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end, fullerenes and particularly C 60  are 
amongst the best performing electron 
transporting molecular semiconductors 
known to date and electron mobilities 
in the range of 6–11 cm 2 /Vs have been 
reported. [ 6,7 ]  Unfortunately, the best per-
forming C 60  transistors are commonly 
fabricated via vacuum-based techniques 
such as sublimation, [ 6,8 ]  with only a few 
exceptions, [ 7,9–11 ]  while to date there is no 
report on C 70  devices fabricated via solu-
tion-based techniques. This processing 
limitation is primarily imposed by the 
limited solubility of substituted fullerenes 
in common organic solvents. Methanof-
ullerene such as [6,6]-Phenyl C 61  butyric 
acid methyl ester ([60]PCBM), [6,6]-Phenyl 
C 71  butyric acid methyl ester ([70]PCBM) 
and indene-C 60  bis-adduct (ICBA) avoid 
this problem as they are highly soluble 
and have already shown promise for use in 
organic solar cells, [ 12 ]  TFTs and integrated 
logic circuits. [ 13 ]  Despite these recent 
developments, however, fabrication of 
high performance e-transporting fullerene 
TFTs via solution processing remains a 

signifi cant challenge. 
 In addition to the search and development of new molecular 

semiconductors, different methods for doping organic com-
pounds have also been investigated in an effort to overcome 
inherit materials limitations and to improve the overall device/
system performance. Advantages of doping include the addition 
of mobile (free) charge carriers, which can result in the fi lling of 
traps and hence improve the overall charge transport, as well as 
in the decrease of the barrier for charge carrier injection from 
the conductive electrodes into the molecular semiconductor. 
Unfortunately, these advantages come at a price since the 
introduction of an additional molecular species can disrupt the 
packing of the host semiconductor and hence induce structural 
defects. Furthermore, in closely packed (crystalline) systems a 
hybridization of orbitals of the host and the dopant materials 
can cause energetic disorder and hinder charge transport. [ 14 ]  
As every additional dopant molecule increases the structural/
energetic disorder in the fi lm, it is desirable for the dopant to 
be effi cient, i.e., all dopant molecules donate charge carriers 
to the semiconductor. To date, a number of extrinsically doped 
organic systems have been reported in the literature [ 15 ]  with the 
best example being the p-doped organic interlayer technology 
used extensively in state-of-the-art OLEDs [ 16 ]  and OPVs. [ 17 ]  
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  1.     Introduction 

 Organic semiconductors continue to attract signifi cant interest 
due to their unique and highly tuneable physical characteristics 
and their tremendous potential for use in a range of applica-
tions including light emitting diodes (OLED), [ 1 ]  organic solar 
cells [ 2 ]  and thin-fi lm transistors (TFT). [ 3 ]  While a large number 
of high mobility hole-transporting materials have been syn-
thesised and implemented in TFTs, electron transporting 
semiconductors and devices are relatively sparse. [ 4,5 ]  To this 
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On the contrary, n-type dopants and the associated physical 
processes, have been little investigated and as such are still in 
their infancy. [ 18–21 ]  

 For n-type doping in an organic semiconductor to occur, 
the energetic structure of the dopant must allow for electron 
transfer from the dopant to the semiconductor. In the case of 
molecular dopants, this would require the ionization energy 
of the dopant to be lower than the electron affi nity of the 
semiconducting host material. Since the electron affi nity in 
most organic electron transporting semiconductors is fairly 
low (–3.5 eV to –4.5 eV), [ 22 ]  candidate n-type dopants should 
be even more unstable towards atmospheric oxidants (e.g., 
water, oxygen). This is the primary reason why development 
of organic n-type dopants has been particularly challenging. 
In recent years organometallic [ 18,20,23,24 ]  as well as all-organic 
molecular compounds have been attracting signifi cant atten-
tion due to their potential as n-type dopants. One method to 
create air-stable dopants is to combine the electron transfer 
from the dopant to the host matrix with a chemical reaction. 
Notably, (4-(1,3-dimethyl-2,3-dihydro-1 H -benzoimidazol-2-yl)
phenyl)dimethylamine (N-DMBI), and other DMBI derivatives, 
have successfully been utilized as effi cient and relatively stable 
n-dopants in cross-linked thiophenenapthalenediimide copoly-
mers [ 25 ] , poly(phenylene vinylene) [ 26 ]  as well as in [60]PCBM [ 27 ]  
and C 60  [ 28 ]  fi lms processed via solution-processing and co-
evaporation, respectively. The initial dopant compound is air-
stable and only after cleaving a C-H bond in solution a hydride 
transfer to the fullerene is possible, which leads to a net 
charge transfer into the host semiconducting molecule. [ 29 ]  So 
when compared to conventional electron transferring dopants, 
instead of the electron affi nity being the main deciding factor 
for selection of a suitable semiconducting host material for a 
given dopant, the hydride affi nity and the reaction kinetics of 
the dopant with the host material become essential as well. 
Therefore, n-type molecular dopants that rely on the hydride 
transfer mechanism are particularly attractive as they could 
potentially combine the much desired chemical stability with 
high doping effi ciency. 

