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a b s t r a c t
The surface morphology of the tris[4-(5-dicyanomethylidenemethyl-2-thienyl)phenyl]amine (TDCV-TPA)
ﬁlm was investigated by high performance atomic force microscopy and the surface roughness parameters
such as roughness average (sa), root mean square roughness (sq), surface skewness (ssk) and surface
kurtosis (sku) of the TDCV-TPA ﬁlm were obtained. The TDCV-TPA ﬁlm indicated the low valleys with
bumpy surface. The optical properties of the solutions of the small-molecule semiconducting dye
TDCV-TPA for different high molarities, lower molarities and different solvents were investigated in
detail. The molar extinction coefﬁcient, optical band gap, angle values of refraction of the TDCV-TPA
decreased with increasing molarity, while the absorbance at maximum absorption wavelengths, angle
of incidence, electric susceptibility, real part values of the optical conductivity of the TDCV-TPA increased
with increasing molarity. The maximum molar extinction coefﬁcient (emax) at kmax values (510 and
509 nm) of the solutions of the TDCV-TPA for 0.024 and 0.010 mM were found to be 1.175  105 and
1.931  105 L mol1 cm1, respectively. The maximum mass extinction coefﬁcient (amax) of the solutions
of the TDCV-TPA for 0.024 and 0.010 mM were found to be 163.226 and 268.247 L g1 cm1, respectively.
The optical band gap (Eg) values of the TDCV-TPA for 1, 2 and 3 mM were found to be 1.916, 1.898 and
1.892 eV, respectively. The absorption band edge for DCM varied from 1.882 to 1.997 eV, while the
absorption band edge for chloroform varied from 1.923 to 2.027 eV. To obtain lower optical band gap
of the TDCV-TPA can be prefered DCM solvent.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Organic semiconductors (OSCs) have been studied since the
early 1950s [1], dealing essentially with small molecules, e.g., condensed hydrocarbons and dyes. OSCs are generally divided in two
groups such as low molecular weight semiconductors based on
small organic molecules and polymers with higher molecular
weight [2,3]. OSCs such as linear p-conjugated systems [4] are
the focus of growing scientiﬁc and technological interest, motivated by their potential application in ﬂexible and cost-effective
opto-electronic devices, for example, ﬁeld effect transistors (FETs)
[5–9] light-emitting diodes (LEDs) [10–12] and solar cells [13–16].
These devices require active materials able to perform a speciﬁc
function, such as charge transport, light-emission, or light harvesting [5]. Small molecules are light and can usually be puriﬁed and
deposited through thermal evaporation processes [17]. In recent
years, organic materials have received increased interest for their
easy process, ﬂexibility [18], low-cost manufacturing, easy pro⇑ Tel.: +90 4362130013 2104; fax: +90 4362120853.
E-mail addresses: bgunduz83@hotmail.com, b.gunduz@alparslan.edu.tr
0925-3467/$ - see front matter Ó 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.optmat.2013.10.005

cessing and interesting sensing properties or high luminescence
efﬁciencies [19] and for many components of electronic devices,
particularly the active semiconductor layer, due to many fundamental advantages as the active material in optical and electronic
devices [20], such as chemical sensors [21,22], light emitting
diodes, solar cells [20], smart cards, electronic displays, radio frequency identiﬁcation tags [23], thin ﬁlm transistors [24] and
ﬁeld-effect transistors [20] over their inorganic counterparts [25].
This large range of possible applications can be realized by understanding the basic science in involved in the operation of organic
electronic devices and the physics of organic semiconductors [2].
The application of organic electronics can range from polymer micro-electronic mechanical-systems to organic superconductors
[26]. Triarylamines substituted by acceptor groups are promising
as deep-red-light emitters for doped and nondoped organic LED
devices [5]. Triphenylamine (TPA) derivatives are well-known for
their star-shape dendrimer structure [27], their 3D propeller shape
and glass-forming properties and are widely used as 3D conjugated
systems of organic semiconductors with hole-injecting/transporting behavior or luminophore materials in LEDs [5,28,29]. It is
known that TPA-based compounds have been widely applied as
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hole transport and electroluminescence materials [28,30–34], and
their amorphous character offers the possibilities to develop active
materials for the fabrication of organic solar cells with isotropic
optical and charge transport properties [30]. Thienylenevinylenetriphenylamine functionalized with peripheral dicyanovinylene
groups (TDCV-TPA) was designed as an isotropic material for solar
cells [5]. TDCV-TPA displays an appreciable photoluminescence
(PL) quantum efﬁciency [35]. The electroluminescence (EL) is in
the deep-red region of the UV–vis spectrum, with an onset at
580 nm and a maximum at 658 nm [5].
Atomic Force Microscopy (AFM) image is signiﬁcant in order to
investigate structural properties of a material. AFM has become a
popular method of investigating the surface structures of the materials and gives the surface topography images in one dimensional
(1D)/three dimensional (3D) by scanning with a cantilever tip over
a surface. The knowledge of the surface topography at nanometric
resolution made possible to probe dynamic biological process
[36,37], tribological properties [38,39], mechanical manufacturing
[40] and mainly thin ﬁlm surfaces [41,42]. It is a useful method
to study morphology and texture of diverse surfaces of the materials because of the effect on the electrical and optical properties of
the materials/devices [43].
The nonlinear optical properties, such as optical absorption
[44,45], have shown high potential [46] for device applications in
far- infrared laser ampliﬁers [47], photo-detectors [48], and high
speed electro-optical modulators [49].
The extinction coefﬁcients, including mass extinction coefﬁcient (a) and molar extinction coefﬁcient (e), are parameters to deﬁne the absorbance intensity at a given wavelength per mass
density (g) or molar concentration (mol), respectively [50–52]. It
can be determined by using the Beer–Lambert law, Abs = ecl, where
Abs is the absorbance which can be obtained using a UV–vis absorbance spectrometer, and l is the optical path length [50,53]. An
accurate molar concentration (c) needs to be determined to obtain
the molar extinction coefﬁcient (e) [50].
Solvent affects on organic reactivity and on absorption spectra
have been studied for more than a century [54]. It is well known
that the photo-physical behavior of a dissolved dye depends on
the nature of its environment [54], that is, the shape, intensity,
and maximum absorption wavelength of the absorption band of
dye in solution depends strongly on the solvent–solute interactions
and solvent nature [54–58]. This effect is closely related to the nature and degree of dye–solvent interactions [54].
Solvents are effective on the optical and electrical properties of
the materials. Dichloromethane (DCM), or methylene chloride, is
an organic compound with the formula CH2Cl2. It is colorless, volatile liquid with a moderately sweet aroma and is widely used as a
solvent. Although it is not miscible with water, it is miscible with
many organic solvents [59]. DCM’s volatility and ability to dissolve
a wide range of organic compounds makes it a useful solvent for
many chemical processes. Chloroform is an organic compound
with formula CHCl3. It is one of the four chloromethanes [59].
The colorless, sweet-smelling, dense liquid is a trihalomethane,
and is considered somewhat hazardous [59]. Chloroform is a common solvent in the laboratory, because it is relatively unreactive,
miscible with most organic liquids, and conveniently volatile
[60]. Chloroform is an effective solvent for alkaloids in their base
form and thus plant material is commonly extracted with chloroform for pharmaceutical processing.
Furthermore, some scientists made several researches on the
surface morphology of the TDCV-TPA ﬁlm. Bernede and co-workers
[61] reported that the AFM images in three dimensions and proﬁles
of TDCV-TPA ﬁlms deposited onto ITO/MoO3, and ITO/CuI structures, and two dimensions AFM images and proﬁles of TDCV-TPA
ﬁlms deposited onto ITO/MoO3 and ITO/CuI structures. They [61]
reported that the ﬁlms present very different roughnesses with

