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The use of synchrotron radiation (SR) based X-ray absorption spectroscopy (XAS) and X-ray in-
duced photoelectron spectroscopy (XPS) is demonstrated for the analysis of thin films. In the first part we 
report on oxidic films used for high-k dielectric films in Si technology and focus on a recent in-situ ap-
proach to study the atomic layer deposition growth of HfO2 films. We demonstrate that even hidden 
layers can be characterized by using fluorescence technologies. In the second part, we demonstrate the 
suitability of SR based techniques for the analysis of organic thin films. Here, the first example deals with 
P(VDF-TrFE), a ferroelectric polymer, with possible applications in non-volatile memory devices. An-
other example concerns the analysis of C60 based low-k polymers for use in Cu interconnect systems. 
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1. Introduction 

Analysis of materials using synchrotron based spectroscopy techniques is a field 
with many possible applications. The main field of research in our group at the BTU 
Cottbus is in the materials science of thin functional films [1]. In our studies, we com-
bine both, electrical and spectroscopic studies for their characterization. We have fo-
cused on two classes of materials, oxidic thin films – some of which are used as high-k 
dielectrics in MIS stacks and on organic thin films – some of which are used as low-k 
dielectrics to isolate around Cu interconnects. 

We have prepared thin films of Pr2O3 and HfO2 on Si and SiC substrates to build 
MIS structures for their electrical characterization. We optimized the films in terms of 
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their dielectric properties (k value) and their insulating properties (leakage current 
densities). In particular, we stress that the studied oxide films are always controlled in 
their stoichiometry and thickness by spectroscopic means [2–10]. 

The intrinsic properties of the oxide thin films are monitored by XPS when opti-
mizing the deposition parameters. This ensures control over stoichiometry, phase sta-
bility, and defined film thickness. Another investigation controls the temperature sta-
bility of the deposited oxide films. Such studies were done for pure but also for some 
mixed oxide systems [11–14]. 

Our studies concerned, in particular, the interface stabilities of the ultra thin oxide 
layers. The interface towards the metal electrodes turned out to be very important, as 
most metals penetrate into the oxides upon mild annealing. We observed a high mobil-
ity of Au, Ag, and Al which could be controlled only by the insertion of a thin Ti dif-
fusion barrier [15]. 

Interface reactions also occur on the interface towards the substrates. Here in par-
ticular the mobility of Si is crucial and causes the formation of silicates [16, 17]. This 
turned out to be the case for Pr2O3 as well as for HfO2 and Al2O3 thin films. 

In our systems, we always combine the spectroscopically controlled films with 
electrical characterization (capacitance–voltage (CV) and current–voltage (IV) mea-
surements). With both approaches, we learned that the introduction of an AlON layer 
as a buffer layer between the Si substrate and a high-k oxide delivers much better 
properties than those obtained for the bare system. In particular, the thickness of a 
silicate rich interface layer could be reduced significantly [4, 15, 18–20]. 

2. Experimental 

Our synchrotron radiation (SR) based spectroscopic studies are performed using 
the BTU owned beam line U49/2 at BESSY, Berlin [1]. We briefly describe the most 
important features of the two main techniques applied. 

 X-ray induced photoemission spectroscopy (XPS) enables a quantitative determi-
nation of the elements contained in an investigated sample. The technique may be 
used with synchrotron radiation (SR) or laboratory X-ray sources. For low-k materials 
and for organic films in general, this technique is very promising because of the ease 
of sample preparation. Also, this technique does not suffer from X-ray induced radia-
tion damage. The advantage of using SR as an excitation source is the higher sensitiv-
ity and better energy resolution. The higher sensitivity arises from the fact that the 
photo ionization cross sections are largest close to the ionization threshold. Hence, by 
using a tunable X-ray source, the excitation energy can be optimized. 

