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Abstract 

Fullerene based materials may open a new horizon in many fields of science. In this 

study we fabricated thin films of the hybrid materials formed as a result of interactions 

between C60 fullerenes and 3-aminopropyltrimethoxysilane (APTMS). The deposition 

technique was a combination of spin-coating and evaporation methods. Interactions within the 

films were investigated by means of X-ray photoelectron spectroscopy and near edge X-ray 

absorption fine structure spectroscopy (NEXAFS). Surface morphology was measured by 

atomic force microscopy (AFM). We found that there are strong chemical reactions between 

the nucleophilic nitrogen atoms from APTMS and electrophilic fullerene molecules. Results 

of NEXAFS investigations suggest that due to direct interactions between APTMS and C60 

the electronic structure of the fullerene molecules changes while at the same time AFM 

proved that the C60 molecule diameter is not altered.  
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1. Introduction 

Since the discovery of fullerenes in 1985, scientists all over the world have been 

exploring specific chemical, physical and photo-physical properties of these unusual 

molecules [1]. Due to their unique structure, electronic properties, great chemical and thermal 

stability fullerenes have been considered as a valuable component of the advanced materials 

[2]. Thin fullerene based films have potential applications in many fundamental technologies 

related to coating and surface modification ranging from devices for solar energy conversion, 

biosensing to advanced nanostructured devices for  microelectronics [3–5]. However, the 

limited solubility of fullerenes in organic solvents imposes the C60 modification with other 

molecules in order to enable its practical application [6]. Since large amount of the covalent 

fullerene derivatives preserve electronic properties of the parent C60 sphere, surface 

modification with these molecules is of a great interest for the materials science and the 

semiconductor industry. This may open the possibility of transferring the unique fullerene 

characteristics to the bulk of the materials [3]. Therefore investigations and understanding of 

the chemical and physical processes on these systems plays a crucial role in order to realize 

potential future nanoscale applications by controlled manipulation and modification of 

interfaces [2]. 

In this article we focused on investigations of the interactions between fullerene C60 

molecules with 3-aminopropyltrimethoxysilane (APTMS) within the thin films obtained by 

means of combined spin-coating and evaporation techniques. We decided to use N containing 

molecule APTMS in order to increase the affinity of the fullerenes to the siloxane matrix [2]. 

Since C60 fullerenes have a tendency to form clusters due to the van der Waals forces between 
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the particular molecules [6], chemical interactions with APTMS matrix are supposed to 

decrease this phenomenon. Thus, from the detailed analysis of the results obtained in this 

work we estimated the influence of APTMS on the formation of thin fullerene layers in the 

evaporation process. We used the combination of the spectroscopic and microscopic methods 

to investigate C60 monolayer growth during the evaporation process from both physical and 

chemical point of view. We also measured the stability of prepared systems in the ambient 

conditions.   

The paper is organized as follows; based on the X-ray photoelectron spectroscopy 

(XPS) results we discuss the stability of the thick fullerene films prepared on the APTMS 

coated substrate and we continue with investigations of the interactions between the ultra-thin 

fullerene layer and APTMS film. Next, we present and discuss near edge X-ray absorption 

fine structure spectroscopy (NEXAFS) results obtained for the samples composed of the C60 

and the APTMS and we compare it to the data of the pure fullerene layer. At the end of the 

experimental part we demonstrate noncontact atomic force microscopy (NC-AFM) surface 

morphology measurements of the pure APTMS film, ultra-thin C60 layer on APTMS and thick 

fullerene layer on the APTMS. Finally, a summary of the relevant conclusions closes the 

paper. 

2. Experimental 

 

2. 1. Methods 

 

X-ray photoelectron spectroscopy measurements were done using SPECS GmbH X-

Ray source (Mg Kα 1253.6 eV) and energy analyser made by Leybold-Heraeus. Structure due 

to the satellite radiation was subtracted from the spectra before the data fitting [7,8]. The peak 

intensities were acquired after Shirley background removal [9]. Corrections for the energy 
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shift were accomplished by assuming 103.5 eV binding energy for the Si 2p peak of the Si
+4

 

species [10]. Spectra were decomposed into Gaussian components [11,12].  

