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Abstract 

We have studied (6,6)-Phenyl C61 butyric acid methyl ester by Near edge X-ray absorption fine 

structure and resonant synchrotron radiation X-ray photoelectron spectroscopy (resPES).  

We determine the binding/hybridization character of the participating valence and conduction band 

states involving π* or σ* empty conduction band states. The analysis of the resonant Auger 

processes delivers a powerful tool to distinguish σ* and π* states in organic sp
2
 hybridized 

systems. For the σ* states we find the conventional KLL Auger process creating a C2p
4
 final state. 

However, for the π* features right at the resonance we identify a novel Auger decay mechanism. 

We attribute this process to the decay of an excitonic intermediate state with a long lifetime which 

causes a 3 hole (C2p
3
) final state. 

 

Keywords: PCBM, NEXAFS, UPS, XPS, resonant photoelectron spectroscopy, 3h 

Auger 

1. Introduction 

Fullerenes and their derivatives are widely used electron acceptors in organic solar 

cell applications because of their high electron affinity. In particular,  (6,6)-Phenyl 

C61 butyric acid methyl ester (PCBM) is a well-known and extensively applied 

candidate. In the field of organic bulk heterojunction solar cells PCBM is 

commonly used as the electron acceptor [1]. In organic field effect transistors 

(OFET) Fullerenes function as electron transporting semiconductor (n-channel) 

[2]. 
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Fullerenes are also extensively investigated for ultra low-k investigations because 

of ability tor form porous frameworks [3, 4, 5]. Replacing C60 with the better 

soluble derivative PCBM showed positive effects on the reduction of the 

dielectric constant [4, 5]. 

In Bioscience, Fullerenes are used e.g. as antioxidants because of their ability to 

add and remove electrons without any significant energy cost and for slow-release 

drug delivery [6, 7]. 

In a recent publication we investigated the influence of functional groups onto the 

π-system of fullerenes [8]. The π-states are drastically reduced in consequence of 

the addition of functional OH groups (C60OHx, x=20-28). 

In this paper we have carried out Near edge X-ray absorption fine structure 

(NEXAFS) and resonant synchrotron radiation X-ray photoelectron spectroscopy 

(resPES) investigations in order to understand the chemical bonding and 

electronic structure of PCBM. Previously, we applied these techniques 

successfully on other material systems [9, 10]. These powerful techniques select a 

specific atomic species through its core-level absorption edge and probe their 

molecular bonds (C≡C (sp), C=C (sp
2
), C-C (sp

3
)). X-ray absorption spectroscopy 

(XAS) is a well-established technique to characterize the electronic structure of 

conjugated polymers/fullerenes [11]. Furthermore, XAS delivers information 

about the crystallographic structure of low-Z molecules [12]. 

In particular we used resonant photoelectron spectroscopy to investigate the 

valence and conduction band states of PCBM. Valence band spectra at the C1s 

core level ionization threshold are recorded at an undulator beam line. With the 

obtained emission energy distribution curves (EDC) we only study the valence 

band states as well as the Auger decay near threshold. The variation of the 

individual valence band states is obtained in the XAS spectrum at a selected 

binding energy in constant-initial-state (CIS) and at a selected kinetic energy in 

constant-final-state (CFS) spectrum.  
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2. Experimental 

2.1 Materials 

PCBM (purity 99.5%) and Indium tin oxide (ITO) coated glass slides with a 

surface resistivity of 30-60Ω/☐ were purchased from Sigma-Aldrich. 

 

2.2 Sample Preparation 

PCBM layers were prepared using the spin-coating technique. Chloroform was 

used as solvent for PCBM (2wt%). ITO glass slides of 1x1cm
2
 were used as the 

substrate. The chosen spin-coating (15sec at 1500rpm) led to film thicknesses of 

about 50nm after drying. 

The preparation and the transport of the samples were done under inert argon 

atmosphere. A probable contamination of the samples by oxygen or other parasitic 

elements was checked by sensitive Synchrotron radiation XPS and can be 

excluded in the range of 640eV. 