rms of 2.20 and 1.26 nm for MoO3 and CuI, respectively. On the
other hand, there is not any report in the literature about the surface roughness parameters such as roughness average (sa), root
mean square roughness (sq), surface skewness (ssk) and surface
kurtosis (sku) of the only TDCV-TPA ﬁlm.
Some scientists made researches on some optical parameters of
the TDCV-TPA ﬁlm. Sulaiman and Fakir [27] reported that the spectrum of the TDCVTPA ﬁlm extended into part of the UV region
(200–400 nm) and covered the whole range of the visible region
(400–700 nm). They [27] estimated the optical energy gap of the
TDCV-TPA ﬁlm as a 1.9 eV. Some scientists made many researches
on the molar extinction coefﬁcient and mass extinction coefﬁcient
of the some materials [50,62,63]. On the other hand, there is not
any report in the literature about the optical properties of the solutions of the small-molecule semiconducting dye TDCV-TPA for different high molarities, lower molarities and different solvents. This
solution technique for investigation of the optical properties of the
soluble materials is cheaper than a ﬁlm technique, because there is
not need to any deposition devices such as spin-coater, Langmuir–
Blodgett (LB) devices, which are more expensive devices to investigate the optical properties of the TDCV-TPA material. This solution technique is more accurate than a ﬁlm technique, because
prior, during and after the coating of a ﬁlm, various impurities
may occur on the surface of the ﬁlm and these disadvantages adversely affect the optical properties of the material.
In this study, we investigated the surface morphology of the
tris[4-(5-dicyanomethylidenemethyl-2-thienyl)phenyl]amine
(TDCV-TPA) ﬁlm by high performance atomic force microscopy and
the surface roughness parameters such as roughness average (sa),
root mean square roughness (sq), surface skewness (ssk) and surface kurtosis (sku) of the TDCV-TPA ﬁlm were obtained. Then, we
investigated in detail the optical properties of the solutions of the
small-molecule semiconducting dye TDCV-TPA for different high
molarities, lower molarities and different solvents. To examine
optical properties, the TDCV-TPA material for different high molarities, lower molarities and different solvents homogeneously dissolved. The optical measurements were conducted on a
Shimadzu model UV-1800 Spectrophotometer. The effects of the
high molarities, lower molarities and solvents on the optical
parameters such as molar extinction coefﬁcient, mass extinction
coefﬁcient, average transmittance, absorb wavelength, absorption
band edge, optical band gap, real and imaginary part of the dielectric constant, electrical susceptibility, real and imaginary part of
conductivity were investigated.
2. Experimental
Tris[4-(5-dicyanomethylidenemethyl-2-thienyl)phenyl]amine
(TDCV-TPA) small-molecule semiconducting dye and solvents,
which are dichloromethane (DCM) and chloroform used in this
study, were purchased from Sigma–Aldrich Co. The chemical structure of the TDCV-TPA small-molecule semiconducting dye is
shown in Fig. 1. This section has been occurred in three stages. In
the ﬁrst stage, we prepared the TDCV-TPA ﬁlm at high molarity
for AFM image. In the second stage, we prepared the stock solutions of the TDCV-TPA for different high molarities, lower molarities and different solvents. In the last stage, we recorded the
optical measurements of the stock solutions of the TDCV-TPA for
different high molarities, lower molarities and different solvents.
2.1. Preparation of the TDCV-TPA ﬁlm at high molarity for AFM image
To prepare the TDCV-TPA ﬁlm, the TDCV-TPA material weighed
with a AND-GR-200 Series Analytical Balance for 3 mM, then it was
dissolved homogeneously in 4 mL volume of DCM and it was
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Fig. 1. The chemical structure of the TDCV-TPA small-molecule semiconducting
dye.

