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a  b  s  t  r  a  c  t

Sodium  copper  chlorophyllin  (SCC)  thin  films  were  successfully  prepared,  using  dip  coating  technique.
Thermal  gravimetric  analysis  (TGA)  was  performed  for studying  the  thermal  stability  of  SCC  film.  The  sur-
face morphology  of  thin  films  was  studied  by  using  scanning  electron  microscopy  (SEM).  The  crystalline
structural  characteristics  were  undertaken  with  the  aim  of  determining  the  lattice  parameters  together
with  a  complete  list  of  the  Miller  indices  and  interplanar  spacing  for SCC.  The  molecular  structure  and
electronic  transitions  of  SCC  were  investigated  by  Fourier-transform  infrared  (FTIR)  and  absorption  spec-
trum, respectively.  Temperature  dependence  of  the  DC  electrical  conductivity,  (�DC) was  investigated
in  the temperature  range  289–373  K. Measurements  revealed  that the  �DC behavior  of  the  films  can  be
described  by  Mott’s  one-dimensional  variable  range  hopping  (VRH)  model  in  the  entire  temperature
range.  The  AC  conductivity,  (�AC(ω))  results  were  discussed  in  terms  of  the  correlated  barrier  hopping

(CBH)  mechanism  for  charge  carrier  transport.  The  maximum  barrier  height  and  the  hopping  length  were
estimated.  The  temperature  dependence  of the �AC(ω)  shows  Arrhenius  type  with  one  thermal  activa-
tion  energy  for  each  frequency.  The  behavior  of  the real  and  imaginary  parts  of  the  dielectric  constant
as  a function  of  both  temperature  and  frequency  were  discussed.  The  energy  band  model  was  applied
and the  type  of  the  optical  transitions  responsible  for  optical  absorption  was  found  to  be  direct  allowed
transition.  Position  dependent  for  SCC  thin  film  photo-detector  was  studied  by  using  laser  diode  source.
. Introduction

In recent years, organic semiconductors represent an emerging
lass of electronic materials which have processing and perfor-
ance advantages for large area utilization [1,2]. The remarkable

ombination of their novel semiconducting electronic properties
ith their ready shaping and manufacture makes them suitable

or a wide range of applications ranging from flexible flat panel
isplays and smart cards to transistors, solar cells and even lasers
2,3]. Their attractive physical properties efficient electrolumines-
ence, band gap in the infra-red (IR) to visible range, reasonable
harge carrier mobility can be tuned by modifying their chemical
tructure [1].  There has been a wealth of activity directed at investi-
ating the properties and structure of organic thin films [3,4]. Many

esearchers have been interested for using organic semiconductors
hin layers in the electronics and optoelectronics applications [3–6].
his is mainly due to low cost, simplicity of fabrication of large

∗ Corresponding author. Tel.: +20 2 33518705; fax: +20 2 22581243.
E-mail address: alaafaragg@yahoo.com (A.A.M. Farag).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.10.058
© 2011 Elsevier B.V. All rights reserved.

areas, and their interesting optical and electronic properties [2–5].
In fact, stable and reproducible rectifiers have been successfully
prepared in the field of electronic devices [3–6].

Chlorophyllin refers to any one of a group of closely related
water-soluble salts that are semi-synthetic derivatives of chloro-
phyll, differing in the identity of the cations associated with the
anion. Its most common form is a sodium/copper derivative used
as a food additive and in alternative medicine [7].

The physical and chemical properties of these material layers
depend not only on the molecular structure but also on the struc-
ture of the solid thin film [8,9]. One of the highly stable and water
soluble derivatives of chlorophyll is the sodium copper chloro-
phyllin (SCC) which are formed by replacing the central magnesium
atom by copper atom and then saponified by dissolving in ethanol
containing NaOH.

The use of oxide films, i.e., TiO2, ZnO, SnO2 or Nb2O5 as a sub-
strate to anchor the dye molecules such as chlorophyll and sodium

copper chlorophyllin allows sunlight to be harvested over a broad
spectral range in the visible region [10]. The mesoporous morphol-
ogy of the oxides support plays a crucial role in the harvesting of
sunlight. Similarly to chlorophyll in the green leaf, the dye acts as

dx.doi.org/10.1016/j.jallcom.2011.10.058
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:alaafaragg@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.10.058
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n electron transfer sensitizer. Upon excitation by light it injects
lectrons in the conduction band of the oxide resulting in separa-
ion of positive and negative charges. For efficient photoconversion
f solar energy, the charge injection must occur with unit quantum
ield [10].

A great advantage of dye-sensitized cells is that they can be
sed to produce directly high-energy chemicals from sunlight. Such
photosynthetic” devices solve the principal problem of conven-
ional photovoltaic cells that is the lack of capacity for energy
torage.

