
PHYSICAL REVIEW B VOLUME 43, NUMBER 4 1 FEBRUARY 1991

Surface composition of clean, epitaxial thin films of YBa2Cu3Q7 „ from quantitative
x-ray photoemission spectroscopy analysis
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Angle-dependent x-ray photoemission spectra (XPS) of epitaxial thin-film YBa2Cu307 — show
characteristic reversible and distinct changes with different surface treatments. These changes are
analyzed by applying a new model for the quantitative XPS analysis, which takes into consideration
the anisotropic structure of c-axis-oriented YBa2Cu307 . The analysis makes it possible to
differentiate between different elemental compositions of the outer layers in the surface unit cell.
Evaluations of our experimental data indicate that only surfaces with a nominal BaO and CuO layer
composition exist in the outermost atomic layer.

INTRODUCTION

During the last three years, since the discovery of the
high-T, superconductor YBa2Cu307, there have been
great efforts in trying to understand the electronic bulk
properties of this material based upon results from photo-
electron spectroscopy. ' " For this purpose, "ideal" sur-
faces have to be prepared which should show bulk
characteristics over the photoemission analysis depth.
To prepare such surfaces from pellet and single-crystal
materials, mechanical cleaning such as cleaving or scrap-
ing is commonly used. Surfaces of thin films have often
been studied as-prepared and only one group tried a
chemical etching cleaning procedure. ' '

Because of inherent problems in the surface cleaning
procedure, only a few photoemission measurements are
available on clean, well-defined surfaces of cleaved single
crystals or oriented thin films. "' ' The exact line
shapes and binding energies for the x-ray photoemission
spectroscopy (XPS) photoelectron lines in particular are
not yet established. The published values of binding en-
ergies, e.g. , for the Ba 3d~&z bulk peak, differ at least to
within 0.6 eV. Also the origin of the high-binding-energy
components of the barium and oxygen XPS core peaks is
not quite clear. Some authors assign these components to
contaminations at the grain boundaries or the sur-
face, ' ' others to a nonsuperconducting surface
phase' ' ' formed in the absence of any contamina-
tion.

In the first part of this paper we report on systematic
work to optimize a nondestructive in situ cleaning
method for thin films. It is based upon heating in ul-
trahigh vacuum (UHV), treatment in pure oxygen, and an
XPS analysis of the elemental composition.

In the second part we present a refined model for the
quantitative determination of elemental distributions in
the first atomic layers of YBa2Cu3O7, which is based
upon results from angle-dependent XPS measurements.
This will make it possible to determine the surface ele-
mental compositions of differently prepared epitaxial
YBa~Cu307 „. The refined model takes into account

that this material has a unit-cell dimension along the c
axis which is between 0.8 and 2 times larger than the in-
elastic mean free path of photoelectrons utilized in the
XPS analysis.

EXPERIMENTAL

The XPS studies were performed in a combined high-
pressure-ultrahigh-vacuum system (for details see, e.g. ,
Ref. 23) with a vacuum scientific workshop Ha 150
analyzer equipped with a Mg K source. The pass ener-
gy was set to 25 or 50 eV in different experiments with an
overall resolution [full width at half maximum (FWHM)
of Ag 3d&&2] of 1.0 and 1.45 eV, respectively. All spectra
after each sample pretreatment cycle were taken at room
temperature.

The base pressure during analysis was below 3 X 10
Pa. This was also the base pressure in a separate prepara-
tion chamber for the high-pressure oxygen exposure ex-
periment.

The investigated samples were epitaxial films of
YBa2Cu307 with a thickness of 200 nm on SrTiO,
(100) or MgO (100) with T, o) 87 K and J, (77 K) ) 10
A/cm . The bulk geometric structure was checked by x-
ray diffraction and Rutherford backscattering spectrosco-
py (RBS). ' The c axis of YBazCu307, was oriented
perpendicular to the surface.

