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ABSTRACT: Germanium endometallo fullerene was syn-
thesized by arcing Ge-impregnated graphite rod as anode
and pure graphite rod as cathode. Photoluminescence (PL)
and resistance measurements suggest that there are effec-
tive interactions at the interface of Ge endometallo fullerene
and poly 3-hexyl thiophene (P3HT). Four-fold enhancement
of conductance has been found by adding just one weight
percentage of Ge endometallo fullerene in the P3HT matrix
at room temperature. However, at lower and higher tem-
peratures, the enhancement in conductivity is low com-
pared with room temperature, indicating the efficient
charge transfer across the interface at the temperature range

of 300–350 K. Atomic force microscopy (AFM) images also
confirm the fact that temperature makes the more ordered
heterojunctions between P3HT and Ge endohedral metallo-
fullerene, which, in turn, trigger charge separation across
interfaces. A sharp quenching in PL intensity of P3HT at
room temperature by adding Ge endometallo fullerene
indicates a strong interaction between the two and this
composite material can be useful in photovoltaic cell. VVC 2009
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INTRODUCTION

The discovery of conducting polymer has opened up
a plethora of applications in the field of electronics
devices.1–3 However, lack of solubilities of conduct-
ing polymers limit a wide range of applications.4

Optimization of conductivity and solubility of a
conducting polymer critically determines its fate for
device fabrications. The conductivity of certain poly-
mers can be raised to metallic level by chemical,
electrochemical, or charge injection doping.5,6 The
mechanism of enhancement of conductivity by dop-
ing of an organic polymer is completely different
from a classical inorganic semiconductor.7 Doping in
an inorganic semiconductor generates charge carriers
that move in an electric field, this movement of
charge is responsible for electrical conductivity in
crystalline materials. In contrast, the doping of an
organic polymer involves the partial oxidation or
reduction of the polymer, each oxidation state then
exhibits its own characteristic reduction potential.8

On the other hand, electrons and holes can be
trapped or injected into the p and p* orbitals of a
polymer and subsequently drastically alter the con-
ductivity of the polymer.9 The mobility of the charge
carriers primarily depends on the orientation of the
chains in polymer microstructure. Ordered orienta-

tion of polymer chains, thus, increases the mobility
of excitons, which, in turn, enhances the conductiv-
ity of polymers.10–12

Because of very high surface to volume ratio of
nanoparticles, the interfacial areas in the nanocom-
posite are large leading to more prominent effect of
synergistic properties.13,14 Photoinduced electron
transfer is well established and utilized in hetero-
junction diodes using the composites of semicon-
ducting polymer as donor and fullerene as
acceptor.15,16 The most efficient device architecture
for polymeric photovoltaic is the bulk heterojunction
as the possibility of exciton harvesting is maximum
by creating a highly folded architecture such that all
excitons are formed near a heterojunction.17–19 P3HT
is a conjugated polymer with good solubility, pro-
cessability, and environmental stability.20 The alkyl
side chain length of regioregular polyalkyl thiophene
affects the electrochemical and optical properties
of conducting polymer.21 With longer side chain
length, their electrochemical band gaps are in-
creased. Because of chromophore dilution, the ab-
sorption coefficient decreases by lengthening the
side chain of polyalkyl thiophene. Because of the
semicrystalline nature of its spin-cast films rr-P3HT
shows the highest field-effect transistor mobilities
for a conjugated polymer.22 Ge endometallo fuller-
ene shows fairly good amount of absorption in
UV, visible, and NIR region, which leads to harvest
more photons from sunlight and makes this mate-
rial potentially more efficient for photovoltaic
application.
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EXPERIMENTAL

Synthesis of endohedral Ge-doped fullerene was
performed in electric arc reactor. GeO2-impregnated
6-mm diameter graphite rod was used as anode,
whereas pure graphite electrode of same diameter
was used as cathode. The extraction of endohedral
metallofullerene was performed by three-step sol-
vent extraction using soxhlet under inert atmosphere
at solvent boiling point. O-xylene was used first fol-
lowed by N,N dimethylformamide. Freshly distilled
aniline was then used to isolate metallofullerenes.23

The various analytical techniques were used to char-
acterize and evaluate the physical properties of Ge
endometallo fullerene.

