the 3.8-eV feature
the elastic peak decreases from 0.08 to 0.02 asEp increases
from 200 to 1500 eV. Another argument for the 3.8-eV fe
ture assignment as a surface-plasmon loss feature is
there are no interband transitions that might be respons
for this feature. The Ag 4d electrons lie in a band rangin
from 4 to 7 eV belowEF so 3.8 eV is not enough energy t
excite these electrons to unfilled levels. Thes-p electrons
lying closer toEF have a low and broad intensity distributio
and would not yield a sharp, well-defined feature like t
3.8-eV peak. Seah49 has made an attempt to interpret the 3
and 7.8-eV features as due to interband transitions base
the calculated band structure of Ag and concluded tha
reasonable explanation could not be given because the
intense transitions do not yield the experimentally obser
loss energies. In this study Seah tentatively assigned
3.8-eV loss feature as due to bulk-plasmon formation
later demonstrated that it is due to surface-plasm
formation.50

Another feature is present in the 100- and 200-eV lo
spectra centered at 1.8 eV, which has not been observe
previous Ag ELS studies. It could possibly be due either t
surface-plasmon loss or an interband transition. If it is
surface-plasmon loss feature, then Ag would have t
surface-plasmon loss features, and this is unlikely. Furth
more, assigning the 1.8-eV feature as a surface-plasmon
feature and the 3.8-eV feature as due to two surface-plas
losses is not reasonable because multiple-loss features
always smaller than single-loss features. The other poss
ity is an assignment due to an interband transition. Arlin
haus, Gay, and Smith62 have performed fully self-consisten
electronic-structure calculations on the Ag~100! surface and
found an unexpectedly high density of surface states. T
suggest that these surface states are important in determ
the physical and chemical properties ofd-band metals. Reihl,
Schlittler, and Neff63 identified a Schockley-type surfac
state lying within thes-p hybridization gap at 1.7 eV abov
EF at theX̄ point of the surface Brillouin zone on Ag~110!
using angle-resolved inverse photoemission spectrosc
Based on these findings, the 1.8-eV loss feature in Fig.
assigned as due to an interband transition loss from the to
the filled s-p band to the surface states lying just aboveEF .

There is also a very small peak visible in the Ag lo
spectra centered around 11.8 eV. This peak has been id
fied in a previous study by Seah,49 who suggested that it ma
be assigned as a multiple loss feature consisting of
3.8-eV and 7.4-eV loss features. If this were the case, t
this feature should lie at 11.2 eV. Silver has been shown
have a characteristic interband transition around 11.9 eV
to the excitation of electrons from the 2s orbital to the 5p
orbital and 4p-5d hybridized conduction band, and this
believed to be the origin of the 11.8-eV peak observed in t
study.

The higher-energy ELS features become more promin
and well defined with increasing primary beam energy up
2000 eV. The three most prominent features lie at 17,

d
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PRB 62 11 129SURFACE CHARACTERIZATION STUDY OF Ag, AgO, . . .
and 33 eV, and a smaller feature may be present as a sh
der at 23 eV. Since these features are not apparent at lo
primary-beam energies, they may be due to volume p
mons or interband transitions that may not be allowed
have small cross sections in the potential field near the
face. A study by Wehneret al.57 of the Ag valence structure
indicates the presence of an interband transition near
eV. The intensity of this peak is very low and its shape a
width were not resolved. Eckardt, Fritsche, and Noffk55

have carried a self-consistent relativistic calculation of
band structure of Ag. Their results indicate that there
numerous positions in the Brilluoin zone that would yie
loss energies similar to those of the higher-energy ELS
tures.

AgO XPS

The thermal decomposition of AgO has been studied
Weaver and Hoflund1 using XPS. Results from this stud
show that AgO is stable in UHV at temperatures up
100 °C. Annealing at this temperature for 30 min causes p
tial decomposition of surface contaminants such as hydro
bons, carbonates, and others. The decomposition of AgO
comes significant at temperatures above 200 °C. In
present study XPS data were obtained from the as-ent
AgO sample to determine the amount of surface contam
tion present. As expected, there was a considerable am
of hydrocarbons present in the near-surface region.
sample was annealed for 30 min at 100 and then 130 °C
reduce the amounts of contaminants. Higher temperat
were not used to avoid decomposition of the AgO. The X
survey spectrum obtained from the 130 °C–annealed A
sample is shown in Fig. 2~a!. The peaks visible in this spec

FIG. 2. XPS survey spectra obtained from~a! the AgO sample
after a 130 °C anneal for 30 min and~b! the Ag2O sample after a
300 °C anneal for 30 min.
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trum include the Ag core level and Auger peaks, the Os
and Auger peaks, the valence-band peak, and small p
due to contaminants including C, Na, and Cl. These conta
nants are usually present on oxide surfaces, and a determ
tion of the composition based on the homogeneous assu
tion indicates that each of these contaminants is presen
the several percent level.

