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Characterization of tin oxides by x-ray-photoemission spectroscopy
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Using well-defined samples of SnO and Sn02, we have focused our attention on the way the two tin ox-

ides could be distinguished using x-ray-photoemission spectroscopy (XPS). Polycrystalline SnO, oxi-
dized in air to give Sn02, sputtered by argon-ion bombardment to give SnO and single-crystalline SnO,
have been examined using XPS in order to study the formal valencies of tin in these partly ionic com-

pounds. On the basis of a tin 3d-level line-shape analysis, we show that a sizable chemical shift of
0.7+0.05 eV exists between (formal) Sn and Sn +. Using a least-squares fitting routine, we are able to
follow the evolution of both ionic species upon argon-ion bombardment. This evolution shows up more

strongly in the valence-band region, where SnO is characterized by an additional structure attributed to
Sn Ss—derived levels. Our experimental results are interpreted using calculated tight-binding bulk densi-

ties of states. Finally, we propose a procedure for the quantitative evaluation, by XPS, of the relative

concentration of the two oxides.

I. INTRODUCTION

It has long been recognized that the formal valencies
of tin in its oxidized forms cannot be distinguished using
XPS, this technique being usually used for estimating the
[Sn]/[0] ratio. This conclusion has been reached because,
in order to avoid energy scale calibration procedures, the
energy difference between the 0 1s and the Sn 3d lines
had been used' as a possible index of the oxidation stage,
but had failed to indicate any chemical-shift difference
between the two tin oxides. According to Lau and
Wertheim, ' the change in free-ion potential between Sn +

and Sn + is cancelled by the change in Madelung poten-
tial at tin sites between the two lattices. Other attempts '

showed that a chemical shift of the order of 0.5 eV does
exist between the Sn 3d locations in the two oxides. Nev-
ertheless, in spite of being a time-consuming procedure,
the best way to distinguish between SnO and Sn02 seems
to be detailed analysis of their different valence-band (VB)
regions, as have been demonstrated by Lau and
Wertheim' and recently by Sherwood. One purpose of
this paper is to investigate how this could be used in order
to yield meaningful quantitative values of the relative

concentrations of Sn + and Sn + species in a given sam-
ple.

However, most of these past studies were realized on
poorly defined powders, electrochemically oxidized me-
tallic samples, or an air-oxidized and sputtered metallic
tin that suffered from uncertainties with respect to the
actual composition. We have recently shown that a
thick layer of good-quality Sn02 covers air-oxidized SnO.
Sputtering with 500-eV argon ions reduces a layer of
roughly 35 A thick, thereby inducing a Sn +~Sn +

transformation. In this work, we are able to remove the
oxidized layer completely by sputtering with more ener-
getic (Et, =4500 eV) argon ions. This procedure leaving
"pure" SnO, we avoid energy calibration procedures by
directly comparing SnOz (before sputtering) and SnO
spectra on the same sample. For the sake of comparison,
spectra from Sn02 single-crystalline samples will also be
presented. Furthermore, in our extensive UPS study of
polycrystalline black SnO, we could resolve the (formal)
Sn + and Sn + components of the Sn 4d levels (binding
energy Ett =26 eV with respect to EF). We are thus able
to study samples with a well-defined surface composition
and in excellent condition for comparing SnO and Sn02
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spectra in the Sn 3d, Sn 4d, and VB regions. Since this
study was made using a standard XPS spectrometer, it is
also interesting to verify whether or not a direct decom-
position procedure of the Sn 3d levels can still be efficient
in spite of the lower available resolving power.

This paper is organized as follows. By extension of our
work on Sn 4d bands observed with UPS, we apply the
same strategy to the intense XPS Sn 3d levels, to ascertain
the surface concentration in Sn +, Sn +, or Sn species.
Then we present the corresponding Sn 4d and valence-
band spectra, which show significant differences when
compared to existing results. The relevant features of
the VB spectra, which reflect the very different chemical
bonding mechanisms in the two oxides, are interpreted in
terms of theoretical bulk densities of states (DOS) from
the band-structure calculations of Munnix and Schmeits
(for Sn02) and Themlin et al. (for SnO). Finally, we
point out the qualitative differences useful to identify the
most abundant oxide within the XPS sampling depth and
we show how the VB and near-core spectra can be used to
facilitate quantitative evaluations based on detailed Sn 3d
level line-shape analysis.

