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ABSTRACT: We prepared an organic conductor crystal having extremely high
electron mobility, in which the adamantylidene (Ad) derivative of La@C82

(an endohedral metallofullerene known as a n-type semiconductor) is aligned
in an orderly fashion. The single-component crystal exhibits high electron
mobility of μ > 10 cm2 V-1 s-1 along the c axis under normal temperatures and
pressures in the atmosphere, as shown by flash-photolysis time-resolved
microwave conductivity (TRMC) measurements, which are the highest of
reported organic conductors measured by TRMC. According to density func-
tional calculations, the single crystal of La@C82Ad is semi-metallic, with a
small band gap of 0.005 eV.

’ INTRODUCTION

Nanostructures with well-controlled composition and crystal-
linity are fascinating because of their structure-property rela-
tions and scientific and technological applications attributable to
their dimensional anisotropy.1 The research field of nanoscale
organic electronics has received broad attention because of its
operating principles and valuable fabrication techniques of nano-
scale materials.2 To date, several organic conductingmaterials3-7

have become known, with charge-carrier mobilities determined
as 4.1 � 10-4-2.4 cm2 V-1 s-1 using the time-resolved
microwave conductivity (TRMC) measurement.6,7 The TRMC
measurement has served as an electodeless measurement tool for
the determination of the intrinsic charge-carrier mobility in
conjugated organic materials.4 Meanwhile, endohedral fullerenes
have attracted interest as new spherical molecules with unique
structures and properties that are unexpected for empty
fullerenes.8 Endohedral metallofullerenes have attracted special
interest as building blocks of future nanoscale electronic devices
and conducting materials because they have low oxidation and
reduction potentials.9 Although the formation of crystals of
endohedral metallofullerenes remains difficult, chemical deriva-
tization allows for their efficient crystallization.10 Herein, we in-
vestigate the charge-carrier mobilities of the single crystal and
other molphorogies of the La@C82Ad derivative11 by TRMC
and time-of-flight (TOF)12 measurements.

’EXPERIMENTAL SECTION

The La@C82Ad derivative was synthesized using the regioselective
reaction of La@C82 with 2-adamantane-2,3-[3H]-diazirine.11 The iso-
lated La@C82Ad was dissolved in CS2 and crystallized, evaporating the
solution slowly at low temperature. The nanorods of La@C82Ad were
prepared by layering a solution of La@C82Ad in CS2 with 2-propanol at
room temperature. After the two layers became homogeneous, needle-
like precipitates (La@C82Ad nanorods) were obtained. The La@C82Ad
nanorods were characterized as single-crystal-morphous.13 The C60Ad
(5,6-adduct) was prepared by the reported procedure.14 To compare to
the charge-carrier mobilities, the CS2 solutions of La@C82, La@C82Ad,
and C60Ad were drop-casted onto the substrate.
TRMC Measurement. Nanosecond laser pulses from a Nd:YAG

laser {INDY-HG [full width at half maximum (fwhm) of 5-8 ns],
second harmonic generation (SHG) (532 nm) and third harmonic
generation (THG) (355 nm); Spectra-Physics} were used as excitation
sources. The laser power density was set to 0.1-30 mJ/cm2 (0.09-
5.1� 1016 photons/cm2). For TRMC measurements, the microwave
frequency and power were set at approximately 9.1 GHz and 3 mW,
respectively, so that the charge-carrier motion was not disturbed by the
low electric field of the microwave. The TRMC signal picked up by a
diode (rise time < 1 ns) is monitored using a digital oscilloscope. All
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experiments described above were conducted at room temperature. The
transient photoconductivity (Δσ) of the samples is related to the
reflected microwave power (ΔPr/Pr) and the sum of mobilities of
charge carriers as

