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Carrier transport properties of nanocrystalline Er;N@Cg,

Yong Sun,"® Yuki Maeda, Hiroki Sezaimaru,' Masamichi Sakaino,"* and Kenta Kirimoto?
'Department of Applied Science for Integrated System Engineering, Kyushu Institute of Technology,
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(Received 14 May 2014; accepted 26 June 2014; published online 15 July 2014)

Electrical transport properties of the nanocrystalline ErsN@Cg, with fcc crystal structure were
characterized by measuring both temperature-dependent d.c. conductance and a.c. impedance. The
results showed that the ErsN@Cyg, sample has characteristics of n-type semiconductor and an elec-
tron affinity larger than work function of gold metal. The ErsN@Cgy/Au interface has an ohmic
contact behavior and the contact resistance was very small as compared with bulk resistance of the
ErsN@Cgo sample. The charge carriers in the sample were thermally excited from various trapped
levels and both acoustic phonon and ionic scatterings become a dominant process in different tem-
perature regions, respectively. At temperatures below 250K, the activation energy of the trapped
carrier was estimated to be 35.5meV, and the ionic scattering was a dominant mechanism. On the
other hand, at temperatures above 350K, the activation energy was reduced to 15.9meV, and the
acoustic phonon scattering was a dominant mechanism. In addition, a polarization effect from the
charge carrier was observed at low frequencies below 2.0 MHz, and the relative intrinsic permittiv-
ity of the ErsN@Cg, nanocrystalline lattice was estimated to be 4.6 at frequency of 5.0 MHz.
© 2014 Author(s). All article content, except where otherwise noted, is licensed under a Creative
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Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4887796]

I. INTRODUCTION

The endohedral fullerenes have attracted attention for
their applications in optics,! bio-medicine,” electronics,’
magnetics,” and quantum information processing.”® Such
applications would require the fabrications of their crystal-
line structures and metal electrode on the materials. One of
their interest properties is a charge transfer from the endohe-
dral atoms to the fullerene cage. The charge transfer has
been widely investigated,””' as these materials are expected
to display remarkable electronic and structural properties
associated with this charge transfer. Among these endohedral
fullerenes, trimetallic nitride endohedral fullerenes (TNEFs),
such as ScsN@Cgy and ErsN@Cg, can be obtained in large
yield and evaporated onto heated substrates'* because of
their thermal stabilities.'>'® After the extensive studies in
theoretical calculations and experimental analysis for iso-
lated molecule of the materials, few fundamental investiga-
tions are now carried out on electrical properties of the
endohedral fullerenes in condensation states, recently.

The self-assembled island formations of Sc;N@ Cgn and
ErsN@Cgo molecules on Au(111) and Ag/Si(111) surfaces
have been investigated.'” Charge transport properties of
the Sc;N@Cyg film prepared by drop-casting its CS, solution
on the quartz substrate, such as carrier mobility and
energy band structure, have also been studied.” The
ScsN@Cgo thin film exhibits a low electron mobility of
57x103cm?V~!s™! under normal temperature and
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atmospheric pressure. However, it is not easy so far as to
obtain enough amounts of the endohedral fullerenes to mea-
sure physical and electrical characters. Therefore, the diffi-
culties in fabricating crystals and actual devices still remain,
and a discussion of the carrier transport properties through
the TNEFs/metal contact was not carried out in detail.

In this study, we prepared a nanocrystalline ErsN@Cg
solid sample by pressing powder material to a pellet with
two gold electrodes. The temperature-dependent conducti-
vity of the ErsN@Cg, sample was measured in the condition
of various applied electric fields. In addition, the resistance
and capacitance of the Au/ErsN@Cgo/Au structure were
obtained at various d.c. bias and a.c. voltages. The results
obtained in this study indicate that the charge transfer leads
to a high conductivity of the nanocrystalline Er;N@Cg solid
as well as a low contact resistance with gold electrodes. The
energy levels at the ErsN@Cgo/Au interface and the trans-
port properties of the charge carriers passing through the
sample will be discussed.

