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X-ray-photoemission-spectroscopy study of the surface deterioration of Bi2Sr2CaCu20&
and Bil 7Pb0.3Sr2CaCu20g single crystals at 26 K
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We examine the time evolution of the 0 1s core-level and valence-band spectra of high-quality
Pb-free and -doped Bi2Sr2CaCu20s(001) single crystals cleaved at 26 K in ultrahigh vacuum. A
component line at 533.5 eV of the 0 1s spectrum is unambiguously identified as extrinsic and
separated by the doublet structure related to the normal-state electronic structure of this com-
pound. Evidence is given of the surface physisorption of carbon monoxide at low temperature
( & 30 K) that is removed at room temperature without loss of stoichiometric oxygen. The eA'ects

of pollution on the valence-band features are monitored and correlated with those of the core
spectra. Spectral changes due to electron etching are also addressed.

Recent valence-band photoemission data on YBa2-
Cu307 „single crystals cleaved at 26 K in ultrahigh vac-
uum' point to oxygen losses occurring at the vacuum-solid
interface as a major source of surface deterioration. The
bismuth cuprate Bi2SrqCaCu20s seems relatively more
stable in vacuum against oxygen losses at low tempera-
ture. However, its cleaving plane, which is believed to be
a Bi-0 plane, is reported to be nonmetallic from scanning
tunneling spectroscopy and high-resolution energy-loss
studies only a small part (5%-10%) of the exposed sur-
face being superconductive at T & T, . Standard high-
energy spectroscopies probe much deeper into the surface,
typically between 5 and 40 A, but the information is usu-

ally averaged over a large surface area. Work done on
sintered powders, films, and single crystals of both Y-
based and Bi-based oxide superconductors subjected to
controlled heating cycles in ultrahigh vacuum and in 02
atmosphere has shown that it is possible to distinguish
from the spectral changes induced by extrinsic contamina-
tion of the surface, resulting from exposure to the am-
bient, and those related to changes in the compositional
stoichiometry. In particular, upon annealing at tempera-
tures between 450-500'C in vacuo, the surface barrier
for oxygen out-diffusion is overcome and one observes a
strong decrease of the O 1s component at —531-eV bind-
ing energy and a disappearance of the Cu 2pyq satellite in
x-ray-photoemission-spectroscopy (XPS) spectra which
basically reflects the reduction of Cu +-Cu+. The results
obtained on samples annealed in vacuum are, however,
open to criticism, since the oxygen replenishment of the
outermost layer is controlled by the rate of oxygen
diftusion from the bulk to the interface and vice versa for
oxygen in-diA'usion. Thus the exact stoichiometry of the
surface layer caused by these processes is difficult to esti-

mate.
In this work we report on core-level photoemission stud-

ies of Bi2Sr2CaCupOg and Bi2 „Pb Sr2CaCu208 single
crystals cleaved in ultrahigh vacuum at 26 K in order to
preserve the stoichiometry of the sample surface. Of par-
ticular interest here is the 0 1s spectrum for which the
controversy concerns whether the higher-binding-energy
(BE) component at —531.0 eV has a structural origin or
it is due to surface contamination. To follow surface de-
gradation eA'ects we have also recorded valence-band pho-
toemission spectra just after the cleavage and for increas-
ing times and different sample temperatures. The mea-
surements were performed in a UHV system (1 x 10
Torr) using a nonmonochromatized AIKa radiation
source with a reduced spot size so that the radiation hit a
small area of the cleaved surface. Good quality single
crystals of the superconducting 2:2:1:2phase with T, =85
K were grown by a Ilux method derived from Morris
et al. , namely using the eutectic Bi203-CuO (in
90%-10% proportions) as a solvent of the Bi2Sr2CaCuqOs
constituent oxides. The oxide powders were mixed, put in

