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Abstract: In this article, the process of making the hybrid bulk heterojunction (BHJ) polymer solar cells and their
performance is discussed. The solar cells are made by mixing CdS nanoparticles (QDs) into a blend of a conjugated polymer
called P3HT (poly(3-hexylthiophene)) and a fullerene-based material known as PCBM (phenylC61-butyric acid methyl
ester), which is used as the acceptor. Dichlorobenzene and chlorobenzene are used as solvents. CdS nanoparticles in different
amounts were added to a fixed amount of the P3HT and PCBM blend. The samples were tested using various methods like
X-ray diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), ultraviolet-visible (UV-VIS) spectroscopy, and I-V and power conversion efficiency (PCE)
measurements. Adding CdS nanoparticles improves the structure of the active layer, making it more uniform, which leads to
better light absorption and electrical conductivity. XRD results show that the way P3HT crystallizes is affected by how much
CdS is mixed into the blend. When CdS QDs are mixed into the polymer blend, it increases the efficiency of the solar cells
under normal light. The efficiency went from 1.3% to 4.0%, mainly due to higher fill factor (FF) and short-circuit current
(Jsc) when the right amount of CdS nanoparticles was added. The increase in Jsc happened because the CdS nanoparticles
formed a network inside the P3HT: PCBM blend. The presence of CdS nanoparticles also improved light absorption in the
visible range because of their high absorption rate and long charge transport properties. The overall performance of the
solar cells improved because of better Jsc, Voc, FF, and PCE, which is due to reduced charge recombination in the CdS-
doped devices.

Key Words: Solar cell, Bulk heterojunction, CdS NPs, P3HT: PCBM.

g J

1. INTRODUCTION: Solar cells made from organic polymer materials have several good features. They can be made
using low-cost methods, have high production rates, and absorb light very well. These materials can be deposited on
flexible surfaces because they work at low temperatures. Quantum dots are a type of semiconductor. Their electronic
behavior depends on their size and shape. Smaller dots have a larger band gap, which means more energy is needed to
excite them, and more energy is released when they return to their normal state. The quantum confinement effect shows
that when the size of a quantum dot is smaller than 100 nm, the energy gap becomes wider. This causes a blue shift in
the energy levels of the excitons (26).Quantum dot solar cells are a new type of solar cell that uses multiple layers of
photovoltaic materials (6). By changing the size of the quantum dots, their energy gap can be adjusted. Many researchers
have studied using cadmium sulfide nanoparticles (CdS NPs) as a sensitizer in solar cells (7-9).However, organic solar
cells face some challenges. They are sensitive to heat, moisture, oxygen, and UV light (10). Bulk heterojunction polymer
solar cells are promising for flexible and large-area panels because they can be made using low-cost techniques (11—
12). These cells use a combination of a polymer called P3HT as an electron donor and another material called PCBM
as an electron acceptor (13,14).Liquid-phase polymer solar cells perform worse compared to inorganic solar cells like
silicon or CIGS-based ones. This is due to low charge movement and short diffusion lengths in the active layers. To
improve performance, the layer thickness and annealing temperature can be optimized. Choosing the right donor and
acceptor materials helps, as does using a buffer layer (16,17).Another issue with organic materials is their low dielectric
constant, which causes excitons (bound electron-hole pairs) to form instead of free charges. Differences in the internal
fields between the donor and acceptor help break these excitons. To solve this, inorganic semiconductor nanostructures
are added to create hybrid devices. These combinations offer better charge movement, charge drift, and stability
compared to pure organic materials. Researchers like Sankara Rao Gollu et. al. (18) have used copper sulfide (CuS)
nanoparticles in P3HT:PCBM to increase the open circuit voltage, shortcircuit current, fill factor, and power conversion
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efficiency by over 100%. V.D. Mihailetchi et. al. (19) found that mixing lead sulfide (PbS) nanoparticles in a blend
increased efficiency by 30%. Using titanium dioxide (Ti02), nickel oxide (NiO), and copper oxide (CuO) nanoparticles
instead of P3HT and PCBM also improved efficiency. The best results were seen with the right concentration of these
nanoparticles (20).Other materials like PbSe, CdSe, PbS, FeS2, In2S3, and CdS have also been used with polymers to
boost performance (21-25). Small nanoparticles increase the surface area between the donor and acceptor, helping
charges separate in the active layer. Quantum dots are good for hybrid solar cells because they offer better electron
mobility, stability, and light absorption (26).To make better hybrid quantum dot solar cells, we need to control how light
interacts with both organic and inorganic materials. Increasing the interface area and phase separation will help. CdS
nanoparticles are useful in solar cells and act as an electron transfer layer. They have also been used in bulk
heterojunction cells to Page 1 of 2 improve absorption and efficiency (27).In this study, CdS quantum dots were made
at different concentrations (1, 2, and 4 wt%) and added to the active layer of P3HT:PCBM. These layers were placed
between an ITO electrode coated with PEDOT:PSS and an aluminum anode. The films were tested using various
methods to find out their surface shape, thickness, roughness, optical, and electrical characteristics.