ÆΔσæ ¼ 1
A
ΔPr
Pr

ð1Þ

and

Δσ ¼ eNφ
X

μ ¼ eI0Fj
X

μ ð2Þ

where A, e, φ, N,
P

μ, I0, and F represent a sensitivity factor, the
elementary charge of an electron, the photocarrier generation yield
(quantum efficiency), the number distribution of absorbed photons per
unit volume, the sum of mobilities for negative and positive carriers, the
incident light intensity, and the spatial distribution factor of charge
carriers wighted by the electric field strength in the cavity (filling factor),
respectively.3,15-17 Polarization of the laser pulses is isotropic. All cry-
stals are mounted on quartz rods and overcoated with polysiloxane. The
experimental setup is presented in Figure S1 in the Supporting Informa-
tion. The number of photons absorbed by the crystals is estimated
through direct measurement of the transmitted power of laser pulses
through the (quartz rod)-(crystal with PMMA binder)-(quartz rod)
geometry (Figure S1 in the Supporting Information) using an Opher
NOVA-display laser power meter. The quartz rod is rotated in the
microwave cavity. Then, the changes in the effective electric field in the
crystals by the rotation of the samples are calculated numerically based
on the geometry of the crystals captured using a digital charge coupled
device (CCD) camera, leading to the negligible changes of the value of
F = 3840-3860 m-1 (single crystal) and 8480-8520 m-1 (nanorod)
for the measured values of Δσ. The error analysis of the final values of
mobility was carried out on the basis of the errors in the numbers of
photons absorbed in the crystals derived from the power meter and the
estimate of the light scattering observed for the identical geometry of the
quartz rods unmounted from the crystals.

The values ofφ in the compounds were determined by a conventional
photocurrent measurement in a vacuum chamber (<10-5 Pa) using
interdigitated Au electrodes with a 5 μm gap under excitation at 355 or
532 nm with a power density of 4.1 � 1014-5.4 � 1016 photons/cm2.
The transient current was observed predominantly under the applied
bias of 0-20 V (ca. 0-4.0� 104 V cm-1) and monitored using a source
meter (2612; Keithley Instruments, Inc.). The photocarrier generation
yield was estimated from the I-V traces under dark/355 (532) nm
illumination conditions. Other details of the set of apparatus were
described elsewhere.5,12,18,19

TOF Measurement. The photogenerated carrier drift mobility
was measured using the current-mode TOF technique. The CS2

solution of La@C82, La@C82Ad, and C60Ad were drop-casted onto an
Al substrate to 22-52 μm thickness. They were in turn sandwiched with
a semi-transparent Au top electrode. The current transients were mea-
sured at 293 K after 12 h of annealing at 373 K under high vacuum
conditions and photoexcited at the upper surface of film using a 337 nm
pulse from the N2 laser. The log-log plots of the current transient
observed for drop-casted La@C82, La@C82Ad, and C60Ad are presented
in Figire S2 in the Supporting Information.
Characterization. To characterize the structure and morphology

of La@C82, La@C82Ad, and C60Ad drop-casted from CS2 solution on
the substrate, scanning electron microscopy (SEM) observations were
carried out using a JSM-7001 of JEOL, Ltd. at 15.0 kV. Atomic force
microscopy (AFM) and dynamic force microscopy (DFM) observations
were carried out using a Nano-Navi II scanning probemicroscope of SII-
Nanotechnology, Inc. X-ray diffraction (XRD) patterns were taken on
PANalytical X’Pert Pro MPD with Cu KR radiation (λ = 1.542 Å),
operating at 45 kV and 40 mA. The XRD sample was prepared by
depositing a sample in CS2 solution on a nonreflective substrate.

’RESULTS AND DISCUSSION

The single crystal of La@C82Ad was prepared by evaporating
the solution slowly at low temperature. The crystal structure that
was determined is shown in panels a and b of Figure 1.

To determine the transient conductivity, the TRMC mea-
surement of the single crystal of La@C82Ad was conducted. Its
anisotropy was observed by rotating the sample stage relative to
the direction of the microwave electronic field in the resonant
cavity. As Figure 2 shows, the maximum value of the transient
conductivity (φ

P
μ) reaches 3.5 ( 0.5� 10-3 cm2 V-1 s-1

along the c axis, where φ and
P

μ denote the photocarrier
generation yield (quantum efficiency) and the sum of mobilities
for positive and negative charge carriers, respectively. In contrast,
the single crystal shows the considerably smaller transition
conductivities of 1.2 ( 0.2 � 10-3 and 6.5 ( 1.0 � 10-4

cm2 V-1 s-1 along the direction making 45� and 90� angles to the
c axis, respectively. This anisotropy is attributable to the presence
of the Ad group and packed CS2 molecules, both of which serve
as an insulating part and might be effectively applicable to molec-
ular electronics. For comparison, TRMC measurements were
performed for the drop-casted La@C82Ad. The φ

P
μ value of

7.0 ( 1.0 � 10-5 cm2 V-1 s-1 for the drop-casted La@C82Ad
(Figure 3) is much smaller than that of 3.5� 10-3 cm2 V-1 s-1

for the single crystal, which indicates that single crystallization is
important, giving the orderly aligned La@C82Ad. The TRMC
measurement of La@C82Ad nanorods was also conducted to

