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Graphical Abstract 

 

 

 

A MIS-type diode (Ag/ C60─ZnTANP circular discs /p-Si/Ag) has been fabricated and its charge 

storage properties have been explored. 
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A donor (D) –acceptor (A) based system has been developed with the help of a newly synthesized  
Zn–porphyrin complex and C60 fullerene. A series of spectroscopic methods; like absorption 
spectroscopy (UV–Vis–NIR), Powder X–ray diffraction (XRD), and X–ray photoelectron spectroscopy 
(XPS) measurements confirm the existence of a charge transfer based complex between Zn–porphyrin 10 

and C60 fullerene. By using this D-A based system, circular discs like nano-objects have been 
generated. With the help of these nano objects, a diode has been fabricated. The current-voltage (I-V) 
and the capacitance–voltage (C-V) analysis of the diode are done.  The critical role of the Ag –C60– 
Zn-porphyrin and C60–Zn-porphyrin–SiOx interfaces are clearly understood from the I-V characteristic 
of the present device. Existence of a hysteresis loop in the C─V plot indicates that the device is indeed 15 

suitable for charge storage applications.  
 

Introduction 

Due to its unique physical and chemical properties, fullerenes 
have found extensive applications in many areas, including n-20 

type semiconductors,1 solar cells,2 organic field effect transistors,3 
superconductor,4 and medicine.5 The major route towards the 
synthesis of various self-assembled fullerene systems involves 
chemical modifications of it by attaching various functional 
groups.6-10 However, the controlled synthesis of nano- and micro-25 

structures, bearing unmodified fullerene, is still a challenging 
task. Similarly, porphyrin based materials have also been 
extensively studied as photoconductors.11 Uses of porphyrin 
based nano-architectures as electron transport materials are also 
explored.12 Fullerene (C60) with triply degenerate lowest 30 

unoccupied molecular orbitals (LUMO), which are susceptible to 
six electrons reduction under ambient conditions and zinc-
porphyrin, with large excess of π–electron density and a closed 
shell central metal like zinc are known to be a potential donor-
acceptor pair.13  These porphyrin−fullerene dyads are known to 35 

exhibit rich physical properties,14 viz. metallic,15 magnetic,16 
luminescent,17 and non-linear optical (NLO) properties.18 
Recently, polymer (D)-fullerene (A) pair has been successfully 
used in organic photovoltaic devices and was observed that the 
device performance was highly dependent on the morphology of 40 

each of the components.19-21 Thus, it can be assumed that the 
donor (D)–acceptor (A) based nano-architectures will have 
tremendous potential for the development of various micro/ nano- 
 
 45 

 
 
 
sized devices. In this context, porphyrin–fullerene dyads will be a 
perfect choice to design various nano-architectures and test their 50 

suitability for various practical applications in materials science.  
Till date, only limited information is available regarding the 
nano-architectures bearing porphyrin–fullerene dyads.22-28 Very 
recently, Wakahara et al.29 synthesized fullerene-cobalt porphyrin  
hybrid nanosheets which exhibit ambipolar characteristics. Kamat 55 

et al.30 have prepared fullerene-porphyrin nanoclusters and 
explored its efficacy for the generation of photocurrent. Valli et 

al.25 prepared thin films of porphyrin–fullerene and measured its 
effectiveness in solar energy harvesting. Nishino et al.31 has 
demonstrated that a single fullerene–porphyrin pair can act as a 60 

molecular rectifier. Few recent reports also demonstrate the 
usefulness of Langmuir-Blodgett (LB) films composed of 
fullerene–porphyrin layers as efficient current rectifier.32-33 To the 
best of our knowledge, a porphyrin (D)–fullerene (A) based nano-
architecture has never been exploited as a metal-insulator-65 

semiconductor (MIS) diode with potential implications in charge 
storage. 34 A novel zinc-porphyrin complex, [5,10,15,20-tetra(5-
acenapthyl)porphinato] zinc(II), ZnTANP has been synthesized 
for the first time. The structure of ZnTANP is shown in Scheme 
1. ZnTANP, which has a flat concave aromatic surface in the 70 

close packed 3-D structure, was used to form supramolecular 
assemblies with the C60 molecule. Herein we report the synthesis 
and characterization of novel C60─ZnTANP hybrid materials. 
Well-defined circular disc-like 3D nanostructures were obtained 
from C60─ZnTANP solutions in benzene under suitable 75 
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experimental conditions. By using these C60─ZnTANP circular 
discs, a diode was fabricated having the following configuration 
Ag/C60─ZnTANP circular discs/p-Si/Ag. The current 
rectification properties of this MIS-type diode and its application 
as a charge storage device have also been explored in this work. 5 