 Here we report on the use of N-DMBI as an effi cient 
n-dopant for a number of electron transporting unsubsti-
tuted and substituted fullerenes processed from solution. The 
doping effi ciency in each system was assessed via fi eld-effect 
measurements performed using optimised transistor archi-
tectures at room temperatures in combination with optical 
absorption spectroscopy and atomic force microscopy meas-
urements. Based on these measurements we show that the 
n-doping process is orders of magnitude more effi cient in the 
case of unsubstituted C 60  and C 70  fullerenes as compared to 
their substituted counterparts. Most importantly, n-doped C 60  
and C 70  transistors exhibit signifi cantly enhanced electron 
mobility (≈2 cm 2 /Vs) and greatly improved bias stress sta-
bility. Unlike unsubstituted fullerenes, the performance char-
acteristics of fullerene derivatives based transistors are found 
to degrade with increasing dopant concentration. The work 
provides the fi rst experimental evidence on the differences of 
doping effi ciency of fullerene-based transistors and its relation 
to the molecular structure of these much promising molecular 
semiconductors.  

  2.     Results and Discussion 

 The chemical structures of the different fullerenes and fullerene 
derivatives employed in this work are shown in  Figure    1  a while 
a schematic of the bottom-gate, top-contact (BG-TC) transistor 
architecture used for electrical characterisation is shown in 
Figure  1 b. The output characteristics of the different fullerene-
based transistors fabricated in this work are shown in Figure S1 
(Supporting Information). Each device shows a linear depend-
ence of the drain current ( I  D ) on the drain-source voltage ( V  D ) 
in the low voltage range suggesting the formation of an Ohmic-
like contact between the aluminium (Al) source/drain electrode 
and the semiconducting fi lms—a characteristic feature indi-
cating effi cient electron injection from Al to the LUMO level 
of the semiconductor. For high  V  D  the channel current satu-
rates in accordance with the gradual channel approximation 
model therefore justifying its use for analysing the device data 
obtained in this work.  

  Figure    2   displays sets of representative transfer characteris-
tics for [60]PCBM, [70]PCBM and ICBA transistors for different 
molar concentrations of N-DMBI. Devices based on all three 
semiconducting molecules show an increase in the channel 
OFF-current with increasing N-DMBI concentration. The latter 
observation is attributed to the increased bulk conductivity of 
the fullerene layer due to the increased concentration of free 
electrons across the semiconducting layer. A similar doping 
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 Figure 1.    a) Chemical structures of the different fullerenes and fullerene 
derivatives employed in this work together with the n-type dopant 
N-DMBI b) Schematic representation of the bottom-gate, top-contact 
(BG-TC) transistor architecture used.
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effect in [60]PCBM has already been reported previously [ 27 ]  
and was used here as a reference point for n-doping of fuller-
enes with N-DMBI. From the results shown in Figure  2  we 
conclude that N-DMBI is also capable of doping [70]PCBM and 
to a certain extend ICBA. Assuming that the addition of free 
electrons in the semiconductor channel has a similar effect on 
the device operating characteristics, one can conclude that the 
n-doping effi ciency of the three substituted fullerenes is a mate-
rial dependent process, that is, the number of charge carriers 
donated by the same number of dopant molecules depends on 
the physical characteristics of the host semiconductor. This is 
particularly surprising if one considers the fact that some of the 
tested molecules are characterized by similar electron affi nities 
(i.e., LUMO energies, see Figure S2, Supporting Information).  

 Close examination of the data in Figure  2  reveals that when 
[60]PCBM devices are doped with a molar ratio of 5%, the 
channel OFF and ON-currents increase by ≈6 and ≈1.5 orders of 
magnitude, respectively. A doping concentration of ≥2% is suf-
fi cient to reduce the gate fi eld effect to such an extent that the 
channel current modulation (i.e., ON/OFF ratio) deteriorates 
completely with the overall channel conductivity remaining 
nearly gate fi eld independent for the entire bias range investi-
gated. This dramatic increase in the OFF-current is attributed 
to the introduction of a large number of free electrons induced 
by the dopant molecules. Under these circumstances the same 
gate fi eld is unable to deplete the signifi cantly increased elec-
tron charge present across the channel. Therefore, appreciable 

reduction in the channel current can only be achieved via the 
application of a signifi cantly larger negative  V  G . 