ﬁltered through PTFE membrane ﬁlter to obtain the best ﬁlm. Ultimately, the ﬁltered solution of the TDCV-TPA was deposited on
cleaned microscopy glass at 2000 rpm for 20 s by the spin coating
method. After the spin coating, the ﬁlm was dried at 70 °C for
5 min to evaporate the solvent and remove organic residuals. Surface morphology of the TDCV-TPA ﬁlm was investigated by high
performance atomic force microscopy (hpAFM, NanoMagnetics
Instruments Co.) with PPP-XYNCHR type Cantilever at dynamic
mode.
2.2. Preparation of the stock solutions of the TDCV-TPA for different
high molarities, lower molarities and different solvents
The molecular weight and formula of the TDCV-TPA small-molecule semiconducting dye is 719.86 g/mol and C42H21N7S3, respectively. To prepare the stock solutions, ﬁrstly the TDCV-TPA
material weighed with a AND-GR-200 Series Analytical Balance
for 1, 2 and 3 mM of the high molarities, for 0.33, 0.12, 0.05,
0.024 and 0.010 mM of the lower molarities and for 2, 0.28 and
0.12 mM of the different solvents (DCM and chloroform). Then,
these weighed TDCV-TPA materials dissolved homogeneously in
6 mL volume of DCM solvent for 1, 2 and 3 mM and in 4 mL volume
of DCM solvent for 0.33, 0.12, 0.05, 0.024 and 0.010 mM, and in
4 mL volume of chloroform solvent for 2, 0.28 and 0.12 mM. Ultimately, prepared all the solutions of the TDCV-TPA were ﬁltered
through PTFE membrane ﬁlter to obtain the best results of the optical measurements. The real pictures of the ﬁltered solutions of the
TDCV-TPA for 2 mM dissolved in DCM and chloroform are shown
in Fig. 2a and b, respectively.
2.3. The optical measurements of the stock solutions of the TDCV-TPA
for different high molarities, lower molarities and different solvents
We used the cylindrical cuvettes (Hellma QS-100) of 3.5 mL volume and 10 mm optical path length for all the solutions of the
TDCV-TPA. The optical measurements of all the solutions of the
TDCV-TPA for different high molarities, lower molarities and different solvents were recorded by a Shimadzu model UV-1800 Spectrophotometer in the wavelength 1100–190 nm at room
temperature.
3. Results and discussion
This section has been occurred in four stages. In the ﬁrst stage,
we investigated the surface morphology properties of the TDCVTPA ﬁlm. In the second stage, we investigated in detail the optical
properties of the solutions of the TDCV-TPA for 1, 2 and 3 mM of the
high molarities. The effects of the high molarity on the optical
parameters such as molar extinction coefﬁcient, average transmittance, absorption band edge, optical band gap were investigated. In

Fig. 2. The real pictures of the ﬁltered solutions of the TDCV-TPA for 2 mM
dissolved in (a) DCM and (b) chloroform solvent.

the third stage, we investigated in detail the optical properties of
the solutions of the TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and
0.010 mM of the lower molarities. The effects of the lower molarities on the optical parameters such as molar extinction coefﬁcient,
maximum mass extinction coefﬁcient, average transmittance, absorb wavelength, absorption band edge, optical band gap, real
and imaginary part of the dielectric constant, electrical susceptibility, real and imaginary part of conductivity were investigated. In
the last stages, we investigated in detail the optical properties of
the solutions of the TDCV-TPA for 2, 0.28 and 0.12 mM of the different solvents (DCM and chloroform). The effects of the DCM and
chloroform solvents on the optical parameters such as molar
extinction coefﬁcient, average transmittance, absorb wavelength,
absorption band edge, optical band gap were investigated.

3.1. Surface morphology properties of the TDCV-TPA ﬁlm
Surface morphology properties of the TDCV-TPA ﬁlm were
investigated by high performance atomic force microscopy. The
scan area was chosen as 5  5 lm2. Fig. 3a and b shows one (1D)
and three dimensional (3D) AFM images of the TDCV-TPA ﬁlm
for 5  5 lm2 scan area, respectively. As seen in Fig. 3a and b, these
images also have the light, dark and valley regions (pits). The color
intensity as seen in Fig. 3a and b shows the vertical proﬁle of the
material surface, with light regions being the highest points and
the dark points representing the depressions and pores [43].
The differences in the surface morphology of the TDCV-TPA ﬁlm
were investigated in terms of four types of roughness parameters
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Fig. 3. (a) One (1D) and (b) three dimensional (3D) AFM images of the TDCV-TPA ﬁlm.

such as; roughness average (sa), root mean square roughness (sq),
surface skewness (ssk), and surface kurtosis (sku).
Roughness is known to inhibit the growth of uniform [64] and it
is useful for detecting general variations in overall proﬁle height
characteristics and for monitoring an established manufacturing
process [37].
Root mean square (RMS) roughness (sq) is the square root of the
distribution of surface height and is considered to be more sensitive than the average roughness for large deviations from the mean
line/plane and is also used in computing the skew and kurtosis
parameters [37]. RMS roughness (sq) describes the ﬁnish of optical

