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Herein we report on the charge transport properties of spin-

coated thin films of an n-type fullerene derivative, i.e. Indene-

C60 Bis-Adduct (ICBA). In particular, the effects of 

annealing temperature and duration as well as surface 

functionalization are explored. Electron mobilities 

approaching 0.1 cm2V-1s-1 are reported.  

 

In the blooming era of flexible electronics, organic thin-film 

transistors (oTFTs) and solar cells (oSC) have been attracting a great 

deal of attention as promising candidates for light-weight, large-area 

and low-cost electronic device applications.1-15 Whilst p-type organic 

semiconductors have been extensively studied, electron transporting 

semiconductors have been less explored owing to their more 

pronounced tendency to get their electrical properties altered by 

environmental oxidants upon exposure to air. However, if organic 

electronics is to go to the market place, realizing complementary 

circuits as well as finding valid replacements for electron acceptors 

in oSC becomes of paramount importance.  

Fullerene derivatives including [6,6]phenyl-C61-butyric acid methyl 

ester (PCBM) have been often used as electron transporting 

materials in oSC5, 16-19 and oTFTs.20-22 Intensive chemical effort has 

been put towards the development of fullerene moieties that can be 

solution-processed, resulting in higher electron mobility with the 

desired molecular packing. Much of the research on soluble fullerene 

derivatives therefore focused on diversifying substitution groups and 

assessing their effects on the electrical performance23, 16, 24-25 and air 

stability.26, 22 Among all the different derivatives, certainly the 

1′,1′′,4′,4′′-Tetrahydro-di[1,4]methanonaphthaleno[1,2:2′,3′,56,60:2′′, 

3′′][5,6]fullerene-C60, also known as Indene-C60 Bis-Adduct 

(ICBA),27 has garnered a great deal of attention thanks to its  

promising oSC efficiencies when used in combination with the hole-

transporting poly(3-hexylthiophene) polymer.27, 16, 25, 17, 19 Little 

attention has been paid to the systematic study of ICBA as a single 

n-type semiconductor component and, to the best of our knowledge, 

to the effects of both thermal annealing and substrate treatment on 

the charge transport. Clearly, unraveling the correlation between 

morphology/structure and the electrical characteristics within ICBA 

thin films undergoing thermal annealing is a key to understand how 

electron transport can influence the performances not only of three-

terminal devices but also those of organic photovoltaic cells.  

Herein we investigate the effects of the annealing temperature and 

duration of the above-mentioned fullerene molecule and correlate the 

film morphology to the transport of electrons in thin-film transistors. 

Further, we explore the effect of the surface energy by water contact 

angle measurements, and of the annealing conditions on the film 

morphology by atomic force microscopy. The surface energy is 

tuned by choosing a proper functionalization of the dielectric 

surface, i.e. SiO2, with either hexamethyldisilazane (HMDS) or 

octadecyltrichlorosilane (OTS). The self-assembled monolayers 

formed by OTS on thermally-grown SiO2 lead to a more 

hydrophobic surface compared to HMDS. The difference in surface 

energy between OTS- and HMDS-treated SiO2 affects the interplay 

between molecule-substrate and molecule-molecule interactions. By 

modifying such a subtle interactions balance via thermal annealing 

treatments resulted in films featuring field-effect electron mobilities 

approaching 0.1 cm2V-1s-1 which are, to the best of our knowledge, 

the highest ever reported values for ICBA within the scientific 

literature. 

 

 
Figure 1 Bottom-contact bottom-gate transistor with Au gold 
electrodes. ICBA acts as the active semiconducting layer. 

 

 

Page 1 of 4 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



COMMUNICATION Journal Name 

2 | J. Name., 2014, 00, 1-3 This journal is © The Royal Society of Chemistry 2014 

 
Figure 2 Topographical Atomic Force Microscopy images (10 µm x 
10 µm) of spin-coated ICBA films (10 mg/mL in chloroform) 

annealed at different temperature on either OTS or HMDS 

(annealing time: 1 h). For consistency with the device architecture, 
the imaged films are realized on a SiO2 substrate. 

 

 

Transistors in bottom-contact bottom-gate geometry were 

fabricated on Si-n++, acting as substrate and gate electrode, with 

230 nm of thermally-grown SiO2 (gate dielectric) and pre-

patterned interdigitated gold electrodes as the source and drain. 

The semiconductor layer was deposited by spin-coating from a 

10 mg/ml solution in chloroform in a N2-filled glovebox. The 

films were then annealed in a nitrogen environment for 1 h at 

90 °C, 140 °C or 200 °C. A series of films that were not 

thermally annealed was also explored as reference.  Atomic 

Force Microscopy analysis (Figure 2) revealed that films 

assembled on HMDS were smoother than those on OTS (see 

Table S1, ESI). This evidence can be correlated with the larger 

water contact angle and, therefore, lower surface energy 

measured on a OTS/SiO2 vs. HMDS/SiO2 surface (see ESI). 

This finding further points towards a higher surface affinity of 

the fullerene derivatives for the HMDS treated SiO2 surface, in 

virtue of its relative hydrophilic nature28. Hence, the strongest 

ICBA-HMDS (molecule-substrate) interaction can account for 

the difference in roughness recorded for films assembled on 

SiO2-treated with either OTS or. HMDS, given that in the 

former case rougher (see Table S1, ESI) and generally taller 

(see Z-scale) molecular aggregates are formed. Generally, 

rougher films resulted in lower electron mobilities for OTS vs. 