The XAS technique again needs a tunable X-ray source, and therefore, this tech-
nique is exclusively used at synchrotron radiation sources. Very conveniently, the 
element-specific absorption coefficient can be determined by recording the total cur-
rent of the emitted photoelectrons by tuning the energy of the incident photons around 
a particular ionization threshold (absorption edge). The most intense signal appears 
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near the absorption edge, the respective technique is referred to as near-edge absorp-
tion fine structure spectroscopy (NEXAFS). The method is more bulk-sensitive com-
pared with XPS, since the total photoyield is primarily determined by the secondary 
electrons. Their mean free path is larger (up to 10 nm) than that of typical XPS photo-
electrons. Thereby, the analysis of thicker films is feasible. The absorption coefficient 
can be determined either by recording the total electron yield (TEY) or by the total 
fluorescence yield (TFY). Using TFY, even higher bulk-sensitivity is obtained, as the 
X-ray photons are significantly less attenuated when penetrating through the films. 
The TFY mode can be beneficial when analyzing oxidic materials, as this mode is less 
sensitive to sample charging than the TEY mode. Elemental composition can be ana-
lyzed quantitatively in thin films. The technique is often used to analyze the chemical 
bonding, as the shape of the absorption profile differs characteristically for different 
oxidation states (finger printing) of inorganic compounds. In particular, the XAS spectra 
of transition and rare earth oxides show very sharp and structured features which can be 
used to analyze the particular charge state of the atom investigated. Because of the high 
sensitivity, such studies can also be performed on diluted or mixed oxide systems. 

Electrical measurements have been carried out on MIS capacitors at room tem-
perature in dark conditions. For further details of the MIS stack preparation refer to 
[20]. CV and conductance–voltage (GV) characteristics have been recorded with 
an Agilent 4284 LCR meter. IV characteristics were recorded using Agilent E3649A, 
HP34401, PREMA4001 and/or Keithley487 meters, respectively. Permittivity and 
capacitance equivalent thickness (CET) values were deduced from the oxide capaci-
tance in the accumulation regime of the CV loop. Densities of interface states (Dit) 
were determined by AC conductance maxima [21]. 

3. Oxidic thin films 

3.1. In-situ ALD setup for synchrotron radiation based spectroscopy 

Among the possible growth methods, atomic layer deposition (ALD) is the most 
promising when considering very thin films conformal to three dimensionally struc-
tured substrates. As this is the typical request in the newest DRAM technology node, 
where thin capacitors have a very high aspect ratio (up to 60:1), the ALD growth me-
thod has an important industrial potential. 

 ALD growth contrasts with the chemical vapour deposition (CVD) technique, 
both of which are frequently used for the preparation of ultra-thin functional films. In 
both methods, two or more precursors react with each other, producing the targeted 
material. The difference between the two methods is that the ALD is based on a self-
limiting process characterized by the adsorption of the metal precursor on the surface 
of a substrate. As a consequence of that surface reaction a layer-by-layer growth is 
achieved. On the other hand, in the CVD growth, the reactions take place in the gas 



D. SCHMEISSER et al. 144

phase and are not controlled by the surface. Here, it has to be noted that the layer-by 
-layer growth of ALD does not necessarily correspond to one layer after every cycle 
but in most of the cases one layer is achieved after several cycles, as the surface cov-
erage at every metal precursor exposure is usually not complete. 

The ALD growth of metal oxides consists in the chemisorption of the metal pre-
cursor onto the substrate and the subsequent oxidization of the chemisorbed species. 
The two steps are separated by the introduction of a purging inert gas, which is needed 
to remove the non-reacted molecules of the metal precursor and the byproduct of the 
reacted molecules. In this way, with the introduction of the oxidant, the reactions take 
place only at the surface of the substrate, avoiding the CVD growth. 

Up to now most of the investigations of ALD grown, high-k films were made ex 
situ, with the samples prepared in the ALD reactor and analyzed in a separated cham-
ber, implying the transportation in air. This procedure involves the contamination of 
the high-k film and in some cases the formation of SiO2 in very thin films, which make 
the interpretation of the experimental results difficult [22]. We show here the first 
results of our in-situ experiments, where the ALD reactor (base pressure 2×10–7 mbar) 
and the measurement UHV chamber (2×10–10 mbar) were connected together through 
an interface chamber maintained at an intermediate pressure of about 2×10–9 mbar. 
With respect to the ex situ experiments, our procedure assures the measurement of 
contamination-free surfaces. There is another important advantage of making mea-
surements in situ: with our equipment we can study the film after every cycle and also 
after any single step of every cycle. This could be important for studying in detail the 
most important deposition step represented by the oxidation of the chemisorbed metal 
precursor. 