 

2.3 Methods 

The synchrotron based spectroscopic measurements were carried out at the 

BESSY II synchrotron radiation facility, Berlin, at the undulator beamline U49/2-

PGM2 [13]. NEXAFS was used to analyse the electronic structure of the organic 

molecules as the shape of the absorption profile differs drastically for different 

unoccupied states. The photon energy resolution used was better than 

ΔEph=0.1eV. Using total electron yield (TEY) and total fluorescence yield (TFY) 

detection modes, information about the surface and the bulk could be 

simultaneously obtained the same sample at the same time, as the TFY-signal 

shows higher bulk sensitivity than TEY. This is due to the fact that photons are 

less attenuated when they penetrate the layer. The TEY signal was measured 

using the sample current and at the same time the TFY was collected by a 

fluorescence detector (multi channel plate) at an emission angle of 55°. The X-ray 

intensity normalization was done using the I0-signal measured by a GaAs-diode at 

the C1s edge. 
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For measuring resPES valence band spectra at the C1s edge the photon energy 

was varied over a wide range (280eV – 300eV) sweeping the undulator gap and 

the monochromator in parallel. A Specs Phoibos 150 at an emission angle of 45° 

was used as the electron analyser and a CCD sensor as the electron detector. The 

position of the Fermi level was calibrated before the measurement with a gold 

film. Beam damage was checked by measuring XAS- and core –level spectra of 

the sample before and after the resPES measurements. All spectra were 

normalized by the incoming photon flux. 
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3. Results 
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Fig. 1 O1s and C1s core level spectra of PCBM taken at a photon energy of 640eV. The open 

circles represent the measurement data whereas the solid line show the peak decomposition. The 

satellite structure (2-5) of the C1s core level is shown enlarged.  

 

In Fig. 1, we show the O1s and C1s core level spectra of a pristine PCBM film. A 

peak decomposition of the corresponding core level spectra was performed and is 

included in Fig. 1. Voigt-profiles were used in this process. The peak position and 

FWHM of all contributions of the C1s and O1s core level that are obtained from 

the peak decomposition are listed in Table I. 
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We find the C1s core level at a binding energy of 285.3eV. Satellites are visible 

on the higher binding energy side (2-5), which are characteristic for PCBM [14]. 

The two oxygen contributions from the ester group indicated as O1 (534.1eV) and 

O2 (532.6eV) in the O1s spectrum Fig. 1 are well resolved with a splitting of 

1.5eV [15]. 
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Fig. 2 resPES diagram of PCBM on ITO. The binding energy is plotted as the x-axis, and the 

photon energy is plotted as the y-axis. The intensity of the signal is gray scale-coded. The CIS and 

VB spectra are taken by vertical or horizontal cuts as indicated by the corresponding arrows. The 

C1s XPS line excited by second order light, appearing in the lower initial state energy region is 

also marked by a white line at the bottom right. The white and black arrow indicate the 67.5° 3h 

Auger and 45° 2h Auger process, respectively. 

 

For PCBM, a compilation of about 100 valence band spectra was taken at photon 

energies between 280eV and 300eV (C1s threshold). The respective data is shown 

in Fig. 2. The 2D-plot contains the intensity variation of the valence band states at 

resonance but also information about CIS, CFS, XAS and the Auger decay. The 

CIS spectra are taken at constant binding energy whereas the CFS spectra are 

received at constant kinetic energy (45° in the resPES diagram). The first 

represents the intensity modulation of the respective valence band state upon its 

resonant excitation into the conduction band states. The second measures the yield 

of the Auger electrons. 
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The features propagating under 45° above 291eV photon energy are due to the 

carbon KLL auger transition (2h final state, black arrow). Below 291eV and 

above 285eV, we observe an additional Auger transition. This Auger propagates 

under 67.5° and is assigned to a 3h final state (white arrow). More details about 

the 3h-Auger process will be published elsewhere  [16, 17, 18]. 
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Fig. 3 Valence band spectra of PCBM. The VB data are taken from Fig. 2 at various photon 

energies as indicated in Fig. 2 and recorded off resonance at 150eV. The peak assignment is shown 

in the off resonant VB. The asterisk marks the second order of the C1s core level.  

 

In Fig. 3, we show the Valence band spectra of PCBM taken off resonance at 

hv=150eV and at resonance with hv=284.5eV (π*1), 285.0eV (π*phenyl phenyl 

side-group) and 288.4eV (π*4). The valence band spectra at π*1 and π*phenyl are 

significantly different to the other VBs at higher photon energies. The π*1-VB 

exhibit three strong resonances for the first three π-VB (π1, π2, π3) states, whereas 

the π*phenyl-VB only exhibit an increase in photoemission for the second VB-state 

(π2). In contrast, no significant resonances are observed in the valence bands taken 

at photon energies of higher unoccupied states. 
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Fig. 4 Conduction band spectra of PCBM. The CIS spectra are deduced from the resPES data as 

indicated by the arrows in Fig. 2. In addition, the two upper curves correspond to the TEY and 

TFY XAS spectra. The peak assignment is illustrated in the TFY data. The asterisk marks the 

second order of the C1s core level. 

 

The conduction band of PCBM is represented by the XAS spectra in the total 

electron (TEY) and total fluorescence yield (TFY), which are shown in Fig. 4. 