Immediately after inserting the samples into the UHV
chamber, XPS spectra were taken from each sample.
Then the samples were heated in UHV until the total
amount of carbon was less than 1.5 at. % as checked by
XPS. In some cases, only temperatures less than
520—570 K K were needed. For these samples no further
annealing was necessary. ' In other cases, temperatures
up to 670—720 K had to be applied, which caused the
orthorhombic-to-tetragonal phase transition. This transi-
tion can be observed in the Cu 2p3/2 XPS feature for
which the satellite —to —main-peak ratio is reduced to
below 0.4. To readjust the superconducting phase these
samples were subsequently annealed in 99.9996% pure
oxygen at temperatures between 690 and 750 K and pres-
sures between 5 X 10' and 1 X 10 Pa. The gas had to be
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purified carefully prior to this treatment by passing the
oxygen over a liquid-nitrogen trap and thereby freezing
out possible amounts of water or CO&. The annealing
temperature was checked by a Pt/Pt (10%Rh) thermo-
couple in direct contact with the sample surface. It was
covered by a thin platinum foil to avoid catalytically in-
duced reactions of YBa2Cu307 with rhodium.

The XPS binding energies are referred to the Fermi
level of platinum. The energy scale was calibrated in a
linear regression with 17 reference levels covering the en-
ergy range up to 1000 eV. This calibration leads to an
absolute accuracy better than 0.1 eV in the energy region
of core-level emissions to be discussed now.

For the quantitative analysis, an S-shaped background
was subtracted, the K 3 4 satellite peaks were subtract-
ed, and all many-body-effect satellites were taken into ac-
count. The analyzer function was determined experimen-
tally. The geometry of the sample arrangement and the
acceptance angle of the spectrometer were also taken into
account.

The decomposition of the barium and oxygen lines was
performed using Gaussian-shaped peaks. The linewidths
of barium diA'er less than 8% for the surface and bulk
component, respectively. This difference in the linewidth
was established from independent measurements of sam-
ples which were dominated by only one component. This
difference in the linewidth was observed in more than 50
independent measurements. Consistent results were ob-
tained for both the Ba 3d 5y2 and Ba 4d 5y2 emissions. The
use of additional Lorentzian components in the peak
shape analysis decreases the least-squares deviations be-
tween experimental and calculated values by a factor of
0.9 without changing the values of binding energies and
intensities within the experimental error bars.

MODEL FOR XPS QUANTITATIVE ANALYSIS
OF YBa2Cu3O7

For a homogeneous substrate covered by a thin homo-
geneous layer, the overlayer model can be applied:

IQL

I,,

NOL~OL(Ekin, QL )aoL LOL P()[ 1 exp[ d/~OL(Ekin, oL )) l

N, A,,(E ;„k, )o,L, (P)exp. [
—d/Lot(Ek;„, )]

Here, I is the measured intensity, N the number of atoms
in the overlayer (OL) and the substrate (s), A, (Ek;„) the in-
elastic mean free path (IMFP) for electrons with kinetic
energy E&;„ in the material which can be calculated using
specific material parameters such as mass density, num-
ber of electrons in the valence band, and atomic mass '
within 20—30 % accuracy, o the cross section, and L (P)
the angular asymmetry with P as symmetry parameter;
the latter three are given in the literature.

This model assumes knowledge about the surface layer
elemental composition as a prerequisite to perform pre-
cise calculations of the layer thickness. It leads to reli-
able results about the thickness of the subsurface elemen-
tal composition, especially for systems where one kind of
atoms appears in both, the overlayer and the substrate,
with the two corresponding peaks well separated by a
pronounced chemical shift. Then o. and L cancel and Eq.
(1) can be simplified.