 

 

 

 

 10 

 

Scheme 1     Molecular structures of the ZnTANP  

Results and discussion 

Synthesis and Characterization 

The reaction of a chloroform solution of the H2TANP with the 15 

zinc acetate in methanol resulted in formation of the complex, 
ZnTANP (see ESI†). Purity and identity of the ZnTANP is 
demonstrated by its satisfactory elemental analyses, 1H NMR, 
and by the electrospray mass spectral data (see ESI†, Fig.S1 & 
Fig. S2). ZnTANP exhibited two successive well-resolved 20 

reversible oxidative couples at 0.27V and 0.51 V. It also showed 
one well-defined reductive couple at 1.91 V versus ferrocene/ 
ferricinium. The C60─ZnTANP hybrid material was synthesized 
by slight modifications of a protocol (see Experimental Section) 
developed by Wakahara et al.29 Novel C60─ZnTANP circular 25 

discs were synthesized by evaporating a solution of 
C60─ZnTANP in benzene solution on the silicon substrates by 
applying spin coating method. Scanning electron microscopy 
(SEM) images of C60─ZnTANP circular disc-like objects are 
shown in Fig. 1, which shows a uniform distribution. The average 30 

size of the discs is ∼250 nm in diameter. Energy dispersive x-ray 
spectroscopic (EDS) analysis was also performed to analyze the 
composition of the circular discs. This clearly demonstrates the 
presence of C, N, and Zn in percentages very near to the 1:1 
complex between C60 and ZnTANP in the hybrid material (Fig. 35 

S3). Thus, it could be tentatively assigned as 1:1 complex 
formation between C60 and ZnTANP. 

Growth mechanism 

In order to get an insight into the growth mechanism, the drying 
processes of the C60─ZnTANP hybrid material in benzene 40 

solution and also several other key conditions (which affects the 
drying processes), viz. drying inside the desiccators, drying in 
open air etc. were carefully monitored. In addition, both drop 
casting and spin coating methods were also performed.  The main 
purpose of all these experiments was to capture few intermediate 45 

structures. Careful observations revealed that in few of these 
cases C60─ZnTANP circular discs were obtained with varying 
sizes. However, in few of the selected sets we were able to 

capture a series of intermediate sized nanoparticles. It was also 
observed that when the drying process was very fast, a sizeable 50 

number of nanoparticles, having disc-like shapes, were also 
obtained with their average diameter much lesser than the final 
nano-discs. In addition, a series of fused dimers and trimers of 
nano-discs were also obtained. Based on all these intermediate 
structures, a tentative mechanism has been proposed towards the 55 

formation of C60─ZnTANP circular nano-discs. It is assumed that 
during the evaporation process of the C60─ZnTANP hybrid 
materials in benzene, initially smaller sized nanoparticles are 
formed. Then these smaller particles assemble and form smaller 
sized discs. Finally these smaller sized nano-discs aggregate 60 

further and form bigger sized nano-discs as shown in Fig. 2. 

Fig. 1 (a) Scanning electron microscopy (SEM) images of the 
C60─ZnTANP circular disc, after evaporation of the benzene 
solution on the Si substrates and (b) size distribution histograms 
of circular discs. 65 

Fig. 2 Plausible mechanism of C60─ZnTANP circular nano-disc 
formation via aggregations of smaller sized nano-disks. 
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X-ray structural studies of ZnTANP 

The crystal structure analysis of ZnTANP was performed to 
analyze its tendency to form supramolecular assemblies. The 
crystal structure of ZnTANP is shown in Fig. 3. Important 
crystallographic parameters are presented in Table 1. From the 5 

crystal structure analysis of ZnTANP, it is observed that the 
molecules are stacked together by various weak Van der Waals 
forces-like π-π stacking interaction (∼0.364 nm), C−H…N 
interactions (∼0.267 nm) and form closely packed 3D structures 
in the packing diagram (Fig. 4).35  10 

 
Fig. 3 Single-crystal X-ray structure of ZnTANP. 

