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Electron energy-loss spectfBLS) have been obtained from polycrystalline Ag metal, AgO powder, and
Ag,O powder using primary electron-beam energies ranging from 100 to 2000 eV. These samples were
characterized using x-ray photoelectron spectroscof§S) 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, a@ ég
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, sDdargbetter
understood.

INTRODUCTION shifts2>3% These shifts are in the range of a few tenths of an
eV, which is one of the sources of difficulty in the interpre-
The silver-oxygen system has been studied extensively itation of the spectra. Mixtures of Ag metal and oxides are
the past® due to its important industrial and technological very difficult to study since their Ag @ peaks are so closely
applications. Among the most important of these is the aluspaced. The AgVINN Auger peaks exhibit a somewhat
mina supported silver-catalyzed epoxidation of ethy®hé&"  greater shift than the Ag® peaks during the oxidation of
Supported Ag is unique in that it is the only metal that se-silver, but there is not general agreement in the literature
lectively produces ethylene oxide rather than,&@d HO. regarding the magnitude of these shifts. Valence-band XPS
A more recent application takes advantage of the high pertVBXPS) often is a useful technique for examining systems
meability of oxygen through silver membraf&$’in order  that exhibit subtle changes in the XPS core-level spectral
to produce a flux of hyperthermal oxygen atéfhsdy  features. Generally, more effort will be required to under-
electron-stimulated desorpti6¥> The study of the silver- stand the VBXPS data obtained from the silver-oxygen
oxygen system is complicated by the fact that oxygen isystem:~>%83lpyt these features also seem rather similar.
often present in multiple states including atomic, molecular, Clearly, the study of the Ag-O system is complicated and
and subsurface states as reviewed by van Santen atide analyses of the data obtained from these systems are not
Kuipers®® Since the amounts and chemical forms of oxygenstraightforward. The purpose of this investigation is to use
present at a Ag surface depend upon the previous history @flectron energy-loss spectroscqiiBLS) and XPS to charac-
the sample, it is difficult to study a particular chemical stateterize Ag, AgO, and AgO reference samples. XPS provides
of oxygen without influence from other states. Another com-both compositional and chemical-state information, which is
plication in the characterization of the silver-oxygen systemuseful in understanding the ELS data. The goal of this re-
is the presence of contaminants. Previous x-ray photoelesearch is to develop ELS as a method for distinguishing be-
tron spectroscopyXPS studies of AgO and AgD have tween different Ag-containing materials including Ag metal,
showrt? that CQ, present in the air is responsible for the Ag,0, AgO, AgCO;, Ag(NO;), and others. Apparently,
formation of AgCO; on these surfaces. The corrosion resis-ELS data have not been published for,@gand AgO so this
tance properties of silver have been attributed in part to th@resent study will serve as a basis for future developments in
formation of this carbonate layé?. this area. Attempts are made below to assign the complex
XPS has been used widely to study silver and its oxidespectral features. These results also provide a powerful
because it is capable of providing important chemical-stateneans of studying Ag chemistry such as the thermal decom-
information about the Ag-O system, although the interpretaposition of AgCO;.3233
tion of the results is complicated and occasionally controver- A similar approach has been successful in distinguishing
sial. There is general consensus among manyetween various tin oxides and metal. This too has proven
studies™>"®272&hat the binding energyBE) of the Ag 3 very difficult using XPS because the Sds3, peaks differ by
peaks exhibit a negative shift as the oxidation state is inenly 0.2—0.5 eV between SnO and Snt >’ Powelf® first
creased. Some earlier studies failed to observe thesshowed that ELS data obtained from SnO and Saf@ dis-
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tinctively different, making ELS the best surface techniquebeam energy in order to observe intensity changes in the
for distinguishing between SnO and SnGO/BXPS spectra spectral features. The probability of exciting a surface plas-
do exhibit some subtle differences between SnO andnon for a metaf is given by

Sn0,,3%~*2put it is insensitivé® to a metastable transitional

Sn oxide readily observéd***44%y ELS and believed to be P=(me?2h)[m/(2Ey)]Y?, )
Sm0,,*¢*" which is always present at Sn oxide surfaces.