An important assumption in this model is that the
different atoms are distributed uniformly over the probed
depth of the sample. Considering the anisotropic struc-

I

I

ture of YBa2Cu307 this assumption is not justified at
all. As can be deduced from Fig. 1, the yttrium atoms
are separated by 1.17 nm along the c axis and even the
other elements are not uniformly distributed, i.e., the dis-
tance between two layers which contain the same type of
atoms is not negligible compared to the inelastic mean
free path (IMFP) of the photoelectrons, with energy-
dependent values between 0.8 and 2 nm. Nevertheless
this model had already been applied to characterize the
elemental composition of as-prepared, contaminated
YBa2Cu307 thin films' ' ' and cleaved single crys-
tals. '4

In the following refinement of the above-mentioned
standard model of quantitative XPS analysis we assume a
perfectly c-axis-oriented structure for YBa2Cu 307
There are six different possibilities of forming a surface
with a uniform lateral elemental constitution, which are
summarized in Table I. Taking into account the dis-
tances between the different layers from data on the bulk
crystal structure of YBa2Cu307 „, ' the intensities of
core-level emissions can be calculated from

00 hzI„=J0 ADT(Ek, „)D(E„;„)o g f d 0 cosa f dz'M(a;g, f3)N, (z')exp[ —(z, +z')/A(Ek;„)cosa]
AQ —Az

(2)

with the modified cross section as defined by

M(a;Q, P)= 1 ——(3cos g —1)(3cos a —1)
1

4m 8

and I as the intensity of the core level of element x, J0
the photon fiux, A0 the detected area, T(E„;„) the
analyzer function, D (Ek;„) the detector function, b, Q the

acceptance angle of the analyzer, a the angle between
surface normal and analyzer axis, o. the cross section for
subshell ionization, f the angle between photon source
and analyzer, P the asymmetry parameter, N„(z') the
distribution of the element x along the c axis, and A, the
inelastic mean free path. '

The sum in Eq. (2) is taken over all distances between
the layers of one element from the surface to the total in-
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FIG. 1. Geometric structure of YBa2Cu307 „.The chemical
compositions CuO, BaO, etc. characterize elements in six
different layers S1—S6 parallel to the surface of our films ac-
cording to Table I.

formation depth [assumed as 7A, according to the Ameri-
can Society for Testing and Materials (ASTM) Commit-
tee E42 (Ref. 38)]. The integration over z' extends over
2z=0.04 nm, i.e., the assumed spatial extent of the inves-
tigated inner core-level orbitals Cu 2p, Ba 3d, 0 1s, and
Ba 4d along the c axis. For simplification the spatial dis-
tribution of the electrons within the orbitals was assumed
to be constant, i.e., the variation of the radial wave func-
tion with distance from the nucleus is neglected. De-
tailed calculations show that the assumed extension of
the core levels has only a small influence on the total in-
tensity results and the difference between calculations us-
ing extended core-level orbitals and pointlike orbitals is
less than 2%. The spatial extension of the orbitals may,
however, become important in other situations, where
valence or core levels with low binding energies are inves-
tigated.

As the absolute value of the photon Aux Jo is not
known, only relative intensities will be calculated in the
following. Theoretical results for photoelectron intensi-
ties normalized to the most intense XPS peak (Ba 3d~&2)
are listed in the lower part of Table I for the different
possible near-surface layer compositions as listed in the
upper part of this table. Taking these results for the pho-
toelectron intensities of the core levels to calculate this
stoichiometry in the usual way [similar to Eq. (1)], results
are obtained which are significantly different from the
ideal ratio 1:2:3for the c-axis-oriented YBa2Cu307

The overall uncertainty of the calculations is better
than 15%. This takes into account the known uncertain-
ties of the tabulated values of o, /3, and A, . ' In addi-
tion it takes into account that the values used for estimat-
ing the angular asymmetry and the cross section are tabu-
lated only for randomly oriented atoms, whereas our
model assumes atoms in a fixed orientation. The sys-
tematic differences resulting from this inaccuracy affect
the different core-level intensities within one layer se-
quence, but the differences for one specific core level be-
tween the six different layer sequences remain unaffected.
Neglecting the inAuence of elastic scattering leads to un-
certainties between 15 and 30% in the absolute photo-
electron intensities depending on the sample morphology
as shown in the literature, but for relative photoelectron
intensities as used in our calculations the inhuence is cer-
tainly smaller than 15%. '