 
Along the crystallographic c-axis it appears that these 3D 
structures have flat aromatic surfaces. It is assumed that these flat 15 

aromatic surfaces facilitate the formation of supramolecular 
assemblies with the C60 molecules.  
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Fig. 4 Orientation of zinc atoms in single-crystal X-ray 35 

structure   of ZnTANP when viewed along c-axis. 
 

 

 

Table 1  Crystallographic data for ZnTANP 40 

 
 

 

 

 45 

 

 

 

 

 50 

 

 

 

 

 55 

 

 

 

 

 60 

 

 

 

 

 65 

Electronic spectra 

In order to confirm the charge-transfer (CT) complex formation, 
the UV-vis-NIR spectroscopy was used to monitor the charge-
transfer transitions between ZnTANP and C60. Moderately weak 
absorption band in the visible region with maxima at around 860 70 

nm in the C60─ZnTANP hybrid material was observed (Fig. 5). 

 

 

Fig. 5 UV-vis-NIR spectra of the (a) C60─ZnTANP hybrid 
material (), (b) C60 powder (⋅⋅⋅⋅⋅⋅⋅⋅), and (c) ZnTANP 75 

powder  (– – – –). 

molecular formula C34 H22 N2 Zn0.5 

Fw 491.22 

Radiation MoKα 

crystal symmetry Triclinic 

space group P -1 

a(Å) 8.393(5) 

b(Å) 11.628(5) 

c(Å) 14.178(5) 

a(deg) 90.808(5) 

β(deg) 91.990(5) 

γ(deg) 93.628(5) 

V(Å3) 1379.9(11) 

Z 2 

µ (mm−1) 0.489 

T (K) 293(2) K 

Dcalcd (g cm−3) 1.182 

2θ range (deg) 4.86 to 48.38 

e data (Rint) 4305 ( 0.0364) 

R1 (I>2σ(I)) 0.0967 

WR2  0.2467 

GOF 1.098 
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This moderately weak band has been ascribed as charge transfer 
(CT) band from ZnTANP→ C60 and is well supported by 
previous reports.36-37 The CT transition energy corresponding to 
the absorption band at around 860 nm is equivalent to 1.44 eV. 

X-Ray photoelectron spectroscopy (XPS) 5 

XPS has been used to estimate the change in the distribution of 
electron density of hetero-atoms of the donors (ZnTANP) upon 
formation of hybrid material (C60─ZnTANP). As all the four 
nitrogen atoms of ZnTANP are chemically equivalent, they give 
rise to a single peak in the N 1s region of the XPS spectrum (Fig. 10 

6) and the binding energy of N atoms is 398.43 eV. Similarly 
there is only one Zn atom in the ZnTANP, which exhibits only 
one signal at the Zn 2P3/2 region of the XP spectrum (Fig. 7). The 
binding energy of the coordinated Zn atom is 1021.32 eV. 
However in the XP spectrum of C60─ ZnTANP hybrid material a 15 

positive shift is observed for both N 1s (1.7 eV ) and Zn 2P3/2 (0.3 
eV) peaks and it clearly indicates the formation of a charge 
transfer based complex (Fig.s 6 & 7).38  

 
 20 
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 40 

 

Fig. 6 N1s region of the X-ray photo electron spectrum of (a) 
ZnTANP powder, and (b) C60─ZnTANP hybrid materials. 
 

 45 

 

 

 

Fig. 7 Zn2p3/2 region of the X-ray photo electron spectrum of 
(a) ZnTANP powder, and (b) C60─ZnTANP hybrid materials. 50 

X-ray Diffraction (XRD) 

The C60─ZnTANP circular discs were characterized by X-ray 
diffraction (XRD) measurements. XRD patterns of the ZnTANP, 
C60─fullerene and C60─ ZnTANP circular discs are shown in 
Fig. 8. The XRD pattern of the C60─ZnTANP circular discs is 55 

entirely different from both the starting materials ZnTANP and 
C60-fullerene. For C60─fullerene, characteristic eight peaks are 
observed 39 and indexed as (111), (220), (311), (222), (331), 
(420), (422), and (511) / (333) and are typical of its fcc structure. 
C60─ZnTANP circular discs exhibit few broad and few sharp and 60 

intense peaks. It appears that overlapping of C60-fullerene and 
ZnTANP signals occurs and results in the broadening of the 
spectrum. However, the characteristic peaks of both C60-fullerene 
and ZnTANP are present on the C60─ZnTANP circular discs. 

