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The family of soluble fullerene derivatives comprises a widely studied group of electron
transporting molecules for use in organic electronic and optoelectronic devices. For electronic
applications, electron transporting (n-channel) materials are required for implementation into
organic complementary logic circuit architectures. To date, few soluble candidate materials have
been studied that fulfill the stringent requirements of high carrier mobility and air stability. Here
we present a study of three soluble fullerenes with varying electron affinity to assess the impact of
electronic structure on device performance and air stability. Through theoretical and experimental
analysis of the electronic structure, characterization of thin-film structure, and characterization of
transistor device properties we find that the air stability of the present series of fullerenes not only
depends on the absolute electron affinity of the semiconductor but also on the disorder within the
thin-film. © 2011 American Institute of Physics. [doi:10.1063/1.3605531]

. INTRODUCTION that mobility degradation is a result of electron trapping by
adsorbed atmospheric oxidants,”'! namely water and oxygen.
Stability is therefore determined by the molecular orbital ener-
getics of the semiconductor'®'* and morphological kinetic
barriers'”'? against oxidant diffusion. Both analyses in the lit-
erature'! and empirical studies'®'? have concluded that if the
LUMO level of the semiconductor can be lowered below the
trap energy of atmospheric oxidants then the semiconductor
anionic species should be stable against electron trapping. In
particular, an analysis by Jones er al.'® concluded that the rate
of degradation in a series of arylene diimides upon atmos-
pheric exposure scales with electron affinity up to ~4.3 eV
(obtained by solution phase electrochemical measurements) at
which point long term stabilization is possible. Usta er al.'?
found that the onset of stabilization was achieved at an elec-
tron affinity in the range of 4.0—4.1 eV.

One family of electron-transporting carbon-based semi-
conductors that has received significant attention is the fuller-
enes. Thin-films of insoluble Cgy have been found to exhibit a
high field-effect electron mobility of up to 6 cm?*/Vs.'*!?
Chemical derivation of the parent carbon cage has yielded
soluble fullerene derivatives that have been successfully used
in electronic'®?? and optoelectronic>>® devices as electron
transporting/accepting materials. Previous work on improving

Exploiting the potential of solution processable organic
field-effect transistors (OFETs) for low-cost logic applica-
tions has been an ambition of the organic semiconductor
research community for several years. To optimize the
speed, stability, and power consumption of organic logic cir-
cuits a complementary device architecture is used, which
requires both n- and p-channel (electron and hole transport-
ing) organic semiconductors.'* To minimize costs both com-
mercially and for researchers, using air-stable semiconductor
materials circumvents the necessity for fabrication under
inert atmospheric conditions and/or additional encapsulation
layers. Previous efforts in the development of air-stable
p-channel organic semiconductors have yielded high
performance materials.”> However, producing solution
processable air-stable n-channel devices with equivalent per-
formance has only been achieved in the last few years®™® and
remains challenging for many families of materials.

Improving the air stability of electron transporting solu-
tion processable organic semiconductors has proven to be a
difficult problem to overcome. The current understanding of
the origin of atmospheric instability of n-channel materials is

Y Author to whom correspondence should be addressed. Electronic mail: the stability of fullerene derivatives in transistors has focused
thomas.anthopoulos@imperial.ac.uk. on chemical doping to increase the mobile charge density or
0021-8979/2011/110(1)/014506/9/$30.00 110, 014506-1 © 2011 American Institute of Physics
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modifying the side-group to produce a kinetic barrier to oxi-
dant diffusion. Specifically the introduction of fluorocarbon
side-chains was found by both Wiobkenberg et al.*® and Chi-
kamatsu e al.'® to yield improved stability of OFET perform-
ance in comparison with 6,6-phenyl-Cg;-butyric acid methyl
ester ([60]PCBM), the widely studied benchmark fullerene
(Fig. 1(a)). The use of fluorocarbon as opposed to hydrocar-
bon side chains is thought to improve air stability by reducing
the free volume through which oxidants can diffuse to the
channel due to the increased van der Waals radius of fluo-
rine,'” by increasing hydrophobicity to limit water diffusion,
and/or by increasing thin-film crystallinity.'® However, direct
chemical modification of the carbon cage to increase the elec-
tron affinity of fullerenes derived from Cg is yet to be investi-
gated with regards to air-stability.

