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ABSTRACT: We report hybrid solar cells fabricated with polymer/fullerene bulk heterojunction layers that contain inorganic 

nanocrystals synthesized by in-situ reaction in the presence of polymer chains. The inorganic (cadmium sulfide) nanocrystal (CdSNC) was

generated by the reaction of cadmium acetate and sulfur by varying the reaction time up to 30 min. The synthesized CdSNC showed a 

rectangular flake shape, while the size of CdSNC reached ca. 150 nm when the reaction time was 10 min. The performance of hybrid solar

cells with CdSNC synthesized for 10 min was better than that of a control device, whereas poor performances were measured for other

hybrid solar cells with CdSNC synthesized for more than 10 min.
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Nomenclature

CdSNP : Cadmium sulfide nanocrystal

JSC : Short circuit current density, mA/cm
2

VOC : Open circuit voltage, V

FF : Fill factor, %

PCE : Power conversion efficiency, %

RS : Series resistance, kΩ∙cm
2

RSH : Shunt resistance, kΩ∙cm
2

1. Introduction

Polymer solar cells with single active (light-absorbing) layers, 

which feature bulk heterojunction (BHJ) structures, have recently 

attracted considerable attention because of their potentials for 

flexible and lightweight plastic solar modules
1-4)

. In particular, 

polymer solar cells can be fabricated by employing continuous 

roll-to-roll coating processes at low temperatures (<150°C), 

which are far lower than the fabrication temperatures for con-

ventional inorganic solar cells. Therefore, polymer solar cells 

are expected to contribute to the realization of low-cost ultrathin 

plastic film-type solar modules like a wall paper
5,6)

. 

However, the stability of polymer solar cells becomes a 

bottleneck for commercialization, even though the power con-

version efficiency has recently reached 9~11%
7-18)

. Of various 

factors affecting the stability and lifetime of polymer solar cells, 

the morphological instability of BHJ layers is understood to lead 

to the gradually degraded device performances
13,14)

. One of the 

morphological instability can be attributed to the nanoscopic 

phase segregation between polymer chains and fullerene molecules 

and/or the chemical reaction among fullerene molecules. In this 

regard, it is considered as one of good approaches to introduce 

inorganic nanoparticles or nanocrystals instead of fullerene 

derivatives
19-25)

.

In this work, we introduced cadmium sulfide (CdS) nanocrystals 

(CdSNC) to the BHJ layer, which is composed of poly (3-hexyl-

thiophene) (P3HT) and phenyl-C61-butyric acid methyl ester 

(PC61BM), by employing an in-situ reaction of precursor materials. 

The resulting CdS nanocrystals showed rectangular shapes with 

various aspect ratios, while their size reached ~200 nm. The 

device performances were investigated by varying the reaction 

time compared to the control device without the CdS nanocrystals. 

2. Experimental

To synthesize CdSNC, the co-solvent of 8 ml dichlorobenzene 

(DCB, Sigma-Aldrich, anhydrous, 99%) and 4 ml dimethyl 
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Scheme 1. In-situ synthesis of CdSNC from its precursor, Cd(Ac)2,

in the mixture solution containing P3HT. Three different

reaction times (10 min, 20 min, 30 min) were applied
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Fig. 1. Illustration for the device structure and the materials 

used for the active layer. Note that the SEM image for 

CdSNC was taken from Fig. 2

Fig. 2. SEM image for the film prepared from the CdSNC/P3HT 

mixture (reaction time: 10 min): The left-top image shows

the SEM image measured with a higher magnification

sulfoxide (DMSO, Sigma-Aldrich, analytical grade) was charged 

into a three-necked flask and heated up to 100°C. Then cadmium 

acetate dihydrate (Cd(Ac)2, Sigma-Aldrich, powder, 98%) and 

P3HT (P3HT, Rieke Metals, weight-average molecular weight 

= 50 kDa, polydispersity index = 2, regioregularity > 98%) were 

dissolved in the co-solvent (P3HT:Cd(Ac)2 = 10:1 by weight). 

Sulfur (20 mg) was added to another flask charged with DCB at 

100°C and heated up to 180°C for complete dissolution. The 

sulfur-dissolved DCB solution was quickly added to the P3HT/ 

Cd(Ac)2-dissolved solution. This solution was heated up to 

180°C and kept for 30 min for reaction (see scheme 1). The 

reaction was terminated by adding methanol (anhydrous), followed 

by removal of solvents and remained starting materials by 

employing centrifugation and extraction. The CdSNC/P3HT 

mixture was dried in a vacuum oven. Finally, the ternary solution 

(P3HT:CdSNC:PC61BM = 45:5:50 by weight) was prepared by 

mixing the CdSNC/P3HT mixture and PC61BM in DCB. 

For the fabrication of solar cells, glass substrates coated with 

the indium-tin oxide (ITO) layer were subject to photolithography/ 

etching processes in order to make bottom electrodes (see Fig. 