II. EXPERIMENT

The tin dioxide single crystals were grown in our labo-
ratory by the reactive vapor phase transport method in-
troduced by Helbig. The perfect aspect of the single-
crystalline platelets cut from hollow needles oriented
along the c axis allowed us to study the (110) face without
any polishing. Further details about the Sn02 single crys-
tals are given elsewhere. Since the thermal instability of
stannous oxide precludes the growth of single crystals,
we have pressed pure (99.9%) SnO powder into pellets at
high pressure. It is known that SnO readily oxidizes in
air at room temperature, ' and we have shown that one
could use this oxidized layer as a good quality Sn02. For
Sn02 single crystals as well as for oxidized SnO, only a
slight argon-ion bombardment (E&=4500 eV, current
density of roughly 5 JLtA/cm for 1 min) was used to re-
move a small amount of carbon contamination as well as
a hydrated layer. The degree of cleanliness was assessed
by the absence of the C 1s line and the lack of the
hydroxyl-characteristic tail usually observed in the 0 1s
levels.

In order to observe "pure" SnO, higher doses of argon
ions (E~ =4500 eV, current density of roughly 5 pA/cm )
were used to sputter away the top Sn02 layer. The actual
sputtering time necessary to remove the covering layer
completely was longer after the SnO pellet had been ex-
posed to ambient air for an extended period before its in-
troduction into the spectrometer. The decrease of the
Sn + concentration was detected in our XPS spectra us-
ing a Sn 3d level line-shape analysis and monitored
several times during the preparation procedure. The
latter was stopped as soon as the Sn + component was re-
duced to a negligible level. We therefore avoided the
growth of an Sn component, which arises only for larger
sputtering times, following the reduction of black SnO.

The XPS data have been recorded with a Surface Sci-
ence Instruments SSX-100 spectrometer that uses a

monochromatized Al Ka x-ray source (h v=1486.6 eV).
The overall resolution of the spectrometer was 0.4 eV.
The base pressure during the measurements was in the
low 10 ' -mbar range. A differentially pumped ion gun
operated at 4.5 keV was used for argon-ion sputtering.
Charging effects were important on unsputtered SnOz (ei-
ther on single crystals or on air-oxidized SnO) and were
neutralized using a flood gun operated at 2 eV kinetic en-
ergy. By inspecting the valence-band structures, care was
taken that the small binding energy shifts of the core lev-
els were not resulting from a charging effect. The spectra
are referenced to the Fermi level of a gold-plated metal in
electrical contact with the oxide sample.

III. RESULTS AND DISCUSSION

The Sn 3d levels

The Sn 3d core-level spectra recorded on air-oxidized
SnO and on Sn02 single crystals look very similar. In
contrast, the Sn 3d spectrum of sputtered SnO appears
slightly shifted (by =0.7 eV) toward low binding energies
(Es). The observed spin-orbit splitting of 8.4 eV is in
good agreement with the tabulated value. ' We will inter-
pret the shift of E~ for SnO as a true chemical shift, and
we postulate that this shift is due to the appearance of a
Sn + component. The origin of our interpretation arises
from our recent analysis of Sn 4d UPS spectra obtained
when sputtering similar samples, which led to the ap-
pearance and growth of a Sn + component situated at
0.65 eV toward lower Ez. We believe that the same situa-
tion shows up in the present Sn 3d spectra and is easier to
detect since the large spin-orbit splitting allows the fit of a
single Voigt profile per component. Since a physically
significant fit requires that the number of parameters be a
minimum, we have fixed the position of the Sn + com-
ponent at 486.3 eV, the binding energy for which we ex-
pect Sn + ions to be dominant in Sn02 on SnO. The Sn +

component is dominant in the SnO spectrum and the best
fit suggests a location at 0.73 eV from the Sn + com-
ponent toward lower Ez. A Sn component separated by
2.5 eV from the Sn + component was generally necessary
to account for the small bump on the low-E~ side of the
SnO spectra. This is consistent with our previous studies
which show that in contrast to what happens with Sn02
(Ref. 8), a prolonged sputtering of SnO leads to the
creation of metallic tin.