Even by accepting the value of 15% for the maximum
uncertainty of our theoretical calculations of relative
photoelectron intensities for YBa2Cu&07 core levels,
the differences in the intensity of one specific core level
are nevertheless significant for the six layer sequences
summarized in Table I (for instance, 130% for Cu 2p~zz
and even 25% for Ba 4d). The model predicts pro-
nounced differences in the different theoretical near-
surface layer compositions well above theoretical or ex-
perimental uncertainties. In the following discussion we
will therefore apply this model to determine the surface

TABLE I. Different theoretical models (S1—S6) to form a surface of a perfect c-axis-oriented

YBa2Cu307 sample and calculated relative photoemission intensities for the denoted lines according to
Eq. (2).

Models
layer
composition

Peak

S1

BaO
Cu02
Y
Cu02
BaO
CGO
BaO

CUO2
Y
Cu02
BaO
CGO
BaO
Cu02

S3

Y
Cu02
BaO
CGO
BaO
Cu02
Y

Calculated

Cu02
BaO
CUO
BaO
Cu02
Y
Cu02

relative

S5

BaO
CUO
BaO
CUOz
Y
CUO&

Bao
XPS intensities

S6

CUO
BaO
Cu02
Y
Cu02
BaO
CuO

Random

Cu 2p3/2
Ba 3d5y2
O 1s
Y 3d
Ba 4d

0.74
1.00
0.31
0.11
0.19

1.47
1.00
0.49
0.19
0.24

0.96
1.00
0.37
0.17
0.22

1.01
1.00
0.35
0.09
0.21

0.63
1.00
0.26
0.08
0.18

1.14
1.00
0.37
0.12
0.21

0.94
1.00
0.36
0.11
0.21
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FIG. 2. XPS spectra (after subtraction of an S-shaped background and K 3 4 satellite contribution) and peak At analysis of (a) Ba
3d5q2, (b) Ba 4d, (c) 0 1s, and (d) Cu 2p3/2 Spectra are shown of unpretreated samples (A), after heating the samples in UHV to 520
K (B), after heating in UHV to 650 K (C), and after annealing in 5 X 10 Pa pure oxygen at 700 K (D). All spectra were taken at room
temperature in UHV.
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elemental compositions of our samples with various
different pretreatment procedures.

RESULTS AND DISCUSSION

Photoemission of electrons was monitored of the core
levels Cu 2p3&z, Ba 3d»2, 0 1s, Y 3p3&2, C 1s, Y 3d and
Ba 4d at 0 and 70' relative to the surface normal.
Changes in the line shapes after different treatments are
summarized in Fig. 2. Spectra denoted by "A" corre-
spond to samples which are freshly inserted into the
UHV chamber. From the 0 1s line shape we deduce the
samples to be covered by contaminations such as OH
groups, carbonoxides, and carbonates. ' ' ' However,
in most samples there is no contribution to the Ba 3d»z
peak at energies around 782 eV, where the barium car-
bonate peak is expected.

Gentle heating in UHV up to 520 K leads to spectra
denoted by "B." After this treatment small amounts of
carbon less than 3 at. % remain. The O ls peak shows
the typical form for YBa2Cu307, ' ' ' '' ' with the
main feature at 528.6 eV. The weak part at 531.5 eV is
associated with a surface component as can be derived
from comparative measurements at 0' and 70'. A surface
component is also a common feature in the barium peaks
with the low-binding-energy part associated with the
superconductor's bulk structure' ' ' ' ' ' ' and the
high-binding-energy part associated with the surface
structure. The two peaks are separated by 1.8 eV. The
core-level spectrum of Cu 2p3/2 shows a satellite struc-
ture at around 942 eV which is typical for divalent
COpper1 7 4&9&14&15

Further heating in UHV up to 650 K leads to spectra
denoted by "C" with their decreased surface components
in the barium and oxygen peak range. In addition we ob-
serve a decrease of the Cu 2p3&2 satellite which can be at-
tributed to a loss of oxygen. The influence of the oxygen
loss on the binding energies of the barium bulk com-
ponents is discussed in detail elsewhere.