The results presented here were obtained by using HfCl4 as a metal precursor and 
H2O as an oxidant, while the purging gas was N2. The pressure reached by the metal 
precursor was 2×10–5 mbar and that of H2O was 2×10–2 mbar, with one cycle consist-
ing of 6 min exposure to HfCl4 and 20 s exposure to H2O, with a purging time of 
2 min. After the oxidation step, another purging exposure was made before moving 
the sample into the interface chamber. The maximum value of deposition rate found 
for the ALD growth with the HfCl4 as a metal precursor is about 1 ML every 3 cycles 
[23]. The temperature of the Si substrate was maintained at 300 °C during the com-
plete cycle, and the ALD reactor was maintained at 140 °C during the experiment to 
avoid the condensation of HfCl4 on the walls of the reactor. The HfCl4 source was 
heated also at ca. 140 °C during the metal precursor step and then fast cooled to about 
50 °C. The Si(001) substrate was cut from an n-type doped wafer, covered with 
a 2.2 nm thick oxide. The oxide was partially removed by etching the sample in a di-
luted HF solution, leaving the surface with an OH group termination. The remaining 
oxide thickness was determined to be 0.5 nm by the relative intensity of the peaks of 
the Si0+ and Si4+ species in the Si2p core level. 

The photoemission and NEXAFS experiments were all performed at the synchro-
tron source BESSY in Berlin, at the beam line U49/2. The synchrotron light can be 
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made to have high photon intensity in a wide range of energy, leading to a high sur-
face sensitivity and high energy resolution of the photoemission experiments, much 
higher compared with the usual AlKα lab source. This is important because the films 
under investigation are of the order of less than a few nanometers and a detailed analy-
sis requires both high sensitivity and good energy resolution. 

 
Fig. 1. In-situ growth of HfO2 on a SiO2/Si(001) substrate. The Si2p core levels are measured 

with the photon energy of 150 eV after the initial etch and after 8 consecutive ALD cycles 

In Figure 1, we show the Si2p variation for the etched substrate and after 8 succes-
sive ALD cycles. The photon energy used to obtain these spectra was 150 eV, i.e. the 
spectra are very surface sensitive. The resolution was set to about 50 meV, giving the 
possibility to observe the spin-orbit splitting of the substrate related (Si0+) component 
of the Si2p at about 99.6 eV, which is about 0.6 eV. Also, the intermediate oxidation 
components (Si+1, Si+2, and Si3+) can be observed at binding energies between 100 eV 
and 103 eV. The intensities of the spectra are divided by the incoming photon flux, 
which is a function of the residence time in a synchrotron. 

In Figure 2, we report on the corresponding NEXAFS spectra at the Si2p edge, 
measured in the photon energy range from 95 eV to 120 eV. Also, here, the intensities 
of the absorption spectra were divided by the incoming photon flux, because of the 
time dependence and, in this case, the photon energy dependence. 

By increasing the deposition of HfO2, the overall intensity of the Si2p core level 
changes because of the increasing thickness of the oxide. Electrons from the substrate 
have to travel into the Hf-oxide film before escaping into the vacuum. The elastic scat-
tering of those electrons produce an intensity attenuation which is exponentially de-
pendent on the overlayer thickness d as expressed in the equation I = I0exp(–λ/d), 
where λ represents the mean free path of the electrons in the oxide. This is a function 
of the electron kinetic energy, with a minimum at about 0.5 nm for electrons with 
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a kinetic energy of 50 eV. It is therefore possible to determine the thickness of the oxide 
film through the intensity weakening of the Si oxide and the substrate components. 

 
Fig. 2. In-situ growth of HfO2 on a SiO2/Si(001) substrate. The total electron yield spectra  
are taken at the Si2p edge of the sample after the initial etch and after every ALD cycle. 

In Table 1, we report the Hf-oxide thickness extracted from the photoemission da-
ta after every cycle. The estimation was made by considering a homogenous oxide 
layer and by adopting the value 0.5nm for the mean free path of the electrons with a 
kinetic energy of about 50 eV in HfO2. The simple assumption of a homogeneous 
oxide layer could be misleading for the interpretation of our results, as in the ALD 
growth the coverage of the surface is not necessarily homogeneous. Nevertheless, we 
are developing a mathematical model to take into account the deviation of the experi-
mental results from a simplified homogeneous growth. 