Energy dispersive X-ray (EDX) spectrum was
recorded on a CARL ZIESS EVO 50 low-vacuum
scanning electron microscope. The mass spectro-
scopic analysis was performed by a matrix-assisted
laser desorption ionization (MALDI) technique using
Bruker FLEX-PC2 ultraflex time of flight (TOF) mass
spectrometer. Measurements were performed with
a-cinnamic acid as the matrix using laser pulse of
different wavelengths.

P3HT was purchased from Sigma–Aldrich Chemi-
cal and was used as received. For properties and
characterization of P3HT, we follow the standard
procedures.24 Nanocomposite of P3HT and Ge endo-
metallo fullerene was assembled from chlorobenzene
with desired weight percentage of 1 to 10. The mix-
ture was kept overnight at 75�C and a stream of N2

was flown over the sample to evaporate the organic
solvent. The nanocomposite was finally mixed thor-
oughly using a ball-milling machine at 200 rpm for
30 min.

Comparative resistivity was studied on the pallets
made out of P3HT and P3HT with one weight per-
centage of Ge endometallo fullerene. Resistance
measurements at different temperatures of the sam-
ples were performed using four-probe low-tempera-
ture-resistance measurements in the temperature
range of 500–10 K. Keithley’s current source model-
220 and a nano-voltmeter model-2182 were used to
record the resistance at different temperatures. The
samples were cooled down by a closed-cycle refrig-
erator (CTI Cryogenics make). The ohmic contacts
were made by silver paste.

Comparative PL of the thin films of P3HT and dif-
ferent weight percentages of Ge endometallo fuller-
ene were recorded at kex ¼ 480 nm. Thin films for
PL measurement were prepared by drop casting of
samples homogeneously dispersed in acetone on
quartz plates.

AFM images were recorded on an AFM Nano-
scope II (Digital Instruments, USA). P3HT and Ge
endohedral metallofullerene were dissolved in chlor-
obenzene at 100 : 1 weight ratios and thin films

were spin casted on silicon wafer using a high-speed
spin coater. Thin film on Silicon wafer was annealed
in vacuum for 30 min at required temperatures and
then the images of the surface were taken by AFM.

RESULTS AND DISCUSSION

EDX analysis of the aniline extract shows the charac-
teristic peak for Ge, indicating the presence of ger-
manium in the fullerene cage (Fig. 1). UV spectrum
of Ge-encapsulated fullerene shows a similar pattern
like the other endohedral metallofullerenes. Nor-
mally, the absorption spectra of metallofullerenes
have long tails to the red region, which is also seen
in Ge-encapsulated fullerene. Fourier transform
infrared spectrum below 400 cm�1 using CsI crystal
does not show any metal–carbon signal, this also
indicates that Ge metal is caught inside the fullerene
cage. Abundance of Ge@C82 in the product is con-
firmed by the presence of an intense peak around
1058 m/z in MALDI–TOF spectrum (Fig. 2) of ani-
line extract. Because of aerobic condition of the
extraction procedure, the abundance of Ge@C60 is
low in the final product. The presence of aniline in
the aniline extract could be attributed to the forma-
tion of aniline adduct with fullerene and metalloful-
lerene during refluxing with aniline. The peaks at
813, 887, and 1151 m/z indicate the formation of
monoaniline adduct with C60, Ge@C60, and Ge@C82.
Sharp quenching in the PL intensities (Fig. 3) by

addition of different weight percentages of Ge
endometallo fullerene indicates strong interactions
between the polymer matrix and the filler material.
At higher weight percentage loading of Ge endo-
metallo fullerene, the photons harvesting have been
driven by metallofullerene and hence radiative re-
combination of electron–hole pairs dominate. How-
ever, at lower weight percentage, addition of
metallofullerene a strong interaction is evident

Figure 1 Energy dispersive X-ray spectrum of the aniline
extract of Ge endometallo fullerene film on Si substrate
grown by drop casting of aniline extract.
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between the Ge endometallo fullerene and P3HT
matrix, which leads to separation of electron–hole
pairs at the interface, leading to quenching of PL
intensity.