The soluble PCBM derivative of Cgy has been shown to
exhibit improved air-stability in comparison to its Cgy analog
as a result of its higher electron affinity.’* However, the low
production yield currently limits application of the molecule.
Previously, Brabec et al>" used a series of Cg derivatives for
investigation of the effect of the LUMO level of the acceptor
on the open circuit voltage (Vo) in bulk heterojunction (BHJ)
solar cells. They concluded that the off-set between the donor
HOMO and the acceptor LUMO plays an important role.*' In
their study they used the soluble quasifullerene N-3-(2-ethyl-
hexyloxy)benzyl ketolactam (Ketolactam-1, Fig. 1(b)). The
authors reported that this chemical change to the structure of
the cage resulted in an increase of the electron affinity of the
fullerene relative to [60]PCBM. However, increasing Voc in
BH]J solar cells is achieved by lowering the electron affinity of
the acceptor. One fullerene that has received recent attention
toward this aim is the bis-adduct of PCBM (bis-PCBM,
Fig. 1(c)).32*35 These two materials are therefore useful for
extending the range of LUMO levels of fullerenes for the cur-
rent investigation and may also give insight into degradation
mechanisms applicable to BHJ solar cells.

FIG. 1. (Color online) Chemical structures of (a) [60]PCBM, (b) Ketolac-
tam-1, and (c) bis-PCBM (one possible isomer). (d) HOMO and (¢) LUMO
spin densities for a ketolactam quasifullerene (equivalent to Ketolactam-1
with a truncated alkyl side chain) as calculated by DFT.

J. Appl. Phys. 110, 014506 (2011)

In the present paper we study a series of three soluble
fullerenes with different electronic structures and investigate
structural effects on air stability in this family of materials.
We present data on the electronic structure of fullerene
derivatives based on density functional theory (DFT) calcu-
lation of isolated molecules; ultraviolet photoelectron
spectroscopy (UPS), and inverse photoemission spectros-
copy (IPES) of solid state films; and solution phase cyclic
voltammetry (CV). The impact of the electronic structure
modification on device performance is assessed. Thin-film
characterization by atomic force microscopy (AFM) and dif-
ferential scanning calorimetry (DSC) suggest only minor
microstructural differences in films as deposited from solu-
tion despite differences emerging following thermal treat-
ment. Water contact angle measurements suggest negligible
differences in hydrophobicity between the fullerene thin-
films. Finally, temperature-dependent charge transport meas-
urements suggest that the extent of energetic disorder in the
semiconductor plays an important role in determining the
atmospheric stability of these fullerenes. On the basis of sta-
bility and charge transport studies we conclude that the
energy required for hopping between localized semiconduc-
tor states relative to the energy required for hopping into a
trap state determines the relative anionic stability against
electron trapping by atmospheric oxidants in the present
group of fullerenes.

Il. EXPERIMENTAL METHODS
A. Transistor fabrication and characterization

Bottom-gate, top-contact transistors were fabricated on
doped Si wafers that served as both the substrate and the
gate electrode with a thermally grown 400 nm SiO, insulat-
ing layer. The gate oxide was passivated”” by spin-coating a
solution of divinyltetramethyl disiloxane-bis(benzocyclobu-
tene) (BCB) diluted at a ratio of 1:20 (by volume) in trime-
thylbenzene at 3000 rpm followed by thermal annealing at
250 °C for 1 h under N,. The oxide-polymer composite gate
insulator has a calculated geometric capacitance (C;) of 7.7
nF/em? (Cpep =714 nF/em® and Cji.0 = 8.6 nF/cm?).?
Fullerenes were spin cast onto the composite dielectric from
1 wt. % chlorobenzene solutions (filtered through a 0.2 um
PTFE filter) under N,. Devices were completed following
shadow mask evaporation of Au or Al source and drain con-
tact electrodes under vacuum. Basic transistor measurements
were conducted under N,. Samples were transferred to a vac-
uum probe station (~107> mbar) for temperature-dependent
charge transport measurements and were left under vacuum
for a minimum of 12 h before commencing measurements to
ensure desorption of impurities. Air stability measurements
were performed in the laboratory atmosphere with humidity
and temperature maintained at ~30% and ~19 °C respec-
tively. Current-voltage measurements were performed using
a Keithley 4200-SC Semiconductor Parameter Analyzer.