a platinum crucible, soaked at 900 C, and cooled to
700 C at a rate of 0.5 'C h '. Large aggregates of single
crystals of linear size up to 1 cm were obtained and
mechanically extracted from the crucible. From such ag-
gregates, single-crystal platelets of average size 7 x 5 x 2
mm having crystal orientation perpendicular to the c axis
were easily cleaved out. A set of Pb-doped single crystals
were grown with the same method by adding to the start-
ing mixture a [Pb]/[Bi+Pb] tnolar ratio equal to 1/3. X-
ray diAractograms of such platelets show the crystal to
consist of the 2:2:1:2 phase (c =30.80 A). Microprobe
measurements have shown that in the crystals the [Pb]/
[Bi] atomic ratio is about 0.3/1.7, namely that the Pb con-
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tent is 0.3 per formula unit of Bi2Sr2CaCu20s. ac suscep-
tibility measurements (at a frequency of 70 Hz and in a
magnetic field of —I G rms) indicate a sharp supercon-
ducting transition at 90 K, namely 5 K higher than Pb-
free crystals. A third set of crystals of reduced grain size,
which were tested to have the single 2:2:1:2phase and to
be superconducting below T, =80 K, were studied to in-
vestigate the inAuence of the crystal size. The samples
were mounted with vacuum compatible conducting epoxy
onto the copper finger of an Air Products and Chemicals
cryotip and were cleaved at 26 K by pulling off the top
part of the crystal surface epoxied before the introduction
in vacuum. Cleavage of the sample was easy and the ter-
minal (001) surfaces showed large terraces, as seen by op-
tical inspection. For the polycrystalline sample the
cleaved surface consisted of highly stepped zones and
small Bat areas with diA'erent orientations. The composi-
tion of the background vacuum was carefully checked
with a residual gas analyzer. The partial pressures of oxy-
gen and water vapor after baking and cryopuinping were
in the low 10 "Torr range (not measurable) and the re-
sidual CO and N2 (mass 28) pressure was less than
2X 10 ' Torr. At temperatures below 75 K for COz and
25 K for CO and hydrocarbons these substances condense
onto the cold surface' and sublimate when the tempera-
ture rises above these equilibrium values at constant pres-
sure. The photoemission spectra were taken for diAerent
temperatures after cleaving and no evidence of oxygen
loss was measured up to room temperature.

Figure I (left panels) displays a series of 0 Is spectra
for the 2:2:1:2crystals taken after cleavage at T =26 K
and at increasing times from the cleave and at room tem-
perature, T=300 K. The spectra consist of two large
peaks at BE's of 528.8+0.1 and 531.5+0.2 eV. For
some cleaves, the peaks were not resolved and an asym-
metric 528.8-eV line was observed. A third small com-
ponent centered at 533.5 ~ 0.2 eV can be identified in the
26-K spectrum after a curve-fitting procedure with Gauss-
ian line shapes. Very similar spectra were measured in
the Pb-doped crystals and are not shown here. For the
higher BE feature of the 0 1s core spectrum the prevalent
consensus to date is that it has an extrinsic origin due to
surface contamination, even if a convincing evidence of
this has not been provided. Panels (b) and (c) showing
spectra recorded 3 and 5 h after the cleave with the sur-
face maintained at T=26 K indicate clearly that the
533.5-eV peak results from increasing contamination of
the exposed surface. The degree of contamination is pro-
portional to the time elapsed from the cleave at a fixed
temperature since the increasing exposure results in an in-
creasing thickness of the overlayer The spectr. um (d),
taken at T =300 K, is quite similar to the 26-K spectrum
(a), apart from a little larger contamination, and does not
change with time, indicating that the contaminating
species tends to physisorb onto the cold surface. For the
lowest pressure attained (5X 10 " Torr), no appreciable
strength for the 533.5-eV peak was observed to grow over-
night on the sample kept at room temperature. Since hy-
drocarbons are the major residual components in the
UHV system, we conclude that carbon monoxide or hy-
droxides are the most probable source of this structure.
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FIG. 1. Left panels: 0 1s x-ray photoemission spectra of

Bi2Sr2CaCu208 single crystals after background subtraction and
normalization to the 528.8-eV peak for (a) freshly cleaved sur-
face at T =26 K, (b) 3 h after the cleave at T=26 K; (c) 5 h
after the cleave at T 26 K; (d) at room temperature. Right
panels: corresponding spectra after removal of the 533.5-eV
component. The dashed lines are Gaussian fits to the spectra.