  

Near edge X-ray absorption fine structure spectroscopy measurements were performed 

at the undulator beamline U49/2-PGM2 at Bessy II, Berlin-Adlershof [13,14]. The total 

electron yield (TEY) signal was measured by using the sample current. The total fluorescence 

yield (TFY) was measured with a fluorescence detector. NEXAFS spectra were normalized to 

the X-ray intensity I0, measured on a diode or Au mesh. Decomposition of the NEXAFS 

spectra was performed by using WinXAFS software with asymmetric P-Voigt functions for 

the resonance peaks and an arctangent for the step function [15].  

Noncontact atomic force microscopy measurements were conducted by Veeco CPII at 

room temperature. Phosphorus doped silicon cantilevers (model MPP-11123-10) with 

resonant frequency of about 275 kHz and approximate spring constant of 48 N/m were used. 

The back side of the cantilevers were covered by 50 nm of aluminium. The nominal tip 

curvature of the used cantilevers were less than 8 nm.  

 

2. 2. Sample preparation 

 

2. 2. 1.  Materials and substrates 

 

In this work we used C60 (99,5 %) and APTMS (97 %) obtained from Sigma-Aldrich. 

We employed two types of substrates: Mo and p-type Si(001). As the APTMS builds a silica 

matrix, in the initial phase of the experiments this substance was deposited on the Mo surface 

in order to estimate feasibility of the coating process. We assumed that an evidence of 

APTMS deposition on the Si(001) substrate may be confused with presence of the SiO2 native 

oxide while XPS technique is utilized. The high-quality samples obtained on the Mo substrate 
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allowed us to perform XPS and NEXAFS investigations. Following the experiments on the 

Mo substrate we switched to a more appropriate Si(001) surface.  

 

2. 2. 2.  Sample preparation 

 

In Fig. 1 we present the schemes of all the investigated samples. After  

ultrasonification in isopropanol and acetone for 5 minutes, the substrates were dried in a pure 

nitrogen stream. APTMS was deposited by means of the spin-coating technique at a speed of 

6000 rpm for 1 minute in the ambient conditions. The fullerene molecules were deposited on 

the APTMS coated substrates by resistive evaporation at a pressure of 1×10
-5

 mbar. The 

temperature of the resistively heated evaporator was set to 800 
○
C and the sample substrates 

were kept at a room temperature. In the experiments we varied the evaporation time in order 

to obtain different thicknesses of the C60 layers ranging from the ultra-thin layer fabricated by 

2 minutes of evaporation (sample D), to the thick layers obtained by 10 minutes of 

evaporation (samples B and E). The reference sample F was produced by the fullerene powder 

evaporation onto a Si(001) substrate at a temperature of 800 
○
C and a pressure of 1×10

-5
 mbar 

for 40 minutes. Taking into account, that the probing depth of  XPS is roughly 10 nm [16–18], 

we presume that the thicknesses of the “thick” evaporated fullerene layers is higher than 10 

nm. Since the evaporation time required to obtain closed C60 layer was shorter for the 

substrate coated with APTMS (10 minutes instead of 40 minutes for uncoated substrate) we 

conclude that APTMS accelerates deposition of the fullerenes.  

 

3. Results and discussion 

 

3.1. XPS measurements 
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Since XPS allows to evaluate the chemical composition of the surface [19] we applied 

this tool in order  to study the C and N chemical states. Additionally, we also performed the 

analysis of the O and Si core levels. For all measured films quantitative XPS analysis has 

been done. 

 

3.1.1. Samples deposited on the Mo surface      

 In this part of the experiment sample A [Fig. 2(a-d)] and B [Fig. 2(e-h)] were 

investigated. Sample B was investigated twice: first time in situ direct after the C60 deposition 

(Fig. 2h) and second time after 9 months of the storage in the air [Fig. 2(e-g)]. The main 

attempt of this measurements was to investigate the ambient influence on the analysed films.  