Il. EXPERIMENTAL

ErsN@Cgo powder with purity >95wt. % was pur-
chased from LUNA Innovations to make a sample specimen
for measurement.'®'® The ErsN@Cgo powder was pressed
into a pellet at room temperature at 1.25 GPa for 50 min. The
so formed pellet was 5.0mm in diameter and 0.55 mm in
thickness. Two gold electrodes on the surfaces of the sample
were prepared using an Au nano-particle paste (NAU-KO05B,
Daiken), and the sample was annealed at temperature of
500K in vacuum for 30 min. Prior to electrical measure-
ments the powder and pellet samples were characterized by

© Author(s) 2014
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an x-ray photoemission spectroscopy (XPS; AXIS-NOVA,
SHIMATSU/KRATOS) and x-ray diffraction (XRD; JEOL
JDX-3500K). In the XPS analysis, the beam diameter of
Al Ko line was 55 um, and the binding energy resolution was
0.15eV.

In the electrical measurements, the current passing
through the sample was measured using a digital electrome-
ter (ADVANTEST R8252) with a current resolution of
1.0fA at various d.c. bias voltages from 0.001 to 3.0 V. The
pellet sample was set in a vacuum chamber of a cryostat dur-
ing the electrical measurements. The base pressure of the
vacuum chamber was less than 1075 Pa. The current meas-
urements were carried out in the course of heating up or
cooling down process between the temperatures from 100 K
to 500K. The rate of heating or cooling was 0.14 K min '
with a stepwise increment of 1.0 K.

The impedance of the sample was measured at room
temperature in atmosphere to separate the bulk and interface
resistances in the sample by using a Cole-Cole plot method.
The impedance Z = Z' +jZ" was used to characterize both
resistance and capacitance by plotting the imaginary part
—7" = —Im[Z] versus the real part Z' = Re[Z] of the imped-
ance. The important information pertinent to the ErsN@ Cg/
Au structure can be obtained.

lll. RESULTS

Three x-ray photoemission spectra of the pellet sample
at room temperature were show in Fig. 1. They were
obtained from the surface of the ErsN@Cg, sample before
and after Ar" ion sputtering for 10 and 30s, respectively.
Eight peaks at binding energies of 9, 56, 98, 167, 242, 285,
531, and 999 eV were observed in the spectra. The 9 eV peak
is attributed to a photoemission from 4f electrons of Er
atoms. The double peaks at 56 and 98 eV are the photoemis-
sions from Er MVV, and the 167 eV peak is from Er 4d. The
peak around 285 and 531 eV comes from C 1s and O 1s core
level, respectively. The peaks around 999 eV correspond to
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FIG. 1. X-ray photoemission spectra of the nanocrystalline Er;N@Cyg, sam-
ple prepared at a pressure of 1.25 GPa. The spectra are detected on the sur-
face of the sample before and after Ar' ion sputtering for 10 and 30s.
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O KLL Auger emission. Also, the peaks around 240eV
observed after the Ar" ion sputtering are from Ar 2p"? and
2p*? core levers. In the XPS spectra, the Ar' ion sputtering
causes both the decrease in the O-related peaks and the
increases in Er and C-related peaks. Namely, the oxygen
atoms adsorb only on the surface of the pellet sample. From
the spectrum after the 30s Ar' ion sputtering, atomic ratio
of Er/C is evaluated to be 3.64 at. %, close to the stoichio-
metric ratio of 3.61 at. % for ErsN@Cg,. Also, the photoem-
ission from the N atoms cannot be detected due to its smaller
relative sensitivity factor (RSF, 0.505) and concentration as
well as encapsulation in the Cgy cage. Although the RSF of
C 1s is also small, 0.318, its XPS intensity is somewhat
strong because of the abundant concentration of C atoms in
the ErsN@Cgo molecules.

The enlarged photoemission spectra from O 1s core
level were shown in Fig. 2 for various Ar" ion sputtering
times. The Ar" ion sputtering results in the decrease of the
peak intensity and the shift of the peak toward the low
energy side. The results indicate that the oxygen atoms
adsorbed only on the surface of the pellet sample as well as
there is an electronic interaction between the adsorbed oxy-
gen atoms.

The photoemission spectra from the Er 4d core level
were enlarged in the energy scaling and they were plotted in
Fig. 3. The peak at binding energy of 169.5eV does not
change with increasing sputtering time. This result suggests
a weak electronic interaction between the Er atoms with
adsorption oxygen atoms on the surface of the Cg, cage. On
the other hand, the peak intensity increases after the Ar™ ion
sputtering due to desorption of the adsorbed oxygen atoms.
Figure 4 shows the photoemission spectra from the C 1s core
level in the enlarged binding energy scale. The intensity of
the C 1s peak increased after the Ar" ion sputtering but no
significant peak shift was observed. This may be related to
the conjugation effect of m electrons on the surface of the
Cgo cage.