ELS has other advantages over XPS as well. Since awhereE, is the primary-beam energym the electron mass,
electron beam is used as the primary excitation sourceinde the electron charge. Based on this equation, decreasing
small-spot ELS can be performed with a spatial resolution aghe primary-beam energy increases the probability of excit-
low as 10 nm using commercially available scanning Augeing surface-plasmon losses so the intensities of surface-
microscopy (SAM) systems. By restoring, high-resolution plasmon features increase. Furthermore, the intensities of
spatial chemical-state distributions can be obtained, i.e., upulk plasmons decrease. This variation in surface and
ing scanning ELSSELS. The depth sensitivity can also be volume-plasmon intensities is demonstrated in an ELS study
varied easily using ELS by varying either the primary-beamof Sn metal by Hoflund and Coraffbin which the surface
energy® or the incidence and collection angfslt should ~ sensitivity was varied by changing both the primary-beam
be possible to obtain three-dimensional, chemical-state inforenergy and the incidence and collection angles in the experi-
mation by performing SELS at different primary-beam ener-ment. The variations in the relative intensities of surface and
gies. Furthermore, the ELS signal strength can be varied ovdiulk plasmons and the multiple-loss features follow the ex-
a large range since an electron source with a broad dynamfgected trends. If these trends are not followed, then the fea-
range provides the primary excitation. Therefore, ELS datdures are due to interband or intraband transitions, which
can be collected rapidly compared to VBXPS data. Howeverhave more complex intensity variations with primary-beam
the primary electron-beam current must be kept low enouglenergy.
so that electron-beam damage to the surface is mininfrzed.

ELS has been used to study the optical properties of Ag EXPERIMENT
and other metal$%2 The features in the loss spectrum of
Ag are well documented, but the interpretation of their origin ~ Three samples were examined in this study including a
is still controversial. The reason for the uncertainty in theAg foil (99.99+% purity) from Goodfellow, a AgO powder
interpretation of the Ag loss spectra is mainly due to the(99% purity from Aesar, and a AD powder(99+% purity)
difficulty in determining which physical process is respon-from Alfa. The Ag foil was cleaned by Ar sputtering until
sible for a given loss feature during the inelastic scattering ofio O or C contaminants could be observed using XPS. The
electrons at the surface. These processes include creation O and AgO powders were pressed into Al cups and in-
volume and surface plasmons and interband and interbargerted into the UHV system, where they were heated under
transitions and possibly momentum transfer of scatterestacuum at 130 °C for 30 min to reduce the surface contami-
electrons as well as multiple scattering events. The analysigation levels consisting of hydrocarbons, Ag carbonate/
and interpretation of ELS data are complex. In order to asbicarbonate, water, and hydroxyl groups. The Ag oxides
sign features due to electronic transitions, it is necessary toere not sputtered because this may alter the O-to-Ag atom
have a good representation of the electronic band structure ¢étio and induce structural damage.
the material under study. Moreover, plasmon features com- After the various treatments the samples were character-
plicate interpretation of the ELS data of metals. Plasma osized using XPS and ELS in a Perkin-Elmer PHI 5600 sys-
cillations in a metal are defined as the collective longitudinattem. The XPS datéhonmonochromatizgdvere taken using
excitation of the conduction-electron gas. Plasmons aran Al anode in the high-energy-resolution mode. The ELS
quantized plasma, which can be excited by passing an eledata were taken using primary-electron-beam energies rang-
tron beam through a metal film or reflecting electrons off theing from 100 to 2000 eV, and the primary-beam energy
surface. The reflected or transmitted electron beam will typisnaximum was used to set the zero point of the spectra. The
cally exhibit energy losses equal to integral multiples of thefull width at half maximum(FWHM) of the primary-beam
plasmon loss energy. Depending on the electronic oscillaenergy distribution was approximately 0.6 eV. The primary
tions, plasmons are classified as surfécansversgor vol-  electron beam and the analyzer were each 45° off the sample
ume (longitudina). The energy loss from the surface and normal.
volume plasmons in the free-electron approximation is re-

lated by RESULTS AND DISCUSSION
£ Ag® ELS
Sp:ﬂ. (1) The electronic band structure of silver has been studied
V2 extensively using experimental as well as theoretical