  After the XPS spectra decomposition, the quantitative analysis of the investigated 

films was performed. The spectra normalization was achieved by dividing the observed 

relative peak areas by atomic and instrument sensitivity factors equal to 0.711, 0.296, 0.477, 

and 0.339 for O, C, N, and Si, respectively [19]. Based on the analysis results, the following 

composition in atomic percent was obtained: C=45.2 %, N=10.8 %, O=32.1 %, Si=11.9 % for 

the sample A and C=73.6 %, N=2.8 %, O=23.7 % for the sample B after the storage in the air. 

The stoichiometry of an unhydrolyzed APTMS monomer (excluding H atoms) corresponds to 

C6NSiO3, for the sample A the calculated stoichiometry was around C3.8N0.9SiO2.7. Taking 

into account that the “ideal” poly[(aminopropyl)siloxane] polymer has a stoichiometry of 

C3NSiO1.5 [10] we conclude, that within film A the monomers have partially undergone the 

condensation reactions during the spin-coating and drying process. 

 Since XPS provides information about the chemical states of the elements within the 

analysed surface [25], the qualitative analysis based on the particular peak shifts has been 

performed. Results of the analysis are reported in Table 1. 

 For the sample A the N 1s core level peak located at around 402.2 eV (signal I) is 
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attributed to the positively charged quaternary nitrogen of the –NH3
+
 group [21,26]. The 

presence of this species are explained by the following reactions [10]:  

  

 

 The presence of the peak at 289.2 eV in the C 1s core level of the XPS spectrum 

recorded for the sample A (signal I) confirms the (1) and (2) reactions since it indicates the 

existence of the carbamate species that forms as a product of the interactions between the 

amine group from APTMS with CO2 at the film-air interface [10].  

 Sample  B  prepared  and  measured  in  situ  exhibits  only  C  species  (Fig.  2h).  The 

binding energy of the signals I, II, III, IV in the C 1s core level around: 290.5 eV, 288.5 eV, 

286.2 eV and 284.7 eV (Fig. 2h) corresponds to the carbon π-π* shakeup peak, C=O species 

from the surface, C–O bond coming probably from the partial oxidation and C–C bonds of the 

fullerene molecules, respectively [2]. While comparing the C 1s core level spectra of the 

sample B, recorded in situ and after the 9 month exposition to the air, the most prominent 

observation is the pronounced shift of the main feature towards the higher binding energy (of 

around 1.4 eV). This is the result of the increased oxidation and nitrogen functionalization 

what in turn is associated with increased disorder of the surface structure. Thus the full width 

at half maximum (FWHM) of the main signal in the C 1s core level spectra increased (from 

1.1 eV to 2 eV). An additional presence of atmospheric impurities must be also taken into 

account. Both spectra exhibits an asymmetrical broadening towards higher binding energy, 

however the percentage contribution of the main peak to the overall C1s spectrum is clearly 

lower after 9 month of the exposition to the air. Spectrum of the sample stored in the ambient 

shows a prominent shoulder around 290 eV assigned to the oxidized carbon species what 

hinder the extraction of the potential C60 shake-up satellites. Although fullerenes are air-

)1()()( 2322232
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sensitive materials [27], these drastic changes in C 1s spectra parameters suggests, that 

APTMS layer accelerated the chemical reactions occurring within the fullerene layer.      

  An interesting phenomenon is observed for the sample B after the long-time storage in 

the air [Fig. 2(e-g)]. On the surface not only C features were identified, but also pronounced O 

peak and weak N signal. The calculated stoichiometry of the surface is CN0.1O0.3. Since the 

solid fullerenes are air-sensitive [27], the presence of the O feature in the overall XPS 

spectrum confirms the oxidation reaction between C60 and the oxygen from the air. 

Nevertheless, rather unexpected is the presence of the N atoms in the near surface region, 

while at the same time no Si features are detected (not shown). We explain this phenomenon 

by the diffusion of the volatile –NH3 groups, formed as a result of APTMS decomposition, 

towards the surface. More details regarding these decomposition pathways are described in 

[10]. We presume, that these nitrogen containing groups have been chemisorbed and/or 

physisorbed within the fullerene film. Hence, originating from APTMS volatile nitrogen 

groups have been attached to the surface through the interactions with the fullerene 

molecules.  