The choice of SCC for this study was motivated by the thermal
nd chemical stability as well as easily preparation process as a
hin film by different methods such as spray and spin coating tech-
iques [11,12].  In this work, the dip coating deposition method is
sed as a one of the cheapest methods to deposit thin films and
anomaterials, as it does not depend on expensive equipment and

s a scalable technique that can be employed for large area batch
rocessing or continuous deposition [13]. Up to our knowledge,
here is no intensive results found in the literature concerning the
arrier transport mechanisms and photovoltaic properties of SCC
ased devices except our publications of the UV–vis absorption
tudies [11] and the photovoltaic characteristics of SCC/n-Si het-
rojunction prepared by spray technique [12]. As an extension for
hese studies, the present work deals with the investigation of the
tructural, DC and AC electrical conductivities as well as photodiode
pplications of the prepared SCC by dip coating technique. More-
ver, the temperature and frequency dependences of the electrical
onductivity and the dielectric constants were also investigated.
he analysis was done to determine some related parameters and
redict the electronic conduction mechanisms of SCC film.

. Experimental

.1. Materials

Sodium copper chorophyllin (SCC) powder of purity 99.64% was  used in the
resent study. Pure gold and aluminum electrodes were used as ohmic and blocking
ontacts, respectively with SCC. The molecular structure of SCC is shown in Fig. 1(a).

.2. Thin film preparation

Thin films of SCC were prepared by dip coating technique, using chloroform
s  a solvent under stirring condition at temperature close to 323 K for dip-coating
rocess. Stirring continued for more 1 h to ensure the homogeneity of the mix-
ure. The glass square (2.5 cm × 2.5 cm)  substrates used in this study were cleaned
uccessively with distilled water, acetone and ethanol. After which it dried with
n  air gun. A solution contained 0.2 mol  L−1 of SCC was prepared using chloroform
s a solvent. Many factors contribute to determine the final state of a dip coated
hin film were controlled such as the initial substrate surface (≈2.5 cm × 2.5 cm),
ubstrate temperature (≈303 K), solution temperature (≈323 K), submersion time
≈10–15 s), withdrawal speed (≈20–40 mm/s), and environment humidity (≈70%).

 large variety of repeatable dip coated film structures and thicknesses can be fab-
icated. The set-up of the used dip coating technique shown in Fig. 1(b) can give
niform; high quality film using DC motor control of the dipping arm provides
mooth linear motion of the substrate at all dipping speeds. A variety of speed ranges
re  available with the possibility of slow speed. After preparation the films coated
n the substrates were dried in electric oven at 350 K to evaporate the residual sol-
ent. The prepared films of SCC are nearly homogeneous and uniform allover glass
ides. The thickness of the prepared film is approximately ≈2–3 �m.

.3. Methods and characterization tools

Thermal gravimetric analysis, TGA (Shimadzu TGA-50, Japan) was  carried out for
he SCC in order to study their thermal stability. TGA curve was  obtained by heating
pproximately 10 mg  SCC powder from 20 to 600 ◦C at a heating rate of 10 ◦C/min in a
ow rate of 20 ml  min−1 pure nitrogen atmosphere to avoid thermal oxidation. Fur-
ace control employed algorithms enabling closely occurring decomposition events
o  be separated. Thermal decomposition profiles were used to interpret and compare
hermal stability.
A Philips model X’pert diffractometer with CuK� radiation operated at 40 kV and
5  mA  was  used for the structural investigation of SCC film.

The surface topography of SCC film was  imaged, using a scanning electron
icroscopy, SEM (JEOL JSM 6360LA, Japan) operated at 25 kV, with resolution power

f  4 nm.  The SCC films were prepared by coating with ∼50 nm of sputtered gold.
Fig. 1. (a) Structural formula of SCC. (b) Set-up of dip coating process.

The infrared absorption spectrum of the prepared SCC film were measured at
room temperature in the range (4000–400) cm−1 by an infrared spectrophotometer
(Shimadzu 8400S, Japan) using the KBr disc technique. The KBr disc was subjected to
a  load of 5 tons cm−2 for 2 min  to produce clear homogenous disc. The IR absorption
spectrum was measured immediately after preparing the disc.

The two-point probe technique was used for electrical measurements for SCC
thin  films with a thickness of ∼500 nm.  The measurement of the dark DC electrical
conductivity of SCC films was carried out in the temperature range from 289 to
373 K, using a high impedance electrometer (Keithley 617 A). The temperature was
measured directly by Type-K thermocouple connected to the temperature controller
(Eurotherm model no. 390-200) to avoid the sudden drop in the heater temperature
using a closed furnace under air conditions.

The measurements of the AC electrical conductivity of SCC films were mea-
sured using programmable automatic LCR Bridge (model Hioki 3532 Hitester).
The  measurements were carried out on the parallel circuit mode. The measure-
ments were performed in the temperature range 300–375 K and frequency ranges
100  kHz–1 MHz.

3. Results and discussion

3.1. Thermal analysis
The SCC film was studied and evaluated by using thermal gravi-
metric analysis (TGA) [14–16] in order to confirm the possible
thermal stability characteristics the SCC molecule. The results of the
TGA are compiled in Table 1 as the decomposition steps, mass and
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Table 1
TGA extracted data of SCC film.

Degradation step Temp. range (◦C) Mass loss (mg) Percentage loss%

1st 50.6–106.4 0.114 1.70
2nd 227.5–391 1.35 20.15
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Fig. 3. Scanning electron microscopy (SEM) image of SCC film with magnification
of 50,000× and scale of 500 nm (0.5 �m).