 In the case of [70]PCBM, the change in the channel current 
with increasing dopant concentration is much less pronounced 
than in [60]PCBM transistors. Indicative of this is the fact that 
the channel OFF-current increases by 3 orders of magnitude 
while the ON-current only increases marginally by a factor of 
≈5. In the case of ICBA devices the current increase is even 
less pronounced with the channel OFF-current increasing 
by only 2 orders of magnitude while the ON-current reduces 
with increasing dopant concentration. It is therefore evident 
from these measurements that [70]PCBM and ICBA require 
signifi cantly higher dopant concentrations in order to achieve 
the same apparent doping effect seen in [60]PCBM devices. 
This difference is most likely due to the different electronic 
structures, namely HOMO and LUMO energy levels of each 
fullerene molecule, and/or to the possible differences in the 
hydride affi nity towards the various fullerene carbon cages, 
both of which mechanisms will be discussed later. 

 Similar doping experiments were performed on unsubsti-
tuted C 60  and C 70  in order to assess the doping effi ciency with 
N-DMBI. To this end we note that although to date there are 
only a handful of reports on solution grown C 60  TFTs [ 7,9–11,30 ]  
to the best of our knowledge there is none on C 70  devices pro-
cessed from solution.  Figure    3   displays the transfer curves 
measured from C 60  and C 70  transistors at different dopant 
concentrations. It can be clearly seen from these data that the 
N-DMBI concentration required to induce similar changes 
in the transconductance of the channel is approximately 
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 Figure 2.    Representative plots of the transfer characteristics in the satu-
ration regime of TFT devices fabricated from fullerene derivatives with the 
molar concentration of the dopant (N-DMBI) given in the legend.  V  D  = 
40 V for [60]PCBM and [70]PCBM. For ICBA  V  D  = 120 V. The dimensions 
of the transistor channel are all  W  = 1000 µm and  L  = 40 µm.

 Figure 3.    Transfer curves of solution processed C 60  and C 70  TFTs in the 
saturation regime. The molar dopant ratio is given in the legend. Drain 
voltage  V  D  = 40 V. The dimensions of the transistor channel are all  W  = 
1000 µm and  L  = 40 µm.
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100 times lower than that in [60]PCBM. Furthermore, in C 60  
devices the OFF-current increases by 4 orders of magnitude 
while the ON-current by a factor of ≈10. In the case of C 70  
the OFF-current increases by ≈5 orders of magnitude while 
the on-current remains on similar or slightly lower levels. 
From these results we conclude that the n-doping effi ciency of 
solution-processed C 60  and C 70  with N-DMBI is signifi cantly 
higher than that measured for [60]PCBM, [70]PCBM and ICBA 
(Figure  2 ).  Table    1   provides a summary of the transistor oper-
ating parameters averaged over a minimum of 7 devices from 
which the impact of n-doping can be quantitatively assessed. 
If one considers the fact that [60]PCBM is characterized by the 
highest isomeric and fullerene content purity, as compared 
to both [70]PCBM and ICBA, then it can be argued that the 
dopability of [60]PCBM is indeed higher than both [70]PCBM 
and ICBA. For ICBA in particular, the observed doping-like 
effect may well be due to the presence of fullerene impurities 
(fullerenes other than ICBA). However, proving whether this 
is the case would require further work, which is beyond the 
scope of this study.   

 A key fi nding is the dependence of the electron fi eld-effect 
mobility ( µ ) on N-DMBI concentration. This rather inter-
esting effect is better illustrated in  Figure    4  a where the elec-
tron fi eld-effect mobility for each fullerene derivative is plotted 
as a function of dopant concentration. For [60]PCBM and [70]
PCBM based devices the electron mobility (calculated in the 
linear regime) is 5.7 (±0.3) × 10 −2  cm 2 /Vs and 4.6 (±0.5) × 
10 −2  cm 2 /Vs, respectively. Both values are comparable to pre-
viously published data. [ 31,32 ]  For ICBA the electron mobility 

  Table 1.    Summary of transistor parameters extracted from the transfer characteristics.  

Electron mobility [cm 2 /Vs]

Dopant c. 0% 0.5% 1% 2% 5%

[60]PCBM 5.7 (± 0.3) × 10 −2 5.3 (± 0.2) × 10 −2 4.7 (± 0.1) × 10 −2 4.1 (± 0.2) × 10 −2 –

[70]PCBM 4.6 (± 0.5) × 10 −2 3.4 (± 0.2) × 10 −2 1.9 (± 0.2) × 10 −2 1.6 (± 0.3) × 10 −2 1.1 (± 0.1) × 10 −2 

ICBA 1.3 (± 0.2) × 10 −2 1.1 (± 0.5) × 10 −2 9.9 (± 0.4) ×10 −3 4.8 (± 0.2) ×10 −3 4.4 (± 0.2) ×10 −3 

C 60  a) 3.2 (± 1.2) × 10 −1 1.3 (± 0.14) 1.5 (± 0.12) 1.7 (± 0.2) 1.9 (± 0.03)

