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Abstract: Recently, Quantum dot-based solar cells (QDSCs) as the third-generation solar cell are attracting considerable 

attention in many photovoltaic researches. CdSe quantum dots (or nanocrystals) have been exploited in many studies as 

inorganic dye to sensitize TiO2 thin films in QDSCs due to their unique properties for harvesting energy and enhancement 

efficiency in converting solar energy to electricity. As yet, various researches have been conducted with different results in 

order to increase the efficiency of this type of solar cells. This paper reports investigation of the influence of 2 wt.% graphene 

nanoparticles in the TiO2 semiconductor layer on the performances of CdSe-QDCs. At 1 sun illumination condition, the 

efficiency η ranged from 0.03 to 0.11%. Also, obtained results showed reduction the parasitic resistances effects such as series 

and shunt resistances. The electron diffusion coefficient Dn and lifetime τn are determined from the non-linear least squares 

fitting method at open circuit voltage decay under the Nd:YAG laser pulses. The results and analysis from measurements show 

increasing the Dn, τn, electron mobility µ, and diffusion length Ln. As the result, investigations indicative the reduction of 

recombination centers due to specific electrical properties of the graphene nanoparticles and improvement performance of this 

type of solar cell. 
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1. Introduction 

Greenhouse gases emission is one of the irreparable effects 

of human activities in the use of unrenewable energy 

resources such as fossil fuels, principally coal, oil, and 

natural gas [1, 2]. In most countries, many scientific efforts 

have been proposed to decrease these effects. In recent years, 

photovoltaic PV solar cells meet an important and effective 

role in the world for generating electrical energy and 

decreasing dependency on unrenewable resources [3, 4]. 

Due to the ability to overcome the Shockley-Queisser 

limit, the third generation solar cells like quantum dot-based 

solar cells QDSC have been more studied than other types of 

them [5, 6]. Up to 66% in photon conversion efficiency to 

produce higher photo-voltages or higher photo-current 

caused to increase the attentions to QDSCs [7]. Quantum 

dots due to some advantages such as multiple-exciton-

generation MEG [8], wide sun spectrum absorption by size 

variation, high carrier lifetime, and diffusion coefficient [9] 

are utilized in a wide range of applications including solar 

cells, transistors, medical imaging, quantum computing, light 

emitting diodes LEDs [10]. Tunable the band gap and easily 

fabrication method in desired dimensions caused to the 

various quantum dots such as CdTe, CdS, CdSe, etc have 

been used as a sensitizer for harvesting energy in QDSCs that 

among them, CdSe has attracted more attention due to its 

high quantum efficiency [11-13]. 

Parasitic resistances such as series resistance R� and shunt 

resistance R�� can reduce the efficiency of the solar cell. These 

resistances reduce the fill factor without effect on the open 

circuit voltage V�� and short circuit current I�� (Figure 1). The 

flux of the current through the semiconductor materials used in 

solar cells, the resistance of contact between the semiconductor 

and metal, and the resistance of the metal contacts on both 

sides of solar cells caused appearance of the series resistance. 

High R�  or low R��  caused power losses and reduced the 

efficiency of solar cells. The reduction of R��  causes to 

decrease in the power in solar cells due to the created defects 

in the manufacturing process and this is by creating an 

alternate path for light-generated current [14, 15]. 
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Graphene as the two-dimensional allotrope of carbon 

consisting of a single layer of carbon atoms with sp
 

hybridization and hexagonal lattice structure is employed in 

most investigations due to its exclusive properties such as 

high heat and electrical conductivity, high electron and hole 

mobility, high specific surface area, etc [16]. 

The effects of graphene on the performance of the CdSe-

QDSC have been presented in this paper. For this aim, 

graphene-treated sample and initial sample were tested under 

sun illumination (STC) and laser pulses (lab environment 

conditions), and their results were investigated. 

  

Figure 1. Effects of shunt and series resistances on the: a) open circuit voltage and b) short circuit current. 

2. Materials and Methods 

The 2×2 fluorine-doped tin oxide FTO substrates for use 

as anode electrodes were cleaned with acetone and distilled 

water by using an ultrasonic cleaner for 45s. 0 and 2 wt.% of 

graphene ink were added in TiO
  sol and were coated on 

FTO substrates by spin coating method in ambient conditions 

(rpm: 1600, time: 60s) and then, TiO
  paste (in anatase 

phase) were coated on the substrates by Dr-Blade method. 