The consistency of our fit was checked by monitoring
3d5&2 levels several times during the sputtering. Figure 1

clearly demonstrates the growth of the Sn + component
and the gradual disappearance of the Sn + component
upon sputtering. The parameters used for the fits are
given in Table I. It appears that the effect of argon-ion
bombardment is not a mere reduction of the top Sn02
layer following oxygen preferential sputtering, but that
the underlying black SnO becomes progressively un-
covered. Indeed, we have found that it was not possible
to reach such a high degree of reduction by applying the
same treatment on well-characterized SnOz single crys-
tals, which undergo a limited reduction (see Sec. V). In
this latter case, one rather observes the alteration of the
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FIG. 1. XPS spectra of Sn 3d5~, measured at increasing
argon-ion (Ep=4. 5 keV) sputtering time on air-oxidized SnO
(circles) until the complete removal of the covering Sn02 layer.
The spectra have been normalized to equal height and the back-
ground due to inelastically scattered electrons has been sub-

tracted. The solid curves, labelled by the etching time, are the
result of a curve fitting into three components. The solid line

closest to the raw-data points is the sum of the individual com-
ponents.

rutile electronic structure Sn02, inherent to a high-
oxygen-vacancy concentration. We therefore assume that
the final spectra are characteristic of the quadratic lattice
of SnO, and not of a high-vacancy rutile-structured
Sn02, phase. The appearance of a Sn component for
longer sputtering times further confirms this view, since
the ratio of the partial sputtering yields Y(O)/Y(Sn) in

Sn02 prevents the creation of metallic tin for the rutile
phase. '" It should be stressed here that the energy
di8'erence between 0 1s and Sn 3d levels amounts to 48.77
eV for Sn02 and 48.68 eV for SnO. As recalled in the In-
troduction, a measurement only of the relative chemical
shift between the two oxides it thus clearly insufficient for
identification purposes.

The valence-band and Sn 4d core region

Figure 2 shows the valence-band and near-core region
of Sn02 (110), air-oxidized SnO, and sputtered SnO.

FIG. 2. XPS spectra of valence-band and near-core region of
air-oxidized SnO (middle curve labeled Sn02}, sputtered SnO
(top curve), and Sn02 single crystals [SnO& (110),bottom curve].
The solid line represents smoothed data, and the binding-energy
scale refers to the Fermi level. The VB region has been
magnified with respect to the Sn 4d region on which the data
have been normalized.

Once more, the close similarity of the two characteristic
curves of SnO2 confirms the good quality of the Sn02 lay-
er on top of SnO. The most notable difference between
the two oxides is in the presence of a prominent peak
characteristic of SnO, at the lower-Ez side of the VB. We
have proposed a tin 5s -derived origin for this peak in our
earlier UPS study of SnO. These Sn5s —derived levels,
which in Sn02 form the bottom of the conduction band,
become part of the occupied VB in SnO, in order to ac-
commodate the additional electrons located on tin cat-
ions. The observation of a resonant enhancement that
occurs at the Sn 4d absorption threshold has confirmed
the tin-derived origin of this peak.

The first, most prominent peak of SnO at low Ez is not
merely due to a shift of the 02p —derived peak which is

the leading peak of Sn02. Indeed, one can clearly see in

Fig. 3 the gradual appearance of the Sn Ss —derived struc-
ture at low Ez. The spectra are given for increasing
sputtering times corresponding to selected spectra of Fig.
1. The 02p —derived structure at Ez =4.5 eV keeps the

TABLE I . Parameters used in the fits to the Sn 3d spectra of Fig. 1. The binding energies were fixed

at 486.3 eV for the Sn + component and 485.6 eV for the Sn + component, and both components share

a Gaussian-to-Lorentzian mixing ratio of 0.87.