C 70  a) 9.4 (± 1.7) × 10 −1 1.8 (± 0.05) 1.4 (± 0.1) 1.1 (± 0.14) 7.2 (± 0.5) × 10 −1 

Threshold voltage /  V  TH  [V]

Dopant c. 0% 0.5% 1% 2% 5%

[60]PCBM 15.7 (± 0.7) 11.4 (± 0.5) 9.8 (± 0.6) 2.8 (± 1) –

[70]PCBM 19.9 (± 0.6) 17.6 (± 0.3) 19.1 (± 0.3) 14.6 (± 0.3) 5 (± 0.4)

ICBA 11.3 (± 0.6) 12.1 (± 0.3) 13.5 (± 0.2) 18.1 (± 0.2) 16.8 (± 0.9)

C 60  a) 2.2 (± 0.2) 1.5 (± 0.2) 0.9 (± 0.4) 0.6 (± 0.7) –10.4 (± 1.3)

C 70  a) 3.8 (± 0.5) 3.4 (± 0.3) 2.4 (± 1) 0.6 (± 1.1) 0.4 (± 0.5)

Channel current ON/OFF ratio

Dopant c. 0% 0.5% 1% 2% 5%

[60]PCBM 2 × 10 3 3 × 10 3 1 × 10 3 4 × 10 2 –

[70]PCBM 1 × 10 3 1 × 10 3 4 × 10 2 4 × 10 2 4 × 10 1 

ICBA 1 × 10 4 2 × 10 4 1 × 10 4 1 × 10 4 7 × 10 2 

C 60  a) 6 × 10 3 4 × 10 2 5 × 10 1 3 × 10 1 7 × 10 1 

C 70  a) 3 × 10 4 2 × 10 4 1 × 10 2 8 × 10 1 1 × 10 1 

   a)Dopant concentration 1/100.   
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 Figure 4.    a) Evolution of linear mobility with dopant concentration, 
note the dopant concentrations for C 60  and C 70  are a factor of 100 
smaller than for substituted fullerenes b) The additional charge carriers 
Δ e  −  added into the channel by the dopant as function of the dopant 
concentration.



FU
LL

 P
A
P
ER

7120 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

is 1.3 (±0.2) × 10 −2  cm 2 /Vs which is also similar to previously 
reported results. [ 32 ]  An interesting observation is that the elec-
tron mobility for all three substituted fullerene systems is 
found to be inversely proportional to the dopant concentration. 
Indicative of this trend is the fact that at 2% N-DMBI molar 
ratio the electron mobility drops to 72% of its original value 
for [60]PCBM, 35% for [70]PCBM and 36% for ICBA transis-
tors. Unlike [60]PCBM, [70]PCBM and ICBA-based devices, C 60  
and C 70  transistors are found to exhibit a drastically different 
behavior when doped with N-DMBI. From Figure  4 a it can be 
seen that even at very low dopant concentrations (≈0.005%) 
the electron mobility increases from 0.32 (±0.12) cm 2 /Vs to 
1.85 (±0.03) cm 2 /Vs for C 60 , and from 0.94 (±0.17) cm 2 /Vs to 
1.78 (±0.05) cm 2 /Vs for C 70 . These high mobility values are 
very interesting if one takes into consideration the fact that the 
highest electron mobility reported to date for fi lms of C 70  grown 
via vacuum sublimation is only 0.06 cm 2 /Vs. [ 33 ]  Furthermore, 
and to the best of our knowledge, this is the fi rst study in 
which C 70  shows higher electron mobility than C 60 . This is 
surprising since the electronic structure of unsubstituted C 60  
is known to be isotropic with the LUMO level delocalized over 
the whole molecule, [ 34 ]  while in C 70  it is not since the LUMO 
level has nodes at 30 of the 70 carbon atoms. [ 35 ]  Therefore, C 70  
is expected to show lower electron mobility due to increased 
energetic disorder. However, this simple assumption does not 
take into consideration important extrinsic effects such as the 
presence of structural defects, chemical impurities, and so on, 
which may dominate the long range electron transport meas-
ured in fi eld-effect transistors. Nevertheless, from this data it 
can be concluded that the high electron mobility is a character-
istic of C 60  as well as C 70 .  

 In the case of C 60  the electron mobility is found to increase 
with increasing dopant concentration. For C 70  transistors on the 
other hand the highest mobility was measured at a doping con-
centration of 0.005% followed by a decrease at higher N-DMBI 
content. The signifi cant improvement in electron mobility can 
be attributed to; (i) reduced contact resistance upon doping, 
and/or (ii) fi lling of shallow electron traps by dopant-induced 
free electrons. [ 36,37 ]  The positive impact of doping on the con-
tact resistance can be seen in the output characteristics of the 
measured transistors manifested as a linear dependence of  I  D  
on  V  D  at low bias (Figure S1, Supporting Information). Sim-
ilar behavior has been observed previously in evaporated C 60  
devices in which the contacts were selectively doped with Rho-
docene (also a known n-dopant), leading to an increase in elec-
tron mobility from ≈1 cm 2 /Vs to ≈2 cm 2 /Vs. [ 38 ]  On the other 
hand, doping of C 60  at very low dopant concentrations has also 
been shown to fi ll trap states [ 37 ]  although the impact of n-type 
doping of the fullerene channel on the macroscopic electron 
mobility has never been discussed. 