surfaces and represents the standard deviation of the proﬁle
heights and is used in computations of skew and kurtosis [37].
Surface roughness skewness (ssk) is used to measure the symmetry of the variations of a proﬁle/surface about the mean line/
plane and is more sensitive to occasional deep valleys or high
peaks [37]. The negative values of the skewness indicate that the
valleys are dominant over the scanned area and positive values
show that the peaks are dominant on the surface [37]. Continued
negative values would indicate cracks, representative of valleys
[37]. The distribution of positive and negative values indicates
the existence of protruding grains [37].
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Kurtosis is a measure of the distribution of spikes above and below the mean line. Kurtosis describes machined surfaces and is
rarely used for optical surfaces. It is sometimes speciﬁed for the
control of stress fracture. Surface roughness kurtosis (sku) is used
to measure the distribution of the spikes above and below the
mean line/plane [37]. For the Gaussian distribution, the skewness
is equal to zero and the kurtosis is equal to three [43].
In this study, the surface roughness parameters such as roughness average (sa), root mean square roughness (sq), surface skewness (ssk) and surface kurtosis (sku) of the TDCV-TPA ﬁlm were
obtained from the AFM images with an AFM software program.
The roughness average (0.352 nm) of the TDCV-TPA ﬁlm is lower than that of the root mean square roughness (0.446 nm). The
root mean square roughness (0.446 nm) of the TDCV-TPA ﬁlm is
smaller than that of the roughnesses (2.20 and 1.26, respectively)
of the TDCV-TPA ﬁlms on the MoO3 and CuI in the literature
[61]. For a Gaussian distribution of asperity height, statistical theory shows that the ratio of sq to sa should be 1.25. Ward [65] notes
that the asperity height distribution of most engineering surfaces
(tribology) may be approximated by a Gaussian distribution with
sq/sa values of up to 1.31. The ratio (1.267) of sq to sa of the
TDCV-TPA ﬁlm is reasonably close to the value of 1.25 predicted
by theory.
The surface skewness (0.194) of the TDCV-TPA ﬁlm is negative, which indicates the porous structure as seen also in Fig. 3a
and b. The negative skew of the TDCV-TPA ﬁlm attributes to a criterion for a good bearing surface and negative value of the skewness of the TDCV-TPA ﬁlm indicates that the valleys are
dominant over the scanned area [37]. Surfaces with a positive
skewness, such as turned surfaces have fairly high spikes that protrude above a ﬂatter average [43]. Surfaces with negative skewness, such as porous surfaces have fairly deep valleys in a
smoother plateau [43]. More random (for example, ground) surfaces have a skewness of about zero [43]. A value of ssk greater
than about 1.5 in magnitude (positive or negative) indicates that
the surface does not have a simple shape and more advanced
parameters are needed to fully describe the surface structure
[43,66]. So, the surface of the TDCV-TPA ﬁlm have a simple shape
and more advanced parameters are needed to fully describe the
surface structure because of the ssk ðj  0:194jÞ < 1.5 [43,66].
The surface kurtosis (4.633) of the TDCV-TPA ﬁlm is higher than
3 which indicate the low valleys with bumpy surface as seen also
in Fig. 3a and b. In the literature [37], for spiky surfaces, sku > 3;
for bumpy surfaces, sku < 3; perfectly random surfaces have kurtosis 3. As seen in blue line region of the Fig. 3a, there are two pits.
The ﬁrst and second pits of the TDCV-TPA ﬁlm are 1.89 and
1.29 nm deep, respectively. These deeps of the pits of the TDCVTPA are considered as very important parameter due to giving a
good description of the overall roughness of the surface [37].
3.2. The optical properties of the solutions of the TDCV-TPA for high
molarities
The absorbance spectras of the solutions of the TDCV-TPA were
taken to investigate their optical properties for 1, 2 and 3 mM of
the high molarities. The molar extinction coefﬁcient (e) values of
the solutions of the TDCV-TPA can be determined with an equation
known as the Beer–Lambert law [53].

e¼

Abs
cl

ð1Þ

where Abs is an actual absorption, l is an optical path length, and c is
the molar concentration of the used cuvettes. The e values of the
solutions of the TDCV-TPA material were calculated from Eq. (1).
The molar extinction coefﬁcient of the TDCV-TPA decreases with
increasing molarity. It is observed that the molar extinction coefﬁ-

Fig. 4. (a) The plot of the transmittance vs. k and (b) the curves of dT/dk vs. k of the
solutions of the TDCV-TPA for 1, 2 and 3 mM.

cient of the TDCV-TPA is the lowest for emitted red light at about
658 nm.
The transmittance spectras of the solutions of the TDCV-TPA
were taken to investigate their optical properties for 1, 2 and
3 mM and the plot of the transmittance vs. wavelength is shown
in Fig. 4a. As seen in Fig. 4a and its inset, the transmittance
spectra of the solutions of the TDCV-TPA until about 580 nm
are not observed due to the high molarity of the solutions of
the TDCV-TPA, but the transmittance spectra of the solutions
of the TDCV-TPA sharply increases in the range of about 580
and 658 nm. After about 658 nm, the transmittance spectras of
the solutions of the TDCV-TPA are not again observed due to
emitted red light at about 658 nm of the TDCV-TPA. In the visible region, the average transmittance (Tavg) values of the solutions of the TDCV-TPA were calculated and given in Table 1.
As seen in Table 1, the Tavg (41.292%) for 1 mM is the highest,
while the Tavg (39.098%) for 3 mM is the lowest. It is observed
that the average transmittance values of the solutions of the
TDCV-TPA in the visible region decrease with increasing molarity. To estimate the absorption band edge of the solutions of
the TDCV-TPA, the ﬁrst derivative of the optical transmittance
can be computed. For this purpose, we plotted the curves of
dT/dk vs. wavelength of the solutions of the TDCV-TPA for 1, 2
and 3 mM, as shown in Fig. 4b. The absorption band edge values
of the solutions of the TDCV-TPA were calculated from the maximum peak position and given in Table 1. As seen in Table 1, the
maximum peak values of the solutions of the TDCV-TPA vary
from 652 to 659 nm. This result suggests that the absorption
band edge of the solutions of the TDCV-TPA shifts from 1.902
to 1.882 eV with the increasing molarity.
The optical band gap (Eg) of optical transitions can be evaluated
from the absorption spectrum using the Tauc relation [67–72]
m

ðahtÞ ¼ Aðhm  Eg Þ

ð2Þ
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Table 1
The Tavg (in the visible region), kmax.peak, absorption band edge, Eg values of the
solutions of the TDCV-TPA for 1, 2 and 3 mM.
Molarity (mM)

Tavg (%)

kmax.peak (nm)

Absorption
band edge (eV)

Eg (eV)

1
2
3

41.292
39.164
39.098

652
659
659

1.902
1.882
1.882

1.916
1.898
1.892

where A is a constant, hm is the photon energy, Eg is the optical band
gap of the material and m is the parameter measuring type of band
gaps. For m = 2, Eg in Eq. (2) is indirect allowed band gap. To determine the optical band gap of the solutions of the TDCV-TPA for 1, 2
and 3 mM, the (ahm)1/2 plot vs. the photon energy E of the TDCV-TPA
is shown in Fig. 5. As seen in Fig. 5, there is a linear region for the
optical band gap Eg values of the TDCV-TPA. By extrapolating the
linear plot to (ahm)1/2 = 0, the Eg values of the TDCV-TPA were obtained and given in Table 1. As seen in Table 1, the Eg values of
the TDCV-TPA decrease also with increasing molarity. The Eg value
(1.916 eV) of the TDCV-TPA for 1 mM is the highest value of all the
solutions, while the Eg value (1.892 eV) of the TDCV-TPA for 3 mM is
the lowest value. The Eg values of the TDCV-TPA ﬁlm were in agreement with the value (1.9 eV) in the literature [27]. This result suggests that the optical band gap of the TDCV-TPA can be more
decreased with increasing molarity. As seen in Table 1, the obtained
Eg values (1.916, 1.898 and 1.892 eV) from the plot of (ahm)1/2 vs. E
of the TDCV-TPA for 1, 2 and 3 mM are close to values (1.920, 1.890,
1887 eV) of the ﬁrst decrease (at 646, 656 and 657 nm) of transmittance spectra of the TDCV-TPA for 1, 2 and 3 mM, respectively. Similarly, the obtained Eg values (1.916, 1.898 and 1.892 eV) from the
plot of (ahm)1/2 vs. E of the TDCV-TPA for 1, 2 and 3 mM are close
to values (1.902, 1.882, 1882 eV) of the absorption band edge of
the TDCV-TPA for 1, 2 and 3 mM, respectively.
There is a research [27] on too few optical parameters of the
TDCV-TPA ﬁlm deposited onto glass, but, there is not any report
in the literature about the detailed optical properties of the solutions of the TDCV-TPA by a solution technique. We claim that this
solution technique for investigation of the optical properties of the
soluble materials is cheaper and more accurate than a ﬁlm technique. This situation is originated from deposition devices such
as spin-coater, Langmuir–Blodgett (LB) devices, which are more
expensive devices (there is not need to any deposition devices