1). On top of the patterned ITO-glass substrates, poly (3,4- 

ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT:PSS, 

Clevios PH500, 40 nm) was spin-coated and thermally annealed 

at 230°C for 15 min. Next, the hybrid bulk heterojunction layers 

(P3HT:CdSNC:PC61BM) were coated on the PEDOT:PSS layers 

and soft-baked at 60°C for 30 min. These samples were transferred 

to a vacuum chamber and the Al electrodes (80 nm) were deposited 

by thermal evaporation. Finally, the fabricated devices were 

thermally annealed at 150°C for 30 min. All devices were kept 

inside an argon-filled glove box before measurement.

The morphology of the hybrid bulk heterojunction films was 

measured using a scanning electron microscope (HD-2300, 

Hitachi). The performance of solar cells was measured using a 

specialized solar cell measurement system equipped with a solar 

simulator (Model 92250, Newport-Oriel) and an electrometer 

(Model 2400, Keithley). The intensity of the simulated solar 

light was fixed as 100 mW/cm
2
 (air mass (AM) 1.5G). 

3. Results and Discussion

As shown in Fig. 2, the CdSNC synthesized in the presence of 

P3HT showed rectangular flake shapes with the maximum size 

(longest axis) of ca. 150 nm. Considering the flake-like shapes 

of CdSNC, it is considered that most of the CdSNC flakes in the 

hybrid film may locate with their wider faces parallel to the film 
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Table 1. Summary of solar cell performances according to the reaction time for CdSNC. The series resistance (RS) was calculated at 

around open circuit voltages in the light J-V curves, while the shunt resistance (RSH) was calculated at around short circuit 

current densities in the light J-V curves. ‘CD’ denotes the control device with the binary BHJ layer (P3HT:PC61BM) without 

CdSNC

Devices JSC (mA/cm
2
) VOC (V) FF (%) PCE (%) RS (kΩ∙cm

2
) RSH (kΩ∙cm

2
)

CD 9.2 0.59 45.3 2.46 0.23 3.6

10 min 9.7 0.59 45.4 2.60 0.17 2.2

20 min 6.0 0.62 41.6 1.55 0.42 7.9

30 min 6.9 0.62 35.0 1.50 0.48 3.7

Fig. 3. (a) Light J-V curves of devices under illumination of a 

simulated solar light (AM 1.5G, 100 mW/cm
2
). (b) Dark 

J-V curves of devices. The reaction time for the in-situ

synthesis of CdSNC is given on each graph

plane. However, the size of CdSNC became bigger (>500 nm) 

when the reaction time was increased more up to 30 min (images 

are not shown here). 

Fig. 3(a) shows the current density-voltage (J-V) curves of 

devices with the P3HT:CdSNP:PC61BM BHJ layer. A control 

device (CD), which has the P3HT:PC61BM BHJ layer (without 

CdSNC), exhibited relatively good performance. Interestingly, 

the device with the hybrid BHJ layer, which contains the CdSNC 

component synthesized for 10 min, showed better performance 

than the control device. However, poor performances were 

obtained for the devices with the hybrid BHJ layers containing 

the CdSNC component synthesized for 20 min and 30 min. The 

reason can be found from the dark J-V curves (Fig. 3(b)), which 

deliver the charge transport characteristics for each device. 

Looking at the dark current density at a higher forward bias, we 

find that the lower dark current density was measured for the 

devices with the hybrid BHJ layers containing the CdSNC 

component synthesized for 20 min and 30 min. Hence it is 

supposed that the charge transport might be suppressed owing to 

the coarse morphology by the presence of large CdSNC com-

ponents in the case of long reaction times (20 min and 30 min).

Here we need to understand the role of CdSNC in the BHJ 

layer because the better device performance was obtained for 

the hybrid device with the CdSNC component synthesized for 10 

min. As illustrated in Fig. 3(b), the CdSNC component might 

play an electron-acceptor role together with the PC61BM 

component when it comes to the conduction band (3.6 eV) of 

CdSNC
26)

. After charge separation between P3HT and CdSNC, 

the electrons in the CdSNC component could undergo fast charge 

transport due to the highly ordered crystal features of CdSNC 

component. In addition, the light scattering by the presence of 

CdSNC in the BHJ layer is considered to contribute to the light 

harvesting leading to the increased short circuit current density 

(JSC). Considering the conduction band of CdSNC, the open 

circuit voltage (VOC) could not be lowered by the presence of 

CdSNC. As a consequence, the power conversion efficiency (PCE) 

of the hybrid device with the CdSNC component synthesized for 

10 min reached 2.6%, which is slightly higher than the PCE 

(2.4%) of the control device. 

4. Conclusions

The CdS nanocrystals (CdSNC) were in-situ synthesized from 

their precursors in the mixture solution that contains P3HT 

polymers. The synthesized CdSNC showed a rectangular flake 

shape with a maximum size of less than 150 nm. The ternary 
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blend solutions were prepared by adding PC61BM to the CdSNC/ 

P3HT mixture, which were used as a BHJ layer for hybrid solar 

cells. The hybrid solar cells with the CdSNC synthesized for 10 

min exhibited better performances than the control device, 

which was attributed to the improved charge transport through 

the CdSNC component in the BHJ layer and the enhanced light- 

harvesting by the light scattering caused by the CdSNC component. 

However, longer reaction times led to the poor device performances. 
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