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ABSTRACT: Fullerene crystals or films have drawn much interest because they are good
candidates for use in the construction of electronic devices. The results of theoretical
calculations revealed that the conductivity properties of I;-Cg, endohedral metallofullerenes
(EMFs) vary depending on the encapsulated metal species. We experimentally investigated
the solid-state structures and charge-carrier mobilities of I)-Cgy EMFs La,@Cg, Sc;N@Cg,
and Sc;C,@Cg,. The thin film of Sc;C,@Cg, exhibits a high electron mobility y = 0.13 cm®
V! s7! under normal temperature and atmospheric pressure, as determined using flash-
photolysis time-resolved microwave conductivity measurements. This electron mobility is 2
orders of magnitude higher than the mobility of La,@Cgy or Sc;N@Cg.

B INTRODUCTION

Since the first discovery of Cg, in 1985," much attention has
been devoted to study the solid-state properties of fullerenes
and their derivatives because they are a well-known class of n-
type semiconductors that are promising candidates for practical
application in molecular electronics such as organic thin-film
transistors and organic photovoltaic devices.” Encapsulation of
metal inside fullerene leads to endohedral metallofullerenes
(EMFs). Because of the influence of interaction between
endohedral metal atoms and the fullerene cage, the electronic
properties of EMFs are changed drastically from those of empty
fullerenes.® For example, La@Cg, and La,@Cg,, which are two
typical EMFs, respectively have 0.70 and 0.81 V lower first
reduction potentials than Cg,.* These facts spurred our interest
in investigations of the electronic properties, charge-transport
properties, and practical applications of EMFs. One of the
important properties of semiconductors is the charge-carrier
mobility (u#), which characterizes the charge-transport ability,
and a high p can lead to a high device speed. Early works
reported rather low carrier mobilities in monometallofullerenes
M@C,, (M = Ce, Pr, and Dy)5 and dimetallofullerene La,@
Cgo? Recently we found that monometallofullerene La@Cg,
has a carrier mobility of >10 cm® V' S7, which is the highest
among organic conductors measured by time-resolved micro-
wave conductivity (TRMC).” To the best of our knowledge,
the carrier mobilities of dimetallofullerenes and trimetallofuller-
enes remain open.

Dimetallofullerene La,@Cg, (1)® and trimetallofullerenes
Sc;N@Cg (2)° and Sc;C,@Cs, (3)'° are important because
their yields are fairly high and they have the same I, symmetry
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as that of the well-known Cg molecule, in which high
symmetry plays a significant role in various interesting
properties. For 1 and 2, six valence electrons are known to
be transferred from endohedral spaces to the Cg, carbon cage,
providing closed-shell electronic structures formally described
respectively as (La**),@Cgo’ * and (Sc;N)** @Cyo." "' Mean-
while, 3 has unique electronic properties such as paramagnetic
character.'” The difference in endohedral species can also
induce a change of their electronic properties. For example, the
first reduction potentials of 1, 2, and 3 are, respectively, —0.31
V,* —1.22 V,"* and —0.50 V."° In this paper we present the
charge-carrier mobilities of thin films of 1-3 deposited on the
substrate using TRMC measurements."> TRMC measurements
enable electrodeless measurements to be conducted for
determination of the intrinsic charge-carrier mobility. The
thin film of Sc;C,@Cg, exhibits a high electron mobility y =
0.13 cm? V™! 57! under normal temperature and atmospheric
pressure, which is 2 orders of magnitude higher than the
mobility of La,@Cy or Sc;N@Csg. A first-principles calculation
is carried out to analyze the experimental results.

B EXPERIMENTAL SECTION

General Procedures. To study the charge-carrier mobilities of
thin films, CS, solutions of 1—-3 (about 0.2 mg/mL concentration)
were drop-casted onto the quartz substrate. Scanning electron
microscopy (SEM; JSM-7001, JEOL Ltd.) observations were
conducted at 15.0 kV. Atomic force microscopy (AFM) observations
were conducted using a scanning probe microscope (Nano-Navi II,

Received: April 17, 2012
Published: June 18, 2012

dx.doi.org/10.1021/ja303660g | J. Am. Chem. Soc. 2012, 134, 11681-11686


pubs.acs.org/JACS

Journal of the American Chemical Society

e i il

Figure 1. (Left) Schematic structure of the base-centered monoclinic lattice

Sc;C,@Cg in the respective optimized crystals.
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Figure 2. Band structures of the (a) La,@Cgp, (b) ScsN@Cg, and (c) Sc;C,@Cg crystals. The corresponding band gap is labeled in each panel.