Fig. 5. The (ahm)1/2 plot vs. the photon energy (E) of the TDCV-TPA for 1, 2 and
3 mM.

for optical properties) and various impurities may occur on the
surface of the ﬁlm, prior, during and after the coating of a ﬁlm.
These disadvantages adversely affect the optical properties of the
material. Thus, as given in Section 3.1., we investigated the surface
morphology properties of the TDCV-TPA ﬁlm to describe the
roughness parameters such as roughness average, root mean
square roughness, surface skewness, and surface kurtosis and
AFM images (the light and dark regions, homogeneous/inhomogeneous distribution, valley regions (pits), deeps of the pits, depressions and porous/turned surface, spiky/bumpy/perfectly random
surfaces, ratio of sq to sa of the TDCV-TPA ﬁlm), because these
roughness parameters and AFM images affected optical properties
of the TDCV-TPA material. If these roughness parameters and AFM
images obtained are not exactly as expected parameters/conditions, these disadvantages adversely affect the optical properties
of the material. Hence, we can claim that this solution technique
for investigation of the optical properties of the soluble materials
is more accurate than a ﬁlm technique.
3.3. The optical properties of the solutions of the TDCV-TPA for lower
molarities
The absorbance (Abs) spectras of the solutions of the TDCV-TPA
were taken to investigate their optical properties for 0.33, 0.12,
0.05, 0.024 and 0.010 mM of the lower molarities and the plot of
the Abs vs. k is shown in Fig. 6. As seen in Fig. 6, the absorbance values of the solutions of the TDCV-TPA exist almost in the near ultraviolet (200–380 nm) and visible region (380–780 nm). This shows
that the near ultraviolet and visible regions are very signiﬁcant regions for the TDCV-TPA small-molecule semiconducting dye. As
seen in Fig. 6, the uncertainty which results from the high molarity
in the absorbance values of the solution of the TDCV-TPA for 1 mM
in the range of about 260 and 580 nm is becoming gradually disappear with decreasing molarity and all the absorbance values of the
TDCV-TPA can be clearly appeared after the molarity values of less
than 0.05 mM. As seen in Fig. 6, the absorbance of the TDCV-TPA
decreases with decreasing molarity. The maximum absorption
wavelengths (kmax) of the solutions of the TDCV-TPA for 0.024
and 0.010 mM were found to be 510 and 509 nm, respectively. It
is observed that the Absmax value of the solution of the TDCV-TPA
obtained in the visible region. Then, the absorbance (Absmax) values
at maximum absorption wavelengths of the solutions of the TDCVTPA for 0.024 and 0.010 mM were found to be 2.819 and 1.931,
respectively. It is observed that the Absmax value of the solution
of the TDCV-TPA can be decreased with decreasing molarity. There
is another interesting result, as seen in Fig. 6, the kmax of the solution of the TDCV-TPA for 0.05 mM in the near ultraviolet region is
observed, while the maximum absorption wavelength (kmax) of the

Fig. 6. The plot of the Absorbance vs. k of the TDCV-TPA for 1, 0.33, 0.12, 0.05, 0.024
and 0.010 mM.
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solution of the TDCV-TPA for 0.05 mM is not observed in the visible
region. The kmax values of the solutions of the TDCV-TPA for 0.05,
0.024 and 0.010 mM in the near ultraviolet region were found to
be 371, 369 and 369 nm, respectively. Then, the Absmax values at
kmax of the solutions of the TDCV-TPA for 0.05, 0.024 and
0.010 mM in the near ultraviolet region were found to be 2.122,
1.358 and 0.860, respectively. Finally, as seen in Fig. 6, the absorbance values of the solutions of the TDCV-TPA sharply decrease
after kmax value (at about 510 nm) and the red light of the TDCVTPA is emitted about 658 nm. This situation is very signiﬁcant
and is prefered for high spectral optical/electrical/opto-electronic
devices.
The molar extinction coefﬁcient (e) values of the solutions of the
TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM were calculated
from Eq. (1). The e plot vs. k of the solutions of the TDCV-TPA for
33, 0.12, 0.05, 0.024 and 0.010 mM is shown in Fig. 7. As seen in
Fig. 7, the e values of the solutions of the TDCV-TPA exist almost
in the near ultraviolet and visible region. As seen in Fig. 7, the e values of the TDCV-TPA can be clearly appeared after the molarity values of less than 0.05 mM. As seen in Fig. 7, the molar extinction
coefﬁcient of the TDCV-TPA increases with decreasing molarity.
The maximum molar extinction coefﬁcient (emax) values at kmax
values (510 and 509 nm) of the solutions of the TDCV-TPA for
0.024 and 0.010 mM were found to be 1.175  105 and
1.931  105 L mol1 cm1, respectively. It is observed that the emax
value of the solution of the TDCV-TPA can be increased with
decreasing molarity. Also, as seen in Fig. 7, The e values at kmax
(371, 369 and 369 nm) of the solutions of the TDCV-TPA for 0.05,
0.024 and 0.010 mM in the near ultraviolet region were found to
be 5.646  104, 6.318  104 and 8.600  104 L mol1 cm1, respectively. The e values of the solutions of the TDCV-TPA sharply decrease after kmax value (at about 510 nm). The mass extinction
coefﬁcients (a) can be calculated by [50].