The first six resonances are assigned to the π*1, π*phenyl, π*2/3, π*4 and σ*5 band 

states [19, 20, 21]. The CIS spectra at VB states as indicated in the 150eV spectra 

of Fig. 3 are included in Fig. 4, too. These spectra are significantly different to the 

TEY and TFY spectra as they show the coupling of the respective VB-state into 

the various CB-states. We notice that the first π1 VB state couples only into the 

first π*1 resonance, i.e. the π-π* transition (π*-exciton).  

For the higher VB-states with admixture of σ-character (π/σ4,5, π/σ6, σ7) we 

observe also the coupling into the higher π* states. 

From our data it can be concluded that the π-system of the side group shows no 

overlap with the π-system of the fullerene as discussed later. The π2 (primary 

phenyl) state only couples into the general excitonic state π*1 and into its own 

unoccupied band (π*phenyl). 
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Fig. 5 A combined spectrum of the occupied (valence band at 150eV excitation) and unoccupied 

states (conduction band, TEY at C1s edge). Both spectra are referred to the Fermi energy. The CB 

and VB states are assigned in correspondence to Table II. The indirect band-gap EG,ind=1.4±0.1eV 

and direct band-gap EG=2.0±0.1eV are indicated. 

 

The electronic structure of PCBM can be constructed by the combination of the 

valence band and XAS spectra (Fig. 5). Both spectra can be referred to the Fermi 

energy. For the XAS spectra the Fermi energy is defined by EF=ħω-EC1s. In our 

case a value of EC1s=285.3eV was determined from core level measurements. 

The occupied/unoccupied π- and σ-band system of PCBM resembles the one of 

C60, showing the minor influence of the side group on the sp
2
-hybridized system 

[8], also evident from the CIS spectra. Only the π2 and π*phenyl can be assigned to 

arise partly from states of the side group. 

The assignment of the π- or σ-character to the individual peaks is done using the 

resonant valence band spectra and the CIS spectra of the corresponding peaks. 

The 2h/3h Auger gives also an instrument for this classification. Based on these 

observations the peaks are assigned in Fig. 5. 

With both, occupied and unoccupied states referred to the same energy scale, the 

electronic band gap as the energy distance between the valence band maximum 

(VBM) and the conduction band minimum (CBM) can be extracted. As shown in 

Fig. 5 the band gap is almost completely filled with states. These states can be 

assigned to scattering, defect or to excitonic excitation as discussed later. The 

value of EG, ind=1.4±0.1eV, as the distance of the π1 and π*1 peak maxima, 

corresponds to the theoretical value of the indirect band gap in a PCBM crystal 

[22]. Considering the first CB-state π*1 as an excitonic state inside the gap the 

band-gap is the distance of π1 and π*p of EG=2.0±0.1eV, which is in agreement 

with other experimental values [23]. Both EG and EG,ind are indicated in Fig. 5. 
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Table I Peak decomposition data of the C1s and O1s core level shown in Fig. 1. 

Peak Assignment [14, 

15] 

Peak Position 

[eV] 

Area [%] @ 

640eV 

(FWHM [eV]) 

O1s (1) C=O 534.1 50 (1.20) 

O1s (2) C-O-C 532.6 50 (0.79) 

C1s (1) C=C (C60) 285.3 84 (0.61) 

C1s (2) C-C 286.1 3 (0.54) 

C1s (3) C-O 287.2 2 (0.93) 

C1s (4) C(O)O 289.3 3 (0.91) 

C1s (5) Shake-up π-π* 291.2 8 (3.0) 

 

4. Discussion 

We noticed that two types of unoccupied states (π* and σ*) could be distinguished 

in the resPES measurements (Fig 2.). This is due to the Auger decay, which 

propagates in the σ*- region under 45° (constant kinetic energy) giving a 2h final 

state, but in the π*-region (285eV-291eV photon energy) under 67.5°. The latter is 

also observed for other sp
2
-hybridized systems, for example in HOPG where π* 

and σ* bands can be clearly distinguished [16]. The 3h Auger process explains 

this finding and is shortly summarized in the following. 

Upon creation of the primary core hole at the C1s level and the resonant excitation 

into the π*-band, the excited electron relaxes into an excitonic level (π*1) where it 

is stabilized by the exciton binding energy resulting in a long lifetime. The 

subsequent normal 2h spectator Auger decay fills the primary core hole. 