The last set of spectra denoted by "D" shows the
influence of an in situ annealing in ultrapure oxygen. No
further contamination with carbon can be seen to within
the sensitivity of our XPS analysis. The measurements at
large angles show an oxygen-to-carbon ratio larger than
100, corresponding to less than —,

' a monolayer of car-
bon. ' The high-binding-energy components of barium
and oxygen increase as compared with results from spec-
tra "C." The line shapes of the barium peaks are compa-
rable to those from spectra A and B.

The intensity ratios referred to Ba 3d5&2 of spectra B,
C and D can be compared directly with results from our
calculations because the attenuation of the YBazCu307
peaks due to carbon contamination is negligible. The
measured relative intensities of the photoelectron lines
show significant deviations after the different treatments
leading to spectra A —D, although the volume
stoichiometry 1:2:3of the metal atoms is not expected to
change during the sample pretreatments applied in our
work. The latter follows from the thermodynamic es-
timations.

In order to clarify the origin of these differences, the
measured intensity ratios of the observed core levels are
compared with those calculated for the different hy-
pothetic surface structures of Table I on the basis of the
model discussed in the previous chapter. The analysis is
performed by taking the sum of the squared deviations
between the measured and the calculated intensity ratios,

The surface composition model leading to the small-
est value of g is assumed to describe the real sample sur-
face composition. The g values, normalized to the best
value, are shown in Table II for the different experimen-
tal surface treatments with the absolute value of the best

better than 0.1. This indicates a high confidence level
of the data evaluation procedure.

Measurements of various samples and several repeated
cycles using the same pretreatment on one sample always
lead to the same relative XPS intensities. From this we
conclude to have applied experimental conditions to ad-
just reproducibly the elemental composition in the outer-
most surface layers.

The surface morphology was characterized by scan-
ning electron microscopy. The surface contains large,
smooth areas covered by small droplets. The droplets
cover between 8 and 20% of the surface. To check possi-
ble systematic errors in the evaluation of XPS results due
to the influence of deviating chemical composition in the
droplets, spatial resolved scanning Auger electron spec-
troscopy (AES) measurements were performed and com-
pared to nonspatial resolved results from integrated AES
measurements for a "droplet-rich" sample. The latter
data represent an average composition. To estimate the
influence of the droplets on our XPS results the AES in-
tensities of Ba MNX, Cu LMM, and Y LMM were nor-
malized to the Ba MNX intensities and then compared
for both the spatial resolved and the averaged measure-
ments with intensity ratios Ba:Cu:Y=1:1~ 36:0.15 for the
averaged measurements, and 1:1.27:0.16 for the flat parts
resulting from YBazCu307 and 1:1.56:0.15 resulting

TABLE II. Comparison of experimental relative photoemission intensities with the calculated inten-
sities of Table I by means of the least-squares deviations g /gb„, . The notation of the samples is taken
from Fig. 1.

Treatment

B
C
D

27.4
1.0
3.7

77.3
134.1
114.2

Models
S3

5.7
12.2
21.4

S4

1.0
17.5
25.7

46.3
5.3
1.0

6.7
39.7
44.3

Random

3.3
17.0
25.4
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from the droplets. The difference in the yttrium content
is negligible for the droplets and the fIat areas. The
difference in the content of copper and barium shows that
the droplets are enriched with copper. We conclude that
the difference between integrated relative intensity ratios
and those of pure Aat areas is below 8%. As the informa-
tion depths of XPS and AES are comparable, the sys-
tematic error in the XPS measurements due to the
inhuence from droplets is also below 8%. This value is in
the range of the experimental error to calculate the
correct core-level intensities. We therefore conclude that
the observed changes in the measured intensities after
different sample treatments given in Fig. 2 and Table II
are not significantly inAuenced by the droplets and the
experimental XPS data can be analyzed according the
model developed in the chapter before.

