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Angle-resolved X-ray photoemission spectroscopy (ARXPS) was performed on c-axis oriented high-T~ superconducting 
YBa,Cu30 , ~ thin films. The layered structure of the YBa2Cu30 7 ~ films was used to develop a model for the quantitative 
analysis of the ARXPS experiments. Our XPS results may be compared to spectra taken on YBazCu30 7_~ single-crystal surfaces. 
On the spectra features are superposed that are assigned to a thin non-superconducting surface layer. For the first time. relative 
ARXPS measurements show that the interface between the superconducting YBa,Cu3OT_,~ film and the surface layer is formed 
by the atomic Y layer. The surface layer consists mainly of BaCO~ and C. A small volume fraction ( ~ 20%) contains Ba- and 
Cu-oxides. probably in the form of BaCuO 2. From absolute ARXPS measurements, the thickness of the surface layer was 
calculated to be 11.93 + 11.06 nm. It is shown that the surface roughness of our films is on the order of 0.6 rim. A good agreement 
between theory and experiment has been found in this report. 

1. Introduction 

Angle - reso lved  X-ray photoemiss ion  spect roscopy ( A R X P S )  is a widely used  non-des t ruct ive  tool to 
study the composi t ion  and th ickness  of the ou te rmos t  top layer of sol id mate r ia l s  ( th ickness  ~ 6 nm) 
[1,2]. For  the h igh-T c superconduc t ing  C u - O - b a s e d  ceramics ,  A R X P S  was used to s tudy the spat ia l  
d is t r ibut ion  and chemica l  env i ronmen t  of  e l emen t s  in the surface layer  of  these  mater ia l s ,  on which many  
groups  have repor ted  m e a s u r e m e n t s  [3-15]. 

The  basis  for high-T~ superconduc t ing  devices will be formed by high-7~, supercnnduc t ing  mul t i layer  
s t ruc tures  [16-20]. The  composi t ion  of  in ter faces  in these  s t ruc tures  plays a very impor tan t  role and it 
s t rongly affects  the  pe r fo rmance  of high-T, superconduc t ing  devices.  There fore ,  the study of 
YBa2CU3OT_ 6 thin films using a surface-sensi t ive t echnique  such as A R X P S  is very important .  It gives 
informat ion  about  the presence,  d is t r ibut ion  and chemical  env i ronment  of  e lements .  Valuable  informa- 
t ion for the p repa ra t i on  of high-T~ superconduc t ing  muhi laye r  s t ruc tures  or  for the unde r s t and ing  of the 
behaviour  of h igh-T c superconduc t ing  devices may be obta ined .  

Unt i l  now, mainly  qual i ta t ive  resul ts  of  A R X P S  s tudies  on Y B a 2 C u 3 0 7 _  ~ thin fi lms were  p re sen ted  in 
the l i tera ture .  Quan t i t a t ive  analysis  of XPS spect ra  is still  difficult,  because  of the absence  of  adequa te  
models .  L indberg  et  al. deve loped  a model  for the quant i t a t ive  analysis  of  XPS spectra ,  t aken  on 
crystall l ; ,e ma te r i a l s  with a layered s t ruc ture  [7]. F rank  et  al. p roposed  a s imi lar  model  for the 
quant i ta t ive  analysis  of  XPS data,  t aken  on YBa2Cu3OT_ s thin films [14]. However ,  the first model  does  
not  include angle- resolved XPS measu remen t s ,  the second model  does  not descr ibe  the inf luence of  
non-superconduc t ing  surface layers. 

Wi th  a model  we proposed  ear l ier ,  we showed that  A R X P S  exper iments  enab le  us to de t e rmine  the 
th ickness  of a surface layer with great  accuracy [21]. In this  repor t  in sect ion 2, we improve this  model  so 
that  it can be used for the quant i ta t ive  analy : i s  of A R X P S  spectra ,  t aken  on c-axis o r ien ted  high-To 
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superconducting YBa2Cu307_~i thin films, covered with a non-superconducting surface layer. The 
layered structure of the YBa.,Cu.~O7_~ thin films was used in the development of this model. To test the 
model, ARXPS experiments were performed on a set of YBa2Cu.~O7_ ~ thin films. These films were 
prepared in our group. After deposition, they were transported from the preparation set-up to our XPS 
spectrometer through ambient environment. No cleaning procedures were applied. Therefore, the 
YBazCu307_ ~ films are covered with a non-superconducting surface layer [4-6,8,15]. (1) Application of 
our model for the quantitative analysis of X-ray photoemission spectra to our experimental data yields us 
the atomic structure of the outermost layer of the YBa2Cu307_ ~ films; (2) the specific atomic layer at 
which the YBa2Cu307_ ~ thin film changes into the non-superconducting surface layer can be deter- 
mined; (3) the chemical composition of the outermost layer can be obtained; (4) a very accurate estimate 
of the surface layer thickness can be gained. 

2. Quantitative analysis of X-ray photoemission spectra 

When c-axis oriented Cu-O-based high-T c superconducting thin films are studied with XPS, the 
periodic lattice of these materials must be taken into account in the analysis of the XPS spectra. Here we 
derive a quantitative expression for the photoemission intensity /. It describes angle-resolved experi- 
ments on materials with a layered structure parallel to the surface. It includes the effect of a 
non-superconducting surface layer. 