The high-resolution XPS Ag 3d peaks obtained from the
AgO sample after the 130 °C anneal is shown in Fig. 3~a!.
The binding energy~BE! of the 3d5/2 peak is 367.3 eV, and
its FWHM is 1.57 eV. These values are in good agreem
with previously published XPS data for AgO.1,7,8,27As dis-
cussed by Weaver and Hoflund,1 the relatively high FWHM
of the Ag 3d5/2 peak is attributed to the presence of bo
Ag1 and Ag31 ions in the crystal lattice of AgO. Parket al.64

have calculated the electronic structure for AgO and c
clude that the two Ag ions are Ag1 and Ag21 due to the
presence of holes on the oxygen species. The fact that th
3d peaks obtained from AgO are so broad supports the
sertion that two Ag valencies are present. However, b
possible explanation contain aspects that seem unrealisti
the former it is difficult to understand how Ag31 forms par-
ticularly when other Ag compounds of this valency have n
been found. However, Au, which is just below Ag in th
periodic table, does form Au31 ions in Au2O3. In the latter,
O21.5 species would be present, and these also have not
observed previously. Further effort will be required to r
solve this issue.

The O 1s spectrum obtained from the AgO sample aft
annealing at 130 °C for 30 min is shown in Fig. 4~a!. The
shape indicates that multiple chemical states of oxygen
present. The predominant O feature due to AgO has a BE
528.4 eV. The BE assignment of this peak has been
cussed in detail by Weaver and Hoflund1 and is in good
agreement with previously published data.1,62 The other large

FIG. 3. High-resolution XPS Ag 3d spectra obtained from~a!
the AgO sample after a 130 °C anneal for 30 min and~b! the Ag2O
sample after a 300 °C anneal for 30 min.
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11 130 PRB 62HOFLUND, HAZOS, AND SALAITA
peak present in the O 1s spectrum is due to Ag carbonate
bicarbonate at a BE of 530.1.8,20,26These species most likel
form by adsorption of CO2 during air exposure. The broa
shoulder visible in the O 1s spectrum at binding energie
between 531 and 532 eV are due to contributions from
droxyl groups and adsorbed water.

The C 1s spectrum obtained from the 130 °C annea
AgO sample is shown in Fig. 5. The peak with a BE of abo
284 is due to adsorbed hydrocarbons. The peak centere
287.6 eV is attributed to the presence of silver carbonate

FIG. 4. High-resolution XPS O 1s spectra obtained from~a! the
AgO sample after a 130 °C anneal for 30 min and~b! the Ag2O
sample after a 300 °C anneal for 30 min.

FIG. 5. High-resolution XPS C 1s spectrum obtained from the
AgO sample after a 130 °C anneal for 30 min.
-

t
at

nd

bicarbonate, which is consistent with the O 1s spectrum. The
previous study of the thermal decomposition of AgO a
found1 that carbonate species and hydrocarbons are pre
as the two major contaminants in AgO. There are two ot
peaks present in this spectrum centered at BE’s of 292.3
295.0 eV. These peaks are due to a potassium chlorid
Cl-containing contaminant species. The amounts of th
contaminant species are very small and therefore would h
a small influence on the ELS spectra as discussed below

AgO ELS

The electron energy loss spectra obtained from
130 °C–annealed AgO sample is shown in Figs. 6~a!–6~j! for
primary-beam energies ranging from 2000 to 100 eV, resp
tively. By increasing the primary-beam energy, deeper lay
of the AgO sample are probed due to an increase in
inelastic mean free path of the electrons with kinetic ener
These spectra are clearly different from those obtained fr
Ag metal. An intense peak centered at a loss energy of
eV dominates the lower-energy spectra. The intensity of
peak increases with increasing primary energy beam, an
predominates throughout the whole range of primary-be
energies used. A shoulder is also present at a loss energ
about 10 eV. This feature is most apparent at primary be
energies of 1000 and 1200 eV. It is absent in the low
energy spectra and becomes the predominant feature in
higher energy spectra, shifting the feature from 8.6 tow
10 eV loss energy.

