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Abstract In this study, organic solar cells (OSCs) were designed using the solution processing method
based on spin coating. The influence of solvent additive (1-chloronapthalene (CN)) and cadmium doped
barium nitrate nanoparticle incorporated into the photoactive medium based on poly(3-hexylthiophene-2,5-
diyl (P3HT): [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was investigated. The power conversion
efficiency of the pristine device was compared to the power conversion efficiency of the devices fabricated
with 30v% of 1- chloronapthalene and different weight concentrations of nanoparticles. An optimum
efficiency of 3.55 % was attained at 0.3 wt.% with solvent additive compared to 3.25 % obtained for the
pristine device. This increase is attributed to a rise in charge transport of 5.32 x 10? cm”*V™'s™. Further
investigation on the morphological properties of the nanoparticles reveals the crystalline nature of the
nanoparticle.

Keywords: Nanoparticle;, power conversion efficiency, solvent additive

1. Introduction

Efficiencies of solar cells is an extreme controlling factor (Abodunrin et al., 2018). New photovoltaic
devices built on less expensive organic semiconductor materials have been fabricated for use to convert
solar energy to electricity. These organic semiconductor materials utilized in fabricating OSCs hold the
advantage of low cost of production. This has led to enormous acknowledgement and intense research
interest in the design of OSCs as a substitute to silicon based solar cells (Huang, et al, 2017; Kong,
Wang, Liu & Yu, 2017; Xing, Wang, Kong, Yu & Jiang, 2017). Similarly, the lightweight and flexibility
of OSC devices along with less unpleasant environmental effect are advantageous since they can be
processed at high quantity when compared to other solar converters. (Ono, Leyden, Wang & Qi, 2016;
Wang et al., 2016). In an OSC, a mixture of donor and acceptor polymers, blended together results into a
bulk heterojunction (BHJ), which is a very effective photoactive medium for absorption of light and
carrier mobility (Yin et al., 2017).

The overall efficiency of organic solar cell devices has constantly shown increase, with recent
efficiencies up to ~15.6 % has been attained in the laboratory and improved OSC systems with
non-fullerene acceptor materials have attained ~ 12 % efficiency. Although, extra attempts are
presently researched upon to advance semiconducting polymer materials (Vyprachticky,
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Demirtas, Dzhabarov & Cimrova, 2017; Chen & Zhang, 2017; Tong et al, 2015). A steady
increase with respect to efficiency of ~15.6 % has been reported and recorded, with laboratory
efficiency reaching 10 % in 2012; and recently ~ above 16 % in optimized OSC with non-
fullerene acceptor materials (Chen & Zhang, 2017; Tong et al., 2015).

Crystalline silicon solar cells are estimated to have high efficiencies relative to organic solar cells.
The low mobility of carriers in polymer has hindered the absorber medium thickness (< 100 nm)
resulting in limited optical absorption (Green, Emery, Hishikawa, Warta & Dunlop, 2016; Choy
& Ren, 2016). Therefore, improving the absorbance of the organic semiconductor remains a
hinderance (Lim et al., 2016). Again, Fleetham e? al. (2015) reiterated to boost both electrical and
optical functions of OSCs in order to overcome the hurdles of increasing the power conversion
efficiency, metal and non-metal nanoparticles are utilized. Also, these nanoparticles are used to
improve light trapping in OSCs, since local surface plasmon resonance and scattering of incident
light is induced by the nanoparticles in the absorber medium, thus improving the average path
length for the light in the device (Zhou, Puente, Wang, Polavarapu, Santos, & Xu, 2016). Also,
according to several researchers such as Kaviyarasu ez al. (2019), high concentrations of NPs in
the absorber layer decreases the current and FF magnitude of the cells as a consequence of the
increased series resistance produced by high concentration of Zn-SWCNT in the medium.
Similarly, the Jsc hinges strongly on the gap energy and FF depend on the film morphology
leading to improved carrier mobility and photocurrent. Also, Song et al. (2017) asserted that
using DIO additive increased the accumulation of PCBM in the photoactive medium, ensuing in
higher FF and Jsc. Variations in Voc shown in Table 4.3 in the presence of the additive is as a
result of low recombination od carriers following the improvement in film morphology as
asserted by Perez et al. (2009).