SII-Nanotechnology Inc.). X-ray diffraction (XRD) patterns were
taken (XPert Pro MPD, PANalytical B.V.) with Cu Ka radiation (1 =
1.542 A) at 45 kV and 40 mA.

Models and Theoretical Methods. On the basis of the
experimentally obtained results of La,@Cqg,™ (monoclinic lattice, a
=182872 A, b=112120 A, c = 11.1748 A, a = y = 90°, § = 107.91°)
and the nearly 8.5 A diameter of Cg, we deduce that the crystal
actually possesses the base-centered monoclinic lattice as shown in
Figure 1."* In our calculations, we directly adopt the previously
described experimental unit cell values. All calculations are conducted
using density functional theory (DFT) as implemented in the DMol®
code.’® The generalized gradient approximation with the revised
Perdew—Burke—Ernzerhof (RPBE) form is used for the exchange-
correlation functional. Effective core potentials, which introduce some
degree of relativistic correction into the core, are used for Sc and La
atoms, although all electrons are considered for C and N atoms. A
double numerical plus polarization (DNP) basis set, comparable to the
6-31G basis set, is used. The Brillouin zone is sampled with a k-point
spacing of ca. 0.05 A™'. Atom positions are optimized until the
maximum force on each atom is less than 0.027 eV/A. To consider the
possible magnetic properties, spin-polarized effects are considered.

Time-Resolved Microwave Conductivity Measurement.
Nanosecond laser pulses from a Nd:YAG laser (second harmonic
generation (SHG; 532 nm) and third harmonic generation (THG; 355
nm) from Spectra Physics INDY-HG (fwhm 5—8 ns)) were used as
excitation sources. The power density of the laser was set to 0.1—-30
mJ/cm? ((0.09—5.1) X 10'® photons/cm?). For TRMC measure-
ments, the microwave frequency and power were set respectively to ca.
9.1 GHz and 3 mW, so that the motion of charge carriers cannot be
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 experiments described above were conducted at room
temperature. The transient photoconductivity (Ac) of the samples is
related to the reflected microwave power (AP./P,) and sum of the
mobilities of charge carriers via
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Ao = eN¢g Z " (2)

where A, ¢, ¢, N, and Y u respectively stand for a sensitivity factor, the
elementary charge of an electron, the photocarrier generation yield
(quantum efficiency), the number of absorbed photons per unit
volume, and the sum of mobilities for negative and positive carriers.'
Polarization of the laser pulses is isotropic. All crystals are mounted on
quartz rods and overcoated with polysiloxane. The experimental setup
is presented in Figure S1 (Supporting Information). The number of
photons absorbed by the crystals is estimated through the direct
measurement of transmitted power of laser pulses through a quartz
rod—crystal with PMMA binder—quartz rod geometry laser power
meter (see Figure S1, NOVA-display; Opher). The quartz rod is
rotated in the microwave cavity, and the changes in the effective
electric field in the crystals by the rotation of the samples were
calibrated on the basis of the geometry of the crystals captured by a
digital charge-coupled device (CCD) camera.

The values of ¢ in the compounds were determined using
conventional photocurrent measurements in a vacuum chamber
(<107° Pa) with interdigitated Au electrodes and a 5 ym gap under
excitation at 355 or 532 nm with a power density of (4.2—5.4) x 10'¢
photons/cm® The transient current was observed predominantly
under the applied bias of 0—20 V (ca. 0 to 4.0 X 10* V cm™) and
monitored using a source meter (2612, Keithley Instruments Inc.).
The photocarrier generation yield was estimated using the I—V traces
under dark/355 (532) nm illumination conditions. Other details of the
apparatus set are described elsewhere."?