XRD patterns of the as-received ErsN@Cg, powder
sample were shown in Fig. 5. Several diffraction peaks can
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FIG. 2. Enlarged x-ray photoemission spectra from O 1s core level before
and after Ar" ion sputtering for 10 and 30s.
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FIG. 3. Enlarged x-ray photoemission spectra from Er 4d core level before
and after Ar" ion sputtering for 30s.

be recognized for the pattern, a strong peak at 20 = 9.30 deg
and four broad peaks centered at 20 = 18.00, 25.70, 32.95,
and 50.80 deg. The enlarged XRD pattern of the 20 = 9.30
deg peaks was shown in the inset to Fig. 5. As seen in the
inset figure, no significant asymmetry is observed for this
diffraction peak. The 20 = 9.30 deg peak was ascribed to
the diffraction from (111) planes of a face-centered cubic
(fcc) crystal structure with a lattice constant of 1.65 nm. The
grain size of the as-received powder sample was estimated to
be 4nm from the full width at half-maximum (FWHM) of
the (111) peaks.

Cole — Cole plots of the a.c. impedance of the Au/
ErsN@Cgo/Au structure at room temperature at the peak
voltage of 1.0V at the d.c. bias voltage of 0.0V was shown
in Fig. 6. The Cole — Cole plot exhibits a semicircle, indicat-
ing that the impedance is reflected only by both resistance
and capacitance of the bulk ErsN@Cg, sample and its inter-
facial component can be ignored. The bulk resistance and
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FIG. 4. Enlarged x-ray photoemission spectra from C 1s core level before
and after Ar" ion sputtering for 30ss.
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FIG. 5. X-ray diffraction patterns of the as-received ErsN@Cg, powder. The
inset shows the enlarged patterns of the (111) diffraction peaks.

capacitance are defined from the real and image parts of the
impedance, their values are 7.28 x 10° Q and 1.08 x 1012 F
at the frequency of 300 KHz. We must also point out that the
bulk resistance of the sample in atmosphere increases due to
the adsorption of gas molecules, which results in the local-
ization of the charge carrier.

The current-voltage (I-V) characteristics of the Au/
ErsN@Cgo/Au sample at temperatures of 300 and 500K
were shown in Fig. 7. The currents passing through the sam-
ple at 300 and 500K can be fitted as a quadratic function of
the d.c. bias voltage in the range of 0.001-3.0 V. The quad-
ratic I-V characteristic is related to a hopping conductance of
the charge carrier in molecular materials®® and is distinctly
different to an exponential /-V characteristic of the Schottky
barrier. The results in Figs. 6 and 7 indicate that the contact
between the nanocrystalline ErsN@Cg, sample and the Au
electrode is ohmic and the electron affinity of the ErsN@Cg
sample is larger than the work function of gold metal.
Therefore, we can characterize directly the carrier transport
properties of the sample by measuring its field and
temperature-dependent /-V characteristics. In general, when

5x10°
4x10°

~~

g 3x10° \"'w.

*“% 2x10° /
1x103 '

/

0 2x10°

4x10° 6x10° 8x10°

Re [Z] (©)

FIG. 6. Cole-Cole plot of the impedance of the Au/Er;N@ Cgo/Au structure
at room temperature at a.c. voltage of 1.0 V at d.c. bias voltage of 0.0 V.
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FIG. 7. Current-voltage characteristics of the Au/Er;N@Cgo/Au structure at
300 and 500 K.

the electrical transport is governed by space charge limited

conduction (SCLC) mechanism,?"?? the current / is repre-
sented by
9Se.eou(E, T)E?
I(E,T) = ‘O‘c‘)/‘é—L7)7 1)

where E is the strength of the applied electric field, T is the
absolute temperature, S is the area of the electrode, L is the
thickness of the sample, &.& is the permittivity, and pu(E, T)
is the mobility of the charge carrier in the sample. Namely,
the current / is a quadratic function of the electric field
E =V /L. Here, the mobility u(E, T) is field and temperature

dependent and is described as follows:**

B qRZV} {_ €4 — Aea}
W(E, T) = [ TP T [ 2

where R is the mean free pass of the charge carrier, v is the
thermal vibration frequency of the host molecule, ¢ is the
unit of electronic charge, €, is the activation energy of the
trapped charge carrier, and Ae, = (E/ 47'58r8()q)1/ ? the change
of ¢, after the electric field E is applied. Here, &.69 = €€ is
the permittivity at high frequency. One can notice from Eq.
(2) that the v is dependent of temperature. Therefore, Eq. (2)
can be written as follows:

" €, — Aey
WE,T)=T eXP{ T } 3)
where o is a constant depending on scattering mechanism of
the charge carrier during the electrical transport process.