Table 1. Thickness of the initial SiO2 and of the HfO2  
as determined from the XPS intensities after every ALD cycle 

Film 
Etched 
SiO2 

HfO2 

1 cycle 2 cycles 3 cycles 4 cycles 5 cycles 6 cycles 7 cycles 8 cycles 

Thickness 
[nm] 0 .54 0.13 0.20 0.53 0.69 0.86 1.06 1.49 1.62 

 
After the 8th cycle the substrate is covered with a Hf-oxide film about 1.5 nm 

thick, showing an excellent sensitivity of our technique to films with a thickness in the 
nanometer range. At such a thickness, the contamination of the sample due to the 
transport in air certainly would considerably distort the interpretation of the experi-
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mental data. However, with our in situ facility, we can assure the measurement of 
thickness and analyze the chemical state after each cycle. 

The Si2p photoemission spectra change also in shape with increasing HfO2 depo-
sition. This is especially evident in the energy range between 102 eV and 104 eV, 
where the contributions from Si3+ and Si4+ are expected. In the etched sample, the most 
intense peak is centred at 103.4 eV due to the Si4+ component from SiO2. After the 
first three cycles, the peak shifts evidently towards lower binding energies, meaning 
an increase of the Si3+ component. After the first three cycles the shift is still present 
up to the 6th cycle but is much smaller, and it is undetectable in the last two cycles. 
The strong shift observed in the first cycles is due to the formation, during the early 
stages of the growth, of Hf-silicate (Hf–O–Si bonds), while in the next cycles the 
growth is converted to HfO2. Also here, the observation of the transition between the 
Hf silicate growth and the HfO2 growth were possible only because the sample was 
transferred into the measurement chamber without breaking the vacuum and without 
contaminating it with external agents. 

Also the NEXAFS spectra recorded at the Si2p edge show variations with the 
growth of Hf oxide. The two main structures are those between 100 eV and 105 eV, 
ascribed to the substrate Si, and those between 105 eV and 115 eV, derived from SiO2. 
The oxide growth induces an attenuation of the absorption spectra in a similar way as 
for the photoemission spectra. Anyway, the attenuation observed in the energy range 
of the substrate Si is slightly different from that observed in the energy range of SiO2. 
That deviation could be due to either formation of an extra silicon oxide during the Hf 
oxide deposition or to the transformation of the initial SiO2 into Hf silicate. The latter 
possibility is in accordance with the broadening of all peaks in the range 105–115 eV 
due to smearing of the silicate signal into the silicon dioxide one. From the present 
status, no definitive answer can be given, but more accurate measurements, at the O1s 
edge for example, should clarify this point. 

3.2. Band gap determination by combined XAS and RIXS measurements 

In this section, we report on a study of a hidden layer of AlON deposited between 
the Si(001) substrate and a Pr2O3 layer. In the particular sample used for the studies, 
the thickness of the AlON layer was 1.5 nm, and the thickness of the Pr2O3 layer was 
5 nm. The AlON films were prepared by reactive ion sputtering from an Al target; 
details have been published elsewhere [19]. Pr2O3 films were obtained by thermal 
evaporation in an e-beam evaporator; for details see [15]. 

In Figure 3, the resonant inelastic X-ray spectroscopy (RIXS) data are shown ob-
tained by excitation above the N1s edge. In a RIXS spectrometer (also called X-ray 
emission spectroscopy XES), upon resonant excitation, the emitted X-ray fluorescence 
photons are collected and recorded in function of their detected energy. This method 
yields a partial density of states of the valence band. Photons of 405 eV were used to 
excite emission and the emitted photons in the energy range between 370 eV and 



D. SCHMEISSER et al. 148

400 eV were collected. The observed bands correspond to the N2p valence states in 
the hidden AlON layer. The triple shaped valence features are very similar to the va-
lence band features of other 2p systems such as O2p in SiO2 or C2p in C-based com-
pounds reported by RIXS as well as by XPS valence band studies. 

