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___________________________________________________________________________ 

ABSTRACT 

 Renewable energy is undoubtedly in the list of such problems of global importance. Also 

subject on the development of high conversion efficiency Si-base thin-film tandem solar cells 

are underway. Among various technologies, the Si-based thin-film solar cell has the potential 

to achieve low production cost. However, further improvement of the conversion efficiency is 

needed in order to reach the grid parity. Si-base materials, such as amorphous silicon, silicon 

oxide or silicon germanium as absorbers to have better spectrum splitting are employed. 

Moreover, different back reflecting structure was incorporated to improve spectral response 

significantly. In the presentation, current results of integrating cell materials and back 

reflecting structures in tandem cells will be presented.Furthermore, subject on graphene 

based nanomaterials for wind / photovoltaic / energy storage system are pursuited. The 

development of Graphene-based nanomaterials for green energy applications are presented. 

Some promising results are exhibited. 
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INTRODUCTION 

Photovoltaic device is a device that converts the energy of light directly into electricity by the 

photovoltaic effect. It is a crucial part of solar cells. Currently, wafer-based silicon (single 

crystal, poly crystalline, and multicrystalline) solar cells and thin film solar cells based on 

amorphous silicon, CdTe, CuInGaSe2, and III–V semiconductors dominates the photovoltaic 

manufacturing . However, they are low-efficient and expensive, which have limitations for 

replacement of current energy sources. There is a clear need to look for low-cost and high-

efficient solar cells. Many new kinds of solar cells have been proposed, such as p-n junction 

solar cells, dyesensitized solar cells and organic solar cells. Nanomaterials have been widely 

used in above proposed solar cells. The advantages of using nanostructure-based solar cells 

are, on one hand, reducing manufacturing costs as a result of using a low temperature process 

similar to printing instead of the high temperature vacuum deposition process typically used 

to produce conventional cells made with crystalline semiconductor material, and on the other 

hand, improving quantum efficiency by using multiple electron-hole pair generation in 

nanostructures, like quantum dots and carbon nanotube . Recently, carbon nanotube (CNT) 

and graphene are playing an important role in such nanostructure-based solar cells. The 

dispersion of CNTs in a solution of an electron donating conjugated polymer is perhaps the 

most common strategy to implement CNT materials into organic photovoltaic devices to 

obtain higher efficiency. The use of CNTs in dye-sensitized solar cells has doubled the 

efficiency of this kind of photoelectrochemical solar cells. Graphene thin films also have 

been used as anode in dye-sensitized solar cells and organic solar cells. Layered graphene or 

quantum dots for photovoltaic devices have been proved for a better photovoltaic 

performance than the single-walled carbon nanotube or quantum dots devices. Now, inspired 

by the ideas that the single-walled carbon nanotube itself can be a high efficient  photovoltaic 

diode devices, and that the graphene thin film has been well demonstrated to be a transparent 

electrode, It is proposed a possible way of combining CNTs and graphene to fabricate a high 

efficient solar cells.  Basically, graphene connected by CNT, is used as an anode, if a p-n 

junction  is created in the nanotubes, and shining the light, according to multiple electron-

hole pairs will be generated efficiently in CNT, and finally get the photocurrent.Therefore 

other hybrid materials for future solar cells are still under development. 

 

1) Carbon nanotubes can be used as high efficiency photovoltaic devices 

Carbon nanotubes (CNTs) have been widely used in solar cells research, for example, CNTs 

have been integrated in organic photovoltaic devices both as an electron acceptor material 

and as a transparent electrode. This is because the high conductivity along the tube axis of 

CNTs helps carriers separation and collection. It is shown that a single CNT itself can 

generate electron-hole pairs when light is incident on it. 
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           Figure1                                                                  Figure2     

Fig1:The inset shows the split gate device where VG1 and VG2 are biased with opposite 

polarities(VG1=-VG2=+10V)to form an ideal p-n junction diode along a SWNT. Data are 

typical dark current-voltage(I-V)curve at T=300K,using I0=8*10
-13

,Rs=18*10
6
ohms. 

 Fig2:I-V characteristics under increased light intensity showing a progressive shift into the 

fourth quadrant (PV) where the diode generates power. The inset shows the expected linear 

increase in the current measured at VDS=0(IDC)with illuminated power. 

 The above two pictures shows the main results of the experiment. The left one shows the 

CNT p-n junction device, the experimental data has proved that CNT can form an ideal p-n 

junction diode. The right one shows that the photovoltaic effect has been observed in such a 

device, and the inset shows the expected linear increase in the current measured at VDS=0 

with illuminated power.  Recently, extremely efficient multiple electron-hole pair generation 

in the similar device has been observed. 

            

                   
The above pictures quoted shows experimental setup and I-VSD characteristics. After 

carefully analyzing their experimental data, it is concluded that the second and the third 

plateau are due to multiple electron-hole pair generation. Specifically, the high-energy charge 
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carriers in the second single-walled carbon nanotube (SWNT) subband highly efficient create 

electron-hole pair. In electron-hole generation process requiring the lowest excess energy, 

this excess energy of the second subband carriers is combined with the kinetic energy of the 

electric field to create a first subband carrier plus electron-hole pairs, and the similar process 

is equivalently for holes. The above process can be generally described in the following 

equations: 

e2 + Ke(x)→e1+n(e1+h1) 

h2+Kh(x)→h1+n(e1+h1) 

The integer n=1,2,3… indicates the number of e-h pairs produced in the final state of the 

generation process.  The above process can be shown in the following pictures  

 

 

The e-h pair creation process observed may be possible to increase power conversion 

efficiency in future photovoltaic devices. The standard limit of photovoltaic efficiency, first 

established by Shockley and Queisser , is set by the conversion of a single photon. To use this 

device for solar cells, it should overcome two difficulties. The first is how to scale up the 

device; this is only a device for a single CNT. The second is that the multiple electron-hole 

pair generation is only observed in low temperature, about 70K, understanding detail 

mechanism for the multiple electron-hole pair generation will help to improve the efficiency 

in room temperature. Even at room temperature, it is pointed out that p-n junction CNT 

device still had a significant power conversion efficiency considering only a small fraction of 

the incident power is absorbed. 