B. Electronic structure determination

Fullerene thin-films (with a thickness of ~20 nm) were
prepared for UPS/IPES by spin coating 10 mg/ml solutions of
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each material in chlorobenzene onto cleaned ITO glass sub-
strates. The samples were packaged under N, at Imperial Col-
lege London and sent to Princeton University for electronic
structure determination. The samples were transferred to an
ultrahigh vacuum system (base pressure =2 x 10~ '° Torr) for
UPS/IPES measurements. A He discharge lamp was used as
the UV light source and both UPS He I (hv =21.22 eV) and
He II (hv =40.81 eV) data were collected. For IPES measure-
ments, to minimize beam damage, data were collected from 9
different spots on the samples and averaged. Measurement
uncertainties are 0.15 eV for UPS and 0.45 eV for IPES.
Cyclic voltammetry was performed using an Autolab
PGStat100 with platinum working and counter electrodes
and a silver reference electrode. The voltage was measured
(scan rate 10 mV/s) for a solution of each material in ortho-
dichlorobenzene:acetonitrile (4:1) relative to ferrocene (Fc/
Fc™) using BuyNPF, (0.1 M) as the supporting electrolyte.
Analyte concentrations were typically ~107> M.

C. Thin-film characterization

For thermal analysis, thin-films of the fullerene deriva-
tives were produced by preparing homogeneous solutions of
each fullerene at 1 wt. % in chlorobenzene followed by drop
casting onto a clean glass substrate. The solvent was evapo-
rated at ambient leaving 1-5 mg of material to be used for
the differential scanning calorimetry (DSC) experiments.
These measurements were conducted under nitrogen at a
scan rate of 10 °C/min using a Mettler Toledo DSC822.

AFM (Pacific Nanotechnology) measurements were per-
formed in the channel of transistor structures prepared as
described above. Measurements were performed in ambient
atmosphere.

Water contact angle measurements were performed on
spin-cast fullerene thin-films following the same fabrication
procedure as used for OFETs. Measurements were per-
formed using a Kriiss Drop Shape Analysis system in air
with humidity and temperature maintained at ~40% and
~20 °C, respectively.

Ill. RESULTS AND DISCUSSION
A. Electronic structure of fullerenes

Figure 1 shows the molecular structure of the three full-
erenes used in the present study. The relief of strain is the
main driving force for additions to fullerenes, so chemical
changes to the cage alters both their symmetry and the

J. Appl. Phys. 110, 014506 (2011)

carbon-carbon bond lengths. This results in a modification of
the electronic structure.’® The three derivatives each have
different or multiple side-chain bonding, hence, different
molecular orbital energies. Ground state DFT calculations
were performed to obtain the electronic structure of a single
molecule of each material given in Fig. 1. The calculated
energetic positions of the highest occupied (HO) and lowest
unoccupied (LU) molecular orbital (MO) are summarized in
Table I. Experimentally bis-PCBM is processed as an iso-
meric mixture.”>> The values quoted are the mean MO ener-
gies accounting for all structural isomers.** The LUMO is
derived by adding the energy of the first singlet excitation
calculated using time-dependent DFT (b3lyp/6-31 g*) to the
energy of the HOMO calculated from hybrid DFT (b3lyp/6-
31 g*). Further details on the calculation method have been
published elsewhere.** The calculations suggest that this se-
ries of fullerenes exhibits an increasing electron affinity from
bis-PCBM to [60]PCBM to Ketolactam-1. The frontier or-
bital spin densities for a ketolactam quasifullerene with an
equivalent cage structure to Ketolactam-1 and truncated
side-chain are shown in Figs. 1(d) and 1(e). The HOMO spin
density indicates regions of accessible oxidation. The
LUMO spin density indicates regions of oxidation or trap-
ping of the charge transporting anion. Increasing the length
of the alkyl side-chain was found to have no effect on the
calculated MO energies.