Examination of the C Is spectrum did not give evidence of
a carbonate structure around —289 eV. The reasons for
that are as follows: the lack of chemisorbed CO3+ ions,
the larger cross section (nearly 9:I) for 0 Is relative to C
Is, and the small thickness of the deposited overlayer. A
CO monolayer requires few hours to form at these pres-
sures if a unit sticking coefficient is assumed. The right
panels of Fig. 1 display the 0 1s spectra after subtraction
of the spurious component at 533.5 eV. It is clear that the
"clean" spectra are similar, indicating that the adsorbed
layer does not alter the surface stoichiometry. Thus the
intrinsic 0 Is line shape consists of a doublet with a high-
to-low BE peak area ratio of 1.0+ 0.1 and energy separa-
tion 2.7 ~ 0.3 eV. The intensity ratio of the 0 Is
doublet —i.e., the 528.8- and 531.5-eV features —for a
clean surface can be estimated from the oxygen structure
factor So for a crystal which contains one formula unit per
cell. " Barring the photoionization cross sections cr(hv),
the photoemitted area ratio from oxygens on the Bi and Sr
planes z; and those on the Cu planes z~. are proportional to

So =2 [exp( —z;/kol // g leep( —z, /Xoj,
I J

where Xo-19.5 A is the electronic mean free length for
the photon energy 1486.6 eV. For the (001) surface of a
Bi2Sr2CaCu208 single crystal, the calculated area ratio is
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1.03, which agrees with the experiment within 3%. Thus
we infer that the assignment of the 528.8- and 531.5-eV
peaks to the oxygen states from atoms in the Cu02 and
Bi-Sr lattice planes is correct, in agreement with earlier
results and the known values of the 0 Is binding energies
of the main group element and transition-metal oxides, '

and that the surface oxygen stoichiometry is maintained
for good cleaves in ultrahigh vacuum conditions. It is in-
teresting to note that the single crystalline samples exhib-
iting disoriented or stepped cleavage surfaces show con-
sistently a smaller high BE 0 Is peak and consequently a
smaller (0.7+ 0.2) intensity ratio at 26 K. Since struc-
tural and magnetic characterizations indicated a single
phased homogeneous sample with a large superconducting
fraction, the result might suggest a larger depletion of ox-
ygen on the terminal BiO plane and/or a reduced collec-
tion efficiency for electrons photoemitted from misorient-
ed surface planes. The surface deterioration aAects
strongly the valence-band photoemission spectra, as
shown in Fig. 2(a). The hybridized Cu 3d and 0 2p band,
which lies between 1- and 6-eV BE, is modified and clear
features are present at about 5, 9, and 13.5 eV in the
difference spectrum obtained by subtracting the spectrum
of the dirty surface from that of the freshly cleaved one
after background removal and normalization to the
02s-Sr 4p peak intensity at —19 eV. Such features are

Valence Band BizSrzC(j Cuz08 0 1s

not observed, as expected, when the 26 K and the room-
temperature valence-band spectra are subtracted [Fig.
2(b)], indicating that these features have a totally extrin-
sic origin. The adsorbate peaks and their relative intensity
are close to those found on scraped La„Sr~ „Cu04 sur-
faces exposed to 1 L (1 L =10 Torrs) of C02 or CO
and assigned to 1x„+3o.„, and 4o~ molecular orbitals. '

The comparison strongly suggests that carbon monoxide
physisorption on the surface occurs at low temperature.
From the change of the work function with the CO expo-
sure, ' we expect that a substantial chemisorption of gase-
ous CO due to background vacuum will begin at a 10-L
dose, i.e., after exposure of several days at partial pres-
sures of 10 ' Torr, because the sticking coefficient is
rather low (3 x 10 ). However, such exposure time is
greatly shortened for the condensed phase. Our experi-
mental conditions are such that a physisorbed layer could
develop onto the surface a few hours from the cleave, de-
pending on the base pressure in the chamber. In any case,
a direct correlation exists between the 0 1s peak at 533.5
eV and the multiple structure of the valence-band spectra
in the region of the 9-eV feature. Spectral changes in-
duced in the valence band and 0 Is spectra by surface
contamination have been reported in lanthanum oxide
ceramics' and bismuth oxides crystals, (') where the
growth of a peak at 532 eV and the attendant valence-
band changes are attributed to the presence of oxygen
states of extrinsic nature. The present study on high-
quality single crystals of Bi2Sr2CaCu208 allows separa-
tion of intrinsic from extrinsic features and indicates that
the 0 1s peak at 531.5 eV is characteristic of these ma-
terials. The latter conclusion is supported by other stud-
ies ' and at variance with studies reporting a single 0
Is peak [Refs. 1, 8(a), 8(b), 14, and 16].