models>®>~® These studies show that silver possesses inter-
The interpretation of ELS data is further complicated be-esting and unique characteristics among the transition and
cause multiple-loss features consisting of both surface andoble metals. Silver has relatively narrovd dands, which
volume plasmons may be present in the spectra. are located about 4 eV below the Fermi energy) level.
Seafi® provides a general description of several method$-or this reason its optical properties have characteristics of
that have been developed to assign the nature of the variol®th free and bound electrons. The free-electron contribution
features. One technique consists of varying the primaryarises from a strong hybridization of tiseand p orbitals.
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A A B LA Y S spectra were scaled arbitrarily by the data collection soft-
EES aa< 2542 17 1| ware, the intensity of the 3.8-eV feature decreases as the
g ~3.8 primary-electron-beam energy increases. Ingram, Nebesny,
%va and Pembertold have performed ELS on polycrystalline Ag
(b)199@\\/\~/-/\\/~/ V/J using primary-electron-beam energies of 200 and 1500 eV.
N ; \/ They found that the peak-area ratio of the 3.8-eV feature and
= ©15008Y _——"T N / the elastic peak decreases from 0.08 to 0.0E aicreases
= (d)%J\VV from 200 to 1500 eV. Another argument for the 3.8-eV fea-
=] N \/ ture assignment as a surface-plasmon loss feature is that
g @ 10006V \/\// there are no interband transitions that might be responsible
% ) 800 ev____/u/\/—\//\/ for this feature. The Ag 4 electron_s lie in a band ranging
= IR from 4 to 7 eV belowEg so 3.8 eV is not enough energy to
— | {95008V ———— J excite these electrons to unfilled levels. Tag electrons
w _/// lying closer toEg have a low and broad intensity distribution
Z |maoev ] ( and would not yield a sharp, well-defined feature like the
_/_///J 3.8-eV peak. Sedfihas made an attempt to interpret the 3.8-
2008V —— _//"L/ and 7.8-eV features as due to interband transitions based on
1008V ——— | the calculated band structure of Ag and concluded that a
| | | \ J | | reasonable explanation could not be given because the most
50 40 30 20 10 0 intense transitions do not yield the experimentally observed
Energy Loss (eV) loss energies. In this study Seah tentatively assigned this

3.8-eV loss feature as due to bulk-plasmon formation but
FIG. 1. Electron energy-loss spectra obtained from a cleaneghter demonstrated that it is due to surface-plasmon
polycrystalline Ag metal surface for primary energies(af 2000, formation®>°
(b) 1900, (c) 1500, (d) 1200, (e) 1000, (f) 800, (g) 500, (h) 300, (i) Another feature is present in the 100- and 200-eV loss
200, and(j) 100 eV. spectra centered at 1.8 eV, which has not been observed in
) . . previous Ag ELS studies. It could possibly be due either to a
The loss spectra obtained from polycrystalline silvergiface-plasmon loss or an interband transition. If it is a
metal are shown in Figs.(d—1(j) for energies ranging from g rface-plasmon loss feature, then Ag would have two
2000 to 100 eV, respectively. Two peaks at 3.8 and 7.4 e\ iface-plasmon loss features, and this is unlikely. Further-
dominate the low-energy spectra. Although the 3.58—eV feamore, assigning the 1.8-eV feature as a surface-plasmon loss
ture has been attributed to various loss processes, Ge@h  feature and the 3.8-eV feature as due to two surface-plasmon
shown that it is due to a surface-plasmon loss. Howeverggses is not reasonable because multiple-loss features are
there is no feature at a loss energy of 5.35 eV that wouldyyays smaller than single-loss features. The other possibil-
correspond to a bulk-plasmon loss feature as predicted by, js an assignment due to an interband transition. Arling-
Eq. (1). This may be due to the fact that Ag is not a free-p5,5 Gay, and Smithhave performed fully self-consistent
electron-like metal. Otto and.Péit"rlhave suggested that the gectronic-structure calculations on the (Ag0) surface and
7.4-e_V featur_e is due to creation of _volume plas_mons. This i$5und an unexpectedly high density of surface states. They
consistent with a study of the optical properties of Ag by g, gqgest that these surface states are important in determining
Ehrenreich and Philipp> who find that the energy-loss func- the physical and chemical propertiesteband metals. Reihl,
tion peal_<s at 7.5 eV near the free-electron plasma frequencgch"mer, and Neff® identified a Schockley-type surface
The assignment of the 7.4-eV loss peak as a bulk-plasmogate lying within thes-p hybridization gap at 1.7 eV above

loss peak is consistent with the data shown in Fig. 1. As th A o
primary-electron-beam energy is increased from 100 to 2000F at theX point of the surface Brillouin zone on AYLO

eV, the 7.4-eV feature becomes more prominent compared sing angle-resolved inverse photoemission spectroscopy.