Fig. 4. Particle size analysis using analyzer, PSA of SCC film.
3rd 392–592 0.37 5.52
Overall 1.834 27.31

ercentage losses as well as decomposition temperature range. The
GA thermogram of SCC is shown in Fig. 2 and characterized by the
resence of three discrete characteristic decomposition steps. The
rst decomposition step in SCC was identified in the temperature
ange of 50.6–106.4 ◦C with a percentage loss of 1.70%. This decom-
osition step may  be related to volatilization of small molecule,
nd/or the evaporation of residual adsorbed water [14]. Sun [15]
eported that the first loss of the mass due to chlorophyll degra-
ation as a result of the dehydration of the tightly bound water of
ydration. Seoudi et al. [16] showed that the first degradation in
he TGA analysis may  be due to the loss of moisture.

The second step in the temperature range of 227.5–391 ◦C is
he major thermal decomposition step in SCC molecule with a per-
entage loss of 20.15%. This decomposition step may  be correlated
o the elimination of the CuII ion. The last decomposition step in
he TGA of SCC required a wide temperature range for complete
he degradation of the porphyrin structure (392–592 ◦C) and this
ecomposition step was found to correspond to a percentage loss
f 5.52%. The overall percentage loss of the SCC molecule corre-
ponds to 27.31% up to the maximum heating temperature (600 ◦C)
pecified by TGA conditions.

.2. Morphological and crystalline structure of SCC film

Fig. 3 shows the surface morphology of a nanocrystalline SCC
lm using scanning electron microscope. The fine feature such as
xtremely small grain size of the film surface was  observed. The
verage grain size was found to be about 44 nm.  The particle size
istribution of SCC film was recorded using particle size analyzer
PSA) which shows the average grain size of about 41 nm as shown
n Fig. 4. The obtained particle size is found to be in agreement with
hat obtained by SEM.

The crystalline structural characteristics were undertaken with

he aim of determining the lattice parameters together with a
omplete list of the Miller indices (hkl) and interplanar spacing
dhkl) for SCC. The X-ray diffraction patterns (XRD) of the SCC
hin film deposited by dip coating is shown in Fig. 5 and reveals

Fig. 2. Thermal gravimetric analysis (TGA) of SCC film.
Fig. 5. X-ray diffraction (XRD) of SCC film.

nanocrystalline nature for the deposited film. The CRYSFIRE com-
puter program [17] was applied for indexing all the obtained
diffraction lines of the XRD of the powder SCC (not shown here).

It was found that the difference between the calculated dhkl val-
ues are in satisfactory agree with that observed by XRD as listed in
Table 2. Therefore, the present deduced indexing can be accepted
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Table 2
The observed and calculated interplanar spacing dobs. and the Miller indices (hkl) for
powder SCC.

2� (◦) dobs. (Å) dhkl (Å) hkl

6.714 15.291 15.287 (1 0 0)
8.884 11.567 11.557 (0 1 0)

11.143 9.220 9.219 (1 1 0)
13.45  7.653 7.643 (2 0 0)
16.142 6.275 6.375 (2 1 0)
17.822 5.780 5.779 (0 2 0)
19.063 5.407 5.405 (1 2 0)
20.234 5.098 5.096 (3 0 0)
22.136 4.665 4.663 (3 1 0)
22.394 4.64 4.61 (2 2 0)
22.823 4.526 4.524 (1 0 1)
23.57  4.386 4.383 (0 1 1)
24.534 4.313 4.213 (1 1 1)
25.692 4.031 4.026 (2 0 1)
26.87  3.854 3.852 (0 3 0)
27.089 3.810 3.822 (3 2 0)
27.09  3.832 3.820 (4 0 0)
27.234 3.805 3.802 (2 1 1)
27.727 3.726 3.736 (1 3 0)
28.287 3.673 3.663 (0 2 1)
28.563 3.631 3.628 (4 1 0)
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trum (4000–2700) cm , shown in Fig. 7, are usually associated
with O–H, N–H, and C–H stretching modes [4].  The broad intensity
band at 3421.13 cm−1 can be logically assigned to an O–H stretch-
ing vibration of water. Adventitious water can arise from traces
29.106 3.565 3.562 (1 2 1)
29.905 3.472 3.469 (3 0 1)

nd the SCC lattice is orthorhombic crystallographic system with
pace group P2221, with the lattice parameters: a = 15.28693 Å,

 = 11.5574 Å, c = 4.73629 Å. The values of Miller indices, hkl,  for
ach diffracted peak together with the interplanar spacing (dhkl)
ere obtained by using CHECKCELL program [18] and listed in

able 2. On the other hand, the structure of the obtained SCC film
s shown in Fig. 5. The diffracted peaks were oriented along the
1 0 0), (0 1 0), (1 1 1) and (4 0 0) directions. These clearly indicate
hat the prepared film has the same structure of the powder SCC
lm with orthorhombic crystallographic system. It is known that
-ray diffraction line broadening is influenced by the crystallite
ize and the internal strains. In order to obtain these parameters,

illiamson-Hall method was used. In this method, the analysis
ncludes two steps: first step, the width (ˇmeasured) of every peak

as measured as the integral breadth. The instrumental broadening
ˇinstrument) was determined from polycrystalline silicon standard.