2. Experimental section:

2.1 MATERIALS: ITO-coated glass was bought from Intelligent Materials Pvt. Ltd. and had a sheet resistance between
10 and 15 ohms per square. The hole injector layer (HIL) used PEDOT: PSS, a type of conductive polymer, and also
included P3HT, a highly ordered polymer, and PCBM, a type of organic semiconductor. These materials were obtained
from Sigma-Aldrich. Cadmium nitrate (Cd(NO3)2.4H20), ethanol (C2H60), and thiourea (NH2-CSNH2) were
purchased from BDH as high-quality analytical grade chemicals.

2.2 PREPARATION OF CdS NANOPARTICLES: To make CdS quantum dots, a chemical bath deposition (CBD)
method was used. First, 0.1 M of cadmium nitrate was dissolved in 20 ml of ethanol at room temperature. Then, 0.1 M
of thiourea was added to the same solution, along with oleic acid to keep the nanoparticles from growing too large. The
ITO glass was dipped into the solution for 10 minutes. After that, the CdS film was dried in a hot air oven for a few
minutes. At the bottom of the beaker, CdS nanoparticles formed along with some solvent byproducts. These were
separated using a centrifuge for 15 minutes. The purified CdS nanoparticles were then washed several times with 2-
propanol or hexane and finally kept in hexane for storage.

2.3 DEVICE FABRICATION: The device was built as shown in Figure 1. The ITO glass was cleaned in an ultrasonic
bath for 10 minutes using soap, ethanol, and acetone and then rinsed with distilled water and dried under nitrogen gas.
A thin layer of PEDOT: PSS, about 50 nm thick, was applied using spin coating at 2500 rpm for 80 seconds. The
PEDOT: PSS layer was heated on a hot plate at 120°C for 20 minutes to make the surface smoother. Next, a mixture of
P3HT, PCBM, and CdS nanoparticles in different weight ratios (1:0.8:0, 1:0.8:0.1, 1:0.8:0.2, and 1:0.8:0.4) was
dissolved in a mixture of chlorobenzene and dichlorobenzene (2:1). These solutions were stirred overnight at 45°C
before being applied onto the PEDOT: PSS layer through spin coating. The resulting films were then heated at 110°C
for 10 minutes in a nitrogen-filled glove box. Finally, a LiF layer (10 nm) and aluminum contacts (100 nm) were
deposited using a high vacuum deposition system over the heated films. The active area of the device was kept at 30
mm? using a shadow mask.

2.4 CHARACTERIZATION:

The structure and size of the CdS nanoparticles were studied using a grazing incidence X-ray diffractometer
(Siemens D5000) with Cu-Ka radiation (wavelength of 1.5406 A). The measurements were taken from 10 to 80 degrees
in 0.05-degree steps, with a count time of 5 seconds per step. The surface morphology and size of the deposited films
were examined using a high-resolution scanning electron microscope (JEOL 2010F) and an atomic force microscope
(Digital Instruments Nanoscope IV). HRTEM analysis was performed on a JEOL JEM-2010 FEG instrument with a
point resolution of 1.9 A. The absorption spectra were collected using a Systronics 110 UV-VIS spectrophotometer with
a PC interface. The current-voltage (J-V) curves were measured in a nitrogen-filled glove box using a solar simulator
and a Keithley 2420 source meter under standard conditions (AM 1.5 G, 100 mW/cm? irradiation).