a¼

e
MA
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The transmittance spectras of the solutions of the TDCV-TPA
were taken to investigate their optical properties for 0.33, 0.12,
0.05, 0.024 and 0.010 mM and the plot of the transmittance vs. k
is shown in Fig. 8a. As seen in Fig. 8a, the transmittance spectra
of the solutions of the TDCV-TPA exist almost in the near ultraviolet and visible region and the transmittance of the TDCV-TPA increases with decreasing molarity. In the visible region, the
average transmittance (Tavg) values of the solutions of the TDCVTPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM were calculated and
given in Table 2. As seen in Table 2, the Tavg (57.954%) for
0.010 mM is the highest, while the Tavg (41.292%) for 1 mM is the
lowest. It is observed that the Tavg of the solutions of the TDCVTPA in the visible region increases with decreasing molarity. To
estimate the absorption band edge of the solutions of the TDCVTPA, we plotted the curves of dT/dk vs. k of the solutions of the
TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM, as shown in
Fig. 8b. As seen in Fig. 8b, there is a shift in the direction of the lower wavelengths with decreasing molarity and the absorption edge
of the TDCV-TPA is shifted to lower wavelengths, which is due to
the change in the band gap with molarity. In other words, the shifting towards lower wavelengths of the absorption edge is due to the
increasing of optical band gap with decreasing molarity. The
absorption band edge values of the solutions of the TDCV-TPA for
0.33, 0.12, 0.05, 0.024 and 0.010 mM were calculated from the
maximum peak position and given in Table 2. As seen in Table 2,
the maximum peak of the solutions of the TDCV-TPA varies from
652 to 612 nm with decreasing molarity. This result suggests that
the absorption band edge of the solutions of the TDCV-TPA shifts
from 1.902 to 2.026 eV, that is, the absorption band edge increases
with the decreasing molarity.
To determine the optical band gap of the solutions of the TDCVTPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM, the (ahm)1/2 plot vs. E
of the TDCV-TPA is shown in Fig. 9. By extrapolating the linear plot
to (ahm)1/2 = 0, the Eg values of the TDCV-TPA for 0.33, 0.12, 0.05,

ð3Þ

where MA is the molecular mass of the material, which is 719.86
g/mol of the TDCV-TPA semiconducting dye. The maximum mass
extinction coefﬁcient (amax) values at emax values (1.175  105
and 1.931  105 L mol1 cm1, respectively) of the solutions of the
TDCV-TPA for 0.024 and 0.010 mM were found to be 163.226 and
268.247 L g1 cm1, respectively. It is observed that the amax value
of the solution of the TDCV-TPA can be increased with decreasing
molarity. The a values at kmax (371, 369 and 369 nm) of the solutions of the TDCV-TPA for 0.05, 0.024 and 0.010 mM in the near
ultraviolet region were found to be 78.432, 87.767 and
119.468 L g1 cm1, respectively.

Fig. 7. The e plot vs. k of the solutions of the TDCV-TPA for 1, 33, 0.12, 0.05, 0.024
and 0.010 mM.

Fig. 8. (a) The plot of the transmittance vs. k and (b) the curves of dT/dk vs. k of the
solutions of the TDCV-TPA for 1, 0.33, 0.12, 0.05, 0.024 and 0.010 mM.
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Table 2
The Tavg (in the visible region), kmax.peak, absorption band edge, Eg values of the
solutions of the TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM.
Molarity (mM)

Tavg (%)

kmax.peak (nm)

Absorption
band edge (eV)

Eg (eV)

0.33
0.12
0.05
0.024
0.010

46.340
47.433
49.976
53.229
57.954

631
629
623
617
612

1.965
1.971
1.990
2.010
2.026

1.950
1.962
1.979
1.993
2.008

Fig. 10. The U1 and U2 plot vs. E of the solutions of the TDCV-TPA for 1, 0.33, 0.12,
0.05, 0.024 and 0.010 mM.

U2 values of refraction of the TDCV-TPA sharply decrease with
increasing photon energy in the range of about 1.83 and 2.30 eV
and increase with decreasing molarity. Also, the angle U1 values
of incidence of the solutions of the TDCV-TPA are higher than the
angle U2 values of refraction of the solutions of the TDCV-TPA. This
situation attributes to the refractive index (n2) of the solutions of
the TDCV-TPA is higher than the refractive index (n1) of the
medium.
The complex dielectric constant is described as,
_

_2

e ¼ e1 þ ie2 ¼ e ¼ ðn  ikÞ2 ¼ ðn2  k2 Þ þ i2nk

ð6Þ

Fig. 9. The (ahm)1/2 plot vs. E of the TDCV-TPA for 1, 0.33, 0.12, 0.05, 0.024 and
0.010 mM.

0.024 and 0.010 mM were obtained and given in Table 2. As seen in
Table 2, the Eg (1.916 eV) of the TDCV-TPA for 1 mM is the lowest
of all the solutions, while the Eg (2.008 eV) of the TDCV-TPA for
0.010 mM is the highest. This suggests that the optical band gap
of the TDCV-TPA can be more increased with decreasing molarity.
As seen in Table 2, the obtained Eg values from the plot of (ahm)1/2
vs. E of the TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM are
close to values of the absorption band edge and obtained especially
Eg values of the ﬁrst decrease of transmittance spectra of the TDCVTPA for the same molarities. It is observed that the optical band gap
Eg of the TDCV-TPA can be found from the plot of (ahm)1/2 vs. E, the
absorption band edge and the ﬁrst decrease of transmittance spectra of the TDCV-TPA.
The Angle of incidence U(B) is given [73–75].

UðBÞ ¼ tan1

 
n2
b1

ð4Þ

The angle U1 values of incidence of the solutions of the TDCVTPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM were calculated from
Eq. (4) (n1: the refractive index of the medium, n2: the refractive
index of the solutions of the TDCV-TPA). The U1 plot vs. E of the
solutions of the TDCV-TPA is shown Fig. 10. As seen in Fig. 10,
the angle U1 values of incidence of the TDCV-TPA sharply increase
with increasing photon energy in the range of about 1.83 and
2.30 eV and decrease with decreasing molarity. Similarly, the angle
of refraction is calculated from well known Snell’s law [76].