Generally, the X-ray diffraction peak broadening is due to the
nstrumental broadening that due to crystallite size and lattice
train present in the material. The contributions of each of these
ffects are convoluted causing an overall broadening of the diffrac-
ion peaks. Before estimating the crystallite size and lattice strain,
t is necessary to eliminate the instrumental effect. The instrumen-
al corrected broadening  ̌ corresponding to the diffraction peak of
CC was estimated using the following equation [13]

 =
√
ˇ2
measured

− ˇ2
instrumental

, (1)

here ˇmeasured and ˇinstrumental are the full widths at half maxima
FWHM) of the broadened peaks of the SCC and a silicon crystal free
rom defect (standard), respectively. The use of silicon crystal free
rom defects enables to determine the instrumental broadening.
he crystallite size (D) and lattice strain (ε) can be calculated using
illiamson-Hall equation as follows [13]:

 cos � = 4ε sin � + K�

D
, (2)

here � is the X-ray wavelength of CuK� (1.5418 Å) and K is the

cherrer’s constant of the order of unity (0.9). Plotting of  ̌ cos � vs.
in � (shown in Fig. 6) produces a fit straight line of slope (≈4ε) and
ntercept (≈K�/D) in which the lattice strain and crystallite size are
etermined. The values of lattice strain and crystallite size were
Fig. 6. Plot of ε cos � vs. sin � for SCC film.

found to be 0.239 and 13.28 nm,  respectively. The crystallite size
obtained by XRD was found to be lower than that obtained by SEM
and PSA.

3.3. IR absorption characteristics of SCC film

The infrared spectrum is the unique characteristic of func-
tional groups stacking the molecule and is found to be the most
useful physical method of investigation in identifying functional
groups and to know the molecular structure. The absorption of IR
radiation causes the various bands in a molecule to stretch and
bend with respect to one another [19]. The most important range
(400–4000) cm−1 is of prime importance for the study of an organic
compound by spectral analysis [20]. The infrared spectrum has
two  regions. The fingerprint region is unique for a molecule and
the functional group region is similar for molecules with the same
functional groups [19]. For the ensuing discussion, this IR spec-
trum, shown in Fig. 7, is divided into four regions: (4000–2700),
(1800–1600), (1600–1300) and (1300–400) cm−1 (the film of SCC
is transparent in the region (2700–1800) cm−1).

Absorption bands found in the high-frequency region of spec-
−1
Fig. 7. Fourier-transform infrared, FTIR-absorption spectrum of SCC film.
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Table 3
DC electrical conductivity data of SCC film.

�E  (eV) T0 (K) �W (meV) 〈R〉 (nm)

Present work 0.24 1.72 × 104 98 0.75
Pisharady Sreejith 0.30 6.42 × 103 57 0.11
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Fig. 8. (a) Temperature dependence of dark electrical conductivity, �DC, and (b)
semilog plot of, �DC vs. 1000/T for SCC film. (c) Semilog plot of dark electrical con-
et al. [30]
Koval et al. [36] – 104 – 0.35
Farag et al. [37] – 5.8 × 104 – –

f water in the potassium bromide. The 2910.38 cm−1 absorp-
ion is assigned to an asymmetric C–H stretching mode [22]. The
bsorption bands found in the region (1750–1600) cm−1 shows one
bsorption band at 1602.74 cm−1 which can be assigned to the
arboxylate anion stretching [23].

The medium intensity absorption peaks that appear in the
egion (1600–1300) cm−1 most likely arise from the skeletal vibra-
ions of the tetrapyrrolic macrocycle of the alkyl substituent of
he porphyrin ring. The spectrum of the SCC film shows bands at
377.08 cm−1 that may  be assigned to the C C and C N skeletal
ibrations of the porphyrin ring. Similar absorption bands in this
eneral region of porphyrin [11,24] have previously been assigned
n the same way.

The region below 1300 cm−1 is commonly known as the fin-
erprint region, even though it does include some stretching
ibrations. The absorption in the region (1300–650) cm−1 is gener-
lly associated with molecular motions involving many atoms such
s in and out-of-plane bending and breathing vibrations of ring
tructures. The spectrum of SCC in the fingerprint region is com-
lex, and only tentative assignments of the absorption bands can be
ade. The 1195.78 cm−1 peak can be assigned to C–C stretching and

ending in pyrrole ring and the absorption peak at 1027 cm−1 has
een previously assigned to a pyrrole ring breathing mode [25]. The
inyl C–H out-of-plane bending mode absorbs at 827.41 cm−1. One
edium intensity band at 690.47 cm−1 and 590.18 cm−1 appear to

e consistent with the metal legend (M–N) vibration band observed
t high frequencies in the range (700–600) cm−1 for the Fe, CO, Ni,
u, Zn, Pd, and Pt series of porphyrins based structure, indicating
he extraordinary stability of SCC due to strong bonding between
he metal ion and the four surrounding nitrogen atoms in the pyr-
ole rings [11,21–26].