 The main contribution to the O 1s core level spectra of the sample A comes from C–O 

and Si–O species (signal I) [23,24]. The small feature II is assigned to the chemical groups 

containing C=O bonds [23]. The O 1s core level spectrum recorded for the air-stored sample 

B shows a broad peak that can be fitted with one Gaussian curve with a center position around 

533 eV. This signal is assigned to the oxidized species formed by the interaction of fullerenes 

with the air. The broad shape of this signal (FWHM around 2.7 eV) indicates the wide 

diversity of the contributing components. 

 The Si 2p core level spectrum of the sample A reveals one pronounced feature 

originating from –Si–O species [24] (Fig. 2d) whereas spectrum recorded for the sample B 

exhibits no signals within this region (not shown).  
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3.1.2. Samples deposited on the Si(001) surface                   

 We investigated sample C [Fig. 3(a-d)] and D which was measured in situ direct after 

the deposition [Fig. 3(e-h)]. Detailed peak analysis is shown in Table 2. 

The quantitative analysis reveals following surface composition of the samples in 

atomic percent: C=46.9 %, N=10.4 %, O=32.6 %, Si=10.1 % for the sample C and C=52 %, 

N=9 %, O=29 % and Si=9.8 % for the sample D. The pure APTMS film of the sample C 

contains slightly higher amount of the C and O species in comparison to the similar sample 

prepared on the Mo surface (sample A)  what indicates that on the Si(001) the condensation 

process within the material was less pronounced. The quantitative analysis reveals that the C 

concentration is around 5.1 % higher for sample D than for the sample C what is in the 

excellent agreement with the results obtained by means of AFM investigations (section 3.3.) 

Taking into account that the quantity of the evaporated fullerene molecules on the 

surface  D was small and the overall content of the carbon species within the film equals 52% 

it is difficult to unambiguously assign the features corresponding to the C60 molecules in the C 

1s XPS spectrum. The shapes of the C 1s core level spectra  recorded for the samples C and D 

are very similar and the percentage contributions of the particular components to the main 

peak area are comparable as well (Table 2). 

The analysis of N 1s core level spectra is helpful for the C60 detection. After 

decomposition of the N 1s XPS spectrum recorded for the sample D, we obtained three 

features in the binding energy range of: (I) 402.1 eV, (II) 400.5 eV, and (III) 398.9 eV. 

Signals I and II, also observed for the sample C, correspond to the positively charged amino 

group and free primary amino group, respectively. An additional signal III in the N 1s core 

level spectrum recorded for the sample D (Fig. 3f) is assigned to the secondary amino groups 

bonded to the fullerene molecules [2].  
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The O 1s core level spectra of the samples C and D do not differ significantly from 

each other. While analyzing these features, we conclude that the main sources of oxygen 

within the analysed surfaces are the chemical groups containing oxygenated carbon and 

silicon oxides [23,24]. The small signals II in the O 1s spectra of the discussed samples 

correspond to the oxidised carbon species containing double bonds [23].  

Similarly to the Si 2p spectrum recorded for the sample A, the Si 2p core level spectra 

of the samples C and D reveal one pronounced feature originating from –Si–O species [24].  

 

3.2. NEXAFS measurements 

For the NEXAFS measurements we used samples: A, B, and F. All samples were 

measured after 4 months of the exposure to the air. Position, width and intensity of the π* and 

σ* resonances in the NEXAFS spectra give information of the changes in the electronic state 

of the investigated material [28]. Moreover, NEXAFS spectroscopy allows to obtain 

characteristic features that correspond to sp
3
 and sp

2
 hybridizations of carbon-based materials 

[29]. For that reason performing NEXAFS measurements is very helpful for investigation of 

the electronic structure of the carbon materials. 

First we focus on the peak assignment of the NEXAFS resonances and the comparison 

with literature data. In Fig. 4 we show results of the NEXAFS measurements together with 

identified peak positions. The detailed peak assignments for the C 1s edge measured in TEY 

and TFY mode are given in Table 3a and 3b, respectively. We focus on the features appearing 

below 290.5 eV that enclose  the information regarding the modification of π-electron states 

of C60 molecule [29].  