the 3.8-eV feature. This is the correct intensity variation if ::ie?le%n;:?jii :I(;]il:?ri,e?l;(zlnlﬁ;g;/sliggi Iggéufrr?)g trflegfol '(‘:’f
the former is due to a bulk-plasmon loss and the latter is du 9 P

to a surface-plasmon loss. The probabilities of exciting sur- € filleds-pband to the surface states lying just abde.

face plasmons for several primary-beam energies calculatesd ;—:t(rea:ecelzsntzlr?e% ;Zﬁ% SlTaS”eF\)/ea'll'(hi\gSIt()alaeklrr]\;:%eAe\:gr\ :SZ?I“_
using Eq.(2) are shown in Table I. Although not apparent P ’ . P

from the data shown in Fig. 1 because the intensities of thes%-id ;;;gpnrs;m;ss Satug%lkt?;) Iieﬁ)?‘sv;h?egltjl?rgeesctc?r?sﬁzza(Igt n(;?ythe

3.8-eV and 7.4-eV loss features. If this were the case, then
this feature should lie at 11.2 eV. Silver has been shown to
have a characteristic interband transition around 11.9 eV due

TABLE |. Probabilities of surface-plasmon excitations for’Ag

Bo (V) Probabillty Fo (V) Probability to the excitation of electrons from thesdrbital to the J
100 0.58 1000 0.18 orbital and 4-5d hybridized conduction band, and this is
200 0.41 1200 0.17 believed to be the origin of the 11.8-eV peak observed in this
300 0.33 1500 0.15 study.
500 0.26 1900 0.13 The higher-energy ELS features become more prominent
800 0.20 2000 0.13 and well defined with increasing primary beam energy up to

2000 eV. The three most prominent features lie at 17, 25,
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sample after a 300 °C anneal for 30 min.

FIG. 2. XPS survey spectra obtained frée the AgO sample
after a 130 °C anneal for 30 min arid) the AgO sample after a
300 °C anneal for 30 min. trum include the Ag core level and Auger peaks, the © 1

and Auger peaks, the valence-band peak, and small peaks

and 33 ev, and a smaller feature may be present as a ShOngue to contaminants inCIUding C, Na, and CI. These contami-
der at 23 eV. Since these features are not apparent at low8RNts are usually present on oxide surfaces, and a determina-
primary-beam energieS, they may be due to Vo|ume p|ast.|0n of the CompOSItlon based on the homogeneous assump-
mons or interband transitions that may not be allowed ofion indicates that each of these contaminants is present at
have small cross sections in the potential field near the suthe several percent level.
face. A study by Wehneet al®” of the Ag valence structure ~ The high-resolution XPS Ag @ peaks obtained from the
indicates the presence of an interband transition near 17890 sample after the 130 °C anneal is shown in Fig).3
eV. The intensity of this peak is very low and its shape andl'he binding energyBE) of the 35, peak is 367.3 eV, and
width were not resolved. Eckardt, Fritsche, and Noftke its FWHM is 1.57 eV. These values are in good agreement
have carried a self-consistent relativistic calculation of thewith previously published XPS data for Ag0:>?”As dis-
band structure of Ag. Their results indicate that there aréussed by Weaver and Hofluhdhe relatively high FWHM
numerous positions in the Brilluoin zone that would yield of the Ag 3ds, peak is attributed to the presence of both
loss energies similar to those of the higher-energy ELS fea®g* and Ag" ions in the crystal lattice of AgO. Pakt al**
tures. have calculated the electronic structure for AgO and con-
clude that the two Ag ions are Agand A¢" due to the
presence of holes on the oxygen species. The fact that the Ag
AgO XPS 3d peaks obtained from AgO are so broad supports the as-
The thermal decomposition of AgO has been studied bysertion that two Ag valencies are present. However, both
Weaver and Hoflundusing XPS. Results from this study possible explanation contain aspects that seem unrealistic. In
show that AgO is stable in UHV at temperatures up tothe former it is difficult to understand how Ag forms par-
100 °C. Annealing at this temperature for 30 min causes patticularly when other Ag compounds of this valency have not
tial decomposition of surface contaminants such as hydrocabeen found. However, Au, which is just below Ag in the
bons, carbonates, and others. The decomposition of AgO bgeriodic table, does form Ali ions in AwOj3. In the latter,
comes significant at temperatures above 200°C. In th© ! species would be present, and these also have not been
present study XPS data were obtained from the as-enteraabserved previously. Further effort will be required to re-
AgO sample to determine the amount of surface contaminasolve this issue.
tion present. As expected, there was a considerable amount The O 1s spectrum obtained from the AgO sample after
of hydrocarbons present in the near-surface region. Thannealing at 130 °C for 30 min is shown in Figa# The
sample was annealed for 30 min at 100 and then 130 °C tehape indicates that multiple chemical states of oxygen are
reduce the amounts of contaminants. Higher temperaturggesent. The predominant O feature due to AgO has a BE of
were not used to avoid decomposition of the AgO. The XP3$28.4 eV. The BE assignment of this peak has been dis-
survey spectrum obtained from the 130°C—annealed Ag@ussed in detail by Weaver and Hofldnand is in good
sample is shown in Fig.(d). The peaks visible in this spec- agreement with previously published d&f&.The other large
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FIG. 4. High-resolutionOXPS Osispectra obtained frora) the FIG. 6. Electron energy-loss spectra obtained from the AgO
AgO sample after a 130 °C anneal for 30 min amdl the AGO  sample after annealing at 130 °C for 30 min using primary beam
sample after a 300 °C anneal for 30 min. energies ofa) 2000, (b) 1500, (c) 1200, (d) 1000, (e) 800, () 500,