U2 ¼ sin1



n1
sin U1
n2

ð5Þ

The angle U2 values of refraction of the solutions of the TDCVTPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM were calculated from
Eq. (5) and the U2 plot vs. E of the TDCV-TPA for 0.33, 0.12, 0.05,
0.024 and 0.010 mM is shown Fig. 10. As seen in Fig. 10, the angle

Fig. 11. The (a) real and (b) imaginary parts of dielectric constant dependence on
photon energy of the TDCV-TPA for 1, 0.33, 0.12, 0.05, 0.024 and 0.010 mM.
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where e1 is the real part and e2 is the imaginary of the dielectric
constant. The imaginary and real parts of dielectric constant are given as [74,75]

e1 ¼ n2  k2

ð7Þ

and

e2 ¼ 2nk

ð8Þ

where k = ak/4p. Fig. 11a and b shows the real and imaginary parts
of dielectric constant dependence on photon energy of the TDCVTPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM, respectively. As seen
in Fig. 11a, the uncertainty, which results from the high molarity,
in the plot of the real part (e1) of dielectric constant values of the
solution of the TDCV-TPA for 1 mM in the range of about 2.13 and
4.8 eV is becoming gradually disappear with decreasing molarity
and all the e1 values of the TDCV-TPA can be clearly appeared after
the molarity values of less than 0.05 mM. As seen in Fig. 11a, the
real part of dielectric constant of the TDCV-TPA decreases with
decreasing molarity. The real part of dielectric constant of the
TDCV-TPA is composed normal and anomalous (or abnormal) dispersion regions. The e1 values of the TDCV-TPA increase with
increasing photon energy (or frequency) in normal dispersion region, while the e1 values of the TDCV-TPA decrease with increasing
photon energy (or frequency) in anomalous (or abnormal) dispersion region. The abnormal (anomalous) behaviors of the TDCVTPA are owing to the resonance effect between the electronspolarization and the incident electromagnetic radiation [12], which leads
to the coupling of electrons in solutions of the TDCV-TPA to the
oscillating electric ﬁeld. As seen in Fig. 11b, the imaginary part e2
values of dielectric constant of the TDCV-TPA can be clearly appeared after the molarity values of less than 0.05 mM and the e2 values of the TDCV-TPA decrease with decreasing molarity. As seen in
Fig. 11a and b the real part of dielectric constant of the TDCV-TPA is
higher than that of the imaginary part of dielectric constant of the
TDCV-TPA.
The electrical susceptibility associated with electron transitions
from band i to band j is expressed as [77,78].

vm ¼

e2 X fjik
4p2 m k m2jik  m2

ð9Þ

where k is the wave number vector, htjik is the energy difference between the state k in band i and the state k in band j and fjik is the
oscillator strength for this transition. The electrical susceptibility
due to the intraband transitions of free carriers can be obtained
from the optical constants and it is determined as [77,79].

vc ¼

1 2
2
ðn  k  eo Þ
4p

ð10Þ

Fig. 13. The (a) real and (b) imaginary part of the optical conductivity dependence
on frequency of the TDCV-TPA for 1, 0.33, 0.12, 0.05, 0.024 and 0.010 mM.

where eo is the dielectric constant in the absence of any contribution from free carriers. The electric susceptibility of the solutions
of the TDCV-TPA for 0.33, 0.12, 0.05, 0.024 and 0.010 mM dependence on E is shown in Fig. 12. As seen in Fig. 12, the plot of the electric susceptibility (vc) of the TDCV-TPA is similar to the e1 plot vs. E
of the TDCV-TPA and the electric susceptibility (vc) of the TDCV-TPA
decreases with decreasing molarity.
The optical properties of the solution of the TDCV-TPA can be
analyzed by a complex optical conductivity [73–75].

rðxÞ ¼ r1 ðxÞ þ ir2 ðxÞ

ð11Þ

where r1 is the real part of conductivity and r2 is the imaginary
part of conductivity. The real and imaginary parts of the optical conductivity dependence on frequency of the TDCV-TPA for 0.33, 0.12,
0.05, 0.024 and 0.010 mM are shown in Fig. 13a and b, respectively.
As seen in Fig. 13a, the real part (r1) of the optical conductivity of
the TDCV-TPA changes with increasing frequency and decreases
with decreasing molarity. As seen in Fig. 13b, all the r2 values of
the TDCV-TPA can be clearly appeared after the molarity values of
less than 0.05 mM and the r2 of the TDCV-TPA decreases with
decreasing molarity. As seen in Fig. 13a and b, the imaginary parts
of the optical conductivity of the TDCV-TPA are higher than that of
the real parts of the optical conductivity.
3.4. The effects of the solvents on optical properties of the solutions of
the TDCV-TPA
The Abs. spectras of the solutions of the TDCV-TPA were taken
to investigate their optical properties for 2, 0.28 and 0.12 mM of
the dichloromethane (DCM) and chloroform solvents. As seen in
Fig. 2a and b, the color1 of the solution of the TDCV-TPA dissolved
in DCM is more darker (dark red) than that of the color (light red)

Fig. 12. The plot of the electric susceptibility (vc) vs. E of the solutions of the TDCVTPA for 1, 0.33, 0.12, 0.05, 0.024 and 0.010 mM.