For the photoelectron energy distribution dli.k.p.q(q~, E )  from a core level k in atom q of element i in 
primitive unit cell p at depth zp  in the supercGnducting material (see figs. 1 and 2) we may write 
[1-8,21]: 

i - ( -  + ..... ,l) dli,k,v,q(~O, E )  = 7qTtotFa~2"Yi,k exp a i cos ~0 ~ A i COS q~ ] 

The photoelectron take-off angle is denoted by ~. The electron detector has an efficiency -0(E a) with Ea 
being the kinetic energy of the photoelectrons after being transmitted through the lense and just before 
entering the electron detector. Tto~(E) is the total transmission of the analyscr, depending on the kinetic 
energy E of the photoelectrons. The X-ray flux inside the sample is given by F ( x ,  y, ¢), with the x- and 
y-direction parallel to the sample surface, h is assumed not to depend on the depth z in the region 
where the photoelectrons can escape from the material. Because of the high kinetic energy (500-1500 
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Fig 1. Ouamitafiw analysis of X-ray photoemission spectra. Fig. 2. Possible primitive unit cell ol the orthorhombic phase 
The material that is investigated, a high-T c superconducting of YBa2CU3OT_ ~ (schematic). Layer l is the Y layer, layer 2 
YBa2Cu307_ a thin film, has a layered structure parallel to the CuO: layer, layer 3 the BaO layer, etc. See sections 2 and 
the surface. The effect of a non-superconducting surface layer .t.2. 
on the photoelectron intensity is described by a transmission 

factor, see section 2. 
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eV), interactions between photons and the sample surface are neglected [22]• With a small acceptance 
angle of the photoelectron analyser, denoted by AI2, elastic scattering of photoelectrons during transport 
through the solid is negligible [23]. In our experimental set-up, described in section 3, diffraction of 
X-rays at the sample surface can be neglected [24]. The probability of an electron to absorb an X-ray 
dose and being ejected from orbital k in element i with an kinetic energy (E, dE) ,  is given by 
%.k(0k, E), the angular differential photoionizatioa cross-section [25.26]. O k is the angle between X-ray 
photon and photoelectron path. The inelastic mean free path (IMFP) of the photoelectrons inside the 
material is given by Ai(E) [27]. The superconducting material may be covered with a non-superconduct- 
ing surface layer with thickness d, as in the case of c-axis oriented high-T c superconducting YBa2Cu30 7_~ 
thin films. This surface layer differs in chemical composition or structure. A term describing the 

• transmission of the photoelectrons through this layer is included in eq. (1). 
To obtain the total photoelectron energy distribution dl,.k(,p, E)  from a core level k in an atom of 

element i, first eq. (1) is summed over one primitive unit cell and, subsequently, summed over all 
primitive unit cells in the lattice: 

dl ,  k(* ,  E ) =  •anVi.k exp( " - d  } K ( , ,  E)  d E ,  (2) 
x 

• ~ A, cos ,p 

- z .  I 
Z expt '"  l Z 

unit cell [Ai COS *]lattice [A, COS , ]  
Effects of imperfections in the crystal structure are neglected. Introduction of a fraction f, of sites 
occupied by an atom of element i may describe the effect of imperfections. Comparison of the 
experimental and theoretical values will indicate if the introduction of the fraction ./i. is needed. 

In K ( , ,  E), the summation over the whole lattice is performed in the x-, y-, and z-direction, with the 
x- and y-direction in the plane of the sample surface. The X-ray flux F and transmission Ttot do not 
depend on depth z in the region where the photoelectrons escape. The second summation in K(,p, E)  in 
eq. (3) may be written as a product of a summation of Trot × F (in the x- and y-direction) and a 
summation of exp( - z , / A ,  cos , )  (in the z-direction). The summation of T,m x F may be rewritten as an 
integral over the analysis area A~,(,), depending on photoelectron take-off angle , .  T,o, may be assumed 
to depend only on kinetic energy E of the photoelectrons inside the analysis area and to equal 0 outside 
A~. Since F may vary over the analysis area, we define a mean X-ray flux F ( , ) .  With these definitions, 
we may rewrite eq. (3): 

- z  i q - z p  
K ( , .  E ) =  T t o . ( E ) F ( , ) A . ( , )  Y'~ exp[ "'~ ] Y ' e x p [ - - 1 .  (4) 

.nit c~, [ 'L c o s ,  j :, [ a ,  cos  ~ ] 

Defining a structural factor Ss(¢) and geometrical factor g , ( , ) ,  respectively: 

: I l .... _ . i , s,(,) E ~ x p , - - , ,  g,(~)= (5) 
~.i. ,~ .  [ ~, c o s ,  ] : [ ,~ c o s ,  j ~ a,  cos  ,p l ]  

with c being the lattice constant in the c-direction, we obtain: 

( - ,  
d / , , ( , ,  E )  = n T, o.( E )  F ( , p ) A , . ( , p ) A D % .  k exp - - _ S  ( ,)g (,p) d E .  (6) 

• A,  COS , ] ~ ' 

With the result the photoemission intensity/,.~(,p) may be written as: 

l , . , ( , )  = 77 T,,,.(E) F ( q O A , , ( , ) , M ~  

I ' 3 ( ~ ) s , ( , ) g , ( , ) ,  (7) x ~ , . ~ [ I  - ~,.~( cos;o~- I)l exp 

with ~r,,~ being the photoionization cross-section [25] and /3,. k the asymmetry factor [2@ 
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Eq. (7) describes the absolute photoelectron intensity when a material with a layered structure parallel 
to the surface is studied by ARXPS. In eq. (7), effects of imperfections in the crystal structure has been 
neglected. Possible reconstruction or relaxation in the high-T, superconducting thin film just below the 
surface layer has been neglected. Also effects of surface roughness have not been included. In the model, 
the effect of a surface layer on the photoelectron intensity is described by a transmission factor 
e x p ( - d / a  cos 9)..The surface layer may be treated in the same way as the layered material beneath it 
by describing it by a structural and geometrical factor. For :he material we investigated, thin films of 
high-T,, superconducting YBa2Cu307_~, the structure is well known. In contrast to this, the structure of 
the surface layer on high-T c superconducting YBaeCu307_ 6 thin films is not known well. It may consist 
of BaCuO2, but possibly its structure has changed due to reconstruction or relaxation. Therefore, no 
attempt was made to model the surface layer by a structural and geometrical factor. 