The overall efficiency of BHJ-OSC devices is mostly established by the morphology of the
photoactive medium (Jackson, Savoie, Marks, Chen & Ratner, 2015). There have been a number
of approaches to enrich the morphology of the photoactive medium for instance the addition of
solvent additives. The additive method has shown to be widely utilized for BHJ-OSCs with (Tran,
Kim, Park & Cho, 2018). They tend to change the solubility of one or both, components, or the
mutual miscibility between the donor and acceptor. Octanedithiol (ODT), diiodooctane (DIO),
diphenyl ether (DPE) and chloronaphthalene (CN) are typical processing additives for BHJ-
OSCs. Foertig ef al. (2014) examined the effect of introducing DIO additive in the photoactive
medium composed of PTB7 and PC7 BM. It results obtained indicate an improvement in device
performance by weakening of the bimolecular recombination, due to significant morphology
changes in the photoactive layer. Choi et al. (2015) used DPE to enhance the morphology of DT-
PDPP2T-TT: PC7BM in films with a thickness of up to 300 nm, thereby improving device PCE
from 3.2% to a remarkable 9.5%. In the same vein, Araujo et al. (2019) researched the impact of
DIO additive on performance of BHJ-OSC using PTB7-Th: PC;BM blend as the photoactive
medium. Pure chlorobenzene as a solvent or mixed with DIO were used in fabrication of the
devices. It was evident that the consequence of DIO in the photoactive layer improved its
morphology, leading to improvement in the photogenerated current and reduction in the
recombination effect. Consequently, the enhancement in photocurrent is attributed to the breaking
up of the PC;BM clusters (Oseni et al, 2019; Arbab et al/ 2019). This increment in the
photocurrent is likely due to the disintegration of the PC;BM clusters and their better penetration
in the polymer medium of PTB7-Th, which assists the separation of carrier-transfer states at the
interfaces.

In this study we investigate the influence of solvent additive and nanoparticles on the working of
bulk heterojunction organic solar cells based on P3HT: PCBM photoactive layer. Different
experimental methods were utilized to characterize structural and surface properties of
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nanoparticles which include XRD, AFM (atomic force microscopy), TEM (transmission electron
microscopy), (Afolalu, Soetan, Ongbali, Abioye, & Oni, 2019).

2. Methodology

The fabrication of BHJ-OSC was achieved using the spin coating and vacuum deposition method. The
PEDOT: PSS was coated on clean etched ITO for 60 s at 3500 rpm and further annealed in an oven for 20
min at 100 °C under laboratory conditions (Oseni & Mola, 2017). The absorber medium was prepared
using a combination of P3HT and PCBM at a weight ratio of 1: 1 in 20 g/ml of chloroform solvent. In the
same vein, cadmium doped barium nitrate (Cd doped (Ba (NOs),) nanoparticles and chloronapthalene
(CN) were introduced at different loading percentages ranging from (0.1 - 0.5 %) by using weight plus 30
v% chloronapthalene into the P3HT: PCBM mixture discussed above. At a regular temperature of 45 °C
for 4 h the solutions were stirred on a hot plate to form an improved mix of the different molecules in the
mixture. Deposition of the absorber medium on the PEDOT: PSS was done at 1200 rpm for 40 s by spin
coating, then moved to the oven and annealed for 10 min at 90 °C. Lastly, at vacuum pressure of 1.00 x
10”7 mbar, a layer of LiF (0.4 nm) representing the electron transport layer and Al (60 nm) as the top
electrode was deposited using the vacuum deposition machine (Oseni & Mola, 2017). Figure 1 was
showing a schematic diagram of the fabricated device.

Cathode
Cathodic buffer layer

P3HT:PCBM

PEDOT:PSS

ITO

Glass substrate

Figure 1: Schematic diagram of fabricated device
Source: Berger & Kim (2018).

3. Results and Discussion
The optical absorbance spectra of the devices incorporated with NPs and solvent additive was
investigated. Figure 4.4 shows some identical absorption spectra for all the devices; two prominent peaks
are observed between 350 - 400 nm and 500 - 550 nm with a hump around 600 nm. Furthermore, the
absorption spectra of the devices are observed to be enhanced related to the undoped device. This is
probable linked to mutual compensation of the P3HT and PCBM in addition to improved phase-separated
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morphology of the absorber medium due to the introduction of the solvent additive. Also, enhancement in
the absorption spectra could be attached to the altered n-n* bond in the photoactive layer. Ergete et al.
(2015) asserted that in the presence of solvent additives there is generally a red shift to longer
wavelengths in absorbance as observed in Figure 2. Also, this long shift in wavelength is explained to be
as a consequence of the disbanding of PCBM cluster which separate and redistribute in the polymer chain
enhancing the crystalline order. Similarly, Oseni & Mola (2019) studied the absorption pattern of the
devices based PTB7: PCBM absorber layer doped with NPs and solvent additive. The results obtained
showed pronounced absorption peaks and a red shift of almost 35 nm for the doped device similar to
Figure 4.4. this change is said to be caused by the additive rather than NPs. The presence of fullerene
molecules in the absorber layer is attributed to the vibronic shoulder observed. According to Seo et al.
(2011) introducing additives into the absorber layer improves the solubility of the PCBM by increasing
the alkyl chain length thereby causing a red shift in absorption. Introducing solvent additive primarily
improves the absorption strength of devices observed in Figure 4.4. Meanwhile, Liu ef al. (2001) implied
that the physical interactions between the polymer chains could be influenced by the additives chain
length thereby improving the absorption, morphology and efficiency of the device.