 
Fig. 3. RIXS spectrum taken at the resonant excitation (405 eV) from a hidden 

AlON layer in a Pr2O3/AlON/Si sandwich structure. Thin line:  
as deposited sample, bold line: sample annealed at 800 °C, 10 min in nitrogen 

In Figure, 3 two spectra are shown. One spectrum is obtained from a sample 
where the AlON–Pr oxide stack was investigated as prepared, while the other curve is 
from a sample taken out of the same run but after annealing the stack at 800 °C for 
10 min in nitrogen. The difference in the data indicates that upon annealing some crys-
tallites within the Pr oxide film form causing a reduction of the film thickness. Conse-
quently, the N1s signal from the hidden AlON layer appears stronger in the annealed 
sample. Another difference is very evident: in the annealed sample the valence fea-
tures appear more sharpened. Another difference is also very evident: in the annealed 
sample the valence features are more sharply profiled. This is an argument which indi-
cates some ordering in the otherwise more amorphous layers right after the sputtering 
deposition. 

For a further analysis of the RIXS data in Fig. 4 we have used the spectrum of the 
annealed sample but now have included the XAS spectrum recorded on an AlON film 
before depositing the Pr2O3 layer. The purpose of this figure is to combine the valence 
band state density with the density of the empty conduction band states. In addition, 
we have marked the position of the Fermi energy which we obtained from independent 
measurements of metallic systems. 

As a consequence, these combined data may be used to derive a band gap value 
for the hidden AlON buffer layer. A value of ca. 7 eV was determined and that value 
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considers only the N2p derived partial density of states. It should be mentioned that 
our results are taken upon resonant excitation and we therefore probe selectively only 
the N2p states. However, with this value we have demonstrated that our choice to use 
AlON as a buffer material is quite reasonable. The band gap is smaller than that of 
Al2O3 (ca. 9 eV) but still large enough to ascertain a proper dielectric behaviour of that 
buffer layer. The band offset with respect to the Si-substrate amounts to 4 eV for the 
VB and 2 eV for LB. 

 

Fig. 4. Combined RIXS (thin line) and XAS (bold line) data from AlON  
layers plotted on a common energy scale which is referred to the Fermi energy 

Determining the VBM from the slope of the sharp feature yields the value of ca. 
5 eV below EF. However, there are still some states appearing above that value. These 
states are due to hybridization of the N2p levels with the oxidic valence states. In 
Pr2O3 films the value of the VBM is about 3 eV below EF. This is in agreement with 
the width of the hybridized states shown in Fig. 4. 

To summarize, in this section we demonstrated the combination of RIXS and XAS 
data upon resonant excitation to obtain the partial density of states for both the valence 
and conduction bands. In addition, if the position of the Fermi energy can be obtained 
from independent measurements, the absolute values of the valence band maximum 
and of the band gap of the investigated system can be derived. Furthermore, we have 
demonstrated that the use of X-ray fluorescence spectroscopy enables the analysis of 
hidden layers with sufficient data quality. 

3.3. Improved electrical parameters by using  
an aluminum oxynitride (AlON) buffer layer 

Chemical reactivity of the PrXOY/SiC and PrXOY/Si interfaces causes a deleterious 
interaction yielding graphite and silicate formation after direct deposition of PrXOY 
onto SiC and Si, respectively [9, 17]. This leads to high leakage currents [4] and it 
limits the reduction of the CET as well. 
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Using an approximately 1–1.5 nm thick buffer layer of AlON, we found leakage 
current values improved by several orders in comparison to the stacks without the 
buffer. At a CET of 4 nm we could observe a leakage current density of 10–7 A/cm2 (at 
1 V above flat band condition) on silicon based stacks (PrXOY/AlON/Si). Furthermore, 
we found, for this system, that the introduction of the AlON buffer layer combined 
with subsequent annealing in nitrogen at 800 °C results in a decrease of the density of 
interface states Dit. Values of 5×1011–1×1012 eV–1·cm–2 are observed. Using a plot of 
the CET versus the physical thickness of PrXOY and fitting it to a simple model of ca-
pacitors in series, we can deduce the thickness of an interfacial layer and the permittiv-
ity values of the high-k material. Permittivity values of the high-k material in the range 
of 17–20 were calculated in this way, the values are not influenced significantly by the 
buffer layer. But we could also show that the interfacial layer CET value could be 
reduced from 3.9 nm to 1.3 nm by using the AlON buffer, where we have to point out 
that this value already contains the buffer layer CET value, so the unintentional inter-
facial layer thickness is even smaller. Also on SiC the insertion of the buffer layer 
leads to better electrical characteristics. For further details of these investigations refer 
to [4, 19, 20]. 

