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We have studied the heat treatment influence (room temperature to 400°C) on thin 

aminopropyltrimethoxysilane (APTMS) based films incorporated with [6,6]-phenyl-C61-butyric 

acid methyl ester (PCBM), copper phthalocyanine (CuPc) and three-dimensional structure cage 

polyhedral oligomeric silsesquioxanes  (POSS) by X-ray photoelectron spectroscopy (XPS) and 

capacitance voltage technique (CV). We discuss the interplay between the temperature degradation 

of the organic components (aminopropyl groups, sp
3
 based carbon bonds of APTMS, cyclopentyl 

rings and vinyl functional group of POSS) and the thermal stability of the fullerene molecules 

(PCBM), benzene rings (CuPc) and the POSS inorganic cages. We observe the formation of -Si-O-

Si-bridges between the POSS inorganic cages and the SiO2 enriched matrix which contains also 

fullerene molecules and benzene rings.  

 

Keywords: XPS, CV, aminopropyltrimethoxysilane, copper phthalocyanine, 

silsesquioxanes,PCBM, low-k 

 

1 Introduction 

Amino-functionalization is a common approach in order to engineer surfaces by 

the immobilization of inorganic, organic, and biochemical molecules for sensors 

and biosensors [1-5]. Due to the self-catalytic nature of the amino group, 3-

aminopropyltrimethoxysilane (APTMS) relatively easy undergoes hydrolysis even 

due to the ambient humidity [1], and forms through the further condensation a 
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SiO2 network with aminopropyl functionalities. This kind of aminoalkoxysilanes 

is used in such technologically important preparations techniques like atomic 

layer deposition in order to functionalize the silicon surface with amino groups [1, 

2] or to perform a controlled deposition of silicon dioxide [6]. However, these 

processes require a precise temperature control since, according to the literature, 

significant rearrangements within the films above 200°C, including the chemical 

decomposition through the propyl group oxidation and formation of the silicon 

dioxide at around 300°C, take place [1, 7, 8]. Thus, the information concerning 

the possible temperature range of the surface decomposition is valuable for this 

deposition technique.  

The temperature influence is also important in the case of aminosiloxane based 

composite materials especially when there is a need to remove the physi- and 

chemi-adsorbed water molecules by heating as desired for instance for low-k 

materials [9]. Recently we have reported about our attempts to synthesize 

materials based on APTMS incorporated by fullerenes (C60, [6,6]-phenyl-C61-

butyric acid methyl ester (PCBM)), or/and copper phthalocyanine (CuPc) or/and 

three-dimensional structure cage polyhedral oligomeric silsesquioxanes (POSS) 

for possible low-k application [10-12]. In general, we could demonstrate that the 

resulting permittivity of the matrix decreased by the incorporation of these 

molecules [10-12]. In detail, our results indicate that a properly chosen and 

relatively low filler concentration of both CuPc and POSS within the siloxane 

matrix leads to homogenous films with an extremely low dielectric constant in the 

range of 1.8 [11]. However hysteretic behavior was observed during the 

capacitance-voltage (CV) characterization, underlying the requirement of a post 

deposition annealing (PDA). 

Therefore in this contribution, after a short reflection of the hysteresis inside the 

CV characteristics, we describe the heat treatment influence on the chemical 

composition of a thin APTMS layer and a APTMS based thin composite film 

containing CuPc, PCBM and POSS dopants, deposited by spin-coating on 

hydroxylated silicon. The organic residual decomposition progress upon 

annealing in the temperature range between 200°C and 400°C and its influence on 

the film quality are monitored by quantitative analysis of X-ray Photoemission 

Spectroscopy (XPS). 
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2 Experimental 

Materials 

PCBM (99.5%), APTMS (97%) and POSS, obtained from Sigma-Aldrich have 

been used. CuPc (95%) has been delivered by Alfa Aesar. N-type silicon (100) 

wafers (Crystec, Berlin, Germany) were chosen as substrates for the samples. 

Sample Preparation 

The schemes of the investigated samples A and B are drawn in Fig. 1. In order to 

prepare these samples, the Si substrates were cleaned for 10 minutes by 

ultrasonification in isopropanol and then in distilled water followed by a drying in 

nitrogen stream. The wafer surfaces were hydroxylated by the immersion in 

piranha solution (a mixture of 7:3 (v/v) 98% H2SO4 and 30% H2O2) at 120
○
C for 

1.5 hours. The substrates were then rinsed with distilled water and isopropanol 

several times and were dried afterwards in nitrogen stream.  

The surface of the sample A consists of a pure APTMS film. The solution for the 

film of sample B was obtained by vigorous stirring of the following components: 

CuPc (0.4%), PCBM (0.3%), POSS (0.3%), and APTMS (99%) for one hour. No 

external solvent has been used for the film preparation. The thin films were 

produced by spin coating of the solutions onto the substrates at 6000rpm for 15 

seconds. Silver contacts with diameters between 400µm and 800µm were 

evaporated on top of the samples through a shadow mask to finalize metal-

insulator-semiconductor (MIS) structures for CV measurements. 