The current /I at various d.c. bias voltages were measured
as a function of temperature during heating up and cooling
down processes. Arrhenius plots of I ~ 1 /kT at the d.c. bias
voltage of 1.0V were plotted in Fig. 8. The current [
increases with temperature in the range of 100-500K and
cannot been fitted using single exponential function. The
result indicates that there is different o and ¢, at high and low
temperature sides. We have conformed from the Arrhenius
plots of I ~ 1/KT that the current I can be fitted by using

J. Appl. Phys. 116, 034301 (2014)
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FIG. 8. The current passing through the Au/ErsN@Cgo/Au structure as a
function of temperature during heating up and cooling down process.

o = —1.5 for high temperature side and « = 1.5 for low
temperature side, respectively.

Arrhenius plots of the  x 7' ~ 1 /KT for high temper-
ature side and I x T~'5 ~ 1/KT for low temperature side at
the d.c. bias voltage of 1.0V during heating up and cooling
down processes were shown in Figs. 9(a) and 9(b). The good
linear relationships in the Arrhenius plots indicate that the
electrical transport properties of the nanocrystalline
ErsN@Cgo sample can be explained using Poole-Frenkel
model.>® The o = —1.5 at high temperature side and o =
1.5 at low temperature side suggest various scattering mech-
anisms of the charge carrier in the sample. On the basis of
the Arrhenius plots at various d.c. voltages, we obtained
the activation energies of the trapped charge carrier to be
€, = 15.9 meV for high temperature side and ¢, = 35.5 meV
for low temperature side. The Ae, is in the range of 1.6
x 1072 ~ 8.8 x 10~! meV and can be ignored as compared
with €,.

The dielectric properties of the nanocrystalline
ErsN@Cgo sample were characterized by measuring its im-
pedance spectra. In general, an equivalent electric circuit of
a metal/semiconductor/metal system can be represented by a
parallel combination of the interfacial resistance (R;) and ca-
pacitance (C;) in series with a parallel arrangement of the
bulk resistance (Rg) and capacitance (CB).Z“*26 In this study,
both R; and C; are small enough and can be ignored. The
bulk resistances at frequencies of 6.25 KHz and 5.0 MHz
were plotted in Fig. 10(a) as a function of the d.c. bias volt-
age. Ry is constant at frequency of 5.0 MHz but it decreases
with increasing d.c. bias voltage at frequency of 6.25 KHz.
On the other hand, the bulk capacitances at frequencies of
6.25 KHz and 5.0 MHz were plotted in Fig. 10(b) as a func-
tion of the d.c. bias voltage. Cg is also constant at 5.0 MHz
but it decreases with increasing d.c. bias voltage at frequency
of 6.25 KHz. The dielectric properties as shown in Fig. 10
indicate that there are two kinds of polarization mechanisms
in the nanocrystalline ErsN@Cg, sample. One is related to
the conducting charge carriers, which contribute to the
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FIG. 9. (a) Arrhenius plots of I x T' ~ 1/KT at high temperature side during
heating up and cooling down process. (b) Arrhenius plots of I x 7~ ~ 1/kT
at low temperature side during heating up and cooling down process.

sample polarization at lower frequencies only because of a
low mobility of the carrier in the sample. Other one is related
to the dielectric properties of the ErsN@Cg, crystal lattice,
which contributes to the sample polarization in the higher
frequencies.

The bulk resistance Rg and capacitance Cg were defined
as these of the resistance and capacitance at maximum of the
Cole-Cole curve. The time of the charge carrier passing
through the sample, the resonance time 7, can be obtained
from a relationship of wt =1, where o =2nf and
t© = RpCp, and f the frequency of the carrier passing through
the sample.