I-V characteristics 65 

In order to analyze the current-voltage (I-V) 
characteristics, two types of diodes have been fabricated with the 
following configurations (see the Experimental methods): (1) 
Ag/C60─ZnTANP circular discs/p-Si/Ag and (2) pristine Si based 
hetrojunction diode (Ag/p-Si/Ag). A non─ideal rectifying 70 

current─voltage characteristics has been observed in both the 
cases (Fig. 9).40 The turn─on potential (VT) and reverse break 
down voltage increases from 2.15 V to 3.15 V and 2.08 V to 8.17 
V, respectively, for C60─ZnTANP based diode in comparison to 
pristine silicon based diode. The rectification ratio (r) of a diode 75 

is expressed by r = If / Ir, where If is the forward current, and Ir is  
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Fig. 8  XRD patterns of the (a) C60─ZnTANP circular discs, 
(b) ZnTANP powder, and (c) C60 powder. 20 

 
the reverse current. 40 By using this equation, a rectification factor 
of 100 is obtained at 3 V. The composition of the first diode (vide 

supra), clearly points towards a MIS (metal, insulator layer, and 
semiconductor) diode.40 By adding an insulating layer (native 25 

oxide layer on a Si substrate), the characteristics of the diode was 
found to change drastically. Upon applying a bias voltage, the 
interfacial state (it exists between the junction of SiOx {native 
oxide layer} and C60─ZnTANP circular discs) is getting charged 
and an additional field is generated.40 Thermionic emission 30 

theory has been frequently used to explain the characteristics of 
the MIS diode. 40 The characteristics of such a diode can be easily 
approximated by the following I-V equation as: I = Io 

exp(qV/nkBT) when V>3kBT/q , where q is the unit charge, V is 
the voltage (applied), kB is Boltzmann constant, n is the ideality 35 

factor, and T is the temperature.40,41 The following equation {n = 
[q/kBT].[dV/d(lnI)]} has been frequently used to calculate the 
ideality factor (n) of the diode. 40,41 The ideality factor (n) of the 
present diode has been found to be ~1.46. The n value indicates 
that the present diode is not an ideal Schottky barrier diode; 40 

instead it is a MIS-type diode.40 As both  

 

 

 

 45 

 

 

 

 

Fig. 9 Nonlinear I-V characteristics of Ag/C60─ZnTANP 50 

circular discs /p-Si/Ag diodes. The black solid line represents the 
I-V characteristics of Ag/C60─ZnTANP circular discs/p-Si/Ag 
diodes and the red line are for the Ag/p-Si/Ag diodes (colour 
online). 
 55 

the charge trapping and charge recombination processes are 
absent in the ideal situation, 42 the ideality factor of the diode is 
thus equals to unity. The I-V curve of the present diode has two 
parts: (a) a linear region, and (b) an exponential region. The linear 
behaviour is predominantly observed up to the voltage of 1.4 V 60 

and the exponential behaviour is observed in the following 
region; 1.4<Vf<3.15V. The exponential behaviour, which is 
observed at the higher forward bias voltages (1.4<Vf<3.15V), is 
fully dictated by the diode characteristics, however the linear 
behaviour, which is observed at the lower voltage sides (Vo = 1.4 65 

V), is certainly not controlled by the diode characteristics fully 
and is dependent on certain other factors.43 Information regarding 
the recombination processes and the shape of the interfaces (i.e. 
internal bulk morphology) are obtained from the ideality factor 
(n). Ideality factor (n), and the reverse saturation current (Io) 70 

controls the I-V characteristics of a device in the exponential 
region.41  In fact, the Ag/C60-ZnTANP/SiOx/p-Si/Ag structure 
has four interfaces: (i) Ag – C60-ZnTANP, (ii) C60-ZnTANP – 
SiOx, (iii) SiOx–p-Si, and (iv) p-Si–Ag. The electrical properties 
of hetrostructure (Ag/C60-ZnTANP/SiOx/p-Si/Ag) diodes are 75 

solely dependent on the interface. Thus it is highly possible that 
the presence of SiOx – p-Si and p-Si – Ag interfaces can also 
influence the diode characteristics. To rule out that possibility, we 
have constructed a device; Ag/SiOx/p-Si/Ag, and checked its I-V 
characteristics. The obtained symmetric I-V characteristic clearly 80 