Both solution phase cyclic voltammetry (CV) and UPS/
IPES measurements in the solid state were used for experi-
mental estimation of the MO energies. It should be empha-
sized that the DFT calculation is based on an isolated
molecule in vacuum at 0 K. Both temperature and the sur-
rounding medium may influence the experimental measure-
ments. Therefore, only trends in electronic structure
variation by cage modification will be compared between
experiment and calculation and not the absolute values for a
particular fullerene. The results of CV measurements to
obtain the first reduction potential of each fullerene are sum-
marized in Table I. The LUMO levels of mono- and bis-
PCBM are obtained by assuming37 ELumo=— (4.8 +E..q),
where 4.8 eV is the ionization potential of Fc/Fc™. The
LUMO level of Ketolactam-1 is obtained assuming a differ-
ence in reduction potential relative to [60]PCBM, as given
by Ref. 31. Good agreement in the trend of increasing elec-
tron affinity of the fullerenes between calculation and experi-
ment is obtained.

Solid thin-films were prepared for UPS/IPES measure-
ments by spin coating each semiconductor onto clean ITO

TABLE I. Summary of material and device parameters. j,, and V; were extracted from devices with L =20 um, W= 1500 um and Al top contact electrodes
at Vp =50 V. Mobility as a function of exposure time (i - o) was extracted from devices with L =350 um, W= 1500 um and Au top contact electrodes at

Vp=50V
HOMO (eV) LUMO (eV)

Hsar Time (min) for
Molecule DFT UPS CcvV DFT IPES (&% (cm?/Vs) Ve (V) es0=0.1p_¢
[60]PCBM —-5.6 —-5.8 - -3.7 —3.80 —3.72 0.09 9.0 ~390
Ketolactam-1 -5.9 —6.0 - —4.0 —4.17 —3.89% 0.008 5.8 ~520
bis-PCBM —-5.5 —6.0 - -3.6 -3.6 —3.60 0.003 5.8 ~4
“Ref. 31
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FIG. 2. Ultraviolet photoelectron spectra (UPS) and inverse photoemission
spectra (IPES) taken from thin-films of (a) bis-PCBM and (b) Ketolactam-1
for experimental determination of the electronic structure of fullerenes.

coated glass substrates. The spectral data from measurements
of Ketolactam-1 and bis-PCBM are shown in Fig. 2 and the
extracted energetic positions of the HOMO and LUMO are
given in Table I. The UPS/IPES peaks associated with the
occupied and unoccupied molecular orbitals are broadened
as a result of static and dynamic disorder in the solid state.
The states at the edge of the HOMO and LUMO distributions
are of most relevance to charge transport. Therefore, the
HOMO and LUMO energies are estimated from the onset of
the closest peak to the Fermi level in the photoelectron and
inverse photoemission spectra, respectively. The results
obtained from [60]PCBM compare favorably with a previous
study employing the same techniques.*® The same trend in
increasing electron affinity as observed in DFT and CV
results is obtained with IPES measurements. Interestingly,
the LUMO level of Ketolactam-1 measured using this
method is comparable to the onset electron affinity previ-
ously reported as a requirement for air-stable electron
transport.' >

B. Thin-film characterization

Following estimation of the electronic structure of the
fullerenes, a series of thermal and microstructural analyses
were conducted to assess any possible differences in thin-
film morphology that may influence either charge transport
or air stability. AFM was used to assess the thicknesses as

e 2.84nm

4.40nm

J. Appl. Phys. 110, 014506 (2011)

well as any differences in the surface morphology between
the fullerene films. AFM images of thin-films of each of the
three fullerenes spin-cast from 1 wt. % chlorobenzene solu-
tions are shown in Fig. 3. The thin-film thicknesses were
estimated to be 36 nm, 29 nm, and 54 nm for [60]PCBM,
Ketolactam-1, and bis-PCBM, respectively. Furthermore, all
three show a similar smooth and uniform surface with no dis-
cernable features. RMS roughness values for [60]PCBM,
Ketolactam-1, and bis-PCBM thin-films were measured to
be 0.21 nm, 0.23 nm, and 0.35 nm, respectively. The kinetic
barrier afforded by close packing in a crystalline struc-
ture'™'? and the consequences of trapping at grain bounda-
ries'® have been suggested to be important parameters
affecting air stability. However, the AFM images show no
obvious features that could be related to crystalline structure
or obvious differences in the density of grain boundaries for
any of the fullerenes. This suggests the kinetic barrier will
not be a significant variable when comparing air stabilities.