 The doping effi ciency for each fullerene compound was fur-
ther quantifi ed by analysing the threshold voltage ( V  TH ) shift 
observed upon doping. By disregarding the charge induced 
by the dopant molecules, which contributes to the bulk con-
ductivity (and are primarily responsible for the increase in 
the channel OFF-current), assuming that all remaining free 
charges are accumulated in close proximity to the interface and 
disregarding any change in trap density introduced by the posi-
tively charged dopant molecules, the total number of donated 

(i.e., additional) electrons (Δ e  − ) can be approximated from the 
shift in  V  TH  using: [ 39 ] 

 
e

C V V

e

i TH(pristine) TH(doped)
Δ =

−−

  

 Here,  C  i  is the geometric capacitance of the gate dielectric and 
 e  the elementary charge. According to this model,  V  TH  is the 
gate potential at which the fi eld induced charge carrier density 
equals the trap density. Although this simple assumption allows 
direct correlation of the doping level with the operating charac-
teristics of the device, parasitic effects such as increased trap 
density due to doping (owed to structural defects), which would 
lead to underestimating the number of donated electrons, may 
introduce some error in the calculations. Regardless, such 
fi eld-effect measurements represent one of the most direct 
techniques for quantifying the doping effi ciency with good 
accuracy. Finally, since precise calculation of the charge density 
(i.e., electrons per unit volume), would require detailed knowl-
edge of the electric fi eld profi le across the semiconducting fi lm 
at each position along the transistor channel (information that 
is diffi cult to obtain in the presence of dopants), we refrain 
from estimating this and focus purely on comparing the evo-
lution of  V  TH  between different samples with similar channel 
geometries. 

 Figure  4 b displays Δ e  -  as a function of N-DMBI molar ratio 
(mol%). It can be seen in these plots that in the case of C 60  
and C 70 , the n-doping process appears to be much more effi -
cient since, compared to n-doping of substituted fullerenes, a 
nearly 200 times lower N-DMBI concentration is able to induce 
approximately the same amount of free electrons (Δ e  - ). A very 
important observation is that in the case of ICBA the shift in 
 V  TH  is positive (i.e., shifts towards positive  V  G ) indicating the 
introduction of electron traps rather than free (i.e., mobile) 
electrons seen for all other fullerenes. By comparing the elec-
tron mobility dependence (Figure  4 a) and the evolution of Δ e  -  
(Figure  4 b) with N-DMBI concentration in the case of C 60  and 
C 70 , we conclude that a relatively small amount of free electrons 
is required to signifi cantly increase the electron fi eld-effect 
mobility in both C 60  and C 70 . This picture is consistent with the 
scenario of deactivation of energetically shallow electron trap 
states that are in close proximity to the critical channel interface. 
Although increasing the dopant concentrations to >0.005 mol% 
does not appear to further increase the electron mobility, 
higher N-DMBI concentration leads to a signifi cant increase 
in the OFF channel current and to complete deterioration of 
the channel ON/OFF current ratio (Table  1 ). Unlike C 60  and 
C 70 , incorporation of N-DMBI at any concentration into [60]
PCBM, [70]PCBM and ICBA layers is found to reduce the elec-
tron mobility in the device. However, and as has already been 
discussed, in the case of ICBA the electron mobility reduction 
is accompanied by an increase in the electron trap concen-
tration (evident by the positive  V  TH  shift seen in Figure  2 ) in 
the channel rather than the introduction of free (i.e., mobile) 
electrons, most likely indicating the creation of a signifi cant 
number of structural defects. 

 Based on the results presented so far it can be argued that 
the measured difference in the doping effi ciency between 
the unsubstituted and substituted fullerenes is most likely 
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attributed to two main effects; i) differences in the reaction 
kinetics/energetics of the hydride transfer for each molecule, 
which is supported by the recent fi nding of slower reaction 
kinetics for [60]PCBM than for neat C 60  in a study of another 
n-type dopant, namely tetrabutylammonium fl uoride, that relies 
on a similar nucleophilic reaction mechanism; [ 40 ]  ii) differences 
in the materials solubility/miscibility, which leads to different 
degrees of dopant segregation and doping effi ciency since seg-
regated dopant molecules are not expected to contribute free 
electrons to the host semiconductor. Related to the latter effect, 
it is worth noting that when neat N-DMBI fi lms are incorpo-
rated as the channel material in the same transistor structures, 
no fi eld-induced electron current could be measured. This 
is to be expected since N-DMBI is by defi nition a hole trans-
porting material (i.e., facilitates easy hole injection as com-
pared to electrons) due to its very high HOMO level (Figure S2, 
Supporting Information). Thus in the case of the formation of 
a phase separated semiconductor/N-DMBI bilayer-like system, 
we expect no, or very little, contribution to the electron current 
through the formation of a parasitic N-DMBI parallel channel. 
Finally, the differences between the electron affi nities of dif-
ferent fullerenes might also have an impact since differences 
between the LUMO levels of substituted and unsubstituted 
fullerenes do exist (Figure S2, Supporting Information). 