 

Si

hydroxylated SiO2

CuPc+PCBM+POSS 

in APTMS

B

Si

hydroxylated SiO2

APTMS

A
 

Fig. 1 Schemes of the investigated films on hydroxylated silicon surfaces. A) pure APTMS 

(referred in the text as sample A), B) APTMS based composite material incorporated with 0.4% 

CuPc, 0.3% PCBM, and 0.3% POSS molecules (sample B) 
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In order to estimate the temperature influence on the properties of the prepared 

films the samples were heated outside the XPS system in ambient conditions and 

measured by XPS directly after the heating. Sample A was measured four times: 

without heating (referred further as sample A), after one hour at 200°C (A200), 

after one hour at 250°C (A250) and after one hour at 300°C (A300). Sample B was 

measured twice: without annealing (referred further as sample B) and after one 

hour at 400°C (B400). 

Methods 

XPS measurements were carried out using SPECS GmbH X-Ray source (Mg Kα 

1253.6eV) and energy analyzer made by Leybold-Heraeus. More experimental 

details concerning satellite radiation, background removal, energy shift, atomic 

concentration determination, and peak decomposition are given elsewhere [10-

12].  CV curves were recorded on MIS structures by a CV set-up based on a LCR 

meter Agilent 4284A [13]. Further details of these measurements can also be 

found in [9-11]. The resistivity of the silicon wafers (1-5 Ωcm) and the 

accumulation capacitance were used to estimate the MIS flat-band capacitance 

[14]. This value was taken as reference for the hysteresis width. 

3 Results and Discussion 

Hysteresis inside CV characterization 

Firstly, we shortly reflect the hysteresis inside the CV measurements which we 

observed in all of our investigated siloxane based films [10-12, 15]. Fig. 2 depicts 

the resulting hysteresis values for the samples A, B and B400, while the CV scans 

of samples A and B are shown in the inset.  
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Fig. 2 Hysteresis observed during CV measurements on different contacts of samples A (open 

squares), B (filled circles) and B400 (open triangles). The inset shows the CV data of samples A and 

B at a contact area of 0.26mm
2
, where the measurement direction is illustrated by indexed arrows 

 

Obviously, in agreement with our previous reports [11, 12], the hysteresis of the 

pure APTMS film is much higher than in the CuPc/PCBM/POSS incorporated 

film. Furthermore, the hysteresis of sample B (clockwise character) is mostly 

appearing in the opposite direction compared to sample A (counter clockwise). In 

our previous work we have argued that a filling and defilling of NH3
+
 charge 

trapping centers within the APTMS based films may occur, where the trapping 

centers are created by the interaction with ambient CO2 [10-12]. This finding is in 

agreement with our XPS results which delivered strong NH3
+
 contributions within 

the N1s core level spectra of APTMS [12]. In comparison, films with incorporated 

CuPc species exhibit much weaker NH3
+
 signals ([11], see also below). The 

reversed direction of the hysteresis in sample B is attributed to a charge injection 

from the silicon substrate [11]. Although the hysteresis inside the CV recording is 

reduced in sample B (Fig. 2), a PDA step is still required, because products of the 

hydrolysis and condensation of the APTMS (OH residual groups or water) might 

still be present at the surface or within the film [6, 16] resulting in decreased 

dielectric reliability [6, 17, 18]. After the annealing at 400°C the sample B400 

shows an almost vanished hysteresis (refer to Fig. 2). However, we determined by 

atomic force microscope height histogram analysis (described recently in [10]) a 

strong thickness reduction from 167nm (sample B) to 76nm (B400). In addition, an 
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increase of the permittivity from 3.7 to 9.7 is found for sample B400 compared to 

sample B. We attribute both facts to a densification of the film. Hence, we believe 

that a strong structural change has occurred during the heat treatment and analyze 

further the chemical composition of our samples by XPS within the next sections. 

Evolution of the pure APTMS film composition upon heating  

In this section we describe the quantitative XPS analysis of the temperature 

dependence of the surface chemical composition of pure APTMS. The detailed 

peak decomposition analysis of the core levels of the sample A at room 

temperature (RT) will be reported elsewhere [12]. Here the deduced atomic 

composition of the film in dependence on the temperature will be discussed. Fig. 