In addition to the main feature, there are several should
centered at loss energies of 6.8, 5.4, and 3.8 eV. Due to t
low intensities, the presence of these shoulders is most lik
due to contributions from chemical species located close
the surface region and in low concentrations. A study
Barteau and Madix65 found that filled energy levels due t

FIG. 6. Electron energy-loss spectra obtained from the A
sample after annealing at 130 °C for 30 min using primary be
energies of~a! 2000,~b! 1500,~c! 1200,~d! 1000,~e! 800, ~f! 500,
~g! 300, ~h! 200, and~i! 100 eV.
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PRB 62 11 131SURFACE CHARACTERIZATION STUDY OF Ag, AgO, . . .
adsorbed surface carbonates on silver, observed using
are located at energies of 2.0, 3.5, 8.4, and 10.4 eV be
EF . Therefore, the presence of surface carbonates and o
impurities may contribute to the formation of these loss f
tures and possibly the shift of the 8.6-eV feature.

The spectra obtained using higher primary-beam ener
are characterized by the appearance of a broad peak cen
around 30 eV. The intensity of this peak increases with
creasing primary-beam energy. In addition to this main f
ture, there are two smaller loss features centered at 20 an
eV. These peaks are apparent in the 800-eV primary-b
loss spectra. Since AgO is a semiconductor, the loss feat
are most likely due to interband transitions. The physi
processes that form these loss features cannot be spe
because the electronic structure of AgO has not been p
lished. Although this is a disadvantage with regard to int
preting AgO ELS data at this time, a comparison of the E
data obtained from Ag metal and various Ag compoun
such as AgO and Ag2O is quite useful to gain a better un
derstanding of the differences between these two oxid
Furthermore, the ELS spectra presented in this paper h
recently been used to determine the chemical state of A
alumina-supported Ag ethylene epoxidation catalysts.66 This
has not been possible using other techniques.

Ag2O XPS

Weaver and Hoflund2 have studied the thermal decomp
sition of Ag2O using XPS. Their results showed that anne
ing at 100 °C reduces the amounts of contaminants suc
carbonates and hydrocarbons. At this temperature they
corded a slight increase in the concentration of AgO due
disproportionation reaction that occurs at the surface
Ag2O. Annealing at 200 °C causes the decomposition of s
face carbonate contaminants and a partial reduction of
AgO back to Ag2O. After a 300 °C anneal all of the AgO
present is transformed into Ag2O and most of the impurities
are eliminated. A small amount of metallic silver also form
through decomposition of Ag2O. After annealing at 490 °C
most of the Ag2O decomposes to Ag metal. A migration o
impurities from the bulk to the surface occurs as well. In t
present study an annealing temperature for Ag2O of 300 °C
was chosen since complete decomposition of the conta
nants is achieved while the thermal decomposition Ag2O is
negligible.

Based on these results the Ag2O sample was analyze
using XPS before and after a 300 °C anneal for 30 min. T
XPS survey spectrum obtained from Ag2O after annealing is
shown in Fig. 2~b!. The results obtained are very similar
those described above for AgO. The peaks visible in t
spectrum include the Ag core level and Auger peaks, th
1s, and Auger peaks and the valence-band peaks. No Cs
peak is apparent. The concentrations of Ag and O calcula
using the area under the Ag 3d5/2 and O 1s peaks, published
sensitivity factors and the homogeneous assumption indi
that the near-surface region is composed of 30% O and 7
Ag, which is within the experimental error for Ag2O.

The high-resolution Ag 3d spectrum is shown in Fig
3~b!. The Ag 3d5/2 peak has a BE of 367.7 eV and a FWH
of 1.0 eV. This FWHM is much lower than that of AgO du
to the facts that the Ag2O surface contains fewer contam
S,
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nants and most importantly because Ag2O contains only
Ag11 species, while AgO contains an equimolar mixture
Ag11 and Ag31 to give an average valency of Ag21.

The O 1s spectrum obtained from the Ag2O sample after
a 300 °C anneal is shown in Fig. 4~b!. The O 1s peak due to
oxygen from Ag2O has a BE of 529.2 eV, and there is
shoulder present at the high-BE side of the O 1s peak that
extends from 530 eV up to 532.5 eV, indicating the prese
of oxygen in other chemical states including silver carbon
and bicarbonate, adsorbed water, and possibly an oxy
containingC species. These species, if present, are found
very small quantities.