Afterwards, the third valence hole involves the excitonic bound electron, which 

becomes emitted as a participator Auger electron before its radiation-less decay. A 

third valence electron takes any bypassing core hole state considering it as its 

virtual initial state. The energy is then transferred to the excitonic bound electron 

resulting in an overall C1s-V1-V2-S-V3-P decay. The V1-V2-S is the normal 

spectator decay and V3-P is the new additional participator decay. This 

mechanism becomes possible only at resonances where a high density of core 

holes is available. It also requires a high mobility of valence band electrons and 
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holes, which is given only in covalent bands (sp
2
). Further details can be found in 

[16, 17, 18]. 

The nature of the individual valence band states was investigated by resonant 

photoemission (Fig 3.). We observed that only the intensity of the first three 

orbitals π1, π2 and π3 (almost pure π-character) is resonantly increased for direct 

excitation into the π*-band systems. 

Higher valence band states – with σ-character – can also be excited into higher 

π*-band states and even into the σ*-band system for pure σ character. This is 

evident from the profile of the corresponding VB spectra (π*2,3, π*4, σ*5), which 

minus the auger contribution do not differ in shape and intensity and are different 

to the VB spectra of π*1 and π*phenyl. Their shape is exemplary shown for the VB 

at the π*4 resonance in Fig. 3. 

Also, we noticed that under resonant excitation from the first π-band states (π1) 

electrons can only be excited into the first π*-band (π*1). This is evident from 

only one sharp peak in the corresponding CIS spectra (CIS π1, Fig. 4). It has a low 

FWHM=450meV which can be correlated to a long lifetime. 

Excitons have typically lifetimes in the range of 10
-9

 to 10
-6

s [24]. It is also known 

that the C1s  π* and C1s σ* transitions at their threshold energies have high 

excitonic contributions [25, 26]. 

The first resonant excitation can therefore be attributed to arise from the direct 

C1s (π)-π* excitation, which leads to the formation of the π*-exciton. 

For the direct excitation from higher valence band states (π3, π/σ4,5, π/σ6), the 

formation of an exciton (π*1) is also apparent but direct excitation into the higher 

π*-band states is as well possible (π*2,3, π*4). This is due to the fact that higher 

states posses also admixture with σ-character.  

For VB-states of pure σ-character (σ7) we find that the excitation proceeds into an 

additional level (σ*5).  From this point on also excitations into the σ*-system are 

possible. 

States originating from the phenyl side group are exceptions of this rule. They can 

only be excited into the excitonic state or into their own π*-orbitals (285.0eV, 

π*phenyl), but not into the π*-system of the fullerene. 

It has to be noted that CIS π3 shows excitation not only into π*1. This is an 

indication that π3 has also σ-character to some extend, not apparent only by VB-

spectra. 
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The shoulder in higher CIS spectra at 285.3eV is not due to excitation from the 

C60 π-system into the π*-system of the side group, as the intensity is expected to 

be much higher. Rather has C60 some states also in the energy region. 

We can therefore assign the peaks in the range of 285eV-291eV photon energy to 

arise from C1s/VB-π* transitions. Above 291eV we find the bands to consist 

solely of σ*-character. 

The results of the assignment of the VB and CB band states to π or σ states 

together with the assignment to either to C60 or the side-group (phenyl) are 

summarized in Table II. 

 

Table II Peak assignment of the VB and CB spectra. 

character VB (Peak position [eV]) CB (Peak position [eV]) 

pure π / π* π1 (-2.2) C60 

π2 (-3.6) phenyl (C60) 

π*1 (284.5) exciton 

π*p (285.0) phenyl (C60) 

π*2 (285.8) C60 

π*3 (286.2) C60 

π*4 (288.4) C60 

blend of π/σ π3 (σ) (-5.7) C60 

π/σ4 (-7.4) C60 

π/σ5 (-8.1) C60 

π/σ6 (-10.6) C60 

- 

pure σ / σ* σ7 (-13.3) C60 

σ8 (-17.2) C60 

σ*5 (290.8) C60 

 

5. Conclusion  

We have studied the electronic structure of PCBM. The application of 

Photoelectron and X-ray absorption spectroscopy at the C1s threshold realized 

VB, XAS data as well as the determination of the energetic positions of the 

occupied and unoccupied states and their binding orbital character (π or σ). The π-

system of PCBM has a width of 10eV (occupied + unoccupied) with an electronic 

band-gap of 2.2eV. 
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With XAS we can distinguish the individual π-system either of the fullerene or the 

side-group as they appear separated in energy. Both the π-systems of the fullerene 

and of the phenyl-butyric-acid-methyl-ester group can be treated as separate units. 

The Auger decay process within the π* region was found to proceed via a 

combined spectator-participator decay giving a 3h final state, whereas in the σ*-

band the Auger changes into a KLL 2h final state spectator decay. 

With these two observations we give a detailed overview and assignment of VB 

and CB states. 
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