The peaks at around 283.8 eV (signal 1), recorded for the samples A and B in both 

TEY and TFY modes, are identified as carbon atoms with the sp
2 

hybridization. The same 

features were also found in the NEXAFS spectra of natural diamond [30,42]. The broadening 
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of the peak number 2 in TEY spectra of the sample F is probably also caused by the sp
2 

contaminations.  

  The reference sample F exhibits intensive resonances at around 284.3 eV (signals 2 for 

both TEY and TFY mode). These values correspond to the C 1s lowest unoccupied molecular 

orbital resonance energy for fullerenes [43]. Two another features that can be observed only 

for the sample F are attributed to the C 1s-π*C=C transitions and occur at around 285.7 and 

286.2 eV (signals 4 and 5, respectively). While analysing these features we notice, that the 

signal 4 is more pronounced for the spectrum recorded in the bulk sensitive TFY mode. This 

phenomenon is quite easy to explain since the surface of the sample F was more affected by 

the oxidation during the storage in the ambient conditions than the bulk. As a result of the 

oxidation some of C=C bonds break and the intensity of the TEY signal 4 decreases.    

Features corresponding to the resonance at around 284.3 eV are probably the reason 

for the significant broadening of the main peaks at around 285 eV recorded for the sample B. 

The low intensity of the π* resonances in the NEXAFS spectra of the sample B might be 

explained by the chemical reaction of the fullerenes with O and N atoms from APTMS that 

reduce the number of the π bonds within the material and at the same time lead to the fewer 

π* transitions. Features at around 285 eV indicate C 1s (C-H)-π*C=C transitions [32] and 

appear in the spectra of samples A and B recorded in both TEY and TFY mode (signals 3).  

As for the fullerene based sample B the existence of the π* transitions might be attributed to 

the presence of the π bonds originating from the C60, these features are quite surprising in the 

case of the sample A since the APTMS nominally forms a saturated system. However, this 

phenomenon was also observed by Graf et. al in the NEXAFS spectra of the 3-aminopropyl-

triethoxysilane film [36]. Graf has attributed it to the unsaturated species formed due to the 

radiation damage during NEXAFS measurement [36]. Additionally, a partial contamination of 

the substrates used for the samples preparation was not excluded.  
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  Resonances observed in the range: 287.1-287.9 eV might also provide some valuable 

information concerning the structure of the investigated material and usually correspond to 

the C 1s (C–H)-σ*C–H  transitions within saturated, organic, aliphatic molecules [36]. Features 

located in this range are observed for the sample A (signals 6 and 7) and for the sample B 

(signals 6).  The broad shape of the signal 6 in the spectra of the sample B and the shift of its 

centre positions of around 0.1 eV to the lower photon energy in comparison to the sample A 

might suggest the additional contribution of the π* resonances. According to the literature C 

1s (C–R)-π*C=C transitions (where the R is a functional group) evidenced around 286.9 eV are 

typical for the amine groups [44]. One may presume that in the case of the sample B signal 6 

of the NEXAFS spectra include the contribution of σ* transitions from APTMS and π* 

resonances  from the amine functionalized fullerenes. 

  Pronounced feature 8 that can be clearly noticed only for the sample F occurs around 

288.1 eV and 288.2 eV for the spectra recorded in TEY and TFY mode, respectively. 

NEXAFS features at 288.2 eV are characteristic of π* resonances [40] and might be attributed 

to the C 1s-π*R–(C=O)–R transition [41] within the partially oxygenated fullerene molecule. The 

broadening of this feature in the spectrum recorded for the TEY mode and its shift of 0.1 eV 

to the lower photon energy suggests that it consists of the two main states: C 1s-π*R–(C=O)–R 

excitations within the fullerene molecules and C 1s-σ*C–H /Rydberg transitions (normally 

observed at 288 eV) [37] attributed to the surface hydrocarbon contaminations. The 

resonances at around 288.4-288.5 eV (signal 9) existing for samples A and B are due to the C 

1s (COO
-
)-π* transitions [38,39] and confirm that reactions (1) and (2) indeed take place 

within the APTMS containing films.  

  The NEXAFS spectra for the sample B at the C K-edge reveals definitely smaller 

amount of the π*C=C transitions than the sample F, what is an evidence of direct interactions 

between C60, the constituents of the ambient and the APTMS. This observation is also in 
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agreement with the XPS results, where for the sample B after the storage in the ambient 

conditions signal C 1s shifted towards the higher binding energy in comparison to the spectra 

of the same sample obtained in situ directly after the preparation process. 