Conductance measurements of the pallets made
out of P3HT and P3HT with one weight percentage
of Ge endometallo fullerene were performed by
four-probe low-temperature-resistance measure-
ments in the temperature range of 500–10 K. Com-
parative conductance measurement plot (Fig. 4)
shows the enhancement of conductance of P3HT by
addition of one weight percentage of Ge endome-
tallo fullerene. This phenomenon clearly indicates
the charge transfer across the interface. Ge endome-
tallo fullerene makes the P3HT matrix more ordered,
resulting in the enhancement of electron and hole
mobilities in the matrix.25

The temperature-dependent resistances of P3HT
and P3HT–Ge endometallo fullerene nanocomposite
show semiconducting type behavior, indicating the
higher availability of charge carriers at high temper-
ature. However, it is evident from Figure 5 that the
difference of resistances of P3HT and P3HT–Ge
endometallo fullerene nanocomposite is highest at
the temperature range of 300–350 K. At lower and
higher temperatures, the differences in resistances
are not that significant in P3HT–Ge endometallo full-
erene nanocomposite. Similar temperature-depend-
ent conductivity has also been seen in polyaniline
fibers.26 At low temperature, crystallinity of the com-
posite polymer matrix is low and increasing the tem-
perature helps to align P3HT in nanocomposite due
to lattice vibration of the matrix, resulting in higher
conductivity.

Figure 3 Comparative PL intensities of P3HT and differ-
ent weight percentages of Ge endometallo fullerene at kex
¼ 480 nm.

Figure 4 Comparative resistances of the pallets made out
of P3HT and P3HT with one weight percentage of Ge
endometallo fullerene.

Figure 5 The difference in resistances of P3HT and
P3HT–Ge endometallo fullerene nanocomposite (weight
percentage ratio 100 : 1) from 10 to 500 K.

Figure 2 Matrix-assisted laser desorption ionization-time
of flight mass (MALDI–TOF) spectrum of aniline extract of
Ge endohedral metallofullerene.
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AFM images (Fig. 6) of P3HT and one weight per-
centage Ge endohedral metallofullerene at 20�C and
50�C clearly confirms the facts that temperature
makes the more ordered heterojunctions between
P3HT and Ge endohedral metallofullerene, which, in
turn, trigger charge separation across interfaces.
However, after a limiting temperature (� 350 K in
this case; Fig. 5), the alignment of P3HT is started
degrading due to very high thermal energy assisted
phonon coupling in the nanocomposite matrix. At
very high temperature (� 500 K in this case; Fig. 5),
the resistance ratio of polymer and the composite is
almost one, indicating the complete disruption of
alignment in polymer–filler network. Therefore, only
in a certain temperature range where the alignment
of polymer chains in the nanocomposite matrix
(P3HT-Ge endometallo fullerene) is best, we can see
an efficient charge transfer at the interface.

CONCLUSION

Our study is aimed to focus the importance of tem-
perature for the alignment of polymer chains in the
nanocomposite matrix. The efficient charge transfer
across the interface is only evident in certain temper-
ature range where crystallinity of polymer–filler net-
work is the maximum. Using the intensities of PL
and resistance measurements of Ge endometallo full-
erene and P3HT, we showed an effective interaction
at the interface. AFM images and comparative resist-
ance measurement show that the most efficient
charge transfer in the endometallo fullerene and
P3HT matrix happens at the temperature range of
300–350 K. Semiconducting type behavior indicates
the lower availability of charge carriers at low tem-
perature range. The higher temperature destroys the
ordered nanocomposite morphology due to phonon
coupling of polymer matrix. Temperature, therefore,

is the key for efficient charge transfer across the
interface.
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