Sputtering
time (s)

As introduced
15 s
105 s
400 s

600 s
800 s
1200 s
1600 s
2200 s

Sn4+

Height
(arb. units)

954
906
861
568
431
353
264
181
98

FWHM
(eV)

1.373
1.343
1.364
1.340
1.336
1.346
1.358
1.350
1.451

Sn'+
Height

(arb. units)

48
110
162
575
690
759
830
877
924

FWHM
(meV)

1.9
1.9
1.834
1.524
1.550
1.581
1.611
1.640
1.680

Sn'
Height

(arb. units)

30
30
45
80
90
90

100
100
100

FWHM
(meV)

1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.8
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was used in UPS. The leading peak of the SnO valence band in
UPS is the 02p —derived structure. The value in parentheses
for UPS has been measured using the Sn Ss —derived shoulder.
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FIG. 3. Set of valence-band XPS spectra at selected sputter-
ing times corresponding to Fig. 1. The growth of the
Sn5s-derived structure as the underlying SnO becomes pro-
gressively uncovered can clearly be seen. The solid line
represents smoothed data. The spectra have been normalized to
equal height.
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same location and becomes buried with increasing
sputtering time. It is worth mentioning here that the lack
of significant energy shift for these VB structures rules
out the possibility of appreciable band-bending variations
upon sputtering and justifies our interpretation of the Sn
3d binding-energy shift in terms of a chemical shift. As
we have suggested previously, the intensity ratio I(Sn
5s)/I(O 2p) can be used to monitor the gradual evolution

'Reference 4.

of the sputtered layer toward the SnO stoichiometry. Fig-
ure 4 emphasizes the relation between the I(Sn Ss)/I(O 2p)
ratio and the area ratio S(Sn +)/[S(Sn +)+S(Sn +)] deter-
mined from our Sn 3d fit. The quantity
S(Sn +)/[S(Sn +)+S(Sn +)] approximates [Sn +]/([Sn +]
+ [Sn +]), the relative concentration of Sn + species in
the sampled layer.

Another important feature is the energy separation of
the Sn 41 peak from the most prominent (leading) peak of
the valence band. When going from the low photon ener-
gies characteristic of the UPS regime to x rays, the ratio
of the partial photoionization cross sections, o (Sn
Ss)/0 (0 2p), taken from tabulated values undergoes a six-
fold magnification. The Sn Ss —derived structure accord-
ingly grows in XPS above the 0 2p peak, while it remains
a shoulder in UPS spectra. Since the prominent peak at
the low-E~ side of the XPS VB of the two oxides has two
different origins, their energy separation with the Sn 4d
peak position is higher than in UPS. We give these ener-

gy separations in Table II, together with the correspond-
ing UPS values as well as other XPS values. For similar
sample preparations, we obtain higher energy separations
in XPS than in UPS, because we have used the position of
the Sn 4d5&2 level in the better resolved UPS spectra. In
XPS, the partly resolved doublet shows up as a single
broad peak, and this broadening shifts the location of the
peak toward higher E~. As judged from our previous re-
sults, such a broadening can account for shifts as large as
0.7 eV and should be greater for SnO where the doublet is
more resolved. The energy differences measured in this
work are 21.5 and 23.1(5) eV for SnOz and SnO. Al-
though they differ by only 1.6(5) eV as compared with the
2.6 eV value reported by Sherwood, they can be used to
distinguish Sn02 from SnO qualitatively. The origin of
the discrepancies with the results of Ref. 4 will be further
discussed below.

I ~ I ~ I ~ I . I

0.2 0.4 0.6 0.8 1.0
2+ 2+ 4+

S(Stt )/[S(Sn i+S(Sn )] (arb. units 1

0.0

FIG. 4. Relation between experimental intensity ratio I(Sn
5s)/I(O 2p) (measured from Fig. 3) and the area ratio
S(Sn +i/[S(Sn +i+S{Sn2+)] (or equivalently the relative Sn +

concentration) during the sputtering of the SnO& layer on top of
SnO. The latter quantity is derived from the Sn 3d line-shape
analysis of the XPS spectra (from Fig. 1).