Substrates were heated in a furnace at 450 c for 25 min and 

these substrates were plunged in CdSe quantum dots solution 

for 24 hours. On other hand and for cathode sides, the 

platinum paste was coated on the FTO substrates and heated 

like anode electrodes. Polysulfide electrolyte is a general 

choice for application in QDSCs. To assemble the solar cells, 

some drops of the polysulfide electrolyte were decanted on 

the anode substrates and cathode electrodes were placed on 

them, directly. (Figure 2). 

 

Figure 2. The schematic diagram of graphene-treated CdSe-QDSC. 

3. Results and Discussion 

The SEM images of presence of the graphene in the TiO
 

semiconductor layer were presented in Figure 3. 

In the first, samples were tested under sun illumination and 

standard conditions (100 mW cm
� , AM 1.5G). Enhancement 

of the efficiency due to the presence of graphene 

nanoparticles was confirmed by the J-V curves reported in 

Figure 4a. 

 

Figure 3. The SEM analysis images of presence of the graphene in the ���
 

semiconductor layer of A) the initial CdSe-QDSC sample and B) the 

graphene-treated CdSe-QDSC sample. 

 

 

Figure 4. a) J-V and b) P-V characteristics of initial (blue line) and 

graphene-treated sample (green line) of CdSe-QDSC. 
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The fill factor FF and the efficiency η of the solar cell are 

given by: 

FF = 	 ����
������

                                     (1) 

η
% =	 ������	×  

	!"#
× 100                             (2) 

Where, P'(  is the intensity of incident light, J*  and V* 

represented the current density and voltage in the maximum 

power point MPP of the J-V curve. 

As shown in Table 1, photocurrent density of 0.257 
mA cm
� , V�� of 248.2 mv, FF of 44.07% increased to 0.851 

mA cm
� , 272.1 mv, 48.88%, respectively. As a result, CdSe- 

QDSC efficiency is improved by about 3.6%. Increasing the 

MPP of the grapheme-treated cell is another reason for 

enhancing external efficiency as shown by the power-voltage 

P-V curves in Figure 4b. 

Table 1. Obtained values from J-V characteristics of samples. 

Sample Jsc (mA/cm2) Voc (mv) FF (%) η (%) 

CdSe-QDSC 0.257 248.2 44.07 0.03 

Graphene-treated CdSe-QDSC 0.851 272.1 48.88 0.11 

 

The equivalent electrical circuit of the solar cell was 

shown in Figure 5. Based on this model, the theoretical 

relation between current I and voltage V is given by [17]: 

I = 	 I-� −	I/ 0exp 3�456�*�78 9 − 1: −	
�456�
6�8               (3) 

 

Figure 5. The theoretical equivalent circuit of a solar cell contains shunt 

and series resistances. 

Where I/ is the reverse saturation dark current of the solar 

cell, I-� is the photo-generated current and V;� is the thermal 

voltage that in room temperature V;�=26 mv. On other hand, 

I-� and I/ can be written as [18]: 

I-� = <I�� + K'?T − T@AB C
D//                      (4) 

I/ = I@ 3 EEF9
G exp 0HIJ*K 3

D
EF −

D
E9:                   (5) 

LM =	 NOP
QR-S TUP

VTWXYZD
                                (6) 

where K' is the short circuit current temperature coefficient, 

S is the solar radiation, T@ is the reference temperature, E\ is 

the semiconductor band gap and I@  is the cell’s reverse 

saturation current at solar radiation. 

Many methods have been used to determine the parasitic 

resistances [19]. In one case, the R� and R�� obtained from 

the measurement slopes of the I-V curve at the short circuit 

current point (I = I��) and the open circuit voltage point (V = 

V��) [20]: 

]^ =	− 3_`_N9`a ÙP
                               (7) 

]^b =	− 3_`_N9NaNOP                               (8) 

The simple linear fit was employed for these 

measurements that is shown in Figure 6. 

 

Figure 6. Shunt and series resistances measurements from slopes of J-V curves for both samples. For the initial sample, ]^ and ]^b obtained 330 and 3320 Ω 

that for grapheme-treated sample obtained 145 and 3840 Ω, respectively. 