2.1. Relative A R X P S  measurements  

For the photoelectron intensity Rc j (~ )  ratio of element i and j in the superconducting material below 
a non-superconducting surface layer, used in relative ARXPS measurements, we may write using eq. (7): 

~fli.,(3 cos O, - 1)]Ttot(E,) exp ~ S i (¢p )g i (~ )  

Ri J("J) (8) 

%.,[1 - ~Bi.,(3 cos20, - 1)]T,,,(Ej) exp ~ S j ( ~ , ) g j ( ~ )  

Using this equation, we can compare the measured relative intensities Riq(~,) with the ratio of the 
structural factors Si(q~) and Sj(so), obtained from theory by defining: 

~.t[1 - ~fli.,(3 cos20, - 1)]Tcot(Ej) exp ~ g j (¢ )  S , (¢)  

( -d ) sj,~) (9) 
X~'P(~) = R, . j (~)cr i ,k[ l_  ¼~3i.k(3 COS20k- 1)]T, , t (Ei )  exp ~ g i (¢ )  

Since the structural factors depend strongly on the choice of the primitive unit cell, we can determine the 
primitive unit cell that describes relative ARXPS measurements optimally. This yields us the plane at 
which the c-axis oriented high-T c superconducting YBa2Cu307_ ~ thin film starts below a non-supercon- 
ducting surface layer. Also a good estimate for the thickness d of the surface layer can be found. 

2.2. Absolute A R X P S  measurements  

With absolute ARXPS measurements, the normalized photoelectron intensity (or angle-resolved 
signal ratio (ARSR) [36]) Nc,(~0) is used. N~.,(~) equals the ratio of the intensity 1~.,(~o) detected at 
photoelectron take-off angle ¢ and the intensity It ,(0) detected at normal take-off. With eq. (7), Ni.k(¢) 
may be written as: 

exp[ 
I d 

} F(~)A~(~) ~)g,(~) • L cos q~ S~( 

Ni'k(qQ = [ - d  ~ F(O)Aa(O ) Si(O)g,(O) (10) 
exp I ) 
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If N,.k(, p) is measured on an amorphized Si sample, cleaned by Ar ion beam sputtering, we may write: 

S s i = f n s i e x p ( - -  ~ ) d z ,  g s , = l ,  (11) 
• . ~, Asi ~ )s ,p 

with ns~ the atomic ~i concentration. If the Si2p core level is measured, eq. (10) becomes (see also ref. 
i21]): 

F ( ¢ ) /  ,p) 
Nsi.:p(,p ) = - -  - - c o s  ~, = G(,p).  (12) 

F(0)/~ 0) 

This function G(~0) =--epends on the geometry of the experimental set-up, sample and sample holder and 
can be measured d~-~,'ctly. Its value can be used in eq. (10). 

We may write by asing eqs. (I0) and (12) for the normalized intensity of e.g. the Ba4d XPS peak of Ba 
in a high-T~ superc< nducting YBa2Cu307_ ~ thin film below the surface layer: 

I ...... ( ' -)  exp[ d_._~ ['1 - I ] ] G ( ~ ) S B z ( ( P ) g B a ( q ~ )  

N ...... ( ¢ )  = IB,.4a'----~ ~)-= [ABa4 d I CO-'~']/~OS ~- SBo(0)gB,(0 ) . (13) 

Defining: 

cos ~ : ,~,,(0) g u.(0) NB~.4u(~) = exp 1 - (14) 
YB:Sd(~)  = G(,p).~,~,(,p)gBa(? ) 

gives us an additioaal possibility to calculate the thickness d of the surface layer on top of the c-axis 
oriented high-T~ superconducting YBa2Cu307_ ~ thin film, after having determined the structural factors 
that describe relative ARXPS measurements optimally, see section 2.1. In deriving eq. (14), we assumed 
that the surface larer has a uniform thickness d. Effects of surface roughness have been neglected. 

2.3. Data attalysis /.' a modtfied Let'enberg-Marquardt (LM) method 

Eq. (14), describing absolute ARXPS measurements on high-T,, superconducting YB-I2Cu307_¢i thin 
films, contains only one parameter, the thickness d of the non-superconducting surface layer. This 
parameter can be optimized by minimizing the error function F: 

F =  y '  ( y  _ y~xp)2 ( ] 5 )  
i 

where Y, is the value of quantity Y predicted by theory and y,x~, is the measured value. The 
minimization is performed by a modified Levenberg-Marquardt method which yields the optimized 
parameters [28]. Also the residue s, defined as [29]: 

s = F / ( K -  l - p ) ,  (16) 

where K is the number of n easurements and p the number of parameters in the model, can be 
calculated. Confidence limits oi the parameters can be obtained using the variance-covariance matrix, in 
combination with the residue s they provide a good check for the quality of the fit [29]. 

3. Experimental 

The bigh-Tc superconducting YBa2CU3OT_ 6 thin films have been deposited by a modified off-axis 
RF-magnetron sputtering technique. Experimental details can be found elsewhere [16,17]. As substrates 
yttria-stabilized ZrO 2 (YSZ) (10t3) single crystals were used. 
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After deposition of the YBa2Cu307_ ~ thin films, the samples were transported through ambient 
environment to the XPS instrument,  a Kratos XSAM 800 spectrometer,  controlled by a PDP l l 
minicomputer. The samples and a copper foil, used for calibration of the spectrometer,  were mounted on 
a carousel in the preparation chamber. After closing the introduction valve, the chamber was pumped for 
14 h. The chamber walls were heated up to approximately 70°C and the pressure in the preparation 
chamber decreased to l x 10 - °  Torr. After opening the valve to the analysis chamber, the carousel was 
introduced and the valve was closed again. 

During analysis, the photoelectron energy analyser angle was fixed at 9 ° (high magnification) [30]. The 
analyser mode and resolution were set to fixed analyser transmission (FAT) and medium (ME), 
respectively, so the resolution of the analyser does not depend on the kinetic energy E of the 
photoelectrons. The transmission /'to t of  the analyser is proportional to E -  J [30]. The spectrometer was 
calibrated by measuring the Cu2P3/2 XPS peak and the X-ray-induced Cu LaMM Auger  neak on a 
clean, argon ion beam sputtered copper foil using a Mg anode [31]. Its linearity was checked [30]. The 
M g K a  X-ray source was typically operated at an anode voltage of 15 kV and an emission current of 15 
mA. During measurements ,  the pressure in the analysis chamber was typically 4 x 10- H~ Torr. In the 
experimental set-up, the angle between X-ray photon and photoelectron path is 70 ° . 