ruled out the involvement of SiOx – p-Si and p-Si – Ag interfaces. 
This clearly indicates that the electrical characteristic of the 
Ag/C60-ZnTANP/SiOx/p-Si/Ag diode is largely controlled by Ag 
- C60-ZnTANP and C60-ZnTANP – SiOx interfaces. Thus the 
depletion region in the C60─ZnTANP circular discs/SiOx/Si 85 

interface controls the exponential region of the I-V characteristics 
in the device. To garner further support and to understand the 
current conduction pathways in the device, cAFM measurements 
were carried out. Stable images were obtained after scanning the 
different regions of the device with repeating cycles and it was 90 

confirmed that the C60─ZnTANP circular discs are bound 

-10 -8 -6 -4 -2 0 2 4 6
-10

-5

0

5

10

 

 

C
u

rr
e

n
t 

(m
A

)

Voltage (V)

 Zn-Porphyrin-Fullerene/p-Si(100)

 Pristine Si with native oxide

2.08 V8.17 V

3.15 V2.15 V

Page 6 of 10RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

6  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

400nm

0 nA

95 pA

strongly at the device surface. cAFM current maps at 10 V bias 
show bright spots with ∼100 pA intensity (Fig. 10). These 
observed bright spots (Fig. 10) are assigned as leakage current 
and are responsible for the conduction properties in the device.  

 5 

 

Fig. 10 CAFM micrographs (2µm×2µm) of C60─ZnTANP 
circular discs deposited on Si (colour online). 

C-V characteristics 

The critical role of the interface is clearly understood 10 

from the I-V characteristic of the present device and this 
phenomenon has tempted us to measure the charge storage 
capability of our device. The corresponding C─V curves have 
been obtained by sweeping a voltage from inversion to 
accumulation regions of the C60─ZnTANP circular disc 15 

containing layer on Si surface (Fig. 11) at R. T.  
 

 
 

 20 

 
 

 
 
 25 

 
 

 
 

 30 

 
Fig. 11 A voltage dependent capacitance of Ag/C60─ZnTANP 
circular discs/p-Si/Ag hetero structure diode (colour online). 
 
In general, hysteresis behaviour in the Capacitance-Voltage plot 35 

gives a first hand idea about the suitability of a device in charge 
storage applications.44 Thus, here, the observed counter-clock 
wise hysteresis is a clear signature of the charge-trapping 
phenomena and a positive shift in voltage (~2.7 V) indicates that 
those trapped charges are electrons only.44 It’s worth mentioning 40 

here that in the Ag/SiO2/Si junction, there no such hysteresis 

window is observed and it clearly indicates that charge trapping 
phenomena is nowhere involved in the SiO2 and Si interface. 
Carrier injection model has been successfully employed to 
explain this kind of hysteresis curve and it is further inferred that 45 

the polarity of the bias voltage is fully responsible for the 
injection of electrons and holes.44 Thus it can be concluded that 
the trapped electrons residing in the sandwiched C60─ZnTANP 
circular discs or at the interface of the C60─ZnTANP circular 
discs/SiOx are responsible for this hysteresis phenomena. It is 50 

obvious that because of the very low thickness (~2 nm) of the 
native oxide layer, the other alternatives, like SiOx/Si interface, or 
the oxide layers are clearly ruled out from the perspectives of 
charge storage capabilities. Thus it is evident that the trapped 
charges can reside only at the C60─ZnTANP circular discs/SiOx 55 

interface. A schematic description of the device is shown in Fig. 
12.  

 
Fig. 12 Charge transport across the potential barriers is shown 
schematically for the hetero-structure diode Ag/ C60─ZnTANP 60 

circular discs /p-Si/Ag (colour online). 
 