The photovoltaic parameters obtained for devices fabricated with various concentrations of NPs
with solvent additive (1-chloronapthalene (CN)) (30%v.) are presented in Table 1. Figure 3
indicates the current density — voltage graphs under AM 1.5 conditions of P3HT: PCBM, NP, and
CN active medium. An optimum PCE of 3.55 % for the BHJ-OSC fabricated with 0.3 wt.% NPs
and solvent additive (CN) is obtained, exhibiting a V,. of 0.46 V, J, of 17.05 mA/cm®, FF of
45.03. Also, the least performing device is attained at 0.5 wt. % with V.. of 0.49 V, J of 10.31
mA/cm?, FF of 41.13 and PCE of 2.11 %. An enhancement in FF is observed for the devices in
Table 1. Also, an upgrading in the FF is probably as a result of improved morphology of the
active medium due to the addition of CN. It is known that the addition of solvent additives helps
in promoting phase separation of the polymer blends and creates nanoscale pure phase domains of
interconnecting D/A interface which reduces trap assisted geminate recombination leading to an
improved FF. It was observed that the devices embedded with NP and NPs (CN) showed an
upgrade in Ji. and FF when compared to the pristine device. The NPs (CN) devices show an
improved FF and a decrease in V. to pristine and NP only doped devices.

—m— Pristine

—e— 02 wt% +CN
0.3 wt.% +CN

—v— 0.4 wt% +CN
0.5wt.% +CN

Normalized absorbance (a.u)

“M

0,2
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Figure 2: Optical absorption spectra for fabricated pristine and NPs (CN) devices.
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Figure 3: Current density — voltage curve for fabricated pristine and NPs (CN) devices

Table 1: Photovoltaic parameters for BHJ-OSCs with NPs and CN

Jse (MA/Cm?) Ve (V) FF PCE (%)
Pristine 13.37 0.57 42.60 3.25
0.2 wt.% + CN 14.01 0.47 53.18 3.54
0.3 wt.% + CN 17.05 0.46 45.03 3.55
0.4 wt.% + CN 13.15 0.51 48.80 3.32
0.5 wt.% + CN 10.31 0.49 41.13 2.11

Carrier transport characteristics of the BHJ-OSCs designed with Cd doped Ba(NOs;), nanoparticles and 1-
chloronapthalene were investigated to examine the carrier mobility properties in the photoactive medium
using the space charge limited current (SCLC) technique. The results on carrier mobility after the
introduction of solvent additive (I-chloronapthalene) and Cd doped Ba (NO;), nanocomposites are
summarized in Table 2. An increase in carrier mobility is observed as the NP concentration is reaches
peak at 0.3 wt.%. Also, this increase in carrier mobility results in improved photocurrent generated and
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PCE. Despite high carrier mobility attained, significant fraction of the carriers recombines before
extraction at the electrodes owing in part to the low PCE obtained at 0.5 wt.% NPs.

Similarly, Oseni & Mola (2019) observed an increment of one order of magnitude in carrier
mobility after introducing chloronapthalene in the photoactive layer which was higher than what
was attained for the pristine device. Although, a higher carrier mobility was attained, it did not
translate to a better photocurrent generated. In the same vein, Xie et al. (2013) revealed that
introducing DIO solvent additive and trimetallic NPs in the absorber layer, carrier mobility
jumped due to increase in exciton generation and separation. Increment in mobility was ascribed
to the combination of light scattering of NPs and improved morphology of the absorber film by
DIO additive. Furthermore, Oseni & Mola (2019) report that introducing solvent additive
enhanced the crystallinity of the active layer improving carrier separation and mobility as clearly
shown by the resulting mobility value (Table 2) and Jsc (Table 1). consequently, mobility of
carriers intensely impacts the fill factor (Kaya et al., 2012).