The spectra were taken using the DS800 program [32]. Except for the photoelectron take-off angle, all 
the measurements  were done with the same instrumental  settings. The high-T~ superconducting 
YBa2Cu307_ ~ thin films were mounted using a Ta mask. Therefore,  the samples were well grounded 
and no corrections of the photoemission spectra for charging effects were necessary. Care was taken that 
the mask did not partly cover the analysis area of the photoelectron energy analyser. This was confirmed 
by inspecting the photoemission spectra for Ta peaks, which could not be observed. The spectra of  
different elements were taken simultaneously by repeatedly scanning the different core levels, to 
minimize the influence of t ime-dependent  effects such as fluctuations in the X-ray source intensity. The 
background subtraction, simulations and data analysis were done on a 80386/80387 personal computer.  
For background subtraction, we used the method of Shirley [33]. In all simulations of photoemission 
spectra, 100% Gaussians were used. 

4. Results 

By means  of the modified RF-magnetron sputtering technique, as mentioned in section 3, high-T c 
superconducting YBazCu307_ ~ thin films with a transition temperature To.zero of about 90 K were 
obtained routinely for film thicknesses of  8-300 nm. The critical current density Jc at 77 K of these films 
is found to be higher than 1 x 106 A / c m  2. With X-ray diffraction analysis, besides the substrate 
reflections only the (001) reflections could be ~bserved [16-20]. 

In this report XPS spectra are given that were acquired on a typical high-T¢ superconducting 
YBa2Cu307_~ thin film on a YSZ (100) single crystal. The s:,ectra were measured on the sample as 
received. Between deposition of the YBa2Cu3OT_ ~ thin film an6 analysis in the XPS spectrometer no 
cleaning procedures were applied. The film had a thickness of 10 t~m, its Tc.z~ro was 88 K. In studying 
films with comparable thicknesses on SrTiO 3 and MgO (I00) single crystals, no essential differences in 
the spectra shown here were observed. 

4. I. Pho toemiss ion  spectra, acquired  on  a h i g h - T  c superconduc t ing  Y B a  2Cu 3 0  7 _ ~ thin f i l m  

For the elements Y, Ba, Cu, O and C, ARXPS core level spectra were recorded at photoelc," .~ ;  
take-off angles of 0 °, 10°,. . .  ,70 °, to obtain information about the distribution and chemic~d envirotm~ent 
of these elements. For the elements the spectra measured at take-off angles of 0 ° and 60 ~ are shown in 
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Fig. 3. X-ray photoemission spectra, acquired on a high-T¢ superconducting YBa2Cu3OT_ a thin film as received. The photoelec- 
tron take-off angles equaled 0 ° and 60 °, A MgKa anode was used as X-ray source. Shown are: (a) the Y3d, (b) the Ba4do (c) the 

Ba 3d, (d) the Cu 2p, (e) the O Is and (f) the C Is core level spectra. In (g) Ihe Fermi edge spectrum is shown. See section 4.1. 

figs. 3a -3g .  It  should  be  noted  tha t  these  spect ra  are  p r e sen t ed  as they were  obta ined.  No correc t ions  for 
charg ing  effects were  needed ,  see sect ion 3. No smooth ing  p rocedures  had  to be used. 

In the  Y 3 d  spec t rum,  shown in fig. 3a, no chemica l  shift  can be  observed.  ,The shape  of  the spec t rum 
does  not  change  with pho toe lec t ron  take-off  angle.  It r e sembles  the spec t rum of  Y, p resen t  in one  
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Table 1 
Binding energies and assignment of the features in the core level photoemission spectra, acquired on a high-T¢ superconducting 
YBa2Cu3OT_ ~ thin film as received (see section 4.1 and fig. 3) 

Core level Binding energy Assignment 
(eV) 

Y3d 156.2 Y in superconducting YBa2Cu ~O 7_~ 

Ba5ps/2 14.11 12.5] 

Ba 4d 5/2 87-3 / 
89.3~ Low BE component: Ba in superconducting YBzt2Cu307 ,~ 

Ba3d5/2 777.9[ High Be component: Ba in surface layer 
780.11| 

Ba3d~/, 793.11 
795.3/ 

O Is 528.6 O in superconducting YBa2Cu307 
531.3 O in surface layer 

Cu 2p 933.1 Cu in superconducting YBa zCu 3 0 7  _ el and in surface layer 
~ 943 Satellite of Cu in superconducting YBa2Cu30 7_~ 

C Is 285.11 C in surface layer 
289.5 C in BaCO 3 in surface layer 

chemical environment only. For the Y 3d5/2 core level, a binding energy of 156.2 eV was found (see table 
1). This is indicative for Y in the superconducting YBa2CU3OT_~ thin film [3,5,6,9-11]. 

Contrary to the Y3d spectrum, the Ba4d and Ba3d spectra, shown in figs. 3b and 3c respectively, 
show a clear chemical shift and contributions of Ba in two different chemical states can clearly be seen. 
The intensity of the high BE component increases when compared to the low BE component with 
increasing photoelectron take-off angle. So the low BE component can be attributed to Ba in the 
superconducting YBa2Cu3OT_ ~ and the high BE component to Ba in a non-superconducting surface 
layer [3,5,6,9-11]. The BE values can be found in table 1. 

The X-ray photoemission spectrum of the Cu 2p3/2 level is shown in fig. 3d. The ratio of the intensity 
l~at of the satellite near 943 eV and the intensity /main of the mean feature at 933.1 eV decreases from 
0.31 to 0.18 when the photoelectron take-off angle is increased from 0 ° to 60 °. This means that the 
satellite originates from Cu atoms in the superconducting material. The main feature contains contribu- 
tions of both, Cu in the superconducting YBa2CU3OT_ , film and the non-superconducting surface layer. 
Steiner et a l  reported X-ray photoemission spectra of C u - O  systems where the Cu has a valence of 0, 
+ 1, + 2 and + 3 [34]. Since Cu 2 ÷ has a very strong satellite near 943 eV as compared to Cu t + and Cu 3 +, 
we may conclude that in the superconducting material the Cu has a valence of +2. From the BE at 
which the main feature is found, we find that the valence of Cu in the surface layer equals + 1, a result 
that agrees with the literature [3,9,ii-13], see also table 1. The valence of Cu found in the surface layer 
strongly suggests that this Cu is in the form of BaCuO2 [6]. 