Thus in the forward cycle electrons are trapped at the interface 
and in the reverse cycle they are neutralized by holes. These 
trapped electrons at the interface generate an additional electric 65 

field and thus helps to reduce the barrier height from 2.7 to 0.97 
eV.  As a result of this, the lowering of turn-on potential 
occurred.  Thus the occurrence of hysteresis could be attributed 
due to the influence of C60─ZnTANP circular discs/SiOx 
interfacial state. It has been assumed that the charge transfer 70 

across the circular discs occurred via tunneling mechanisms. The 
amount of charge density trapped in the C60─ZnTANP circular 
discs/SiOx interface can be easily estimated with the help of 
following equation: Nt = ε0K ∆VFB /et where, ε0 is the permittivity 
of free space, K is the dielectric constant of C60 (~4.5), ∆VFB is 75 

the shifting of flat-band voltage, e is the electronic charge, and t 
is the thickness of silica layer.44 The rough amount of charge 
density stored in the C60─ZnTANP circular discs/SiOx interface 
is estimated to be 2.24×1012 cm-2. 

 80 
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Conclusions 

In conclusion, a donor (D)–acceptor (A) based hybrid material 
having 1:1 composition of C60─ZnTANP was synthesized by 
using a simple protocol.  Circular disc-like 3D objects with an 
average size distribution of 250 nm were generated by using 5 

drop-casting method. By using these circular disc-like nano-
architectures, a MIS-type diode was fabricated with the following 
composition: Ag/C60─ZnTANP circular discs/p-Si/Ag. The I-V 
characteristic of the device was measured and it shows a non 
ideal rectifying behavior. C-V measurements were also preformed 10 

to analyze the charge storage properties of these circular discs.  
The observed counter-clock wise hysteresis in the C-V 
measurement is a clear signature of the charge-trapping 
phenomena and a positive shift in voltage (~2.7 V) indicates that 
those trapped charges are electrons only. The rough amount of 15 

charge density stored in the C60─ZnTANP circular discs/SiOx 
interface is estimated to be 2.24×1012 cm-2. CAFM current maps 
at 10 V bias show bright spots with ∼100 pA intensity. These 
bright spots are attributed as leakage current and are responsible 
for the conduction properties in the device. However, as the p-Si 20 

substrate is not fully covered by the nanodiscs, thus the 
possibility of other conduction pathways (Ag/p-Si/Ag) in the 
device also cannot be ruled out completely (vide supra). Thus our 
results reveal that the circular disc-like nano-architectures made 
from C60─ZnTANP hybrid materials strongly influence the diode 25 

characteristics but its true nature cannot be ascertained accurately. 

Experimental section 

Materials  

The precursors pyrrole, benzonitrile, DDQ (2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone), 5-acenapthene carboxaldehyde, C60, 30 

Toluene and TEAP (Tetraethyl ammonium perchlorate) were 
purchased from Aldrich, USA. Zn(OAc)2,2H2O and Isopropyl 
alcohol were purchased from Merck, India. Other chemicals were 
of reagent grade. Hexane and CH2Cl2 were distilled from KOH 
and CaH2, respectively. For spectroscopy and electrochemical 35 

studies HPLC grade solvents were used. 5,10,15,20-tetra(5-
acenapthyl) porphyrin, H2TANP was prepared by slight 
modification of an earlier reported synthetic protocol(see ESI†). 45 

Characterization 

 UV−Vis spectral studies were performed on a Perkin−Elmer 40 

LAMBDA-750 spectrophotometer. Emission spectral studies 
were performed on a Perkin Elmer, LS 55 spectrophotometer 
using optical cell of 1 cm path length. The fluorescence quantum 
yields were determined using tetraphenylporphyrin, [TPP] as a 
reference. Time resolved fluorescence measurements were carried 45 

out using a time-correlated single photon counting (TCSPC) 
spectrometer (Edinburgh, OB 920). The elemental analyses were 
carried out with a Perkin−Elmer 240C elemental analyzer. The 
NMR measurements were carried out using a Bruker AVANCE 
400 NMR spectrometer. Chemical shifts are expressed in parts 50 

per million (ppm) relative to residual chloroform (δ = 7.26). 
Fourier transformed infrared (FTIR) spectra were recorded on a 
Perkin−Elmer spectrophotometer with samples prepared as KBr 

pellets. Electrospray mass spectra were recorded on a Bruker 
Micro TOF─QII mass spectrometer. Cyclic voltammetry 55 

measurements were carried out using a CH Instruments model 
CHI1120A electrochemistry system. A glassy−carbon working 
electrode, a platinum wire as an auxiliary electrode and a 
saturated calomel reference electrode (SCE) were used in a 
three−electrode configuration. Tetraethyl ammonium perchlorate 60 