Figure 1. (a and b) Crystal structure of the La@C82Ad single crystal. (c) LUMO of La@C82Ad.
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examine the charge-carrier mobility (Figure 4). The anisotropic
mobility of La@C82Ad nanorods was investigated by rotating the
sample stage relative to the direction of the microwave electronic
field in the resonant cavity. The maximum value of the conduc-
tivity transient (φ

P
μ) reaches 5.7 ( 1.0 � 10-3 cm2 V-1 s-1

along the long axis. In contrast, the φ
P

μ values along the
direction making 45� and 90� angles to the long axis were found
to be smaller (1.2( 0.2� 10-3 and 8.0( 1.0� 10-4 cm2V-1 s-1,
respectively). The transient conductivity of the La@C82Ad
single crystal shows the anisotropy (e.g., theφ

P
μ values of along

the c axis and perpendicular to the c axis direction are 3.5� 10-3,
1.2 � 10-3, and 6.5 � 10-4 cm2 V-1 s-1, respectively), re-
sembling the tendency of La@C82Ad nanorods, which might
indicate that the directions revealing the maximum transient
conductivity in nanorods and a single crystal of La@C82Ad have
the same molecular alignment, such that the long axis of

La@C82Ad nanorods has a similar crystal alignment to that of
the c axis of the La@C82Ad single crystal. Therefore, the obtained
values reveal a similar scale.

To discern the charge carrier, the transient conductivity for the
drop-casted La@C82Ad was investigated under O2, SF6, and Ar
atmospheres. The φ

P
μ values of 2.0 ( 0.3 � 10-5 and 1.7 (

0.2� 10-5 cm2 V-1 s-1 under air (20% O2) and SF6 atmo-
spheres are smaller than that of 3.0 ( 0.4 � 10-5 cm2 V-1 s-1

under an Ar atmosphere (Figure 5) with the faster decay rates.
The smaller values under O2 and SF6 suggest that electrons are
responsible for the charge carrier because O2 and SF6 act as
electron-quenchers.

To determine the yield of the photocarrier generation, a
photocurrent measurement was performed for the drop-casted
La@C82Adonto anAu interdigitated electrode, as shown inFigure 6.
In the range of the light excitation at 4.1� 1014-5.4� 1016 cm-2,

Figure 3. (a) Photograph and (b) observed transient conductivity for drop-casted La@C82Ad. Excitation was conducted at 532 nm: 1.1-17 mJ/cm2.

Figure 4. (a) Photograph and (b) observed conductivity transients for nanorods of La@C82Ad. Excitation was conducted at 532 nm: 45 mJ/cm2.

Figure 2. (a) Photograph and (b) observed transient conductivity for single-crystal La@C82Ad. Excitation was conducted at 532 nm: 10 mJ/cm2.
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the linear I-V traces were observed and the derived con-
ductance was also proportional to the excitation. Thus,
integration of the transient current engenders the maximum
yield of φ≈ 1.0( 0.4� 10-3 for photocarrier generation under
the applied bias, which is unusually higher than the yield of free-
charge generation in the conjugated organic crystals because of
the high electric field strength in this measurement. Using the
maximum yield, the electron mobility of the single crystal along
the c axis is evaluated as at least μ = 10 ( 5 cm2 V-1 s-1. It is
notable that the value is the largest of reported organic con-
ductorsmeasured by TRMC.On the other hand, the correspond-
ing electron mobility is 2 ( 1 and 7 ( 3 � 10-1 cm2 V-1 s-1

for the single crystal along the direction, making 45� and 90�
angles to the c axis, respectively, whereas it is μ = 7( 3� 10-2

cm2V-1 s-1 for the drop-castedLa@C82Ad andμ>10 cm
2V-1 s-1

for the La@C82Ad nanorods along the long axis. As Figure 6
shows, the single crystal of La@82Ad exhibits a considerable dark
current in the I-V trace measurement, suggesting that the single
crystal works as an organic conductor without light irradiation.