(g) 300, (h) 200, and(i) 100 eV.

peak present in the Oslspectrum is due to Ag carbonate or
bicarbonate at a BE of 530%¢%?%These species most likely bicarbonate, which is consistent with the @ dpectrum. The
form by adsorption of C@during air exposure. The broad previous study of the thermal decomposition of AgO also
shoulder visible in the O 4 spectrum at binding energies found' that carbonate species and hydrocarbons are present
between 531 and 532 eV are due to contributions from hyas the two major contaminants in AgO. There are two other
droxyl groups and adsorbed water. peaks present in this spectrum centered at BE’s of 292.3 and

The C Is spectrum obtained from the 130°C annealed295.0 eV. These peaks are due to a potassium chloride or
AgO sample is shown in Fig. 5. The peak with a BE of aboutCl-containing contaminant species. The amounts of these
284 is due to adsorbed hydrocarbons. The peak centered @@ntaminant species are very small and therefore would have
287.6 eV is attributed to the presence of silver carbonate and small influence on the ELS spectra as discussed below.

AgO ELS

L L BN L I DAL
The electron energy loss spectra obtained from the
AgO Cis 130 °C—annealed AgO sample is shown in Figs)-66(j) for
XPS primary-beam energies ranging from 2000 to 100 eV, respec-
(CH,), — tively. By increasing the primary-beam energy, deeper layers
of the AgO sample are probed due to an increase in the
Ag,CO/AgHCO, — inelastic mean free path of the electrons with kinetic energy.
These spectra are clearly different from those obtained from
Ag metal. An intense peak centered at a loss energy of 8.6
eV dominates the lower-energy spectra. The intensity of this
peak increases with increasing primary energy beam, and it
predominates throughout the whole range of primary-beam
// energies used. A shoulder is also present at a loss energy of

KCI/(CH,CL),

about 10 eV. This feature is most apparent at primary beam
energies of 1000 and 1200 eV. It is absent in the lower-
energy spectra and becomes the predominant feature in the
higher energy spectra, shifting the feature from 8.6 toward
10 eV loss energy.
I T T In addition to the main feature, there are several shoulders
300 295 290 285 280 centered at loss energies of 6.8, 5.4, and 3.8 eV. Due to their
Binding Energy (eV) low intensities, the presence of these shoulders is most likely
due to contributions from chemical species located close to
FIG. 5. High-resolution XPS C 4 spectrum obtained from the the surface region and in low concentrations. A study by
AgO sample after a 130 °C anneal for 30 min. Barteau and MadfR found that filled energy levels due to