.4. DC electrical characteristics of SCC

Fig. 8(a) shows the temperature dependence of the dark DC
onductivity, �DC, in the temperature range 289–373 K. DC con-
uctivity, �DC, is gradually increasing with temperature in the
easured temperature range. The increase in the conductivity

s a function of temperature in a semilogarithmic plot signifies
hat the examined film exhibits semiconducting behavior. Fig. 8(b)
hows the semilogarithmic plot of DC conductivity, �DC, of SCC as a
unction of reciprocal temperature. The well-defined straight line
btained from the Arrhenius plot suggests the presence of only one
onduction mechanism in the temperature range of 289–373 K for
he film. Thus, it is reasonable to represent the temperature depen-
ence of �DC for the film by the well-known expression [27–29],

DC(T) = �0 exp
(

−�E
kT

)
, (3)

here �0 is the conductivity at infinite temperature, �E  is the acti-
ation energy and k is the Boltzmann’s constant. The value of �E
erived from the slope of the log �DC versus 1/T  graph, respectively
as determined and listed in Table 3. The obtained value of �E  is
n agreement with that obtained by Pisharady Sreejith et al. [30].
The temperature dependence of conductivity is originating from

uasi one-, two- or three-dimensional variable range hopping
VRH) across the barriers [31,32] or at very low temperatures VRH
ductivity, �DC vs. 1/T1/2 for SCC film (according to 1D-VRH).

in a Coulomb gap [33]. In the case of organic semiconductors and
in highly disordered materials the tight band approximation is
replaced by their extended states. The conduction in the extended
state is analogue to the crystalline material and in the localized
states due to hopping process. The VRH model has been extensively
applied to various amorphous semiconductors over the last few
decades, and recently has also been applied with a varying degree
of success to conducting polymers [34]. Recently, Altındal et al. [35]
have shown the applicability of Mott’s VRH model in 3-dimensions
for spin coated phthalocyanine films. One-dimensional variable
range hopping (VRH) was  successful for the thermally evaporated
carbazol [30], several polymers [36] and nanocrystalline oxazine
films [37].

According to the VRH model, the temperature dependence of
conductivity is given by [37]

�DC(T) = �0 exp
(

−T0

T

)1/(n+1)
, (4)

where the parameter n corresponds to one, two  and three dimen-
sions (n = 1, 2, 3), T0, is associated with the degree of localization
of the electronic wave function or hopping barrier. As a represen-
tative result, we  have plotted log �DC as a function of T−1/2, shown
in Fig. 8(c). The resultant best fit to the experimental data is in
agreement with one-dimensional variable range hopping (1D-VRH)
model proposed by Mott and Davis [32], and published by other

authors [38–41].

The value of Mott characteristic temperature T0 can be calcu-
lated from the slope of Fig. 8(c) and listed in Table 3. The hopping
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ig. 9. Semilog plot of dark AC conductivity, �AC vs. frequency for SCC film at dif-
erent temperatures.

nergy �W and the average hopping distance 〈R〉 are given by the
ollowing equations [30].

W = k

2
(T0T)1/2 (5)

R〉 =  

4

(
T0

T

)1/2
, (6)

here   is the wavefunction decay length (localization length).
aking the value of 0.5 nm for   [30], the values of hopping energy
nd the average hopping distance are determined and collected in
able 3.

In the hopping model the charge carriers hop from one local-
zed state to another. When it falls on a defect state, it is virtually
rapped in that state due to the potential well-created due to the
tomic polarization. Thus, the activation energy in the hopping pro-
ess is to excite charge carriers from one localized state to the next
30,35]. The obtained parameters for SCC film are compared with
ther published for one-dimensional variable range hopping (VRH)
f different materials and listed in Table 3.

The formation of grain boundaries in the nanostructural SCC
an also affect the electrical conductivity. The charged states at the
rain boundary create depleted regions and the potential barriers
hat provide a resistance for the passage of carriers. The grain-
oundary barrier models have been successfully used to explain
ost of the electrical properties in many polycrystalline materials.

he structure of grain boundaries can be assumed to have the same
tructure as that of intrinsic trapping defect states and they are
ormed in the film due to defects formed during film preparation. In
uch cases the resistivity is due to the depleted space charge regions
nd the grain boundary potential barriers that impede thermionic
mission of charge carriers into the grains [30].

.5. AC electrical characteristics of SCC film

Fig. 9 shows the frequency dependence of the AC conduc-
ivity, �AC(ω) in semilogarithmic plot, of SCC film at different
emperatures in the range 300–375 K. It is evident that �AC(ω) is
oth frequency and temperature dependent and increases with

ncreasing frequency and temperature. However, the influence of
emperature is more pronounced in the low frequency range, while
t the high frequencies edge the values of �AC(ω)  display proximity.
t low frequencies, the applied electric field forces the charge car-
iers to drift over large distances. As the temperature is increased,
 tendency to retain almost constant values is recorded. When fre-
uency is raised, the mean displacement of the charge carriers

s reduced and the real part of conductivity, after reaching a cer-
ain critical frequency fc, follows the law �AC(ω) ∼ ωs with 0 ≤ s ≤ 1
Fig. 10. Temperature dependence of the frequency exponent, s, for SCC film.

characterizing hopping conduction [42,43]. The critical frequency
fc has been found to be little dependent on temperature [44–46].
The dispersion of �AC(ω) with frequency is a common characteristic
in heterogeneous, disordered and nanostructural solids [42,47–49].
In general, at a constant temperature �AC(ω) can be expressed as
[49]

�AC(ω) = �DC + A(ω)s (7)

where �AC is the AC conductivity, ω is the angular frequency, �DC is
the ω → 0 limiting value of �AC(ω), A is the proportionality constant
and s is the index which is characteristic of the type of conduction
mechanism/relaxation mechanism dominant in amorphous mate-
rials [9,27].  The variation of exponent s with temperature gives
information about the conduction mechanism involved. The value
of s is less than unity for all SCC samples. An increase in �AC(ω)
with frequency and temperature indicate that there may be charge
carriers, which are transported by hopping through the defect sites
along the film structure [50].