3 shows the evolution of the surface chemical composition of film A as a function 

of the temperature. 
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Fig. 3 Temperature dependent chemical composition of the APTMS film surface (sample A; 

oxygen: open triangles; carbon: filled squares; silicon: filled stars; nitrogen: open circles) 

 

The data plotted in Fig. 3 indicate clearly that temperatures above 200°C strongly 

accelerate the decomposition of organic residuals. The surface atomic carbon 

concentration measured around 24 hours after the preparation and storage in 

ambient conditions equals 45.1%, while upon annealing to 200°C, 250°C, and 

300°C this value decreases to 41.5 %, 33.1%, and 27.7%, respectively. The 

decrease of N species within the surface accompanying the temperature increase 
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is even more pronounced. The XPS quantitative analysis revealed the following N 

atomic concentrations: 13%, 8.4%, 6% and 3.7% within the surface A, A200, A250 

and A300, respectively. At this point it seems to be quite interesting to follow the 

temperature dependent C:N atomic ratio change within the surface. Taking into 

account that the -OCH3 groups of the APTMS easily undergo a hydrolysis 

reaction due to the environmental humidity and are at least partially removed as 

CH3OH to the ambient during the curing at RT [1, 19], it is obvious that the main 

contribution to the carbon species within the APTMS film is determined by the 

aminopropyl groups (with a C:N ratio of 3.0). For sample A the C:N ratio 

measured before the annealing steps equals 3.5 reflecting a value closed to pure 

aminopropyl groups. The slight excess of carbon suggests that after 24 hours 

curing in air at RT not all -OCH3 groups have been removed out of the surface as 

condensation byproducts. The situation changes drastically during the annealing 

and the C:N ratio increases to 4.9, 5.5, and 7.5 after the heating at 200°C, 250°C, 

and 300°C, respectively. This indicates the gradual destruction of the aminopropyl 

groups. It seems that at the temperature of 300°C a significant amount of nitrogen 

atoms is removed as NH3 to the ambient leaving oxidized carbon species within 

the surface. At the same time the intensities of the O1s and Si2p peaks distinctly 

increase.  

Annealing influence on the APTMS based hybrid material  

In the next step the temperature dependent chemical properties of the APTMS 

based composite material doped with CuPc, PCBM and POSS have been 

investigated. A detailed interpretation of the core levels of the sample B at RT is 

given in [11]. Here the influence of the annealing will be discussed in more detail. 

Fig. 4 represents the XPS spectra obtained for the samples B and B400; the detailed 

peak decomposition analysis is given in Table 1. These data clearly indicate that 

at a temperature of around 400°C a complete thermal decomposition of the 

organic residuals takes place. After annealing at 400°C, the signal corresponding 

to the N1s core level totally vanished as well as no C1s features originating from 

the APTMS organic species (composed of sp
3 

hybridized carbon atoms, signal II 

in C1s core level of sample B) could be detected.  
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Fig. 4 XPS spectra of the sample B (top row, [11]) and B400 (bottom row). The following core level 

spectra are drawn in the same order for both samples: C1s, N1s, O1s, Si2p. The data of sample B 

are discussed in more detail in [11] 

 

Table 1 Decomposition of the XPS spectra recorded for the samples B and B400   

Core 

level 

Peak 

index 

Position 

[eV] 

Assignment 

B B400 B B400 B B400 

C1s I - 291.0 - π-π* shake-up [20]  - 

I’ - 289.6 - NHCOO
-
 [19]  - 

II - 287.4 - C-N sp
3
 [21], C-O [22]  - 

III - 286.1 - Si-(CH2)3-NH2 [19] - 

IV - 284 - C-Si [23]  - 

- Ia - 286.3 - C-O [24]  

- IIa - 284.5  C-C; aromatic carbons [22, 

25] 

N1s I - 401.9 - NH3
+ 

[19], NHCOO
- 
[19]  - 

II - 400.1 - -NH2 [19]  - 

O1s I I 533.0 533.0 Si-O-Si[26]; C-O-C,  

C-O-O
-
, C-OH[27]  

Si-O-Si [26]; C-O-C,  

C-O-O
-
; C-OH [27]  

II - 531.2 - -C=O [28]; -N-C=O [29]  - 

Si2p I I 103.5 103.5 O-Si-O; Si-OH [30]  O-Si-O; Si-OH [30]  

 

In Table 2 the atomic concentration within the surfaces of the films B and B400 are 

listed. Taking into account that the basis material of the film B is APTMS, one 

concludes that the thermal rearrangement within that surface is accompanied 

mainly by the decomposition of the aminopropyl group. The thermal 
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decomposition pathways of this functional group covalently grafted on the silica 

surface has already been an object of scientific investigations. For this purpose 

Alekseev et al. [31] applied the methods of temperature programmed desorption 

mass spectrometry, thermogravimetry and differential thermal analysis. They 

suggested the possibility of thermal transformations through the interactions 

between neighboring surface Si-OH and Si-(CH2)3NH2 groups resulting in a SiO2 

formation accompanied by ammonia and C3H6 release during the decomposition 

reaction.  After the heating at 400°C the overall C species contribution decreased 

from around 56.2% (sample B) to around 7.4% (B400), while the O and Si 

contributions increased drastically from 24.2% to 71.2% and 10.7% to 21.4%, 

respectively. 