Complementary to AFM, DSC was also performed on
solid films of each fullerene to obtain a more quantitative
picture of both the overall degree of crystallinity and the
thermal behavior of the three fullerenes when deposited from
solution. The thermal behavior of fullerenes is also of rele-
vance to other fields, e.g., for the fabrication of high effi-
ciency organic BHJ solar cells.”>* Films were initially drop
cast onto glass substrates from 1 wt. % chlorobenzene solu-
tions and then transferred to a DSC crucible for thermal anal-
ysis. Although the drop cast films may be morphologically
different from the spin cast films, this data should be indica-
tive of the relative ability of each fullerene to form crystal-
line structures from chlorobenzene solutions.

The first heating and cooling thermograms for each ma-
terial are shown in Fig. 4. A conspicuous difference in the
thermal behavior was found for the three fullerenes. Solution
cast [60]PCBM initially formed a predominantly amorphous
structure that recrystallizes upon heating. This is evident
from the exothermic transition at ~190 °C observed in the
first heating cycle. A pronounced melting endotherm of the
crystalline [60]PCBM phase is found at ~280 °C with a cor-
responding enthalpy of fusion of 14.44 J/g. Previous DSC
analysis of [60]PCBM obtained identical features in the first
cooling and second heating cycles.** In comparison, both
bis-PCBM and Ketolactam-1 seem to feature a significantly
lower degree of crystallinity, below the DSC detection limit
(< 10%). As an isomeric mixture, films of bis-PCBM are
expected to be non-crystalline. During the first heating cycle
both bis-PCBM and Ketolactam-1 exhibit broad endothermic
changes which we tentatively attribute to the removal of re-
sidual solvent as these features do not occur for subsequent

FIG. 3. AFM images of thin films of (a)
[60]PCBM, (b) Ketolactam-1, and (c)
bis-PCBM.
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FIG. 4. DSC thermograms during the first heating and cooling cycles
obtained from drop-cast material of each of the three fullerenes studied here.
The enthalpy of fusion for [60]JPCBM is deduced from the area under the
melting endotherm.

heating cycles. For bis-PCBM and Ketolactam-1, the second
and third heating cycles show glass transitions at ~165 °C
and ~100 °C, respectively. The DSC data thus suggest that
as-cast thin-films of all three materials are of a relatively
low degree of crystallinity. Therefore, the relative crystallin-
ity of such as-cast films is unlikely to be a variable when
comparing air stability.

The contact angles of sessile water drops were measured
on the fullerene thin-films to compare their hydrophobicities.
Contact angles of 89°, 87°, and 89° were obtained on
[60]PCBM, Ketolactam-1, and bis-PCBM respectively. This
suggests that water diffusion into the channel may be limited
by its weak interaction with the fullerenes, but similarly so
for each material. This may reduce the rate of transistor deg-
radation resulting from electron trapping by water. The high
water contact angle observed for Ketolactam-1 may be sur-
prising given that the oxygen atoms in the ketolactam group
are expected to be hydrogen bond acceptors. The result sug-

J. Appl. Phys. 110, 014506 (2011)

gests this group does not dominate the macroscopic interac-
tion of Ketolactam-1 films with water.