Summarizing this section, AlON provides a suitable buffer layer between high-k 
PrXOY and Si as well as between PrXOY and wide band gap SiC. This is evident from 
our spectroscopic investigations (reduced silicon out-diffusion [20], higher Pr2O3 frac-
tions [20], stable interface [18]), and from improved electrical parameters (low values 
of leakage current, Dit, and interfacial layer thickness). A better band alignment and 
reduced interfacial reactions might be responsible for these improvements. 

4. Characterization of organic materials 

In this paragraph, the use of synchrotron radiation (SR) based spectroscopic and 
microscopic techniques is demonstrated for the analysis of organic materials. We pre-
sent data from a ferroelectric polymer which is a candidate for non-volatile memory 
devices, and we report on studies of fullerene based thin films which may be used as 
low-k materials. 

4.1. Ferroelectric polymer P(VDF-TrFE) 

Non-volatile ferroelectric polymer random access memory devices based on ferro-
electric polymers have the potential to overcome many of the fabrication issues faced 
in the inorganic semiconductor industry [24]. Ferroelectric properties of copolymers of 
vinylidene fluoride with trifluoroethylene (P(VDF-TrFE)) have become of great inter-
est due to potential use in non volatile memory technology [25]. It was found that in 
a compositional range from 50/50 to 80/20 mol % ratio of VDF/TrFE, copolymers 
have ferroelectric phase at room temperature [26]. In addition, these copolymers are 
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soluble in non toxic reagents. The most common solvent for preparing P(VDF-TrFE) 
thin films is 2-butanone, or cyclohexanone [27, 28]. The P(VDF-TrFE) solution is 
available for spin coating, ink jet printing, or roll to roll printing [29]. Spin cast films 
of P(VDF-TrFE) are not only available as a ferroelectric material but also usable as an 
organic high-k insulation for organic transistors [30, 31]. 

For electrical contacts, thermally evaporated aluminium has been widely used, 
compared with other metals such as Cu or Ag, because of its good adhesive strength 
on the copolymer film [32, 33]. But due to interactions at the interface, even at room 
temperature, a thin layer of AlF3 is formed. If poly (3,4-ethylenedioxydi- 
thiophene):poly(styrenesulfonic acid) (PEDOT:PSS) is used, no interface reaction 
takes place, as revealed by XPS [34-36]. 

Here, we like to focus on some fundamental investigations of the copolymer mo-
lecular structure, performed by polarization dependent X-ray absorption spectroscopy 
(XAS) at the U49/2-PGM beam line of the BESSY-II synchrotron. As a copolymer, 
we used P(VDF-TrFE) in mol% ratio of 70:30, delivered by Piezotech S.A., France. 
The solvent was 2-butanone, the substrate a Si(100) wafer covered with PEDOT:PSS 
to prevent possible interface reactions. After spin coating, the copolymer film was 
annealed for 2 h at 135 °C to improve crystallinity [37]. 

 
Fig. 5. C-K edge XAS spectra of a thick P(VDF-TrFE) film (~ 100 nm) 
on SiO2/Si(100). Details of the peak deconvolution are given in the text 

Figure 5 shows the results of XAS measurement of a thick copolymer film (100 nm, 
measured with a profilometer). The C-K edge is shown in the photon energy range from 
280 eV to 325 eV, where various peaks can be isolated by a curve fitting procedure [38]. 
The peaks 1 and 2 at 287.2 eV and 289 eV are due to a σ*(C–H) resonance, the peak 3 at 
292 eV has to be attributed to a σ*(C–F) resonance, and the peaks 4, 5, and 6 above 294 
eV should be due to σ*(C–C) resonances [38, 39]. The π* resonances are not observed as 
the P(VDF-TrFE) copolymer does not contain unsaturated C–C bonds. It is also evident 
that no beam damage of the copolymer thin film occurred. 

