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Abstract

Interest in the P3HT: ZnS nanocomposites are increased due to their applicability as an active layer for bulk heterojunction solar cells
of high open circuit voltage and charge transport in this type of solar cells determines their performance. So the study of the
conduction mechanism of the P3HT:ZnS nanocomposites is significant to improve the efficiency of such solar cells, and this paper
discusses both the Arrhenius Model and the Variable Range Hopping (VRH) conduction mechanism in the P3HT:ZnS
nanocomposite films. It is found that the addition of the semiconductor nanoparticles does not make any remarkable change in the
room temperature DC conduction of P3HT polymer. Further, the films have been studied by their absorption spectra, x-ray
diffractogram, scanning electron microscope and noncontact profilometer.
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1. Introduction
Bulk heterojunction solar cells made up of conducting
polymers are presently the most studied solar cells,
where the electron accepting nanoparticles are mixed
with the electron donating polymer and the exciton
created in the donor diffuses to the interface to enable
the charge separation. Various combinations of donor
and acceptor materials have been used to build bulk
heterojunction solar cells, especially polymer — fullerene
(polymer - PCBM) solar cells are the most studied
combination bulk-heterojunction cells [1-5] and recently
ZnS nanoparticles [6,7] also have been tested with P3HT
polymer for bulk heterojunction solar cells.

Semiconducting ZnS is preferred as an electron
acceptor with the donor P3HT, because it is environment
friendly, stable indefinitely and can be synthesized easily
and inexpensively. It is supposed that the LUMO level of
the inorganic semiconductor is less at least 0.3 eV than
that of P3HT [8], since the quantum confinement effect
of the semiconducting nanocrystals shifts their LUMO
level te upward and shifts HOMO downward, the band
gap is enlarged [9]. The wide band of ZnS
semiconductor has high electron mobility (600 cm?*V-'s™!
[10]) and has an electron affinity about 3.9eV [11]). This
makes ZnS an attractive material to use as an electron
acceptor in hybrid photovoltaic devices.

Charge transport in this nanocomposite determines

the solar cell device performance, so that the study of the
conduction mechanism of  the P3HT:ZnS
nanocomposites is significant to improve the efficiency
of such bulk heterojunction solar cells. This paper
discusses both the Arrhenius Model and the Variable
Range Hopping (VRH) conduction mechanism in ZnS
nanoparticles mixed with P3HT films. The significance
of this study is that there is no literature available yet on
these composites to compare their conduction properties.

2. Materials and methods

All chemicals were purchased from Sigma Aldrich
Chemicals Ltd., Bangalore, while the sphalerite and
wurtzite ZnS nanoparticles and poly vinyl alcohol coated
silver nanoparticles [12] that are better for solar cells
were prepared in the lab by simple wet chemical method
using trisodium citrate and polyvinyl alcohol.

Four different samples of P3HT (20mg/ml in
dichlorobenzene [13-17] were prepared for comparing
device properties.

1) Pristine P3HT,

2) P3HT mixed with 1mg of ZnScuic nano particles

3) P3HT mixed with 1mg of ZnShexa nano particles and
4) P3HT mixed with 1mg of ZnSpexa nano particles and
Img PVA-Ag was prepared after comparing the solar
cell performance of the above devices. It was found that
the solar cell performance of P3HT:ZnSuexa Was better
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Glass/P3HT:ZnSHexa:Ag-PVA.

Table 1. Thickness of the prepared thin films.

Sample Name Thickness (nm)
Glass/P3HT 152
Glass/P3HT:ZnScubic 247
Glass/P3HT:ZnSHexa 275
Glass/P3HT:ZnShexa: Ag-PVA 102

than P3HT: ZnScuwic and the results are not discussed
here since the scope of the paper is to study the
conduction properties. All samples were kept under
stirring for 24 hour, then each drop of the samples was
placed over the cleaned plane glass slides, where the
spinner was spinning at 3000 rpm for 10 seconds in each
case, and one edge of the plane glass slides was covered
with cellophane tape to make °‘step’ for thickness
measurement.