B RESULTS AND DISCUSSION

To provide theoretical insight related to the transport
properties of thin films of I,-Cg, EMFs, density functional
calculations were performed. The optimized geometries are
shown in Figure 1, and it was clarified that 1 and 2 are
nonmagnetic whereas the two 3 cages have antiferromagnetic
interactions in a unit cell. The band structures displayed in
Figure 2 show that all three structures are semiconductors with
band gaps of 0.41, 1.23, and 0.07, respectively, for 1-3. Such a
difference mainly derives from different positions of the
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conduction band minimum (CBM): the CBM resides close to
the valence band maximum (VBM) in 1 and 3, but far from the
VBM in 2. To examine this point further, we show the
molecular orbitals of the VBM and CBM at the I' point in
Figure 3. The results show that the molecular orbitals of the

(a)

Figure 3. Molecular orbitals of the VBM (left column) and CBM
(right column) at the T point in the (a) La,@Csp, (b) Sc;N@Cgp, and
(c) Sc;C,@Cyy crystals. The isovalue is 0.03 au.

VBM are contributed mainly by I,-Cg, for all three systems.
However, the molecular orbitals of the CBM have different
origins: in 1 and 3, the orbitals originate mainly from the inner
atoms, but in 2, the orbitals originate mainly from I,-Cg, and
the inner atoms have little electron density. Therefore, the
properties of the inner atoms can strongly affect the crystal
band structure.

To investigate the electrical conductivity, the calculated
effective masses of the carriers near the Fermi level are provided
in Table 1. One can find that the effective masses of the three

Table 1. Band Gap and Effective Mass of the Conduction
Band Maximum (m,*) and Valence Band Minimum (m;*) of
the La,@Cgg, Sc;N@Cgp, and Sc;C,@Cg, Crystals®

Eg (eV) m* (my) my* (mq)
La,@Cg, (1) 0.41 37(z-T) -14(2-T)
80(Y—T) -1.5(Y—>T)
Se;N@Cy (2) 123 47(2-T) -20(D—E)
230(Y->T) -17(C—>E)
Sc;C,@Cy (3) 0.07 45T ->Y) -14.0(z-T)
£20(A->Y) -25(y-T)

“my is the mass of a free electron.

structures are generally at the same level: the values of an
electron (m,*) are around 4m, and those of a hole (m,*)
around —2my,. Therefore, the carrier mobility () differences of
the three structures are dominated by the collision time (7)
according to y = er/m*. For the conductivity (c), because the
band gap (Eg) of 3 is about 1/6 and 1/17 of those of 1 and 2,
respectively, the intrinsic carrier concentration (n) of 3 is over
10° times higher than those of the two other structures at room
temperature (T = 300 K) according to the formula'’

o= ne(y + u,)

A

Thus, 3 probably has much larger conductivity than the other
two structures.

To evaluate the charge-carrier mobility experimentally, I,-Cg,
metallofullerenes 1—3 were cast onto the quartz plate. The thin
film morphologies for 1—3 were characterized using XRD,
SEM, and AFM measurements. The XRD measurement
displayed some sharp reflections, suggesting that these samples
had crystalline features (Figure S2, Supporting Information).
The SEM micrographs of the thin films of 1—3 obtained from
CS, solutions are presented in Figure 4. Polycrystalline features
are observed in the SEM micrograph of 2, which contrast
against the partially amorphous characteristics of the thin films
of 1 and 3. This point is confirmed by topographic/phase
images in AFM measurements of 1—3 shown in Figure S3
(Supporting Information). These results show that 2 has higher
crystallinity in the solid state than 1 and 3. This phenomenon
was surprising to us because the difference in the solubilities for
1-3 in various organic solvents is not so large.

To evaluate the intrinsic charge-carrier mobility (u) of casted
thin films of 1—3, TRMC measurements were performed on
the deposited thin films of 1—3. Upon exposure to a laser pulse
with an excitation wavelength of 355 nm, all samples revealed
transient conductivity (¢) u), where ¢ and >y respectively
denote the photocarrier generation yield (quantum efficiency)
and the sum of mobilities for positive and negative charge
carriers. The ¢ values were determined using conventional dc-
current integration with semitransparent Au electrodes as
counter electrodes under excitation at 355 nm. It is noteworthy
that, for all films, the current transients are observed in negative
bias mode, suggesting that electrons are the major charge-
carrier species. The observed values of ¢Y u (Figure Sa), ¢,
and y are presented in Table 2. The y value of 3 is the same as
that reported for La@Cyg,'® and 2 orders magnitude higher than
those of 1 and 2. Although this value is evaluated in the film
state, the observed electron mobility of 3 (0.13 cm® V™' s7") is

kT
27h?