In Figure 6, The C-K edge of a thin copolymer film is shown. The film of the 
thickness of about 0.4 nm was deposited again on the PEDOT:PSS/Si(100) substrate. 
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This copolymer film thickness was measured by the attenuation of the XPS signal of 
PEDOT:PSS [34] and corresponds to the thickness of one monolayer (0.5 nm) [40]. 

 
Fig. 6. C-K edge XAS spectra of very thin P(VDF-TrFE) film ( ca. 0.4 nm) 

on PEDOT:PSS SiO2//Si(100). For details of the peak deconvolution refer to the text.  
Peaks marked by a star are attributed to the substrate 

Obviously, now there is a very sharp peak at 285.0 eV, which is due to π*(C=C) 
resonances of PEDOT:PSS. This signal is not observed for the thicker film in Fig. 5 as 
it is attenuated by the PVDF film. The peak at the photon energy of 287.2 eV is due to 
a σ*(C–H) resonance, and the peak at 288.9 eV is again attributed to the substrate with 
the σ*(C–S) resonance of PEDOT:PSS. The rest of the peaks are only identifiable by a 
curve fitting procedure (see figure 6). In the curve fitting procedure, the π*(C=C) reso-
nance fits to Gaussian profile which match the height of the experimental peaks. 

The Gaussian function matched well because of the limitation of instrumental 
resolution, while the Lorentzian fit is poor because the base is too broad [38]. If the 
instrumental resolution is comparable with the intrinsic lifetime-related width of the 
peak, then the peak is fitted by a Lorentzian profile. In our spectra, the σ*(C–H), σ*(C–
S), and σ*(C–F) resonances are fitted with Lorentzian profiles. The other peaks are 
fitted with an asymmetric Gaussian profile. The increase in width of resonances with 
increasing energy can be simply attributed to lifetime broadening. That means, the 
higher the energy of the final state, the shorter its lifetime and hence the broader the 
peaks [41, 42]. In addition to the peaks, near edge spectra of XAS contain one or 
sometimes more step-like features referred to as continuum steps. These steps are the 
result of the excitation of the core electron to a continuum or quasi-continuum of final 
states, e.g. to the smooth density of states [38]. 

Based on this peak identification, we present an analysis of angle dependent linear 
dichroism. In order to understand the ferroelectric nature of the PVDF copolymer the 
existence of oriented dipoles is a question of special interest. Here, we show an analy-
sis of our NEXAFS measurement of an ultrathin (0.4 nm) copolymer film deposited 
on a PEDOT:PSS/Si substrate. Due to linear dichroism, we have to expect a modula-



Synchrotron radiation based XPS and XAS 153

tion of the intensity of specific absorption signals, if they can be attributed to a pre-
ferred orientation of dipole moments inside the copolymer film. In such cases, using 
the dipole approximation, this intensity should be proportional to cos2θ, if an idealized 
alignment of the dipoles perpendicular to the surface is assumed [38]. In our experi-
ment, the angle θ is the angle between the direction of the incident beam and the nor-
mal to the surface of the sample (inset in Fig. 7). 

 
Fig. 7. Angle dependent spectra of P(VDF-TrFE) on a PEDOT/Si(100) substrate, 0.1 wt. % P(VDF-TrFE) 

in 2-butanone (thickness ca. 0.4 nm); the intensities of the σ* (C–F) excitation at 292.04 eV (triangles, 
dotted line) and of the σ* (C–H) excitation at 287.28 eV (squares, dotted line) normalized to the value at 
near-normal incidence (10°). The solid line presents the cos2θ modulation of intensities for an idealized 

alignment of dipoles (100% perpendicular to the surface of the substrate) 

In Figure 7, we show the intensity of the σ*(C–F) resonance at 292.04 eV com-
pared with the σ*(C–H) excitation at 287.28 eV. The observed intensity values are 
normalized to the peak intensity at 10°. For the σ*(C–F) excitation (the C–F dipole) 
clearly an angular dependence of the intensity is visible. In contrast, for the σ*(C–H) 
excitations we have no angular dependence at all. The highest dipole moment has to 
be attributed to the σ*(C–F) resonance, caused by the electronegativity of fluorine 
atoms. Consequently we assign the σ*(C–F) excitations to represent the ferroelectric 
dipole moments while the σ*(C–H) excitations have no contribution to the ferroelec-
tric moments, as expected. The observed angular variations can be modelled according 
to I = 0.2cos2θ + 0.8 with a reasonable agreement. This means that about 20% of the 
ferroelectric dipoles are oriented with respect to the polarization of the incoming light. 
This quantity is remarkable as we have not applied an external field to the film. The 
cos2θ dependence certainly is just an approximation. Nevertheless, the measurements 
show a clear linear dichroism indicative of an alignment of C–F dipoles, even without 
the application of an external field. It seems that self alignment and ferroelectric order-
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ing occurs even for ultrathin and spin-coated films, if we avoid reactive interfaces and 
use an inert substrate such as PEDOT:PSS. 