3. Results and discussion

Before any electrical measurements are taken, it is
necessary to determine the thickness of the films whose
characteristics are being measured, in order to be able to
calculate or otherwise determine additional properties
from the electrical or optical measurements. Here the
thickness of the films coated over plane glass slides was
found by Taylor Hobson Talysurf CCI MP
interferometer (a non contact 3-D Profiler) and the
scanned results are shown in figure 1. It is shown that the
surface of the film is not smooth and average thickness
of the films was found as given in table 1. It shows that

the pristine P3HT film has lower thickness about 15.2
nm when comparing with other films it is found that the
thickness varied with composition of the samples for the
same rpm and this may be due to the change in the
viscosity of the solution when ZnS and PVA-Ag was
added.

Furthermore, the surface of the samples were probed
by JEOL Model JSM - 6390LV SEM. SEM images of
the samples including pristine P3HT, P3HT:ZnScubic,
P3HT:ZnSHexa and P3HT:ZnSHexa:PVA-Ag are shown in
figure 2. These surface images confirm the surface
results obtained from the profilometer observations that
the surface is not smooth and the film is continuous
without pinholes but ZnS particles are agglomerated
over the surface of the films. The agglomerated ZnS
particles of nanocrystallites over the surface have a
positive impact on the device, the electron acceptor with
nanoscale properties contacts with the bottom electrode,
wavelength region and it may be due to the quantum
confinement effect from the inorganic nano particles [7,
18, 20]. This blue shift of the absorption edge may be
due to the rising in band gap between p and p* energy
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Figure 2. SEM images of the samples a) pristine P3HT film, b) P3HT:ZnScubic film, ¢) P3HT:ZnSHexa film, d) P3HT:ZnShexa:PVA-Ag.
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Figure 3. Optical absorption spectra of active materials.

Al, and it will not happen if the electron acceptor is
buried inside the P3HT polymer matrix.

UV-Vis absorption measurements can show the
absorption and transmission characteristics of these films
and the absorption spectrum obtained by Varian, Cary
5000 Spectrophotometer. Figure 3 shows the absorption
spectra of the P3HT: ZnS and P3HT: ZnS: PVA-Ag
samples and it shows a broad absorption from 400nm to
650nm. Previous reports of P3HT also showed a broad
absorption spectra from 320 to 650nm [7, 18, 19] and
reported that it varies depending on the solvent but it is
around 500nm. Absorption can be attributed to the p—p*
transitions [7]. UV—-Vis spectrum of blend shown in
figure 3 is simply the combination of constituents parts
of the active materials i.e. nanocrystals and polymer
without any additional absorption peaks [7, 18, 19] since
there isn't any ground state interactions between them
levels when adding [20]. It is seen that the absorption
spectra of the ZnS:P3HT blend is little extended to the
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lower nanoparticles decreases the inter-chain interaction
and conjugation length of P3HT [7]. Remarkable finding
here is that the addition of the ZnS in to P3HT matrix
increases the magnitude of absorption which can be
attributed to the crystallization of the P3HT and is thus
able to capture more incoming light [21, 22, 23].
P3HT:ZnS, P3HT:ZnS:PVA-Ag nano composites
were further analyzed by Bruker AXS D8 Advance X-
Ray Powder Diffractometer for finding their crystal
information. Resulting x-ray diffractograms are shown in
figure 4 and are compared with pristine P3HT also.
Diffractogram of pristine P3HT and other samples also
shows diffraction peak at around 5.5° that corresponds to
P3HT and the results of Yun et al. (on P3HT:TiO,) [18],
Greene et al. (on P3HT:ZnO) [24] and Zhokhavets et al.
[21] ( in them the peak was between 5 and 6) . But Dong
et al. [19] shows that the amorphous P3HT has peak only
at around 21.81. It is evident from our four samples and
from other previous three results [18, 24, 21] that the
peak of P3HT is around 5.5°. Other peaks observed in
the resulting x-ray diffractograms are due to the presence
of ZnS and PVA. Other crystal information obtained
from the diffractograms is tabulated in table 2.
Diffraction peak of P3HT was observed due to the
annealing of the sample, since annealing improves the
crystallinity of P3HT [24]. Further, the crystalline nature
of P3HT improves the hole mobility and the peak around
5° is due to (100) planes that is originated from crystals
with their alkyl chains oriented from perpendicular and
their pi-pi stacking axis parallel to the substrate surface
[21]. Zhokhavets et al. [21] reports the interplanar
spacing of the polymer crystallites as 1.68 nm and the
diffraction peak is due to a-axis orientation. Also the
backbone of the polymer is parallel and side-chains are
perpendicular to the substrate having lattice constants b
and c as 0.383 nm and0.385 nm, respectively [21,25].
Current voltage (I-V) measurements are basically a
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Figure 4. X-ray diffractogram of the samples.
Table 2. Crystal information of P3HT and P3HT: ZnS samples.
Interplanar
20 . Standard Values
Sample Name (Degree) Spac;?f (d) (nm) Crystal Planes
P3HT 5.58 1.5835 1.68[56] (100)
5.31 1.6629 1.68[56] (100)
P3HT:ZnScubic 28.549 0.3124 0.3126(ASTM:77-2100) (111)
47.51 0.1912 0.1914(ASTM:77-2100) (220)
5.44 1.6232 1.68[56] (100)
12.29 0.7196 PVA[153]
P3HTIZI’ISHexa
24.42 0.3642 PVA[153]
28.59 0.3119 0.3120(ASTM:39-1363) (008)
5.43 1.6262 1.68[56] (100)
12.17 0.7267 PVAJ[153]
P3HT:ZnSHexa:PVA-Ag 19.78 0.4485 PVA [154,155]
24.76 0.3593 PVAJ153]
28.55 0.3124 0.3120(ASTM:39-1363) (008)