C. Field-effect transistors measurements

Having established the differences in electronic struc-
ture but similarities in thin-film morphology for the three
fullerenes investigated here we fabricated OFETSs with a bot-
tom-gate, top-contact (BGTC) architecture (see the inset of
Fig. 5). The transfer and output characteristics of devices
based on the three fullerenes using Al source and drain elec-
trodes are shown in Fig. 5. All three show hysteresis-free
current-voltage characteristics. The saturation electron mo-

bility (1) and threshold voltage (V) are calculated from a
172

linear fit of the square-root of the drain current (Ip™") as a
function of gate voltage (V) according to
Ip = uuWCi(Ve — Vr)* /2L, (D

where W and L are the transistor channel width and length,
respectively. The extracted device parameters are summar-
ized in Table I. The values of p,, and threshold charge den-
sity, C;Vr, for [60]PCBM are comparable to previous reports
with similar device architectures.”'*> The output characteris-
tics in Fig. 5 show a linear increase in I, at increasing low
Vp suggesting Ohmic injection with Al contacts. When using
Au contacts, qualitatively, equivalent behavior is observed.
The observation of Ohmic contacts with respect to the
lateral field and the absence of long-range crystallinity
allows the use of the transmission line method*'** to
quantify the contact resistance (Rconacr = Rsource + Rprain)-
Assuming the resistance of the contacts is in series with that
of the OFET channel (Rc,unner), the transmission line method
allows extraction of Rc,,.; Using a linear extrapolation of
the total device resistance of a series of transistors of varying
channel length (but fixed width, W = 1500 ym) to L =0 pum
(i.e., Rcpanner =0 Q). An example of the use of the method is
shown in Fig. 6(a), where the y-axis intercept of each linear
fit determines R, at different values of gate bias. The

10° 4.0
(a) - (d)
6 : 0.3
T ¥
3.0
— “‘- o™ 0.2} /
< 109 J { 220
3 0 e
-1 15
10° . '
1.0 o4
10"0 F Y — [GU]PCBM
----- Ketolactam-1 0.5
= = = his-PCBM
-11 | | 1 | 1 1 1 |
107910 20 30 40 0016 20 30 20 %% 10 20 30 40 °%0 10 20 30 40
Ve V) Vo (V) Vo (V) Vo (V)

FIG. 5. Transistor characteristics obtained from bottom gate top contact (Al) transistors. W = 1500 yum and L =200 um. (a) Saturation regime transfer charac-
teristics at Vi, =50 V for all three fullerenes (inset: device structure used in the present study). Output characteristics of the same devices using (b) [60]PCBM,

(c) Ketolactam-1, and (d) bis-PCBM.
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FIG. 6. (a) Example plot of transmission line method extraction of contact
resistance using transistors based on [60]JPCBM with Au top contacts
(L =200 pm, W= 1500 um). (b) Rconraci/Rchanne ratio for each semiconduc-
tor/electrode system investigated in this report (L =200 pum, W = 1500 um).

energetic barrier to electron injection from the Fermi level of
the metal to the LUMO level of the semiconductor is
expected to contribute to the contact resistance.*>** Addi-
tionally, in a BGTC transistor architecture, any space-charge
effect resulting from charge transport through the thickness
of the semiconductor layer beneath the contact will also con-
tribute to the measured contact resistance following this
method. Because each fullerene has a different electronic
structure and mobility, these effects are difficult to disentan-
gle in this instance. In an attempt to minimize the contribu-
tion of the mobility we use the ratio of Rc,,uci/ Rchanner a8
our figure of merit. This is shown in Fig. 6(b) for each device
structure studied here as a function of gate bias for transistors
of length L =200 um. Figure 6(b) indicates that the values
for Reoniacd Rchanner @re much less than 1 in this device ge-
ometry. This suggests that the I-V characteristics of the devi-
ces are dominated by the semiconducting channel as
opposed to the contacts. As the channel length decreases (not
shown) the resistive contribution due to the contacts does
become significant with respect to the total device resistance.

J. Appl. Phys. 110, 014506 (2011)

When using different electrode metals for the same full-
erene, one observes that increasing the work function
(par=4.2 eV to pa, = 5.0 eV) increases the Rciacid Rchannet
ratio in agreement with an increased barrier to electron injec-
tion into the LUMO level of the semiconductor. The equiva-
lent result has been observed previously in [60]PCBM.>'*?
However, a comparison of the resistance ratio between dif-
ferent fullerenes is more subtle. In particular, bis-PCBM is
expected to exhibit an increased Rc, e/ Rchanner Tatio in
comparison to the other fullerenes, which we do not observe
for all voltages. Additional details of the injection interface,
such as variations in the metal penetration into the semicon-
ductor during top contact deposition*’ and dipole formation
at the metal-fullerene interface modifying the effective injec-
tion barrier*® may be influencing these results, among other
effects.** Further analysis of the charge injection/extraction
mechanism is clearly required for a full understanding of this
discrepancy but is beyond the scope of the current report and
will not be addressed further here.