Comparing all the results in Tables I and II we deduce
the existence of one or two layers "BaCu02" at the sur-
face which may either result from a specific surface atom
composition of ideal YBa2Cu307 or from the existence
of a separate surface phase of the composition "Ba-
CuO2". In line with the latter interpretation are results
on experimental binding energies of the barium 3d5&2 and

4d~&2 core levels. As mentioned above, the correspond-
ing XPS peaks show contributions from a bulk and an ad-
ditional surface component whenever YBa2Cu307 sur-
faces are prepared by heat treatment in the presence of
oxygen. The binding energies of the surface component
agree well with data from a BaCu02 standard, 'but it is
not yet clear whether such thin layers as observed in our
experiments show ideal bulk characteristics of this ma-
terial.

In contradiction to this assumption are the crystallo-
graphic data on BaCu02+ . ' ' It crystallizes with a
very large cubic cell of dimension 1.827 nm. The unit cell
is formed by 360 atoms and shows a very complicated
structure which does not fit with the crystal parameters
of YBa2Cu307 „. The dimensions of the BaCuOz unit
cell is pronounced larger than the nominal thickness of
the "BaCuOz" surface layer observed in our experiments.
The thickness of the surface component of YBa2Cu307
was estimated from data on the layer distances in bulk
YBa2Cu307 by assuming an equal number of barium
and copper oxide layers above the first yttrium layer. Re-
sults for the surface pretreatments of spectra "B"to "D"
are given in Table III.

For comparison the values for the nominal thicknesses
calculated from Eq. (I) are listed in Table III. These
values are in the same range as other published values.
Comparing these values with those of our refined analysis
shows that the simplifications in Eq. (I) lead to a slight
overestimation of the layer thickness. Nevertheless all of
these thickness values of the overlayer are smaller than
the length of one unit cell of bulk BaCuO2.

We therefore conclude that no separate homogeneous
BaCu02 phase exists at the YBa2Cu307 surface of
clean, epitaxial thin films. We assume thermodynamical-
ly preferred surface atom compositions to exist which de-
pend on the oxygen partial pressure and the temperature.

Treatment

A
B
C
D

Ba 3d5yp
Thickness (nm)

1.37
0.84
0.44
0.93

Ba 4d5y2

1.00
0.83
0.44
1.08

Sum of layer

0.79
0.39
0.79

The surface compositions of the first unit cell accord-
ing to structure S5 in Table I seem to be the most stable
under the conditions chosen for all oxygen-exposed sur-
faces of films with their c axis perpendicular to the sub-
strate surface unit cells. After gentle heating in UHV,
structure S4 was observed. After strong heating in UHV
the structure S1 is more preferred.

The bonds in the first surface unit cell are assumed to
be different if compared with those in the bulk material.
This leads to the observed XPS binding-energy shifts in
the barium and oxygen peaks.

CONCLUSIONS

Our quantitative analysis of XPS data on smooth epit-
axial thin films of YBa2Cu307 „makes it possible to dis-
tinguish different layer compositions in the surface unit
cell and to detect surface phases. The model can easily be
extended to other crystal orientations or other anisotrop-
ic materials.

On all YBa2Cu307 samples examined in this study
only surface unit cells with nominal BaO or CuOz top
layers were observed.

The results reported here are important for the appli-
cation of surface-sensitive techniques in the determina-
tion of geometric or electronic structures of bulk
YBa2Cu307 . The observed different binding energies
of surface and bulk components lead to the suggestion
that also the electronic band structure is strongly
influenced by the surface atom composition. This is in
line with recent theoretical calculations.
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TABLE III. Calculations of the surface layer (BaCu02)
thickness according to Eq. (1) and according to the sum of layer
distances for the best surface model of Table I, as calculated us-

ing crystal data of bulk YBa2Cu307 „(Ref.36) and assuming an
equal number of copper and barium layers on top of the first yt-
trium layer.

Calculation method
distances
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