IV. INTERPRETATION USING TIGHT-BINDING
CALCULATIONS

We show in Fig. 5 the XPS spectra of the valence band
of Sn02 and SnO obtained at high resolution and for a
sufficiently high counting time. The background due to
inelastically scattered electrons has been subtracted. The
origin of the binding-energy scale has been chosen at the
valence-band maximum of the theoretical simulations to
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FIG. 5. Experimental valence-band XPS spectra of SnO&

(110) (left part), and of SnO (right part) compared with simulat-
ed spectra (lower curves). The unbroadened bulk DOS (Ref. 12
for Sn02 and Ref. 5 for SnO) weighted by the partial photoion-
ization cross sections at 1487 eV are also shown. They have
been convoluted with a Lorentzian Gaussian (87% Gaussian
character) to yield the simulated spectra.

be described below, on which the experimental spectra
were arbitrarily aligned. Indeed, in order to interpret our
measurements, we have generated synthetic spectra start-
ing from the available theoretical results. The synthetic
spectrum of Sn02 was generated from the orbital-resolved
partial density of states' (DOS) of Munnix and Schmeits.
Starting from the work of Robertson' based on the
tight-binding method, they had modified the parameter
set of an empirical tight-binding (TB) Hamiltonian to de-
scribe the electron states in the solid. The width of the
theoretical VBDOS was adjusted to fit the width of the
early UPS data of Gobby. ' Since then, we have shown
that this width (9 eV) was overestimated, as we have de-
duced a VB width of 7.5 eV from our UPS spectra. The
bottom, sharp spectrum of Fig. 5 (left part) has been ob-
tained from the sum of the above-mentioned orbital-
resolved DOS, weighted by the corresponding partial
photoionization cross sections. ' The convoluted result is
also presented in Fig. 5, where it accounts for the finite
lifetime and instrumental resolution broadenings.

The gradual sputtering of the oxidized Sn02 layer upon
argon-ion bombardment induces the appearance and
growth of the Sn 5s —derived structure in the VB, while
the remainder of the VB suffers small changes. It is in-
teresting to see if the 02p —derived structure is still
present at the high-Ez side of the Sn 5s structure charac-
teristic of Sn0. Concerning tin monoxide, the experimen-
tal spectrum has been obtained on a heavily sputtered
sample kept ai a temperature of 500 K during ion bom-
bardment. The Sn 3d line-shape analysis reveals that
most of the tin ions are in the formal valence state Sn
while the preparation procedure leaves the reduced layer
completely free of metallic Sn . The synthetic spectrum
was generated as described above, using our own orbital-
resolved DOS. The VBDOS have also been derived us-

ing a tight-binding method where the Sn0 VB width mea-
sured in UPS has been used as an experimental input.

The effect of the Madelung potential at tin and oxygen
sites has been taken into account to fix the relative posi-
tions of the Sn 5s and 0 2p atomic levels that are the
starting point of the TB calculations. The parameters
were further refined to fit the XPS spectra, which is more
characteristic of the bulk electronic structure than the
UPS spectra owing to the larger photoelectron escape
depth. Four structures can actually be found in the XPS
VB spectrum of SnO, the most prominent one being
mainly derived from Sn Ss levels (60%) hybridized with 0
2p levels. The small bump around Ez =4 eV due to the
02p —derived levels could well be distinguished. The
structures around E~ =2 eV and Ez =9 eV originate from
antibonding and bonding Sn 5s —0 2p states, respectively.

Our XPS VB shape compares favorably with the results
of Lau and Wertheim, ' but is rather different from
Sherwood's. This reAects probably the different ways of
producing well-defined samples. In our work and that of
Lau and Wertheim, ' the Sn02 sample is a single crystal.
As far as SnO is concerned, Lau and Wertheim have
identified the result of the vacuum decomposition of SnOz
at high temperature on a gold substrate as being red SnO,
using ion backscattering and Mossbauer experiments. Al-
though our calculation is based on the structure of black
SnO, we believe that the main features of the VB are
determined by the actual valence state of the cations, the
details being modulated by the crystallographic structure.
The situation may be less favorable in Sherwood's study
where oxidized, metallic tin samples were used, the heavi-
ly air-oxidized sample being taken as Sn02. The SnO was
produced by argon-ion etching of the Sn02-covered tin
surface until some underlying metal was seen. One prob-
lem is that, as stated by these authors, the spectrum has
some contribution from metal. Moreover, this does not
signify that the underlying metal is reached, since metal-
lic tin can easily be produced by etching SnO (Ref. 16). It
is likely that an underlying Sn02 layer still contributes to
the experimental spectrum, since our experience' with
sputtering Sn02 single crystals at EP=4.5 keV suggests
that it is not possible to obtain the complete oxide reduc-
tion Sn02~SnO. Indeed, the XPS spectrum of SnO in