3.RESULT AND DISCUSSION:
3.1 STRUCTURAL STUDIES:

Fig. 2 shows the powder X-ray diffraction (XRD) patterns of the as prepared CdS QDs by above given method.
The observed peaks of the as-prepared CdS NPs show a hexagonal close-packed (hcp) structure and match with the
JCPDS card 02-0454. The estimated crystallite size of CdS nps is around 18.60 nm and it is calculated from the Debye
Scherrer's formula (29).Three main diffraction peaks are seen at 20 = 26.6°, 43.98° and 52.23° which are related to the
(111), (220) and (311) reflections of cubic CdS. The X-ray diffraction profiles clearly shown that the intensity of the
(111) peak is higher than other crystalline phases. The deposited CdS NPs grow with Face Centered Cubic (FCC)
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structure. The diffraction patterns of the films are found to be matched with the JCPDS card 10-0454. The maximum
intensity diffraction peak appearing at 20 = 26.6° and it is of the(111) plane of the cubic CdS (30, 31). The calculated
value of the lattice constant is closely matched with standard value (5.818 A - JCPDS Card. 10-0454). The slight
increases of the lattice constant for the reported values were observed (32). The average value of the crystallite size (D)
can be obtained from the Debye-Scherer’s Equation. The crystallite size is found to be 1.92,2.72 and 3.15 nm for (111),
(200) and (311) reflection plane, respectively.

3.2 SURFACE MORPHOLOGICAL STUDIES:

Figure 3 shows the FESEM images of the P3HT: PCBM and CdS NPs incorporated in P3HT: PCBM blend. The image
shows that the film material is completely spread over the substrate surface in the form of nano sized particles with
an average grain size of 20 nm. From the FESEM images it could be observed that the surface of the substrate
is completely covered with the QDs. The surface morphology of the crystalline film is coarse and the granules in
the films are uniformly distributed. Form above images it is observed that as the CdS wt % increases, there is increase
in coarseness of CdS NPs on films surface. The Atomic Force Microscopy (AFM) measurements were performed to
evaluate the topographical characteristics of the CdS NPs on thin layers. Fig.4. shows the 2D and 3D AFM images of
the CdS NPs with a scanning area of 100 x 100 nm respectively.

Fig. 1. Schematic diagrams of (a) glass ITO/HIL/P3HT: PCBM: CdS NPs/LiF / Al bulk heterojunction solar cell
device.
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Fig. 2 Powder X-ray diffraction (XRD) patterns of the as prepared CdS QDs.

Fig. 3 FESM micrograph of binary and ternary blend materials surface. a) 0 wt % b) 1 wt % c) 2 wt % and d) 4 wt %

The particles are all the same size and spread out in all directions. The average surface roughness (Ra) ranges
from 17.20 to 23.25 nm, the height ranges from 55.5 to 131.2 nm, and the particle sizes are between 31 nm and 38
nm. The CdS NPs are randomly spread on top of the polymer film and their surfaces are smooth. Some of the CdS NPs
form large, grouped sphere shapes. The 3D-AFM images in Fig. 4d show that the grains are spread out evenly over a
100 nm x 100 nm area, with some grains sticking up. This surface property is important for solar cells [33,34].

The image also shows that the film is continuous with well-connected grains and no holes, cracks, or big clumps.
Fig. 5(a) shows a TEM image of CdS NPs made at 230°C for 12 hours. Fig. 2(a) is a TEM image of CdS NPs, showing
they are spherical and their size is about 38 nm. Fig. 2(b) shows the interplanar lattice spacing for the (112) plane ,
calculated from the HR-TEM image, which is 3.2 A.
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3.3 CELL PERFORMANCE PARAMETERS:

To find the best performing device, J- V characteristics of different concentrations were tested under light intensity
of 100 mW cm-2 (Fig. 6). The plot shows that PCE increases as more CdS NPs are added to the active layer of the
P3HT: PCBM blend. The PCE goes from 1.3% to 4.0% at the best CdS NPs concentration. This improvement is
because adding NPs increases the fill factor (FF) and the short circuit current (Jsc). Four different amounts of NPs
were mixed into the active layer blends. Their electrical parameters are shown in Fig.6 listed in Table 1. The network
formed by CdS NPs in the active layer helps improve PCE. Mixing NPs increases Jsc by helping with more light
absorption and forming a better connected network of CdS NPs in the P3HT:PCBM blend. CdS NPs also allow faster
charge transfer at the interface and minimize electron-hole recombination losses (35). Adding CdS NPs to the active
layer changes the energy levels between P3HT and the conduction band of CdS.This can help in improve the open-
circuit voltage (Voc) of the device (36,37). In this case, adding small amounts of CdS NPs keeps the Voc steady. The
poor performance of the cell with a ratio of 1 : 0.8 : 0.4 is because CdS NPs bunch together. Too many NPs in the
blend can break up the network for better charge movement.