Values of the frequency exponent s were calculated from the
slopes of these lines in the high frequency range, using a power
law (Eq. (7)) at different temperatures. The variation of s with tem-
perature is shown in Fig. 10,  in which it decreases with increasing
temperature. To decipher the conduction behavior with respect to
both frequency and temperature, different theoretical models have
been proposed to correlate the conduction mechanism of �AC(ω)
with s(T) behavior. Theories proposed for AC conduction in amor-
phous or nanostructural semiconductors [51] have mostly assumed
that carrier motion occurs through quantum mechanical tunneling,
QMT  [52–54].

In the quantum mechanical tunneling (QMT)  model [55,56],  the
exponent s is almost equal to 0.8 and increases slightly with increas-
ing temperature or is independent of temperature. Therefore, the
QMT  model is not applicable to the obtained results. But in the non-
overlapping small polaron tunneling (NSPT) model, the exponent s
is temperature dependent, increased with increasing temperature.
Therefore, the NSPT model also is not applicable to the obtained
results [57]. In the overlapping-large polaron tunneling (OLPT)
model [58], the exponent s is both temperature and frequency
dependent. Also, s decreases with increasing temperature to a min-
imum value at a certain temperature then continues to increase
with increasing temperature. Therefore, the OLPT model is also not
applicable to the obtained results. When applying the correlated
barrier hopping (CBH) model, values of s decrease with increasing
temperatures. This is in good agreement with the obtained results,

as shown in Fig. 10.  Accordingly, the correlated barrier hopping
(CBH) is the most predominant hopping mechanism in SCC film
and the frequency dependence of �AC can be explained in terms of
this model. Correlated barrier hopping (CBH) model was  applied for
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ature in slowly varying fields at low frequency, the dipoles align
themselves along the field direction and fully contribute to the total
polarization. As the frequency is increased, the variation in the field

a b
10 A.A.M. Farag et al. / Journal of Allo

arious organic compounds [59–61].  In the CBH model [60], carrier
otion occurs by means of hopping over the Coulomb barrier sep-

rating two defect centers and the exponent s was found to obey
he equation:

 = 1 − 6kT
Wm − kT ln(1/ω�0)

(8)

here Wm is the maximum barrier height for hopping at infinite
eparation, i.e., the binding energy of the carrier in its localized sites
nd �0 is a characteristic relaxation time which is in the order of
n atom vibrational period �0 = 10−13 s [62]. For which, to a first
pproximation reduces to the simple expression (for large values
f Wm/kT), the exponent s becomes [62]:

 = 1 − 6kT
Wm

(9)

The energy Wm is equal to the bandgap (Eg) of the material for
ipolaron hopping [63]. For the case of single-polaron transport,
he value of Wm by the CBH mechanism is typically one quarter that
or bipolaron motion, and the conductivity would be correspond-
ngly higher [63]. By determining the slope from the dependency
f (1 − s) versus T curve (Fig. 10)  and using Eq. (9) the poten-
ial barrier (Wm) was found to be 0.192 eV. This is not consistent
ith the activation energy estimated from the optical band gap

nergy of the nanostructured SCC thin films. Experimentally the
nergy Wm can take any value equal or less than energy gap of the
lm material depending on film’s morphological structure, aver-
ge grain size, defect distribution and density, phase content of the
ample (mono- or multi-phases), and crystallographic orientation
tate of the film [63–65].  These factors did not enter into the CBH
odel derived originally for uniform homogeneous non-crystalline

nsulators. Therefore, experimentally s can take any value less than
nity.

Fig. 11(a) shows the semilogarithmic plot of �AC as a func-
ion of the reciprocal temperature in the investigated temperature
ange at different frequencies for the SCC film. It is clear that �AC
ncreases linearly with the reciprocal of the absolute temperature.
his dependence of �AC on temperature suggests that the AC con-
uctivity is a thermally activated process and it can be analyzed
ccording to the well-known Arrhenius equation.

The AC activation energy of conduction was calculated at dif-
erent frequencies from the slopes of the obtained straight lines
f Fig. 11(a) at different frequencies. The frequency dependence of
E(ω) for SCC film is shown in Fig. 11(b). Clearly, values of �E(ω)

ecrease with increasing applied frequency. Such behavior can be
ttributed to the contribution of the applied frequency to the con-
uction mechanism, which confirms the hopping conduction to be
he dominant mechanism [60]. The increment of the applied field
requency enhances the electronic jumps between localized states;
ence the electrical activation energy decreases with increasing of
he applied frequency [66].