 To investigate the possible impact of variations in the chem-
ical reaction leading to doping we have studied solutions of 
each fullerene molecule with N-DMBI via absorption spectros-
copy. To achieve suffi cient doping a dopant ratio of 50% was 

chosen with the concentration of the solutions maintained 
at 0.1 mg/mL in total solids. For the purpose of comparison, 
important experimental conditions such as time between solu-
tion preparation and measurement, was kept constant for 
all material blend systems investigated.  Figure    5   displays the 
absorption spectra of neat N-DMBI and the various pristine/n-
doped fullerene solutions. Spectra of [60]PCBM, [70]PCBM, 
C 60  and C 70  solutions show the development of a new absorp-
tion peak in the near infrared region. The latter lies around 
1033 nm for [60]PCBM, 1324 nm for [70]PCBM, 1078 nm for 
C 60  and 1380 nm for C 70 . These additional absorption peaks are 
attributed to the formation of fullerene anions, which suggests 
the donation of an electron to the fullerene carbon cage. [ 29,41 ]  
Interestingly, this is not the case for ICBA where no extra 
absorption peak can be observed in good agreement with the 
very small, if any, n-doping effect measured from the operating 
characteristics of ICBA transistors as a function of increasing 
N-DMBI concentration (Figure  2 , 4 b). Since the ICBA used in 
this study is characterized by low chemical purity, we speculate 
that N-DMBI might also react with specifi c impurities, which 
in turn would forbid ionization of the fullerene cage. However, 
because of the very high content of the dopant ratio (50%) used 
in all solutions, the effect of impurities should not be the deter-
minant factor and signs for signifi cant doping should still be 
measurable—if n-doping was indeed taking place—something 
which is clearly not the case as evident from both from the elec-
trical and optical measurements. Another plausible, and very 
probable, explanation is a lower hydride affi nity of ICBA than 
of neat fullerenes. Such lower affi nity may lead to slower reac-
tion kinetics which perhaps forbids the reaction entirely (see 
argument (i) above). However, detailed study of the mechanism 
is beyond the scope of this study and will be the subject of 
future investigations.  

 The effect of possible dopant segregation was also investi-
gated using atomic force microscopy measurements (AFM) 
performed on as-cast, pristine and N-DMBI doped fullerene 
fi lms.  Figure    6   displays high resolution (2 µm × 2 µm scans) 
AFM topography images of the different fullerene fi lms. Pris-
tine fi lms (top row) appear very fl at with a root-mean-square 
(RMS) surface roughness well below 1 nm. For [60]PCBM, 
[70]PCBM, ICBA and C 70  the fi lms surface RMS roughness 
does not change with dopant ratio. In contrast, C 60  fi lms fea-
ture aggregates—possibly N-DMBI nucleated C 60  nanocrys-
tals—with an average height of up to 50 nm, which appear 
in N-DMBI doped samples. The formation of these struc-
tures leads to a sharp increase in the RMS surface roughness 
(Figure S3, Supporting Information). From the AFM data we 
conclude, with the exemption of C 60,  that doped and undoped 
fi lms appear equally smooth and show no indication of signifi -
cant dopant segregation.  