Ag2O ELS

The ELS spectra obtained from the Ag2O sample after a
300 °C anneal for 30 min are shown in Figs. 7~a!–7~j! for
primary energies ranging from 2000 to 100 eV respective
The main feature in all of these spectra is centered aro
8.6 eV, and its intensity increases with increasing prim
beam energy from 100 to 1000 eV and then apparently
mains constant to 2000 eV. A comparison of this peak w
the 8.6-eV feature present in the loss spectra of AgO prov
an indication of the similarities in the electronic excitatio
levels of these two oxides. The 8.6-eV peak from Ag2O dif-
fers from the corresponding AgO feature in that as the p
mary beam energy is increased the Ag2O peak gradually
broadens to lower loss energies centered around 8.2 eV w
the AgO peak broadens to higher loss energies around
eV.

The electronic structure of Ag2O has been investigate
previously by Tjenget al.67 using photoelectron, Auger
electron and bremsstralung isochromat spectroscopy.
band gap for Ag2O was calculated to be 1.3 eV with th

FIG. 7. Electron energy-loss spectra obtained from the Ag2O
sample after annealing at 300 °C for 30 min using primary energ
of ~a! 2000,~b! 1900,~c! 1500,~d! 1200,~e! 1000,~f! 800,~g! 500,
~h! 300, ~i! 200, and~j! 100 eV.
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bottom of the conduction band located at 0.3 eV and the
of the valence band at21.0 eV with respect toEF . This
same study also shows that the Ag 4d and O 2p orbitals mix
to give a hybrid band structure that is 8.3 eV belowEF . The
8.6-eV peak present in the loss spectrum of Ag2O is likely to
be due to a interband transition from the Ag 4p– O 2p va-
lence band to the bottom of the conduction ba
(28.3 eV→0.3 eV), resulting in a 8.6 eV loss feature.
graphical representation of the electronic band structure
Ag2O obtained from previous studies62,67 is shown in Fig. 8.
Conduction band gaps are estimated from the ELS data
tained from Ag2O in this study.

The other feature visible in the lower primary beam e
ergy spectra is centered at 3.8 eV. This peak gains inten
as the primary beam energy is increased and is visible u
primary energies of 1000 eV, and then it becomes incor
rated into the broadening elastic peak. The origin of
3.8-eV peak probably is due to an interband transition fr
the O 2p band located 3.4 eV belowEF to the conduction-
band minimum (23.4 eV→0.3 eV), resulting in a loss of 3.7

FIG. 8. Energy-level diagram for Ag2O.
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eV. The 3.8-eV feature is also present in the AgO spec
but its intensity is much weaker. This could result from pa
tial reduction of AgO during the 130 °C anneal forming som
Ag2O. In addition to the 3.8- and 8.6-eV features in t
Ag2O spectra, there are two shoulders visible around 1.5
5.4 eV. These features are consistent with interband tra
tions from the valence-band maximum (21.0 eV→0.3 eV)
and Ag 4d bands (24.9 eV→0.3 eV) to the conduction-band
minimum state, respectively.

The higher beam primary energy spectra are character
by a broad feature containing loss contributions cente
around 20, 25, and 32 eV. The physical or optical pheno
ena responsible for the excitation of these peaks is not ea
understood due to a lack of knowledge of the energy lev
of empty conduction bands in Ag2O. The 20-eV feature can
be attributed to a core-to-valence-band transition from the
2s band located 21.2 eV belowEF . The 25-, 32-, and 46-eV
features are probably due to contributions from interba
transitions from the valence or O 2s levels to unfilled levels.
The positions of the expected energy levels of conduct
bands are shown in Fig. 8 as a result of the analysis of
Ag2O loss spectra obtained in this study. Electronic struct
calculations are needed in order to determine the posit
and contributions of these conduction bands more accura

CONCLUSIONS

The electron energy-loss spectra for silver metal and
two oxides AgO and Ag2O have been obtained and analyz
in this study. The three sets of ELS spectra are quite differ
as expected. Therefore, ELS is a useful technique for dis
guishing between Ag metal, AgO, and Ag2O. Since silver is
a conductor, its electronic structure favors plasmon exc
tion contributions to its loss spectra. Silver oxides are se
conductors with relatively wide band gaps, which favors
terband transition from core and valence-band electron
unfilled energy levels. XPS was used in conjunction w
ELS in order to characterize the chemical states and amo
of contaminants present at these oxide surfaces. The ana
of the loss spectra from AgO and Ag2O is not straightfor-
ward, and a detailed understanding of the contributions
these spectra must be based on both filled and empty e
tronic levels, which have not yet been determined for th
oxides.
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