D. Air stability of fullerene transistors

Following OFET characterization, the air stability of
each fullerene film was assessed using the transistor transfer
characteristics as a function of atmospheric exposure time.
The measurements were carried out in the dark with humid-
ity and temperature maintained at ~30% and ~19 °C respec-
tively. The device structure was equivalent to the previous
OFET measurements, using stable Au source and drain elec-
trodes to avoid degradation of the device performance due to
instability of the contacts. Degradation of the device charac-
teristics due specifically to injection instability, i.e., contact
resistance as a function of exposure time, could not be ex-
plicitly monitored using the present method. This is because
the time scale required for many discrete transmission line
measurements exceeds the time scale over which degrada-
tion occurs at early stages of the experiment.

Figure 7(a) shows the mobility in the saturation regime
as a function of exposure time (u,~o) normalized to the
saturation mobility as measured under inert conditions
(U—o) for all three fullerenes. All fullerenes studied here
suffer from mobility degradation as a function of exposure
time. Bis-PCBM, with the lowest electron affinity, exhibits
the fastest mobility degradation upon atmospheric expo-
sure, in agreement with the hypothesis that the LUMO level
off-set with the reduction potential of atmospheric oxidants
determines air stability. Ketolactam-1, with the deepest
LUMO level, is also unstable despite the observation of a
comparable electron affinity required for stabilization as
obtained in Ref. 12. Both [60]PCBM and Ketolactam-1
show a similar degradation as a function of exposure time
(Ketolactam-1 degrades slightly slower) despite the experi-
mentally obtained difference in electron affinity of ~0.3
eV. This is surprising given that the material characteriza-
tion suggests little difference in the kinetic barrier between
the films. However, because the electron mobilities in these
two materials differ by a factor of ten, the discrepancy
between the result and hypothesis may be related to the
charge transport mechanism.
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FIG. 7. Air stability of fullerenes. (a) Saturation mobility (V=50 V) as a
function of atmospheric exposure time (4, - o) normalized to the saturation
mobility measured under inert conditions (1, — o). (b) Threshold voltage as a
function of atmospheric exposure time.

Figure 7(b) indicates that the threshold voltage in
OFETs based on all three fullerenes increases with exposure
time to air. This suggests that atmospheric oxidants act as
deep traps, which render an increasing density of carriers
immobile with increasing exposure time. Vp appears to satu-
rate for bis-PCBM at exposure times > 100 min. The origin
of this behavior is unclear. The change in V-t increases from
[60]PCBM to Ketolactam-1 to bis-PCBM. OFETSs based on
bis-PCBM may be expected to exhibit the greatest change in
V1, where for a given trap density a relatively larger propor-
tion of transport states will be inaccessible due to the raised
LUMO relative to the other fullerenes. However, the same
argument would suggest that the observed change in Vt in
OFETs based on Ketolactam-1 and [60]JPCBM should be
reversed. Again, this may be related to the charge transport
mechanism in these materials.

E. Charge transport in fullerene transistors

Charge transport in the fullerene-based OFETs was
assessed using temperature (T)-dependent current-voltage
measurements performed under vacuum. All temperature-de-
pendent measurements used transistors with a channel length
of L=200 pum and Al contact electrodes to minimize the
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FIG. 8. (a) Arrhenius plots of the linear regime drain current (Vp=1V,
V=50 V) for all three fullerenes. Lines are best fits for the extraction of
the activation energy in the moderate temperature region. (b) Gate voltage
dependence of the activation energy (moderate temperature) of the drain
current in the linear regime.