HMDS films in the (90 ÷ 140)°C range and in not-annealed  

 

 

      
Figure 3: The comparative plot displays the variation of field-effect 
saturation mobility for electrons in typical ICBA-based TFTs where the 

active layer underwent annealing at different temperatures. A different 

trend is recorded upon varying the functionalization of the SiO2 surface 
with either OTS or HMDS. (W = 10 mm, L = 2.5 µm). [Error bars 

indicate the standard deviation over >4 devices]. 

 

 

samples. This suggests that on a rougher surface bearing a 

higher density of molecular aggregates than on HMDS, it is 

possible that charge transport could be somehow hindered by 

the presence of a greater amount of grain boundaries. At 200 °C 

the appearance of films with hollows filled with tall structures 

is observed for both surface treatments. These tall molecular 

aggregates (Z > 100 nm) are usually surrounded by bare silicon 

oxide (Figure S1) and most likely do not take part in the charge 

transport across the surrounding film whose general thickness 

decreases owing to the increasing local concentration of 

material in the above-mentioned aggregates. The formation of 

the latter type of films occurs at temperatures > 170°C (Figure 

S2) and starts within 10 min (Figure S3) as revealed by AFM. 

Unlike the monotonic increase in mobility with the annealing 

temperature measured in HMDS-treated devices, a very sharp 

increase of nearly 100-fold peaking at 200 °C with values 

approaching 0.1 cm2 V-1s-1 is measured when SiO2 is treated 

with OTS. To the best of our knowledge, this is the highest 

reported value of electron mobility for ICBA. In general, the 

devices featured Ion/Ioff ratio of 103-104, threshold voltages 

always positive and a tendency to shift towards the zero with 

the increasing annealing temperature. The latter behavior was 

found to be more pronounced in the case of OTS-treated SiO2 

(see Figure S6). The above-mentioned threshold voltage shift is 

indicative of a film with improved crystallinity accompanied by 

a lower number of defects. In view of that, we put forward the 

hypothesis that the remarkable mobility increase, especially 

when OTS is used, stems from a peculiar thermodynamically-

favorable assembly of the ICBA molecules which is, in 

addition, related to the annealing duration.  

In order to better understand the relationship between structural 

order of the films and annealing temperature, Grazing 

Incidence X-Ray Diffraction (2D-GIXRD) measurements were 
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performed by using synchrotron light radiation. The 2D-

GIXRD measurements revealed that all films encompassed in 

this study have amorphous structure, regardless of the 

annealing temperature (see Figure S8) although an early stage 

of crystallization seems to appear upon annealing at 200 °C. To 

some extent, this behavior is unexpected if one compares ICBA 

to similar systems, such as PCBM, which is known to 

crystallize upon thermal annealing already at 150 °C.29  
 

 
Figure 4: Comparative transfer curves (Id-Vg) of typical ICBA-based thin-
film transistors with OTS-treated SiO2 where the active layer underwent 

annealing at 200 °C for 4 days, 1 h or 10 minutes, respectively. (W = 10 mm, 

L = 20 µm: Vd = +60 V). 

 

Noteworthy, not only thermodynamics rules the assembly and, 

consequently, the charge transport but the duration (kinetics) of 

the post-deposition assembly at the surface at a certain 

temperature was found to be a key parameter. Figure 4 

highlights the remarkable difference between 10 minutes, 1 

hour and 4 days annealing time in the film’s capacity to 

transport electrons. After 4 days annealing, the morphology 

appeared to be characterized only by disconnected tall 

aggregates (Figure S5) without a continuous film around them 

bridging source and drain electrodes therefore resulting in 

device currents close to the detection limit. The currents 

recorded after 1 h vs. 10 min annealing are indicative of a 

molecular assembly and morphology (cfr. Figure 2 and S3) 

which promotes a better electron transport in the former case as 

confirmed by the large mobility variation µ[1 h]/µ[10 min] ~ 250.        

In summary, we demonstrated that the electron transport within 

Indene-C60 Bis-Adduct (ICBA) thin films can be modified upon 

tuning the temperature and duration of thermal annealing post 

treatments as well as by treatment of the dielectric SiO2 surface 

to render it hydrophobic. The electron mobility revealed a 

monotonic increase upon annealing for HMDS-treated SiO2 

whilst an abrupt enhancement was recorded at 200°C on OTS-

functionalized substrates. This difference can be correlated to a 

molecule-molecule interaction intimately entwined to 

molecule-substrate interaction owing to the type of surface 

treatment. ICBA molecules are freer to move and undergo self-

assembly when supported on an OTS-treated SiO2 by virtue of 

the lower surface energy they experience. By and large, the 

ability of promoting electron transport within the film at a given 

temperature has been found to depend on the particular 

kinetically-trapped phase in which the molecules are found in 

time. GIXRD did not provide strong evidence of structural 

order at the atomic scale. Hence, providing a more nuanced 

structural analysis with a different technique probing the 

aggregation at the nanoscale (such as Grazing incidence small 

angle scattering) will be the subject of a future work. The 

remarkable dependence of the charge transport upon the 

annealing duration and temperature as well as from the surface 

energy is unambiguous evidence that ICBA transport properties 

strongly depend on the processing conditions. Besides its use as 

single component solution-processable n-type material for 

oTFTs, ICBA appears to be a suitable candidate for replacing 

PCBM (in combination with P3HT) in oSC. Hence, this finding 

highlights how important and sensitive to the annealing 

temperature is the aggregation of ICBA in determining its 

charge transport properties. This aspect can therefore be of high 

importance for unraveling the more complex materials' 

interplay which led to recent and promising results in terms of 

photovoltaic efficiency when using ICBA as a replacement for 

PCBM in combination with P3HT.  
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