Ref. 4 is strikingly similar to our own XPS spectra of
Sn02. The Sn 4d XPS spectra are not shown in
Sherwood's study, but it is likely that they may still have
important Sn + contribution. Since the latter lies at 0.7
eV toward higher Ez, and taking into account the lower
resolving power used in Sherwood's experiment, this
would explain the larger separation between the Sn 4d lo-
cation and the VB leading peak. Another point worth
mentioning here is that we were able to reproduce fairly
well the VB structures of both SnO and SnOz without in-

cluding any Sn 4d contribution. Since this level is situat-
ed at a higher Ez around 26 eV, we believe it is too far
away from the shallower ionic levels to hybridize appreci-
ably with them.

V. QUANTITATIVE ESTIMATES OF SnO AND SnO&

CONCENTRATIONS

The comparison between the overall VB of the two ox-
ides reveals the gross differences that can be useful for
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identification purposes. Apart from the obvious
difference in the number of structures (three for SnOz and
four for SnO) which could require long counting time to
be revealed, other differences that can be clearly seen in
Fig. 5 are (i) the apparent VB width (in the current resolu-
tion and experimental conditions of this work: 10.4 eV
for Sn02 and 12 eV for SnO), (ii) the sharper character of
the VB structures of SnO, in particular the two peaks
around E&=6 and 9 eV, characteristic of this layered
compound, due to the longer photohole lifetime with
respect to Sn02, (iii) the presence of a local minimum to
the high energy side of the first (leading} peak of the VB
(Sn 5s —derived} for SnO.

These qualitative differences should provide the basis
for a preliminary rapid identification of the most abun-
dant oxide within the XPS sampling depth (see Fig. 3). A
useful step in this identification procedure is the easy
determination of the energy difference between the Sn 4d
peak and the first peak in the VB toward low Es (the first

one is often the most prominent, at least if one oxide is
dominant). As shown in the preceding section, one finds

21.5 eV for SnOz and 23.1(5) eV for SnO. For the inter-

mediate cases, which should often be met in practice, the
height of the Sn 5s peak with respect to the 0 2p peak will

serve as a visual indication of the amount of SnO present.
The ratio of the peak intensities [I(Sn 5s}/I(O 2p)] could
be used in a subsequent step to infer an approximate con-
centration ratio using Fig. 4. This approximate deter-
mination of the [Sn +]/([Sn +]+[Sn +]) concentration
ratio should ease the quantitative fit of the Sn 3d5&2 lev-

els, in terms of two components separated by 0.73 eV,
even without an absolute binding-energy calibration.
When some metallic tin is present in the surface layer, a
third component should be considered. However, this
does not bring a real difBculty since this contribution is
clearly separated (see Fig. 1) from the two others, 2.5 eV
away from the Sn + component.

This procedure has been applied to the study of the
reduction of the SnOz(110) face upon argon-ion bombard-
ment. The sputtering of single-crystalline Sn02(110) leads

essentially to the same effect as the one observed during
the sputtering of polycrystalline SnOz on top of SnO. In
the VB region, a structure develops at low Ez, in the
band gap of Sn02. However, its intensity rapidly satu-
rates with increasing sputtering time. Figure 6 (lower
part) reveals the XPS spectrum of SnOz (110) valence
band at saturation. From a rapid comparison with the
spectra displayed in Fig. 3, one can infer that the SnO
concentration at saturation is in the range of 30—40%%uo,