54 Ali Rasad:  Enhancement Performance of CdSe Quantum Dot Based Solar Cells Influence of Graphene Nanoparticles  

 

 

Obtained values for R�  and R��  from the measurements 

indicate the reduction of parasitic resistances effects due to 

the presence of graphene in the semiconductor layer. In the 

presence of the R� and R�� the FF expression by: 

ccd = cc?1 − ]^A?1 − D
eOXA                       (9) 

Where the FF and FFd represented the initial and final fill 

factor. Reduction of the parasitic resistances effects caused 

improvement the fill factor and then enhancement of the 

efficiency of solar cell [14, 15]. In the ideal model for solar 

cells: R� 	→ 0 and R�� → 	∞. 

In order to investigate the electron lifetime and 

diffusion coefficient in the cells, a second harmonic output 

of a Q-Switched Nd:YAG (Brio, Quanta Inc) with the 

wavelength of 532 nm was used. The nominal width and 

energy of the laser pulses were 5 ns and 85 mj, 

respectively. The open circuit voltage decay OCVD to 

evaluate the charge recombination in samples was 

performed. Figure 7 shows exponential decay after the 

interruption of the laser pulses. Slower exponential decay 

(graphene-treated sample) shows the enhancement of the 

charge lifetime. 

 

Figure 7. Open circuit voltage decay curves of initial (blue) and graphene treated (green) samples after interruption laser pulses. 

For more analysis, by a powerful method, the experimentally measured OCVD data were fitted (Figure 8) using the below 

equation with non-linear least squares fitting [21, 22]: 

∆i?jA = 	 ∆klml_
nolpqrstmu exp	?−

u
umA ∑ wexp 3− ?Z?D4
xA_Aq

ytmu 9 + exp 3− ??D4
xA_Aq
ytmu 9z{xa/                              (10) 

Where ΔQ'('  is excess charge in the semiconductor layer 

initially injected by perturbation, t is time, and CE'�q  is the 

chemical capacitance of the TiO
 layer. Four terms in the series 

(g = 0, 1, 2, 3) were used for the fit in the equation although two 

terms (g = 0,1) are necessary. The charge carrier’s lifetime τ( 

and diffusion coefficient D( can be determined with this method 

by minimum error. As shown in Table 2, D(  and τ(  were 

increased for the graphene-treated sample. 
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Figure 8. The modeled of transients with non-linear least squares fitting method by 95% confidence bonds for a) initial sample and b) graphene-treated 

sample. 

Table 2. Obtained values for �� and �� from fit to OCVD curves for both 

samples. 

Sample 
∆����
�����

	(��)  ��	(��)  ��	(�
�
�� )  

CdSe-QDSC 469 92 6.5 e-9 

Graphene-treated CdSe-QDSC 639 110 8.3 e-9 

Diffusion length L(  is the average length of a minority 

carrier from generation point until recombination that can 

expression by [23]: 

�� = r��j�                                (11) 

Increasing the L(  indicative reduction of recombination 

probability of the minority carriers. Also, high carrier 

mobility allows to the high exploitation of photo-generated 

minority carriers. Charge carrier’s mobility µ given by 

Einstein equation as n

th

D
V 








= 1µ  [24]. An enhancement 

for L( and µ was obtained according to measurement values 

in Table 3. 

Table 3. Measured values of �� and µ for samples. 

Sample ��	(μ�)  �	(�
�
�. �� )  

CdSe-QDSC 24.45 0.25 e-6 

Graphene-treated CdSe-QDSC 30.22 0.32 e-6 

As another result, the presence of the graphene in the TiO
 

semiconductor layer due to its exclusive electrical properties 

and sp
  hybridization caused to increasing velocity of 

transmission of the minority carriers and diffusion coefficient 

that caused the reduction of the recombination centers and 

enhancement of the minority carrier’s lifetime. 

4. Conclusion 

In summary, CdSe-based QDSC affected graphene 

nanoparticles under 1 sun illumination STC and Nd:YAG 

laser pulses were tested, and performance of the both samples 

was investigated. An enhancement efficiency of 3.6% and 

reduction of parasitic resistances effects were achieved in the 

CdSe-QDSC sample fabricated using the 2 wt.% graphene in 

the semiconductor layer in STC. Other studies under laser 

pulses for minority carrier lifetime, diffusion coefficient, 

diffusion length, and minority charge carriers indicated the 

reduction of recombination trap density due to the graphene 

nanoparticles coverage led to the rapid diffusion of the photo-

generated minority carriers. In order to more accurately 

investigate the effect of graphene nanoparticles on the 

performance of this type of solar cells, in the next 

experiments, different percentages of this material can be 

exploited in the semi-conducting layer and the results 

examined in each sample. 
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