 

3.3. NC-AFM measurements  

  Following the detailed chemical analysis of the deposited films we applied the NC-

AFM in order to study the surface morphology of the samples: C, D, E (Fig. 1). The main idea 

was to investigate changes of the APTMS surface texture after the C60 evaporation. 

Measurements were performed on a Si(001) substrate with the native oxide coated with a thin 

film of investigated materials (Fig. 5). Samples were prepared as described in the 

experimental part. At least three images in the different positions on the samples were 

acquired and fluctuations of the root mean square (RMS) surface roughness (Sq) values of less 

than ± 7% were observed. The starting APTMS surface morphology is shown in Fig. 5a 

(sample D). The calculated Sq equal to 0.20 nm is comparable with result reported in [45] and 

is similar to a roughness of Si(001) surface covered with the native oxide [46,47]. The 

additional useful information about the surface morphology is obtained from investigation of 

the surface height histograms. Instead of specify the whole shape of the height histogram 

curve it is more convenient to break it down using the moments of the curve. For surface 

texture analysis of high importance are third and fourth central moments named skewness and 

kurtosis, respectively [48]. Principally the surface skewness (Ssk) indicates the degree of 

symmetry of the height histogram curve while the surface kurtosis (Sku) describes the 

sharpness of the curve [49]. For Gaussian surface Ssk and Sku parameters are equal to 0 and 3, 

respectively.  

 In the experiment we observed that APTMS after coating forms a near-Gaussian surface 

with surface skewness and kurtosis equal to 0.02 and 3.14, respectively. The presence of near-
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Gaussian surface is confirmed by fitting of the surface height histogram with Gaussian curve 

(Fig. 5b) and indicates random and homogenous deposition process. Height standard 

deviation of the Gaussian curve () was estimated to 0.20 nm and is identical to Sq value. In 

the next step, we evaporated the C60 fullerenes for 2 minutes at 800 °C (Fig. 5c, sample D). 

The surface morphology changed notably after the evaporation and a formation of C60 clusters 

with width varied from about 50 nm to 200 nm was observed. Sq increased to 0.34 nm and 

surface changed its state to less Gaussian with Ssk and Sku parameters equal to 0.69 and 4.82, 

respectively. In particular, the positive skewness indicates the asymmetry of the height 

histogram and is a clear evidence of the C60 clusters on the surface. The tendency of C60 

clusters build-up was reported in [2,6]. Surface height histogram presented in Fig. 5d clearly 

reveals a bimodal distribution and the two Gaussian peaks marked with light red and green are 

attributed to the APTMS and C60, respectively. Surface height histogram is a very accurate 

tool for calculation of the height of the features present on the substrate [50,51]. The height 

(d) of the C60 clusters equal to 0.65 nm was calculated as a difference between the APTMS 

peak and the C60 peak centre positions and is in very good agreement with the measured C60 

diameter [52,53]. This proofs that for short time of evaporation clusters of C60 are arranged in 

islands of one monolayer thickness. Analysis of the peak area ratio delivers information about 

the coverage [54]. As a result of the calculations C60 coverage was estimated to about 5.1 % 

and is in good agreement with XPS results (section 3.1.2.).  For the bimodal distribution it is 

also possible to obtain the values separately for both materials [55]. These values are equal 

to 0.25 nm and 0.30 nm for APTMS (σr) and C60 (σg), respectively. Summarizing the results 

we may conclude that the surface morphology indicates not closed layer of C60 on APTMS. 

Here we have to point out that AFM used in our measurement setup is not a tool for 

performing chemical analysis. Our assumptions about the C60 monolayer height and coverage 

come only from observations of the bimodal distribution of the surface height histograms and 

are only possible after performing several growth experiments. 
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  In contrast, after 10 minutes of C60 evaporation the surface morphology changed 

significantly and randomly distributed clusters (Ssk = 0.07, Sku = 3.00) of mean height of 7 nm, 

width of 35 nm, and period of 100 nm were observed (Fig. 5e, sample E). Surface roughness 

was equal to 3.49 nm and σ was estimated to about 3.57 nm based on the surface height 

histogram analysis (Fig. 5f). The surface texture indicates a closed layer of C60 molecules on 

APTMS surface. The observed C60 granular morphology is in agreement with results reported 

in [56,57]. 