N(E) (arbitrary units)
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adsorbed surface carbonates on silver, observed using XPS,

are located at energies of 2.0, 3.5, 8.4, and 10.4 eV below LR AL
Er . Therefore, the presence of surface carbonates and other 46 32 25 20
impurities may contribute to the formation of these loss fea- ‘ N\pas
tures and possibly the shift of the 8.6-eV feature. (a) 2000 eV . \/
The spectra obtained using higher primary-beam energies (b)wmij
are characterized by the appearance of a broad peak centered ) 155057 | :
around 30 eV. The intensity of this peak increases with in- - (d“zooM\
creasing primary-beam energy. In addition to this main fea- = N
ture, there are two smaller loss fgatures centered at 20 and 46 ; (e) 10008V _| N
eV. These peaks are apparent in the 800-eV primary-beam S |nsooey | A—n]
loss spectra. Since AgO is a semiconductor, the loss features = J
are most likely due to interband transitions. The physical g () 500 6V /,’—-’/\
processes that form these loss features cannot be specified = ] o \
because the electronic structure of AgO has not been pub- W i) 300 ev ,_,/;// /\
lished. Although this is a disadvantage with regard to inter- Z ma200ev | T
preting AgO ELS data at this time, a comparison of the ELS 01006V AN
data obtained from Ag metal and various Ag compounds |
such as AgO and A® is quite useful to gain a better un- Ag;O [
derstanding of the differences between these two oxides. ELS L | Ly | |
Furthermore, the ELS spectra presented in this paper have 50 40 g6ttt tttH0 0
recently been used to determine the chemical state of Ag in Energy Loss (eV)
alumina-supported Ag ethylene epoxidation catal§%tEhis )
has not been possible using other techniques. FIG. 7. Electron.energy-loss spectra pbtal_ned f_rom thQOAg_
sample after annealing at 300 °C for 30 min using primary energies
of (a) 2000, (b) 1900, (c) 1500, (d) 1200, (e) 1000, (f) 800, (g) 500,
Ag,0 XPS (h) 300, (i) 200, and(j) 100 eV.

e e oy 811 and most mprtnty because Bycontains ol
. 93 9 : . Ag'* species, while AgO contains an equimolar mixture of
ing at 100 °C reduces the amounts of contaminants such 1+ Y ;
: g*" and Ag" to give an average valency of Ag

carbonates and hydrocarbons. At this temperature they re- :

Lo . X The O 1s spectrum obtained from the AQ sample after
corded a slight increase in the concentration of AgO due to a 300 °C anneal is shown in Fig(B}. The O Is peak due to
disproportionation reaction that occurs at the surface o 9. P

Ag,0. Annealing at 200 °C causes the decomposition of surpﬁyg?dn from Ar?to th?hs ahiBE-E?IfE 5i2d9.2 f}[/h agd thirfh '? a
face carbonate contaminants and a partial reduction of ghghoulcer present at the hig side of the Opeak tha

AgO back to AgO. After a 300°C anneal all of the AgO extends from 530 eV up to 532.5 eV, indicating the presence

present is transformed into AQ and most of the impurities of oxygen in other chemical states including s_ilver carbonate
are eliminated. A small amount of metallic silver also formsand t?lc_arbonate,. adsorbed water, ar]d possibly an oxygen-
L : N containingC species. These species, if present, are found in
through decomposition of A@. After annealing at 490 °C, very small quantities
most of the AgO decomposes to Ag metal. A migration of '
impurities from the bulk to the surface occurs as well. In this
present study an annealing temperature fos@@f 300 °C Ag0 ELS
was chosen since complete decomposition of the contami- The ELS spectra obtained from the & sample after a
nants is achieved while the thermal decomposition@gs 300 °C anneal for 30 min are shown in Figga)77(j) for
negligible. primary energies ranging from 2000 to 100 eV respectively.
Based on these results the & sample was analyzed The main feature in all of these spectra is centered around
using XPS before and after a 300 °C anneal for 30 min. The.6 eV, and its intensity increases with increasing primary
XPS survey spectrum obtained from Ayafter annealing is beam energy from 100 to 1000 eV and then apparently re-
shown in Fig. 2b). The results obtained are very similar to mains constant to 2000 eV. A comparison of this peak with
those described above for AgO. The peaks visible in thighe 8.6-eV feature present in the loss spectra of AgO provide
spectrum include the Ag core level and Auger peaks, the @n indication of the similarities in the electronic excitation
1s, and Auger peaks and the valence-band peaks. Ne C llevels of these two oxides. The 8.6-eV peak from@glif-
peak is apparent. The concentrations of Ag and O calculateférs from the corresponding AgO feature in that as the pri-
using the area under the Agl3, and O Is peaks, published mary beam energy is increased the,Bgpeak gradually
sensitivity factors and the homogeneous assumption indicateroadens to lower loss energies centered around 8.2 eV while
that the near-surface region is composed of 30% O and 70%e AgO peak broadens to higher loss energies around 9.4
Ag, which is within the experimental error for AQ. ev.
The high-resolution Ag 8 spectrum is shown in Fig. The electronic structure of A@ has been investigated
3(b). The Ag 35, peak has a BE of 367.7 eV and a FWHM previously by Tjenget al®” using photoelectron, Auger-
of 1.0 eV. This FWHM is much lower than that of AQO due electron and bremsstralung isochromat spectroscopy. The
to the facts that the A® surface contains fewer contami- band gap for AgO was calculated to be 1.3 eV with the
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Ag,0 ENERGY LEVEL DIAGRAM eV. The 3.8-eV feature is also present in the AgO spectra,
_ but its intensity is much weaker. This could result from par-