which will be confirmed by the following detailed
analysis. A mean value of 0.54 for the intensity ratio I(Sn
Ss)/I(O 2p) has been determined from the VB spectrum of
three freshly introduced Sn02 single crystals. We have
previously suggested that (i) the oxygen deficiency in the
sputtered layer induces the change of the cation oxidation
state from Sn + to Sn +, creating local SnO-like chemical
environment, and (ii) the band-gap defect states originate
from Sn5s —derived levels. If this is true, we should be
able to see a Sn + component in the Sn 3d spectrum. Us-
ing the value of 0.54 in conjunction with Fig. 4, we expect
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FIG. 6. XPS valence-band spectrum of sputtered Sn02 (110)
(lower curve). The sputtering time has been chosen so that fur-

ther increase of the ion dose does not increase the height-of the
Sn5s —derived feature. The upper curve represents the corre-
sponding Sn 3d5/& levels experimental spectrum (dots) and the
result of the 6t (solid line) in terms of two components Sn + and
Sn'+.

an area ratio S(Sn +)/[S(Sn +)+S(Sn +)] of 0.38. Figure
6 (upper part) shows the result of the best fit obtained
from the Sn 31»2 levels. The area ratio
S(Sn +)/[S(Sn +)+S(Sn +)]=0.32 is in good agreement
with the predicted value as judged from the VB spectrum.
It thus seems possible, for instance, to fix a priori some
plausible limits on the intensity or area ratio between the
two components, which should ease the fitting procedure
of the Sn 3d spectrum. The area ratio
S(Sn +)/[S(Sn +)+S(Sn +)] of 0.32 suggest that only
32% of the sputtered layer is effectively reduced into
SnO. Further experimental work aimed at comparing
sputtering effects in SnO and SnOz is currently under-
way. '

VI. CONCLUSIONS

Using well-defined samples of SnO and Sn02, we have
investigated the capability of XPS to discriminate be-
tween stannic and stannous oxides. The Sn02 which cov-
ers the air-oxidized SnO was sputtered with 4.5 keV ar-
gon ions, completely exposing the black SnO. The gradu-
al shift of the Sn 3d levels toward low Ez in the XPS
spectra during the completion of the procedure is inter-
preted as due to the growth of a Sn + component (and the
disappearance of the Sn" component) as the underlying
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SnO becomes progressively uncovered.
In the VB region, a Sn 5s —derived structure grows at

low E~ and becomes the most prominent peak as the
sputtering proceeds. Neither knowledge of only the
chemical shift, which amounts to 0.73 eV, nor the use of
absolute binding energies described in this work could
suffice in practice to discriminate with certainty between
the two oxides. We propose therefore to use the intensity
ratio I(Sn 5s)/I(O 2p) derived from VB spectra in order to
estimate a priori the concentration ratio
[Sn +]/([Sn +]+[Sn +]).

The comparison of our XPS results with simulated
theoretical spectra derived from tight-binding calcula-
tions emphasizes some important differences between the
VB XPS spectra of the two tin oxides. The VB of SnO,
with a larger width of about 12 eV, is actually made of
four structures, since the 0 2p —derived levels near Ez =4
eV are still visible. Furthermore, the sharper character of
the VB structures and the existence of a localized
minimum to the high-E~ side of the leading peak suggests
the possibility of quickly identifying SnO if it is dominant
in the sampled layer. The Sn02 VB has a smaller ap-
parent width (10.4 eV) and is made of three broader struc-
tures. The two oxides could also be identified by the sim-

ple measurement of the energy difference between Sn 4d

and the leading peak of the VB [21.5 eV for SnOz and
23.1(5) eV for SnO]. In order to bring quantitative re-
sults, the identification procedure involves a Sn 3d fitting
procedure. The latter should be eased by the a priori
knowledge of the approximate area ratio
S(Sn +)/[S(Sn +)+S(Sn +)] as derived from the VB re-
gion [the ratio I(Sn 5s)/I(O 2p)]. The study of the reduc-
tion of single crystalline Sn02 (110) upon sputtering
demonstrates the feasibility of the proposed procedure. It
also confirms in a direct way the close relation between
defect band-gap states and near-surface Sn + species.
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