.6. Dielectric characteristics of SCC film

The frequency and temperature dependences of the real part of
ielectric constant, ε1 in the temperature range 300–375 K at dif-
erent applied frequencies in the range 20 kHz–1 MHz  is shown in
ig. 12(a) and (b). A comparative study of these results indicates
hat the value of ε1 increases with the increase of temperature and
ecrease with the increase of frequency. The rate of the increase by
ising temperature is faster at higher temperatures and the rate
f decrease by increasing frequency is faster at lower frequen-

ies. This behavior has been also observed in other organic films
59,60,67–70]. It is observed that the dielectric constant increases
ith the increase in temperature due to the charge carriers, which

n most cases cannot orient themselves with respect to the direction
Fig. 11. (a) Semilog plot of AC conductivity, �AC vs. 1000/T  at different frequencies
for SCC film. (b) Frequency dependence of the activation energy, �E for SCC film.

of the applied field, since they possess a weak contribution to the
polarization. As the temperature increases, the bound charge carri-
ers get enough thermal excitation energy, which are able to respond
the change in the external field more easily. This in turn enhances
their contribution to the polarization leading to an increase of the
dielectric constant ε1 of the sample [59,60]. At constant temper-
Fig. 12. (a) Semilog plot of real part of dielectric constant, ε1 vs. frequency and (b)
real part of dielectric constant, ε1 vs. temperature, T for SCC films.
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band) at 470 and 640 nm have generally been interpreted in terms
of the first and the second �–�* excitation between bonding and
antibonding molecular orbitals [11,19]. It can also be noticed that
this band shows the characteristic splitting (Davydov splitting) in
ig. 13. (a) Semilog plot of imaginary part of dielectric constant, ε2 vs. frequency
nd (b) real part of imaginary part of dielectric constant, ε2 vs. temperature, T for
CC films.

ecomes too rapid for the molecular dipoles to follow, so that their
ontribution to the polarization becomes less.

The variation in the dielectric loss ε2 as a function of temper-
ture and frequency is similar to that for the dielectric constant
1, this is clear from Fig. 13(a) and (b). Fig. 13(a) shows that ε2
s a low temperature dependent at low temperature range, and
hen it increases with increasing temperature. On the other hand,
ig. 13(b) shows that ε2 decreases with increasing frequency up
o about 500 kHz, above this value it seems to be low frequency
ependent. The rapid increment of ε2 at relatively high tempera-
ures can be explained in terms of the conduction losses [71]. The
onduction losses usually increase with the increment in the �AC
owards high temperatures.

The frequency dependence of ε2(ω) is represented as log ε2(ω)
ersus log ω, as given in Fig. 14(a) for the investigated SCC
lm. It is clear that the obtained curves are fitted to two  linear
traight lines depending on the frequency at various temperatures.
ccording to Guintini et al. [39], ε2(ω) at a particular frequency
n the temperature range where dielectric dispersion follow the
elation [39]:

2(ω) ∝ ωm(T), (10)

 b

ig. 14. (a) Logarithmic plot of ε2 vs. frequency. (b) Temperature dependence of the
xponent m.
 Compounds 513 (2012) 404– 413 411

where m is the power exponent dependent on temperature. The
power m(T) of this equation was  calculated from the negative slopes
of the obtained straight lines of Fig. 14(a) at low frequency range
at different temperatures. The variation of the obtained values m
with temperature is shown in Fig. 14(b). The results illustrate that
m decreases with increasing temperature. Such a dependence of
m(T) on temperature satisfies the following relation [39].

m = − 4kT
WM

(11)

From the above equation, the power, m,  should be negative and
decreases with increasing temperature showing a linear fit behav-
ior, which is confirmed in Fig. 14(b). The value of WM was estimated
as 0.038 eV for SCC thin film. This value is comparable with those
obtained for organic materials [13,36] by this model. The disagree-
ment between the obtained values of Wm and WM may  be due to the
approximation, that made by ignoring the frequency term, which
may  be resulted in relatively high value of Wm, while the calculation
of WM takes the frequency into account [70].

3.7. Absorption and energy gap determination

The absorption spectrum of SCC thin film is shown in Fig. 15(a).
They have very strong absorption bands in the visible region of the
spectrum. The well-known band of the SCC molecule, namely Q-
band appears in the region between 470 and 670 nm. As observed,
SCC film shows two  peaks. The higher wavelength side peak has
a lower intensity than the observed at the lower wavelength side.
The distinct characterized peaks for SCC in the visible region (Q-
Fig. 15. (a) Spectral dependence of absorbance of SCC film in the range 400–700 nm.
(b)  Simplified schematic diagram of the energy gap separation between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO).
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Fig. 17. (a) Schematic diagram of the device. L, M and R are three different positions
ig. 16. Plot of (˛h	)2 vs. h	 (a) first region and (b) second region of SCC film.

he high characteristic peak which has a value of 0.23 eV for SCC
n agreement with the other organic molecules [11,19]. According
o Davydov’s theory the amount of splitting is a measure of the
nteraction energy between molecules having different site sym-

etries. The bands split into as many components as there are
on-transitionally equivalent molecules in the unit cell. Thus, the
bserved weak splitting confirms the out of plane bonding in SCC.
he simplified schematic diagram of the energy gap separation
etween the highest occupied molecular orbital (HOMO) and the

ower unoccupied molecular orbital (LUMO) is shown in Fig. 15(b).
The applicability of using the band theory to describe the

lectronic transition in organic systems was suggested by vari-
us authors [26,72–75].  They studied HOMO–LUMO gap of some
rganic semiconductors and suggested that a transition of elec-
ron in an organic molecule is promoted from the highest occupied

olecular orbital HOMO to the lowest unoccupied molecular
rbital LUMO. Thus, for a molecular crystal the valence band is
ormed by the combination of the highest occupied molecular
rbital (HOMO; �-orbital) whereas the lowest unoccupied molec-
lar orbital (LUMO; �*-orbitals) contribute to the conduction band.
hese bands are separated by the band gap (Eg).