2) Graphene can be used as transparent electrodes and acceptors in solar cells  

The high electron and hole transport mobility, large specific surface area and the inertness 

against oxygen and water vapor make graphene a promising candidate in photovoltaic 

applications. Graphene thin films have been used as an anode in dye-sensitized solar cells and 

organic solar cells. The following picture and table quoted, is a typical work using transparent 

graphene-constructed films (TGF) as an anode of organic solar cells. The result is comparable 

to the traditional transparent anode Indium tin-oxide (ITO) 
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.  

 

 

Functionalized graphene has also been used as a new acceptor. The following picture quoted 

from the paper, it shows the schematic of device and energy levels of different materials. 

Thus organic solution-processed graphene material as a new acceptor material in organic bulk 

heterojunction (BHJ) photovoltaic devices with poly(3-hexylthiophene) (P3HT) and Poly(3-

octylthiophene) (P3OT) as electron donor, a best power conversion efficiency of 1.4% was 

obtained. 

 

 

3) Hybrid systems using in solar cells  
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Recently, various new hybrid systems have been proposed to fabricate a low-cost and highly 

efficiency photovoltaic devices, which can be used as solar cells. A hybrid solar cell model 

composed of a heterojunction cell and a photoelectrochemical (PEC) cell has been proposed 

and characterized. The following picture shows the schematic of the devices and actual 

scanning electron microscope (SEM) image of the nanostructure. 

 

 

On the right, (a) is the SEM image of the cross section of the silicon nanowire (SiNW) array; 

(d) is the SEM image of the top view of the double-walled carbon nanotube (DWNT) 

film/SiNW array interface. In the hybrid cell, a thin film of double-walled carbon nanotubes 

forms a heterojunction with SiNW array and also functions as the transparent counter 

electrode of the PEC cell. The hybrid solar cell shows a relatively high conversion efficiency 

of 1.29%, which is higher than those reported for SiNW array-based PEC cells.  

Another hybrid system is to combine semiconductor nanoparticles with graphene or CNTs to 

form high efficient photovoltaic devices. Due to quantum confinement, the semiconductor 

nanoparticles or quantum dots exhibit a broad absorption spectrum, a narrow emission band 

and large absorption cross sections. In addition to high mobility in graphene and CNTs, these 

hybrid systems provide potentials to be highly efficiency solar cells in future. The use of 

carbon nanotubes has doubled the efficiency of photoelectrochemical solar cells. The pictures 

below shows the structure of the hybrid system and improved the incident photon conversion 

to charge carrier conversion efficiency (IPCE) , as well as the SEM image of the hybrid 

nanostructure. 
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More recently, the use of layered graphene or quantum dots is even more efficient than 

CNTs/quantum dots. The pictures shows fabrication of the layered graphene or quantum dots 

on ITO glass and improved IPCE. 

 

 

2) Chemical vapor deposition (CVD) graphene transferred to carbon nanotubes arrays.  

Nowadays, graphene can be produced in high quality by CVD method and transferred to any 

substrate, while carbon nanotube arrays, even single-walled carbon nanotube arrays, can be 

obtained without much difficulty. If it can be successfully transferred from graphene to 

carbon nanotubes array, this hybrid structure can be obtained. The graphene film can be 

thinner, and the carbon nanotubes arrays can be single-walled which easier to generate 

electron-hole pairs. The following picture shows the process how CVD graphene transfer to 

arbitrary substrate. 
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The below picture shows SEM of singe-walled carbon nanotube array. 

 

If  it can be successfully transferred the graphene film to the carbon nanotube array, the 

optical and electrical property of this material is very interesting. The junction between 

graphene and CNT has been investigated theoretically. Experimentally study of this junction 

is also valuable.  

 

3) Other hybrid systems  

Since quantum dots have been reported to have multiple exciton generation which may 

considerably increase the power conversion efficiency of nanocrystal based solar cells,it can 

also add quantum dots in graphene and carbon nanotube array system, which may improve 

efficiency of electron-hole pair generation. Decorating carbon nanotubes and graphene with 

semiconductor and metal nanoparticles has already been proposed, it can be used to decorate 

graphene or carbon nanotube array to form new photovoltaic devices, the following shows 

the concept of such hybrid device, not only carbon nanotube array can generate electron-hole 

pairs but also the graphene in-plane quantum dots can. 
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CONCLUSION: 
Recent research using graphene and CNTs in developing next generation solar cells have 

been briefly reviewed.Some results are being highlighted. The graphene can be used as 

transparent conductive electrodes for solar cells, its high electron or hole mobility can also be 

used to improve separation and collection of carriers. CNT not only can transfer electrons or 

holes much efficiently, but also has a good photovoltaic property. Combining graphene and 

CNT may be promising to obtain a new kind of all-carbon solar cells. It has been proposed 

three possible ways to prepare this hybrid materials based on the current synthesis techniques. 

The specific preparation procedures and the methods of device fabrication still need to be 

carefully considered, however the work towards this direction is worthwhile.  
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