In the O ls spectrum, shown in fig. 3e, we observe as in the case of Ba, features of O in two different 
chemical states. From their photoelectron take-off angle dependence, the low BE component at 528.6 eV 
can be assigned to O in the superconducting material and the high BE component at 531.3 eV to O in 
the surface layer, see also table 1 [3,5,6,9-11]. 

In fig. 3f the C ls spectrum is given. Clearly contributions of graphite and some BaCO 3 near 285.0 and 
289.5 eV, respectively, can be observed. The intensity of the peak attributed to BaCO 3 decreases when 
compared to the intensity of the graphite peak under glancing incidence. This indicates that this BaCO 3 
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is covered by graphite. The carbon contaminations detected here are expected to be due to the transport 
of the film through ambient environment from deposition to the XPS analysis set-up. 

In fig. 3g the Fermi edge spectrum, measured at 0 ° and 60 ° photoelectron take-off angle, is presented. 
The structure at 11- t8  eV can be attributed to the Ba5p levels. As in the case of the Ba4d spectrum, a 
clear chemical shift can be observed and the low BE feature near 12.5 eV can be assigned to the Ba 5P5/2 
level of  Ba in the superconducting YBa2Cu307_,~ thin film. The high BE feature near 14 eV is ascribed 
partly to Ba 5P~/2 in the surface layer and partly to Ba 5P3/2 in the superconducting material (compare 
the Ba4d level) [3,9,12]. Also in this case, the low BE component  decreases in intensity with increasing 
photoelectron take-off angle. The feature near 10 eV is ascribed to a "satellite", with a C u d  ~ final-state 
character. The broad feature at 0 - 8  eV is assigned to O 2 p  states [9,12,13]. 

4.2. The #zterface between the superconducthzg Y B a e C u 3 0 7 _  ~ thin f i lm and the non-superconducting 
surface layer 

In relative ARXPS measurements  the photoelectron intensity ratio Ri. j is used, as defio.cd =~ c ;  " '  
To determine the intensities l, 's of elements in the superconducting material, from the s r, ectra "i_ 
Shirley-type background [33] was subtracted. The spectra were simulated using 100% Ga,~-i ,~ .~ 
intensities / / s  of the elements in the superconducting YBa2Cu307_ ~ below the non-superconduciin-  
surface layer then equal the area below the Gaussians. The assignment is outlined in section 4.1, see also 
table 1. 

In figs. 4a -4d  the simulations of the spectra of the Y3d, Ba4d, Ba3ds/2 and O Is core level spectra 
are presented. The spectrum of Y3d, measured at 0 ° and 60 ° take-off angle (see fig. 4a), can be 
simulated with two Gaussians represent i ,g  the Y 3d5/2 and Y 3d3/2 components  of Y in the supercon- 
ducting YBa2CuoO7_ 6 thin film, respectively. The intensity ratio between the Y3ds/2  and Y3d3/2 
orbitals was 1.15 and the binding energy difference equaled 2.00 eV. The somewhat high BE tail will be 
discussed in section 5. The Ba4d spectrum, shown in fig. 4b. has been simulated with two sets of two 
Gaussians where the two Gaussians represent the Ba4ds/2 and Ba4d3/2 orbitals, respectively. The 
intensity ratio of the Ba4d.~/2 and Ba4d3/2 orbitals equaled 1.43, whereas the binding energy difference 
was 2.58 eV. The low BE Gaussians set is assigned to Ba in tl-e superconducting film, the high BE 
components  to Ba in the surface layer. In fig. 4c the Ba3ds/2 core level spectrum has been simulated 
with two Gaussians. The low BE Gaussian represents the Ba3d5/2 level in the superconducting 
YBa2Co307_ ~ a~d the high BE Gaussian is assi[;~led to Ba in the surface layer. The Ba3d3/2 level has 
also been simulated. Because the results are similar except for the BE's (see table 1), they are not shown 
here. For O Is, the simulations can be found in fig. 4d. Also in this case, the low BE Gaussiar~ represents 
the O Is level in the YBa2Cu307_,~, the high BE Gaussian the O Is level in the surface layer. For Cu no 
simulations were performed. As outlined in section 4.1, the intensity 1~, t of the satellite near 943 eV is a 
measure for the Cu 2p~/, intensity 1¢.~,~,. of  Cu in the YBa ,Cu  ~O7_~. For the ratio l ~ , / l c , , p , . ,  in the 
literature a value of 0.55"can be found forYBa2Cu.~OT_,~ [12,131. From t~ the intensity lc.~,.o~.:/of Cu in 
the superconducting YBa,Cu307_~ can be calculated. 

As defined in eq. (8), the relative photoelectron intensities Rcj(~,) also depend on the photoionization 
cross-section o-,. k, the asymmetry factor ,t3,. k, the transmission T,,,,(E) of the analyser, the thickness d of  
the surface layer and the geometrical factor g~(¢) and the structural factor S,(~,). The values of o-,. k and 
/3ok can be found in the literature [25,26] and are listed in table 2. The angle between X-ray photon and 
photoelectron path equals 70 ° (see also section 3). For the inelastic mean free paths (IMFP's) , t(E) of  
the photoelectrons, the values as shown in table 2 were taken [27]. The transmission T, , , (E)  of the 
analyser is proportional to E - t  [30], with E the kinetic energy of the photoelectrons. The kinetic 
energies of the photoelectrons (a M g K a  X-ray source was used) and the values of T,o t, relative to 
Tt,,,(Eol~) are listed in table 2. The geometrical factors gi(~), as defined in eq. (5) and calculated at 0 ° 
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Fig. 4. Simulations of (a) the Y3d, (b) the Ba 4d, (e) the Ba 3ds/2 and (d) the O Is core level spectra. A Shirley-type background was 
subtracted prior to simulation. 100% Gaussians were used. The dashed Gaussians represent contributions of elements in the 
superconducting YBa2Cu307_a material, the dotted Gaussians are ascribed to elemental contributions of a non-superconducting 
surface layer, see section 4.2. The BE's are given in table 1. For easy comparison the spectra recorded at 0 ° photoelectron take-off 

angle have been given an offset. 

and 60 ° take-off angle, can also be found in table 2. For the lattice constant c in the c-direction ! .t68 nm 
was chosen [35]. 