(TEAP) was the supporting electrolyte (0.1M) and the 
concentration of the solution was 10−3M with respect to the 
complex. The oxidation and reduction processes at the positive 
and negative side of the SCE reference electrode were measured 
by using a glassy−carbon working electrode. The half wave 65 

potential E0
298 was set equal to 0.5(Epa + Epc), where Epa and Epc 

are anodic and cathodic cyclic voltammetric peak potentials, 
respectively. The scan rate used was 100 mV s−1. For the 
fabrication of Ag/C60─ZnTANP circular discs/p-Si/Ag diode, p-
type Si was used as a substrates. The substrates were cleaned 70 

sequentially by de-ionized water, methanol, and finally with 
acetone by using an ultrasonic bath with average immersion time 
of 10–15 min. For electrical measurements, p-Si (100) (thickness 
= 500µm) with native oxide (SiOx) layer of about 2 nm thickness 
were used as a substrate and as a bottom electrode. On this SiOx, 75 

desired order of C60─ZnTANP was drop-casted and a silver paste 
was used to make electrical contacts on the top of C60─ZnTANP 
films and on the back side of the Si substrates. In this way a 
hybrid structure was fabricated. The formation of 
Ag/C60─ZnTANP/Si/Ag hetero-structure diodes was verified by 80 

measuring I-V characteristics with a source meter (Keithley, 
2410). The charge storage properties of this hetero-structure 
diode were investigated by performing capacitance-voltage (C-V) 
measurements at a frequency of 1 MHz by using HP 4284A 
precision LCR meter. All the measurements were carried out on 85 

several sets of samples to ensure the repeatability and 
reproducibility of the data. Conducting atomic force microscopy 
(CAFM) was used to measure the local electrical property of the 
samples. CAFM was carried out by ex-situ AFM (Asylum 
Research, MFP3D) in the contact mode with a Pt coated Si 90 

cantilever (from NT-MDT) having a radius of curvature of ~35 
nm. For each sample, several images were taken from different 
regions to check the uniformity and to estimate the average 
conduction areas. Powder X-ray Diffraction (XRD) patterns of 
the samples were recorded on a Bruker DAVINCI D8 95 

ADVANCE diffractometer equipped with Cu- Kα radiation 
source with λ= 0.15406 nm. XPS measurements of the sample 
were performed by using a monochromatic Mg Kα X-ray source 
(XPS VG Microtech). SEM images of the nanoparticles were 
captured by using a field emission gun scanning electron 100 

microscope (FEGSEM) system (Zeiss, Germany make, Supra 
55).  

Crystal Structure Determination 

 Single crystals of ZnTANP were grown by slow diffusion of a 
solution of the metal complexes in diethyl ether into 105 

dichloromethane, followed by slow evaporation under 
atmospheric conditions. The crystal data of ZnTANP were 
collected on a Bruker Kappa APEX II CCD diffractometer at 293 
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K. Selected data collection parameters and other crystallographic 
results are summarized in Table 1. All data were corrected for 
Lorentz polarization and absorption effects. The program package 
SHELXTL46 was used for structure solution and full matrix least 
squares refinement on F2. Hydrogen atoms were included in the 5 

refinement using the riding model. Contributions of H atoms for 
the water molecules were included but were not fixed. Disordered 
solvent molecules were taken out using SQUEEZE47 command in 
PLATON. CCDC 982272 contains the supplementary 
crystallographic data’s for ZnTANP. These data can be obtained 10 

free of charge via www.ccdc.cam.ac.uk/data_ request/cif. 
 

Preparation of C60─ZnTANP hybrid material  
 
The C60─ZnTANP hybrid material was synthesized by following 15 

a standard protocol developed by Wakahara et al.29 In a standard 
protocol, a 10 ml C60 saturated toluene solution was prepared as a 
stock solution in a 10 ml volumetric flask.  Aliquot of 4 ml was 
taken from this solution and was mixed with 8.5 mg of ZnTANP 
in a glass bottle. The solution mixture was then stirred well at 20 

room temperature by using ultrasonication. The resulting mixture 
was kept at a refrigerator (4°C) for 1 h. 8 ml of isopropyl alcohol 
was added slowly to this mixture; the combined solution was 
shaken vigorously and was kept in fridge again for overnight. The 
resulted precipitate was collected, washed thoroughly with 25 

toluene, and dried in a vacuum.  
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