AFM measurements suffer from the tip sample convolution effect due to tip shape and 

especially finite tip radius [58,59]. In particular, convolution effect strongly depends on the 

height and the aspect ratio of the features observed on the surface and the tip shape and radius 

[60]. However, in our measurements due to the presence of only small and low aspect ratio 

features on the surface the convolution effect is reduced. For small features present on the 

surface the tip radius is the main factor influencing the results. For analysis present in this 

paper it is important to address that AFM tends to underestimate the surface roughness since 

the tip may not be able to follow a corrugation narrower than the tip radius. In general, with 

increase of the tip radius the observed surface roughness decreases [61]. Additionally, as the 

shape of the tip has a strong influence on the AFM image, in order to enable a comparison of 

measurements taken on different samples we used the same cantilever.   

 

4. Conclusions  

Spectroscopic investigations of the fullerene films deposited by evaporation on the 

APTMS coated substrate indicate a strong chemical interactions between electrophilic C60 

molecules and the nucleophilic amine groups. Significant decrease of the π* resonances in the 

NEXAFS spectra of the fullerene evaporated on the APTMS film confirms that the majority 
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of the double bonds within the fullerene molecules were broken due to the chemical reactions. 

The information provided by both XPS and NEXAFS spectroscopy complement each other 

and suggest the presence of the amino functionalised fullerene species formed as a result of 

interactions between spin-coated APTMS film and the evaporated C60.  

Due to the high affinity of the fullerene molecules to the amino groups layer of the 

APTMS accelerates the formation of the C60 film during the evaporation. The AFM results 

indicate, that RMS surface roughness of the spin-coated APTMS is similar to the roughness of 

the SiO2 native oxide substrate. The change in the surface topography during the two minutes 

of fullerene evaporation was clearly observed. The AFM investigation reveals the formation 

of the islands of the C60 with the height of one monolayer. Additionally, the C60 surface 

coverage calculated from surface height histogram is in excellent agreement with results 

provided by the XPS technique. After 10 minutes of evaporation a closed fullerene layer 

composed of a C60 clusters is observed.  

  The investigations of the fullerene based sample after the storage in the air suggest that 

due to the air exposure many chemical reactions take place within the hybrid material. The 

results of the XPS investigations shows clearly that the samples containing both fullerene and 

APTMS components are not resistant to the air and undergo a strong oxidation.  
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Table 1   

XPS investigations of the samples prepared on the Mo substrate: sample A measured after the 

preparation  and  sample B after 9 months of the storage in the air.  

 

 

 

Region Peak number Peak position [eV] Percentage of the 

main peak area [%] 

Assignment 

Sample A Sample B Sample A Sample B Sample A Sample B 

C 1s I I 289.2 290 7.6 13.3 –NHCOO
-  

[10] 

II II 286.7 288 31.3 

 

7.1 

 

C–N sp
3 
[20] C–O 

[2] 

III III 285.5 286.1 61.1 79.6 C–C, C–H [10] 

N 1s I I 402.2 401.6 14.9 100 –NH3
+ 

 [10,21,22] 

II --- 400.4 --- 85.1  –NH2 [2] 



20 

 

 --- 

O 1s I I 533.1 533 91.4 100 

 

–C–O [23], –Si–O 

[24] 

II --- 531.3 --- 8.6 --- –N–C=O [23] 

Si 2p I I 103.5 --- 100 --- O–Si–O/Si–OH [24] 

 

Table 2  

XPS investigations of the samples C and D prepared on the Si(001) surface.  