simple process and the results can be interpreted in a
variety of ways to obtain a number of useful parameters.
Current-voltage (I-V) measurements were obtained in
dark using a two probe arrangement (DC Probe Station 1
at CEN, IISc. Bangalore) and the data can be used to
calculate the density of state at Fermi level, activation
energy, hopping distance, hopping energy, Mott’s
characteristic ~ temperature and  conductivity of
component materials of hybrid organic solar cells.

In order to determine the current conduction
mechanism in P3HT, P3HT:ZnS and P3HT:ZnS:PVA-

Ag composite films, the temperature dependence of
electrical conductivity was studied in the temperature
range from 303 K, 323K and 353K. The electrical
conductivity behavior of the hybrid organic samples can
be explained using two different models: a) Arrhenius
Model and b) Variable Range Hopping Model.

3.1. Arrhenius model

Logarithmic plot of DC conductivity as a function of
reciprocal temperature is shown in figure 5. This type of
electrical conductivity behavior follows Arrhenius model
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Table 3. Activation energy and conductivity from Arrhenius plot.

Conductivity
Sample Slope R? Eg(eV) (o)
S/m
P3HT -8.3453 16.7981 0.9192 0.7189 3.4127
P3HT:ZnScubic -5.9830 8.9380 0.9677 0.5154 3.0876
P3HT:ZnSHesa 77910 128904  0.8060  0.6711 3.3413
P3HT:ZnSuexa: PVA-Ag -10.3868 19.4134 0.9211 0.8947 3.6170
phonons. Temperature dependence of conductivity in
—8—P3HT:ZnS organic semiconductors is described by Mott’s VRH
M o P3HTIZNS,, mechanism which includes the phonon assisted quantum
L 7 PORTZNS, o APVA mechanical transport phenomenon for the movement of
80 — < P3HT . port phet . . .
351 i charge carriers and hopping distance is not constant in
951 this type of conduction. According to this model, the
oo characteristic temperature dependence of conductivity
e 110 [32] is given by
= 120 y
125] -T
0] o =0qexp {—0} , Q)
135 T
-14.04
-14.54 1
-15.04 =, (3)
1959 - . - . - . / (1+4d)
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Figure 5. Logarithmic dc conductivity vs. 1000/T.

[26] and according to this model conductivity and
temperature can be related as

-E,
0 =0(exp k_T R @9

where o is the pre-exponential factor constant, & is the

Boltzmann constant (8.617 3x107° eV/K) and E, is the
carrier activation energy. It is deduced from the graph
that conductivity exhibits a thermally activated process
in the measured temperature range. The slope of this
curve is found from the best linear fit using Origin 7.5
software, since the slope gives the activation energy
(slope = - E, / 1000k) and the data are tabulated with the
goodness of the fit (R?) in table 3. The present activation
energy is consistent with previous reported thermal
activation energy of P3HT ( ~0.8 eV) [27-29] and this is
related to the trap depth of the device where charge
carriers are activated by thermal energy from traps, and
are hopped to the nearest site [27,28,30,31]. It is deduced
that room temperature DC conductivity of the pristine
P3HT is 3.4127 S/m and conductivity variation is
negligible even when ZnS particles are dispersed with
P3HT.