Fig.5. (a) TEM image of CdS NPs, (b) HRTEM image of CdS NPs.

Available online on - WWW.IJIRMF.COM Page 181



INTERNATIONAL JOURNAL FOR INNOVATIVE RESEARCH IN MULTIDISCIPLINARY FIELD
ISSN(O): 2455-0620 [ Impact Factor: 9.47 ]

Monthly, Peer-Reviewed, Refereed, Indexed Journal with IC Value : 86.87

Volume - 11, Issue - 09, September - 2025

J (mAfem?)

A4 2 wi % CdS
16 4wt % CdS
0.2 0.0 02 04 0.6 038 1,0

V (Voit)

Table: 1 Device parameters obtained from the J—V curves shown in Fig. 5.

CdS P3HT : PCBM : Jsc (mA cm™?) Voc (V) FF (%) PCE (%)
(wt %) CdS
(wt %)

0 1:08:0 12.9 0.6 51.7 1.4

1 1:0.8:0.1 5.44 0.58 53.9 2.6

2 1:0.8:0.2 4.71 0.55 56.4 4

4 1:0.8:04 4.26 0.55 54.3 1.3

To check how well the NPs spread in the P3HT:PCBM blend, FESEM images of the film were taken. The SEM
images of P3HT:PCBM and CdS-NPs mixed (1, 2, and 4 wt%) blends are shown in Fig. 3(a—d). Fig. 3a shows a
smooth surface for CdS NPs at 0 wt% (1 : 0.8 : 0), which is easier to make than blends with CdS NPs. The optimized
CdS NPs (1, 2, 4 wt%) form a connected network of P3HT:PCBM:CdS on the surface, which is good for electron
movement in the active layer. However, when too much CdS-NPs is used (1 : 0.8 : 0.4), the film becomes crowded with
NPs, as seen in Fig. 3d. AFM images show the surface texture, roughness,and clumping of CdS NPs in the
P3HT:PCBM blend, as shown in Fig. 4. The undoped material P3HT:PCBM (Fig. 4a) has a smooth surface with an
RMS value of 2.24 nm. Adding 1% CdS NPs (Fig. 4b) makes the surface rougher,with an RMS of 3.25 nm. Further
addition of CdS NPs increases the RMS to 4.20 nm (Fig. 4c) and 4.55 nm (Fig. 4d) for 2% and 4% CdS NPs,
respectively. The UV-VIS absorption spectra for CdS NPs and the doped P3HT:PCBM:CdS NPs blend are shown in
Fig. 7(a and b). The absorption increases with more NPs in the visible range in the P3HT and PCBM structure.
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Fig. 7. (a) UV-VIS—NIR absorption spectroscopy of CdS nanoparticles (b) Absorption spectra of P3HT:PCBM :
CdS NPs blended thin films in the visible region.
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In the absorption spectra, CdS NPs in the P3HT:PCBM blend are visible near 335 nm compared to the pure film (1 :0.8:
0).The better light absorption in the visible range is due to increased film roughness, which helps with light scattering
and improves the efficiency of converting light photons into current (38).

4. CONCLUSION:

The hybrid organic binary hetrojunction solar cells were successfully developed by blending various ratios of CdS NPs
in the active layer of P3HT: PCBM blend. The optimum wt% proportion of CdS, NPs in the P3HT: PCBM blend and
use of proper HIL material shows higher photo conversion efficiency as compared with the 0 wt% of CdS NPs added
device. In present work PCE is improve from 1.3 to 4.0 %. The important reason for betterment in PCE was due to the
improvement in Jsc and FF with CdS- NPs addition and conjugated active layer of the devices. Solar cell related all
electrical parameters and PCE of the doped devices increased with the increasing incorporation of CdS NPs in the active
layer of P3HT:PCBM blend. The hole injector layer (HIL) material is PEDOT: PSS — poly (3, 4-polyethylene
dioxythiophene polystyrene sulfonate)also play main role in improvement of PCE.The photo absorption in the doped
active layers increased in the visible region as compare to the non CdS doped polymer active layer. The film roughness
increased with doping, and higher ratio of NPs in the active layer showed clustering and damaged in long penetrating
network, gives to reduced performance of the devices; this suggested that PCBM has important role as a surfactant
material for the CdS - paired active layer.
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