The relative permittivities of the nanocrystalline
ErsN@Cgq sample at various a.c. voltages at the d.c. bias
voltage of 0.0 V were plotted in Fig. 11 as a function of the
a.c. frequency. The permittivity decreases rapidly with
increasing a.c. frequency from 8.5 at 6.25 KHz to 4.6 at
5.0 MHz. It becomes constant at higher frequencies. No sig-
nificant difference due to the a.c. bias voltage is observed.
The larger permittivities at low frequency side are related to
the polarization from the charge carrier. On the other hand,

J. Appl. Phys. 116, 034301 (2014)
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FIG. 10. (a) Bulk resistances of the nanocrystalline ErsN@Cg, sample at
6.25kHz and 5 MHz as a function of d.c. bias voltage. (b) Bulk capacitances
of the nanocrystalline ErsN@Cg, sample at 6.25 kHz and 5 MHz as a func-
tion of d.c. bias voltage.
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FIG. 11. Relative permittivities of the nanocrystalline ErsN@Cg, sample at
various d.c. bias voltages as a function of frequency.
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the smaller permittivities at high frequencies are due to the
polarization of the ErsN@Cg crystal lattice only.

IV. DISCUSSION
A. Energy band structure of the ErsN@Cgy/Au interface

From the results in Figs. 6 and 7, we can conclude that
the ErsN@Cgo/Au interface corresponds to an Ohmic con-
tact, namely, there is not the Schottky barrier for the carrier
transport passing through the interface. The ErsN@Cg, sam-
ple is n-type semiconductor with the electron affinity larger
than the work function of gold metal, 5.1eV.?’ Tang er al.
have calculated the energy levels of the Cgy and ErsN@Cgg
molecules with /;, symmetry by using density function theory
(DFT).”® The highest occupied molecular orbital-lowest
unoccupied molecular orbital (HOMO-LUMO) gap and the
LUMO level are 0.05eV and —3.80 eV for Cgg and 0.13eV
and —5.40 eV for Er;N@Cg( molecule, respectively. In their
theoretical results, the electron affinity of the ErsN@Cgg
molecule is larger than the work function of gold metal. This
is consistent with our experimental results in this study
because no Schottky barrier was observed at the ErsN@Cgy/
Au interface. Namely, the ohmic contact at the ErsN@Cgy/
Au interface indicates a large electron affinity of the nano-
crystalline ErsN@Cg solid.

As far as we know, there are still no experimental results
on the energy structure of the ErsN@Cyg crystal. At present,
the surface potential analysis is an effective method to inves-
tigate the electronic structures of fullerene-related materi-
als.?*' Several experimental results indicated that the shift
of the surface potential, the difference between the work
function of metal and the electron affinity of fullerene-
related materials, depends on film thickness of the materi-
als.?*??* Therefore, the energy band structure of the
ErsN@Cgo material may depend on its crystallographic and
interfacial properties.

B. Dielectric properties

As shown in Fig. 11, the relative permittivity of the nano-
crystalline ErsN@Cgy sample decreases from 8.5 at 6.25 KHz
to 4.6 at 5.0 MHz. At low frequencies, the resistance and ca-
pacitance of the ErsN@Cg, sample decrease with increasing
d.c. bias voltage as shown in Fig. 10. The results indicate that
polarization properties of the nanocrystalline ErsN@Cg, sam-
ple at low frequencies are related to its electrical properties
such as the mobility and concentration of the charge carrier.
For example, the time 7 is 1.44 x 107%s at 6.25KHz and
1.94 x 10" s at 5.0 MHz, respectively. The period of the a.c.
voltage, f, is 1.6 x 107*s for 6.25kHz and 2.0 x 10~ s for
5.0MHz, respectively. It is clear that t(1.44 x 107%s)
< (1.6 x107*s) at 625KHz and 7(1.94 x 107"s)
~¢(2.0 x 1077s) at 5.0MHz. This fact indicates that the
polarization of the charge carrier affects the dielectric proper-
ties of the sample at lower frequencies only.