8.0—-
7.8 *
7.6—_ °
7.4
‘“E 7.2 1 o
§ 4
B 7.0—_
- 6.8 _
s | Pristine
6.6 | - ® 0.2wt% NP+CN
64 1 0.3 wt% NP+CN
] v 0.4 wt% NP+CN
6.2 0.5 wt% NP+CN
6.0 T T T T T T T T T T
0.6 0.8 1.0 1.2 1.4 1.6

(V-V, )V

Figure 4: SCLC for pristine and NPs (CN) BHJ-OSCs

Table 2: Charge transport parameters of NP(CN) devices

Mo % 107 (cm*V''s™) v X 10* (cmV™)

Pristine 1.55 -8.7
0.2 wt.% + CN 4.80 -9.9
0.3 wt.% + CN 5.32 -10.1
0.4 wt.% + CN 4.56 -9.8
0.5 wt.% + CN 1.32 93
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3.1 Structural analysis of the NPs

Transmission electron microscope (TEM) permits for the through imaging of nanoparticles, offering
evidence on the size, and morphology of the nanoparticles as shown in Figure 5. Figure 5 shows the low
magnification image of the Cd doped Ba(NOs), nanoparticles. Figures 5 and 6 show the high-resolution
transmission electron microscope (HRTEM) image of nanoparticle which helps in studying the structure
of individual NP. Figure 6b shows the elemental distribution of the Cd doped Ba(NOs), nanoparticles.
Three elemental bonds can be seen i.e., Cd-O, Ba-O, and Ba-N. These elemental bonds play major role in
the absorbance spectra in Figure 2. Also, the surface mapping of the NP indicating the crystallographic
changes is shown in Figure 8, using the atomic force microscope (AFM). The XRD pattern of the NP is
shown in Figure 9. Sharp diffraction peaks in the XRD corroborates that the NPs are crystalline.

The synthesized Cd doped Ba (NO3), nanocomposites are observed to have a spherical shape. The
intermediate size of nanoparticles observed between 20 and 40 nm in diameter are used to
usefully scatter the incident photon which improves the optical path, therefore enhancing the
optical absorbance viewed in Figures 2. The little size of the NPs (5 - 20 nm in diameter)
embedded in the absorber medium is attributed to cause near field effect or LSPR upon
photoexcitation which causes an improvement of optical absorption (Lim et al., 2016). In the
same vein, metallic NPs (MNP) with average diameter 11+ 0.2 nm were obtained for Au NPs
and used in enhancing the PCE of fabricated devices (Otieno et al., 2017). A cubic phase with
hexagonal intense spots is observed from the SAED micrograph. It is noted that the interplanar
distance estimated is around 0.27 nm for the structure. Also, the surface mapping of the
nanoparticle shows the crystallographic changes using the AFM image which can be related to
the XRD analysis. Similarly, the SAED pattern for Fe,O4 NPs studied by Kovalenko et al. (2019)
showed the crystalline nature of the NPs due to the observed visible bright spots and seen in this
current study.

It is established that the unit cell of the nanocomposite is of cubic perovskite structure from the
XRD data with indexed peaks (100), (001), (200), (101), (110), (102), (012), (412), (411), (221),
(113), (213), (613) and (308). Furthermore, it is proposed that various planes with highly pure
phases are generated due to the peaks at different intensities. The estimated lattice constants, a =
5.314 A and b = 8.904 A, are in respectable understanding with the values recorded in the
literature (JCPDS Card No. 31-174). The intense peaks indicate that the synthesised
nanocomposites are crystalline. The calculated grain size of the nanocomposites was evaluated to
be nearly 40 nm from the XRD analysis using the Debye-Scherrer formula.
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10 _nm

Figure 5: TEM image of Cd doped (Ba(NOs), NP
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Ba

Figure 6: (a) HRTEM image of Cd doped (Ba(NOs), NP (b) elemental distribution of Cd doped
(Ba(NOs), NP

Figure 7: HRTEM image of Cd doped (Ba(NO;), NP
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Figure 8: AFM of Cd doped (Ba(NO3), NP.
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Figure 9: XRD graph of Cd doped Ba (NO;), NP (Kesinro et al., 2019).

4. Conclusion
The effect of solvent additive on Cd:Ba (NOs), nanoparticles doped P3HT: PCBM based OSC was
studied. Difference in device performances was noticed due to the various weight concentration of
nanoparticles and solvent additive introduced during the preparation of the photoactive medium.

10
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Consequently, significant enhancements were obtained from the devices fabricated with 0.3 wt.% NP and
solvent additive resulting in an enhanced power conversion efficiency approximately 9.2 % in comparison
to the pristine device. Also, the introduced solvent additive was observed to have improved the fill factor
probably due to reduction of grain size of the polymer and fullerene domain resulting in reduced series
resistance of the device. Also, it is assumed that due to the presence of elevated nongeminate
recombination processes, the performances of the fabricated devices was not as high as expected after the
introduction of nanoparticles and solvent additive Therefore, it can be concluded that to advance the
performance of OSCs emphasis should be placed on the type of solvent additives and nanoparticles to be
utilized. Also, the introduction of nanoparticles in different layers of the solar cell can be looked upon.
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