3/2
) (me*mh*)3/4e—Eg/2kBTe(ﬂe + ﬂh)
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Figure 4. SEM images of the thin films of (a) La,@Cg, (b) Sc;N@Cs, and (c) Sc;C,@Cgo.
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Figure S. (a) Conductivity transients observed for polycrystalline
solvent-casted films of 1—3 upon excitation at 355 nm and (1.4—1.9)
X 10'6 photons cm™. The measurement was carried out under air
conditions at room temperature. (b) [-V characteristics of 1—3 casted
films on Au interdigitated electrodes with a S ym gap. Illumination was
carried out at 355 nm and 10.5 mW cm ™2 The orange line is the I-V
trace observed under dark conditions for a 3 casted film on the
electrode.

-1

fairly close to that of a single crystal of Cgy (0.5 cm® V7' s
determined by time-of-flight measurement'”) and considerably
high among the n-type materials. The fact that 3 and La@Csq,
showed extremely high electron mobility compared to 1 and 2
might be related to their radical character, which leads to stable
anion species generated by photoinduced charge-carrier
generation and facilitates the movement of electrons. However,
1 and 2 showed much lower electron mobility than 3 did. In
terms of electron affinity, a lower reduction potential engenders

Table 2. Electrochemical Properties, Conductivity Transient
(¢Xu), Charge-Carrier Generation Yield (¢), and Charge-
Carrier Mobility (1) of the Thin Films of La,@Cg,, Sc;N@
Csor S¢;C,@Cygy and La@Cg,

Elox Elred ll" (clmz U (lel v!
(V) (v Vst ¢ (%) s7)
La,@Cgo 056" —031® 10x 107 0.2 50 x 107
(1)
Sc;N@Cg, 0.62° —122° 40x107° 070 57 x 1073
(2)
Sc,C,@Cgqo  —0.03%  —0507 1.0 x 1073 075 0.3
(3)
La@Cy, 007¢  —042° 20x10% o015 013

“Volts vs Fc/Fc'. PReference 4b. “Reference 12. “Reference 10.
“Reference 4a. /Reference 18.

the advantage of electron injection and air stability of their
anions,*’ suggesting that 1 might show the higher electron
transport property. However, orbital delocalization on the Ij-
Cgo cage in CBM (Figure 3b) and high ordering molecular
alignment of 2 caused the formation of the path of charge
carriers, indicated as high electron mobility of 1.

Figure 5b shows the I—V trace measurement of casted thin
films of 1—-3. One can find that 3 has obviously larger
conductivity than 1 and 2, which confirms our earlier
estimation. Furthermore, it is noteworthy that the cast film of
3 exhibits a considerable dark current, which indicates that the
thin film of 3 can conduct current without generation of charge
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carriers and the solid state of 3 works as an organic conductor
just like the single crystal of the La@Csg, derivative.” The good
conductivity of 3 is consistent with our DFT calculations.
Physically, at room temperature, the valence electrons of 3 can
be easily excited across the very small band gap to the
conduction bands, creating sufficient electron and hole carriers
in the crystal. Consequently, 3 can be regarded as a semimetal
and has high conductivity.

B CONCLUSION

In conclusion, we investigated the charge-carrier mobility of
thin films of I;-Cg, endohedral metallofullerenes 1—3 using
TRMC measurements. XRD, SEM, and AFM measurements
revealed that these three thin films have crystalline structures;
especially 2 has polycrystalline features. The observed electron
mobility of 3 was much greater than that of 1 or 2. The
paramagnetic property of 3 is expected to be mainly
attributable to the presentation of high electron mobility.
Theoretical calculations revealed that the effect of endohedral
doping is important in modifying the conduction character.
Our findings enhance the potential utility of EMF materials for
practical applications.

B ASSOCIATED CONTENT

© Supporting Information

Schematic showing the setup of the TRMC measurement and
XRD patterns and AFM images of 1—3. This material is
available free of charge via the Internet at http://pubs.acs.org.
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