At present, the permittivity of the Er;N@Cg, solid has
not been reported as far as we know. It is well known that
the crystal Cq lattice has an intrinsic permittivity of 4.4.%%-%
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La@Cg, have been studied theoretically and experimen-
tally.>’® In the solid state, pure La@Cg, has a fcc structure
at room temperatures. The Cg, cage with C,, symmetry is
highly disordered in high-symmetry lattice. In the La@Cg,
molecule three electrons transferred to the Cg, cage from the
endohedral La atom. Electrostatic interactions result in the
endohedral La*" ion being located close to the cage edge
and an important consequence of such an arrangement is a
molecular electric dipole. At room temperature, the relative
permittivity of the La@Cg, molecular solid is 40 at 100 Hz
and 25 at 1.0MHz. The large permittivity is due to a
dynamic response of the [La]’*[Cg,]>~ dipole in the La@Csj
molecule. In this study, the intrinsic permittivity of the
ErsN@Cg sample, 4.6, is larger than that of Cg crystal, 4.4.
This may be related to the electron transfer from ErsN cluster
to Cgo cage because of the formation of three dipoles,
[ErN]**[Cgo]” . between the cluster and the Cg, cage. On the
other hand, the permittivity of the ErsN@Cg is smaller than
that of La@Cyg, because of a high asymmetry of [Er]"[N]~
and [ErN]>"[Cgo]’~ as compared with [La]>* [Cg,]* ™.

In addition, the dielectric properties of the fullerene-
related materials are strongly affected by the adsorptions of
O and N atoms.*"* The fact that both Cg( and oxygen mole-
cules are non-polar, together with the evidence of reversible
oxygen diffusion into the Cgq solid, strongly suggest that
these dipoles arise from charge transfer between oxygen
molecules and Cgo cages. The amount of this charge transfer
is bound to be very small, reflecting the fact that the electron
affinities of both Cgy and molecular oxygen are relatively
high. Due to the large size of the Cgy molecules, this small
charge transfer creates large dipole moments. Since the elec-
tron affinity of the Cgo molecule, 2.65eV,*' is considerably
higher than that of molecular oxygen, 0.45¢eV,* one might
expect oxygen to be the donor and Cgy the acceptor of
electrons.

C. Electrical transport properties

Based on the measurement results of temperature-
dependent current as shown in Figs. 7-9, we can include that
the conductivity of the ErsN@Cg, sample is governed by
both mobility and concentration of the charge carrier. There
are different temperature dependences on the mobility and
concentration of the carrier at high and low temperature
sides. At high temperature side, the activation energy of
the trapped carrier is 15.9meV as well as the temperature
dependence of the mobility is p oc T~!. This temperature
dependence suggests an acoustic phonon scattering mecha-
nism*? during the carrier transport. On the other hand, at low
temperature side, the activation energy is 35.5meV as well
as the temperature dependence of the mobility is u oc T'-.
The activation energy of the trapped carrier becomes large
and there is a dominant ionic scattering process** at low tem-
perature side.

It is well known that a phase transition between single
cubic (sc) and fcc phases in the Cg crystal occurs when tem-
perature varies passing through 260 K.*>**® This transition is
described to be due to a free rotation of Cgn molecules on its
crystal lattice. Because of the same molecular symmetry, Iy,



034301-7 Sun et al.

between the Cgo and Cgq cages, a similar phase transition
may occur in the ErsN@Cg, crystal phase. This transition
temperature may be above 350K due to a large mass and di-
ameter of the ErsN@Cgy molecule.

It has also been reported that the energy band structure
of the Cgq crystal changes when the sc-fcc phase transition
occurs.*’ Similar changes on the energy band structure may
occur in the ErsN@Cgq crystal phase. This change results in
the decrease of the activation energy of the trapped carrier in
ErsN@Cgg solid at sufficiently high temperatures. In order to
clarify the relationship between the energy band structure
and the activation energy of the trapped carrier, further
experiments such as far infrared (FIR) absorption measure-
ment on the ErsN@Cg, material are needed.

V. CONCLUSION

We have studied the carrier transport properties of the
nanocrystalline ErsN@Cg, sample by measuring temperature-
dependent conductivity and current-voltage characteristics.
The electrical transport in the nanocrystalline ErsN@Cg, sam-
ple was governed by space charge limited conduction mecha-
nism which is explained using Poole-Frenkel model. At
temperatures above 350K, the charge carriers during the trans-
port were scatted mainly by acoustic phonon scattering pro-
cess. On the other hand, ionic scattering was a dominant
process in the charge carrier transport at temperatures below
250 K. There were different activation energies of the trapped
charge carrier in high and low temperature regions, 16 meV
for temperatures above 350K and 35.5meV for temperatures
below 250 K. The differences on the scattering mechanism and
the activation energy of the charge carrier can be explained on
the basis of molecular crystal structure and van der Waals
interaction between the ErsN@Cg, molecules.
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