Table 2 Atomic concentrations within the surfaces of the films B and B400 

Sample C [%] N [%] O [%]  Si
4+ 

[%] 

B 56.2 8.9 24.2 10.7 

B400 7.4 0 71.2 21.4 

 

The C1s spectrum of the sample B400 has been decomposed into two peaks with 

the center positions at around: 286.3eV (originating from C-O species [24], signal 

Ia in Fig. 4) and 284.5eV (originating from C-C species [22, 25], signal IIa). The 

signal Ia constitutes around 20% of the overall intensity within the C1s spectrum 

while the signal IIa corresponds to 80%.  The non-oxidized C forms (peak IIa) 

originate most likely from fullerene cages and CuPc benzene rings since both 

species possess high thermal resistances [32, 33]. The presence of this signal was 

not clearly determined for the non-annealed sample B due to the significant 

superiority of the APTMS organic residuals. The absence of any N1s signal 

contribution originating from CuPc species within the XPS spectra of sample B400 

is quite puzzling, however it may be attributed to the relatively low concentrations 

of CuPc within the analyzed surface. On the other hand, Adolphi et al. observed 

against expectations the destruction of the CuPc molecule structure at a 

temperature of 350°C by performing angle-resolved XPS measurements [25]. 

Based on our XPS data, this process cannot be neglected for the sample B400.  

Fig. 5 illustrates the scheme of the POSS molecule applied as one of the 

additional dopants in sample B.  
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Fig. 5 Scheme of the POSS molecule applied as a dopant to the APTMS matrix in sample B. R’ 

symbolizes cyclopentyl rings. 

 

The thermal decomposition of the cyclopentyl rings, that are organic residuals 

within the POSS molecules incorporated into the film B, occurs around 350-

400°C as reported in [34]. The decomposition of the cyclopentyl species is most 

probably accompanied by the creation of new Si-O-Si bonds [34]. The POSS 

molecule applied in the present experiment possess also vinyl functional groups. 

Alekseev and al. [31] noticed that the thermal transformation of -C2H3 groups on a 

SiO2 surface starts in air above 300°C and takes place most likely via the addition 

reaction of oxygen to the vinylic double bonds, while the further annealing leads 

to the decomposition of the organic structure and to the creation of Si–O–Si 

bonds. Following the same authors, also the –O-Si-CH3 groups undergo an air 

oxidation combined with the releasing of CH4 groups [31].  In conclusion, the 

thermal degradation of the organic functional groups of the POSS described above 

led probably to the formation of -Si-O-Si-bridges between the POSS inorganic 

cages and the SiO2 matrix. Thus, one may suppose that the annealing of the film B 

probably caused the entrapping of the POSS inorganic structures into SiO2 which 

was formed as a product of the APTMS thermal decomposition. 

4 Conclusions 

The experiments revealed that the effect of the temperature is drastic for the 

chemical composition of the investigated films.  

One of the crucial conclusions concerns the importance of the precise temperature 

control during the attempts of the surface amino functionalization using APTMS 
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molecule precursors and the atomic layer deposition technique. The data obtained 

for the sample A clearly exhibit, that this process is already seriously hindered 

above 200°C, while it becomes almost impossible to be performed around 300°C 

due to the temperature degradation of the amino groups. 

Furthermore, the investigation of the samples B and B400 revealed that the heat 

treatment of the composite material may be an efficient route in order to obtain a 

silicon matrix enriched with sp
2
 carbon species. Moreover this kind of heat-treated 

layers may most probably possess a highly porous structure, formed as a result of 

the releasing gaseous products of the organic residuals decomposition. Thus, 

heating the hybrid films containing properly chosen dopants with desired 

functionalities distributed homogenously within the APTMS monomer may 

probably lead to a highly porous silica network enriched with carbon species that 

could find an application for instance as a low-k material. However, to achieve 

this purpose, a series of experiments should be conducted in order to find optimal 

parameters of the annealing process. In the case of our sample B400, the chosen 

annealing temperature-time combination of 400°C and one hour was already too 

high/long in respect to the resulting permittivity of the composed material. 

Although the hysteretic behavior in the CV characteristics vanished, a strong 

increase of the permittivity was observed in sample B400. The decreased or 

vanished hysteresis in the CV data of sample B and B400, respectively, are in 

agreement with the decrease or disappearance of NH3
+
 contributions within the 

XPS data. Therefore, according to the results on sample A, where a strong 

increase of the C:N ratio in the range between 200°C and 250°C is observed too, 

an annealing inside this temperature range might be sufficient to achieve films 

which keep their RT low-k property as observed in [10-12] during the treatment 

and exhibit only weak hysteresis.   
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