To provide theoretical insight into the single crystal of La@
C82Ad, local density functional calculations were performed
using the DMol3 code.20 No significant deformation from the
experimental structure was found by geometry optimization. The
band structure calculated for the optimized structure is presented
in Figure 7. The energy difference between the valence-band top
and the conduction-band bottom (band gap) is only 0.005 eV

from our calculation. In general, the conductivity of semiconduc-
tors is strongly dependent upon the band gap. At room tem-
perature, the La@C82Ad single crystal has significant valence
electrons, which have enough thermal energy, excited across the
very small band gap to the conduction band. This provides suf-
ficient electron and hole carriers in the crystal. Thus, the
La@C82Ad single crystal can be regarded as a semi-metal and
has high conductivity. The calculated effective mass of the carrier
near the Fermi level is provided in Figure S3 in the Supporting
Information. The effective mass of electron of the conduction-
band bottom and hole of the valence-band top is 0.97 and 0.91m0

(wherem0 is themass of free electron), respectively, suggestive of
nearly free-electron behavior. The shortest interatomic distance
between the La@C82Ad units is 2.60 Å (panels a and b of
Figure 1). The lowest unoccupied molecular orbital (LUMO) of
La@C82Ad has a large distribution on the nearest carbon atoms
(Figure 1c) and contributes to the electron mobility. Because the
distance between fullerenes as well as the LUMO character is
changeable using various derivatives of endohedral metallofuller-
enes, the band gap and carrier concentration are tunable.

In an attempt to examine the effect of endohedral La-doping,
the drift mobilities of La@C82 and La@C82Ad deposited on
the substrate were compared to that of C60Ad using the TOF

Figure 5. Observed transient conductivity monitored for drop-casted
La@C82Ad under various gas atmospheres. Excitation was conducted at
532 nm: 8.7 (Ar), 8.4 (20% O2), and 7.9 (SF6) mJ/cm2.

Figure 6. I-V characterization of a drop-casted La@C82Ad onto an Au
interdigitized electrode with a 5 μm gap. Illumination was conducted at
532 nm.

Figure 7. Band structure of the La@C82Ad single crystal.

Figure 8. Dependence of mobility upon electronic field strength in
negative-bias mode observed for La@C82, La@C82Ad, and C60Ad.
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measurement (Figure 8). For this purpose, La@C82, La@C82Ad,
and C60Ad were dissolved into the CS2 solution and casted on
the substrates at 45, 52, and 22 μm thickness, respectively. The
current transients were observed exclusively under the negative
bias, supporting the electrons also being themajor charge carriers
in all of these compounds. The transient currents were measured
at 293 K after 12 h annealing at 373 K under high vacuum
conditions (<10-5 Pa). The dependence of the mobility upon
the electron field strength in negative-bias mode was observed,
suggesting that the charge carriers are electrons. The electron
drift mobilities of the drop-casted La@C82 and La@C82Ad were
estimated as 6.0( 2.0� 10-2 and 8.0( 2.4� 10-2 cm2 V-1 s-1,
respectively. These values are 1 order of magnitude higher than
the 5.0 ( 1.5 � 10-3 cm2 V-1 s-1 value estimated for C60Ad,
indicating the importance of endohedral La-doping in enhan-
cing the mobility.

To characterize the morphology of La@C82, La@C82Ad, and
C60Ad drop-casted from a CS2 solution on the substrate, XRD,
SEM, and AFM measurements were carried out. The XRD
measurement displayed some sharp reflections, suggesting that
these samples had crystalline structures, respectively (Figure S4
in the Supporting Information). Figures S5 and S6 in the
Supporting Information show the SEM micrographs and
topographic/phase images in AFM measurements of La@C82,
La@C82Ad, and C60Ad drop-casted on the substrate, respec-
tively. Polycrystalline features are typically observed in the SEM
micrographs of La@C82Ad, which is in contrast to the partially
amorphous nature of the casted films of La@C82 and C60Ad.
This is also confirmed by the AFM images, showing the presence
of microcrystalline domains in La@C82 and C60Ad films ob-
served as the phase contrast in the images. This is the case giving
the highest values of mobility in the La@C82Ad films determined
as the long-range translational motion of electrons in the TOF
measurement.

’CONCLUSION

In conclusion, we found that the single crystal of the La@
C82Ad derivative exhibits a high electronmobility of 10 cm

2V-1 s-1

and semi-metallic property. Because the La@C82Ad derivative
is soluble in many solvents,21 it is applicable to device integra-
tion, unlike insoluble amorphous silicon, rubrene,22 penta-
cene,23 [Ni(tmdt)2] (tmdt = trimethylenetetrathiafulvalene-
dithiolate),24 and graphene.25 Because the distance between
fullerenes and the electronic property are controllable by
changing the Ad part and the endohedral La atom, the band
gap and carrier concentration are tunable. This La@C82Ad
derivative has a high potential as one of the candidates for new
organic semiconductors. It is expected that the derivatization
of endohedral metallofullerene will open up a new field related
to tunable organic conductors for molecular electronics.
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