4.2. Fullerene thin films as low-k materials 

The low-k materials investigated so far include examples from organosilicate glasses 
(OSG) and of fullerene based porous ultra low-k (ULK) films. OSG materials that are used 
as low-k materials to isolate on-chip interconnects are investigated and we use the chemi-
cal sensitivity of the X-ray absorption signal around the C1s and Si2p edges to describe the 
chemical stability of such materials against UV curing and plasma treatment. In our XAS 
studies we are able to distinguish the individual σ-orbitals based on the C1s absorption 
features, i.e. the bonds of individual groups of the material investigated. In general, in the 
data for OSG the C–C, the C–O, and the C–H groups can be identified by different transi-
tion energies of the corresponding excitations. If one of the groups is modified, only this 
particular contribution of the XAS spectrum changes, which makes the technique very 
sensitive and selective for analysis of materials. 

For fullerene based polymers, being candidates for ultra low-k materials [43], we 
demonstrate the stability of fullerene complexes after incorporation in sol-gel proc-
essed films. In the case of C60 derived components, there is a particular mechanism 
causing a characteristic feature in the absorption data. Based on the electronic proper-
ties of the C60 molecules in all C60 derived compounds, there is a characteristic split in 
the lowest absorption band causing a three-peak structure. 

 
Fig. 8. XAS spectrum at the C1s edge of a thin film of a fullerene based 

 low-k material taken at two different positions of the sample 

These features represent transitions into the triple π* orbitals of C60 and range be-
tween 285 eV and 289 eV. In Fig. 8 we show the total electron yield (TEY) spectra of 
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C60 derived films in the energy range between 282 eV and 295 eV. In line with expec-
tation, we find the characteristic features of the C60 molecule are well pronounced and 
resolved for these C-cage ULK films. The observed features peak around 285 eV, 
287.8 eV, and around 289 eV. In particular, the middle band appears at a higher transi-
tion energy than in pure C60 films. We attribute the differences in the peak position to 
the specific bonding of the C60 polymer. 

Still, we have problems in recording such data. The films seem to be inhomogene-
ous and our spectroscopic observations indicate that at some positions there is a higher 
content of graphite in the films. In previous ULK films the amount of graphite was 
even larger and this made a clear detection of the split π* bands almost impossible. 

We have also investigated the XAS data of the preliminary obtained C-cage based 
ULK films at the N1s and O1s edges, respectively. At the N1s we identified absorp-
tion features that we attribute to residuals of the solvents used for the preparation of 
the films. At the O1s edge we find very unusual features, as there is a sharp absorption 
band at 531 eV which is well separated from the main absorption band rising at 
around 537 eV. Such an absorption pattern is usually observed for conducting oxides 
such as NiO and CrO2. 

5. Summary 

We demonstrated some recent examples of synchrotron radiation based analysis of 
materials. We report on XPS, XAS, and RIXS studies on HfO2 thin films and on Pr2O3  
/AlON/SiO2 multilayer stacks. The SR based techniques are used to learn about the 
growth mechanism, chemical stability, and interface reactions in such systems. In 
addition, the electronic properties such as the band-offsets and the band gap, are de-
termined, as demonstrated, for the latter system. 

For organic systems, we report on the usage of the linear dichroism in the absorp-
tion signal to learn about the existence of ferroelectric dipole moments in such films. 
Finally, the fine structure of the absorption spectra at the C1s edge is used, in particu-
lar, for detailed analysis of the composition of films. As a specific example, it is 
shown how this method can be used to identify C60 building blocks of a polymer 
which is to represent an ultralow-k prototype material. 
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