3.2. Variable range hopping model

Since disorder plays an important role in conducting
polymers, Variable Range Hopping (VRH) is also
considered as one of the major carrier transport
mechanisms, which is originally proposed for inorganic
amorphous semiconductors. Hopping refers to tunneling
transitions from occupied to unoccupied localized states
and is based upon the assumption that energy difference
is maintained by emission or absorption of one or more

where oy, is high temperature limit of conductivity, 75 is

Mott’s characteristic temperature associated with degree
of localization of electronic wave function, exponent
determines the hopping space dimensionality of the
charge transport in conducting medium, d is the
dimensionality factor and the values 3, 2 and 1 are for
three, two and one dimensional hopping transport
respectively.

In order to evaluate the possibility of VRH and
dimensionality of conduction process in polymeric films,
semi logarithmic plot of conductivity as a function of
(/DY or (1/T)'3 or (1/T)"? is drawn to get a straight
line according to eq. (2), experimental and the values of
the prepared films conductivity have been plotted in
figures 6. Best fit values are found from linear regression
using Origin 7.5 Software and tabled in table 4. It is
evident from the Mott VRH plots that Mott’s law is
obeyed over the temperature range from 303 K to 353K
and indicates 3-D charge transport in P3HT:ZnScubic, 2-
D transport in P3HT:ZnShexa:PVA-Ag and 1-D transport
in P3HT:ZnShexa and in pristine P3HT samples. So that
the hopping parameters can be found from [33,34]

3 18

"R kN(ER)

where 7, is the localization length, & is the Boltzmann
constant and N(EF) is the density of state at Fermi level.
It is assumed here that the electron wave function
localization length (r,) is equal to the width of thiophene
monomer unit, since the electrons are always at least
delocalized to the extent of m-orbitals on the monomer
units, which is about 3.185 A [31]. The values of Mott’s
characteristic temperature 7, can be found from the slope
of Ino vs T7. Further, hopping distance (R) and average
hopping energy (W) can be found from the Mott and
Davis relation [33]

4)
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Figure 6. a) Lno vs. T graph. b) Lno vs. T-V2 graph. ¢) Lno vs. T graph.
Table 4 Variable Range Hopping data of the sample
N(Ef)
ToK  Intercept Go 3 o R
2 3 1
Samples R Slope (1019) (Inco) S/m n}l Oez\zl) A WeV R/ro
P3HT 0.9103 -431.62 3.4706  92.7386 1.89x10% 1.7164  224.636 1.2276  70.5294
P3HT:ZnScubic 0.9732 -311.833  0.9456  63.9450  5.90x10%7  6.2999 162.293  0.8869  50.9545
P3HT:ZnSHexa 0.7926 -401.716  2.6042  83.4958 1.83x10%  2.2874  209.073 1.1426  65.643
P3HT:ZnSuexa: PVA-Ag 0.9124 -522.612  7.4596 110.4793  9.56x10%7  0.7986  271.992 1.4865 85.3978
1 P3HT:ZnS nanocomposites were studied and the
9r, 4 conduction mechanism was explained by Arrhenius
R=|——2— |, (5) . . :
8akTN(E ) model and variable range hopping method. It is found
and from both methods that little energy is required to make
3 a transition between two states in hopping process in the
= - (6) case of ZnS added P3HT, but the disorder was increased
47R*N (Er) when PVA coated silver nanoparticles was added to

The condition for VRH conduction process is R/r, >> 1

and W >> kT . Average hopping energy is decreased in
the case of ZnS added P3HT less than pristine P3HT,
where little energy is required by carrier to make a
transition between two states in hopping process but it is
seen that the disorder is increased in the case of PVA-Ag
added ZnS:P3HT system, since more energy is needed to
make a transition than in pristine P3HT.

4. Conclusion

Optical, structural and conduction mechanism of
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