 In an effort to further assess the impact of the n-doping pro-
cess on the overall transistor performance, we have performed 
gate bias stress stability measurements under inert atmos-
phere (dry nitrogen). It has previously been shown that the 
presence of shallow traps within the semiconducting channel 
deteriorates the bias stability of the transistors. [ 42 ]  Therefore, 
deactivation of such trapping states via intentional doping is 
expected to have a positive impact on bias stability and poten-
tially on long range charge transport within the device. To test 
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 Figure 5.    UV–Vis–NIR absorbance spectra of the dopant and dopant 
semiconductor mixtures measured in solution (CB for N-DMBI, PCBM, 
ICBA, and DCB for C 60 /C 70 ). The development of new absorbance peaks 
upon doping in the near infrared can be accounted to the creation of 
fullerene anions.
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this hypothesis we have measured the evolution of the channel 
ON current ( I  D ) measured under constant gate and drain 
bias ( V  G  = V  D  = 40 V for [60]PCBM and [70]PCBM;  V  G  = 40 V, 
 V  D  = 120 V for ICBA;  V  G  = V  D  = 10 V for C 60  and C 70 ), as a 
function of bias stress time up to 2 h.  Figure    7   displays the 
gate bias stress measurements for fullerene transistors at dif-
ferent dopant concentrations. Close examination of the bias 
stress data reveals a number of interesting characteristics. For 
example in pristine devices (solid squares), gate bias stressing 
is found to have a less signifi cant impact on [60]PCBM devices 
than on [70]PCBM transistors. Specifi cally, the drain current in 
pristine [60]PCBM devices decreases by ≈5% while in the case 
of [70]PCBM transistors we observe a rather dramatic reduction 
of ≈25% ( Table    2  ). Devices based on pristine ICBA exhibit an 
intermediate bias stress response with the current dropping by 
approximately 10%. Despite the higher electron mobility, the 
operating stability of undoped C 60  and C 70  transistors appears 
more sensitive to gate bias stressing. Specifi cally, the drain cur-
rent of C 60  TFTs decreases by approximately 50% and by more 
than 40% in case of C 70  transistors. Interestingly, at moderate 
dopant concentrations (0.1%) the bias stability of the devices 
[60]PCBM, [70]PCBM and ICBA appears to be comparable to 
that of the undoped devices (open circles), which is a good indi-
cation that the dopant is electrochemically stable once in the 
blend. At higher doping concentrations (1–2%), the impact of 
n-doping is found to vary depending on N-DMBI concentra-
tion and the specifi c fullerene derivative used (open triangles). 
For instance, the bias stability of [60]PCBM devices doped 

with 1 mol% of N-DMBI is found to be reduced while for [70]
PCBM devices this effect appears to be less pronounced. Simi-
larly, ICBA devices become more susceptible to bias stressing 
at a higher dopant concentration (≥2%). This degraded bias-
stress behavior observed in all three substituted fullerenes is 
consistent with the formation of electron traps upon doping 
in parallel to creation of free/mobile electrons (Figure  2 b), at 
least in the case of [60]PCBM and [70]PCBM transistors where 
doping appears to lead to formation of a signifi cant amount of 
excess electrons. However, this is not the case for ICBA devices 
where doping appears to induce more traps than free electrons, 
as evident by the negative value of Δ e  − . This interplay of the 
two competing mechanisms namely the formation of; i) free 
electrons, and ii) electron traps, is also in qualitative agreement 
with the decrease in the subthreshold slope (SS) seen in the 
transfer characteristics of Figure  2  (lower SS value is indicative 
of higher trap concentration at the interface) as well as with the 
reduction of the electron mobility as a function of increasing 
doping concentration (Figure  4 a). From these results it can be 
concluded that doping of the three fullerene derivatives leads 
to the formation of both free electrons as well as electron traps. 
Depending of the relative contribution by each process, doping 
can therefore lead to; i) formation of excess mobile electrons 
(manifested as a negative shift in  V  TH ) and electron traps (man-
ifested as a reduction in SS), and ii) formation of high concen-
tration of electron traps, that exceeds that of the free electrons 
induced by the dopant resulting to a positive shift in  V  TH  and in 
a negative Δ e  − . These results demonstrate the versatility of the 
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 Figure 6.    AFM topography images of pristine and doped fullerene fi lms. The size of each scan is 2 µm × 2 µm with the different rows representing 
fi lms with different doping concentrations (mol%).
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fi eld-effect measurements as a valuable tool for discriminating 
between the different doping effects.   

 Unlike the substituted fullerenes-based devices, doping 
of C 60  and C 70  transistors, even at very low concentrations, is 

found to signifi cantly improve the overall device bias stability 
(Table  2 ). As discussed earlier, this effect is most likely attrib-
uted to the fi lling of shallow electron traps that are present in 
the pristine fi lms. Although introduction of electron traps –due 
to structural defects induced by the presence of the dopant 
molecules– cannot be ruled out, the concentration of dopant-
induced mobile electrons (Figure  2 b) far outweighs that of the 
electron traps, leading to an overall positive effect. Therefore, 
the observed improvement in operating stability of these high 
electron mobility C 60  and C 70  transistors with chemical doping 
is an important fi nding as it represents a simple and promising 
route to the development of high performance solution-pro-
cessed electronics.  