influence of contact resistance (see Fig. 6(b)). An example
Arrhenius plot shown in Fig. 8(a) describes the temperature
dependence of I, at V=50 V and V, =1 V (linear regime)
according to

lIIID = —(EA/KBT) —+ 1H1D70, (2)

where E, is the activation energy, Kz is Boltzmann’s con-
stant, and I, o is the current prefactor (I, for T — oo). Meas-
urements are included in Fig. 8(a) for decreasing and then
increasing temperature. The graph shows two distinct
regions, which shall be referred to as the moderate tempera-
ture (350 K>T>200 K) and low temperature (7' < 200 K)
regions. The linear fit to the moderate temperature region is
indicative of thermally-activated hopping transport and has
been observed previously in both soluble fullerenes*”** and
evaporated Cg films.*” The low temperature regime, where
the current becomes almost temperature independent, is typi-
cally attributed to transport dominated by tunneling.
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Figure 8(b) shows the activation energy at moderate
temperatures extracted from Arrhenius plots of /5, in the lin-
ear regime as a function gate bias. The measured activation
energy is a function of the average energy required for a
charge carrier to hop from one transport site to the next.
Qualitatively, in an energetically and spatially disordered
system with either a Gaussian or exponential localized den-
sity of states (DOS) distribution the activation energy for
hopping will depend on the induced charge density. Upon
increasing the gate bias an increasing number of carriers
populate the DOS and more sites become thermally accessi-
ble. This decreases the average activation energy. The rate of
decrease will depend on the energetic distribution of local-
ized states which in general is unknown.

Bis-PCBM is processed as an isomeric mixture and with
its additional side-chain is expected to form films with
increased energetic disorder and reduced packing density in
comparison with [60]JPCBM and Ketolactam-1. It is there-
fore unsurprising to observe higher activation energies for
transport in films of this material. Increased energetic disor-
der may be expected to broaden the DOS distribution result-
ing in larger changes in E4 as the charge density in the
channel increases. Lenes et al. also concluded that the origin
of the decrease in the current in diodes using bis-PCBM
compared to [60]JPCBM was a result of broadening of the
DOS.*

The origin of the difference in £, between Ketolactam-1
and [60]PCBM is not immediately clear. As both molecules
have a similarly sized side-chain and form apparently amor-
phous films on deposition from solution, the difference may
be a result of distortion of the LUMO causing a reduction in
intermolecular orbital coupling. However, the values of E,
may help explain the small difference in air stability between
Ketolactam-1 and [60]JPCBM despite the experimentally
observed differences in LUMO energy. Electron transfer
rates for a hopping process are determined by both the inter-
site coupling and the energetic offset between hopping sites.
The combined contribution of both parameters defines the
thermal activation energy for a hopping event. The relative
electron transfer rates for fullerene-fullerene or fullerene-ox-
idant hopping will determine the degradation of n-channel
transport in the thin-film. For fullerene-fullerene electron
transfer, a higher £, is required for hopping between Keto-
lactam-1 states relative to hopping between [60]PCBM
states. Although the absolute value of localized site energies
with respect to the vacuum level are deeper in Ketolactam-1,
the expected energetic improvement in anionic stability is
offset by the relative increase in the thermal energy required
for the electron to hop to an adjacent fullerene. Although a
deeper LUMO will reduce the hopping probability into trap
states, our results suggest that energetic and spatial disorder
may still influence stability.

IV. CONCLUSION

In summary, we have analyzed the properties of three
soluble Cgo derivatives. We have found reasonable agree-
ment between theory and experiment used to determine
trends in the electronic structure variations imposed by

J. Appl. Phys. 110, 014506 (2011)

chemical modification of the parent carbon cage. Materials
characterization suggests solid films of the fullerenes (pre-
pared as described in the present report) show negligible dif-
ferences in terms of crystallinity and hydrophobicity. The
films were found to be suitable for supporting electron trans-
port in OFETs. These OFETs could be used to assess the air
stability of the electron transport in each fullerene. Although
all three were found to be unstable in air, these measure-
ments coupled with temperature-dependent charge transport
studies suggest that the atmospheric stability of electron
transporting n-channel materials depends not only on the
absolute energy of hopping sites but also on the energetic
disorder within the film. We suggest from these results that
the energy required for hopping between fullerene sites rela-
tive to the energy for hopping into a trap state determines air
stability. These studies may give insight for the atmospheric
degradation mechanism of electron transport in fullerenes
used in both electronic and optoelectronic devices.
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