The bombardment with Ar+ ions produces a strong de-
crease or disappearance of the high-BE peak of the 0 Is
spectrum; this is attributed to disruption of the surface
layer caused by the ions. ' The interaction of 1.5-keV
electrons with the surface is less destructive than that with
ions but nevertheless not negligible. Figure 3 shows the
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FIG. 2. (a) Valence-band x-ray photoelectron spectra of the
freshly cleaved (dotted) and contaminated surface of Bi2Sr2-
CaCu208 single crystal and their difference showing features at
about 5, 9, and 13.5 eV. (b) Same as (a) but for surfaces
cleaved at 26 K and warmed to 300 K in UHV. Right panels la-
beled (1) and (2) display the corresponding 0 ls core-level
spectra.
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FIG. 3. Valence-band x-ray photoelectron spectra of Bi2Sr2-
CaCu208 single crystal cleaved at 26 K (dotted curve) and after
electron etching at 32 K (1.5 keV, 300 pA for 2 h) and their
difference curve. The right panels show the corresponding 0 1s
spectra.
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modifications induced on the valence-band states of clean
surfaces, respectively, by electron etching with a current
density of approximately 10 pA/mm . During electron
bombardment the temperature of the sample raises slight-
ly above 30 K. It is interesting to note that the bombard-
ment is more effective on the metallic CuO planes than on
the insulating BiO/SrO planes. The 528.8-eV 0 Is core
peak is also weakened relative to the 531.5-eV peak and a
sizable loss of intensity occurs in the lower part of the
valence band, where the partial density of states of the Cu
and Bi character is important, ' with an apparent shift of
the entire band to low BE's. It is plausible that the
metal-oxygen bond is heavily modified with loss of the su-
perconducting properties of the uppermost crystal layers.
Knowing that the copper-oxygen bonding is strongly
affected by the oxygen release due to thermal heating, we
believe that the electron bombardment induces an oxygen
deficiency at the surface of the sample, preferentially on
the copper-oxygen planes. In view of these effects, it is
advisable to treat electron excitations on high-T, super-
conductors with great caution. The other relevant core
levels, notably Cu 2p and Sr 3d, have been measured
against surface contamination but they hardly show any
sign of reaction. For the Cu 2pyp spectrum, the charac-
teristic main peak at 932.4 eV at its high-binding energy
d satellite are unaffected, suggesting that the average Cu
valence remains close to 2. Similarly, it is di%cult to see
changes on the Sr 3d lines consisting of peaks at 131.8 and
134.0 eV, which, otherwise, change their intensity when
bulk oxygen is released, as found in studies on thin films.

In conclusion we have observed time-dependent phys-
isorption of carbon monoxide on single crystalline BizSrq-
CaCuzOs and Bi~ 7Pbo qSrzCaCuzOs surfaces cleaved at
26 K. This contamination contributes spectral intensity
between 9 and 14 eV below the Fermi level and it is re-
sponsible for the extra peak at 533.5 eV in the 0 1s spec-
trum. The physisorbed layer is removed at room tempera-
ture and the intrinsic 0 Is spectrutn is seen to consist of a
doublet structure attributed to excitations from oxygen Is
core levels in diff'erent environments. No evidence is
found of oxygen loss from the surface. The exposed BiO
plane is extremely sensitive to external agents, particular-
ly to electron etching, which alter profoundly the
stoichiometry of the terminal layer through removal of ox-
ygen from copper and bismuth planes. The surface sensi-
tivity of the metallic CuOq planes to electron bombard-
ment is consistent with the picture of a partially conduct-
ing surface given by recent microstructura1 surface stud-
ies. Such issues are extremely important to developing
methods of surface passivation, to understanding the
effects of metallic overlayers, ' ' and for the develop-
ment of reliable multilayers structures and superlattices.
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