To obtain information about direct or indirect inter-band transi-
ions, the optical band gap was determined from the analysis of the
pectral dependence of the absorption near fundamental absorp-
ion edges within the framework of one electron theory [48,49].
his theory can be used to analyze the absorption edge data of
olecular solids such as phthalocyanine derivative [74,75]. The

ependence of (˛h	)r on photon energy h	 was plotted for differ-
nt values of r and the best fit was obtained for r = 2. The absorption
oefficient, ˛, is well-described by the relation [74,75].

˛hv)2 = A(hv − Eg) (12)

here Eg is the value of the optical band gap and the factor A
epends on the transition probability which can be assumed to be
onstant within the optical frequency range. Plots of (˛h	)2 vs. (h	)
ear the absorption edge of the Q and B bands for the SCC are shown

n Fig. 16(a) and (b). The extrapolation of the straight line graphs to
ero absorption gives the values of the onset and transport energy
ap. It is worth to mention that the transport gap “HOMO–LOMO
ap”, Et, is the minimum energy formation of a separated, uncor-
elated free electron and hole that associated with the transport of
ingle particles in the solid. On the other hand, the optical gap, Eopt
orresponds to the onset of optical absorption and formation of a
ound electron–hole pair or exciton. For most organic molecules,
he calculated transport gap Et is larger than the calculated optical
and gap, Eopt by a significant amount corresponding to the binding
of  laser spot illumination for the device. (b) Current–voltage (I–V) characteristics of
SCC device at different positions (L, M and R are three different positions of laser
spot  illumination).

energy of the exciton, EB. It may  be noted that the exciton binding
energy mainly depends on the dielectric constant of the material,
molecular size and charge distribution on the molecule [76]. The
binding energy of the exciton for most organic molecules lies in
the range EB = 0.5–1.7 eV [76,77].  The obtained values of Eopt and
Et are 1.88 and 2.6 eV, respectively. Accordingly, the corresponding
exciton binding energy, EB = Et − Eopt = 0.72 eV, is in agreement with
other molecular solids [76]. The high value of the exciton binding
energy may  be attributed to the molecular nature of organic solids
and low dielectric constant for most organic molecules [77].

3.8. Photodiode application of SCC film

Position dependent of SCC thin film photo-detector has been
studied by using laser diode source. Fig. 17(a) shows a schematic
diagram of the device. L corresponds to illumination on the left
electrode/film interface, R corresponds to illumination on the

right electrode/film interface, and M corresponds to the middle
position of the film. Fig. 17(b) shows the photocurrent with dif-
ferent laser spot positions. The photocurrent either increases,
decreases or remains almost zero, depending on the position of the
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aser spot with respect to the electrodes. In detail, the J–V curves
or position M and in dark lie on top of the one another and pass
irectly through the origin. Whereas, when the light illuminated at
osition L and R, the J–V curve is shifted above or below the origin,
espectively.

A large enhancement of photocurrent as well as photo-voltage
t the interface indicates that there is an existence of locally gener-
ted electric field at the metal/SCC film interface. This mechanism
f the local electric field generation was explained using Schot-
ky barrier (SB) model. When red spot is illuminated on the left
lectrode/SCC film interface, excitons are generated and dissoci-
ted into free charge carriers at the interface. Since SCC thin film
as a lot of localized states, it will also help in dissociation of exci-
ons into free carriers. Some of the free carriers (holes) might have
ufficient energy to overcome the Schottky barrier and enter into
he metal electrode leaving the electron in the film. This causes a
ole–electron separation at the interface creating a positive photo-
oltage.

. Conclusions

The nanocrystalline structure of the SCC film prepared by dip
oating was confirmed by using SEM, PSA and XRD. The thermal
tability was checked by TGA in the studied temperature range.
he DC electrical conductivity studies were carried out and it was
ound that the conduction is due to variable range hopping (VRH)

echanism. The AC conductivity of SCC is found to be proportional
o ωs(T) and the temperature dependence of both AC conductivity
nd the frequency exponent are reasonably well-interpreted in the
ontext of the (CBH) model. The dielectric relaxation mechanism
as explained based on the temperature dependent of both ε1(ω)

nd ε2(ω) at different frequencies. The optical properties of SCC thin
lms show that, two absorption bands were observed, namely, the
oret (B-band) and the Q-band. The transport phenomena and the
ptical band gap as well as the exciton binding energy are found to
e 2.6, 1.88 and 0.72 eV, respectively. The position dependent SCC
hin film photo-detector was also detected.
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