 

Region Peak number Peak position [eV] Percentage of the 

main peak area [%] 

Assignment 

Sample C Sample D Sample C Sample D Sample C Sample D 

C 1s I I 289.6 289.8 3 1.8 –NHCOO
- 
[10] 

II II 287.7 287.9 14.6 12.6 C–N sp
3 
[20], C–O 

[2] 

III III 286.1 286.1 82.4 85.6 C–C, C–H [10] 

N 1s I I 402.00 402.1 24.3 14.3 –NH3
+ 

[10] 

II II 400.2 400.5 75.7 79.4 –NH2 [2] 

--- III --- 398.9 --- 6.3 –NH–C60 [2] 

O 1s I I 533.2 533.4 92.2 94 

 

 

–C–O [23], –Si–O 

[24] 

II II 531.5 531.6 7.8 6 –N–C=O [23] 

Si 2p I I 103.5 103.5 100 100 O–Si–O/Si–OH [24] 
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Table 3a  

Peak assignments for samples A, B, and F measured by means of NEXAFS in TEY mode.    

 

Signal  Energy [eV] Assigment 

sample A sample B sample F 

1 283.9   283.8   ------------ C 1s–π*[30] 

2 ------------ 284.3 284.3 C 1s-π*C=C  [31] 

3 285  285 ------------ C 1s(C–H)-π*C=C  [32] 

4 ------------ ------------ 285.7 C 1s-π*C=C [33] 

5 ------------ ------------ 286.2 C 1s-π*C=C [34] 

6 287 286.9 ------------ C 1s-σ*C–H  [35] 

7 287.9 ------------ ------------ C 1s-σ*C–H  [36,37] 

8 ------------ ------------ 288.1 C 1s-π*R–(C=O)–R [38] 

9 288.5 288.4 ------------ C 1s (COO 
-
)-π* C=C [39] 

 

 

Table 3b  

Peak assignments for samples A, B, and F measured by means of NEXAFS in TFY mode.   

 

Signal  Energy [eV] Assigment 

sample A sample B sample F 

1 283.9  283.9  ------------ C 1s-π*[30] 

2 ------------ ------------ 284.3 C 1s-π*C=C [31] 

3 285 285 ------------ C 1s(C–H)-π*C=C  [32] 

4 ------------ ------------ 285.7  C 1s-π*C=C[33] 

5 ------------ ------------ 286.2 C 1s-π*C=C [34] 

6 287.2 287.1  ------------ C 1s-σ*C–H  [35] 

7 288 ------------ ------------ C 1s-σ*C–H  [36,37] 

8 ------------ ------------ 288.2  C 1s-π*  [38,40] 

C 1s-π*R–(C=O)–R [41] 

C 1s-π*(C=O) [39] 

9 288.5 288.5 ------------ C 1s (COO 
-
)-π* C=C 

[38] 
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Fig. 1. Schemes of the investigated samples: A) APTMS spin-coated on the Mo substrate 

(referred in the text as sample A), B) thick C60 layer evaporated on the APTMS spin-coated on 

the Mo substrate (sample B), C) APTMS spin-coated on the Si substrate (sample C), D) ultra-

thin C60 layer evaporated on spin-coated APTMS surface on the Si substrate (sample D), E) 

thick C60 layer evaporated on the spin-coated APTMS surface on the Si substrate (sample E), 

F) thick C60 layer evaporated on the Si substrate (sample F).  

Fig. 2. XPS spectra of the samples prepared on the Mo substrate. Top row (a-d) represents the 

sample A, bottom row (e-g) sample B after 9 months of storage in the air, (h) shows wide scan 

survey of in situ prepared sample B and inset depicts C 1s core level (Al Kα 1486.6 eV X-ray 

source was utilized).  

Fig. 3. XPS spectra of the samples prepared on the Si(001) substrate. (a-d) Represents sample 

C, (e-h) depicts the sample D.  

Fig. 4.  NEXAFS spectra comparison of: sample A (blue line), sample B (red line) and 

reference sample F (black line). 

Fig. 5. NC-AFM investigations of the surface morphology and the height histograms of the: 

(a, b) sample C, (c, d) sample D, (e, f) sample E. RMS surface roughness Sq, height standard 

deviations  and average C60 cluster height d are also reported. The raw height data is levelled 

using the plane correction in order to set the mean value of the image to zero. The height 

histograms curves are normalized to the same maximum level. The colour scale equals 2 nm, 

4 nm, and 27 nm, for samples C, D, and E, respectively. 
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