The structural factor Sit,o) depends strongly on the choice of the primitive unit cell and, therefore, on 
the choice of the plane at which the high-T~ superconducting YBa2CU3OT_ ~ thin film electronically 

Table 2 

Relative ARXPS measurements - the Y layer forms the interface between the superconducting YBa2CB3OT._,5 thin film and the 
non-superconducting surface layer (see fig. 2, sections 2 and 4.2) 

XPS peak o- ,8 A E~.i. Tu, ~ .# = 0 ° q~ = 60 ° ~o = 0 ° ~o = 60 ° 

[c& ,,1 (nm) (eV) g,(O) S , (O)  gi(60) Si(60) Xt¢~Pls S , / S  ols  X,~Pts S i / S o t s  

Y3d 6.24 1.18 1.76 1087 0.66 2.062 1 .000  1 .361  1 . 0 0 0  0.247 I).214 0.253 0.306 
Ba4d 5.41 1.33 1.76 1166 0.62 2.062 1 .444  1 .361  1 . 0 5 5  0.306 0.310 0.249 0.323 
Ba3ds/2 24.75 1.10 11.82 476 1.52 1 .317  1 .009  1 . 0 6 2  0.537 0.205 0.216 0.283 0.164 
Ba3d3/e 17.04 1.10 0.82 460 1.57 1 .317  1 .009  1 .062  0537 0.216 0.216 0.294 0.164 
Cu2p~/2 15.87 1.30 0.66 321 2.26 1 .205 1 .386  1 .030  0.777 0 . 2 8 1  0.297 0.062 0.238 
O ls 2.85 2.00 1.35 725 1.00 1 .727 4.664 1 .215  3.270 1 . 0 0 0  1.000 1.000 1.000 

rr, •, A, Ek, n and Tto t are described in eqs. (1)-(7). The photoelectron take-off angle is denoted by ~0. The geometric: I factor g,(~,) 
and structural factor S,(~) are defined in eq. (5). The experimental values X,~Pt~ and theoretical values S, ~ S o t  ~ are given in eq. 
(91. The subscript O Is indicates that these values have been normalized to the O ls core level. 
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ends. In fig. 2, the Y-plane is chosen and for the structural factors S,(,p) we lind: 

s~,:(~)=expl -o  } = 1, 
'~v3d cos ¢ 

e x p ( - - 3 . 8 9  ) + |[ - 7 . 7 9  ) SF~4d( ¢) 
k ABa4d COS ~9 ] e x p  A~)a4d c o s  

9 (p 

t + ex , = - - - - ,  + ox ( s°t~(~)=2 ~o,~COS ~1 ~ao~,COS ~ ! ~ I  

[ - 7 . 7 5  ~ [ - 9 . 7 3  
+ e x p / - 7 - - - - - - - - -  / + 2 e x p / - - / ,  

~ ao~ ~ cos ,¢ / ~ : 'ors cos q~ ] 

+ exp + exp /A " (17) Sc~20(~ ) = exp Ac~2p cos ~ Ac~2p cos ~0 ~ c~2p cos 

SB~a ' ,(~) and Sm~ a (~) are calculated analogously to Sm4d(q0), by insertion of '~B~a and ABa3d ~ ~, 
respe~t"ively. For i); a~d 60 ° photoelectron take-off angle, S ( ~ )  ,a lues  have been calculated and i~e 
results are presented in table 2. 

Finally, in the last four columns of tabl." 2. the experimental values Xi.e~t~(~) as defined by eq. (9), and 
the ratios S , ( ~ ) / S o t ~ ( ~ )  obtained from the theory given in section 2, can be compared. As indicated by 
the subscript O ls, these values are given relative to those of O ls core level. From table 2 a remarkably 
good agreement  between the experimental values and those predicted by theory can be observed, 
especially for the outlined quantities. The deviations between theory and experiment for the Ba3d and 
Cu2 p  levels at ~ = 60 ° are ascribed to effects of  surface roughness, see section 5. To determine the 
structural factors S~(~) that describe these measurements  optimally, we calculated the residue s. It is 
defined in eq. (15), where: 

S,(~) 
= - - ,  Y,~*P = X~r',,((#) - (18) 

E Sot,(~) " 

Using the outlined quantities in table 2, s was calculated as a function of the layer ending the high-T~ 
superconducting YBa2Cu307_,~ thin film. In table 3, the values of  s are given. We see that the residue s 
is minimal for a thickness of the surface layer of d -- 1.0 nm and layer 1. The Y layer is indicated as layer 
1, the C uO,  layer as layer 2 and the BaO layer as layer 3, etc., see fig. 2. Since the calculations showed 

Table 3 
Residue s as functicm of layer forming the interface between the superconduct ng YBa2Cu~O 7._~ thin film and non-superconduct- 
ing surface layer 

Layer ending the Residue s 
superconducting 
YBa 2Cu sO-/_ ,s fi lm 

I 0.01 

2 OJl6 

3 0.I 
4 O.O4 

5 0.{}4 
6 t).03 

Layer 1 is the Y layer, layer 2 is the CuO 2 layer, layer 3 is the BaO layer, etc., sec sections 2 and 4.2. 



128 W.A.M. Aarnink et aL / ARXPS analysis of c-a-ris oriented YBa_,('u ~O 7 

that the error function s strongly depends on the thickness d, the estimate d --- 1.0 nm is an accurate 
estimate, as will be confirmed in section 4.3. For the Y layer the residue is minimal, so this atomic layer 
forms the interface between the superconducting YBa2Cu307_,~ thin film and the non-superconducting 
surface layer. 

4.3. Composit ion o f  the non-superconducthzg surface layer 

The composition of the non-superconducting surface layer differs strongly from the high-T~ supercon- 
ducting YBazCu307_~i thin film. Neglecting a possible layered structure of the surface layer and effects 
of surface roughness, for the elemental photoelectron intensity ratio RI. j at (1 ° photoelectron take-off 
angle, we may write [1,2,26]: 

~.knt ,  A , [ l  -- ¼f l i .k(3 cosZOk - 1)] [1 - e x p ( - d / A i )  ] 

where n~ is the atomic concentration of element i in the surface layer. For the atomic concentration 
ratios we find, with d = 1.0 nm: 

nlv .. na  ." n c  ." t .n~. = 0:0.2:0.1 : 1 : 0 . 8 , n o .  (20) 

so this surface layer consists mainly of conzpounds containing oxygen and carbon, that is, BaCO 3 and C. 
Only a small volume fraction (~  20%) of the layer is formed by Ba- and Cu-oxides. These oxides are 
probably in the form of BaCuO z [6]. ~ince Cu t ÷ is found in the surface layer, see section 4.1 above. 