tial reduction of AgO during the 130 °C anneal forming some
Ag,O. In addition to the 3.8- and 8.6-eV features in the

ag Ag,0 spectra, there are two shoulders visible around 1.5 and
5.4 eV. These features are consistent with interband transi-
tions from the valence-band maximum- (.0 eV—0.3eV)

23 and Ag 4 bands 4.9 eV—0.3 eV) to the conduction-band

minimum state, respectively.

CB Energy levels

7 The higher beam primary energy spectra are characterized
by a broad feature containing loss contributions centered
CB Min. LS 0.3 around 20, 25, and 32 eV. The physical or optical phenom-
...... 0 ena responsible for the excitation of these peaks is not easily
VB Max. -1.0 understood due to a lack of knowledge of the energy levels
O02p 3.4 of empty conduction bands in AQ. The 20-eV feature can
Ag 4d -4.9 be attributed to a core-to-valence-band transition from the O
Ag 4d-02p -8.3 2s band located 21.2 eV belot . The 25-, 32-, and 46-eV
Ag4p 165 features are probably due to contributions from interband
transitions from the valence or Gs2evels to unfilled levels.
I The positions of the expected energy levels of conduction
O2s 21.2 bands are shown in Fig. 8 as a result of the analysis of the
" Ag,0 loss spectra obtained in this study. Electronic structure
FIG. 8. Energy-level diagram for A@. calculations are needed in order to determine the positions

and contributions of these conduction bands more accurately.

bottom of the conduction band located at 0.3 eV and the top
of the valence band at1.0 eV with respect t&eg. This
same study also shows that the Ad dnd O 2 orbitals mix
to give a hybrid band structure that is 8.3 eV belgw. The The electron energy-loss spectra for silver metal and its
8.6-eV peak present in the loss spectrum of@gs likely to  two oxides AgO and AgD have been obtained and analyzed
be due to a interband transition from the Ag40 2p va- in this study. The three sets of ELS spectra are quite different
lence band to the bottom of the conduction bandas expected. Therefore, ELS is a useful technique for distin-
(—8.3eV—0.3eV), resulting in a 8.6 eV loss feature. A guishing between Ag metal, AgO, and £ Since silver is
graphical representation of the electronic band structure ofi conductor, its electronic structure favors plasmon excita-
Ag,0 obtained from previous studfé$’is shown in Fig. 8.  tion contributions to its loss spectra. Silver oxides are semi-
Conduction band gaps are estimated from the ELS data olzonductors with relatively wide band gaps, which favors in-
tained from AgO in this study. terband transition from core and valence-band electrons to

The other feature visible in the lower primary beam en-unfilled energy levels. XPS was used in conjunction with
ergy spectra is centered at 3.8 eV. This peak gains intensiti{LS in order to characterize the chemical states and amounts
as the primary beam energy is increased and is visible up tof contaminants present at these oxide surfaces. The analysis
primary energies of 1000 eV, and then it becomes incorpoef the loss spectra from AgO and 4@ is not straightfor-
rated into the broadening elastic peak. The origin of theward, and a detailed understanding of the contributions to
3.8-eV peak probably is due to an interband transition fronthese spectra must be based on both filled and empty elec-
the O 2p band located 3.4 eV belo®g to the conduction- tronic levels, which have not yet been determined for these
band minimum ¢ 3.4 eV—0.3eV), resulting in a loss of 3.7 oxides.
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