1
For interpretation of color in Fig. 2, the reader is referred to the web version of
this article.
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Fig. 14. (a) The plot of the transmittance vs. k and (b) the curves of dT/dk vs. k of the
solutions of the TDCV-TPA for 2, 0.28 and 0.12 mM of the Dichloromethane (DCM)
and chloroform solvents.

dissolved in chloroform. This is a signiﬁcant effect on the optical
properties of the TDCV-TPA semiconducting dye, because the color
of any material affects the optical measurements. Absorbance value
of the darker colored solution of any material is higher than that of
the less darker colored solution of the same material.
The molar extinction coefﬁcient (e) values of the solutions of the
TDCV-TPA for 2, 0.28 and 0.12 mM of the DCM and chloroform solvents were calculated from Eq. (1). The maximum molar extinction
coefﬁcient (emax) values at kmax of the solutions of the TDCV-TPA
for 2, 0.28 and 0.12 mM of the DCM and chloroform solvents in
the visible region are not observed because of high molarity. The
emax values at kmax (at 371 and 368 nm, respectively) of the
TDCV-TPA for 0.12 mM of the DCM and chloroform solvents in
the near ultraviolet region were found to be 1.768  104 and
1.713  104 L mol1 cm1, respectively. It is observed that the emax
value at kmax of the TDCV-TPA for DCM solvent in the near ultraviolet region is higher than that of the value for chloroform and the
emax value of the solution of the TDCV-TPA can be increased with
decreasing molarity. The amax values at emax values (1.768  104
and 1.713  104 L mol1 cm1, respectively) of the solutions of
the TDCV-TPA for 0.12 mM of the DCM and chloroform solvents
in the near ultraviolet region were found to be 24.560 and

23.796 L g1 cm1, respectively. It is observed that the amax value
at emax of the TDCV-TPA for DCM solvent in the near ultraviolet region is higher than that of the value for chloroform.
The plot of the transmittance of the solutions of the TDCV-TPA
for 2, 0.28 and 0.12 mM of the DCM and chloroform solvents vs. k is
shown in Fig. 14a. As seen in Fig. 14a, the transmittance spectras of
the solutions of the TDCV-TPA exists almost in the near ultraviolet
and visible region and the transmittance of the TDCV-TPA increases with decreasing molarity. In the visible region, the Tavg values of the solutions of the TDCV-TPA for 2, 0.28 and 0.12 mM of the
DCM and chloroform solvents were calculated and given in Table 3.
As seen in Table 3, the Tavg values (49.976 and 51.584%)) for
0.12 mM of the DCM and chloroform are the highest values, while
the Tavg values (39.164 and 41.207%) for 2 mM of the DCM and
chloroform are the lowest values. They are observed that the Tavg
values of the solutions of the TDCV-TPA in the visible region increase with decreasing molarity and the Tavg values of the solutions
of the TDCV-TPA for chloroform in the visible region are higher
than that of the values of the TDCV-TPA for DCM in the visible region. To estimate the absorption band edge of the solutions of the
TDCV-TPA, we plotted the curves of dT/dk vs. k of the solutions of
the TDCV-TPA for 2, 0.28 and 0.12 mM of the DCM and chloroform
solvents, as shown in Fig. 14b. As seen in Fig. 14b, there is a shift in
the direction of the lower wavelengths with decreasing molarity.
The absorption band edge values of the solutions of the
TDCV-TPA for 2, 0.28 and 0.12 mM of the DCM and chloroform solvents were calculated from the maximum peak position and given
in Table 3. As seen in Table 3, the maximum peak for DCM varies
from 659 to 621 nm, while the maximum peak for chloroform
varies from 645 to 612 nm with decreasing molarity. These results
suggest that the absorption band edge for DCM shifts from 1.882 to
1.997 eV, while the absorption band edge for chloroform shifts
from 1.923 to 2.027 eV, that is, the absorption band edge increases
with the decreasing molarity and the absorption band edge values
for DCM is lower than that of the values of the same molarities of
chloroform.
To determine the Eg of the solutions of the TDCV-TPA for 2, 0.28
and 0.12 mM of the DCM and chloroform solvents, the (ahm)1/2 plot
vs. E of the TDCV-TPA is shown in Fig. 15. The Eg values of the
TDCV-TPA for 2, 0.28 and 0.12 mM of the DCM and chloroform
were obtained and given in Table 3. As seen in Table 3, the Eg values (1.898 and 1.920 eV, respectively) of the TDCV-TPA for 2 mM of
the DCM and chloroform are the highest values, while the Eg values
(1.977 and 2.009 eV, respectively) of the TDCV-TPA for 0.12 mM of
the DCM and chloroform are the lowest values. These results suggest that the optical band gap of the TDCV-TPA increases with the
decreasing molarity and the Eg values for DCM are lower than that
of the values for the same molarities with chloroform and the obtained Eg values of the TDCV-TPA are lower than that of the obtained Eg values of the TDCV-TPA. Thus, to obtain lower optical
energy-gap of the TDCV-TPA can be prefered DCM solvent. As seen
in Table 3, the obtained Eg values from the plot of (ahm)1/2 vs. E of
the TDCV-TPA for 2, 0.28 and 0.12 mM of the DCM and chloroform
are close to values of the absorption band edge and obtained especially Eg values of the ﬁrst decrease of transmittance spectra of the

Table 3
The Tavg (in the visible region), kmax.peak, absorption band edge, Eg values of the solutions of the TDCV-TPA for 2, 0.28 and 0.12 mM of the Dichloromethane (DCM) and chloroform
solvents.
Dichloromethane (DCM)

Chloroform

Molarity (mM)

Tavg (%)

kmax.peak (nm)

Absorption band edge (eV)

Eg (eV)

Tavg (%)

kmax.peak (nm)

Absorption band edge (eV)

Eg (eV)

2
0.28
0.12

39.164
47.140
49.976

659
623
621

1.882
1.990
1.997

1.898
1.955
1.977

41.207
49.976
51.584

645
620
612

1.923
2.000
2.027

1.920
1.987
2.009
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ﬁlm is reasonably close to the value of 1.25 predicted by theory.
The TDCV-TPA ﬁlm indicated the low valleys with bumpy surface.
The molar extinction coefﬁcient, optical band gap, angle values of
refraction of the TDCV-TPA decrease with increasing molarity,
while the absorbance at maximum absorption wavelengths, angle
of incidence, electric susceptibility, real part values of the optical
conductivity of the TDCV-TPA increase with increasing molarity.
The obtained Eg values (1.916, 1.898 and 1.892 eV) from the plot
of (ahm)1/2 vs. E of the TDCV-TPA for 1, 2 and 3 mM are close to values (1.902, 1.882, 1882 eV) of the absorption band edge of the
TDCV-TPA for 1, 2 and 3 mM, respectively. The absorption band
edge values for DCM are lower than that of the values of the same
molarities of chloroform.
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