4.4. Thickness o f  the non-superconducting surface layer 

As we found in section 2.2, the normalized photoelectron intensity y,~xr,(~) is used in absolute 
ARXPS measurements. In eq. (14) the thickness d is the only parameter after the structural factors 
S~(~p) have been obtained from relative ARXPS measurements, see sections 2.1 and 4.2. Data analysis by 
a LM fit procedure (sec section 2.3) gives information about the reliability of the quantitative informa- 
tion obtained in section 4.2. The thickness d and its confidence limits can be calculated. 

To do so, we need to determine the function G(~) as defined in eq. (12) and the structural and 
geometrical factors, S~(q~) and g~(~0), respectively. On a clean amorphous silicon substrate G(q~) was 
measured and the results are given in fig. 5. Experiments to establish the stability of the spectrometer 
were performed. Points marked with " + "  were measured within 10 h. After 24 h the points marked with 

1.2 

1. 

.8- 

.6. 

.4. 

.2.. 

2O 40 6O 8O 

(O [deg . ]  
Fig. 5. Measured function G(tp). for it description see sections 2.2 and 4.3. Points marked with "" + "" were measured with 10 h. After 
24 h the points marked with "[]" were measured with the same instrumental settings. We see that the stability is sufficient. The 

solid line represents a polynomial fit of the function Gtq0. 
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"' [D'" were measured with the same instrumented settings. We sec that the stability is sufficient. In fig, 5, 
the solid line represents a polynomial fit ~i the function G(¢). The structural factors S,(~p) and 
geometrical factors g,(~) are obtained from r,:lativc ARXPS measurements in section 4.2. With these 
quantities known, we can calculate the wdues ~',~:~P from the intensities of the XPS peaks belonging to 
elements in the superconducting material, normalized to the intensity at normal take-off. In figs. 6a-6d. 
Y,.~P(~0) values are plotted for thc Y3d, Ba4d, Ba3ds/2 and O ls core levels. The intensities were 
obtained from simulating the spectra taken at 0 °, 10 °. . . . .  70 °. The simulations of the spectra taken at 0 ° 
and 61) ° are given in figs. 4a-4d, as already described in section 4.2. Wc fitted the wducs for the Y3d, 
Ba4d and O Is core levels simultaneously (scc section 2.3) using eq. (14) and found for the thickness d 
and the residue s, as defined in eq. (16): 

d = 0.93 + 0.1)6 nm, residue s = ll.0l)4. (21 ) 

In eq. (14) for the IMFP's A of the photoelectrons, the wdues listed in table 2 wcrc used. In fig. 6. the 
y,~:k~o(~) arc indicated with " '+" ,  the result of the fit is given by solid lines. A thickness d with 
remarkable accuracy has been obtained and it agrees well with the estimate of d --- 1.0 nm. found in 
section 4.2. These results show that effects of surface roughness must bc small. An indication for the 
surface roughness can be obtained from fig. 6c, the Ba3ds/_, level, sec the discussion (section 5). below. 

4.5. EJJ&'ts o f  twglecti t lg the  layered strtwtt~re o f  the Y B a  eCt~ : O  7 ,~ tlzipl Ji'hlL~ 

If wc assume that the elements in the superconducting YBa2Cu~O 7 ,5 thin film arc homogeneously 
distributed, we may write for the elemental photoelectron intensity ratio RT. , at 0 ° photoelectron take-ofF 
anglc [1,2], scc also eq. (8): 

,r,.~,,~'A,[l - -~/3,.k(3 cos-',9~ - 1 )1T,,,,(E,) c x p ( - d / A , )  
n ; / =  , ~ , , . ; a j [ l  ' s ~ " (22)  

• - ~ , , , ( .  cos-,9~ - ~ ) ] T , , , , ( E ~ )  e x p ( - , I / a , )  

where n~ is the atomic concentration of clement i in the supcreo~'.ducting material. The film is covered 
with a non-superconducting surface layer with thickness d. Using the photoelectron intensity ratios 
determined above, we find for thc atomic concentration ratios, with d = I.IJ nm: 

n~. : n~,, : n~. u : n~> = 1.4:1.8 : 2.8 : 7. (23) 

For or. A, /3 and T,,~ the values listed in table 2 wc,c used. 

5. Discussion 

An overview of results of photoemission spectroscopy on high-7~, superconductors was given by 
Lindbcrg et al. [3]. A thorough discussion on results on YBa2Cu30 7 ~, single crystals, cleaved in the 
spectrometer prior to analysis, is reported by Fowler ct al. [11]. The spectra reported here (see figs. 
3a-3g) were obtained on a high-T+ superconducting YBa2Cu307 - 6 thin film, after it had been deposited 
on an yttria-stabilizcd ZrO,  (10(I) single crystal. They reveal that th- superconducting layer is not 
contaminated, except for some BaCO 3 and C duc to transport through ambient environment from the 
deposition chamber to the spectrometer. Comparison of our spectra with those reported in the literature 
[3,5,6,9-11] reveals that our YBa2Cu3OT_,s thin films are of high quality. Our XPS results may be 
compared to spectra taken on YB;.I2Cu307_,~ single-cr3,stal surfaces. On the spectra features arc 
supcrposed that arc assigned to elements in a thin (thickness ~ 1.0 nm) non-superconducting surface 
layer, mainly consisting of BaCO 3 and C. The surface layer also contains some Ba- and Cu-oxidcs, 
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probably in the form of BaCuO 2. Comparing these results with earlier experiments [4], we may conclude 
that the quality of the high-T~ superconducting YBa2Cu30 7 ,~ thin films on which X-ray photoemission 
spectra are reported here, has greatly improved and that they show clean and smooth surfaces. 