  3.     Conclusion 

 In summary we have studied the infl uence of n-doping on 
solution-processed C 60 , C 70 , [60]PCBM, [70]PCBM and ICBA 
using the molecular dopant N-DMBI via a combination of 
optical spectroscopy and electrical fi eld-effect measurements. 
Although it is established that N-DMBI is able to n-dope all 
studied fullerenes, we have demonstrated signifi cant differ-
ences in the doping effi ciency and overall device operating 
stability. The n-doping effi ciency in unsubstituted C 60  and C 70  
fullerenes was found to be approximately two orders of magni-
tude higher than for [60]PCBM, [70]PCBM and ICBA deriva-
tives. This interesting fi nding contradicts the assumption of 
a direct electron transfer from N-DMBI to the fullerene mol-
ecules [ 27 ]  and supports the hydride transfer mechanism pro-
posed by Naab et al. [ 29 ]  Through the use of optimized doping 
concentrations, we were able to demonstrate solution pro-
cessed n-channel C 60  and C 70  transistors with electron mobil-
ities close to 2 cm 2 /Vs. In addition to the benefi cial effect of 
n-doping on electron transport in C 60  and C 70 , a signifi cant 
improvement of the transistor gate bias stability was observed 
and was attributed to the screening of shallow electron traps 
by dopant-induced free carriers. The present work highlights a 
simple and reliable method that can be used for simultaneous 
optimization of charge transport and device bias stability. We 
believe that the positive doping effects demonstrated here 
using this simple doping protocol could be generic and appli-
cable to other material systems.  

  4.     Experimental Section 
  Transistor Fabrication and Material Processing : Bottom-gate, 

top-contact (BG-TC) transistors were fabricated using Si ++ /SiO 2  
wafers acting as the common gate electrode and the gate dielectric 
(400 nm in thickness), respectively. As the hydroxyl groups present in 
the surface of the SiO 2  are reactive and know to introduce electron 
trap states at the interface between the gate dielectric and the 
semiconductor, its surface was passivated by spin coating a thin layer 
of divinyltetramethyl disiloxane-bis(benzocyclobutene) (BCB) from 
a 1:20 diluted solution in trimethylbenzene at 3000 rpm followed by 
a slow ramp-up of 100 °C per hour to 250 °C where it is annealed 
for 3 h in nitrogen atmosphere. [60]PCBM (99.5% Solvenne), [70]
PCBM (99% Solvenne), and ICBA (99% Solvenne), fi lms were spin-
cast from 5 mg/mL chlorobenzene (CB) solutions at 2000 rpm in 
nitrogen atmosphere. The unsubstituted C 60  (99.5% Sigma-Aldrich), 
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 Figure 7.    Bias stress measurements obtained for different fullerene-
based transistors under the following biasing conditions:  V  G  =  V  D  = 40 V 
for [60]PCBM and [70]PCBM;  V  G  = 40 V,  V  D  = 120 V for ICBA;  V  G  =  V  D  = 
10 V for C 60  and C 70 .

  Table 2.    Summary of the evolution of the transistor channel current 
under bias stress for 2 h. Here I D (0h) indicates the channel current 
before bias stress, while  I  D (2 h) the channel current after continuous 
bias stress for 2 h. Bias stress measurements were performed in dry 
nitrogen at;  V  G  =  V  D  = 40 V for [60]PCBM and [70]PCBM devices; 
 V  G  = 40 V,  V  D  = 120 V for ICBA devices;  V  G  =  V  D  = 10 V for C 60  and 
C 70  devices.  

   I  D (2 h)/ I  D  (0 h)

Dopant [mol%] pristine 0.1% 1%

[60]PCBM 0.95 0.91 0.88

[70]PCBM 0.75 0.76 0.72

Dopant [mol%] pristine 1% 2%

ICBA 0.89 0.90 0.77

Dopant [mol%] pristine 0.005% 0.02%

C 60 0.45 0.75 0.84

C 70 0.57 0.78 0.78
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and C 70  (99% Solvenne), fullerenes were processed by drop-casting 
directly onto the Si ++ /SiO 2 /BCB substrates from 5–10 mg/mL 
1,2-Dichlorobenzene (DCB) solutions and subsequently vacuum dried 
at 10 −5  mbar for 10 min. For the doping experiments, the molecular 
dopant N-DMBI (98% Sigma-Aldrich) was added to the solution 
in molar ratios ranging from 0.005% to 5%. After fi lm fabrication 
the samples are annealed in nitrogen atmosphere for 16 h at 75 °C. 
Finally, 50 nm-thick Aluminium (Al) top source–drain (S–D) contacts 
were thermally evaporated directly onto the active layer under high 
vacuum using appropriate shadow masks. 

  Transistor Characterisation : The electrical characteristics of as-prepared 
transistors were measured in nitrogen atmosphere using a 2-channel 
Agilent B2986 system. 

  Optical Characterisation : For absorption spectroscopy a Shimadzu 
UV2600 absorption spectrometer is used. The materials were dissolved 
in the respective solvents in inert atmosphere and the quartz cuvettes 
were sealed to avoid oxidation. The time between mixing the solution 
and recording the spectrum is kept constant for all materials systems 
at 10 min. The dopant ratio of the doped solution was 50% and the 
concentration of all solutions was 0.1 mg/mL. 

  Atomic Force Microscopy Measurements : Atomic force microscopy 
measurements (AFM) were performed in intermitted contact mode 
using an Agilent 5500 system in air.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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