Taking into account the layered structure of the material that is investigated, quantitative analysis of 
our photoemission spectra yields compositional and structural information about the top layer of 
YBa2Cu.~O7_,~ thin films. For the first time. relative ARXPS measurements show that the interface 
between the superconducting YBa2CU3OT_,~ layer and the non-superconducting surface layer is formed 
by the Y layer. With absolute ARXPS measurements the thickness of the surface layer can be 
determined accurately and we find d = I).93 + 0.06 nm. The results presented here show a very good 
agreement between the modelling performed in section 2 and experiments. 

It is important to note that in our model we described the YBa2CU3OT_ ~ film to be a single crystal. If 
we do not so and assume that in the superconducting YBa2Cu3OT_ ~ thin film the elements are 
homogeneously distributed and that the film is covered with a non-superconducting surface layer, we 
find: n~, : n~,, : n~. u : n~) = 1.4 : 1.8 : 2.8 : 7 (see section 4.5), for the Y concentration an error of 40%. In our 
model the strongest deviation between theory and experiment arises for the Y3d core level, with a 
relative error of 15%, as can be seen in table 2 for ,p = 0 °. This large improvement in agreement with 
theoretical and experimental values can be easily understood with our finding that the material has a 
layered structure with different composition. In the high-T~ superconducting YBa2CU~OT_ ~ film the first 
Y layer partly shields the photoelectrons of the elements Ba, Cu and O below it. The results show that in 
the qualitative analysis of XPS spectra, the effect of a layered structure of the investigated material may 
not be neglected. 

For o-,/~ and A values were taken from the literature. Especially in the case of A, discrepancies on the 
order of 10% must be expected between theoretical and experimentzl values [27]. However, using the 
theoretical values, a very good agreement between model and experiment has been shown in this report. 
Therefore, the values as tabulated in table 2 may be considered to describe the actual experimental 
values fairly well. 

If we look at the simulations of the Y3d level, shown in fig. 4a, a small high BE tail can be seen. Since 
the intensity of this tail does not depend strongly on photoelectron take-off angle, as the high BE 
features in the Ba- and O-spectra do, no attempt to simulate this tail was made. The choice of the 
starting- and end-point for the Shirley background subtraction procedure [33] may affect its intensity. A 
different choice may decrease the intensity at high BE and give even a better agreement of the 
theoretical and experimental values in table 2. The high BE tail may also be due to some imperfections 
in the YBa2Cu307_ ~ thin film together with some surface roughness. 

In the modelling of the high-T~, superconducting YBa2Cu.~O 7_a thin film as described in section 2, the 
layers were assumed to be homogeneous with a uniform thickness. Since the film thickness was 10 nm 
and XPS peaks of the YSZ substrate could not be observed, pin-holes in the YBa2Cu ~O 7 _~ layer can be 
excluded. Secondary electron microscopy (SEM) studies revealed no surface roughness, for focussing 
some dust particles present on the film surface had to be used. Absolute ARXPS measurements are 
sensitive to surface roughness, as can be seen in figs. 6a-bd. For large IMFP )t of the photoelectrons, 
that is for the Y3d, Ba4d and O Is core levels with A = 1.76, 1.76 and 1.35 nm, respectively, the values 
predicted by our model and the experimental values agre e well. For small ,~ of the Ba3ds/2 level, where 
k = 0.82 nm, effects of surface roughness become observable at large photoelectron take-off angles ,p, 
with ~ > 45 °, see fig. 4c. The Ba3d.~/., level showed the same behaviour. From these results a rough 
estimate of the surface roughness O r can be obtained. We may approximate O r by k cos ,p,, with ~ the 
photoelectron take-off angle at which measurements and theory start to deviate by more than 10%. For 
the Ba3d~/_, level we find (), = 0.6 nm. 
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6. Conclusions 

By means of a modified RF-magnctron sputtering technique, high-T~, superconducting YBa2Cu30 7 ,, 
thin films with a transition temperature T~..,~,, of about 91) K were obtained routinely for film thicknesses 
of 8-31}0 nm. The critical current density j~. at 77 K of these fi~ms is found to bc higher than 1 x l(I ~' 
A / c m  2. The films are perlectly c-axis oriented. 

X-ray photoemission spectra acquired on our high-T,, superconducting YBa2Cu3OT_ a thin films 
resemble spectra taken on YBa.,Cu30 7 ei single crystals, cleaved in situ in the XPS spectrometer. On the 
spectra features are superposed that arc assigned to a thin (thickness ~ l.(I nm) non-superconducting 
surface layer. 

A good agreement between theory and experiment was found in this investigation. Including the effect 
of the layered structure of c-axis oriented YBa2Cu3OT_,s thin films in a model for quantitative analysis 
of photoemission spectra, relative ARXPS measurements provide structural and chemical information 
about the top layer of an YBa~Cu307_~, thin film. With absolute ARXPS measurements the thickness of 
a non-superconducting thin surface layer can be determined very accurately. For the first time, relative 
ARXPS measurements show that electronically the interface between the superconducting YBa 2Cu 307 _,¢, 
film and the surface layer is formed by the atomic Y layer. The surface layer consists mainly of BaCO 3 
and C. A small volume fraction ( ~ 211%) contains Ba- and Cu-oxides, probably in the form of BaCuO,. 
From absolute ARXPS measurements, the thickness of the surface layer was calculated to be 0.93 ___ 0.06 
nm. The surface roughness of the YBa2Cu307 ,~ films is on the order of 0.6 nm. For large IMFP A of 
the photoelectrons, effects of surface roughness on the photoelectron intensities may be neglected. 

If we neglect the layered structure of the YBa2Cu307 ,~ thin films and assume that in the film the 
elcments are homogeneously distributed and that the film is covered with a non-superconducting surface 
layer, wc find: n~, : n~, : n~:. o : n~) = 1.4 : 1.8 : 2.8: 7. For the Y concentration this is an error of 40%. In the 
model we developed here the strongest deviation between theory and experiment decreases to an error 
of 15%, which may be considered a large improvement in the understanding of ARXPS experiments on 
c-axis oriented high-T~ superconducting YBa2Cu307_ ~ thin films. The results presented here show that 
the layered structure of materials that are investigated, is essential to the quantitative analysis of X-ray 
photoemission spectra, taken on these materials. 
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